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(I) The Importance Of Cosmic Relics. 

It is probable that the next leap forward in our understanding of particle 

physics will come from accelerator experiments. There are many possibilities: 

unexpected decay modes of K, D, B,IJ, r, Z particles and the discovery of new 

particles at high energies are two clear examples. Accelerator physics is crucial 

in unravelling the origin of electroweak symmetry breakdown. It will also shed 

light on flavor physics: at the very least we can learn how fermion masses are 

described at the TeV scale. 

It is also quite possible that the next major advance in particle physics 

will come from astrophysics and cosmology. Most astrophysics and cosmology 

is done for other reasons: the questions being addressed have their own intrinsic 

worth. What is the nature of such objects as supernova and quasars? How 

did the observed mass distribution of the universe come about? What triggered 

clustering into galaxies, why are there so many varieties of galaxies, why do they 

have the sire they do, and why do they themselves form dusters of galaxies? For 

a particle physicist perhaps the most exciting thing about astrophysics and cos­

mology is that there seems to be an endless succession of interesting unanswered 

questions. However, in these lectures I want to take a more limited viewpoint; 

what can we hope to learn about particle physics from astrophysics? 

Infact this still leaves a wealth of possibilities open. We can certainly use our 

understanding of various astrophysical objects to place limits on new particles. 

For example, scalar particles with a mass of less than a keV and long mean 

free paths could be emitted from the entire volume of a star, and not just form 

its surface, so the existence of these particles is severely •·onstra.ined. Perhaps 



the hest example is the supernova which went ofT in a nearhy galaxy last year, 

SNI987A(I). Although the mass limit or v. from this event turned out to be 

remarkably close to that from laboratory experiments, we did learn a great deal 

about particle physic.s from SN 1987 A. We learnt about other properties of v.: its 

lifetime, electric charge, magnetic moment, mixing and right handed currents. 

Perhaps we even learnt more about Vr than we did about v •. Since we ace now 

sure of the si1.e of v emission from a supernova we now know that a supernova 

per century in our galaxy is populating the galuy with v •. If Vr is heavy it 

could decay giving 1 or e:l:; in either case very stringent lifetime limits can be 

placed from observational limits on X and "'(-ray backgrounds. We now have 

great confidence in these decade old limits (2). 

I will reduce my scope again, and concentrate on the question of dark matter 

and its implications for particle physics. There is a great deal of evidence that 

there is much more to the universe than meets the eye. I will not discuu this 

evidence; there are now several books on the subject (3,4). It ia worth looking 

at the evidence and thinking it over for yourself. A new experimental field ia 

opening, that of searching for dark matter (5), and we should be sure of its 

foundation. A typical piece of evidence has the following form: a system will be 

observationally analyzed to determine the mass and velocities of ita constituents. 

One then asks whether this ia a gravitationally stable system or whether more, 

unobserved mass is needed to stabilize it. For a great many systems; for example, 

stars in the local neighborhood of ouc galaxy, hydrogen clouds in our and other 

spiral galaxies, hot gas in elliptic galaxies and even for galaxies in the whole 

universe, it does seem that a great deal of extra mass is required. Since we have 

not detected this matter by means other than this gravitational dynamics, we 

call it dark matter. 

You might guess that there is virtually no constraint on the nature of dark 

matter: "if we cannot see it, surely it could be anything." As with most state­

ments containing the word "surely" it is completely false. We have three very 

powerful constraints which restrict the nature of dark matter: 

I. We know the location of the dark matter. (Of course there could also be 

dark matter in locations other than those we have studied.) 
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2. We know that it is dark. This is especially important. for the dark matter 

in the local neighborhood. If the dark matter is composed of particles of 

mass mit is raining down on us with a Hux of~ 107 /(m/Ge\i)cm-2s-1 

and we just cannot see it. 

3. Dark matter should result from a reasonable big bang cosmology. If you 

start the big bang ofT with a given set of particles with given interactions 

they typically annihilate and do not survive until today. Requiring survival 

with the observed abundance is a very powerful constraint on any relic 

object. 

To implement the third constraint, it is necessary to have an understanding 

of the hot big bang model of the early univer:re. In the next section we discuss 

this picture, which emerges uniquely from three cornerstones: the isotropy of the 

3°K microwave background radiation, the general theory of relativity and the 

SU(3) x SU(2) x U(l) gauge interactions of the elementary particles. In Section 

1111 discuss three general points which have to do with dark matter. I give a few 

remarks on the experimental results, I discuss whether the dark matter could 

be baryonic or whether it requires an extension of particle physics to include 

exotic stable objects, and finally I consider inHation and its implications for 

dark matter. In Section IV I introduce a classification scheme for dark matter 

candidates and give examples and experimental signatures. 

Why have I chosen to orient these lecture at the question of cosmic relics? 

Cosmic relics, both visible bacyonic and dark non-bacyonic, are the best evidence 

that we have for particle physics beyond the standard model. 

II) A Brief Introduction To The Big Bang 

The purpose of this settion ·is to present the fran1ework of the big bang 

cosmology in a simple and brief way. Many important details will be omitted 

and can be found together with references, elsewhere (6,7,8). Emphasis will be 

on ideas rather than formalism. 

A simple interpretation of the H~bble red-shift law for distant galaxy re­

cessional velocities and of the isotropy of the 3~/( microwave radiation is that. 

the present universe is expanding and has evolved from an early era of a hot. 

expanding homogeneous and isotropic plasma. This system •·an he described at 
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any era by the plasma temperature T(l), its pressure p = p(p), and the chem­

ical potentials for species i p,('F). These are determined from a knowledge of 

the constituents of the plasma and their interactions. The expansion itself is 

described in terms of the Robertson-Walker scale factor R(t) which appears in 

the metric: 

dr~ = dt~ - R(t)~ ( 
1 
:r;r~ + dfl~) (2.1) 

dfl is the usual element of solid angle, t the proper time at any location of 

fixed r, and r is a dimensionless coordinate. The proper distance between fluid 

elements at r,. and rs at time I is given by 

d(l) = r• R(t)dr . 
'A v'l - kr~ 

(2.2) 

Hubbies law, J = Hd, follows directly from this, with H = R/R being the spa­

tially constant but time dependent Hubble parameter. I will scale the coordinate 

r so that the dimensionless constant k either vanishes or has unit magnitude. If 

k = + 1 the universe is dosed, if k = -1 it is open, while if k = 0 it is critical. 

Although k is crucial for the future behavior of the universe it is frequently 

unimportant during early times and can be set to zero. 

The present value of the Hubble parameter has been measured to be 

Ho = lOOh km ,-• Mpc- 1 (2.3) 

with l/2~h~l. In many cosmologies H01 sets the scale for the age of the 

universe. For example suppose the expansion of the universe is given by some 

power law R = Ro(t/lot, then H = n/t and t0 = nH01 ~ nh- 11010yr. 

The simple picture of the expanding universe as the surface of an inflating 

balloon is helpful. Commoving coordinates are fixed to the surface of the balloon. 

A photon at time 1,. with wavelength ~A will have a stretched wavelength at 

some later time ts given by ~s/~A = R(ls)/R(t,.). The red-shift of a photon 

emitted at t,. and received at Is is defined to be (As- AA)/ A,. and for Is > > t,. 
this just becomes R(ls)/ R(t,.). 

The dynamics of the expansion is given by Einstein& field equations for 

general relativity applied to the metric of equation (2.1) 

(~f = B~Gp- ~ (2.4) 

4 
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where G is the Newtonian gravitational constant, and p is the total energy 

density at any point in the homogeneous fluid at time I. A useful mnemonic for 

this equation is inspired l>y Newtonian ideas as depicted in Figure I. 
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/ 

I 

\ 

' 

/ '~,tal 
\ 

I 
/ 

.... / ---

Newtonian mnemonic for interpretation of R/ R. 

Imagine the expansion of a small spherical commoving region with a unit test 

mass at coordinate radius r < < 1. The sum of its kinetic and potential ener­

gies R1/2- GM/R, where M is the mass enclosed in the unit sphere, is just 

-k/2. Thus if k = -1 the total energy is positive and the universe is open. The 

Newtonian picture is not correct for the whole system. However, equations (2.4) 

is correct as it follows from general relativity. It is about the most important 

equation of big bang cosmology since it tells you how fast the universe is ex­

panding at any time. If the universe is flat, k = 0, equation (2.4) can be solved 

to give p oc H1
. This critical density today is 

· 3 H1 10-5G v -J Pc=-G 0 ~ e em 811' (2.5) 

I like to interpret the right hand side of equation (2.4) as the terms which 

drive the expansion. At early times we know that Gp >> R-~ so the expan­

sion of the universe is driven by energy density rather than curvature .. We do 
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not know what dominates the driving today; it could be the curvature term. 

If GPo dominates in driving the expansion today it is probably only through . 

the i~visible or dark components of Po· The energy density today has various 

components: Po= PVB + P£M + P~ + PDM + Pv (VB is visible baryons, EM i.e. 

the electromagnetic content of the universe dominated by the J'l K miCrowave 

radiation, 11 refer to massless neutrinos, DM to dark matter and V to vacuum 

energy ie. a cosmological constant.) Defining O, to be the ratio of density in 

any component i relative to the critical density 

n, =!!! 
Pc 

(2.6) 

we know that 0£M ~ O(I0-5 ),0vs = 0(10-2 ) and for very light neutrinos 

0., = 0(10-5 ). When we observe distant galaxies we see them aa and where 

they were during a previous era: that when the detected photons left them. 

This leads to a violation of Hubble'alaw which is dependent on the deceleration 

parameter qo = - RR/ R1 l1o = flo/2. Experimental measurements of qo lead to 

0.,~2. Hence we know from very direct observations that 

I0-1~0o~2 (2.7) 

If 0o is larger than Ovs the difference is predominately due to the presence of 

dark matter. 

At early times during the big bang the temperature was high so that par­

ticle number densities in the plasma were large enough to give reaction rates 

sufficient to maintain thermal equilibrium between many species of particle. 

For a reaction rate to be fast enough to maintain thermal equilibrium it should 

basically be faster than the expansion rate of the universe, that is the mean 

free time for interactions should be less than the age of the universe at the era 

under consideration. For example, for a reaction AB --+ X to keep particle A in 

thermal equilibrium at time t requires the reaction rate 

R r AB-X = ns(UAB-XVAB) > r up(t) = Jl(t) = R (2.8) 

where RA,f!(t) are particle member densities at timet and (uAB-XVAB) is the 

thermally averaged cross-section times relative speed for this process at tem­

perature 1'(1) .. In thermal equilibrium the particle number densities are given 
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by 

g I cPp 
n!•

1
(T) = s:1 e~ ± I (2.9) 

where g; is the number of spin states of particle i,,•;(T) is the chemical potential 

and ±I refers to fermions and bosons. The particle mass m; enters via £ 1 = 

p1 + mf. Useful order of iuagnitude approximations are 

nl•1(T >> m;) - ~ 

n!•1(T << m0) - (m,T)J/le(",-m,I/T 

(a) 

(b)(2.10) 

In the standard hot big bang model pis dominated by contributions from 

relativistic species (with T >> m;, son,- T3
) for virtually all times for which 

there is a plasma which is thermally coupled; that is for all temperatures above 

about I eV. Although this is not the case for non-standard cosmologies with 

heavy long-lived exotic particles or with periods of inflation, the radiation domi­

nated era is a very important one. During this era, since n- T3 and< E, >- T, 

we have p- T 4
, so that Einstein's equation has the form 

R/R- (Gp)1
'

1
- T 1/Mp (2.11) 

When the universe expands it does work and hence cools; there must be a 

relationship between T(t) and R(t). During the radiation dominated era the 

relationship is that RT is constant. This is equivalent to the entropy in a com­

moving volume (one which grows as W) being constant. The gas is expanding 

adiabaticlly under most circumstances, so that RT = constant holds more gen­

erally, and is violated only when there is a mechanism which creates entropy. 

Using R/R = -T/T together with (2.11) allows for a solution for T(t) during 

the radiation dominated era: t- Mp/1'1 . The constant of proportionality does 

have a weak dependence on T. Near an MeV: 

_i_ ~(MeV), 
sec T 

(2.12) 

!low does this hot plasma at 1' > e\l evolve into the universe we see today? 

At first sight they seem \"ery different: apart from local hot-spots, we see a very 

mid univ!'rse with few particle interactions, also it is grossly inhomogenrous on 
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all scales up to at least 50 Ill pc. llowever, we have come to realize that it is 

perfectly reasonable that the plasma of the hot big bang should evolve into a 

cold, non-interacting, inhomogeous universe. As the temperature of the plasma 

drops all the particle reaction rates f11(T)- n < au> fall much more rapidly 

than does the expansion rate r ...,.(T), so that for each reaction there is some 

critical temperature beneath which it is "frozen out~. Furthennore, once the 

electromagnetic scattering processes freeze out, there is no longer any pressure to 

prevent mass perturbations in the plasma from undergoing gravitational growth. 

Although we are far from a complete picture of the resulting clustering, it can 

only stop once gravitationally stable systems, such as galaxies and stars, are 

formed. 

There is a very basic question about the evolution from the hot plasma 

to the observed cold, inhomogeneous universe that we must address. What 

determines the abundance of all the stable fundamental particles in the universe 

today? Is it reasonable that the universe we see should contain p, e, 1 in the 

observed ratios? If we introduce exotic stable particles into theories of particle 

physics can we calculate their present abundance in the universe? 

The calculation of these abundances is very simple (9). Consider a sta­

ble particle species i. As long as a process which changes the number of i 

particles is in thermal equilibrium, n;(T) will be given by equation (2.9). Sup­

pose T;1 is the freezeout temperature of the last such reaction to be in thermal 

equilibrium. At lower temperatures since the i particles do not decay and as· 

suming they are not produced (for example by the decay of some other species) 

we have n;(t) ~ (R(t)/R(t1))3 n!•1(tJ) where t1 is the time corresponding to 

the temperature T;1. After freezeout the remaining i particles are just di­

luted by the volume expansion. Since R - T- 1 it is convenient to consider 

"reduced~ number densities /;(t) = n;/T3 which become independent oft af­

ter freezeout. Note that for a particle which is still relativistic at free-.reout 

(m; < T;1 ), n!•l(T1) is given by (2.10a) so that the relic abundance /; ~ I. 

llowever, if the particle was non-relativistic at freezeout n!•l (T1) is given by 
3/l . 

(2.10b) so that/;~{~) exp((JJ;- m;)/T;J) which can reflect an enormous 

Holtzman suppression at freezeout for small JJ; and m; > > '1';1. 

The above relic ai..Hmdanccs are approximate since freezeout is treated as a 
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sudden process, which it is not. The physical ideas are correct however as can 

be seen by numerical integration of the rate equation. For example, consider a 

particle x for which the last x number changing process to freeze out is :ex -+ ... 

Ignoring a possible chemical potential the rate equation is 

dn 3R 1 1•1• 
dt = -Rn- < a,.v >rz-... (n - n ) (2.13) 

where n,. = IIi = n. This has been numerically integrated and the freezeout 

behavior is shown in Figure 2. A 

J .. = fi 
~ 

l ;"";;,, 
m 

Figure 2 

Schematic illustration of particle abundance freezeout behavior 

useful analytic approximation for the freezeout abundance is 

I 
llrf In Z 

"1 = T3 ~ Z (2.1.4) 

where Z = m"MP(a,.v), the freezeout temperature T1 ~ mx/ In Z and the result 

is valid for large Z. 

For very large Z./ .. 1 ~ z-•. so that n .. ~ (m_.f .. JITof~JlO~ or 

( 
1 )

1 
I 

n .. - IOlTeV < a,.v >. (2.15) 
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This result has one astounding consequence which is rarely mentioned. Even 

if xx annihilation proceeds via strong interactions it will be bounded by < a AV > 
~~l on dimensional grounds. Hence 0~~2 implies rn~~J0·17'eV. It is not 

po.'<Sible to have a stable fundamental particle with mass larger than I()'JTeV. 

This is encouraging, if the dark matter is composed of fundarnental particles 

it is not possible to push their mass arbitrarily high, and consequently their 

number density and flux at the earth cannot be made arbitrarily small. This 

bound could only be avoided by having a phase transition give a mass to :r arter 

it has already frozen out at a low abundance. 

What are the relic abundances of the four known particles (11, -y,e,p) which 

we believe to be stable? The photons are massless and have relativistic freezeout 

/.., = 0( I). Photons are the only relics which were relativistic at freezeout which 

we have observed. They play a crucial role in determining the age of the universe. 

We believe the observed ':f1 K microwave background radiation is the photon relic 

of the hot big bang. These photons are no longer coupled to any plasma, but 

they maintain a thermal distribution with wavelength being stretched by the 

universal expansion: ~ <X R, so the effective temperature which describes the 

distribution T c.: n-•. Knowing T(t) from Einstein's equation then gives the 

age of the universe t0 from the observation of To = ':f1 K. Of the neutrinos of 

the standard model, lie and 11,. are known to be sufficiently light that they also 

were relativistic at decoupling: f., "' I. If they are stable and massless they 

contribute roughly the same to Po as do photons: U.,(rn. = 0) = 0(10-5 ). If 

their mass were 105T0 ~ 30eV they would give U.,(m. = 30eV) = 0(1). This 

could also be true for a light tau neutrino. 

If m.,. is above I MeV, llr would freezeout non-relativistically. For the 

non--relativistic freezeout of a heavy neutrino < f7AV >- G}rn~ and equation 

(2.15) gives 

n.,(m.) - ( l;;:v) 
3 

(2.16) 

(Since we have dropped factors of 4ll' equations (2.15) and (2.16) are not numer­

ically accurate). This is excluded for a stable heavy 11,. If I MeV < m.,. < 35 

MeV, then 11, must be unstable. In this case the decay products typically lead 

to other astrophysical or cosmological problems: I expect mv. to be less thart 
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about 30eV. Evidence to the contrary would have very exciting cosmological 

implications. Equation (2.16) applies to any neutral fermion whose dominant 

annihilation occurs via IV and Z exchange. Such a particle with mass in t.he 

range 1-10 GeV is a good candidate for the dark matter. 

At temperatures above the QCD phase transition u,d and s quarks are 

in thermal equilibrium with the eight gluons, and these strongly interacting 

particles are all relativistic. For simplicity assume that by T = 50 MeV the 

phase transition is completed and the baryon number is carried predominantly 

by p and n. (The picture could be much more complicated; supercooling could 

take place or baryon number could get trapped into quark nuggets for example.) 

Reactions such as pP -+ n( ll') rapidly thermalize the baryon distributions. If the 

chemical potential for baryon number vanishes, I'B = 0, then the freezeout 

abundance of p and pis given by equations (2.14), and (}B is given by (2.15). 

Since< f7AV >- m;3 this gives nB- w-n. We conclude that the standard big 

bang scenario requires I'B 1: 0, i.e. it requires a ~osmological baryon excess to 

be present by T =50 MeV. This conclusion is not altered by more complicated 

assumptions about the nature of the QCD phase transition. You might argue 

that it was obvious that we would need this: we do not see any evidence of 

primordial anti-matter anywhere in the solar system or indeed anywhere in the 

duster of galaxies of which our Milky Way is a member. The only way that 

the entire universe could be baryon symmetric is if there are enormous domains, 

some baryonic and some anti-baryonic. This domain structure must have existed 

at T - 50 MeV to prevent over-annihilation of p with p. Alt.hough art era of 

inflation could produce such enormous domains it has not been possible to write 

down a complete cosmology incorporating such a scheme. 

Charge neutrality of the universe implies that the cosmic asymmetry in 

electrons is equal to that in protons, at least for a dosed univ~rse. This does 

not necessarily mean that the chemical potential for lepton number llf, = I'B• 

since there could be additional lepton asymmetries carried by neutrinos. 

To obtain (}8 = 0( JQ-3 ) it is necessary, just before the QCD phase tran­

sition, to have a quark asymmetry (nq - n9)/nq = 0( w-9
). The absence of 

antimatt.er today would lead us to expect a non-zero cosmic baryon asymmetry. 

The importance of the standard big bang framework is that it allows as to cal-
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culate how big such a asymmetry should be. The asymmetry loday is enormous 

and obvious because essentially all anti-protons come across a proton to anni· 

hilate. However early on in the big bang it would not have been very obvious, 

it was a one part in a billion effect. Although small it is of crucial importance: 

it is non-zero and it must have come from somewhere. Assuming that it is not 

just a randomly adjusted initial condition Lo the universe, it must have been 

generated during an era of the universe when C P and iJ violating processes 

occurred in a non-thermal e<1uilibrium environment. This is fascinating because 

it implies particle physics beyond the standard model. It also implies additional 

phase transitions at some early era, although the nature of the phase transition 

(inflation, gauge symmetry breaking .. ) is pure speculation at the moment. 

I will end this section with a brief summary of the main events in the 

hot big bang coemology as inspired by the SU(3) x SU(2) x V(l) model of 

particle gauge interactions. These events are shown in Figure 3. This model 

should be good up Loa few hundred GeV so this is where we begin. It is likely, 

but not necessary, that the cosmic baryon asymmetry exists even at this high 

temperature. At a temperature near 250 GeV there is a phase transition at 

which the W, Z boscms acquire a mass as well as all the quarks and charged 

leptons. If the Higgs boson is light considerable supercooling (but insignificant 

inflation) is possible at this phase transition. I know of no feature or attribute 

of this phase transition which leads to observable coemological consequences 

today. As the temperature drops below Mz, Mw,m.,m., and m. these particles 

are depleted by annihilation until they freezeout. Any relic abundance rapidly 

decays, again leaving no observable footprints. After the QCD phase transition 

essentially every anti-baryon annihilates with a baryon so the baryon excess 

now becomes an important component to the plasma rather than a miniscule 

asymmetry. The QCD phase transition if it is first order may lead to density 

inhomogeneities which could effect primordial abundance of the light elements. 

At the MeV era many important events take place. This era, like the pre­

vious ones, has the expansion rate R/ R driven by relativistic radiation energy 

density, so that the time-temperature relation is as given in equation (2.12). 

Since"'"- rnp = O(MeV) neutron decay becomes important beneath an l\lcV 

in reducing the ueutrun tu proton number density ratio. Since nuclear biutl-
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ing energies are O(MeV) it also becomes possible to form nuclei which are not 

immediately photo-dissociated by the plasma. Most of the neutrons which es­

cape decay are processed into 41/e nuclei, with trace quantities ending up in 
11/,3 II e, and 7 Li. The abundance of these nuclei predicted by nucleosynthesis 

in the standard hot big bang are in good agreement with primordial abundance 

inferred from a variety of observations. This is a very important success; there 

is direct experimental support for the big bang model back to times of 0( I sec). 

The success has important consequences for deviations from the standard big 

bang and is especially important to the issue of whether dark matter could be 

baryonic, as we will discuss in the next section. 
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Important events in the hot big bang cosmology for T < I TeV. 

At O(AfeV) the light neutrinos decouple and e+e- -+ TY depletes the charged 

leptons down to essentially just the electron excess. lienee the interacting plasma 

now contains electrons, protons and photons in the ration I : 1 : 0(109
), and also 

contains the heavy nuclei. This dilute plasma continues to cool until T = O(eV). 

At this point ep -+ lh takes place as the reverse photodisintegration process 

freezes out. Once neutral hydrogen is formed the plasma ceases to be interacting, 

the photons now free-stream and are red-shifted by a factor of ~ 3000 until the 

present era. 
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At all temperatures smaller than O(lOMeV) we have PB = n8 m 8 ~ 

l0- 9 T3ma and p~ = n., < E., >- 7'4 • At T = IMeV,p., >> Pa. however 

p.,fpa exT and drops until p., = PB when T- l0-9 ma = leV. Beneath ld-' 

the universe enters an era when R/ R is driven by the hydrogen rest mass. Since 

../GP- T3n and RT =constant, Einsteins equation, (2.4), gives R- t113 in this 

matter dominated era. If k = 0 this behavior continues until today. However if 

{} < 1 then a curvature dominated era with R - t is reached. 

The plasma at leV was homogeneous to a very high degree. We know this 

because we see the 3° K microwave background to be isotropic once the peculiar 

motion of • .te earth has been accounted for. The photons of this background 

radiation have their last scatter at the era when T = O(eV). lienee the inho­

mogeneities in the baryon distribution seen today, galaxy dusters, galaxies and 

stars must have evolved during this last factor of 3000 in redshift of the uni­

verse. The seeds for this inhomogeneity could be small density perturbations in 

baryons or dark matter present at T = O(eV) or large density fluctuations pro­

duced by a late phase transitions at T < leV. Understanding the origin of this 

large scale structure which we see the universe to have is one of the most active 

areas of cosmological research. It is a field with many aspects: the clustering 

depends critically on the nature of the dominant energy density of the universe, 

and since this energy density is dark there are only speculations as to its na­

ture. From the viewpoint of clustering only a few properties of t.he dark matter 

need be known, so it is sensible to group tosether those dark matter candidates 

which give essentially identical behavior. Element.ary particle candidates can 

be divided into thr~ such groups: hot, warm and cold. In the next section 

I introduce an alternative classification scheme for dark matter; one which is 

motivated more by the underlying particle physics. 
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III. Dark Matter 

,.. ... p 

Any Corm or energy density whose existence is inCerred solely Crom its grav­

itational effects is called dark matter. There is direct evidence Cor dark matter 

on all scales rrom the solar neighborhood to groups or galaxies, and indirect 

evidence that one component or dark matter may be Cairly smoothly distributed 

over the entire universe (3,4,5). The Corm or this dark matter is not known. It 

could be a gas or elementary particles, chunks or solid material, vacuum energy, 

topological defects such as monopoles, etc. and each or these classes has many 

particular examples. 

There is evidence that dark matter is associated with galaxies or quite 

different types: dwarf, elliptic, and spirals, Cor example. I wiU make a Cew 

comments on the case of spiral galaxies (10), which is of pacticular interest as 

our own galaxy is spiral and from the viewpoint or direct detection of dack 

matlcr it is the local dack matter density which is of most importance. There 

ace many different visible components to a spiral galaxy such as our own. There 

is the disk containing the spiral arms of stacs; the sun is in such an arm about 

15 kpc from the galactic center. There is also a spheroid component near the 

galactic center and hydrogen douds, which extend beyond the visible limit of 

the spiral arms. These are sketched in Figure 4. 
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Figure 4 

Schematic view of spiral. galaxy. 

Together they yield masses in the range of 1011 - 1011 times the solar mass for 

a typical spiral galaxy. The H clouds distant from the galactic center rotate 

about the symmetry axis. Since the galaxy should be in a stable gravitational 

configuration, and since these distant clouds provide only a small contribution 

to the total visible mass or the galaxy, the rotation speed should be given by 

v3/r = GM/r1 where M is the galactic mass. Thus one expects u(r) oc r-1/l. 

This has not been seen. lnfact constant values of u(r) have been observed for 

many spiral galaxies out to very lacge r (up to 100 kpc). This suggests that 

there is an additional component to a spiral galaxy, that of the dack halo. It 

should have M(r) increasing as rout to very lacge distances, and it is frequently 

estimated that the halo mass is an order of magnitude Iaeger than the visible 

mass. 

From the viewpoint of pactide physics the first important question to ask 

about dack matter is: is it bacyonic? Examples of bacyonic dack matter would 

be cool stacs with low luminosities or perhaps planetary sided lumps or cold 

solid material. IC this were the dark matter it would be interesting for particle 

physics, but certainly not revolutionary. It would simply mean that the baryonic 
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frcezrout abundance,which is related to the cosmic baryon asymmetry, is larger 

thart previously thought. To ignore the baryonic option simply hecause we do not 

have an understanding of how such objects are formed is a mistake: formation 

of all tyj>es of stars artd galaxies are, to varying degrees, not understood. 

One constraint on Os comes from big bang nucleosynthesis (IIJ. As the 

baryonic density at the MeV era ia increased so the nucleosynthesis reaction 

rates are increased. This depletes the low mass nuclei eu,3 He) since they are 

more fully burnt to the higher mass nuclei (4 He,7 Li) wh011e abundances con· 

sequently increase. The preferred range ofOs from a comparison of big bang 

nucleosynthesis with the observationally inferred abundances is a few percent. 

However, there are many uncertainties to ~o with the interpretation of the var­

ious observations, and consequently one cannot use this alone to rule out the 

possibility that all the known dark matter (Oo...~ ~ .1) is infaet baryonic. 

It is widely believed that at some temperature, presumably larger than the 

weak scale, the universe began an era when the Robertson-Walker scale factor 

R(t) underwent a very rapid increase (12, 13J. This inflationary era would also 

produce very rapid cooling (RT =·con.st.). This era is ended by some very non­

adiabatic process which releases a stupendous amount of entropy and reheats 

the universe. There are several theoretical reasons as to why this quite bizarre 

history is attractive to many coemologista. I will describe the way in which 

inflation solves the "flatness" problem. 

Recall Einsteins equation for the rate of expansion of the universe; it has 

the form (R/R)1 - Gp- 1/R1 • Direct observations today tell us that the 

curvature term cannot be larger than about ten times the energy density term: 

I I R1 ~I OG p. As we go to earlier times p increases first as T3 (matter dominated 

era) then as T 4 (radiation dominated era) while n-a increases only as T 1• Thus 

at very early times Gp dominates by an enormous amount. lnfact at the Planck 

scale the initial condition required for evolution to reach the present universe is 

1/Ral ~~o-m. 
Gp T=M· 

(3.1) 

A much more natural initial condition would be for this ratio to be unity. 

In that case the universe will rapidly become curvature dominated: R/ R = 
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1/ R or R = t. Furthermore with RT = constant, the initial condition implies 

T ~ t-•. Since p- T4 and Pc- 111/G- M:T1 we find that in this universe 

O(T) - T1JM:. Thus when T = T0 = :f!K, 0 0 - 10-60 . This temperature 

of the universe is reached at a time t0 ~ T0-
1 

- w-n sec. Naturalness implies 

that open universes become cold very quickly, certainly this is not our universe. 

You might argue that to avoid this problem just set k = 0 (I took k = -I in 

the above). This is avoiding the issue: putting k = 0 is the same fine tune as 

making the 1/ R1 term negligible compared with Gp. 

The inflationary solution to this problem is sketched in Figure 5. There is 

a natural initial condition Gp- 1/ R1 

n-a 
and 

Gp 

lp 
,, 

Figure 5 

Inflation solves the flatness problem. 

G, 

n-a 

to 

at T - Alp. A curvature dominated era then takes place, but long before the 

present era, the 1/ R1 curvature term is made very small by inflation: recall 

that inflation rapidly increases R. You might think that since T drops rapidly 

p would also decrease catastrophically. That is not correct; during inflation p is 

dominated by vacuum energy density py which is constant. It is true that the 

radiation energy density Pr - T4 does drop, however at the end of inflation it is 

replenished because pv is converted to radiation energy density. After inflation 

Gp is much larger than n-a. While Gp subsequently drops faster than n-a there 
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is no reason to expect that we are now in the era when they are comparable, 

indeed this would itself constitute a fine tune. Hence inflation gives Gp >> R-1 

today, ie it gives 0 = I. 
The visible contributions to 0 are a few per cent. Known dark matter 

contributions give an 0 of ten to twenty percent. In view of the theoretical 

motivation from iuflatiou, it St.-ems to be a small step to assume that further 

dack matter is out there and that 0 is really very dose to unity. However, from 

the viewpoint of pactide physics this is the crucial step: standacd nudeosynthesis 

allows nB = .1, but nB = I really is excluded since the deuterium abundance 

is then three orders of magnitude too small. Inflation is tremendously exciting: 

it not only solves cosmological problems such as the flatnesa problem but it 

dictates considerable new particle physics beyond the standard model. There 

should be new exotic stable objects which contribute perhaps 90% to 0 and ace 

not clustered on galactic scales (I'll call this the diffuse dark matter component). 

There must also be the particle physics which is responsible for the vacuum 

energy which drives the inflation. 

It is also clear that we should tread very cacefully: suppose somebody 

invents a new idea which plays the role of inflation but which does not require 

0 = 1. In this case there is no need for the diffuse component of dark matter. 

In this case there is still the issue of the clustered dark matter. It could be 

bacyonic or exotic, and both forms are worth searching for. It is also worth 

stressing that the case for exotic dark matter also relies on our understanding 

of nucleosynthesis. Both theory and interpretation of observation have many 

interesting unresolved issues. An important theoretical question currently under 

study is whether inhomogeneities created at the QCD phase transition could 

have persisted to the nucleosynthesis era with sufficient size to radically alter 

the conventional abundances which are predicted assuming homogeneity (14). 
This is not yet re:<olved; it seems that in a small region of paracneter space 

nB = I might yet be consistent with the standacd model. 

A more ra.:lical question is whether we have identified the main era of light 

elcmeut abuudance in the hig hang. It is possible to reproduce acceptable abun­

d;u,ces for 1 /1,3 1/e,4 1/e ;u1d 7 Li with OB = I in schemes which have an exotic 

pacticle decaying during the keV era to produce showers in which nucleosyn-

20 

;: 

thesis is rekindled (15). From the viewpoint of pacticle physics, it is not clear 

that a stable exotic pacticle should be preferred over an unstable one. Form the 

viewpoint of observation it is important to know whether or not the dark matter 

is baryonic or exotic. Such late decaying schemes predict a higher primordial 

abundance of 6 Li than the standard model, and this can be seacched for ( 16). 

It is possible that the dark matter has ~veral components. This certainly 

complicates issues such as galaxy formation, but it is not unreasonable: we kuow 

of many objects which arise quite naturally in gauge theories which could survive 

the big bang and would be dark today. I will divide these components into two 

classes, those which clump and those which do not. 

The clumped components contribute about .1 to 0. They are clumped on 

galactic scales and hence are non-relativistic. If these components are elemen­

tary particles their typical speeds will be 0(10-3 )c, this is the typical infall 

velocity into a galaxy. Faster speeds would lead to the particles escaping from 

the galaxy. The clumped components could be baryonic or exotic. The compo­

nents which are not clumped on galactic scales could contribute up to 0 = I. 
Such a large, smooth contribution to 0 is certainly not baryonic. To avoid 

clumping it should be something like relativistic particles or vacuum energy. 

If there is a dark maller halo in our galaxy composed of exotic particles, 

why do we not see these particles in the earth? To understand this it is useful to 

remember how stars form in a galaxy. A condensation of a pre-stellar gas cloud 

occurs only because the components (H1 molecules for exacnple) can sink in 

the gravitational potential of the cloud by dissipating their energy. For example 

molecular collisions excite rotational modes which give photons on de-excitation: 

kinetic energy is radiated away from the cloud. This dissipation is crucial for 

any gravitational collapse to form a stable dense object. Presumably the reason 

why the earth and sun do not contain enormous quantities of dark matter is 

that the halo dack matter particles are sufficiently weakly interacting that. they 

are unable to dissipate this kinetic energy, they have no option but to move on 

bound orhits around the galaxy. This is quite reasonable. Since they are dark, 

these particles canuot have strong or electromagnet.ic inkractinns. Pretiumahly 

I heir interaction strength is that of the weak interactions; they are often called 

WIMPS: weakly int<>ra<:ting massive particles. 
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It is a mistake lo think that the scattering cross-sections for these particles 

is really O(G}). A sullicient requirement for a halo stable against dissipation 

is simply that the mean free time for collisions of a dark matter particle in the 

halo, r-•. should Le longer than the age or the galaxy, Ta. This allows a cross­

section < otJ > for dark matter particles scattering from baryons as large as a 

milliharn, hartlly a weak cross-section. 

I will llnisl1 this section with a few simple estimates of event rates which 

could he expected if the dark matter of our halo is composed of particles of 

mass mo. From rotation curves of our galaxy and other observations, the best 

estimate for the local density of halo dark matter is .3 GeV cm-3. Thus with 

speeds of 10-3 c the flux expected at the earth is - 107cm-1 .t-1(GeV/mo). 
Suppose that we build a detector to try and observe this enormous flux. If the 

dark matter particles scatter from the nuclei of the detector, of mass mN, with 

some cross·section os.N. then the event rate per kilogram of detector is 

(
Euenb) -:::! ( us.N ) (GeV) (GeV). 
kg Day 2.I0-39cm1 mo mN 

(3.2) 

For large enough cross-sections the rates could be enormous. However, detect­

ing the events is a considerable experimental challenge. Since the dark matter 

particles are non-relativistic with /1 = 10-3 , their kinetic energies are 

( mo) keV To-:::! GeV (3.3) 

and only a fraction of tius will appear as nuclear recoil. The challenge is to 

build detectors which can measure energy depositions of O(keV). Searches have 

already been performed with low background Ge detectors which have masses 

of 0( 1/( g) and which were originally designed to search for double beta decay. 

The approximate excluded region in the mo, os.a. plane is shown in Figure 6. 

22 

" 

Most interesting is the 

os.Ge ....-----, 
ern· 

w-!~ 

w-~r. 

w-JO 

10-3• 

10 IOU 1000 mo/GeF 

Figure 6 

Excluded region in the mo/os.a. plane assuming the particle is 

responsible for the local dark mass. The upper edge of the shaded 

region corresponds to the cross-section for scattering. from the rock 

overburden. The plot is taken from reference x and results from use 

of a double beta decay Ge spectrometer. The curve labelled vo is 

for a Dirac neutrino with c~nventional weak interactions. 

region I < mo < 10 GeV, which has not yet been excluded. The reason that 

this region is so interesting is straightforward. The necessary annihilation cross­

section o A for a cosmic relic to survive the big bang and contribute 0 :::: .1 today 

can be read from equation (2.15). For se\·eral interesting candidates, such as a 

Dirac neutrino, o A is a known function of rno and hence one can predict mo and 

it turns out to lie in this region of a few GeV. Furthermore, if the annihilation 

process is to ordinary matter, eg Dll -+ qq, then by a crossing relation it is 

possible to calculate the scattering c~oss-section from nucleus N : os.N. Putting 

these values of mo and os.N into (3.2) one finds that the event rates are quite 

large. The problem with seeing these events can be seen from equation (3.3). 

The lower value of mo decreases the kinetic energy of the dark matter particle. 
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Future detectors will he sensitive to such low energy depositions and will explore 

this crucial region. 

Our failure to directly detect dark matter on the earth can have a variety 

of explanations. Typically it is either that as.N is too small, mo is so large that 

the event rate is too low, or mo is so small that the signal is too feeble. 
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IV a Classification Scheme For Cosmic Relics 

Cosmic relics can be classified according to the way in which they are pro­

duced in the big bang and the way in which they survi\·e until today. :\II relics 

of which I am aware fall into one of six classes. For three of these classes the 

relics were once in thermal equilibrium and they underwent a freezeout process. 

Relics of the remaining three classeS were produced in catastrophic events such 

as phase transitions and were never in thermal equilibrium. We discuss each 

class in turn and the classification scheme is summarized in the Table. 

IV.l Plasma Relics 

Plasma. relics are elementary particles which are relativistic when they de­

couple. That is at decoupling their number density is no - TiJ, and today 

no- TJ. If their mass is less than To then Po-.. TJ so 0 0 - w-5
. The three 

degree microwave photon background is the best illustration of a. plasma. relic 

which is still relativistic today. If the '!lasses for 11; are less than To they are also 

plasma. relics which are relativistic today. Such plasma. relics are not important 

for dark matter, unless there were 0( 104 ) such species. This bizarre possibility 

is excluded since they would greatly increase p and therefore R/ R at the time of 

nucleosynthesis, thus destroying the successful predictions of primordial nucle­

osynthesis. lienee although plasma. relics which are still relativistic today will 

not be clustered, they cannot contribute much to 0. 

Plasma. relics which have masses larger than To would be non-relativistic 

today and would clump. Any of the three neutrinos could have such masses and 

could therefore make an important contributions to n. 
IV.2 Freezeout Relic 

This important case was discussed in the previous sect ions. Frcezrout relics 

are particles which were once in thermal equilibrium and are non-relativistic 

when the reactions which change their comoving number densities freeze out. 

Their contribution to{} is given by equation (2.15) for any such species r. :\1-

though the mass does not appear explicitly in nz, their is almost always implicit 

dependence via the annihilation cross-section. Since< a,~t• > ~1/m; en•n for 

a strongly interacting particle, a freezoout relic is expected to he ligh.ter than 

103 TeV. For a particlt> with a weak annihilation cross sect.ion < "·•" >~ Uf,m; 
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so that fls ~ .I for halo dark matter results with ms ~ O(GeV). Although 

these candidates, such as Dirac neutrinos or supersynunetric photinos are quite 

plausible, they are not the only possible freezeout relic. 

Consider a new version of QCD, shadow QCD, which has an asymptoti­

cally free gauge coupling which gets strong at A' causing confinement of shadow 

quarks q' into shadow baryons 8' which acquire mass O(A'). These baryons can 

annihilate into 111
1

: D'B'-+ 111'··· with< UAII >~ l/A11 • If A'~ 300 TeV these 

sha.low baryons would give fl ~ .I even if there were no cosmic D' asymmetry. 

Similarly one could imagine a world with a new unbroken U (I) gauge group: 

shadow QEI>. If m~ is the mass of the shadow electron, the lightest particle 

carrying shadow d1arge, then e'e'-+ -{"'(has< UAII >~ o'l/m!. SO that flo'~ .l 

arises with m .. ~ o'JOO TeV, again taking zero shadow lepton asymmetry. 

IV .3 Asymmetric Relic. 

Asymmetric relics are freezeout relics whose survival abundance has been 

greatly enhanced because of a cosmic particle anti-particle asymmetry. Protons 

and electrons are the best examples. It is very plausible that the dark matter is 

an asymmetric relic: we know native produced a cosmic asymmetry in baryon 

number B, so it is reasonable that it has done the same for some other quantum 

number. Dark matter would have survived until today for precisely the same 

reason that the visible matter did. 

It is fun to redo the Lee--Weinberg (9J freezeout calculation including a 

chemical potential. In particular, while the chemical potential directly deter­

mines the abundance of the surviving major component, the minor component 

is annihilated way below what would have· survived with zero chemical potential. 

None of the antiprotons seen in cosmic rays survived directly from the big bang, 

they were made recently in high energy collisions. 

A very intriguing possibility arises if the halo dark mater is an asymmetric 

relic. The sun can gravitationally bind dark matter particles by scattering them 

into a bound orbit as they pass through the sun. Over the age of the sun 

significant concentrations of dark matter particles could have built up in the 

sun, providing they are asymmetric relics so that xx -+ · · · does not deplete the 

concentration. It has been found that for certain masses such bound relics could 

26 

~ 

contribute to the thermal opacity of the sun, decreasing the central temperature 

of the sun and decreasing the reaction rate which produces the high energy solar 

neutrinos thus solving the solar neutrino problem (liJ. While a freezeout relic (no 

asymmetry) can also be trapped by the sun, xx-+ · · · will prevent buildup of a 

sufficient concentration to be important in changing the solar opacity. However, 

xx-+ · · · may itself result in high energy neutrinos (now much higher in energy 

than usual solar neutrinos) which would be an interesting signature for some 

freezeout relic candidates. 

IV.4 Oscillaton Relic 

Consider a scalar field ~(:r, t). If the zero temperature potential for this 

field is as sketched in Fig. 7. 
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Figure 7 

Typical potential for an oscillaton relic 

then at some critical temperature To a phase transition will occur: initially t/J = 0 

everywhere, while at the phase transition it rolls to the minimum of the potential 

t/J = f7 everywhere. If <P has strong couplings it can radiate the energy density 

l~ easily, so the equation governing t.he evolution of <P has a solution which is 

strongly damped. On the other hand, if ,f, has only ,·ery weak interactions the 

<'<Jtliltion of motion will have small damping ami t.lw solution will be oscillatory. 
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In the limit that the dilmping can be neglected 

,P( X, t) = C1 + <J>oe'm' (4.1) 

where m is the ma.ss of the quanta which the field 4> creates. These oscillatons 

which are initiated by the phase transition would survive until today. What 

does this oscillaton represent physically? Because the oscillatons are the same 

at all spatial locations it is a mode of the field which carries no momentum. The 

energy density in the oscillaton represents a uniform distribution of 4> quanta at 

rest; Po = nm. Of course, equation (4.1) is not quite correct: as the universe 

expands the number density of these particles gets diluted n "" 1/ ft1, so 4>o 
also has a time dependence due to the expansion. However, even if these non­

relativistic particles had only a small contribution to p at the phase transition 

Po(Tc) << p(Tc) they could easily dominate by today if Tc falls in the radiation 

dominated era. This is illustrated in Figure 8. 
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Figure 8 

Temperature evolution of p in oscillatons and p in radiation and 

baryons. The oscillatons are produced at Tc. At T.0 , Prodio<ion and Poor""" 

are equal. 

The most well know example of an oscillaton is the axion. In the absence of 

QCD the axion is infact a massless Goldstone boson which results from the 
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breaking of a global Ll (I) symmetry, the Peccei-Quinn symmetry, at some scale 

f. The QCD interactions produce the potential of Fig. 7, \·0"" .\~where.\ is the 

QCD parameter, and the order parameter for the symmetry breaking, a, is f. 
However, oscillatons occur very frequently; they result from symmetry breaking 

with a weakly coupled scalar, and are much more general than the a.'<ion. 
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IV.5 Secondary Relics 

So far we have assumed that relics are stable, or at least that their lifetimes 

are longer than the age of the universe. However, any of the relics considered 

so far could have lifetimes less than the age the universe. Their cosmologically 

stable decay products I will call secondary relics. They are of particular interest 

for obtaining {l = I in a smooth distribution without galactic size clumping. 

None of the first few classes of relic lead to dark matter today which is both 

relativistic, unclumpcd and gives {l = I. However, a secondary relic could be 

relativistic today even if it came from a non-relativistic primary. 

There are many examples of secondaries. The inftaton is an oscillaton. 

llowever equation ( 4 .I) is insufficient to describe its oscillation because it is un­

stable so the oscillaton gets suppressed by exp(-rt). In this sense, everything is 

a secondary relic, we owe our existence to the decays of inftatons which reheated 

the universe after inflation. 

As another example, cons!der superaynunetric theories where the lightest 

superpartner, which we take to be the photino, although long lived does decay 

via small R parity violating interactions. One example, i--+ e+e-v, is illustrated 

in Fig. 9. This gives e*, v as secondary relics. 
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Figure 9 

Photino decay via lepton and R parity violation. 
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In this case we can follow the evolution of the relativistic e* and demonstrate 

that they cannot contribute significantly to n. The e* lose energy rapidly by 

inverse Compton scattering from the background plasma photons e-y -.... e-y. 

Once the e* are non-relativistic they clump. However, the majority of the 

photino rest mass has ended up in electromagnetic radiation which today would 

be X and .., rays. We know from background X and .., rays observations that {l 

in these components are very small ( < 10-8 ). As usual, one finds that the big 

bang is a tightly constrained framework. The majority of new particle physics 

ideas for creating cosmic relics simply do not work. They lead to universes quite 

unlike our own. 

IV .6 Soliton Relics 

By "soliton" I mean energy whit:h is spatially localized and which is pro­

duced at a phase transition. This is not the same as other uses of the term. 

Some solition relics are topologically stable defects: domain walls, strings and 

monopoles (18, 19). For example consider a theory which contains a real scalar 

field <f>(z,t) which baa a potential V(¢) = ~(4>1 - a 1 ). This potential has two 

discrete degenerate minima. As shown in Fig. lO(a), if a phase transition takes 

place such that the field 4> takes on a vacuum value +a near region A 

(a) (u) id 

.·i i "-1/ 
+--- .It ----'» 

/L~ 

u 1.....--"' /" 
s s 
~ y---1 ~ +a -a 

Figure 10 

Topologically stable defects (a) a 2-dimensional domain wall (b) 
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a 1--dimensional stringS (c) a point monopole M. In cases (b)and 

(c) the arrows represent the direction of the scalar field in internal 

space. 

and -a near region B, then these regions will be separated by a domain wall at 

which ~ is not at either of the minima. This domain wall contains localized field 

energy. Ir the ~ is now made complex and the theory processes a U ( I) phase 

invariance then V(~) = >.(~·~- u 1
) 1 . In this case a pattern of vacuum field 

configurations result in a topological string as shown in Fig. S(b). lnfact for 

the energy of this field configuration to be localized on the line defect the U(l) 

should be gauged. A monopole arises in gauge theories when a non-Abelian 

internal symmetry group is broken, in the monopole case the defect occurs at 

a point as shown in Fig. S(c). A simple example is a theory of three real 

scalar fields (~ 1 <o?l'o?J) which has a potential which has an S0(3) invariance: 

V(~) = >.(~f- a 1
). 

The calculation of production rates for vacuum defects is not straightfor­

ward in particle collisions or in the big bang. Simple estimates for a phase 

transition in the big bang can be made. Suppose that at T > T., ~ = 0 in each 

of the above examples, while at T. ~ makes a transition to 1~1 = a everywhere 

except near the defects where it vanishes. The direction of ~ is random on scales 

of the correlation length ( of the phase transition. lienee, as an order of mag­

nitude estimate the defect number density is no(T.)::::: (-3 . Since (is certainly 

less than the horiwn there will typically be many defects per horiwn volume at 

T •. 

The subsequent evolution of the collection of defects can be very intricate. 

However, under certain simplified conditions Pow - R- 1
, p. - R-1 and PM -

R-3 for domain walls, strings and monopoles. I know of no complete cosmologies 

where p today is dominated by domain walls or cosmic strings. Domain walls 

rapidly overwhelm other contributions to p and lead to universes quite unlike 

our own, unless they can be made to disappear. Cosmic strings which self­

intersect and produce loops which can then disappear by gravitational radiation 

may not be problematic. At any era p. then scales the same way with ll as 

P'l"O'I'AL· Today arc finds n,:;;u I 11-lp· For (7 of 1016 GcV it is possible that I he 
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string network may provide the inhomogenities about which galaxy clustering 

first occurs. 

Ir monopoles are made at a very early phase transition their number density 

must be depleted by a subsequent era of inflation otherwise the universe will not 

evolve to the one we see. It is not possible that a monopole with magnetic charge 

and mass near the grand unification scale is depleted just enough to be the dark 

matter today. This would produce a flux of monopoles at the earth which has 

been experimentally excluded. It is possible that the dark matter could be a 

monopole which carries some other charge. 

There is a second class of soliton relics. There are regions of false vacuum 

which have become stabilized by the presence of matter or charge. These non 

topological solitions I will call false va.:uum nuggets. The most well known exam­

ple is that of quark nuggets which could arise during the QCD phase transitions 

and which I describe below (20). 

In Fig. II I sketch how the QCD phase transition would proceed cosmolog­

ically assuming that it is first order, as indicate by lattice calculations. At first 

small (Ill 
(a) 

/ 

~ 
H 

II 

~ 
Fig1,1re 11 

The cosmological QCD phase transition (a) Nucleated bubbles of 

hadron phase expand into the quark plasma (b) Shrinking bubbles 
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of <JUark phase. 

bubbles of hadronic phase are nucleated in the previously homogenous quark 

gluon plasma. Since the vacuum energy of these hadronic bubbles is lower 

than in the quark phase the bubbles expand as shown in Fig. 11(a). The 

bubbles will collide and coal~ce until half of space is filled by the hadronic phase. 

Subsequently, the picture is that regions of quark phase which are collapsing 

within the hadronic medium as shown in Fig. 11(b). The original quark plasma 

had nearly equal numbers of quarks and antiquarks, although there was a quark 

exce;s of one part per billion. However, if the critical temperature is say 100 

1\teV the many quarks and antiquarks must annihilate because in the hadron 

phase at T.,nB =e "8 =e (T.,mB)3fle-"'•/T. << r: (see 2.10). qq annihilation 

can occur to vii via the Z, and since neutrin011 transport energy over large 

distances thermal equilibrium at T. is maintained. Now imagine following the 

quark excess. When the phase boundary moves into the quark fluid the quark 

excess tends to be swept along with the boundary. This is because for baryon 

number to go across the boundary energy must be found to create the baryon 

mass. To some degree it is therefore energetically favorable for the quark excess 

to remain in the quark plasma. If this effect is quite powerful then the collapse 

of a quark bubble shown in Fig. ll(b) wiU eventually be prevented by the 

stabilizing effect of the pressure of the quark excess inside the bubble. A quark 

nugget has been formed at temperature T •. 

We do not know whether such nuggets would be stable at zero temperature, 

they might just decay to ordinary baryons. However, it has been argued that 

even if quark nuggets were formed at Tc and even if they were stable at T = 0, 

they do not survive the cosmological evolution from T. to T = 0, rather they 

evaporate (21). While it seems that quark nuggets are not the dark matter, it is 

possible that some false vacuum nugget of another phase transition contributes 

to the dark matter. 
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Summary 

The hot big bang model of the early universe provides a simple ancl elegant. 

framework in which to study the effects of various gauge models of particle 

physics on cosmological issues. The standard gauge theory apparently dot'S not. 

lead to the universe which we observe. There is the need for baryogenesis and 

there is the need for a cosmic relic to be the dark matter. The cosmological 

description would also be more acceptable if particle physics gave rise to an era 

of inOation, when R(t) grew very rapidly. 

Most additions to the standard model which give cosmic relics do not give 

them with the correct abundance. The requirement of 0.1 =e {} =e 2 places con­

siderable restrictions on the interactions which generate the relics. Nevertheless 

an enormous number of candidate relics have been proposed. I have introduced 

a classification scheme to describe these cosmic relics, and it is summarized 

in the Table. Plasma and freezeout (including asymmetric) relics are particles 

which were once in thermal equilibrium with the plasma of the hot big bang. 

Secondary relics are particles which arise from the decay of any of these three 

types of primary particle relics. Oscillatons and solitons are directly associated 

with phase transitions in the quantum field theory, and occur in a surprising 

variety of forms. 

As indicated in the Table, there are many ways to search for the various 

relics. Several searches have been done for many years and new ones with novel 

techniques are planned for the future. The discovery of any of these relics would 

be a major turning point in cosmology. It would also givt> us solid guidance in 

understanding particle physics beyond the standard model. 
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Category 

Plasma 

Freezeout 

Asymmetric 

Oscillaton 

Secondary 

Soliton 

? '-

Charachteristics Examples Possible Detection 

Implications 

m <To .., New light Difficult as low 

Decou pled Ve,v,.? Particles eg energy 

Goldstone Bosons 

m >To VAf,D New physics at Direct detection 

Froze out while 1 weak scale Detection of prod-

non-relativistic ucts 

from annihilation in 

sun or halo. 

m >To p,e CP violation Direct detection 

Abundance vo New quantum 

determined number 

by cosmological 

asymmetry 

Very weakly COU· ax ion New phase Difficult as 

pled transition. weakly coupled. 

scalar Axion to 1 conver-

sion 

x,-x, ... _VH- VL1 An approximate Other decay prod· 

T(X.J~to symmetry ucts 

of.\' 1 may gi\·e 

"), .\' ray signals. 

Defects from phase Domain New phase Direr! searches 

transitions with walls transit on Gra\'ilational lens- I 

localized energy. Strings ing 

Monopoles . Gra,·itational radi-

Nuggets at ion 

TA.Ili.E 
,\ da~silkation scheme for cosmological rdks. 
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