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it V. The l_hasc. spa(:(> :ar-ucture of col(l dark Inatter halos.

I. INTRODUCTION T() AXI()N PItYSICS

The axi,:m 2'':_':_v.'_u,;,postulated fifteen years ago t.o explain why the strong
interactions co1,ser'¢e P ai,d ('P. Consider the Lagrangian of Q(_[):

( ,,l,q" '-'r '

i=1 (1.1)
) ")

(li" (,a ,:.,,,_,,
32,'1"- * '

The lzmt,term is a ,t-divergence an¢l hence does not contribute in perturbation theory.
It, does however produce iloll-perturbative effects associated with the exist('nc(: of
QCD insta)tt, ons '_. As a consequence, ¢,he physics oi" QCD depends upon the value
of the parameter 0. [.Ising the A,tler-Bell-,lackiw anomaly of the UA(1) current,
one can readily show that the physics of QCD depends upon 0 only through the
con_bination of parameters

() ._ 0 - arg der mq = (_- arg(mlrt)u,,,m.) . (1,2)

lr0 :fi 0, QC_D violates P and CP. The absence of P and CP violations in the strong
inte,:actions thereff)re places an upper limit upon t). Th,e best constraint comes
fr.,m the present experimental hound on the neutron elect_'ic dipole moment which
yields'_,_::

0g 10-9 (_,a)

• % be published in t,lw proceedings of the IFT Workshop on Dark Ma,tter, held in
Gainesville, Florida, on Fel:>ruaw 14-1(3, 1992,



\Ve lllll,-._,th,'li fac_., t li,:. q_estic,.: wily is _)_o sJnall? R,_,call that in the stan-

dard l_v::.t_'l of t_arxicl,, illt_'rac_i,,ll,_, rho ,luark llm.'_sos origi_late in the _qoctrc,weak
sectvr ,,t" lilt, l ll¢,,,r','. "l'[lis so,-tor Jcmst. violate P and CF' t_, I,roduc,' the correct weak

interacli<_ll, t,lJ,'laollwncd,,"v,,., in f_arlicular h'L -,-' ')w. deca,,.. 'I'here is no rez_son in t,llo

staz|darc] ll,:./o] Io exl',,_,ct lh,., ovoral] l)]_a.,_e of the q_lark nm.%s i_latrix to exactly

matcht, ll(.vallw_fO' froxntl_e Q("l) sertor in :_rd,:,r to seA, i) < 1()-':_ lnJ particula.r, if
(_t' violat, i..ll ,i.,.,ill_rotlllced in the llmmwr of l((fi_aya.:,.;hi and .k[a.skawa 7, tl_e Yukawa

couf, li_gs that .,_.;,iv,,ri,,,.:, to _h,' q_ark _a.,..ses are arbitrary cox_q_lex numbers a_cl

hence ar:l dci _,_ ;_d ¢i hav_;, _.:_roa.s_m tc:, take o1_ any special value .u, all.
t'occei a_d Quil_n _ l,rc, pt,se,l a solution to this l,r,:,bletn by l:,O,_tulating rh,,

• ' . I t:,existenct..._f .t _] ,bal I t.q)(1) <lua..,i-svlltl_u:_lr'y. This .'I _)(I) _r_t,st l_av,, tile fi..,lh_wi_g
pre per tio,..

I. ii, i_ ;t S3,'llllllr'l,r_ .' _,[" 1110 cla.s:,.ic:,_! lll,,(_r',,', i.e. a s)'_l_,:,try -f the tl,oory at.

the l,agrarigiaz_ lc,,,',.I,

'2. it, is l-,r(,kol_ e:(i,lici_ly by rh,:,:-., m:,n-p,.rturl)ative Q('I) eff,..cts (illstaz_l.ons

and til.' Iii.'.') wl_ict_ _mko Iii,-' f.llysics of Q('D _iepoxl,i ,pc.n Ibr paran,_t,.'r
0,

3. it, is I_r_)k_,_ sl._.l_tanr_,_:.,ly ILv 1,11¢.'.';_('_lLli_Soxl_ect;ltiol| val_le (d" sc;llw scalar
tield,

T() st:*" ]l()W tll_' ,'xiStcll,.'c o[" a ('t,q)(1),tu;_.si-;.;ylllrllct, r) yicl_t:; O = ()(u I) t(, tiny
corr,_,ctic;xm duo t._, t]_, ('I" ',i, ,lal inK int.rracti(,ns r_sl',O_sil,l,c , for h'L _ '2,_ ,h, cay)

consi(tor t,h,, t t_oc,ry dolille_] I)y

,li 1 91

,::_ (1 .,tl

0!1_ _",a F,,_nu+ _-,, ,, - t'(_;)," _ _ _) 14 I_' •

=_.

£t'(4 h;u_ a cla:.;sical _",.,q( ] ) sy_nnwtry under which 'r" --" ("':*_ and qj -. c-i'"'sl-'q2
forj=l ..n. As,.;u,ni_gthelw, tel_tialVhast.h(,shal_,'ofa ,l .xzcan hat." the UrQ(I)

syznmet, ry is st_,:,l_t;_,_(::,_lsl'.' I_rokcz_ by the vacuum eXl)ect, at i,:)n val_w of tl,(? scalar

, (+,(.,.)).=,, c'''(__, (i._)

'r'he. quarks ac_tuire _a._,_es

1nj = ](j _, r '(' (1.6

alld he_ce
0 = O-. arg (m_...m,,)

: (i.7
: =O-ar.q(h'_ ....li,,)-na.

'I_he important, dilrerence between tile II_eory define(l by t';q. (1.1) and t,he theory

defined 1:,5' E(L. (1.4) is t,hat in the former 0 is a function solely of t.lm pa.ra.meters

in t.ho theory, wherea.s in the Latter 0 is a function also o'the dynamical riehl c_.
As a result, those non-perturbat, ive effects which nmke the physics of QCD depend

uf, on the parameter t} will, in the theory defined by Eq. (l.,t), produ('e an effective

potentia.I _,_.t..t'((_). It, can be shown that. the al,solute lnir_imum of _,',./j(a,) occurs
at a value of (_ such that"

0=o, (].s

= and hence the theory conserves P and CP. For pedagogical reasons, we did not,
include the elect, roweak interact,ions in our exatnple of Eq. (IA). Actually, Lhe

II17........ II_III "" '





Tile coefticientsg] that appear in Eq. (1.1511are rather model.-del:_endent. General
forlrmla,s for the 9/ are given in tiers. (10), including the case where f .is a proton
or neutron.

When the axion w'_s first, proposed, it wins thought that the brea,;ing of
UpQ(1) occurred at the elect.toweak scale, i.e. v ,-- 250 GeV. The corresp,mding
axion was searched for in various laboratory experiments but was not fouud :3. Soon,
however it, was discovered 1_ how to construct a.xion 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 axi¢,n search experiments
mentioned above are hopelessly small, tlowever such ,'txions are still constrained by
astrophysical and cosmological considerat.ions.

(aN) (e,¢)

IO

F'igure I: Axion ma&,_ ranges which have been ruled out so far.
TSAR is an acronym for the telescope search by M. A. Bershady
et al. [_l

Light weakly coupled bosons are severely constrained by stellar evolution
because stars emit, such particles ft'ore their whole volume whereas they emit the

lt
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wh(,re )n,_('F) is the t(qlll:)era),tlre d('pendent, axion m;_ss, Soon after t,irn(, ii, the axion

mass ctlall_>s slllticiont.ly slowly tha.t the tot, al n)inll:,,,r of axions iii t.he oscillation of

ct(,r) about tile (']' cc)nseI'ving lliilliliiur, l is atl adial>atic ire,'ariala.. Using (,lie finite
t.(,rrip(,ra.tllre iiislaillon calclllalions _.,f Gross, l"isarski and Y;dfe 'e(), ']'_ = 7'(ll)has

been esiil_lat, ed l,,; O(lual al',,,_lt, c,ne (;eV l!_. 'I'lw nulllber (tensit, y t:)faxions at t,inm
/1 ttu" to i.lie iliitial va.cllliili Inisaligllli),mi, is of order

1
""c(t ) _ .,',.,_.

')<' _ /'<' ttl)"_"(tl) (2,3)
1 I .>))l 1--,,": ,,(ii)< <,,"(t,) ,,f,7ii_

where f<., = _, its detine<t ,.,arli<'r. Iii 10q.('2.3), we have used t,he facl, thai, t,he
field ,(z) -= 1,it(x) is al>t>rox.ilriately }lOlllo!rellec,,-,:7 eli tile horiz(.)ll sc;t_le l 1. Wiggles

, iii <t(.c) which (ml.,.:,r,,d the horizon long befor,' l1 have beeu red-shift.ed away 21, Iii

Eq.(7.3) we have also used 1'2t1.(2.2) and l,he fact, t,liat i.he inii, i;tl depart.ure __t(ti) of (i

frolll t,he llt,_lr,,sl lllillillililll is of ()r,.l<r _ I)ecatlSe N is i,he llUll/[)er (:-if('.|) COliserving
:fiiliiliia 1_; ;tj. lhc l)o1.1o111()[' tile "Mexican hat," t:>ol.(qiiial. The axioris of i:2q.(2.3)

are decoul,i,'d alld li,._ll-r(,lgtl.ivisl.ie. ,.\SSUlilil_g, l,hal, l,he ra.t,io of flit, axiorl llUilll:)er

d.erisity 1,:)tile elitrol:,y <lelisity is colist<:llll, fronl t,iliie I i fill i,o<.tay,()iii) finds thai, l,}l,_

presenl, C,llOl'_y ,,Ic.qisii.y iii a.',:iOllS is

o p"'_<'(.to)_per,t(l(i)(0"6 !O-acV) ";1(:' (200"WcV)31'1(75 k)ns'-I "_[t_c-1) " (2.,t)• _)_,_ A_CD fto

where t)<:_it(t(j) is l.he l_r('sent, critical en('rgy density for closing l,lie universe, Iio

I is t,lie present, value of l.lie llubl)le constalit, and A?.c:l) is l,he Q(?I.) scale fact,or.
, l,s ' ,'V.Eq.(2.<'l) iriiplies Iii(:, I`iound ;n<_._ 0.6 --,5

Ii, should be elripliasiz,,d however thai, t,liere are iiiai O' sources of ulicert.aillty
I

iii l,.ie esl,iinale cJf the cosiliological axion eliery,y delisit,y ail(I ;.lial. 1{(I.(2.,1) only
I

I prc)vides us witli a rC)llgh (-'sl.illtat,e. ['or exalrbple, t.he ilXiOll elli_'rgy densii, y c;_ill

I be dihii.etl I>y l,tie ,'nl.rol>y heavy particl('s
l'eioa,se from which decoupie I:,et'oretile

- Q(?I) epoch but, decay afl,erwards:'', li. Call also be dilut,ed by Iii(" enlrol)y release
a.,_sociai.ed with ;t first, order Q(!D pha.-:,et.ransitio.u. Oli t,heot, her harid, if t.he Q('.D

' • ')3

pha.se t.r0.1iSll,lOll- is first, order, {ill abrlipL ch_:illge iri the axion llla.,.;s iii. l, he t,ransii.ion

may in<rea.so pa(t0) a,s cc)rripared to Eq.(2.,t). Pillaily, if intlat,ion occurs afl, er the
Peccei-Quinll phri.se l,rarisit,ioli <:ii,which Up#(1) get.'; spout, aneously l:,roken, [,hell

" the right,-haiid side of Eq.('2..'l) lllUSto be mult, ifllied by (ct(li)N) 2 where (t'(.ll)N is

a randollily chosen riulrlt)er bet,weezl zero arid 0(1). 111l,h<:it,ca.:sel,here may be art

accidental suppres,_ion of the cosrilologic_tl axion eilei',_y densit.y from init, ial vacllum

mi,m,lignn-ienl, bec;.uise l.he phase of t,he Peccei-quinii tield happens I,CJ lie close to *,,fie

CP conserving vahie before <,he start, of the QC,D pha,se t,r;tnsit.ion, lt was recent, ly
erriphasized <,hat, because of quantum rnechalfical fluctuations during the epoch of
, • q 4
nlttat,ion- , t,he suppressiori carmel be perfect,. ']'he amount, o(' aceideiit,al SUl_pressiori

allov,,ed deperids upon tile intlationary model.

The axions produced during the QCI) phase t,ransition when i,he axion mass
• i *)turns on _tre "cold dark ma.t..er be.cause tt_ese axions are non-relaidvistic from the

cl q 0rriow, ent, of their first, appearance at, 1 GeV terliperat, ure l" ,.5 Cold dark mati, er with

a flat, (Zel'dovich-lla.rrison) spect.rum of primordial density perturb;tr, ions and some

"l_i_ming" in the extent t,o which light, traces n'latt.er yiehls at present, a popular and

il
1'1,.,,, ,q,...... ,,.... )li...... ,,__,/,,,,1/1_,1,!1, ',rTI* " li ..... _'I li'l........ lq '"1111'l'¢'"""....... ,ii ........ uHifiqli_l,ilqlliT[lll_,lti ' ',,_l,v'I,,*'I,.' i_]t_l,'.i,,'_'l*,,,,_,,,,,,M,_'_i_l'.',",,,llrii,l,,r)ql,,,llllln,,lll,,i1._,"_ltl)_,,_ll.... '_l'[ll,11t_n"lrll_l__I_'_'"_IIIIIIII_GII,"



apparc, ntly vial)le sc:,nario c,,fgal_'<y forrnation, Thus the dark matter clustered in

halos arouii_l gala.xi_,s could })e axiolls with Ina..;s of order 10 -'s eV.

b. The contritmtiml from cosmic axitm strings
,1

(,osinic axion sl,rings )hake anothc, r sizable ccmt, ributioll tc) the axic)n cos-

mological energy density if iallal.ion does liot occur between the peccei-Qtiinn phase

transiti,:,n where f,'s,<o(l) becoines qn)ntai_('ouslv broken and the O).CD .... _ us .'27::s. _:|)LICll ' ' ,

An a.xioil st.ririg is a. t,,:pcJlogical knot in t,he vacuulri expectation value (2.1). 'ro de-

scribe ii liiore fully consi,ter the act.ion ,lensit.y for the coinplex scalar field whose

VEV sp<mialleolisly t_reaks the (.".r,(,)(1) syiiinleiry'

'5

._,, ,<;= ,t'_,r,[. 0,,,:_' 0",,: -- 7i-(: -

•

-_::,' The c.otitigurat.iol_ correspoll_lillg Io a straight axion string alollg t.he J-axis is
7,
f

,_ _ = v f(/Lp)ci° (2.6)

' iii cyliridrical ;'oordinai.es (Z,/',O). lt _ _ l,, will I),_ ident, itie,.l with the iliverse ofli ,

>7 the core size of l.he si.ring, f(txl,,) is',a functioil which goes to zero wheli /lp ---+O,

approaches olie ",,viii'li /Iii _-':,> 1 aIld wiiich Iiiinii_izes tile Ollergy ])er _lnil, length of

the sl,ring. 'I'lie latter is l,h(,ll

_

where L is an infra-red cutoff. The RIIS of Eq, (2.7) neglects the coritribution to
r from the string core. That contril)utioil is of order rr t ,'2, which is smaller than

tlm contribut.ion frc.un the, Nairibu-(ioldstone fit"l outside the string core by a factor

l/gTi ilL. For ali aXlC..)llstring iii the ealqy universe., the infra-red cutoff is provided

' by tlw preselice of iieighl_oring axiorl strings with roughly opposite direction, g is

then of order the average tiist, alice bei.weeri st.rings which is ,:Jr order the horizon
scale (see below). For coslliic axiori strings at the QCD epoch, vce have £11 /tL _ 70.

Cosrriic a.xiorl strings dissil>ate their eriergy by radiating axions, This is a

very efl'icient process. A_ a reslllt, the ;:c,,£er density of axion strings iii the early

universe is expected to be of order the lowest possiMe col_sistelit with causality, i.e.

approxirnately one long string per horizon. The energy density iii axion slrings at
time t is thus of order

7" 7r p2

p., (t) _, t2 _. t'-' gn /_t . (2.8)

Usirig energy conservation, one obtains from (2.8) the rliimber density of axioils

radiated by cosmic a.xiori strings' ,:.,7:

,,_r 1 _I di' r(t _), t,al"._(t,) ' (_.9)

where



]

and _(t) is i,lle <,llergy spe(:t,ruln of axions radiated a,t tittle t, "I'o obt, ain t,he present,
axion cos)_.>Ic)gical (:,n('rgy d('nsil,y due to the decay of cosmic axion strings, we need
t,o det,erl)li)le t,llo nlll)ll-',r _le))sit,y ,f SllCll axions at, (,i)ne t._ defined by E(I. (2.2). A.t,
time t,l t.l)e axio.s acquire lna.ss a)Jd the axion s(,ri)_gs beco)ne t,he boundaries of axion
domain walls. \Vhat, happelts 1,ot,he (.lc)nmin wa.lls is ast, ory told elsewhere l(s'lT'_s
:ks Eqs.('2,!)) and (;2.1(I) iml ly, t,o obtain the nu.ll,er densit, y of radiated axions we
need to know t,l_eir Sl>e('truzt_.

The axions tllaL are radiated at. t,il)le t are eniit, t,ed by cosmic axion strings
which are bent, ov(,r a. (list.ante sl;al(" (.)f ord,rr /, and which ;tr(? relaxing to lo,,v,:,r
energy colllig_irat, ic)ns. Th(,r(' is at, present, disagreel_lent, in the liter;tture a.bout
the beha.vior an(i t,he (,nergy Sl)ect,runl of such a st,ring, ()fie view '26 is that the
axion st,rillg oscillates 10 tc):20 tilnes I)(.,f(.)re.ii, has reached it,s Ininimum energy
configllration and (liar the ..;p(,ctr l)n of radiat,(.,d axions is concent, rat,ed near "z,t

__ Lc(, us call t,his case A. The other view, ',vllich nly collaborators aral 1 have arg_letl

iri favor of_r':'>'s,'a ltlal,, iii I11(:,limit ,)f large ,rz) /_/,, (,he axion siring will straight,en
it,self out, at, el]ce (witl_,,u_, lar._,e scale os<'illa.tio|_s) and t,h:tt rh(:. (,Ilergy spectrun_ of

' radia.t,ed axions is _ -,--1/k v,,it,}_a. t_igh energy cutoff c.,forder lt ;tlld ,:t low e)tergy
• ')N

:'_ ]{ecen'l, co_l_l;ut,er si_nllatmns-' lend st|pt)or(, to t,his second view.cut,off of order '7""
')Tr

Let us call it, casc, 13. In cas,_>13, ..,({) _ _.r)_ 1,_{an(l h,_,n('e the nu_nl,(,r densit,y (.,t"
radial, cd axions at, t,ilt_e ,_ is

U2
,,iI_r

)_,, (t._) _ -- . (2.11)

In case A, on t,he other hart(I, one has _(_) _..s:2,,.7- anti.

,02

_- ,."/_(t_)_ -.-,:,)._{_. (_.1:)
t_

.

Mc)sf of t,he axions radiated 1.)yc(.)s)_icaxion si,rings are non-relativis.ti(" t,oday. ll(:,nc,_
| we nmv direct, lv ('t)tlil)ar(' _)"t"(tt) w.it,h "'_'" ' , .,..... :_ )t,i (,.I) [Etl (').R)] Lodet('r)ttine t,lle relat, iv(,

i itnportance of axiot)s radial, cd I:y st,rings versl_s axions prod_iceci 175'initial x,'acuul)l

misal ignt__,.?nt,.
Let llS _LSsulrlefirst, that, N=I. To sc)me extent,, Nrel ix favored over N¢- 1

because N= 1 axion models have a particularly st,raight, forwar(I n|echanisrn to rid the
| early univt, rse of axion domain walls. This is an import, a,t consideration since we

are assuming, for cosmic axion strings t,o be relevant, at a.ll, (,hat there is no infla,t,ionaft,or the Peccei-Quinn l:)ha.setransit, ion and hence tl)e axion (lomain walls cannot be

i gotten rid of through inttation. In c;u,.;eA, one would conclnde that t,he contribution
1 to the cosmological axion em?rgy density from axions radiated by cosmic axion
| strings ts roughly a factor gn(/tt_) __ 70 times larger than the contribut, ion fron_

initial vac.uuni misalignment [compare l:;qs.(2.3) aad (2.125]. In t,hat, case there
would be lit,tie room left between the cosmological bound and the bound from the

superi_ova, l_ case B, on the etcher hand, the cosmological axion energy densit, y
from axions radiated by cosmir axion strings is of the same order of magnit, ude a.s
the cont,ribution from init,ial vacuum misalignnient, [compare Eqs.(2.3) and (2.1t)].
In that ease, the cosmological boun(l on the axion m;_ss remains ma _ 10-''_ eV.

Note however tha.(, N:¢- 1 is also a logical possibilit,y. One can ricl the early
universe of axion doma.itt walls in this case by introducing a tiny explicit, breaking



of the (,"i.q)(i) syrr_ll.'lry which sliglltly lowers one of tlm N va cu_ wil,h respect,
t,o the c,tll_,rs l';. A :qlmll l:,ias of tllis kilid can elilnillal, e the tlollmin walls t'roln

tile early ullivorse '.'_'I I'., c,:_lllmtil:,le wit,h Ilw Peccei..Quizm solution to the strong

CP l)r.':,ble_ll. ('ollil,aris_,ll of 1£(ts.('2,3) and (2,11) shows l,hat_ if N is large, the

cc,srllologic;_l axiol_ _,m,r,,.;y (loslsil,y t'ronl coslllic axi()n sl,rings will dolllillai, e over that,
from initial v;tctllllll inisaiigIlii.qlt, evon ix_case B. llov,'ever, when N# 1, thrre is also

a. cont, ribllt,it:,Ii to tj., cosr_lologica} ;txion em_rgy densit.y from axions prodl_ced in the

: decay of axion dollmin walls, and l l_is is likely t,o be tlm _lotifinant cont, ril)ution, Its

size depends up,.)l_ llbc, snml] aJn(mnl, of explicit breaking of t,he l.:..O(1) sytmnetry
inr, reduced I,o elill_illal,c, l,he delilah1 walls t'roln the .niverse before t,hey dominat,e

the en,..rgy dm>iu.',
As a.conclusi:.l t,_ e.,ctic, n II ,.:,n tl_e cost_ological axion on,'rgy density,

le,,, us st,ata. l,il;tl, _2,, --t. ] ilill,ti,'s m,_ > 10-';eV lit t,l_e sense [,hat, m,. < 10-'_cV

requires that, l l_er,' is i_llati,:n aft,or tile l)ha.sc . l,ransit, ion _luring which (:rQ(l) gets

: sponl,aneously I)r()kcn ;tn(l tl_gtt,. I).,.' acci(l(.nt,, '_,h(' axic)n tield happ(,ns to lie clc)se

4 to the (:I' cons,'rvila._g v.lm, of l,])e offrcti'.'o l)Otoni, ia,l even l,,.f(:)re the ;txion t_la-_s is
t,urne,t ()n.

III. CAVITY DETE(YF()I]. ()F GALACTIC HAL() AXI()NS

{ As we saw in ttlo precediIig section, ii, is concoival_le l,llat the eart, h is bat, bed

in a sea of galactic hal,:, axioms. If l,hc, ga]act, lc halo is _,_a(le up e.xcll_siv(,ly of axions,

their densit, y in the solar neigllborhood'-'' is approxinmt,ely } 10 -.2.* ,.tr/cre a and their
velocity dispersion is alq)rc, xinmt,ely 10. a t,hnes the speed of light,. A likely mass=

-_ range for such axions is (h - c = 1)

2.z(2.12 :_III.) = 10 '-_ cV < m,, < 10 .-4 cV = 2,',r(2,1.2 (.;H_) . (3.1)

,)

The possibilit,y of tier,oct, ing t,lioso (lark tnat, t,er axions constitut, es an excit, ing but,,

a._ we will see, realistic pr()s,pect,.
Indeed, axions can I., searched for by st, i_tmlating t,heir "onversion I,o pho-

tons in asi, fong nmgnetic tio}(t al_. The reh;vanl, coupling is given in E_I.(1.12 ). In

= t)arl, icular, an elecl,romagnet,_c cavity permeal,ed by a st, rong magnetic field c_tll be
used t,o det, ect, gala('t, ic l_alo axions, The latter }lave velocities ,6' of order 10 -'a and

hence th,'ir energies

1
,., = ,,,.,,+ .--v,,o0'-' (a.2)

Z

have a spread of ord('r 10-'; above the axion mass. Consider a cylindrical elec-

= tromagnet, ic cavity of arbitrary cross-sectional shape, per_neat, ed by a large st,at, lc
_ approxi_nat, ely homogeneous longit, udinal magnet.ic tield I3 = B0e. When the fre-

quency _ = 2_rf of an appropriat,e cavit, y mode equals m,_, galact.ic halo axions can

•_ convert to quanta of' excitat, ion (photons) of that, cavity _node, Only the 7'M.t0
_2-- modes couple in the limit, where the cavil, y is much smaller than the. <.le Broglie

2 waw:qength .\a = 2rr(/3n,,:,) -_ a_ 2a" 10a _ * _r g _ of the galactic halo axions. The power

__



OD ro::Oll;lllco frolll ;ixioJl --. ])}lo{oll COllversioll into the rA/,_to iDode is 3°'31'32

,)

l:_,.,:"= !/-,, _"]3;pa(. ,,: ._lin((_L,Q,,)
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where V is t,lle ,,'olulllc_of tile ca,viLy, ,oa is tl_e dellsii,y of ga.la.ct,ie halo axions on
eart, h, ()c is the clualit.y factor :,f the cavit,y and Q)a --- 1()_; is t,he. "qlla.lity fact, or" of

the galac._ic Ila,h., axion signal, i._,. the rat,io of their energy to t.helr energy spread,
C',n_!is a llloclel ,tc,p ?n<h?nt,t'orllt fact.or _lelinetl by:

_:,,,,= IL. d'__'_L,_ft,,t" (a.,l)

where 1:_0(._7)is t.h_,st.al,lc _ltagl_.et.icliel,.I and ,.,,tc/7".,i,vt i,st.hc c:,sciJla.t,ing elect,ric tiel.d.
For ;_caviLy of reclangular cross-section

' 6,1
C.',,,:-. for 7_.and f odd

,'r4n'-'/?'' (3.5)
= 0 oth.crl.v i,'.;c.

For a circular cr,.:,ss-sect,ior_
,1

.c:,,,, _ (.\"o,,.)"-''_°'" (3.6)

where Xe,, is t,he nth zero of Lhe Bessel fllnct.ion Jo(.r). Eqs. (:1.5) and (3.6)slio,,v
t,hat, one should us,, t.t,:, lov,,',._st,'FNi mode ii"al, ali possible. From nov,' on, we ',,,,iii

, suppress t.he in(lices rr, f.
To detect, l,lle power P, a hole m_sl, be made in the cavity wall through

which t.he eh'ct,ro_nag1_et.ic radiation can l:)e I>rought, 1,othe front, end of a microwave
receiver. 'I'he quality fact,or (_L which a.pp('ars 3n l_2q. (3.3) is t,he loaded quality
fact,or gi,,'e_ by

1 1 1

QL - O,,, + ('_,7 (3.7)

. _ IS t,hewhere _ is t.he cont, ribut, ion due t.o absorption into t,he cavity v,,alls a.nd _ '
cont,ribut,"ion from the hole. The maximum power that can be brought to the front.
end of t,he microwave receiver is _ P.

.':en
Because the axion mass _s only known in order of magnitude at best,, the

cavity must, be t,unable and a large ra,ge of frequencies must, be explored seeking
t,he axion signal. The cavity can be t,uned by moving inside the cavity a dielectric
rod or metal post,. Usi_.g Eq. (3.3), one finds that t.o obta, in a given signal I,o noise
rat,lo s/n, t,he search rate is

'- "'' (an)_ V Be 9._)_af 2,0eH: __ .( )_( )_C?( .
dt - year s ,500 liter 8 7'esl_.t

if Q,,, < 3Q,_ (:}.8)

. ( p_ )_ _o,r,")_ )_. { Qu,/c4o"_10-'4[]"/Cm 3 ("-_n "( f ""' ", 3-(_ _(I- _,,-)_ if Q,,, > :3Q,,



whore. 7',, is the sll1_lof the l,hysical toll_l,c'rat, ure of the c.:lvlty plus the noise, tenl-
l',erat,ure ,,f t.lJ_"l_icrc,wa,,'e recei;>r. Eq. (3.S)assulnes

1. (.liar ,,vhell (,.)t. < t_,),, i,e. w}lon the cavity bandwidth is larger I,han the axioil
bandv,,idt, h, one rises [.he possit:_ilit,y of lookillg al, Q,,/QI_ axion bandwidt, hs
silnult, aneollsly,

i ;2. t.llat, (_)h has be,:n adillsted st:) _L'_to maxinlize the search rate. For Q,_, <
II_ rh,,opti,,, ,lQh= (a,,dhe,,ceQL= ro,' >
, 3Q,,, the opt.izna] Qtt is such that QL = Q,,
•i Actually, (,lie best, possible quality factors ;ttt,ainable at present, using oxygen free

I copper, are only of order 1(.)r' iii t.hc,Gllz ran:,..#.'.(It, does I10|, help to make the cavityof superconducting inal.crial since it, is pertlwated by a strong magne_:,ic field iii the

e.xperilllc'nt.) The fact,or Q,,,/Q, on t.he RIIS of Eq.(3.S)is there, ferc of order 10-1

On t.lle other l_all_l, noise i,e]]_peratures ::ts low as 3K (ill t.he 1.2 - 1.6 Gllz range)
have been reache(l using colnllwrcially awdlable inicrowave receiwms ag.

Eq. (3.8) staov,,s that a gal tct.tc halo sear(li is feasible wit.h present, ly avail-
able t ec.lll_olc,_O',pr'()violent the forth factor (.' can be kept at, values of c,rder one at
all frequencios. Tills raisos the fc,llo,,vi.t,g issue. A large ',,'olullu._enq_t,y cylindrical

-, ( Im "_cavity has a. I(.,wr,,s, mmlt, fre_luency in il,s lowest. 'I'.\l mode: f - 0.115 (.,Ilz ,.-/7-,'
wtlere It'.is the ra._litls o1" lhc cavil,y. _l'hus a, large cylindrical cavity is COllVellielil,for

searchiug t,he low ['retlUCn('y,._l_dof t.l_e rauge (3.1). How does one search the higher
frequencies? This q_leslion was addressed in a p.:q)er by C,. llagmarm el, al 34 which
als(:) discusses various cavity t,uning s,"hen,,s iiild presc'nts the results (.'f computer
simulatiols l,o opt,i_fizo cavit,y design. It. was found tlm.t, Lhc best way to tulle a,

I cavity in this exl,eri_ent, is by tra_lslating a diclect, ric rod or metal post si,:leways

inside the cavity. Secondly, tl_e pal',ct concludes t,hat the best way t,o extend thesearch to high frequeacies is by power-confl)ining n_any identical cavit,ies which fill
up the volun_e inside the magnet bore. This method avoids the problen_s of mode
localization and resonance crowding which f,lague the other af_proaches tl_at, were
considered, lt allows one to maintain (7= 0(1) at ali frequencies, albeit at the cost
of increasi_g engineering co_lq;)lexity with increasing frequency.

Ga, lactic l_alo axion searches using cavity detect, ors have been carried out at
Brookhaven Nat, tonal Laboratory by a collaboratiol_ between Rochester, Brookhaven

-, ' ,_35and 1,erm:_lal: (I:_BF) and at t,he University of Florida :_'_(UF). I)evelopment work
wa,s also done at, I'(.EK::_c;.In addition, the possibility of 't_sing a hea.m of Rydberg
atoms to detect the _nicrowave photons from a cavity galactic halo axion detect, or
wzu:sdiscussed I)3' S. ,\la,tsuki and K. Yamantoto a7.

Fig. II show':; the iindts t,hat the R,BF and UF collaboral, ions placed on
= _ a.s a function of the axion ma.ss _ssumingt;he square of (,he corot)ling .qa'r'_ - '_I.

I that the galactic halo is made of axions. The (_nagnet.ic tield) 2 x vol,_me l)rovided
" ') - 9

by the magnets used in t,he experiments wws B6U = 0.36 T'm a for RBF and

Bo V , ,', 3= 0.45 7"m" for UF', The i_nprovernent of a factor 5 or 10 in sensitivity of the

UF detect.or over the Brookhaven one is due, for the most part, to the adoption of

a more efticient,, computerized data takir_g method and to t,he use of more sensitive

microwave equipment. Even so, the sensitivity of the UF experiment is still a fact.or

500 or so short, of that required t.o detect galm:.t.ic halo axions iri Oae DFSZ model.

Note that in other models, such as the KSVZ mo,:lel, the signal predicted is higher.
Recent, ly, a proposal has been put forth to use two large 'Axicell' rnagnet_

from the decomissioned nfirror fusion test facility at Lawrence Livermore National
Laboratory for a cavity galactic halo axion detect.or as. The two magnets together
yield /7/eV ._ 137 T_,),a which is an improvement of a factor 300 or so over t,he
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F'igure I1 1.7pper{im,it,s or._the coupling of the a.×ion to two i)b,:_._ons,
Tile shaded are;_ are ruled out. if the galactic ha)o is made of a,_iol:s.

1 first generation experil]_en(s. ']'}le proposed defector would have the sensitivity

required to det(-ct galactic halo axions in the DFSZ model over the ma._s range
0,fl < m,, < 5.6#eV in Pha.se I of the experiment and 5,6 < r'n. < 16pev in Pha.se

- IV, A PROPOSAL FOIl. AXION DETI:;CTION IN THE m,, -.. lO-:¢eV
! RANGF,:,

, lt is possible, as implied by out discussion of the cosmological abundance
' of axions in section II, that the dark matter ,ismade of' axions with rn_s anywhere

in {.herange lO-_el/' < ma < IO-;'_V. We argued ,,.hat.m_ ,,,, ].O-SeV is the. most
likely value for which fl,_. = 1, but this value is affected by large unt:ert,ainLies.
In particular, if there is inflation (no inflation) after the PQ pha.s.e tra_sition: the

I most likely value of m. tends t,o be shift,cd downward (upward). It i,s ,of course

-i desirable t,o search as mu.eh axion ma.,s range as 1;._.ossiblewithout, excessive regard

I for theoretical inpu.t, 'The' ¢avit,:,,,d.et.ector of ga,l_t, ic halo axions is the e,mies'¢, to
-_ build. However it does not appear at. present that cavit)' detectors can coverthe
ii whole 1.0"ae V- 10"'tev rna.ss window. Their range i.slimit.cd on the one hand by tl_.e

"_! spatial dimensions of the magnet (bm'e radius R < 3,n implies rn, 2 1.6 10"Tel ,')I!
arid, on the other hand, by the complexities involved in segment, ing a given rrlagnet, ic!7, volurne int:o many _m,a,},lca_'it,ie_ to le,okfor high mass axions, The mo,sf complex

_1 system which has been envi.saged up till now i.s 102,t cavitie,,, in the Dn a volume
:,_ (R.-':. 0.Tta, L =: 2m) afforded by the t_,o large LLNL 'A.xi,re.tl' magnet,s ment, ioned
_,! in the previous _,e,etion, This _,ould re,_.ch r% __ 1.6 1,0""_eV,. It. _eems dit_eult t,o
| rea,cb muc.h la,rger aacion ma_s,e,s using the c.a,vity detect.o.r a.r,,uming only presently

"-'| _,vail!ab_e techn, otogy. An a.lt.ernat.ive appro.a,eh, specifical'ly to exp}ore the larger
/!

:1
!



axion masses, is desirable.

In this sectio:: we elaborate on a scheme proposed earlier[ a°,al,_] to search
for galactic halo axions in the m. -,, lO-3eV range. Because of the coupling (l.12)
of the axion to two photons, axions will convert to photons (and vi,ce-versa) in an
externally applied magnetic field. The cross-section ibr a ---, 7 convel'sion in a region
of volume I" permeated by a static magnetic field /?0(,f) is

o"_. 16rr23,, I --_- dak.yb(Ea - w) dazei(_:'-J;')ei7 x B0(z) (4.1)\ 7"j I ,

where (E_,g_)i" = /2",_(1,j,_ ) is the ,t-momentum of the axion and (w,/_._) = w(1, i7)

'_ is the 4-momentum of the photon. Ea - w is required because the magnetic field is
': static. The extra mornentum 0"= k-r - ka, which is necessary because the photon is
._ massless wherea.s the axion is m,_ssive, must be provided by the inhornogeneity of

;'_, the magnetic tieId. For galactic halos axion detection, k_ ,._ 10"arna and therefore
t,he magnetic field should be made it.homogeneous on the length scale m_"I.
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Figure III. Top (a) and side view (b) of the detector of gahu:tic halo
a×i:ons described in section IV. In arl actual design L/d would be
much larger than represented here.

The proposed detect, or is illustrated in Fig. Ill,, A large number of parallel
superconducting wires are embedded int_o a material transparent, t,o microwave ra-
diction, The rnat,eria7 keeps the wires from moving. Let _)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 n_ass which is

........................................ _m_' "..... '..... ,i ,_r , n, ...... 111,..... I'rlllll' e,'l_ll'l'I'1' '"H'I tUnr'rgl"fflrf¢¢p'IIT'qf_I¢'",¢I_',vI'_Iifl¢_l_i ¢',_ vlp,_l{,IJII,',,rl_II!Illll, v_ll rlic)_IprJrll!!tlijlp,ll,_ll _
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To search at, a reasonal)le rate (one factor of 2 per year, say) near m.,_- 10-aeV, a
det.ector of lin(.'nr ({i,,>,).sions al. l(.'a.st,a cent')le of z,).el,ers is r(:'quir(;d. II" L.,. = Lv =
L., = '2))) an_l d = (.).2_n)n, tiler(, are IOS wires arranged in 104 l)lanes of 104 wires
each. Ali ,,,,,_resiI) the stone l:)la))e carry l})e sanw cnrrent. 'I'o extend tlm search

: to sn.miler _c<ion n).nss,,,qkeepi_)g a reasonal:_lv large search rat,e, successively h).rger

(L ,'.. mT_''lr) but less fine grained (d .--)n,'7 l) we,lid have to be constructed. The
detector apl_rOl)rial.(, for a search near 7n,_- 10-'he V v,ouM he roughly 10)n. in linear
dimensic,,_ a,,(l ha,re of ord,'," 10'_,wires Sl',ace,l abet),( 2cnt apart.

V, THE PHASB SPACE STI1,UC"rl..;rII.B OY' COLD DARK MAT"rF, R,
HALOS

The question nat,urally pres(,nls its(:,lf what can be learned from a galactic
halo ,eignal if su{'ll a signal is ever disc.ov('red. The lnodulation of the signal I..)y

the rot, al.loll alld _.)rbital Illotioll ,:,f the Earth has I:)eell discussed by ,_1. "l'urner. [4°1

ltowev('r, b(,c;).lls(, 1.11(,cavi(,y d,,li,c_or of galactic hale) axle)ns llas ullusually high
energy resc:)lul i()li a(l(lit, ional izlforllml, ion nlay 1)e ol>tainal_le.

In discussi(ms of dark matl.er _lelecticm on lgarth, the dark nm(,l.er p_trtich's
are usually assul_w,.l to have an isotherlnal disl.ril)ution c)r an adiabati(" deforn_al.ion
of an isothermal (lislril>ut.i,_n. ['_11'Fhere is goo(t reason to make (.his assulnp(.,ion a.s

a first, al)l')rc)xinmtion. Prol:)al;ly the lIIOSl, direct argulnen!., is that it predicts the
: rotation cllrves of galaxies (,c) b(:' tla.t at large radial (]istallces. In(tee(t, )(, is n_tttlr.q]

to make the si),.lph:,st aSSlIIIIt)I, iC)II t]lat, explains t.lie lnain feature of the ol)servational
- data. From a. theorel.ical viewpoint, (,hernlalizatiol_ is thought to l)e the result, of a
-" period of "violent relltxa.t.ic,u"[';:"] following the collapse of the prot.ogalaxy. If it ise

strictly t,r).le that, the energy a.nd velocity dist,ril)ut.ion of the (lark matt, er particles is;
" isc,thernml, then the only information t.hat, can he gained frori_ its observat, ion is the

| corresponding virial w?locit,y and our own velocity relative to its standard of rest,,
" If, on the otlmr hand, the t.l_en_mlizi_tion is inco_nplete, a signal in a dark mat, ter

dete(rl,or may yield addil.ic)nal informal, ion. Thus the questicm to what extent dark
lrmt,ter is th,:r_nalized in a galactic, halo deserves serious consi,.ierat, ion. J. lpser
and I['131h.ave looked at, l.his issue and found that l.here are large deviations from
a ther_nal (list.ribution in th,'tt, the highest, e'uergy particles have discret, e wflues of

velocity.
'I'o see why, l)ol.e til;ii, the initial (at, a t.in_e before the start of galaxy

for'_nation) veloci(.y dispersion of cohl dark matter particles is very small. The

tyl:)ica) initial a.xion veh.:)city is v,,(t.(.;),-- 10-'r ( '(_-'_''----:),',,,i), the case

1%

where there is

no inflation after the phase transition during which the _,rt,Q(1) quasi-symmetry gets
spontaneously broken. If there is inflation after that, 1)h_metransition, t.he initial

vdocity dispersion of axions is smaller still. Thus the axions are. in a thin sheet in

(F', _ phase space. Initially, before the Galaxy has started to forn_, this sheet lies

near ;'-"= H(tc?)r-'. After the. Galaxy has formed, the sheet is wrapl)ing itself up.
This process is illustrated in Figure IV. In the i(lealized case where ali struetatre
it). th.e density distribul, ion oil all scales less t,han that (,'-.. !0'-'arm) of the (_ah).xy
a,s a. whole is absent, where the gravitational potential of the (;ala.xy is spherically
symmetric and where ali dark mat, ter particles move on purely radial orbit.s, the
number of sheets at, our location, which is also the number of peaks in the energy-
rnornentur,/1 sI_ect.rum of' (lark mat, ter particles measured on earth, is of order 200.

We investigated how this sheet structure is all'ected by the angular motnentum of
the dark mat, ter particles, the gravitational field of the galactic disk. the presence
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Figure IV. 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 lO_acm. We found that although these effects
change th_ 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 fbr the first time as well as tile 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 a,s the U. of Florida pilot detector [aal is set by tile
stability of the local oscillator with which the output, of the cavity is compared.



The quartz oscillal_r pre,st,lilly iii use }las a s_al)iliLv of order OZ .-_ 10-_1 and thus
a.l]()ws OllC' (,,() r_a('lL >,E 5%;- "-' I0- ',vh(,r,:, E __ 10-(;m,.( is l,hc, kil)etic exwrgy of the dark
Ina.tt,(,r axi():is. 'l'h("rc,solution is c('rl.ainly s_)lli('ic,nt to na'asure lh(:'(:,nergies aad ',.,he
i.nt('nsit,ies (.',ft.])_'l>C'_ks in the axi(:)u signal. The. c()rr('s!)on(ling sho('l, v(,locity can also

be re;.).dlly c)l,t,ained l>y ii_c)d(,lli))g the diur))al fr(,(imm,zy nlo(lulat, ion.,-;(_L _ I0-! ))
of the peaks (lue 1o tlm (',arlh's rot,at ion.
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