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ABSTRACT

Advances made in elementary particle physics in.
recent years are helping cosmologists to understand the
very early history of the Universa (t << 102 sec). At
the same time particle physicists now routinely use the
early Universe and varicus contemporary astrophysical
environments (red giants, neutron stars, etc.) as non-
traditional HEP laboratories inrn which physics at very
high energias (>>'103 GeV) can ba probed. 1In this talk
T will review both of these aspects of the 'Inner Space/
Quter Space Connection.' '

INTRODUCTION

In the past five years or so progress in both ela-
meantary particle physics and in cosmology has become
increasingly dependent upon the interplay between the
two disciplines. On the particle physics side, the
SU(3)¢c x SU(2)y x U(l)y model seems to very accurately
describe the interaccious of quarks and leptons at ener-
gies below, say, 103 GeV. At the very least, the so~
called standard model is a satisfactory, aeffective low-
energy theory. The frontiers of particle physics now
involve energies of much greater chan 103 GeV--anergies
vhich are not now available in terrestrial accelerators,
nor are ever likely to be available in terrestrial accel-
sarators. For this reason particle physicists have turned
both to the early Univ.ts. with its essentially unlimitaed
snacgy budg’t (u to 101 GaV) and high particle fluxes
(up to 10l s~1), and to various unique, contem-
porary al:rophylical environments (ccn:ers of z=ain gse-~-
quence stars vhere teuptraeu:es rcnfg 108 neutron
stars where densities reach 1014-1p , aur gal-
axy whose magnetic field can impart 10 1 G.V to a Dirac
magnetic charge, etc.) as non-traditional laboratories
for studying physics at very high energies and very
shortc distances.
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On the cosmologicsl side, the hot big bang modal,
the so called standacrd model of cosmology, seems to pro-
vide an sccurste acesunting of the history of the Uni-
verse from about 10~% gac after 'the bang' when the tem-
parature was about 10 HeV, until today, somse 10-20 bil-
lion years !ttnr 'the bang' and temperature of abouct 3 K
(= 3 x 10-13 Gev). Extending our undersctandtog Ffurther
back, to earlier times snd higher temperatures, rasquires
knowlsdge about the fundamental parcticles (presumably
quarks snd laeptons) snd their ipteractioans at very high
ensrgies. For this resson, Progress in ¢owmology has be-
coms linked to progress inm elementary particle phystcs.

In this review I will focue on both aspects of the
ifncerplay betwaen particle physice and cosmology. I
will begin by briefly reviawiag the standard cosmology.
I will then discus. the faplicacions of the two most
spactacular pradictions of grand unified theoriss (GCUTa)
(baryon nomber nonconservation sand saperhasvy magnstic
monopoles) for the stsadard cosmology. As successful ae
it is, the hot big bang model fails to account for a
number of very fundasental cosmologicsl observational
facte, including the larga-scale isotropy and homogenaity
(of the obaervabla Universe), the emsll-scale iohomoge-
nafty, ths nesr critical sxpsosion rate (ox flatnese of
the Universs), and in ths context of GUTs, the fsct that
we do not live in s 30,000 yr old Univarse where thas mon-
opole abundance {8 0 10‘31 pci baryon {(corresspending to
s flux of = 10°% cu=? gr=1 5~11). The tnflatfonary Uni-
verse nodals originally conceived by Guthl and devaloped
by Linde? and Albrucht and Steinhardt3 go a long way to-
werd resolving these cossologicsl conundrume {(agd may in
fsct solve them). Aftar discussing faflation, I will ad-
drass the quastion of the nature of the dark matter in
the Universs. ZRotstiom curves of spiral gelaxies provide
convincing svidence that the dark component of sattar
'sutwaighs' ths luminous component by s factor of ac
lessst 3-10. Particle physice has besn very gansrous
(pechaps too gensrousl) ia providimg candidace particle
species (including, massive neutrinos, snsutrinos, mono-
poles, photince, gravitinos, axions, pyrgons, ate.)
whoss relic abundsnce (from the big bang) would provide
the mass density known to be contributed by the dark
componant. As I will discuas, the pature of ths dark
mattsr bears significantly on the question of galaxy
formation and the formation of larges-scale structurse
{votds, superclusters, filamante, ate.) 1o the Universa.
¥inally, I will raeview how astrophysical and cosmologli-
¢al observations hava bean usad to constrsinm in & eig-
nificant and vary important way the propsrties (mssses,
1ifetinas, and nuasber of flavors) of aesntrinos, the cou-~
pling strength of axiocns (equivalantly the Peccei-Quinnm
syumetry bresking scale), aamd tha flux of relic super-~

heavy magnetic monopoles.

TRE STANDARD COSHOLOGY®

The hot big bang modal nicely accounts for the uni-
varsal {(Hubble) expansion, the 2.7 K cosmic microvavae
background radiation, end through primordial aucleosyo-
theeis, the abundances of D, Age and perhaps slso *He
and 7Li. Light teceivad frow the wost distsnt objects
obeerved (Q80s at redshifts = 3.5) left these objects
when the Unfverss wes only a few billicn yeare old. Thuse
obsecvations of galaxies allow us to directly probs the
history of the Universe to within a few bfllion yzars of
‘the bang'. The surface of lasc ecattering for the micro-
wave background is the Uaiverss about 100,000 yrs after
the bang when the temperature was sbout 1/3 eV. Thus
the microwsvas background 1s s foseil racord of the Uni-
wersa st that vary early apoch. In the standard coamol ~
ogy the .poca of big b;ng pucleosynthests takaes place
from t " 10-¢ gac - 104 sac vhen the tempersture vas =
10 Ma¥ - 0.1 MeY. The light slemants syntheaizad, pri-
sarily D, JBe, *8@e, sod 7L1, ste relics from chis early
epoch, and thue compsring their predicted big bang sbun-
dances with their inferred primordis! abundances is the
most stringeat test of tha standard cosmplogy we have at
presant. tlota chat I must say inferred primordial a-
bundsnce becsuse contemporary astrophysical processaes
can affect the abundance of thase light 1sofopes, 8.gK.,
stacs very afficiently burn O, and producs rc.] At
present tha predicted abundances of D, 35e, 48e, and L1
are sll simultsnecusly consistent with their inferred
primordial sbundances so long ss the numbar of 1light
(£ 1 Me¥) nautrino spacies is less than or equal ta &,
and the baryon-to-photon ratio n fs in the renge (san
Tigures L and 1)1

ns (4-7) x 10719, ()

The bsryon-to-photon retio is related to tha fracticn of
ceritical dansity concributed by baryons by,

2 2. un?, (2)

where the Hubble paramaetar H, = 100 b kma"! Hpc_l. snd T
1 the present tamperature o’ the cosmic microwvave back-
ground. Observations atrongly suggest that: 4 < h < 1
and 2.7 K £ T £ 3.0 K, sc that tha concordant range for
n implies

n=2.03x108 a,h

0.014 < 0 < 0.13, (3)

1.9;, baryoos sloss cannot provids the closure daneity.
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Figure 1 - The _predicted primordial abundances of D,
Ae, 'He, and Ty (ty(n) = 10.6 uin wae usad: atror bar
shows Atﬁ = t 0.2 win; Y, = waes fracticn of “He).
Inferred ptigordlll !bnnlnncclt T, = g.!] - 0.25%;
{p/E), % 1677; (b & ‘Ma)p/uE 5 10-%; (‘Li/m)p=
(1.1 L] 0.4) x 10710, cConsistency of the predicted
abundances with obearvations can only be lihiov-d for
n (= baryon-to-photon ratio) = (4=-7) x 10~ 0 and N,
(= pumber of light neutrino epacles) £ 4. Tor & £
n/10-10 ¢ 7, 0.014 & 1, £ 0.15, Ses raf. & for more
detaile.
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Figure 2 - Summary of deterwications of "He mass frac-
tion ;tf ia BIXI regions ar a fuaction of thae matal
.bundancf Z{--more precisaly, 2,7 tises the wase frac-
tton of 160)., Where the metsl abundance is iovest, ona
exsects the stellar contribution to Y o he tha smallasr.
The data exhibie this trend and clearly show the exist-
suce of & primordial *Ne componsnt of sbout 0.23-0.25

(by mass). Por more datails sen rxef. 6.

Pigure 3 ~ "The Complate Ristory of the Universa'.
Wighlights fnclade: dacoubling (t » 1013 gac, T = 1/3e¥)
= the surface of lset scattering for the cosmic micro-
wave background, epoch after which metter and radiatien
canss to !nt-r-it nn, matter ‘recombines’ into veutrasl
atoms (D, IBe, ¥#e, 7L1), slsoc marke the beginning of
the lor-!tlon ef structursj !rinoEdinl nncloo.znthg-iu
e w 10-2 202, T = 10 Ma¥) - spsch durins vhieh all of
the free neutrons _and ‘o-o of the free proteons are aya-
thasised into D, 3!-. fa, and L1, and the surface of
last scattaring for the ceamic ugutrino backgrounds

(¢t = 1077 sac, T = fav 100 Ma¥)~-
spocu of 'quark sasiaveseat'’ iﬁﬁﬁfiﬁiiiﬁi transitica im
8U(3)); W-8-C epoch (t = 1071Z gqc, T « 103 Gev) - 588
phase travsition associated with ilectron!tt breaking,
80 2) x U(1) - 0{1); CUT spoch (Itt = 10~ sec, T »
1038 Coev71) - 838 of the CUT, during which the baryen
asymmetry of the Universe evolves, monopoles ars pro-

duced, and '1:51-tlon' uay gscur; tha Qusntum Gravity
¥all (¢ ~ 10- wec, T = 1017 cev).
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Nots, that other information we have sbout 0 (e.g.,
cU“‘P‘dC HISWM& lower bound based upon the smount of lu-lnou‘u’ ll:tter in

w ﬁ the Universe, the total amount of matter mssocisted with
a galaxy) i¢ consistent with this trenge. The concordance

1;& of the predictions snd observations of D and YHe are par~
*“ ticularly compelling svidence because there is nc known
& contclpor.rl astrophysical site whare the observed amounts
: ﬁou‘\‘ Mg amounts of "He (> 25% by mess) and D (D/8 = few x 10-3)
.aﬂgf* . can be producad. It is the succesaful predictions of
‘l} w a\iﬁ‘v - Q .NOPOI-E"@@ vig n-u: uu:hosya:h-aia that gives :- :er.!!éeace in the
) G 3q standard model back to = 10°% gac after 'the beng'
Lt @ L) O On the large scals (>> 100 Mpc), the Univarse :l-
w@(f' @ Q 6 a Il‘ﬂi 1On isotropic and homogeneous, and so 1L can accurately be
I’."\D @ @ . (3 ¢ ’ described by tha Robertson-Halkar line alement?
< N ‘\.aiiiﬁﬁ} del 2 2., 12 2..,.2,.2. 2 . 2. .2
- 0 e-de 4R ()  [dr/ (1-kr ")+ 48 +r sin"Rde"], {4)
whare d-z 1s the proper separation betwsaen two events,

k=1, 0, or -1 is the curvature signature, asnd R(t) 1s the
cosmic scale factor. The axpansion of the Universe is
embodfied in R(t)--as R(t) incresses sll proper (i.e.,mean-
sured by metst sticks) distances scsla with R(c), e.5.,
the distance between two galaxies comoving with the ex-
panston (i.e., fized £, O, ¢), the wavelsngth of a photon.
The k>0 spacetims has positive spacial curvature and fe
finits in extaot; the k<0 spscetima has negativae spatcial
curvaturs snd is infinite in extent; the k=0 spucetime is
spatislly flst and is aiso infinite in extent.

The svolution of the ceosaic scale factor is detec-
mined by the Friedmaan esquatioas:

u = (in.)2 - 8%Gp/3 - k/lz. ‘ (5a)
apr?) = -p a2y, (5b)

whare p 1o the total ansrgy density and p is the pressure.
The expansion rate 3 (also called the Hubble parametar)
seta ths characteristic tln. for the growth of R{t)--H"

L] l-{oldlng tima for l. I prasent velus of H 1s 100 h
kms-lnpe-l = b (1010 yr)-1 ¢y £h < 1). As can ba sesn
from sqn. (3a) model Universes with k < 0 expand for-
sver, while a wodsl Universe with k > 0 must aventually
recollapse. Tha eign of k (sand hence the gesometry of
spacetima) can be dctcr.incd from mesasursmsnts of p and

t §

xw/n?a? - pr(an?/enc) -1, (6)
FEQ-1,

vhere 9 = p/o ., 90d P ... " 3n3/sxc = 1.8802x107% a3,



From primordisi nucleocsyntheeis wa kmow that O > Oy 2
0.014. The best upper limit to 0l follows by eoii!’.t-
ing the age of the Uaiverse:

e, = 10

o = 1017 ye (7lecany, m

where £(R) < 1 and fs wonotonically decressing. The
ages of the oldest -{ar- (in globular clustecs) stroagly
suggest that ta 210 yt! combining this vt!h eqn. (7)
ifmplies that: 3£2(Q) 2 9hf, The function fIff is mono-
tonicqglly locressing and asymsptotically approaches
(¥/2)¢, 1implying that independent of h, Qh! £ 2.5. Re-
-t;lctlng b to the interval (k, 1) it follows that:!

fth® £ 0.8 and 0 3.2,

The enargy density contributed by nonrslativiastic
satter variss as R{t) " "-~due to the fact that the number
density of particles is diluted by the incresse in the
proper {or physical) voluue of the Universe as it ex-
pandes. For a ftlltl'iltlc species the energy density
varies as R(t)™", the extra factor of R dus to the red-
ehifting of the particle's momentum {recall A « R(t)).
The energy density contributed by a ralativistic speciss
(T >> m) at temparature T is

2.4,
P = 8" T /30, ()

whare g.sy I8 the nouber of degress of freedos for a
bosonic species, snd 7/8 that_ number for a fermionie
apecies. Note that T « R{t)"l, Here snd throughout, I
blv:lt.ktn A - cls kg = 1, eo thls 1 Ce¥ = {1.97x1 1
en)-l = (1.16x10"3 £} - (6.S57x10- 3qec)), Cc e m 1

O 1.22x10'% cev), and 1 cev? = 2.32110%7 ¢ ou”?.
Today, the energy density contributed by relativie-

tie particles (photonms_and 3 neutr}no specias) 1s neg-

ligiblet nrnl = 4x10"3h- (T/2.7%)%. Mowever, since

- -
Dr-l « R ', while pnonrol = R 3. eerly on relativistice
species will dominate the energy density. Por R/R

-3 2.-1
£ 4xl0 ") T/2.7K) , which correspo
14 x 10 %0ae(ah2) "2(T/2.7K)8 4nd T 2 : :: ?3§=§?szﬁzr)’
the enargy density of the Universe vas dominsted by tlll
ntlv&,tlc particles. Since the curvature term varies as
R(t)7“, it too will be small compared to the energy
%;:;i:: c:::itbut-d bi Te ltivtstle.pnrtlslen. and eqn.

m es to! o

1-p1£e|:p {(R/R) An g T "s.pl' which

today

R(t) « oY (3a)
T(e) = 1-‘8:1’.(t110-63¢c)_k CavV, (o)
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(valid for t ¢ 10'% gec, 1 2 10 a¥). MNére g, counts the
total sumber of sffective ralativistic degrees of freedem:
lri-d:-: Bo(3K) = 3.36 {y,w); g, (few H.!) = 10.75
(v, %, vv’; g, (fev 100 CeV) » tlo-(y, ¥*Z, 8 gluons,
3 familias of quarks and leptons, 1 Rigge doublet).
Although our verifisble knowledge of the .ltl! his-~
tory of the Universe only takes us back to t » 1074 sec,
apd T v 10 MaV, wothing io our present undsrstanding of
the lave of physice suggests that it 1s unrz!-oucblo to
sxtrapolats back to times ae ;atly as = 10 ssc and
teomperatures ss high as » 101% ca¥. At bigh enargies
the f{ntersctions of gquarke and laptouns are asymptoticslly
free (sod/or wask) justifying the dilute gas lpprt i-
uation made in equ. (8), and at eoergies below 10*7 Ca¥
quintum corrections to general relativity are expected
te ba emall. I bardly need to remind the reader that
‘oot woressonsble' does not necessarily mesan ‘correct’.
Makisg this extrapolstiom, I have susmarized 'Tha
Complete History of tha Universse' in Figure 3.

THRE MARRIAGE OF QUTIs AND TEE
STANDARD COSHOLOCY

Crand Unified Theories make twe startling predie-
tions: (1) intersctiomns which violate baryon amd lep-
tom sumber conservatios; (2) ’hc sxistenca of stable,
superheavy msgnetic monopolas’. Both have very imporx-
tant cosmélogical conesquances. The presence of baryon
pon~consarvation in GUTs mesns. that the baryon nusber of
the Universe 1s pot fized-=-thies turus out to be & very
good thing for the stendard cosmology. The pressnae of
superheary magnetic momopoles in CUTs mesns that there
cowld be ralic monopoles left over from s very early
epoch--this turns out to be a very bed thing for the
standard coemology. :

Baryogenssis -~ Although the lave of physics are very
neerly matter~-sntisstter sywmetgic (the ouly obssrved
violation baing that ie the E°-E? system), the Universe
apparently is pot! There {s 8o evidence for appreciable
quantities of antimptter im the Umniverse: HASA has yeot
to lose a space probs &ue to it anbihilating with *anti
stuff’ in the solsr system. Cosmic rays circulate
throughout the gslsxy, and provide us with samples of
sateriel from all perts of the galaxzy. The ratfe :l
sntiprotons te protons fn tha coselec rays 1s = 107% ==
although this ratio is not presently consistent wich all
of the satiprotons belng produced in ensrgatiec cossic vay
proton collisfons, it is coneiptent vith the absence of
sppreciable asounts of antimatter ia the galaxy (for
further discussion of the sntiproton puzsla sse ref. 8).
Tinally, 1f clusters of gelaxies contained both mattar
galaxies and antimatter galaxies, then the intracluster
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gas would contain both matter and antimstter, and waould
be aglow with ¥ raye from matter-antimatter sonihilations.
Yor mesarby clusters like Virgo, thessa Y rays are not

sesn. [The 1issue of sntimatter in cthea Universe is thor-
oughly revieved in vef. 9.}

These obsarvations lesd us to beliave that there is
no apprecisble quantity of sutisatter in the Univarsa;
more precisely, :tit i€ t!‘tl t;. 1t must be separatad on
scalaes 2 1 M,, 1018y . 101%.1083. raspactivaly--this
observation slons is eseantially g-ponotblc to reconcile
with soy baryon sysmetric cosmology. I will assums that
fy >> nf; then the bacyon-to-photon ratio n is also the
baryon number (= n -ng)-to-photoa nusbar ratio. Tha
number of photons in the Universe hae not bean consecved,
but bhas funcressed as variocus msssive particle spacies
socnthilated (a.g., e patre at T w ) Ma¥). Howaver,
the total entropy has remainad comnstant (assuming thac
the expansion hees bean adfabstic). The antropy is doam-
insted by the contribution from relativiscic particles
{and 1s w pumber of relativistic pasttclcl)i The s~
tropy density s = (4f3)p 1[! = (2v4/43)g,T?, snd today
a® 7 a . Thus the tar,‘l number-to-sntrapy 1is

Y
ay/e = (1/7)n = (6-10) x 10 1 (10)
~-a tatio which remains fixed so long as B is sffectively
conserved and the expansion 1» adisbatic. This ratic
can be righrtly called the baryon oumber of the Universs
(in spite of its rathar curicus valus = exp(-%®)).
Althcugh the matter-aantimatter lfIll.try appesrs to
be maxzisal today, ny/s & (6-10) x 10°°" implies that
earliar on it was very tiny. To see this, lat ue sssumss
for simplicitcty that nucleons sre the fundamental baryons.
Barlfer than 10~% sec after 'tha bang’ . tha temperaturs
was greatar than che wmass of a nucleon. Thue nuclaons
and astinucleons should have basn about as sbundant as
photoms, ny ¥ ng = ! » The entropy density a is =
8,0y ® g, Og * l(:o ‘ ay. The conztnucy of npfe
ol1d-10y requires thyt For ¢ < 10- sec, (ay = ng)/n
{* 10% un_/u) = 0¢10°°). During its eaxliest spoch, !hn
Usiverss vas very nearly {(but mot quite) baryon symmetric.
The nos-sero value of the baryon numbar of the Uni-
varse 1s sbsolutaly asssatial {(for our existsncel).
Consider & model Univarse uhlih is barvon syamatric
(ag/s = 0). Barlier tham 107" sec after 'the bang’
nacleous and antinucleaons wvers sbout as abundant as
photome. For T < 1 GCa¥V the aquilibrium nbuud.nsc of
sucleons and satinuclaecos fa (n'InJJ! = (wy/T)
c:p(-n.lr). and an the Universs co 103 the sumber of
aucleons and sntinuclecas would decrease, trackiag the
equilibrium sbuadance as long as the asnibilstion rats
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The necessity of a depsrture from thermal equilib-
cium f» a bit more subtle. It can ba shown that CPT
juvariance alone guarantses that in thermsl squilibrium
the nuamber of baryons and antibaryons sra aqusl (even
ia the presence of interactions wvhich violate B, C, and
CP). The Univares s only in tharsal equilibrium whan
the rates for tha resctions which drive 1t to equilibrium
are tapid comparad to the rate of change of ths teapera-~
ture (T/T = =H). Departures from equilibrium have oc-
curred frequantly (thank Codl); e.g., in spite of the low
temparaturs, matter Iin the Univearss is not all io the form
of Ye--the most tightly bound nucleus.

The bssic idea of baryogenesis bas been discussed by
many suthorsi ths model which fncorporaces Sakharov's
three fogredients and which has becoms ths ‘standsrd
sconacrio’ is the so-called out-of-equilibrium decay scen-
ario. I will now describe the scenario in soms detastil,
though only qualitatively.

Denote by '3' a supsrheavy (3 1014 GeV) boson whoss
intaractions violata B consarvation. S might bs a gauge
or & Rigge boson. Let ite coupling strength to farmions
be ck. and 1te masns be M. Frow dimsnsional considerationas
its decay rats ra e =1 should be Ip = alt.

At the Planck tiwa (= 1°~l1 s&c) assuma that ths
Universs is baryon symastric (ny/s=0), with all funda-
msntal particle spscies (fermions, geugs and Rigge bosons)
prasent, with squilibriue distributions. At thie aepoch
T |.'k 'pl ~ 3 x 1018 GeV >> M (here I have taken B,

0(100); 1o winimal 30(5) g, = 160), so 8, § bosons aras
vary ralativiatic and up to statisticsl factors as abun-
dant ae photonst LI S Sothing of 'importancs

Y
occurs until T = M. -

For T < M the squilibrium abund;,s. of §, § bosons
rslative to photons 1is lslny = (M/T) axp(-8/T). [ng/o
is just the number of 8,"8 bosocas per comoving volumae.]
Ia order for 8, # bosons ¢o maintain an equilibdrium
abundance as T falls bealow M, chey must be abla to dim-
inish {3 ousber repidly compared to R « |1/T|. The wost
isportsnt procese in thie ragard is decay; other processas
{a.g., nnnihilntlnu‘ ate higher order 1o a. If I, >> H
for T = K, then §, bosons can sdjust their abunaancc
{by decay) rapidly encugh so that In, "tracks' ita
equilibrium value. 1In this case thérwdl equilibrium tgs
satatsicned and no asymmetry {s expectad to avolve.

2 More isteresting 1e the csse where Ip £t B 3 1.66.*5
T¢/m . when T = N, or equivalestly M > g, ~%g101? Gav.
Int ln casa 8, § basoas are aot decaying on the expan-
elon timescale (7T > t), and 80 remain as abundant as
photons for T £ M, and hance are overabuandant ralative to
their equilibrium nember. This overabundance is tha
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deperture from thermal squilibrium. Much later when

T <<, Tp 8B (L.a., t # 1), and 5, ¥ vogons begin to

decrense qn number due to decaxs. To & good spproxima-

tion they decay freely since the fraction of fermion

paire with sufficient CM energy to produce an 8, S

pair 1o Vv exp(~-M/T) << 1, greatly suppressing inverse

decay procasses (I'yjgy ~ exp(-M/T) Tp << W), ;
Wow consider tﬂe decay of & and § bosons:; suppose

8 dacays to channels 1 and 2 with baryon numbers B; and

By, sud branching ratios r end (1-r). Denote the_corre-

spoading quantities for g by -8,, ~8z, r, sad (l-r),

le.g-» 1 = (qq), 2 = (ql), By = =2/3, and B, = 1/3.].

The megn net baryon number of the decay proinctl of the

% and S are respectively: .

+ (1-x)n

ls - B Ba = -fll-(l-f)lz .

1 2°' s
Hence the decay of an 3, ¥ pair on saverage produces s
baryon number €,

e = l, + l! = {r«t) (Bl - ’2) .

Vheo the S, ¥ bosons decay (T << M, ¢ v 1) ng = o
* n,. Therafore, the net baryon number density produced
ie X, = €ny,. The sntropy density & = g Oy, n!d oo the
baryom nlyxtotry produced is ngfe » ¢/g, *»'107% ¢ .

This eimple picture im boroe out by detailed vumericasl
calculacions {vbhich amwong other thiangs Indicate that the
wans conditieon for gut-o{-equiltbrlu- decay 1s pot as
stringeat ss M > grla 10 9 Gav). [For a wore detsiled
discuesion of baryogenssis, sand a completsa list of raf-
ersnces, ese, 4.g., ref, 11.]

The cryciel quantity Is the C, C? violation iv the
superbeayy systaw, quantified by (r-¥). Lacking the
GUT, (r-T) and ng/s cannot be cslculated precisely (s.g.:
a3 the “Be asbundance can). However, some gensral re-
warks can be wade. It seess vary unlikely that (r-¥)
can be related to the K% - X° system (in sign or mag-
nitude), the difficulty being that not snough C, CP
vislation c¢casn be 'fed' up tc the superheavy system. In
the wmisissl SU(5) wodel (i tamilies, one 5 and one 24
of Higge) (r-T) is <¢ 1079, Bowever, 1o siwple ex-
tensfons of winimal SU(5) (additional Higgs Tepresenta-
tione or a fourth fawily) (r-T) cam essily be = 0(10-8).
In wore cosplicated GUTe (e.p., S0(10),E6, atc.) it 1is
aleso aamey to have (t-7¥) » 10°%, although thi:_?cquirn-
mant restricts possibla syemetry breaking patterns.
Baryogenesis le not adversely affected by a long proten
1ifetime (unleee T = =|), end tends to be wmore diffi-
¢eule in -up-rsynungrle modela becsuses of the increassd
imsportance of 2 +=+ 2 B-nonconserving scattering pro-
cessen which can erase a baryon asymmetry.
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Although baryogenesis 1s novhere near being on the
save firm footing as priwmordiel sucleosynthesis, we now
at least have & very attractive !Iaucuork for under-
stending the origiao of ag/s v 1070, A framavork which
is so attractive, that in the absence of obsarved proton
decay, tha baryon asyametry of the Uaniverse may be the
best evidence for soma kind of quark/lepton upification.
_ Superheavy Mounopoles - In 1974 't Hooft gqud Polysker
showed that mosdpoles are obligatory im the low-enargy
theory whenever a semi-simple group C {e.g., 5U(3))
breaks dowvn to a group C'x U(1l) which coutsine s U(L)
factor (e.g., %0(3) = su(2) = u(l)); this, of coursas, is
the goal of unification. These wonopoles sre sesociatad
with nontrivial topology in the Riggs field cesponsible
for 883, top!%ogtcll knote, 1f you will, have s mase
o(M/a) (= 1L0'° CoV in SU(3); M * scale of $38), and
saghetic charge which ie a wultiple of the Dirac chargse.

8ince rthers exist no contsmporsry sitss for pro-
ducing particlea of wase even approaching 1015 GeV, the
oaly plau!lblo production site s the early Uaiverse,
abowt 10- sec after ‘'the beung' when the tempsrature
was 0C1014 Ca¥). There are two ways iu which wounopolas
esn be produced:t (1) as topoelogiesl dafects during the
830 of the unified group G; (2) 1in wosepole-antimonopole
paire by snergetic particls eol!iclon'. rkg first proc-
oes has been otudied b! xibble's, Preskill*’, and
Zel'dovich and Khlopovi®, and I will briefly review thelr
important conclusions hare. The magnitude of tha Nigge
field responsibls for the 880 of the vnifisd group C is
deterwined by the minimizstion of the free energy. How-
sver, this does not umiquely specify ths direction of
the Niggs fie¢ld in group space. A monopole corrasponds
to & configuration in which tha direction of ths Higge
field fa growp space at different polote in physical
spaca is topologically distinct from the configuration
ia which the Higge field points in the ssme diraction
(in group space) avaryvhers im physical spsce (whieh
eorresponds to no monopole):

+¢) <t + w» dirsction of
LN O + Niggs £1ald
a0 _monopole , menopols in grovp space.

In the standard, hot big bang cowmology thare are
perticle horizons, 1.e., the distance over which & light
eignusl could have propsgeted siunce ‘the bang®’ (t=0) iw
flnxtc and 3 O(et). tt the time of 338 (im SU(S) T «
1014 cov and t = 10-3% gec) the Niggs fiald can only 23
smoothly orient itwelf ¢n scales ¢ horizon = ct » 107
em. This results 1a 0(1) wonopels (topolegidal defact)
per horizon volume. The horiron volume contains a net
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baryon numbar of about (1013 ca¥/T)3 (corresponding to-
day to that numbsr of baryons). For SU(3) the number of
monopolas produced as topologicsl defects is 0(10™7) per
baryon--& ln.nlu;ll small number whan one considers to-
day there ars 0(10 o) sicrowvave photons per baryom. Be-
cause of thar relative scarcity, monopoles and anti-
monopoles do not annihilate in appreciable nusbars, and
for tha standard cossclogy n!d SU(5) the relic monopols
abundance predicted fs 0(107) per bdaryon. This cor-
zeasponds to & presant mass daaaity of about 1012 x the
critical mass densityl This is clearly impossible.
(More precisely, when such a Univarsse cooled to & Can~-
parature of 0(3IX) it would ounly be 0(30,00Q0 yrs) oldtl).
This catastrophe is known as the monopole problem. A
nusber of possible remedies hava baen suggasted; all
tavolve aither modifying the standard cosmology or the
stsndard CUTs in » nootrivial way. [For a recent re-
viev of the monopole problem amd possibla solutions see
zaf. 15.] The lassson is clear: the standard cossology
and the simplest GOTe are not compstible. 1In ths next
sectfon I will discuss ths solution which st present
seens to be the most attractive--ths naw {nflstioaary
Universe scenario.

I menction in passing that if the glut of monopoles
produced as topological defects in the atandard cosmol-
ogy csn ba avoided, then the oaly production mechaniss
3e pair production im very aenergetic particle collisions,
a.g., particle(s) + antiparticle(s) + momopols + anti-
sonopole. [Of course, the 'Kibble production’' of mono-
poles might ba consistent with the standard cosmoloagy
(and other limicts to the monopola flux) 4f clie 85B
cransition occurrad st s low enough.tempersture, say %
0(1010 Ge¥).] The ousbers produced are iotrinsically
small bacauss monopole configurstions do not exiet in
tha theory until 5838 occurs (Y, = M = scale of 888),
and have a mass O(M/a) = 100 M = 100 T_. Tor this
reason they ars pever prasent ia cqullibriu-'nuutha;
however, soms ars produced due to tha rare collistions
of particles vith sufficient .n'f!’i Thie results in a
pressnt monopole to photon ratie’®? 6

mgfay * 10% (o/1 07 exp(-20iT,,). (11)

where m 1is the mass of the monopole, snd T-‘t is the

highest t.lg!tltutl aehl-v!i afcer 35B. Tor tefarance,
ﬂu =3 x 10 (nuln )(!IIO Ge¥), and thes monopole flux
LA lng(nulny) PO R P In genaral -IT_.‘ = 0(100)

8o thet nuln " 0(10'70)--1 negligible number of mono-
poles. lowclcr. the puaber preduced is gxponentislly
sensitive to /T . 90 that a factor of 3-10 uncertainty
fatroduces an endPBous uncercatoty in the predicted

-

production (for Further discussion of this point sse
cef. 17).

Cosmology ssems to lesve the poor moncpole hunter/
huotreps with tvo firm predictions: that there should be
squal numbers of north and scuth poles; and that either
far too few to detect, or fer tooc many to be consistent
with the standard cosmology should have besn produced.
The detection of any superheavy monopoles would necas-
esrily sand thaoriste back to their chalkboardwel

Two messages smecrge vaty clearly from the ‘marriage
of the standard cosmology with GUTe': B nopconservation
is very good for cosmology; and thes simplest GUTs and
the standard cossology are incompatible~-meaning that
ona {or both) have to be modifisd. Both messages are
vary aignificant bits of information about physics at
very high energy and the earliest moments of the Uni-
verss.

THE INFLATIONARY UNIVERSE SCENARIO

Tha hot big bang cosmology is, by any standard, a
remsrkable achievement. Howsver, it hase its short-
cominge. By itself, 1t faile to account for or evan
elucidate s nuaber of fundamental cosmologicasl facts.
They include: ths large-scala homogensity and leotropy
of the Universe, the origin of the snsll-scale in-
bosogeneity, the near critical expansion rate of the
Universs today, the predomimance of matter (GUTs do
provide us with s frasavork for understanding this),
'the monopole problem', end the extrems smsllness of
ths present valoe of the cosmological term {(as messsured
in say natural system of units). Duye in large measure
to Guth's inflationary Universe paradige®, graast prog-
ress has bsasn wsde In racant years toward understsanding
thess 'cosmological facts' at s vary fundamentsl laevel.
1 will begin this saction by reviswing the cosmological
eonn!dsu-n. and then 1'11 go om te discuss new infla-
tfon®*?, the variant of Guth's original scenario which
sasss to be capable of resolving all but one of the

pussles.

%iEl!:!ﬁ!l! Homogensity snd Isotro - The ob~-
servable Universe (d = B~% = 104% ¢cm = 3000 Mpc) 1e¢ to a
‘high degrese of precision isotropic and homoganeous on
the largest scales ( >> 100 Mpc). The best evidence for
this 1is provided by tha nnl!or-;ty of the cosmic back-
grownd temperature: AT/T £ 1077 (see Fig. & below).
Large~scala dansity inhomogensities or an anisotropic
axpsnefon would tasult 1o [luctustions ip the ntcis-lg

. wave beackgrouad temparature of s comparabla siza.

‘The smocothness of the obeervable Universe is puszzling 1f
one vishes to undsrstand it as & result of sicrophysical
processes cperatliag in the early Universe. As mantioned
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earlier the standard cossology has paxticle horizons,
snd when sattar and sndiltion last vignrrously intaracted
(decoupling: ¢t = 1017 g, T » 1 eV) wha: was to bacoms
the presant observable Universe was coaprised of » 106
caussally-distincet raglons. Put slightly differently,

Pigure 4 - Summary of the measurements of the fluctua-
tions in the wicrowave background tessperature on angular
scales 3 1' (from D. Wilkioson, 1983).

the particle horizoo st decoupling only subtends an sngle
of about 4% on the sky today; how is it that the micre-
wave background temperature s so uniform on anguler
scales >> 4917

Swall-Scals Inhomogansity - As any astronomer will
gladly tell you, on IIIiI cc-iel (% 100Mpc) the Universs
is very lumpy (stars, galaxies, clusters of galaxies,
atc.). The uniformity of the microvave background om
very omall gngular scales ( << 1°) indicetes that the
Universe was smooth, even on thess ;cnlas at the time of
decoupling. ([Note, today d4p/p v 107 on the scale of a
galaxy.] VWhence came the etructure that is se conspic-
vous today! Once matter decouples from the radistion
and i{s free of the pressure support provided by the
tadiation, small dohomogensities will ’rov vias the Jeans
(gravitational) instabilicy: &pfp = t2/3 « R (1n the )
lioesr regime). [1f the wass density of the Universe
ts dominated by a collisionless particle mpecies, a.g.,
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a light relic mesutrine species, or axiocns, dcn.i&y pec~
turbations in these particles can begin to grow_when the .
Universe becomas watter-dominated, R = & x 10~ ‘tod-y

fox nh! = 1.] Density parturbations of amplitude_ _-

$0/p » 10~3 or so, on the scale of s galaxy (v 1012y

at the time of decoupling eeam to be ragquired to' sccount
for the small-scale structure observed today. Their ori-
gin, thelr spectrum (ecrtlillI perturbations should

exist on scales other than 1012n )}, their naturs (adiz-
batiec or ilsotbermal), and the composition of the dark
matter are all crucial queastions for understanding the
formation of structure, vhich to data remalu wnauswered.
cal Expansion Rate - As I dis-

cusse Y3 s ranget 0.014-3.2.
Using eqn. (35a), 1 can be written as : ’
2 = 1/(1-x(e)), (120)
2(e) = (k/2%)/(8v05/3), 12%)
and cha expansion rate as
" (exten, (130)
5. = 8%G0/3. (13%)
[lerit 1s the expansion rete in the k=0 model--a model

Usiverse which expands forever, slbeit at sn aver de-
cceaning rate.] Wote that neither 2 nor .’.erlé aTe

constant} they both vary with time since x(t) =~ l(t)“
(a=]1 - matter-douinated; n=2 - rsdiatiocu-dominated)}.
Since @ = 0(1) today, x, ., can be at most O0(1l). Thlz
implies that at th upoiﬂ 1" aucleosynthesin: x ..510' L
Oppn = 1 2 0(€ 10-16), and (W/W__, )guy = 1 2 O(g 10716y,
na’ c:trlpolntln; back to ¢t ridi !’oeh that: %,y £
0(10-80) "0,y = 1 & 0(¢ 107¢0), and (A/R_ . )py i
0¢g 107%7)." "That ie, very sarly on the 5‘!‘0 of the
corveturs ters to the deusity was sxtrewely tiny, or
squivalently, the expansios of the Universe procssded at
the critical rate te a high degrie of precision. BSincs
x(t) hae apparently slvays been £ 1, our Univarse is to-
day aed has been in the past closely-modeled by the k=0
flat cosmology. Were the ratio x not excesedingly swall
early ou, the Universs would hava either recollapsed loug
ago (tor k > D), or began a "coasting phase’ (for k < 0)
where R « t. [If k < 0 and x_, = 1, then T = 3K for

¢ = 10711 geel} The smallnesB™of the ratio x required

se "initiel date' for cur Universe ie pumzling {(to say
the least).
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Pradominsnce of Matter/The Monopols Problem -

GUTs go s long way toward 'cxplainln!' the predominancae
of matter in the Universs; hovever, ‘tha price’, in the
context of the standard coamology, is the glut of mono-
polas produced at the same epoch.’

Thea Cosmologicul Constant -~ With the possidble ax-
ception of supecrsyamstry aad supargravity theoriss, the
abeolute scale of tha sffective petential V(¢) 1s oot
determined ia gauge theoties (§ = one or more Higge
fiald). At low temperatures V{(¢) is squivalant to s
cosmological tarm (i.s., contributes Vg, to the strass
anergy of the Universe). The observed sxpansion rate of
the Universe today (B = 50 - 100 km o~1 Mpe~1) limfte
thae to;ll aneTgy dcn:lty of the Universe to ba [
0(10-2%; ca~3) = 10-%6 Ga¥%. Thus empiricelly tbe vacuum
energy of our T = 0 80(3) r U(1) vacoum (= V($) at the
838 minimus) must be § 10 ¢ Ga¥4. Compare this to the
difference in energy density betwvean the false (¢ = 0)
and true vacua, which 1o 0 r‘) {Tc * sysmstry roltorltion
tesperature): for T, = 101 v, Vggg/V(é = 0) £ 10-102y
At prasant thers 1e no satisfactory explenation for the
vanishingly-small value of the T * 0 vacuum energy densi-
ty (squivalently, ths cosmological term).

Today, the vacuum snergy is apparently negligibly
small and seems to play no significant cole in the dyns-
mics of tha expansion of the Universa. 1If ve accept this
smpirfcal detersminstion of the absolute scale of V(}),
then it follows that thg energy of the false (¢ = 0)
vacuum is esormous (= t¢). and thus could have played a
significant vole in detsruining the dypamics of the ex-
pansion of the Universe. Accapting this very non-
trivial assumption sbout the sero of the vacuum energy
is the starting point for inflation (ess Fig. 5).

Generie Nav Inflation « The basic idea of the in-
flationary Universe scenaric is that there was an spoch
when vacuum energy density doainatad the energy density
of the Universe. During thie epoch p = ¥ & constant,
snd thus R(t) grows axponantially (= exp (Ht)), sllowing
s small, causslly-coherent ragion (initfal size 3 a-1)
to grow to a eisze which ancompsssses the region wvhich
aventuslly becomas our preseptlyrobssrvable Univarsa.

In Guth’s original scanario,! this spoch cccurred whilas
the Universs was treppad 1in the falss ($ = 0) vacuum
during s strongly ficst-order phass tramsition. Un-
fortunataly, in models which fnflated emough (L.s.,
underwvant sufficisnt exponentisl sxpsnsion) the Universe
nevar made & ‘gracsful scturn' to tha usual radiation-
dosinated FAW coswologyi®., Racher than discussing the
original model sud its shorccomings 1o detail, I will
instead focus on the variant, d;bb.d ‘new inflation', -
proposed tgdopoud-ntly by Linde and Albrecht snd
Steinhardr?. Im this scenario, the vacuum-dominated
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spoch occurs while the region of the U-~ ~e in question
1s slowly, but inevitably, evolving tc he true, 35B

vacuom. Rather than consldering specific wodelas 1o this
section, 1 will discuss nev inflation for s generic
sodel.

Consider a 858 phase transition which occugs at an
energy scale Mg. For T > T, " Mg the syamatric (¢ ~ 0)
vacuum is favored, f.8., 4 = 0 10 the global minimum of
the finite temperature effective potential V. ($¢) (= frea
enaxgy density). As T approaches T, & second sinimum
devalops at ¢ 4 0O, and at T = T, the tvo minima are deg-
sparate. [I am sassusming thac this 838 transicion 10 a
fivret-order phase transition.] At temparatures below T
the 838 (¢ ~ 0) minisum is the globsl sinimum of V_(¢) <
(se: Fig. 3). However, the Univaerse doea not inltzntly
L TR *ha transition from ¢ = 0 to é = 03 cthe details and

Vf vi T=0

610746GEv4 ¢

™, VW T2V T<T
4

- L -
-

¥ 4 oy

uge = The finite tempersturs affective potantial at
varjous tamperatures (tc = the critical tamperaturas for
cthe 350 transition).
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tise requirsd are 2 question of dycseice.

Assuming & berrier exists bdetveen the false and.
true vacua, thermal fluctuations end/or quantum tunnel-
ing or the lose of metastability, muat be responsible
for taking ¢ acroes the barrier. The dymamice of this
process deterwine vhen sod hov the process vccurs
{bubble formation, epipodal decompoeition, stec.) and the
value of ¢ after the barcier is peastrated. For defi-
onicenaes -uppo-- thnt th- barrier is overcome when the

Pammnaratosa emuld 40 avinadnla ba o M )
tazmperaturs is . 3 "u;Lu LoVLL AN PTLOCLIP.s we =nr

aod the value of is ¢ From this point the jourgoy
to the true vacuum is dovnhill {1iterally) and tha sv-
olutfon of & should be adaquately described by the semi-
classical equations of motfioa for §¢

¥+ 306 47§ + v' = 0, . (14)

where ¢ haw besn normelized so that its kinetic terms in
the Lagrangisc 1a %3 $3V4, and prime indlcetes deriva-~
tive with respect to' 4. Tha subscript T on V has been
dropped; for T << T the temperature dependespncs of V
¢an be neglacted and the sego tesperature poteatiael
( £ V) can be used. The JIE$ term acts like a frictiocaosl
force, and nri-n- bacanes the expansion of th- tUnlvares
edshifte’avay' the kinetic enargy of $(= R~ ). The
r: term accounts for particle crestion duse to the tima-
variation of ¢ (refs. 21, 22). The quantity T is det-
sirevgth with vhich they coupla {T™* = i1ifetiwe of & ¥
particle). The uxpansiocn reate B is detarmined by the
ansrgy deosity of the Universe [through eqn. (5a)):

p=ib? s vd) 4o, (15)

vhere p_ tvepresents the ensrgy density fu radistion
produced by the time variation of . For T << T_ the
original thermal component mskes a ucgliglb!c contftibu-
tion to p. Tha evolution of L ie detarmioed by

. ¥
b + 4mp_ = 1§2, (16)

whare thae ri’ terw asccounts for particle crestion by ¢.
In g!!!!ag aqne f‘&ui‘\ T hawa l--!l-lbl- .nnn--‘

AT anay =rrumwa

that ¢ 1is spstially ho-ollu-out. To some small region
(inside a bubble or a fluctuation region) this will be a
good spproximation. The size of this smooth ragiocn will
ba uni.porta?t' take {t to be of order the phyllcl

horizon s O ~ . Wow l-( I IUILD' the evoigtion of '

within the small, swmooth patech of size H™ (T coll K -1

the ‘'phyasics horizon' because cohnrcnt !hysical processes

can oaly teke place on a timescale * e~folding time
for R(t), snd thue causality implies a langth scales
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£ -1 on which coherant physical processes can oparate.]
If the potential is flar somevhars betwesn é= §

and ¢ = g, than § will evolva very slowly ian that ro;!ou.
and the motion of ¢ will be 'friction-domingted’ so that

3né » -¥' (in the slow growth phass particle creation is
got important). If V is sufficently [lat, then the time
required for ¢ to transverse the flac {cgion can be long
cosparsd to the expansjon timesceale B~L, say for def-
faiteness, T, = 100 A~ Durlng t,;c slow growth phasa
n - -!A\ - WPA o AY. L-hi n -l ara <4< L FF %Y Tha

L 4 TRVJ T WAV T Wi LA A ) 4 Am S5 YAy se AE

axpansion rate R iw thca ju‘t

n = (svv(0)/3a } 2,4
(17)

where V(D) fs assumad to ba o! order Hé. While B »
constapt R grows aexponentially: R « exp(Ht); for 1, =
100 8-1 g axpende by a factor of 0100 during the ardy
rolling period, and t{c ph!clc size of the smooth
region incresses to This exponantial growth
phase is callad s deltt:cr phat-.

Ae the potestial stespens, the evolutiom of ¢
quickens . Wear & w o, & _oscillares around thae !ll lin-
fmow with !rcquouey ur wl . v"(o) = u%>>l1 " M I-
$ cscillataes sbout § = ¢ 1itp motien is demped ittielc
er!ntlon and the expsnsion of the Universs. 5 r-

the coherent fleld energy densicy (Vv +
eéaiiftiu fnto tedistion ia lass thea &n iﬁi-n-xuu ;.-a
(At. « =1}, and the pateh s rehasted to a temperaturae

U(l }=«the vacuum energy is esfficiently convartad
luto i. 1.:! a ('good rehesating'). On the other hand,
if I=* > l‘ s+ then § costipues to oscillate and the
cohere s f!cld cncr.y tedahifts away with the expansiont
(v + k: ) = [The eoherent field energy btehaves
Like aonrolitlvlltle satter; ses ref. 23,] Eventually,
when t = [~} the coberest f1ald oscillations decay into

. 1ight particles, apnd the .ltch is reheated to a tem-

perature T » (F/0)Mg = (Tm ,)¥<<N, ('paor reheating').
The evolution of ¢ ll l!unl‘lsol l llg. 6.
rot llnpllelty. let us sesume ‘good rehsating’

([ i’r reheating the patch has a physical wsise

00-— !- 18 em far M_ = 10 ﬁ-'\- ia at a tam-~
petatute o! ordar Mg, and in the apptoxlultlun that ¢
was initislly constant throughout the patch, tha petch
is exactly smooth, From this point forward the ragion
svolves like s radiation-dominated FRY model. How have
the cosmoiogicmi conundruws been 'explaiaad’'? Tirst,

the homogeneity and isotropy; our observable Universa
today i 102¥ l had a physicsl llt- of about 10 cm
(= 102 e-:!lllol Ge¥) when T vas 1014 GeV. Thus it

11es well within cne of the sacoth regions produced by
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Figure 6 - The avolution of $(t). Duriog the slow

gggggh nhass tha tima rasuirad fav & pn sbhamarc 2w . a_
-4 T FRET SERTeA TS a¥a ¥ Ve uusup¥ spprEca-

ably 1a >> H™%, As the pttontlal steapeny § evolves
rapidly (timescale << H*!), evantually oscillacing
about tha 383 ainimum. Particle ircatiou damps the
oscillations of ¢ in a time = [~l, rehazting the Dai-
¥aree €0 & temperniture We i€ T >> u.

the foflationary epoch. The flatness puxszle involvas
the smalliness of the ratio of tha curvature tera to
thol;n.tgy density term. This ratio_is exponencially
. -

maller after iaflation: X ftar " * X afore since

the cnor;; density before and after inflation is o(ué).
whilea k/R* has decrsased sxponentially {by ¢200). Since
the ratio x 1is reset to an exponantially smsll value,
Che inflationary scenario predicts that today §§ should
be 1 ¢t 0C10-B1C #y, Assuning the Universs {s rehasted
to & temperaturs of order M., & baryon Asymastry can
evolve in the usual way, llghougf tha quantitative da-
taile may be slightly differant.ll Altarnativaely, tha

_ baryon asyametry might be produstd directly {n the decay
of the Higgs field oscillations?®, 0f course, 1t 1s
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absolutely necassary to hava baryogenesis orrur after
taheating since any baryon number (or any c susntums
number) present before inflation is diluted by + factor
- c:p(llt’) - the factor by which the totsl entropy in-
CLiEEBEw .

In fact, the real key to understanding how inflation
works ts the entropy produgction. The entropy of the ob-
ser.. la Universe_§s = 1088 (= 7 times the nuwber of
phctons within 1028 co of us). 1In the inflationary
scanaric a smooth patch of size = A™* w 10747 ¢m and 1s
1nitial teaperaturs = 101% Co¥ wich totsl_entropy = 10
grows to a final size exp(iy,) B-1l (= 1017 cm in my
exsmpla) with tamparaturs = tnitlal temperature, cor-
responding to an antropy incrpsse of exp(3Ht.) and a
fipal total entropy of = 10132 >> 1088 « theaVtotsl
antropy of tha pressantly observed portion of the Uni-
versa.

Since the patch that our observabls Univarse lies

sithic wss ooss {2t the begiening of inflesticon) csusal-

1y~coherent, the Biggs flald could have bean sligned
throughout tha pstch (indeed, this ie the lowvest saergy
coafiguration), and thus there is likely to be { 1 mon-
opols within the entire patch which wes produced 2s a

topological defect. The giut of monopolies which occurs
in the standard cosmwology dose not occur. The produc~
tion of othar topological defects (such as -domain walls,
ote.} is avoided for similar reasons.] Some monopoles
will be produced after rehesting in rere, vary ener-
getic particle collisions. As discussed earlier, the
posber produced 1s exponeantislly small (and exponen-
tially umcertsin). .

As dsac ‘bod. the foflationary sceunario produces s
large {>> 10 cm) rezian which ts absolutely uniform.
Thie 1o iteelf 1e & great achisvement--previously 1t
was necessary to asvume that the Universe v+s inicfally
isotropic and homogensous, an assumption whi.u is some-
what disturbing since the set of fnitial daca for the
Einstein equations which evoiva o a iﬁd!i iiniverse as
smooth as ours 1s & set of measute sero. But what
about the seall density inhomogeseities needed for the
evantual formation of structure?! The axact smoothness
of the final patch results from the assumption that the
Nigge field ¢ vas precisely spatially unifora within
the patch. Due to quantus machanical fluctuations 1ic
te not possible for ¢ to be pracisely umiform. 1In
facet, it has beaen shown that the daSitter space producsd
fluctuations in & (A4 = R/22) lead to & apactrum of
density inhomogsneities, which eventually cross the
horizon vith an asplitude

-

(Epl0)y *+ 831, (18)
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whars e ims to ba aval, h

luatad whem =
crossed outeide the horizon during tha inflaticnary
phese.26-79 gince § = constant during fnflation, the
predicted spectruw of density inhowogeneitias 1w ap-
proxisately findaspendent of the mass scale (this is the
o0-calied Zel'dovich speactrum). Thie warks the firac
time that the spectrum of density iohomogeneities could
be calculsted from first principles-~in the past the
spectrum of density perturbations has been taken as
arbitrary fnitia]l data. An amplitude of 0(l0~%-10-3)
would lead to a picture of gelaxy formatiea which 1s
coasistent with present observations of the distribu~
tion of galaxies, atc., and results in microvave tem-
" perature fluctuations (on angular scsles >> 1°) which

are consfstent with current messugrsmentsfupper limire,

[8uch a spectrum results in definite predictions for
ST/T on large-angular scales, predictions which could
be checked vhen experimental sensitivities improve by
about a factor of 10, lil!rlf. 19. thg density per-
torbation conmtraint, A<f¢ = O{iG~5-10"~), is a very
stringent constraint on models of faflstion.

The maw infletionary Universe scemario appears to
have the potentisl to resclve all the coemclogicel
puxsles 1 have discussed, with thea very notable excep-
tion of the coswological coostant purszle. ([In Lact,
in some sense it 13 & houss of carde built upon thie
puszle.] 1Inflation results 4o a Hnivar;! vhose present
state on scales at least as large as 10 cm is in-
l1ikely to be privy to) and depands only on microphysics.
Clobelly (1.¢., on scalaes { the present sire of a
bubble or fluctuacifon region) the Universs could asppear
vary different--highly fnhosogeneous and anisotropic.

Although the scepavric 1s extrasely ativaciive, at
prevent, s truly coupelling {nfletiovery scenaric iws
otill lacking. The first model studied, the Coleman~-
Welnberg SU(3) model,2+3 {9 baset by ousarous problems,
the woret of which is the emplitude of the predictad
densit p;iturbation.: (Sp/ip)y, » 0{10-100). A number of
groupse o- have studied -up-!oyn--tt!c andfor super-
gravity models, in which the inflationary phase trane-
ition is oot sssociated with the 388 of the GUT. To
date thess models have either been plagued by cosmolo-
glicel psoble-o {e.8., tnvufficient rehaating for baryo-
geasete’?), or are Just toy wodels constructed to givae
s viable inflationary cosmclegy. So st present wa have
4 very attractive pacvadige,’”™ & very precise pra- 24
scription for the scalar patentisl vhich {s wanced,
but no compelling psrticle physics model. It remalns
to be seen If a model will be found which canm both im-
plement nev inflation and predict sensible particle
physicn.

One of the most fundumental cosmological quantities
<p>, the avarage wnaes density, is alse coe of the most
poorly comstrained. As I diecussed esrlier 0 (2<p>/p__,.)
ie only known to be in the interval 0.014-0(3)., How ~-°%
doss one deaternine <p>? Prom a theorist's point-
of-viaw it's all very straightforward:

P> @ <ng,, > w Mo, >, (19)

1.e,, one deternines the svarags number density of gal-
axfas and multiplies it times the average mavs sesoci-
sted with a galaxy. Wote, by doing this I have facitly
assamed that 1ight faithfully traces mess-z highiy asn-
trivial assumpticn. Howaever, since our knovledge of
the Universe is derived primarily from photeanse, it is
difficult to find » tcchnique which does ot rely upon
this assumption. ['Resl sstronomers' measure <p> by
dstarwiniag the aversge sass-to-iight ratio associated
with o galaxy (i,e,, messure M, measure L, and take the
ratio), sud wmultiplying it times the luminosity denstity
--6¢ quantfity which they cem aleoc readily messurs.]

The baeic dyvamical techoique by which the mass of
a distunt object (Erom the eaxth, sum, on up to cos-
sological objecte) 1is measured relies upon Kepler's
third law:

CH = r » v!= {20)

here r and v are the orbital radius and velocity of &
test particle which orbite the mess M. The mass sesoei-
ated with the luminows stutf (undoubtedly baryons) can

be determined by studyisg the orbits of stars and gas

elouds at the distance from the center of & galexy
where the light 'ceaps out' (Nolmberg radiva = 10-30
kpe for o spirsl galaxy; mnote that tha lominosity falle
off axponantfislly with d4stance from tha cantar). Tha
lusiscud wass determwined this way correspends te fi =
0.007, which is earily comsistent with nucl-o-yuthi'!l
{(0.014 ¢ Q £ 0.13) eand slresdy ivdicates tha prasance
of dark ba‘yonlc matter (et this lavel, very Llikely gas
and duse).

If luminous wses vere the whole story, then as onae
messyred orbitsl velocitlies bdeyond the Holmberg rldéut.
one would expesct these valocities to decrease as r~,
This is not the csse. Orbital (also called rotational)
velocities for spirsl salaxies remain constant beyend
the point vhere the light has ‘'crapped out'--indicating
that the mass {which cannot be due to luminous stuff)
continues to increase linearly with e, cf., eqn. (20).
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Rocation curves have besn measured out to 120 kpc and
continue to ba flat., The dark mattser inferred by these
measurements Is at least 0(3-10) times the luminous
componsnt: @ . 2 0.03-0.10.

Savarsl col-cutu are in order at this point.

Since there is as of yet no convincing evidence for

aven & single rotation curve which eventuslly begins teo
fall, this is a lover liamit to the dack coaponent. It
1s possible that all of this dark msttar is baryonic
{and very likaly that st least some subatantial fraction
of 1c fe) since primordial nucleosynthesis tells ue that:
0.014 < 0}, < 0.15. While it is ganerally assumed that
this dark halo material is distributed moras or less
sphericslly, there 1 little or no direct evidence to
support this hypothesis. The main reason for thie ba-
1iaf is that this msterisl which is less condensed then
ths luminous matter is likely to ba composed of effect-
ivaly collisionless particles (e.g., low mass stars,
black holaes, an exotic relic particle species) which
eannot undergo the dissipation nscessary to form a
highly noo-sphericsl structure {(such as the galactic
disk).

There 1is additional evidsoce for the existencs of
dark matter basad on the dynasics of larger syastems
(binary galaxies, small groups of galaxies, and rich
¢lustecs of galaxien). 1In fact, there 1is soma indica-
tion that the infarred valus of {i increasss with scals
(suggeating that dark matter prefarentially c¢luscers on
larger scales). Usnfortunatsly for the advocatas of
= 1 (ayself included) there is no dyoamicsl svidencs
for @ = 1 (the largest inferrad values of 1 are =
0.2-0.6), What is vary clear is that the domtoant com-~
ponant of wass density is dark (be 15 dark bsryoums or
axotic relice). TFaber and Gallagher 3 have recently
caviavad tha issus of dark sstter in the Univeress.

What fs the dark matter? Lat me begin with the
mors mundana candidates and then procesd to the exotic.
It 8 £ 0.13, then the dark matter could be ordinary
baryons in tha form of Jrgitora. low mase stars (the
lominosity of a star *« M%), dead stars (e.g., white
dwarfs, neutrom stars, or bllgk-holua). or aven large
black holes (of msss up to 109 M )-~although 'hiding’
this much mass in any of these forme is not an sasy
taski3d4 1£°Q > 0.15, then 1t canmot be ordinary bary-
one, but could ba in the form of primordial black holes
(M £ 106 M) since they do not contributa to Q.

Pnrtigle physice has ganerously provided us with a
very long list of {mostly hypothetical) weakly-inter-
acting particle species whose relic abundance could
supply the wass denaity contributesd by dark matter. A
partial liscting of the candidates is given below in
Table I. .
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ZABLE 1 - CANDIDATE ‘DARKONS'

Candidate Haass Abundance
axion - a(10"3ev) 0(10%u"3)
seutrico 0(10 ev) 100 cwm??
gravitino/photino O(keV) faw c--a
sneautrine 0(GeV¥) o(lo"c-'3)
phot tno 0(Cev) 0(10%cn"?)
suparheavy 16 - -
macpeley 010 %cev) o(10" %™
pyrgons, waximons, k°(101,GOV) <0(10"2%:a")
nawvtoritas, ~
parrypolas,
primordial black >> 13".= << 0(107%5 ™Y
holas, jupiters, 103? Gev
ste.

Given that dark matter dominates lumincus matter by
& factor of at laast 3-10, the composition of the dark
matter will clearly have an importent bearing on the
forwation of structure o the Untverse. In spite of tha
long 1list of cendidates with vary different masses some
genersl themes have emargad. For collisionlese dark
satter {which fncludes all of the candidates under con-
oidatstion) there are two lintting cases: ‘cryons'3d
(or 'cold’ dark matter) and ‘thermons' (or 'hot' dark
mattscr). The distinccion has to do with whather or oot
the 'darkon' species is relstivistic when the Universs
becomes mastter-domtnated. Racall that an I = ) Untverse
becomes matter-dominated whan R/R % 4x10-7 and the
tsmparature of the Univacaas was 0[!8‘!?) (regardless of
the composition of the dark component); the mass con-
tafined vithin the horizon at that time is » 101; h-4 i
SIbout the mass of & suparclueter). 'Thermons' are
darkon' specfes which are still relativistic ac the time
of metter domioation--since T = 0(1l0 eVv), thia inplies
that .1 must be £ 0(30 «¥) (aversge snargy/perticle of
& particls species in equilidrium = 3T). ‘Cryons’' are
particles which sre non-relativistic at the spoch of
matter-domination, implying chat m; must be >> 0(30 ev)
io this case. The sxception to thil simple mass cric-
erion are sxions--they sre never ia thermal equilibrium
and are ereated vary cold (a condensats of Ier0 moman-
t:u particles). This leavas the asssivae nsutrine as
the only "thermon’ ia Table I.

The importence of whether or not the dark particles
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]
'

are relativistic hee to do with the damping of emall-
scale perturbations by free-etreaming of the darkons,
2180 refarred to ae collistonless phasse mixing or

Landav dawmping. In an expansion time, portutbntion!
in the darkons c¢an diffuse avay on lnnlth scales ¢ B

x (velocity of the particle); since H-1l « t the damping
wcale fncreases until the darkons becowe nonrelativistic,
at which time the dawping scale reaches ite waximum val-
ue (up to log tactore). For a darkon species which is
in thermsl cqgélibriu-. that maximum damping scale is
approximataelydt,}’

3, 2
My~ moying

= 321012 /a (kev) . (1)

All faitiel density pearturbetioos on scalas £ Ny are
washed out by ‘free-streasming’ of the dsrkons.

For a thermon, M_ = 3:101580. implying that the
first structures to tgr- nuet be supercluster sise or
lerger, end that tbese objecte munt subsequently frag-
ment to form galaxies. 12

On the other hend, for a eryonm, My £ 1077, (taking
as the criterfon my } keV). 1m s eryon- o-!nut!d Uni-
verse structure cano forw on ssall scales {galaxies or
pecbaps smaller) ficret and then build up to larger-
scales 1o a hiererchical manner. Clearly the thermon
aad cryoo scenarios are qualitatively vary different.

Nomerical simulatioans of both scensrioe have been
performad. The thermon (neutripo) simulations do =
fine jJob of rapreducing ‘the large-scale structore and
segreguting the dark and luminous matter (which i{s not
surprisiog sisce the thermous are smooth oo scalas £
10l H.). This is perticularly good for 'Q0 = 1 advo-
catea’ since thare 18 good evidence thet the amount of
matter wvhich clusters on these scales (£ 1015n.) comes
sowhere near giving 0 ~ 1 (closer to 0 = 0.1), How-
avar, o¢ oue might have expected, thess scensrios
have Jifficulty reproducing the observed small-scales
structurse §in particular, the galaxy-galaxy correlation
funetion).

The cryon simulattions leok very promisiog. With
the Zel'dovieh spectrum of density perturbations thay
saem to be able to roptodn§; both the large-ecale and
the small-scele structure. A potantially disastrous
difficulty with cryons iv segregating them from lumi-
Boue matter on smsll eceles. Since this can only be
done with non-gravitational forcas (a.g.. some form of
dissipatiocn), and since there is no svidence for dissi-
pation on scsles } galectic haloes this swggeste that
the cryon-to-lusinous mass ratio should be constant on
scales 2> galactic haloes--thereby fmplying thet R 1s

-29 -

<< 1,

In fact in any scemario 0 = §{ 14 problematic since
there is no dyvamic evidence that 2 i¢ snyvhere nvear as
large a9 1. Unless tha dynamicel evidence is mislead-
ing, ths only way to reconcile it with R = 1 {s to
unifarmly epread out the maes density needed to bring
Rup to 1 (e.5. in relativistic particles or a relic
cosmological eonutlzs) 80 that 1t would have sscaped
detection thus far,

Lat me end this section by reminding the resder of
an importeant assusption which 1is slmost alvays made
when discussing structure in the Universe, that Light
13 & good tracer of mase. Thie is a very strong sssump-
tion and if wot true, cowld drastically slter eoma of
the conclusions mentioned above.

TAE BARLY UNIVERSE AS A NEP LABORATORY

In cecent ysars the early Universe and various
astrophysicel envirooments have been used quite sue-
cessfully to constreim the properties of particles
which by virtua of their feeble interactions or largas
rast marads capnot be etudied in terrestrial labora-
torfes. MNers I will go through 3 "case studies':
neutrisce, axions, and superheavy sagoetic monopoles.

Neygtrinos -~ In the standard cosmolegy light neu-
trincs (m Ma¥) are l!'l,l about as abundant as
photons (today = 110 cu”™? per species), making thes
particulsrly easy to study. Amy Light nautrioo spacies
will meke = eigaificant contribution to the energy
deneity of the Univares during the spoch of sucleosyn~-
thesie. Competitios between the axpansion rats (which
1s determined by the snergy density) t-‘ the weak inoter-
actltn rates determine the amount of “He syuthesized.
The "He abundance can thus be used to ¢constrain the
total number of light mentrino speciesd: n, A,

Stable neutrinoe of any maee will contribute to the
presest mass deasity. The comstraint oo the wass den-
sity of the Universe, 0Ok 0(1), implies that any
stable neautrine species be lews sassive than 0(100 V)
or mors saseive then 0(2 Ce¥). Am unetsble neutrine
specias vhigh decaye radintively (e.g., v + v' 4 y or
V+ v' 4+ e*) runs the risk of *photon pollution'. The
photon spectrum of the Universe {s shown in Fig. 7, and
the sase-1ifetine. constraints vhich follew from insist-
iug thst neutrinos have oegligible cosmological environ~
mental impact are dieplayed in Fig. 8. For a mass-1ife-
time relationship of the form

LI lﬂ'sg(nulnv), zec, (12)

vhere g is a numarical fsctor in the rengs 1---10l 1 only
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neutrino masses less than 0{100 eV) or more than
0(10 MaV) are 'cosmologically/astrophysically satfe'.
[The quantity g 13 a model-dependent factor which takes
into account aixing angles, GIM suppression factors,
atc.] All of thess nsutrino constrainte are raviswed
in raf. 41 (including a complste list of rat-rencoz!.
Axions - Models which employ the Peccei-Quinn
symwmetry to solve the strong CP problem predict the
sxistence of » light (m, = I'Ifr ), peeudo Hambu-
Goldstone boson ('the axion') 1en coupling strength
« g 2% (¢t = gscale of Paccei-Quinn $33). Astrophysice
and 30!.0[8[7 sevarsly copstrain_the alloved values of
fpq- If 0(100 Ge¥) £ fp, £ 0(20% GeV) sxions are eo
coaioully produced 1in :Eﬂ corss of main saquence and
red giant stars (vhere temperstures rveach 1-10 keV) that
they would carcy off the bulk of the amargy ptoducad by
auclear restions in the star. Biance the lifetime of a
star is determined by how vapidly 1t can 'get rid® of
"4ts nuclear [ree anargy, axion smission would haeten
.the svolution of these stars, shortaning the lifatine eo
,drnstleakiy that such stsrs would be too shortlived to
observe. {Laboratory experiments rule out foq 5 fov
100 Gev.) Q
The troubles for the axion ds not end here. Al~-
thoush a unnkly-coupl:d ('PQ 210 Ce¥) axion {dubbad
the *dnvisible axfon'#3) 1s astrophysically sefe, it 1is
not oecsesarily cosmologically safe, as was pointed out
recantly. The potential which 'anchors' 8_(the
anguler order parameter asssocistad with the ’SI of ctha
PQ aymmatry) at a CP-conserving value 1is due to in-
stanton effects, and doee not develop until a tempera-
ture of G(A cp)+ At higher temparaturee there 1is
nothing tha? plcks out a particular valus of 0 , {.2.,
¥(0 ) 1s flat, and so one axpacts the initial ﬂlcnlign-
mank of B. ralativa to the minimum of V{(8) to be of
0(1). When the fuscanton affects turn on 8_ begine os-
cillating; the energy dansity of these cohelant oscil-
lations behaves like a vary non-relativietic (cold) gas
of axions. The energy density of cthase oscillations to-
day corresponds to

rq110u cev)}}/9; (23)
therefore, unless f 1s ¢ 1013 Ge¥, axions will contrti-
bute too wuch mass lsnslty to the Universe. Astrophysics
and cosmol !y leave but & small window for f__:
109 Gev-1013 Gev. 0f courge, it goas wichoublsaying
that the case of €,. = 1013 Gav 18 of great cosmologi-
cal interest (sess fgbln 1).

8u vheavy Magonetic Mongopoles - The monopolss
predicci.. . . exist Lin GUTe 1ike SU(3%) have threg very

conspicuous properties:(l) macroscopic mass (10 6 Gev s

ab? « 1073(e
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figure 7 -~ The diffuse photon spectrum of the Universe
Jrom L = 1 km to A = 1024 m, Vaertical arrows indicate

uppar limite; horisontal arrows indicate an integrated
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19-8 fra- in 3U(3)); (2) hefty wagnecic charge g =
(2e)"! » §9 ¢; (3) the ability to catslyse -:iloon de-
cay _with a strong interacticn cross section: off »
1028 .42 (pe = nuclecn-wonopola relative valoeity).
These three propertiea lead to very stringent esstro-
phyeicel/cosmologicsl bounds on the relic flux of wsag~
netic wonopoles, which I will briefly reviev here (saes
rig. 9).

The mass dansit! in our neighborhoed of the gal-~-
axy 1o ~ 10-24 g ca “«~-the monopole contributionm cam-
not exceed this. This leads to sn 'iron-clad' menopola
flux limit of

2 _-1-1

0l% cev/u) enZar~1,71, ()

resz10%

[Here sad throughout 1 will sssume thet the monopole
velocity is = 10-3 c. 4ny initial velcity the monopols
had at birth has long siloce bean redehifeed sway. All
contemporary accelaration mechenisns (galuctic sagnatic
field, gravitacional field of the galaxy, pesculiar vel-
ocity rclltivo to the Hubble flowv, stc.) lesd to a vel-
ocity = 10°“c,] If mounopolas 4o not cluster in tha gal-
axy and instesad are emoothly distriduted fn the cosmos,
then their contribution §° the maes density must ba ¢
zpcrit = 4 x 1029 g ¢a~?, resulting tn the bound,

'1‘(101' Cav/m) cw Zgrlg7l, (23%)

F£10
{The megnetic fleld of our gelaxy -1*3 quickly sject all
nonopoles less mansive than sbout 1 Ca¥, auggesting
that monopoles less -z.liva than 1019 ge¥ should be
smcothly distributed.*3]

Magnetic wonopoles will be aeiclctltid bI magnatic
tields and thereby !ain EE (2 x 10%¥ em~1 G¢=1), 1In the
galaxy (B ~ 3 x 109 C; coherenca lnfsth = 300 pe =
3.1 x 10¢9) this awounts to = 6 x 10 Ca¥ per 3100 pe.
The °'NO FREE LUNCH PRINCIPLE' says that this energy
§ein wust ba compenssted for by a loss in magnetic £1eld
energy. Thus a monopole flux F will lead to the decay
of the galuctic f1eld 1o e tiwe 1 & (3%/81)/ (gBAnE) =
107 yro (10-160g-24,-1," I¥) [4wFgd = rate (per volume)
at vhich sonopoles gain XE.] Arguing that thegalactic
dynamo can re;cn.snto the sagnetic feld in s tl-z no
shorter than 0{10% yre) Parker obtsined the boundd?

L § lD-Iscn_znr-ll—I: (26)

for monopoles more massive than shout 101’ GeaV the grav-
itational effects (of the gelexy) must be taken into ac-
¢ount and-s slighely lese stetingent bound follows (ses
ret, 48)}. The 'Parker bound’ can be evaded 1f the mag-
natic flald of the galaxy is due to magnetic plasws
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ooeillatton-‘a'so (in which case the total energy oscil-
lates beatwvesu wognetic £ield energy and monopole KE).
Altbhough this scenaric seems rather unlikely, it i &
poseibility, elbeit axotic. In order for the oscilla-
tions to avoid Landau damping (in which casa the Parker
bound s valid), the smenopole phase velocity musi ex-
cead the ;;avitlcinual velocity dispersion in the gal-
axy (= 1077 e¢), which leads to a lower bound to the mon-
opole flux,

P2 kelat)?,
210 2 (u/10%0ev)ca2erat, (27)

vhere £ v 300 pe fe the coherence length of the gal-
sctic magoetic field, and v is the_gravitational veloci-
ty dispersics in the galaxy (= 10-3 ¢). This exotic
poseibilicy predicte a flux which 1s bagioning to be
is conflict with fonizatlon-type esarch experimants
(eaa Fig.. 9).

the 'Parkar srgument' has also baen applied to
the survival of intracluster sagnatice {lcld-. and te-
sulte in & muoch more stringent limit.d

r g 107 0 ter .2, (28)

However, the existance of thase fields is less well-
setebliohed. 47

Callan and Rubakov have shown that dues to '»-
wave suckiog' moaopoles ohonld'eatgly:! nucleon decay
with a large croes section (v 10-28 cu?), and the most
striogent limit oa the womepole flux follows from con~
sidering monopole catalyeis of nucleon dacay. The
basic idea iz very simple. Monopoles 1-pln|!!' upon
various sstrophyoteal obiects !:clt:ou sta ! + white
dvarfe,’? main sesquence stars, Jupiters, the sarth33d
stc.) will lose sufficient energy (through electronic
ntearsctfions) to become ceptured. Once inside thess
objects, they catalyse IIII!O. decay, thxr-by releas-
1n! emergy at & rate = 1019 (o ., /1018 g cu~3) ergs
- er monopola; thie euergy !. !ﬁ‘r-nll:.d and then
radiated from the surface of the object as soft x-rays
(nevtroo stars), UV {vhite dwarfs), heat (Jupiter and
the earth). The most stringent limic cowes from neu-~
tron stars. For exsupls, observations made by the
Einetein x-ray Satellite constrain the numbar of mon-
apol ineide the old radioc pulssr PSR 1929410 to be
£ 102+4; since the number of monopoles in PSR 1919410
ia proportional to the mencpole flux, this can be
translated tnto a flux boumnd of

¥ g lo-zl(cﬂflﬂ'zuclz)-lcn-zlr-lc'l; (29)
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MONOPOLE FLUX BOUNDS (V=10"2C)
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Figure 9 - Summary of the astrophysical and cosmological
constrainte an the monopole flux as a function of momo-
pola mass. Where ever necessary the monopole velocicy
was taken to be = 1074 c.
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dataction of such s tiny flux (> I Chicago~l yr=3) s a
formidable (Lf not impossibla) taskl Flux bounds based
upon messurements of the diffuse soft x-ray background
and ssrandipitous searches for x-ray poiot sources give
comparsble limicta. If the monopoles captured by ths
progenitor (= 10 My star) °§ PSR 1929+10 are taken into
accaunt, the bound becomens:

Pg2x10 808107 %) tea et (30)

corraspondiang to alightly less than 1 cnrth-l yr 1. All
of thess monopole flux limice (eummarized in Fig. 9)
presant s real challengs to the msonopole hunter/huntrees.
These three casve studies serve to illustrate how useful
and powarful variouse sstrophysicsl environments and thae
Univarse itself are as non-stendexd ARP laboratories.

CONCLUDING REMARES

Cosmology and particlae phyeics both have very asuc-
cesaful standard models: the hot big bang model which
provides s reslisble asccounting of the history of the
Universe from 10-2 sec until today, and the SU(3) x
.llf’\ - Ilf'l\ madal whisrh asrsurartaly dasnrihan narrdialas

- - PSS a Tialsl ESSElsvE=a SEEST A 2T salas

ph,l!cl at cnlt.ill £ 103 Ga¥., Progress in both fields
has coma to depand upon ths link betwsan the two, 'The
Inmer Space/Outer Space Connection'. The iaterplay be-
twean thase two fields hae slready produced some vary
axeiting and important results--baryogenasis, ‘the
mopopole problem’, the inflationary Universs paradigm,
numerous candidates for the dark mattar, and stringent
comnetraints op neutrinoe, axions, snd monopoles. The
fuoturs of ressarch in this intsrdisciplinary field
promises to be exciting, and I beliave, will very likely
provide ue with some nev surprises. Along this line let
me conclude with some scbering thoughts asbout inflaction.
Iaflation is extraeamely asttractive becsuse it offers

the possibility of resclving a number of very fundamen-
tsl cosmological puzsles with 'relatively well-known
physics® (88D trsnsitions in gauge theorfes). Howaver,
any scanario vhich ganerstes an enormous amount of an-
tropy has the ssme potentiasl (e.g., particle crestion
by quantum gravitational processes during the planck
epoch, entropy crestion dus to compactification in a
Kaluza-KElein theory, ste.). With regard to understand-
ing tha formation of structure inm the Universe, l:tlngsss
provide s potentially vary asttractive slterastive to the
creation of (adfabatic) density percurbations. The twa
kev predictions of iaflation, f1 » 1 = 10-BIC # 404 phe
Zel'dovich spectrum of density parturbations, are so
cosmologically~compelling, that I consider them to be a

. raquirement for any viable candidate early Universe
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sceanario (the sute to get into the game, s0 to spesk),

and

1f observationslly vaerified cannot really ba con-

saidered to be a verification of inflation.

This talk wvas meant to be s brief overview, rather

than & thorcugh reviev, of an exciting and cepidly grow-

ing

field (and wes writtean uader great durese!). I

have tried to cite key papers and reviews which con-
tein more complete liste of references, rathar thsa to

provide a thorough list of referesncas.

1 apologize for

my errors of omisston, both in subject waterial and in

tha

1iterature cited. This wotk ves supported by the

DOE both et Yermiled and Chicago (ACO2-80ER-10773 AOG4),
by NASA st Fermilab, and by the Alfred P, Sloan Founda-
tion.
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