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Abstract 

Considerations of the age and density of, as weil as the evolution of 

structure in, the Universe lead to constraints on the masses and lifetimes of 

weakly interacting massive particles (WIMPS). 



L_ introduction 

TO date. much proqrerr ha* bee” made i” ‘O”TWdl”i”.q tne masses and 

ab~llddme5 (related to [he intrrdCtlOn rtrenglhr) of itdOte or long-llvaa 

3drflCleT tlirwq” ihr reo”iI’emrnt tnat Lnrlr prerent oais urnrity not ercee 

t”dL Gbserved :see. e.g., rri. ill). amtmie relIcI *no,e decay Producti 

inClYde photoni d”d,Oi ,?leCtrlCally cnargeo pdrilclel. hdW tne>r iifetmer. 

35 Ml, d$ their mdsies ana ab”“dd”Cer. CO”itrai”dd dlrrctl, by *b~~r”aflon* 

of the background ~ad3dL1on fields (see. e.g.. ref. [Zjj ano. indirectly by 

i”“Slderdtio”, “f Itelldr ILrYilUre and WolYtl”“. (see. e.g.. ref. ill) a,10 

by plimordldl nuclearynrnerlr (see. e.g.. ref. [Oj,. 

IL tnignt irrm L”at ““stable particles whore decay QrOdUCrr ,nteract only 

feetsly (i.e.. particiwte in interaCtions 4liCh are as *l?ak. or weaker Gun. 

the “e*X IllleracLlo”, night haYe disappeared WIthout a trace. I%*eYer. sucn 

pdrtlcles dnd ttle,r invisIble “ecdy prOdUCti may hd”E at one t>m dominated 

me energy dens,t/ “f the “niverre am. therefore. CLmtrOllea the rYOi”tion Of 

the llniverir 3urtng 1 Cnxidl epocn. I” a natUral eltenPi0” Uf pre”lO”I 

andlyres we use tne re”“lremenfr Lhdt tnr present lllliwrir be ne>tner too 

young (UT, r”“i”llC”Tly too aenie) 2nd that ftw oDl~r”ed large ica,e ItrUcTYre 

Should nave been air t” <““I”.? i” ,r LO ilrrl”r :onstrsints *n the malses. 

JD”noa”Ce~ md llfetlmrr “f u”lLdblr. wea*1y I”ceraCt,“g marrive pdrticles 

(WIMPI) *h*Sc? deCdY DrDdYCii dr‘e qinYiiihle” i1.e. inteidctionlesr) and 

ruifi‘irntly IIqnt 10 tnal F”r dlI ~““Ch5 Of Interelt.they are 

uitr,rei,tlrlitlc. 111 :oe recent IltrrdtuTr tnrrr are ll,“m?ra”i ~,arn~,r$ Of 

:I,ideii I” wnicn “drtlcies j”l~,Plly lirlltTI,IOI: ire reidilrrly ,ong.ll”rd 

(-102-10’o,‘, ad ,,ecay into I”“lI1~1.2. relatlvlltlc cdugnter particles. 

fur rrmpie: If”‘f ismll”“. r+3u’ or s3u’*Majoran ,,Dii,is e [Z].[j]j. 

10 :h< r.eit VxfiO” *e ianrIder tllr s.r”l”tlo” 3f the demily Of d laril”e 

UIYP, x, a”” .,I tne Jenilt” Of Its reiIII”IscIc 1K,lY “ro”dcIi. ii. ihe” tnssr 

densltlrs Jr.! 1:l,til,,ared *It” tnore at the reh; D”d)rO”i ,“d “eYt~1:lo~. I”. d”G 

L-f tnr otner stable rno”-reldtiYi5rl‘ >ut,c,ei (I.?.. Ddrymr. *ic.i, ;a. 

,nrerrrL,“g <pui”r aurlng tne eYOl”tlon ai the inI”rrie Are iorntlried. with 

tnir II >acryrauna. de proceed I” the fJiiO.l”9 irifla” to lrrlve conrrrdlnts 

on the IldSi. lbirn”JllCe And lifetime 0‘ Lne i. :n 1 conclwllng iectton we 

ivimnarlle i)ur results. 

:,. The i”o,“tl”” ,,I U,li’> d,Nd The,r decay PrI)J”crl 

ianiloer d edrtlcle x *“ore mass Ii MA A”0 nno,e abunildnce (reldllve to 

ce,,c “h”tDr,1) ix “x. ine lifrtlm Of t1111 o*rr,c,r ,I to ii r-1; :- 

dec*y “idth,. ithare. tp9 y’ - z.u.3 x Id’GdI rl. PTIOr. to decay 

the energy den5lIy I” XI IS. 

Px - *pp, i NX”X”rOR -3 
(‘al 

111 ePYdt,o” I!&,. ” is tne “LmlDer uenrirr x01 relic pnatons and R (5,) ,r 

me COIi”lC scale factor .Omldl il‘d 50 twt. dl Oresent. Rod. lhr”“yn”“f. 

me prerenr rpmh II denoted DY the i”biCrlPL zero. If ‘3 1s [he present 



4 

microw*ve tenDeral”rc I” ““Its Of 2.x. then “r0.399 .‘cm-3. For I$ 

mearured in e”. 

ox * 399(*x”xe’lR“ ICVCi’). (lb1 

ox . 109irxR-3icvci3). (ICI 

It is conwniwlt LO COrnDare a11 h?nrities today *itI! the present crit,ca, 

(Einstein-desitter) den*ity Dc: 

I Id .1.05 I 1OV (e”m-3 
(2) 

Oc 
& 

0 I. 
” 

‘where the we*ent Yal”e Of the ““bble parameter is Ho. 100 ho 

lkmr%C-‘l. From (IC) and (2) it f01,0*1 that. 

RX .96.8 i”& ev. (3) 

4t Ihe epoch “hen t = to * r-1 d”d R - STD. we assume ttl*t all the XI 

OKdY rim”ltanea”sly. After decay. the energy denrlty or their wlatl”iltiC 

,&-Cay products (PI II. 

OR .1.05 . IO4 (“Rh~)R-4(eycm-3). 

*WA since ox-PR at i7.RD, ng. nXRO or, 

!iXRD ‘96.8 (n,h;)(ev). 

[Note that the errors made by assuming that aI1 the decays OCC”~ 

5im”ltaneo”rly arc 10-m%,; see ref. [Ii]]. 

I” addition to the PrOdUCts Of X-decay. there is Of cour5e alsO the 

relativistic background Of relic pilatons d”d (light) neutrinos: 

5. 

(5) 

0”” = IJI f ro”:i\ Jl . o.25A,“e4 R-4 ( eVcm-31, (6.31 

A II- I” ; IT,,IT”)WI,, - 1.68 + O.*ZI,N”-3). l6Dl 

I” mUdtim (6bl. N, is the number Of WlatiVistiC 2.comlmnent neutrinos 

Canwriog 0 I” with DC we find. 

2 
7”“% 1 2.4 x ldA,“2. (71 

Finally. there 41, be a bdCk~PO”“d Of non-relati”i~tlC (nab particles 

5”~. as bavm and. wribly. other stable nass,ve relics (and/or those ,mss!ve 

Products Of x decay WhiCh h”C becm NR): 

ONR .I.05 . IO4 kNRh($?-3(eVcm-31. (8) 
(4) 



6. 

I” the dbience Of VIMPI d”d thrlr deC*y prod”ct~. the ““lvrr~e eYoI”es 

from ear,Y “radiat,a”-J”mi”dll~“~ to “malter-do.i”atio”” at tile epoch Meg 

*here. 

:y n .-P 
’ .Y& 

(101 
6’3 '-VR"j ?lR HD 

ax - ’ -h ea. (111 

iheredfter, the “nlvrrie 1111 De R-dominaled ““l,, Il&ENR *here. 

%a - LHD = ..R,:lnR. ,121 

“fitlie tia*t It .Y”VH. the Prerrnt Il”l”?rie Ii rao,arian-Jom,nrteal!); 

rnlr 15 !he idi,! Cm~lderea by Turwr. strlgmn dnd irau5i(i71; neredftrr FYI 

I” I” 3rtrcnot to rr‘.>nclle d” c,“steln-.le5ltter ,,n,uer5e (y *,tt! ill,? 

~mlerYdfi.wnI lhJll,trllllt IllOl Ill< matter di;olIJted r,tn ihe YlriIlle q*ld.,e> 

Liril~rID,,LF~, I,-,; IU’d,, ,I thlrc ,>r Lhvt r”1”IreG. 1111, iii.? I, IIluitrdtea /I/ 

i 1 ,q”‘e 1 

<or ,<,, ~:ik, Lh< present lllllvrrie II ~““Lirir-Joinin~ir”; ire ,z ,q,lre 2. 

v:nwy” L”l5 Ii Lhr “5tdndarJ” diiunpt>o”, II ln”sr De dmp!ldSllrd tndt The 

>dTiO” jens,t, Ii i~“dil. ,z3 : ll.l4-0.19 !Wf. ir1,. 10 chat Ii ::)* i L. 
:ne cm""-rCldtlrliiLli mnatcrr Ii ~lmnindtrd by i.Jnetn,ng ornrr tna,, ti,rjans 

.n,.:n, .,I ~11111iWl". nllil or :iaore IlOillhii dlitri3"leo :n,,n :r,t! lliliil llOi,i nII1:cr 

aIr*l", ~b,.sr"cI~. 

9 3/z id -6.5 ‘ 10%; ,r. j 0.5 ” LO RD ,r 
2,1/Z /y$)’ vi,/96.W)‘/~ 

If, tflc IlnlYrrir 15 ,r-dumlndted at decay (‘,l. R&), tnen 

:32”,3,co ,“ot; : I drld. 

to, 4.9 ‘ 10%; yr. : 10%; yr. 

(::;” $1 112 M,b341”2 



8. 9. 

current data suggest5 ho<1 crers. [8-m]) d”d doer not exclude a value as 

Imall as ho .0.4 (ret.. [IO]). The density assmlated *It!! l”rni”O”I matter 

is bmll: n.0.1~0.3 trefr. [ll-141). However. “theoretica prejudcce’ 

1151 (i.e.: the ““at”ra,“esl” Of the Einstein-de5ltter model and the “WY 

attraCti”e ‘“inflationary’ Universe rcenariar, ftrongly suggest that rzo - 1. 

*eas”remnts Of the deceleration earmeter ao, imply that Do 5 rer [15]. 

I” setting a” upper ,irniL to the Cmllbindtio” 1& it is. it must oe 

empharized. not PelmisIlblF to cbxe Ylo 2 1 G ho-l. The reason is that 

IUCh a combination Corresponds to a” exceedingly yO”thf”l Universe: to 56.5 

(161 

2,“; < 1.5.z.5. (ITa) 

4ertricting ho to be ? I/Z ami awin taking to ? (LO-13) . IO9 YT 

results in me tighter m”~tral”t: 

aoh; y 0.25 0.75 (lib) 

I” wepar1nq :igure 4 al*, in rubreouent ““mertcal COmDari*On*. we haYe uSed 

M.3. (i&l I 114 so that me 1,mit in ewdtio” (16) becomes: 

rip 5 24 e”. 



nX(B)H3 5 96.3 [ua.(!;oh~ilkvl. (IS) 

I” LhiS c3ie. I-wily hdi ,,ccYmed nnen tnr ““lverr? Vdl I.d”Di”d~dd ,ree irq. 

Ij id that the CD vs. RD relation ii yiven by equdllon (13). It ioiio*I 

LW” that. 

bil,3) < is jnax, :,“51”4~ilo’0r~-itD)l’z. (191 

iw tne iainr ,iai”er :,f >Y” And ha, a rad,at,0”-domlndIe~ “n,“erse II 

,w,ngrr rn*n , mdtt*r-~lMi”dtm “n~verre. 

i”T to ( 1” I 10~ lr. and h2 2 9.4.0.5. ?,h; 5 0.21-0.34. *newas 

for to ? 13 I 12 I’. and “o > 0.0-0.5. :a& I 0.06-0.12. 

2O”qhly ipeaking then, 

112 HXi8): ~,cAlitolto) , (211 

MI(C) = 90.3 Inarl:;IRh~ll.Mi(A,. (22) 

Of tlls c,se> cu”lloemd co tnis 00111t. ,A,. ,i, JllO ,3, “dV.2 Oren 

“coll”ol”~l‘all~ sdfe” I” the s*nie chat ii ni s Ml(i) for L” ? to or. 

if M, 5 n,(c) fur 10eb: colcoIi UT, pi ‘IrbMXiDJ for 

tg:io 
-6 

tc,. r\e,rnrr ine xi :nor cne 825 l “*r J”mlndlr cne rrwryy rlcnrity “f 

the l,,ll”eT~,,r. I” iOW~~l5~. ::,tie iBi Is wcentl1lliy Jdngerosis tn fne :ense 

Lhnt (ior tliyL”j .,A”V” t.,r ,llil,iF1 >ome*hdt ,,,,.,I I<? Ena” H,,(B), there <I /I 

De I” d”“di ~,“r,lly ?+“l‘h tllr i,nlre?ritY 1s H~~IIOl”l”lCCd (IiIe ilg. I,. it li ‘./,Ll1 



‘og P 
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to d galactic xix ,: I!PM~l perturbation. Studfer Of the 

qaiaxy-galaxy correlation function [Zll lndicale that the scale which i* just 

ping non-linear today is: AC’%; WC. oenrity Dert”rbation~ d,SO 

reru,t in d”isOtrOpieP in the comic Y-uaYe b.xkgrO”“d radiation [22-25,. an.3 

thus mear”rement5 COf the ilotrwy Of the “-*aYe baCtgrO”nd PmJYlde “al”able 

and stringent c’lnrtraintr on the initial Ipectrum 06 density Dert”rbation5. 

aiie the precire COnrtralntr depend lltl0” Llw scale deeendence of the initial 

loectrum, for OUT curDo*er. we *i,I use the conrtraint tnar (ado)” mu5t 

be : o(10-3-10-4] to be C0”~islent *Ith the measured mmolhnesr Of the 

3-*aye background [ZZ-251. 4e believe this to be a 9 conrervative bound -- 

in 311 likelihood the CO”5traint is RlUCh more relwiCti”e. Finally, we note 

that we are rertrictinq ourselves to adiabatic (as OpPosed to iiothemal) 

initial DertUrbationi 4s they ave rtrang1y favored in liqht Of the fact the. 

Y. aP”ews to be a> .:$. the Fact that iPofhermal perturbationr ape a,, 

but inconsistent with 5cenarim Of baryagenerir. and the fact that the DeTt”rbatio”S 

3rFdiCt,?d in infidlionary iCendrio5 aTe adiabatic. 41iowing for the 

pOIIibilit, Of isothermal Oerfurbationr *““Id ,er;en Only i,:ght,y the 

constrdinti which *e *ill no* di%“II. 

IE) @ NR 5 lo-‘: If Rx < Ro, there will De an WDCh Of 

X-dmindti”” foIlwed at R-R0 by d” ewcn “f 9.dmnination (see :igure 2). 

The”. at il.RNR-.RO. tne 3niuer5e becomes NR-dmllnaled. If RNR 5 10 -3 . 

men Oert”rb*tio”l in Lhe linear regime ri11 grow by ? 10’ from I(.RNR up 

td the present evxh. By ihe standards we outlined above this ~may be just 

barely ~no”gh growth to ICCo”“t for the obrerved large. scale 5tructure. For 

[hi5 care to aoLl,y. we first must hdW RX - x-‘Reo < llo so that Rea 

< .Ro I RNR 5 d nlir conditian. Qeo ‘. Id, reauirer that 

,:& ? 0.014 (A,“eY. FrOGI eolldtiO”S 110, and (13,. 



14. 

(20 $(E) i 78[(m?,)( 1NRh~~l”~l10~~~r.lt01”2 

Fur ,:,& ‘. l/4 and RNR - ‘Q 5 10 -3 we hdW. 

* ,E) -6.4 I lOA (Allr,/t,P2. (=a) 
x x 

Mr,E) j 6.4 n,(o). (24D) 

’ =(5,(L) - 6. 
0.2 x lo4 n&. 

RX’ %R eq W,“A 

(25) 

Yocice that the grO*th factor , is independent Of Ro. in fact independent Of 

wnetner or not mere *ere re~iC XI. ~0~. a~ TX have ewhasized. *e mm make 

IYre that the ..prOper” ICd,er dchlwe Iuf‘icient qmth. PerturDafions *hlcn 

entered crle ““iverse before x4aination haYe a present 11ze A ! ix *here 

Ix .53 (A”“,W24 eYmXlnPc. lZ6l 

rlllF) ?5n$4x(*). (271 



(iii) RX < ix(F) .Z5h~‘MX(A) far tD ( ldtO. If 

iX.~x(Fl. the” a5 to decrearer. IO doer RNR; that iI , the epoch Of 

YR-dUminatiOn “CC”T~ PWli.T. If QR 5 10 -3 the” PertUrbations % 

dchiew enough gro*ul to dCCo”nt for the ObrerYed large scale ItrUCtUre. 

Therefore. for LD < 4 1 IO-’ to. we Only hdW the wake? reO”irement 

that. 

(iv) ix < rjX(Ej 6.4 I 10-‘~~inJlt0/fj)“2. 

The req,““i b”,“W dnd tn the ,ect Of curves i and T in Piq”re d my be 

wrm1tte0. HoweYeT. it 7% ouite Clear that if for 10-%0 5 to < to, 

iv, 4, I ti,(Cl ;*lx(41. or for LD < d :3. 

C”), ii < ‘;lxlo) 10-3ax(el(r9it,)“z. then neither tna xs 

“or their OeCdy product5 ever dominate the “niverrdi rndSI density. no 

carmalagical conrineratlonr (dirc”$red here) ercI”de the rqions to the :eft 

Ind bet”* CurYPI : tnd 3 - :lww reqionr are c3rmaIllqiCdlly safe. The 

Inllysli in !hli Oaper dllms Lhe reqiun bOli”dld i,y curves XEF. iio*e”c-. 

“0-D I:,ir.Fmli ~:“nrl~k-rrti”n Of the formAti,,” Of rtr,,cture in the NInIrer5e ,yor 

I.m”ie, detailed mdlyil* Of the oredictcd micIo*aYe flUCt”atio”s. drld 

““‘WrictI iiaulaticn~ Of Ihese Ice”a’io5, are tireiy LZ ?xcl\,lle ?hii ‘qm. 

1%“lng ccurver c and u II the relevant Con5trdlnii,. 

[I” * recent paver uhich Drimwily concerned itself with the viai,i:y Of 

,I “wtr~n0-dminated Uniuerre. ““t and !Alite [26] na”e indirectly dirC”II?d 

lone Of the rnd~l-lif?li.e C”nitrai”ts ,ca*e E] re ha”’ derived hew.] 

4ckno*ledgemenls 
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in.2 e”O,“rlo,l Of the Lle”5ltles I” me case L”dl [he ,<i WCdy wiure 

they cm lfomlnatr the Unlverie iR3 s 2"). 


