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Abstract
Considerations of the age and density of, as well as the evolution of
structure in, the Universe lead to constraints on the masses and 1ifetimes of

weakly interacting massive particles (WIMPs).



[. Introduction

The Universe provides a valuable laboratory for the study of elementary
particle physics. DOuring its early evolutioa particles, some of whose
extstence i5 yet to be confirmed or ruled cut by experiments at Lerrestrial

accelerators, were capicusly abundant. Such particles may have survived in

may have piayed a2 significant role 1n the deveiopment of structure in it.

Data on the present age, density and large scaie structure of the Universe can
be marshalied to provide interesting constraints on the abundinces, masses ind
lifetimes of such relics. The purpose of this paper is Lo Jderive constraints
oased on thiese considerations.

Ta date, much progress has seen mede 1n constraining tne masses and
abundances {related to the interaction strangths) of stabie or (ong-lived
particles through the reauirement that their present mass density not aecceed
that sbserved {see, e.g., ref. [1]). unstapie relics wnose gecay products
inciude photons and/or electrically cnargeo particles, have their iifetimes,
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of the background radiation fields (see, e.g., ref, [2]) ana, indirectly by
considerations of stellar structure and avelution, (see, e.g., ref. [3]) and
by primordial nucleosynthesis (see, e.g., ref. [4]}.

It might sesm that unstable particles whose decay products interact only
feably {i.e., participate in interaction$ which are as weak, or weaker Lhan,
the weak interaction) might have disappeared without a trace., However, such
particles and their invisible decay products may h;ve at one time dominated

the energy density of the Universe and, therefore, controllea the evolution of

the Universe during a crucial epoch. In a natural extension of previous

"

analyses we use the requiremants thal tme present Universe be neither too
young (or, equivalently too dense) and that *the observed large scaie structure
should have been able to evolve in 1t Lo derive constraints un the massas,
abungances and lifetimes of unstable, weakly interacting massive particles
{(WIMPs) whose decay products are "invisible" (1.e. interactionless) and

ufficisatly li1gnt =0 tnat Far all apachs of 1ntars<st ‘thoy ara
ufficiently l1gnt so tnat rar all epachs of 1nterest they are

aitrarelativastic,  [n the recent literature therg ire numerpus exampies of

aode s an whaich particles jusually neutrines; are reiatively long-lived

2 1o
{-10%-10""yr) and Jecay into invisible, relalivistic ddughter particles,

for exampla: w»v'*t familon, wadv' or s»u'*Majoran :Dicus etsl [2],[51).

In the next section we consider the evolution of the density of a massive
WiMP X, ana of the Jensity of 1ts relalivistic 1ecay proaucts, R.  When Lhase
densities are compdred ~1tn those of Lhe reliz photons 4nd neulrings, yu, and
cf the otner staple non-relativistic particles {1,a,, baryons, etc.), AR,
interesting 2pochs guring the evolution of the iniverse are identitied. With

this as background, we proceed in the following sectian to Jerive consLraints

an the mass shungance and liferima of tma 3 "mo3 roncluiling sec
on the mass, abungance andg tifelime of the % 3 ConCiuling sec

suinarize gur results.
I, The €volutiun ot WIMPs and Thear Jegay Products

Cansiger a particle X whose mass is M* ind #hose abundance (relative to
E .
[

relic phatons) 15 iy - The lifetime of this particle is tD =

decay width). ({Note, tnilﬂg yr = 2,08 x lU*QEGer rl. Prior to gecay

the energy density 1n X5 is,
Ao (ia)

= M = M

Py * Meng, = Mmoo

[n squation (laj, n is the number uensily uf relic phaotons and R {<1) 1s
i v <

tne cosmic scale fagtor normalized so tmat, at present, RD:I. Throughout,

the present epuch '§ denoted by the subscript Zerg, [Ff & is the present



microwave temperature in units of 2.7K, then "o » 199 oscm°3. For M,

measured in eV,
3,,.-3 -
oy * 399(M,ny02)R3 (evemd), {1b)
If X were one of the "ysual” {e, u or 1) neutrinos then,
AL 3/4(TUITT)3-3111. It is useful to, introduce i‘ z
“x(nxfnv}e3. the mass of an equivalent neutring in a Universe with
TvU = 2. 7K. Mith this definition,

oy = 10948 3 (evem™3) {lc)

1t is convenient to compare all densities today with the present critical

(Einstein-deSitter) density ot

(2)
o - ﬂ.l.os  10°R (even™?y,
8nG
~here the present valye of the Hubble parameter is HO' 100 hD
(kms'lﬂnc'l). From {le) and (2) it follows that,
My - 96.8 (aynd) el. (3)

At the epoch when t a tD - r'l angd R = RD' we assume that all the Xs
decay simuitaneously. After decay, the energy density of their relativistic

Jecay products (R) is,

bg +1.05 x 10° (nﬂhg}n"'(e\(cm'3), {4}

5.
and since py=p, at R-RD, Np=- QXRD or,
- . 2
LA 96,8 (“Rhcl(ev" (5)
(Note that the errors made by assuming that all the decays occur
simultaneously are 10-20%; see ref. [6]].
In addition to the products of X-decay, there is of course also the
relativistic background of relic photons and {light) neutrinos:
9 w=p_* o zA o =(Q,25 94 r-4 (chm'J), {6a)
Yy hd v ™Y TV
where
A w 1a2m Y3 L 1ss e 0.207(n -3y, (6b)
v g W h g ) o

In equation {6b)}, ", is the number of relativistic 2-component neutrings.

Comparing "y with o we find,

L2 I
2,0 2.8 0 107A 6. (7)

Finally, there will be a background of non-relativistic (NR) particles

such as baryons and, possibly, other stable massive relics {and/or those massive

products of X decay which have become NR):

oyq ~1.05 « 10° r_NRnS)n'3(chm‘3). (8)



b.

In the absence of WIMPs and their decay products, the Universe evolves
from early “radiation-domination” to “matter-domination” at the epoch R’Req

where,

NEPU I %)

. -5

Rag = 4, = 2001077 A o
R

[n the presence of WIMPs ana their decay products, there are several other

gpochs af interest, First, ¢ompare Oy wWith YnR and call the ratio x,

S S
INR 96 .3 uqang

(10)

If »cl, nerther the %¥s nor tne Rs <ver dominate the dynamical evolution of the
Universe,. In this case the X 15 "Cosmologicaily safe" {with respect to the
issues considereg in this paper;, ing we #1110 not be aple to place any
constraints on its aroperties. [n the wore interesting case that x31. Lhe

Universe will become X-dumindted al ini where,

P (il)
provided that the %s do not decay first {1.e., Ry<Rpli see Figures 1 and
2. 1f, nowever, RD‘“X' the {5 #il} Jecay prior ta X-domimation and, once
agatn, neither the WIMPS nur their Jdecay products 4re ever dynamically
significant; see Figure 3. This case tco is “zosmologically safe*. Returning
tc the more i1nteresting case where x>l and RX>RD, it is seen (Figures !

ang 2) that the period of X-domination lasts until the Xs gdecay at R:RD‘

Thereafter, the Universe will be R-dominated until R=Ry o where,

RNH a xRD = “RIJNR' (1)

Notice that af RN the present Universe is radiation-dominated(!);

this 15 rhe Case considered by Turner, Steigman and krauss([?}; hereafter TS)
1noan actempt Lo raconcile an cinstern-JeSitter Jniverse (io=l} with the
Joservdtional constraint that tne matter associsted with the visible galaxtes
cotrsnates Tess than o thind of that required. Tois Cyie s il lustrateg o
“rgure 1.

Sar I Lhe present intverse 15 natier-Jominated, see 7 igure 2.
Alinough this 1y the “standard” assumption, iU must be empnasized that the
2dryon density i small: g U.14-0.19 (ref. [1]), so that if ot L
the nun-relativisitic matter 15 dominated by sametming other than baryons
Antohyonogdditian, nust be more saoothly Jistridutead tnin tne Tuminous malier

ilreigy observed,

W nave, 30 ihe above, expressed the epocn of K-decdy Dy the scale factor

RD‘ W2 are, nowever, intgrested in constraining the lifetime Ly In
relating tD to RD‘ there 4re three cases 1o oe consioered. [f the
Jniverse s X-Jominated at decay [x>l, Rx<RD)‘ then 5'G°xot§ 1
ang,
. . 9.2 . 9.3/2 ;
o 6.5 2 10 RD fr. o+ 5.5 x 10 RD . 113)
IR p 1/2
(gt (H,/96.3ev) 1/
[f, the liniverse 15 yv-dominated at decay (x>1, RD‘RXJ' then
. 2
‘32"I3JG°rthD 2 1 and,
9,2
¢g. 4.9 « 108G yro 10132 op, (14)

N 2 4
(x ) hG) 1/2 (Azui )1/2



8.
Finally, in the less interesting case (xcl) where the Xs decay when the
Universe is NR-dominated, 6wGaNthg = 1 and,
ty « 6.5 x 109377 yr. (15)

{Fyghy)
Using the relations derived in this section we now proceed, through

varions cosmological considerations, to find constraints on ﬁx and tD'

[IT. GConstraints On X Masses and Lifetimes

41though relic WIMPs may have decayed long ago and their decay products
ray he "invisible”, nonetheless the Xs and/or the s could have played 3
Jynamically important role in the evolution of the Universe. I[f so, data on
the age, density and observed étructure of the bresent7Un1verse can be used to
sonstrain the masses (Mx)' abundances (”x) and Tifetimes (tOJ of such
sarticles. The results to be obtained in this section are summarized in
Sigure 4 which displays the tD vs. ﬂx piane; the regians *o the left and
Selow the various lines are not excluded by cosmolngical considerations,
In this case the stable or long-lived X5 are still

(A) t > L

a2’
oresent today. Swch relics must not contribute excessively to the present
rass density (nx < 10). From equation (3) this constraint leads to an

ipper limit to ﬂ‘.

W (A < 96.8 [Ha:(nohzo)]{ev)_ (16)

Current data suggests hy<l (refs. [8=10]) and does not exclude a value as
small as hO «~0.4 {ref.. [10]). The density associated with luminous matter
is small: n=<0.1-0.3 {refs, [11-141). However, "theoretical prejudica"
{i.e.: the "naturalness" of the Einstein-deSitter model and the very
attractive "inflationary" Universe scenarios} strongly suggest that 2 = 1.
Measurements of the deceleration parameter qg, imply that g < few [15].

[n setting an upper limit to the combination ﬁDhS it i5, it must be
smphasized, not permissidle to choose g 2 1 and hoal. The reason is that
such a combination corresponds to an exceedingly youthful Universe: tU < 6.5
« 107 yr. The age of 2 matter-dominated Universa gt lulohalf (gl yre,
where f ( ~) is monotonically decreasing, from f{0)=1 to f{1) = 2/3,

}Z from below, which implies that,

10

Asymptotically, gfz[ =~} approaches (x/2
. P4 2 -2
independent of by and <, ”UhO « {+/2) (tullo yrs) e,
Various determinations of the age of the Universe suggest a lower bound

(16-17] on the age: t; » (10-13) x 10° yr., which then restricts

2 ¢ 1.5-2.5. (17a)

Aestricting hD to be > I/2 and again taking tg 2 (10-13} = 109 yr

results in the tighter constraint:
29h2 < 0.25 - 0,75 (176)
1005 . .

In preparing Fiqure 4 and, in subsequent numerical comparisons, we have used
Max {nOhS) = 1/4 so that the limit in equation (16) becomes:

My (R) ¢ 28 eV,



i0.

(8) dp > Mgt Thts is the case, considered by TSK, in which the
present Universe is R-dominated. If the energy density 1n the Rs is toa
large, again the Universe will be too young. From equation (5) we see that,

M (BIR, < 96.8 {Han(uohgj][eVl. (18)

In Lthis case, %-aecay hds occurred whee the Universe was 4-duminated [see Fig.

1) sa that the ty vs. RD relation is given by equation (13). [t foilows
then that,
P r L2348 10 142
M (B) ¢ /8 [Max(:n3) LRI LS (19)

Far the same vaiues of QU ang hO' a radiation-dominated Universe is

sounger than 3 matter-Jominated Universe,

oy N 12 20
RN X
0 ]
For to o> L0 x lUg yr. amd hJ > 2.4-0.5, Zahg ¢ 0.23-0.34, whereas
2
02 13 10% yr. and ny ; 0.4-0.5, agng € 0.06-0.12.
Aoughly speaking then,

(4L 12
M8 M AN, (21}

abare in Fig. 4 and throughout the paper to is taken to be ~1010yr.

This mass-lifetime constraint, for a neutrino which decays into

relativistic particles, was first discussed by Oicus etal [2].

11.

(C) «x < Lz If °x ¢ "NR then peither the Xs nor their decdy products
ever sigmiticantly df fect the dynamical eveiution af the Universe (since

g)»oxfggj. Tnys will be the case for Xs whase mass 15 jess than,

M (C) = 0.8 [Max(3ani)] M [A). (22)
This 15 a "cosmolagically safe” case in the sense that 1lthough 1t nay be
passIble tor M o extewd ﬁx(Cl wx1thout violating any apservational data,
ngﬂx(tl 15 nal rarbiaden by any consideration 1n this paper.

1n) QU « R0 fven Af x»l 50 that sarly un g rugps e Ks may
fecay amle the Universe 15 yv-uominated (see rig. J). Uace igdain, ngither
the X5 nor CRR1r Jecly products ever signmifizantly influence the dypamic:
avalution of the Unmiverse. This, too, 15 3 “cosmclogically sate® cuse,

wring] 1ntha -"1R-L..J plane Dy:

434

M D) 0023 A 8T (1019 jr.:tj,"‘_ (23ay

P P K 112 in W8 1

Jr "‘A'.UJ - 1o H‘([AJ(LOfEDJ » a8y el
Of the cises cansidered ta this point, (A}, (L, ang (D} have bezn

"cosmalugically safe" 1n the sense that if M( < Mt:ﬁ) for by 2 to or,

§ -6 ce .
VE M M(C) fur 10T tyltgel or, 0f MM (D) For
tuflo-stn- nayther the 4s nor the 35 v:3r Jomindle ne energy density ut
the Uaiverse. In constrast, case (B) s potentyalliy Jangerous 1n the sense
that {for Ly

st
De an epuch during ~hich Lhe dniverse 15 R-domtnated {see cig. 1), 0t 15 suon

even far owmayses samewhat smaller than H‘(E], there will
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12.
recent epochs during which the observed large scale structure (galaxies,
clusters, etc.) of the Universe is generally believed to have formed, By
requiring that such structure hae able to evolve from small density
perturcations in an otherwise homogeneous Univérse. we will find limits to
ﬁx which are more constraining than those found in case B above. Although
these new constraints will be weaker than those of cases C and 0, our analysis
wili 2armit us to deal with 1 region of the mass-lifetime plane which canrnat
21510y be axcl o1 by "cosmalagically safe” consigerations alone,

Since we will be using "the formation of structure in the Universe" to
corsirain HX and 15, we should first briefly outline the gereral picture of how
structure is believed to have evolved, (For a more detailed discussion we refer
the -eader to ref. [IB8]). The basic idea is that the structure we see taday gFEw'
ug f-am small density inhomoganeities via the Jeans or gravitational instability.
M2 :atial Mspactrum® of density inhomggeneities is specified by the amplitudes of
ikx

the s3rious Fourier components nf the density contrast: Sp/fo = LI A

z
k
partooglar component is labeled by its comoving wavenumber % ar comoving wavalength

Ik}, which are related te the "proper” (or physically measureable)

a By or Kk = kfR. WNota at the present

avanymhea @ h H
mavanumher and w~avelength by iDhyS phys

2pocn = 4 and kD = k. The density constrast on a given scale is

ohys hys
1.

ralated to the Fourier component by: (ao/olz ;k315k A convanient way
oo soezify the dnitial spectrum is to specify the amplitude, (ﬁofD}H, on 1 given

srala «hen the scale "entered the horizon", i.a., whan t. For example,

luhys -c
the scale-invariant leldovich spectrum predicted in inflationary models is
characterized by (;o/oJH; tonstant [19-20]. Once inside the horizon, linear
density perturbations grow as: gafa= R (na | - m;tter domination; n= 0 -
ragiation domination) - - thus the total amount by thch a linear perturbation

qrows 15 determined by the factor by which the cosmic scale factor has grown during

the anoch(s} of matter-domination. For reference, 1 -1 Mpc corresponds

13.
to a galactic size {: IOIZHG) perturbation. Studies of the
galaxy-galaxy correlation function [21] indicate that the scale which is just
going non-linear today is: .= Snal Mpc. Density perturbations also
result in anisotropies in the cosmic u-wave background radiation [22-25), and
thus measurements of the isotropy of the y-wave background provide valuable
and stringent constraints on the initial spectrum of density perturbations,
Ahile the precise constraints depend upon the scale dependence of the initial
spectrum, for our purpases, we will use the constraint that (5ofo)H must
be < 0(10'3~10'4) to be consistent with the measured smoothness af the
u-wave background [22-25]. We believe this to be a very conservative bound --
in 111 likelihood the constraint is much more restrictive. Finally, we note
that we are restricting ourselves to adiabatic (as opposed to isothermal)
initial perturbations as they are strongly favared in light of the fact that

1g depears to he »> igs the fact that isgthermal perturbations are all
but inconsistent with scenarios of barvogenesis, and the fact that the perturbations
gredicted in inflationary scenarios are adiabatic. Allpwing for the
possibility of isothermal perturbations would leszen only slightly the
constraints which we ~i11 now discuss.
(E) Ryp < 1073 0f Ry < A, there will de an epoch of
X-domination followed at R-RD by an epech of R-domination {see Figure 2),

-3

Then, at R:RNﬁsxR the Iniverse becomes NR-dominated. If RNR ¢ 1077,

D-
then perturbations in the linear regime w111 grow by > 103 from R=R\.. up
to the present spoch, By the standards we ocutlined above this may be just
barely ancugh growth to accaunt for the observed large scale structure, for

) . -1
this case to apply, we first must have ﬂx =X Reu < RD so that Rea

-3 . i -3 ;

< 'RD a RNR < 1077, This condition, Reu < 17", requires that

':NR”S > D.024 (Avued). From equations (10} and (13),



14.
B E) = rs[(xnn)(g"Rhg;]3’“(1o‘°yr.nb)“2. (24)
For ‘ZNR“g ¢ 178 and Ryp = xRy < ID'3 we have,
W 1E) =64 x 10700 (Al (egreg) 2 (24a)
ar
(24b)

M, () = 6.4 M (D).

(F] Ri < RD ¢ l: In this case there are Lwo epaochs during which the

Jniverse is matter-dominated and during which perturbations may grow.
Perturbations which enter the harizon before ar at R=R, wili grow by a

factor RDIRx sntil the Universe becomes R-dominated at R-RD. From

the Universe is radiation-dominated and perturbations

3 :R, until R =RNR

J

grow very little, When R=R o the Universe becomes matter-dominated again
‘

and perturbations resume their growth up to the prasent epoch. [t is clear

{see 7ig. 2) that the total growth factor 1§

4 2
. z(lilﬂ‘( 1 ) L 4.2 « 107 2ygng. (25}
f,/'R R 3.

X TNR eq {n 2 }

yotice that the growth factor r is independent of RD' in fact independent of

wnether or not thare were relic Xs. Now, as TSK have emphasized, we must make
sure that the “proper® scales achieve sufficient growth, Perturbations which

entered the Universe before X-domination have a present size ¢ i, where

15.

iy <53 (4ot E2a euriyunc, (26)

[In TSK, N - 2, corresponding to ATv = 1.45 was chosen.] Larger scales
{» > ay) enter the horiton at a later epoch (R > Rx) and undergc less

qrowth, by a factor (xxfoz. As discussed earbier, the scale et

5h6l Mpc is just entering the non-!inear regime today. If ﬂx >
600h0 ev, then & < xcfz and 7{1C) < v{4. Therefore, to insure that

-3

X

wnitial perturbations of amplitude < 1077 - 10'4 {on a scale of Shal

Mpc) undergo sufficient growth, we require that Mx < ﬁx(F) where,

M (F) - 2sngta, (a). (21}

IV, Summdry
The resulfs 3F our considerations are illustrated ip Figure 4. The

reqions in the t. vs. M, plane to the right of and above lines & and B are
9 h 4

excluded by consingerations of the present universal mass density. Here we

3
have adopted "5 < 1/4 so that,

D
{i) L ix(A). 24 eV for t » by and,

(11} M < ow (8] nx(n)(counj”z for €y < .

Note that for M‘ = ﬁx(a) the preseat Universe 15 radiation-dominated and

‘0.1. For ty 2 10'2t this case is not inconsistent with the

Dl
observed large scale structure {TS}., for ty g 10_2t0. the observed

large scale structure excludes case (8); conSistency requires that,



i6.

Lo - - -1 -2
Cidi) My ¢ M (F )« 25h0 M (R) for ty ¢ 107"t If
QX’QX{F)‘ then as tD dacreases, so does RNR; that is , the epoch of

3

YR-domination occurs earlier. If RNR ¢ 1077 then perturbations may

achieve enpugh growth to account for the observed large scale structure,
¢ 4 x 10_7

Therefore, for t we nnly nave the weaker requirement

D Ly
that,

- i : -3, 12

(iv) A< BE) - 6.4 x 107, (A)(tyfen) e
The reqgigns below and to the left of curves £ and - in rigure 4 may be
permitted. However, it is auite ¢lear that if for 10‘°tG <ty <t

(v} ﬁ‘ < ﬁx(c) :ﬁX{A]. or for 5 < 1078 tye
i) A < A (0) =1o'3ﬂl(n;(tq;z011’2. then neither tha Xs

ngF their decay products eéver dominate the universai mass density, No
cosmological considerations (discussed hera) arclude the regions to the 'eft
ind below curves 7 and D ~ these regions are cosmalogically safe. The

inalysis in this paper allaws the reqion bounded by curves TDEF. However,

more careful consideration of the farmation of strycture in the Uniserss  for

arample, detailed analysis of the predicted microwave fluctuations, and
aunericil simulatiens af rhese scenarios) dre likaiy ta exclude this reg on,

Tagving curves [ and D as the relevant constraints,.

[[n & racent paper which primarily concerned itsalf with the viabilizy of

1 neytring-dominated Universe, Hut and White [26] have indirectly discussed
ang of the mass-lifetime constraints (case £) we have derived hera,]
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Figure Captians

Figure 1.

Figure 2.
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Figure 4.

The evolution of the densities of the several constituents of Che
Universe: X particles (X}, their relativistic decay products (R),
photans and neutrinos {yv), and stabie, nonrelativistic particles
[NR). The Universe becumes X-Jominated at-%x;

the s decay at RD; at the present (R=1}, the Universe

15 R-dominated (o > pel.

The evolution of the densities I1n the cdase that the presant egpuoch
af NR-domination has been preceded Dy @pochs of R- and X-domination,
The current epoch of NR-domination begins at RNR' Linear density
perturbations can ygrow Significantly anly «nen the Universe is

natter Jominated, here for 4: < R« RO and rfor A » RMR.
i

The evolution of tha densities 1n the sase that the S5 oecay befure

thgy can daminate the Universe [RD < Ay

The 1ifatime itDJ versus mass plane; ﬁ‘ a "x("xlnu)93

where ny s nyfnand ag =0 /0 s 3rll. Tne areas to

tne left of and below the varicus curves (see the test) are
permitted. The heavily shaded part of curve 8 i5 the 10 . L, RO
model propused by TSX. To the left of and below lines  and ) are
cosmalogically safe, while the region bounded by lines £, 0, £, F
is, at present, permitted (more careful considerations are likely to

exclude this region as well},



