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L INTRODUCTION TO AXION PHYSICS

The axion’®3 was postulated filteen years ago to explain why the strong
interactions conserve P oand CP. Consider the Lagrangian of QUD:

n

v 1 K NG " [ g %
Loop = — :{(’“"(, Y L{an" D qi = 7"""11,.'1& - m] qthh]
i=1 (.1

09> .\ =
+ E‘T}?(:;'“,,(..r"“”.
The last term is a 4-divergence and hence does not contribute in perturbation theory.
It does however produce non-perturbative effects associated with the existence of
QCD instantons®. As a consequence, the physics of QCD depends upon the value
of the parameter 6. Using the Adler-Bell-Jackiw anomaly of the {74(1) current,
one can readily show that the physics of QCD depends upon ¢ only through the
combination of parameters

§=0—arg det my = 0 — arg(myma..my) . (1.2)

If § # 0, QUD violates P and CP. The absence of P and CP violations in the strong
interactions therefore places an upper limit upon 6. The best constraint comes
from the present experimental bound on the neutron electrzic dipole moment which
yields®®:

0<107°. (1.3)
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* To be published in the proceedings of the IFT Workshop on Dark Matter, held in
Gainesville, Florida, on February 14-16, 1992,
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We must then face the gquestion: why is 8 so simall? Recall that in the stan-
dard mode] of particle interactions, the quark masses originate in the electroweak
sector of the theary, This sector st violate P and CP to produce the correct weak
interaction phenomenology, in particular Ky, = 27 decay. There is no reason in the
standard model to expect the overall phase of the quark mass matrix to exactly
match the valne of ¢ from the QCTY sector in order to set 0 < 1079
CP violation is introduced in the manner of Kobayashi and Maskawa”, the Yukawa
couplings that give rise to the quark masses are arbitrary complex numbers and
hence ary det m, and 0 have no reason to take on any special value at all.

Peceet and Quinn? proposed a solution to this problem by postulating the
existence of a global Upo (1) quasi-symmetry. This Upg (1) must have the followiug
properties
Tooit s a synnnetry of the classical theory, fe. a symunetry of the theory at

the Lagrangran level,
2. it s broken explicitly by theose nen-perturbative QCD effects (instantons
and the like) which make the physies of QUD depend upon the parameter

{,
3. it is broken spontanconsly by the vacuuim expectation value of seme scalar
field.
To see how the existence of a Upo(l) quasi-symmetry viclds ¢ = 0 (up to tiny

corrections due to the CP violating interactions responsible Tor Ny — 2r decay)
consider the theory defined by

. Vo L . L . :
Lpy=- :I(';lw" Yt i)'"uvf’f‘}“r" + ‘? ['ll‘l“ Dy - (1\1‘11,’1“.‘;"’” /L"-)J
ED!
09 o s :
gy O G (vle).

Lpg has a classical Upg(1) symmetry under which o — "o and g — eT1 g
for j=1..n. Assuming the potential V has the shape of a “Mexican hat” the U/pp(1)
symmetry is spontancously broken by the vacuum expectation value of the scalar
field ¢

(o)) = v e,

The quarks acquire masses
— Jda
mj = ‘]\J V¢

and hence ) .
O = 0 —arg (my...my)

=0 --arg (N)..INy) — na .

The important dilference between the theory defined by Eq. (1.1) and the theory
defined by Eq. (1.4) is that in the former 0 is a function solely of the parameters
in the theory, whereas in the latter 0 is a function also o the dynamical field «.
As a result, those non-perturbative effects which make the physies of QUD depend
upon the parameter 6 will, in the theory defined by Eq. (1.4), produce an effective
potential V,yr(a). Tt can be shown that the absolute minimum of Vo () vccurs
at a value of a such that®
=0,

and hence the theory conserves P and C'P. For pedagogical reasons, we did not
include the electroweak interactions in our example of Eq. (1.4). Actually, the
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electrowenk interactions only add a few nostly non-essential complications to the
implementation of the Peceni-Quinn spechamsn:. The main difference from the
deseription given above is that the CP violating interactions responsible for Ny —
2 owill induee a small value for ¢ This induced value of @ 1s however always much
smaller than 1075 For example, Georgi and Randall” found ¢ = 10717 for the
Kobayvashi-Maskawa model of CP violation.

Weinberg and Wilczek? pointed ot that the Peceei-Quinn solution to the
strong C'P ]rml lem implies the existence of a light pseudo-scalar particle; called
the axion. The axion is the Pseudo-Nambu-Goldstone boson associated with the
spontancous breaking of the Upg (1) quasi-symmetry, Thus the axion field is

ale) = v afx) (1.9)
where v and a(a) are defined by Fqu(1.5). Oue can caleulate the properties® ! of

the axion using current algebra or chiral Lagrapgian technigques. The axion mass is
given by

f.,m,, /m.m?( TGy o
o= N bR VI TR G e 1.10
ma =V ]S U My o+ g V-bebd v/ V] ) ( )
(in the hmit neg >y, my). where
N=2S o009 (1.11)

S

In Eq. (1.11}, the sunis over all colored left-handed Weyl fermions {, the (JPQ are
the Peccel-Quinn charges of these fermions and the {; are given by 1‘7‘(7"'7"1) =
ty5°? where the T (e = 1..8) are the SU77(3) generators for the color representation
to which f belongs (fg = t3 = Loy =ts = :j ete.). For examnple, N = nin the

model of Eq.(1.7). 1 will often use f, = I'V*I The coupling of the axion to two
photons s given by
s a a (N, i) — My 3 = )
Lonny == = [ = (= 4 Iy, F* L2
o h"rf { A (.". My + m“)J " ( )
Here ais the fine structure constant and
I \’ﬂ N PQ
Ve=12) (Q)Qp~ . (1.1
/
where Q"i is the electric charge of fermion f in units of e. In many axion models
’—\r- = ln particular, this is true of all grand umiu «d axion models wlnm implerment

the (no ulv) successful Georgi-Quinn-Weinberg!! prediction of sin“f,.. Comparing
Eq.(1.10) with (1.12), one finds that in these models £+ is given uniquely in terms
of the axion mass by

I m,

ey T =y e g [ 3 1.14
Lary 7 0.6 1016 e}2 ( )

with g, = M"—‘;;;: =~ (.36. In the limit where CP is couserved, the couphing of the

axion to a fermion f has the form

N R 1 )
Loy =24y ~La fa,f. (1.15)
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The coeflicients gy that appear in Eq. (1.15) are rather model-dependent. General
formulas for the g; are given in Refs. (10), including the case where f is a preton
or neutron.

When the axion was first proposed, it was thought that the breaxing of
Upp(1) occurred at the electrzoweak scale, ie. v ~ 250 GeV. The corresponding
axion was searched for in various Jaboratory experiments but was not found®. Scon,
however, it was discovered'? how to construct axion models with arbitrarily large
values of v. These were called “invisible” axion models because for v >> 250 GeV,
the axion is so weakly coupled that the event rates in the axicn search experiments
mentioned above are hopelessly small. However such axions are still constrained by
astrophysical and cosmological considerations.
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Figure 1. Axion mass ranges which have been ruled out so far.
TSAR is an acronym for the telescope search by M. A. Bershady
et al.l's]

Light weakly coupled bosons are severely constrained by stellar evolution
because stars emit such particles from their whole volume whereas they emit the
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more strongly coupled photons {neutrines in the special case where the ‘star’ is a
i supernova core) auly from their surface. This idea has been extensively applied?®14
i to the axion using 4 variety of stellar objects (the sun, red glants, neutron stars,
white dwarfs, and the supernova SN 1987a) and a variety of axion producing thermal
processes 1 thuse objects (the Primakoff process, Compton-like scattering, axion
bremstrahlung in electron-nucicon and nucleon-nueleon scattering, ete.). SN 1987a
rules aut!? the axion mass range 1073V < m, < few el The evolution of red
giants rules out H500 kel < i, < 1077 ¢V for axious with a regular size [y, = 0(1))
coupling to the electron, and 500 kel < m, < few eV for axions whose coupling
; to the eleetron is much suppressed {g. << 1}, The latter type is usnally called
? “hadronic™ axion. It is quite easy to build hadronic axion models (1.e. there is
i nothing artificial about an axion with g, << 1) and such models can be grand
5 unified,
o Axions with mass my, > 10 ked are ruled out by the accelerator based
searches mentioned above. By combining the constraints from stellar evolution
with those from laboratory searches, one ean thus conclude that all axions with
ma > 1073 ¢V are ruled out except possibly {or a small windaew near me, = 0(eV'),
for hadronic axious only, However a receut telescope search for monochromatic
photons®® from the 24 decay of relic axions rules out 3elV < m, < 8 ¢V,

The cosmological bound on the axion mass is of order m, 2 1075 V0 It
will be discussed in detail in the next section. There is an additional constraint due
to the presence of domain walls in axion models™ ™% The domain walls must be
gotten rid of hefore they dominate the energy density of the universe. This can,
in fact, be achieved threngh inflation or by constructing the axion model i such a
way that it has a unique vacuuin.

Figure I summarizes the present constraints on the axion,

II. THE COSMOLOGICAL AXION ENERGY DENSITY

There are two main contributions ta the present cosmelogical axion energy
density. The first is due to the realigninent of the vacuumn during the QCI phase
transition. The second is fram axions radiated by cosmic axion strings. We will

. discuss the two contributions in succession.

a. The contribution from initial vacuum misalignment !

At very high temperatures the Upg(1) symmetry is restored. It becomes
spontaneously broken when the temiperature drops below Treg & v and the p-field
acquires vacuuni expectation value:

< ple) >= v et (2.1)

At these high temperatures, however, the non-perturbative QCD effects (instantons
and the like) which will ;zive the axion its mass and thereby lift the degeneracy at
the bottom of the “Mexican hat” potential V(@!p) are highly suppressed. When the
axion mass turns on near the QCD phase transition, the axion field a{r) = v o(x)
starts to oscillate about one of the CP conserving minima of the effective potential
Vess(a). The oscillation begins approximately at cosmological time ¢y such that

Hmg[T(6)] = 0(27) (2.2)
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where 1, (7)) is the teinperature dependent axion mass. Soon after time ¢y, the axion
mass changes sufliciently slowly that the total number of axions in the oscillation of
a(z) about the CP conserving minimum is an adiabatic invariant. Using the finite
temperature instanton calenlations of Gross, Pisarski and Yalfe®" 1y = T(t;) has
been estimated to equal about one GeV The number density of axions at time
1y due to the initial vacuum misaligniment is of order

. ) 1
”:zuc({l) z/)‘unc(tl)_ (( )
my(t o
1 a 1 1 (2.‘ )
9 9 n
x srimg(ty) < a () > ”f(:f‘;
where f, = §, as defined carlier. In Eq.(2.3), we have used the fact that the

field a(2) = va(e) is approximately homogenecvs on the horizon scale 1. Wiggles
in a(x) which entered the horizon long before ty have been red-shifted away?!, In
Eq.(2.3) we have also used Eq.(2.2) and the fact that the initial departure o(f;) of «
from the nearest minimuam is of order —{—, because N is the number of CP couserving
minima'® at the hottown of the “Mexican hat” potential. The axions of 15q.(2.3)
are decoupled and non-relativistic. Assuming that the ratio of the axion number
density to the entropy density is constant {rom time ¢, till today, one finds that the
present energy density in axions is

QE]O‘“M{)”G (goo Mg_/)“/“ <75 ki 5™ Mpe=1\* o)

: f'ff”(ﬂ'o) = peratlto) ( Hy

ny Agep
where perig(1o) is the present critical energy density for closing the universe, i
is the present value of the Hubble constant and Agep is the QCD scale factor.
Eq.(2.4) implies the bound m, 2 0.5 Lo~ V.

It should be emphasized however that there are many sources of uncertainty

TR

in tae estimate of the cosmological axion energy density and that Eq.(2.4) only
provides us with a rough estinate.  For example, the axion energy density can
be diluted by the entropy release from heavy particles which decoupie before the
QUD epoch but decay afterwards®. 1t can also be diluted by the entropy release
associated with a first order QCD phase transition. On the other hand, if the QCD
phase transition®? is first order, an abrupt change in the axion mass at che transition
may increase pu(fo) as compared to Eq.(2.4). Finally, if inflation occurs after the
Peccei-Quinn phase transition at which Upg(1) gets spontancously broken, then
the right-hand side of Eq.(2.4) must be multiplied by (a(ty)N)? where ()N is
a randomly chosen number between zero and 0(1). In that case there may be an
accidental suppression of the cosmological axion energy density from initial vacuum
misalignment because the phase of the Peccei-Quinn field happens to lie close to the
CP conserving value before the start of the QCD phase transition. It was recently
emphasized that because of quantum mechanical fluctuations during the epoch of
inflation®?, the suppression cannot be perfect. The amount of accidental suppression
allowed depends upon the inflationary model.

The axions produced during the QCID phase transition when the axion mass
turns on are “cold dark matter” because these axions are non-relativistic from the
morment of their first appearance at 1 GeV temperature!® =% Cold dark matter witn
a flat (Zel’dovich-Harrison) spectrum of primordial density perturbations and some
“biasing” in the extent to which light traces matter yields at present a popular and
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apparcently viable scenario of galaxy formation. Thus the dark matter clustered in
halos around galaxies could be axions with mass of order 1075 eV,

b. The contribution from cosmic axion strings

Closmic axion strings make another sizable contribution to the axion cos-
malogical energy density il tnflation does not occur between the Peccei-Quinn phase
transition where I/po(1) becomes spontancously broken and the QU'D epoch?:27:%8,
An axion string is a tapological knot in the vacuumn expectation value (2.1). To de-
scribe 1t more fully consider the action density for the complex scalar field whose
VEV spontaneously breaks the Upg (1) symmetry:

1 .
- Aoy tos = 2
S o= /I{ J‘[.)(,}“\,, 0 [ "'(~,.'Tg,9—- 2 ) ] .
The configuration corresponding to a straight axion string along the z-axis is

p =0 f(up)e’’

in cylindrical coordinates (z,p,0). 1= VX v will be identified with the inverse of
the core size of the string. f(;ip) is a function which goes to zero when pup — 0,
approaches one when pp > 1, and which minimizes the energy per unit length of
the string. The latter is then

1 - o /\ 0.
T = /d“.ﬂ[j; | Vi |” +‘3(Lp’ap— l/")“]
:x/ di'rli); |V e P= 7 o? fnopl
p>u -

where L is an infra-red cutoll. The RHS of Eq. (2.7) neglects the contribution to
r from the string core. That contribution is of order 7 v*, which is smaller than
the contribution from the Nambu-Goldstone fie " outside the string core by a factor
I/6n L. For an axion string in the early universe, the infra-red cutoff is provided
by the presence of neighboring axion strings with roughly opposite direction. L is
then of order the average distance between strings which is of order the horizon
scale (see below). For cosmic axion strings at the QCD epoch, we have £n pl =~ 70.

Cosimic axion strings dissipate their energy by radiating axions, This is a
very efficient process. As a result, the nwmnber density of axion strings in the early
universe 1s expected to be of order the lowest possible consistent with causality, i.e.
approximately one long string per horizon. The energy density in axion strings at
time ¢ 1s thus of order

Using energy conservation, one obtains from (2.8) the number density of axions
radiated by cosmic axion strings®”:

1Y de (Y
n‘:‘”(t) =~ / v r(t') ,
t

t3/2_

o 4132 w(zl‘)

where

—
(354
ot

~—

(2.6)

—
[ %
-3

(2.8)
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and ”’( ) is the energy spectrum of axions radiated at time ¢, To obtain the present
axion (‘()\llmlm,i(‘:ﬂ energy density due to the decay ol cosmic axion strings, we need
to determine the number density of such axions at time ty defined by Eq. (2.2). At
time £y the axions acquire mass and the axion strings become the boundaries of axion
domain walls. \What happens to the domain walls is a story told elsewhere!5:17:18,
As Egs.(2.9) and (2.10) imj Iy, to obtain the number density of radiated axions we
need to know thieir spectrun.

The axions that are radiated at time { are emitted by cosmic axion strings
which are bent over a distance seale of order ¢ and which are relaxing to lower
energy configurations. There is al present disagreement in the literature about
the behavior and the energy spectrurn of such a string. Ofe view*® is that the
axion string oscillates 10 to 20 timmes hefore it has reached its minimum energy
configuration and that the spectrum of radiated axions is concentrated near "l—”u
Let us call this case A, The other view, which my collaborators and [ have argned
in favor of272% s that, in the limit of large €n puf, the axion string will straighten
itself out at once (without large scale oseillations) and that the energy spectrum of
radiated axions is %— ~ 1/k with a high encrgy cutofl of order jc and a low energy

cutoff of order 22 Recent computer simitlations® lend support to this second view.

Let us call it case B. In case B, w(l) = '“'l—’r[n jt and hence the number density of

radiated axions at time {y is

”slr("]) a _;,_(‘,l, ;[i].
t

Most of the axions radiated by cosimic axion strings are non-relativistic today. Henca
we may directly compare 237(¢) with n5%°(¢y) [Eq. (2.3)] to determine the relative
importance of axions radiated by strings versus axions produced by initial vacuum
misalignment.

Let us assume first that N=1. To some extent, N=1 is favored over N# |
because N=1 axion models have a particularly straightforward mechanism o rid the
early universe of axion Jdomain walls. This is an important consideration since we
are assuming, for cosmic axion strings to be relevant at all, that there is no inflation
after the Peccei-Quinn phase transition and hence the axion domain walls cannot be
gotten rid of through inflation. In case A, one would conclude that the contribution
to the cosmological axion energy density from axions radiated by cosmic axion
strings 1s roughly a factor {n(yuty) =~ 70 times larger than the contribution from
initial vacuum misalignment [compare Eqs.(2.3) and (2.12)]. In that case there
would be little room left between the cosmolegical bound and the bound from the
supernova. In case B, on the other hand, the cosmological axion energy density
from axions radiated by cosmir axion strings is of the same order of magnitude as
the contribution from initial vacuum misalignment [compare Eqs.(2.3) and (‘2.11)].
In that case, the cosmological bound on the axion mass remains mg 2 107° eV

Note however that N# 1 is also a logical possibility. One can rid the early
universe of axion domain walls in this case by introducing a tiny explicit breaking
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of the Upg(l) synunetry which slightly lowers one of the N vacua with respect
to the others'®. A small hias of this kind can eliminate the domain walls from
the early universe yvet be compatible with the Peccei-Quinn solution to the strong
CP problem. Comparison of BEqs.(2.3) and (2.11) shows that if NV is large, the
cosmological axion encergy density from cosmic axion strings will dominate over that
from initial vacuuny misalignment even in case B. However, when N# 1, there is also
a contribution ta the cosmological axion energy density from axions produnced in the
decay of axion domain walls, and this is likely to be the dominant contribution. Its
size depends upon the small amount of explicit breaking of the Upg(1) symmetry
introduced to eliminate the domain walls from the universe before they dominate
the energy density,

As a conclusion to section [T on the cosmological axion energy density,
let us state tonat €, < 1 implies m, 2 107%V in the sense thay m, < 10-%V
requires that there Is inflation after the phase transition during which Upg(1) gets
spontancously broken and that, by accident, the axion field happens to lie close
to the (' conserving value of the effective poteniial even hefore the axion mass is
turned on.

1II. CAVITY DETECTOR OF GALACTIC HALO AXIONS

As we saw in the preceding section, it is conceivable that the earth is bathed
in a sea of galactic halo axions. If the galactic halo is made np exclusively of axions,
their density in the solar neighborhood?® is approximately 3 10~ gr/em® and their
velocity dispersion is ‘\ppru\mmtt ly 1079 times the \p(ml of light. A likely mass
range for such axions ix (h = c=1)

W

LRI

2m(242 MH. )y = 107% eV < my £ 1071 eV = 27(24.2 GH,) . (3.1)

. The possibility of detecting these dark matter axions constitutes an exciting but,
- a8 we will see, realistic prospect.,

Indeed, axions can be searched for by stimulating their ronversion to pho-
tons in a strong magnetic field®. The relevant coupling is given in Eq.{(1.12). In
8 particular, an electromagnetic cavily permeated by a strong magnetic field can be

used to detect galactic halo axions. The latter have velocities 3 of order 10-% and
hence their energies

€g = My + ;;-m(./i") (3.2)

'R}

have a spread of order 107% above the axion mass. Consider a cylindrical elec-
tromagnetic cavity of arbitrary cross-sectional shape, permeated by a large static
approximately homogeneous longitudinal magnetic field B = Byi. When the fre-
quency w = z7f of an appropriate cavity mode equals m,, galactic halo axions can
convert ta quanta of excitation (photons) of that cavity Inodc. Ouly the TMq0
modes couple in the limit where the cavity is much smaller than the de Broglie
wavelength A, = 2m(8m,) " & 27 10° m7 ! of the galactic halo axions. The power
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on rezonance from axion — photon conversion into the 7'M, 0 mode ig#031,32

Ppy = ("‘“.‘/'y T‘) V B /’u( nl‘ —\Min QL Qu
)

T
= 2107 W at ( : v \ < By j?(;‘ ; (f’—’-)z /_—JLL,.m>, (3.3)
CB00 liter ) \ 8 Tesla )~ ™" \0.36 K%IU_“yr/mn‘"
|r~ I ] Min (Qn,Qu) .
2x(3GH.) ~

where V' is the volume of the cavity, p, is the density of galactic halo axions on
earth, @ Is the quality factor of the cavity and Q4 = 10% is the “quality factor” of
the galactic halo axion signal, i.e. the ratio of their energy to their energy spread.
Chpe 18 a model dependent form factor defined by:

c o Ve dPeEa By

(= — - = 3.4
YT BIV [ P | B B0

e gs the oseillating electric field.

where By (£) is the static magnetie lield and E e
For a cavity of rectangular cross-section
. G4
Cot = =757 Sor noand ¢ odd L
ain= (3.5)
=0 otherwise .

For a circular cross-section

Lonm = 77775 Ve
(1\ on )J

where N, is the nt? zero of the Bessel function Jo(&). Egs. (3.5) and (3.6) show
that one should use the lowest TM mode if at all possible. From now on, we will
suppress the indices n, .

To detect the power P, a hole must be made in the cavity wall through
which the electromagnetic radiation can be brought to the front end of a microwave
receiver. The quality factor (@, which appears in Eq. (3.3) is the loaded quality
factor given by

1
QL - Qlu Qh
)

where = is the contribution due to absorption into the cavity walls and 2~ is the
contribution from the hole. The maximum power that can be brought to the front
end of the microwave receiver is &k P,

Because the axion mass is only known in order of magnitude at best, the
cavity must be tunable and a large range of frequencies must be explored secking
the axion signal. The cavity can be tuned by moving inside the cavity a dielectric
rod or metal post. Using Eq. (3.3), one finds that to obtain a given signal to noise
ratio s/n, the search rate is

dt = year s ) 500 liter” “8 Tesla’ = 10.36
( Pa 2 20K, f )2 {Qw/Qa if Qu < 3Qaq

-32-10“34g1'/cm3 Th )’(3(1'11': 2_47'(1 - 8‘:,)2 if Qu > 3Qa

(3.8)
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where T3, is the sum of the physical temperature of the cavity plus the noise tem-
perature of the microwave receiver. q. (3.8) assumies

1. that when Q< (J,, Le. when the cavity bandwidth is larger than the axion
handwidth, one uses the possibility of looking at Q,/Q 1 axion bandwidths
simultancously,

2. that Q) has been adjusted so as to maximize the search rate. For ., <
30, the optimal Q@ = %CJLU (and hence Qp = :—“-Qw) whereas for Q, >
3Q,, tue optimal Qy is such that Qp = Q. :

Actually, the best possible quality factors attainable at present, using oxygen [ree
copper, are only of order 107 in the GHz range. (It does not help to make the cavity
of superconducting material since it is permeated by a strong magnetic field in the
experiment.) The factor Q. /Qa on the RHS of Eq.(3.8) is therefore of order 107,
On the other hand, nolse temperatures as low as 3K (in the 1.2 - 1.6 GHz range)
have been reached using commercially available microwave receivers?,

. (3.8) shows that a galactic halo search is feasible with presently avail-
able technology, provided the forin factor (7 can be kept at values of order one at
all frequencies. This raises the following issue. A large voluine empty cylindrical
cavity has a low resonant frequency in its lowest TM mode: f = 0,115 GlHz (l}})
where ¢ s the radius of the cavity, Thus a large cylindrical cavity is convenient for
searching the low frequency end of the range (3.1). How does one search the higher
frequencies? This question was addressed in a paper by € Hagmann et al®® which
also discusses various cavity tuning schemes and presents the results ef computer
simulations 10 opthmize cavity design. [t was found that the best way to tune a
cavity in this experiment is by translating a diclectric rod or metal post sideways
inside the cavity. Secondly, the paper concludes that the best way to extend the
search to high frequencies is by power-combining many identical cavitics which fill
up the volume inside the magnet bore. This method avoids the problems of mode
localization and resonance crowding which plague the other approaches that were
considered. It allows one to maintain C' = 0(1) at all frequencies, albeit at the cost
of increasing engineering complexity with increasing frequency.

Galactic halo axion searches using cavity detectors hiave been carried out at
Brookhaven National Laboratory by a collaboration between Rochester, Brookhaven
and Fermilab®® (RBF) and at the University of Florida®* (UF). Development work
was also done at KEK®®. [n addition, the possibility of using a beam of Rydberg
atoms to detect the microwave photons from a cavity galactic halo axion detector
was discussed by S. Matsuki and K. Yamamoro?”,

Fig. 1I shows the limits that the RBF and UF collaborations placed on

the square of the coupling guvy = as a function of the axion mass assuming

o
. e L . y .
that the galactic halo is made of axions. The (magnetic field)® x volume provided
by the magnets used in the experiments was BV = 0.36 T%m® for RBF and
] 0
BV = 0.45 T*m3 for UF. The improvernent of a factor 5 or 10 in sensitivily of the
0 !

UF detector over the Brookhaven one is due, for the most part, to the adoption of
a more cfficient, computerized data taking method and to the use of more sensitive
microwave equipmment. Even so, the sensitivity of the UF experiment is still a factor
500 or so short of that required to detect galactic halo axions in the DFSZ model.
Note that in other models, such as the KSVZ model, the signal predicted is higher.

Recently, a proposal has been put forth to use two large ‘Axicell’ magnets
from the decomissioned mirror fusion test facility at Lawrence Liverrmore National
Laboratory for a cavity galactic halo axion detector®®. The two magnets together
yield BV =~ 137 T%m?® which is an improvement of a factor 300 or so over the
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Figure II: Upper limits on the coupling of the axion to two photons.
The shaded areas are ruled out if the galactic halo is made of acions.

fitst generation experiments. The proposed detector would have the sensitivity
required to detect galactic halo axions in the DFSZ model over the mass range
0.6 < my < 5.6ucV in Phase I of the experiment and 5.6 < rny, < 16ueV in Phase
IT.

IV. A PROPOSAL FOR AXION DETECTION IN THE m, ~ 10~ %V
RANGE,

It is possible, as implied by our discussion of the cosmological abundance
of axions in section 1. that the dark matter is made of axions with rass anywhere
in the range 1073V < m, < 1077V, We argued that mq ~ 107%V is the most
likely value for which 0, = 1, but this value is affected by large uncertainties.
In particular, if there is inflation {no inflation) after the PQ phase transition, the
most likely value of m, tends to be shifted downward (npward). It is of course
desirable to search as much axion mass range as possible without excessive resard
for theoretical input. The cavity detector of galactic halp axions is the easiest to
build. However it does not appear at present that cavity detectors can cover the
whole 10~%V — 10~ "¢V mass window. Their range is limited on the one hand by the
spatial dimensions of the magnet (bore radius & < 3m implies mg 2 1.6 10-7eV)
and, on the other hand, by the complexities involved in segmenting a given magnetic
volume into many small cavities to look for high mass axions. The most complex
system which has been envisaged up till now is 1024 cavities in the 3m* volume
(R = 0.7m,L = 2m) afforded by the two large LLNL ‘Axiccll' magnets mentioned
in the previous section. This would reach my = 1.6 10~ 8¢ V. It seoms difficult to
reach much larger axion masses using the cavity detector assuming only presentlv
available technology. An alternative approach, specifically to explore the larger

L



axion masses, is desirable.

In this section we elaborate on a scheme proposed earlierl3031.39] (g search
for galactic halo axions in the m, ~ 10=3¢V range. Because of the roupling (1.12)
of the axion to two photons, axions will convert to photons (and vice-versa) in an
externally applied magnetic field. The cross-section for a — ¥ conversion in a region
of volume V" permeated by a static magnetic field By(f) is

1 agy - 3
= e | Y 2 . -
7 16723, (W'fa ) ,/( kr8(E w)

where (Ea_fu) = E4(1.3,) is the 4-momentum of the axion and (w,lg»,) = w(l,‘ fl)

- 3 - 2
dze' B f 5 By (4.1)
V’

: is the 4-momentum of the photon. E, = w is required because the magnetic field is
: static. The extra momentum §"= k. — k4, which is necessary because the photon is
* massless whereas the axion is massive, must be provided by the inhomogeneity of
i the magnetic field. For galactic halos axion detection, kq ~ 1073m, and therefore

. the magnetic field should be made irhomogeneous on the length scale m7!.
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Figure [T11. Top (a) and side view (b) of the detector of galactic halo
axions deseribed in section IV. In an actual design L/d would be
much larger than represented here,
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The proposed detector is illustrated in Fig. II1. A large number of parallel
superconducting wires are embedded into a material transparent to microwave ra-
diation. The material keeps the wires from moving. Let y be the common direction
of the wires. The intersections of the wires with the (z,z) plane form an anay
of unit cell size d. d must be smaller than the inverse of the axion mass which is
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being searched for. Through each wire is circwiated a current /(z) whose intensity

depends only upon the : coordinate of the wire, This produces a coarse grained
. Il N U, R . o —

current density J = yf(z)d™". To obtain the static inhonmogeneous magnetic field

Bo(F) = 2By cos(gz), (4.2)

one sets the individual currents at I(z) = —g¢Bpsin(gz). By can be, in principle,
as large as the critical magnetic field to dri e the superconductor normal. If the
magnetic field (4.2) extends over a rectangular volume V = L LyL., then the
conversicn cross-section (4.1) is

L <‘_‘_£’_1\ 2 BiL.L, [ sinfm, (1 ~ ;3,,3? - 41]-%*
1 ‘Tfu} r”u(l - ‘15(!:}_ q
5 (4.3)
sinfma (14 30:) = )%\
771‘,(1 + 13,“‘] | J

provided 3, « 1 and L; 3> m;' (i = 1,2,3). Eq. (4.3) shows that the band-
width of the detector in the 39 component of momentum is k¢ ~ % On
the other hand, the width of the axion signal in the same variable is:\k‘:‘ o~
2.10"%m,. The power into the detector frem a — ¥ conversion on resonance

(¢ == mg), provided the axion signol lalls entirely within the bandwidth of the

detector { g —m,; £ 107 m,] < 1‘—-), is
L

P (g : - “
Pz=oap, = g (}ﬁ) V'L, Bipa

- VL6 & ! BU 2 My 2 Pa
= 2107 Watt (| —= ) | = : _
W ( m? ) (h[) (.l.(')--’ﬂn’) <.1310“5"“yr/cm3

This power must be collected and brought to the front end of a microwave receiver.
Note that the photons all have momentum very nearly parallel to the :-axis and
hence can be focussed by a parabolic mirror. Also, their polarization (f vector
direction) is perpendicular to the superconducting wires. This is desirable because
it suppresses the scattering of the photons by the wires. Let ¢ be the efficiency with
which the power P can be brought to the front end of the microwave receiver and
let. T be the total (physical plus clectronic) noise temperature of the receiver. The
signal to noise ratio over the (frequency) bandwidth A f, = 107 (52) of the axion

signal is .
s (P l .
- = - - 4.0
n T \/.:fa (4.5)

where t is the measurement integration time. The search can be carried out over
the whole (frequency) bandwidth A fq =~ 7:— of the detector simultancously. Thus
the search rate for a given signal to noise ratio is

Ay AhAa_ ny, (cf’)zz@._
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To search at a reasonable rate (one factor of 2 per year, say) near niy = 1073V, a
detector of linear dimensions at least a couple of meters is required. If L, = L, =
L. = 2m and d = 0.2:m, there are 10% wires arranged in 10* planes of 10* wires
cach. All wires in the same plane carry the same current, To extend the search
to smaller axion masses keeping a reasonably large search rate, successively larger
(L~ m;"’”) but less fine grained (d ~ m3 ') would have to be constructed. The
detector appropriate for a search near m, = 107%¢ V" would be roughly 10m in linear
dimension and have of order 10% wires spaced about 2em apart.

V. THE PHASE SPACE STRUCTURE OF COLD DARK MATTER
HALOS

The question naturally presents itself what can be learned from a galactic
halo signal if such a signal is ever discovered. The modulation of the signal by
the rotation and orbital motion of the Earth has been discussed by M. Turner,[9)
However, because the cavity detictor of galactic halo axions has unusually high
energy resolution additional information may he obtainable.

In discussions of dark matter detection on Earth, the dark matter particles
are usually assumed to have an isothermal distribution or an adiabatic deformation
of an isothermal distribution.®) There is good reason to make this assumption as
a first approximation. Probably the most direct arguinent is that it predicts the
rotation curves of galaxies to be flat at large radial distances. Indeed, 1t is natural
to make the simplest assumption that explains the main feature of the observational
data. From a theoretical viewpoint, thermalization is thought to be the result of a
period of “violent relaxation”(*] following the collapse of the protogalaxy. 1f it is
strictly true that the energy and velocity distribution of the dark matter particles is
iscthermal, then the only information that can be gained from its observation is the
corresponding virial velocity and our own velocity relative to its standard of rest,
If, on the other hand, the thermalization is incomplete, a signal in a dark matter
detector may yield additional information. Thus the question to what extent dark
matter is thermalized in a galactic halo deserves serious cousideration. J. Ipser
and 143 have looked at this issue and found that there are large deviations from
a thermal distribution in that the highest energy particles have discrete values of
velocity.

To see why, note that the initial (at a time before the start of galaxy
formation) velocity dispersion of cold dark matter particles is very small. The
typical initial axion velocity is va({g) ~ 10717 (l‘—]'—:iﬂ'—) in the case where there is
no inflation after the phase transition during which the {/pg(1) quasi-symmetry gets
spontaneously broken. If there is inflation after that phase transition, the initial
velocity dispersion of axions is smaller still. Thus the axions are in a thin sheet in
(7,7 phase space. Initially, before the Galaxy has started to form, this sheet lies
near r = H(tg)™ After the Galaxy has formed, the sheet is wrapping itself up.
This process is illustrated in Figure 1V. In the idealized case where all structure
in the density distribution on all scales less than that (~ 10**em) of the Galaxy
as a whole is absent, where the gravitational potential of the Galaxy is spherically
symmetric and where all dark matter particles move on purely radial orbits, the
number of sheets at our location, which is also the number of peaks in the energy-
momentum spectrum of dark matter particles measured on earth, is of order 200.
We investigated how this sheet structure is affected by the angular momentum of
the dark matter particles, the gravitational field of the galactic disk. the presence
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Figure [V. A qualitative picture cf the time evolution of the phase-
space distribution of cold dark matter particles in a galactic halo.

of stars, globular clusters and large molecular clouds and by primordial density
perturbations on scales less than 10%¢m. We found that although these effects
change the number of peaks and broaden them, they are far from erasing the peak
structure entirely. In particular, the peak due to dark matter particles which are
falling onto the Galaxy for the first time as well as the peaks due to particles which
have crossed the central parts of the Galaxy only a few times in the past are not
erased. They form a record of the Galaxy's history which would become immediately
available in a cavity detector of galactic halo axions if a signal is discovered.
Indeed, the energy resolution of a cavity galactic axion detector using the
same data processing technique as the U. of Florida pilot detector®¥ is set by the
stability of the local oscillator with which the output of the cavity is compared.



The gquartz oscillator presently in use has a stability of order éfi ~ 107" and thus
allows one to reach :}l’— ~ 1077 where E =~ 107 %n, is the kinetic energy of the dark
matter axions, The resolution is certainly sufficient to measure the energies and the
mtensities of the peaks in the axion signal. The corresponding sheet veloeity can also
be readily obtained by modelling the diurnal frequency modulations (%—L ~ 1077
of the peaks due to the earth's rotation,
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