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degrees Of freedom g, c= 7,s x 

for species vitll ease << T’: 
Fermi + + ;.., eJ* 

pr = g, 4130 I+ 
(where thermal equilibrium has been assumed and 

6-t-C-l’. AS the “nfverrre expends. T = 

a(t)-‘, 80 that Dr = a-4. 



course on large scales. say >> 100 klpe. the "IIf- 

Yerse ia wmoth. as evidenced by the is.3trcq.y Of 

the microvase beckground, number CoYnte Of radio 

80UrCeS* an* the iostropy Of tile x-ray b*ck- 

grmln* . 

The surface Of L38L scattering for the 3K 

microwave background fS the Universe at 300,000 

yeara after 'the bang', when T - 113 ev and a = 

10-3 
%d.g. Thvs the "-save background LB a 

fossil record Of the Universe at that "my early 

epoch. The ieotropy Of the li-veve bac!q,raund. 

m/T < 0(10-Q' on engvlar scales ranging from I' 

co ,%I- (eee Pig. 2'1, implies that the "oi~erse 

"88 smooth at that early epoch: &PIP << 1. 

There is e calculable relationship betveen .5T,T 

and b/P (which depend8 upon the nature ot de*- 

sity perturbations present-type and spectrum). 

but typically 

(6P/P'DEC = Y (srlr' = 0(10-2-10-3', 

where d is O(lO-100); a deteiled discussian Of 

this relationship Will be presented in sec. III. 

so, the onIYer8e wea very smooth, and ta.+ 

it is very lumpy-he." did it get here from there? 

POT the past decede. or so, caamologiecs hew a 

general picture Of ilow this took place: sterting 

at the equal density epoch the Small primordial 

density *"homogeneities present grew via the 

Jeans or gravitational iostabflity. into the 

large *"homogeneities Ye Obeer"e today. i.e.. 

galaxies, C1"ster.B of galaxies, etc.' After 

decoupling, when the Universe is mrtter-dominated 

and bargone are free Of the pressure *UppOrt 

provided by photons, density inhamgeneities grow 

as 

6PlP = a(t) (60/P i 1) 

> a(t)) (b/P 1 I' 

me isotropy Of the Ll-bQY.2 background dhvs for 

perturbations as large as 10-z - 10-1 at 

decoupling, and the cosmic scale factor a(t) has 

grown by slightly more than a factor Of 103 sinee 

decoupling, Ch". it 10 possible for the large 

perC"rb.time ve Bee today to ilaw grmm "p from 

small perturbations preeent at decoupiing. This 

18 the basic picture "hiCh is generally accepted 

a* part Of tile 'standard cosmology.' 

I “ant to m~hasire the im~~rt.me of the 

initial data for this problem; without Lluch. it 

is clear Ch.L a detailed picture Of atNCt"re 

formation Cannot be C.nBtruCted. As I "ill 

diecuss, it is fn this regard that the Inner 

Spacelouter space eonneetion has beea *o impc.rt- 

ant. events *ictl we belieYe COOL p1*ce during 

the earliest eomente of the history of the “ni- 

verse ami which Ye are Just now beginning LO 

“nder*tan*, ilaw 8i”rn ue important hirite LB to 

the initial deta for this problem. Beca”Be ot 

thee hints froll the very early “ni”er.e. the 

problem has become WCh Imore focu*ed, an* at 

prellent CYO det*ihd scenarios exist-the ‘Cd.3 

dark mtter’ picture end the ‘hot-dark matter’ 

picture. ks we shall di~cuee. neither picture. 

unfortunately, presents a totany s*tlsfacory 

BCCOYnt at preleot. The yardstick by which any 

scenerio met be measured is hOU well does that 

scenario reLr.duce the Universe Ye observe today? 

c. me “Diverse we Observe Today 

AL8 far as the eye can tell. the basic 

building blocks of the Universe are galaxies-- 



typica cr.%88 1012 Q ( or 1069 beryons’ and lu* 

io~slty, IO** erg se.2-l. Galaxies to a first 

glance are uniformly distributed. Hcwewr they 

do shea a tendency to c1u.t.r. quantified by the 

gahxy-galaxy correlation f”nction: 

egg cr.) = (rl5h-I,,pc)-~.~; 

ior reference, 1 “PC = 3.26~10~ light years = 

3.lXlO-ClR. Galaxies are found alone (‘meld 

galaxies’), in small groupe Of galaxies. and in 

rich clusters (bound Bystems co”tefning hundreds 

Of galaxies’. Clusters themselves seem to show a 

tendency to cluster, qvantified by the cluster- 

cluster cnrrelat1.a” f”“etioo. 

E,, (r) = (r/30h-1 MPC)-‘.~. 

There is evidence for even larger-scale 

stNct”re (i.e., an scales > 10 MPC’: super- 

el”sters, aggregates which are just becoming 

bound objects and contain several rich clusters; 

voids, regions Of space aa large 88 10’S Of Mpc 

ecro*s “hiCh are deficient in bright galaxies; 

filament.. tiieh are seen as long chains of 

galaxies. Thus far, these very large-scale 

structures have eluded useful quantLficatio*. 

As mentioned earlier. there is the cosmic 

mieroua”e background radiation--the fossil record 

Of the Universe vile* a(t) = 103 atodey. The 

interpretation Of the a”isotropy Of the micro.d*ve 

bsckground Will be discussed in sec. III. There 

are also the ‘peculiar velocities’ Of galaxies 

(i.e., their motions reletlYe to the H”bbk 

fh”‘. The*= peculiar “eloeities are presumably 

due to gravitational effects kld not rocret 

engines propelling galaxies’ and *o are related 

to the lumpiness of the Universe. 

Pinally, there is the composition of and the 

aM”nt Of scuff in the universe, quantified as “i 

(1 = component in question). L”mino”s matter iB 

easy to find. but only aCCo”nt* for a tiny 

fraction Of n: RLUn = 0.01. The best measure Of 

the baryo” mess density comes from prinordial 

““cleosynthesis; concordance Of the predfetians 

and Obser”aCiOns Of the light element abundances 

requires: nB = 0.014 - 0.15~-which is larger 

than nLUH (thank God!), but far sh.,rt of n = 1. 

Kepler’s third law (ml = G/r) dlO”S “6 to “se 

the orbital motion Of stars arId gas clouds I” 

gakdes to mee8ur-e the masses Of galaxies 

dynamically. The fact that orbital velocities 

renain COnsCant as the distance r from the center 

of the galaxy exceeda the distmee where the 

light ‘craps 0°C’ (in virtually all spire1 

galsxiee studied’ indicates the prellence of Ye*t 

q”e.ntities Of ‘dark matter’ in spir*1 galaxie*: 

oRAu) 10.05 - 0:1 (in the ,argon--the SC-called 

‘flat rotation curves’). A few cnme”t* ere in 

order: (I’ flat rotation curves are the ile*t 

evidence for the existence Of dark utter *rid 

from them it i* flE.r that dadi matter ‘mt- 

weigha v l”mi”OW aattee by a large factor (at 

le*st 3-10’: (2’ at pre*ent. only a lover bound 

U” be ~lafed 0” the -“nt of 110 ulle., ‘h.l.,’ 

derk matter. since there is no con”incing ea- 

dence for a rotation curve which turns over 

(i.e., ” - r -1’2 a8 it would once most of the 

ma*8 Of the ByStem was interior to r’; (3’ at 

present. prtmordial nucleosynthesis does “Of 

preclude the pesibility that the Liar&c mtter is 

t.llryons. other ceehniques (includitlg weighing 

clusters by means of the virial theorem. ueighiw 

the Virgo c1ueter by me*ns Of our peculier motion 

tcNar.3 Virgo, etc.) have been eqaye.d to Iresure 

n cm scales YP to 30 “PC (or 80’ and all yield 

valves in the range Of 0.2 t 0.1. IWith the 

exception of measuring the deceleration of the 

expmsfon, all techniques for determining n are 

only sensitive to the cOmpOne”t Of aatter that 

dumps; the phrase ‘to measure ” on (t given 

scale’ then mearm to measure the amount of matter 

Which clumps on that scale; for a mre det*iled 

*iscu*sion Of determining n. see ref. 5.1 

TO eum0ari.e cur knovledge Of n: DDnt Of 

the matter in the Universe is dark, at present 

eonpo*ltion “nknown; the obse.v.timw can be 

summed YP by: nOBS = 0.2 l ‘0.1’ (see Pig. 3’. 

0. The Hints 

Ae we have emphasfzed, the formation of 

BtnJUCt”re problem can be viewed a* an initial 

data problem: given the type (adiabatic or 

isothermal) and BpeCtrm Of density perturtw 

tions, specified by the power 8peccrum k 3’2 16J, 

the amo”nt Of matter, specified by ” = x$, an.3 



the composition Ci = bsryons, WIHp’s, etc.), the 

evolution Of *CNCt”ee in the Universe can be 

numericellpsfmulaLed (see see. II’. *disbatic 

perturbations (k”Ovn in the oodern “ernafulsr es 

c”rYat”re pert”rbstions, are hones L-to-God 

vrin!den in the spscethe manifold, cbsraeterired 

at early the* by: 6ni,ni = **me for all *p&e* 

i (i = photons. bsryons, WIMP’S). ISOthe-l 

pert”rbetion* uumml in the modern “srnsculsr 88 

‘Isoc”.Ys~Y.~’ perturbetions’, on the other hand. 

sre merely *patid “srfstions in the equation-of- 

state, not honest-co-God vrinliles in the space- 

time manifold. *nd at early times are character 

ir*d by: 6% = 0, (and ileoee 6P = 0’. a(“+$ + 

0 for some SpeCies i. i.e.. some species is hid 

dm-0 non uniformly. The quantLty St is the kth 

Fourier component Of 6Ph. where k = ZS,h and .4 

sre the cormving vavenumber and wavelength of the 

lk.ur*er coo~nent Q. The physical ua”enumber 

an.3 wavelength are related to k and i by: kph = 

Ws and )Lph = sA. With stoday = 1, k an.4 A sre 

the present physical wavenumber and wavelength of 

the perturbation. Physically, !s’z /St1 is wbat 

*..lst people call 6PlP. more precisely it is the 

MS mass function measured on the scale k (or Al. 

NW for the hints. Bsryogenesis seenllrios 

for the origin Of the barym *symmetry predict 

that “& is only s fvnction Of microphysics and 

is therefore spatially CO”8LS”f, i.e.. bsryo- 

ensis strongly suggests that isothemsl bsryon 

perturbetions should s be present.6*’ LISC- 

thermal bllryon perturbations are one of the 

‘initial data’ that in the past received lmxh 

screorion.‘l The lnflstfo”sry ““i”erSe 

seenerios~ generically predict adiabatic prtur- 

betions. with the Zel’dovieh spectmm (vfth the 

amplitude depending u,mn the detsils of the 

Bpecific reali.arion’.~ Inflationary models with 

axlmus also predict isothermal ~rcurbstians in 

the e.xion~.‘~ cosmic strings es* induce iso- 

thermal pert”rbations in the matter present in 

the universe.l~ I should mention that until 

these hints came along, cosmologists had no clues 

as to the origin or the nature of the primordial 

density perturbstioos. 

With regard t., “. All theoretical prejudice 

argues for ” = 1. and the fnflatiom,~ “niverme 

scen.rio* provide an *ttr*ctiw ran* of ieplple- 

q enting this prejudice. Concordance betwee,, the 

~redictioos of prioordial nuclec,syntheei, d the 

inferred primordial abundanfes Of 0. Ed, Be’, 

806 I.17 requires: 0.014 i Og ‘ 0.15. Since the 

early Universe vas hot. all IaId* Of particle*. 

both familiar and unfamiliar to YB. ahmld hare 

been present in greet abundance (p = y, for 

T a 5’. Of particular intere*t src those 

sweies which are stable (or at least seq long- 

lived’ snd “*aupinceracti”g. the so-called 

WIMP’*. while *t&de. *tmr.gly=intErafti.g 

~artleles will diminish in number by annihilatim 

when the temperature of the “nlverse falls below 

their mess [bx/~‘eq = bJT)~‘2 exp(-mJT)l and 
became very scsrES, YIPIP’S. aring to the feeble- 
ness of their inter.ctions, vill cease to anni- 

hilate *en their abundance is still significant. 

and thus can be present toby in si@nificant 

numbers--perhaps enough to contribute the * 0.9 

Of critical density needed to bring 0 to L. 

Given the aass and interactions of a prticle it 

is straightforward to tompute its relic abw,da,ee 

and the mass density it contribues Coda,. 

Pertide physics has been very ger,er.,m in 

s”pplying cnndldrte VIHP’S hose relic shndanee 

Ccmld prwfde nwHP - 0.9 (see Table 1’. 

Bopefully. Lsb0r.Cm.y experiments in the lbsr.t 5- 

10 wars will narrw the list of possibilities. 

Given these hints ss to the initial data for 

this problem, detailed scensrios can be played 

out (to be discussed in the next sectioo). Tvo 

limiting *cen..fos follow-hot dart mstter 

(ne”trinoa’ and cold dark matter (essenti*lly al1 

the other candidates in Table I). “nfortueetely, 

neither picture is totally SatisfectOrg. IO the 

hot dark matter scenario, galaxies form too late 

(redshifts less than 1’; in the cold dark nstter 

CSSe. the best fit to the observed “Rivers* 

requires *h = 0.2. 

This brings us to me of the amrent and 

pressing open questions--‘the n-problem’.~’ 

Theoretical prejudice dictates 0 = 1.0. vhile 

observations indicate that noBS = 0.2 ‘m.1’ - 
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far Short Of 1. since the ObserY.tions are only 

sensitive to the coopment of matter that clump, 

the two Views can be recooeiled If there exi*ts s 

smooth component which contributes QSmOTH = I - 

%BS 
i 0.8 * ‘0.1’. A variety Of p*sibil*ties 

have been suggested for the smooth mmponent: s 

relic cosnologicsl ted2 *I); wmP’s’2 (v**kly- 

fnterscting relat*Yi*tiC psrc*cles’. produced by 

the recent decay of WIW’S; fsst-mo”ing 

string*‘*: or ‘failed galaxies’, i.e., gal*.xles 

which for same reason failed to ‘light up’ (this 

Yery interesting possibility “ill be explored in 

I”‘. Another possLbility is that mstic strings 

plsy an important role in sCr”Et”re formation 

Cthie till be discussed in “j. 

II. HOC and Cold Dark. Hatter 

once the “ni”erss is old enough *or the 

cosmlogiesl horiron to encompass sny given 

fl”Ct”atio”, @ysleal proceises can slter the 

noplitude which it was given st the much earlier 

epoch vhen it was generated. wLnw’* decouple 

from other matter in the Universe well before 

galaxy or cluster sire* fluetustions become 

causally connected. and so the evolution of such 

perturbations is psrt~culsrly sbsple. It depends 

only on whether the UI”T’s sre relativistic or 

not when the fl”ctustion enters tile horiron, snd. 

in the latter case. on whether the Universe is 

mstter- or rsdist*on-dominated at that the.15 

If the VIM?‘* are relativistic they stream out c,f 

the fluctuation in all diretrims a,., its 

amplitude is StrO”gly *uppres*ed. A11 

flwtustions smsller than the horiroo scale at 

the time the WIHC”s go ooorelativistic arc viped 

out by this proces*. larger fluet”*tioos are 

scsrcely affected by it. since the e.diabatLc 

decay Of velocities prevents UIKP’S from 

traversing them. Bovs~.r, if such fluctuations 

enter the horizon while the “aiveree ie 

rsdistlan-dominstsd. the dominant ~ravltationel 

‘mturbstian comes from the ph.,too-barym fluid 

which oscillates aeouaticslly, thereby depriving 

the !.TW fluctuation of the driving force for Its 

growth. This ia k.nam ss the “esz.rn8 effect; it 

doee not sffect the growth of large fluet,mtio,,s 

which enter the horizon when the Universe is 

matter-dominated (by UIW’S’. The linear 

transfer *mKtiml kscritdng the net ****et of 

them processes can be calculated explicitly once 

the “store of the WIMP’s is specified. 1” 

combination with s theory for the fluetu.tfoa 

8enerstor (e.g. inflstlon’ it s~ae~fiee the 

1kacar flvctuation speEtr”m St the equal density 

Table I - WIHP Candidates for the Dark “stter 

Particle 

Invisible Axion 

NeYtrlnO 

Photino/Gra”ifino/ 

Mirror Neutriao 

Ph~tfn~lSoeufrinolllrino 

CrsvitindShsdw Hatter, 

nas.” Place Of 0riE.i” 

10-5.” 10-30 sec. 10’2 Ge” 

me” 1 see, 1 nev 

ke” 10-v sec. 100 ne” 

G*” 10-1 *se, LO MS” 

tkwy Nevtrino 

Superheavy Hagnetie “mopdee 

P~~g~MlH~~i~“S/Ne~t~riteS 

Perrypolss,Schvsrl-schiids 

Quark Nuggets 

Primordtal Black Holes 

10’6 Ge” m-3* sec. LO”’ Ge” 

a 10’9 Ge” 10-s sec. 1019 Ge” 

= IOlS gram 10-s sec. 300 He” 

I2 10’5 gram h 10-12 *ec, < 103 ce” 

* 
~bundanee required for closure density: “wIw = l.05h2x10-5 m-3/%1, (ce”) 



Pig. I - ‘The Complete History of the 
Universe. 
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epoch from which galaxies end the observed large- 

scale etr”Ct”re m”et grov. 

The properries of the WITIHP’B are related to 

cosmdogica1 par,meters by the equsrion 

2 
n “v - 28 O&2 e” 

where ““,Y 19 kle WIMP abundence relef*“e to 

photons and \ ie their ma**. The ratio nw,nl 

energing from the big bang depends ml The WIMP 

me** an* it* coupling to other matter. PO* 

“eutrino-type co”plf”gs “al”** Of 0, near 1 ere 

obtained for masse of order 30 e” or of order 1 

cev16. I” the former cell* WIMP ve1oeities et 

early time. are *“fficie”t to wipe out’galexy and 

Clwter 817xd fl”ct”.ti.me; such WIMP’* ere 

referred to M hot dark matter MM). In the 

latter case, streeming velocities are too Smell 

LO influence galaxy or ClUeter flucr”acione end 

the VIw’e are how” ee COltI dark matter (co”). 

PO* mvcll more weekly *nreracri”g WIMP’S such as 

SJSY particles “Jnr is smeller end “* - I for 4 

- 1 keYI’* galur-sized fl”ct”afions are wiped 

out for 8”Ch pertic1es. tuc cluster-*Cal* lumps 

survive. Thb intermediaL* case is kIww” ee Yam 

derk rmtter WDH). Other poaaihle CLM candfdtaes 

are hey, S”sY particles (% - far Ce”) or axions 

with s - m-5 ev which MVer had ei$“ificanL 

streaming “elociries. Figure 5 shave the linear 

fluctuetion apeecra expected et l&e time*l= in 

UIMP-dominated ““i”ereee in which fluctuations 

Ye** generared vith the co”et*“L Nr”e~“re *pee- 

rrum predicted by inflationary ..33*1e.~. The 

ehe*p cut-off due to free-srreaming is very 

evident in the WH and UD” *pectre; the bend due 

to the Heazaros effect CR” be **en for MM end 

cm!. 

The q,eetra of Pig. 5 are expected to gro,, 

meiotaining their shape until the power per 

OCteYe reaches unity 0” come *cd*. ob,ects of 

thet ecale will then separate from rhe expansion 

end **collapse inm twunds hope. For WH the 

first object* ere much more maeeL”* the” gal- 

axies. for won they ere gdaxy-*ied, en.3 for con 

they are much smalkr than @axies. In the last 

ce*e, the first ““its ere expected to aggregate 

repidly into larger etNCt”ree es fl”et”atio”e or 

larger scales go mn1inear; this process IS !umw” 

aa hierarchical clustering. I” the mn caee* the 

hargonic CO~PO”E~L of the very large first 

obJecta mst frasment into galaxies durillg their 

Initial (but recent) anisotropic coll.pee; thin 

ill en exem*1* Of the ‘*meek*’ pi.%“** for 

eLr”ct”re formetio”. In both EIIBCB the ohserved 

@l*xiee re*u1t from Mnlinear .li*eip.tive pm- 

ce**es affecting e beryonic component “ha.3 OYer- 

al1 e”ol”tion is CoPLrOlled by the gx.vitetio”el 

field of the YIW’e. 

The nonlinear stages of structure forulion 

ten he followed in full generality onl, b, direer 

““merice sim”latio”. Modern technique. ere .bh 

to follow the evolution of the YIW dletribution 

acc”rarely over a lm*erexe range Of *eel**. but 

the process of galaxy formation Cuhich detcmi,,cs 

what M ectuelly see) is too cmpler to be 

treated except in a echemetic fashion. end this 

** the Iwo* uncertainty in “eing eiutlALlo”a to 

cnmpare the etr”cf”re Of UIMP domiaered O”iverees 

with the real wnld. The met effective *hula- 

fro” mtho.3~ currently available repreeeet the 

YIELP denei~y distribution b a finite mmber of 

diecrete ‘pertie1e. (typically N - 3 x 104 -106) 

moving under the influence of their cabioed 

gr.“irario”el field within the fundemenrel cvbe 

Of-e trip1y periodic ““iverse. such e eel-q ce” 

mimic the predicted linear flucruarim ,p?ctnm 

Of e In&T-dominated "Rivers* over e mscnulnber 

range of no more than 0.5 ~-1~3.19 Ae * .1N 

1.tion e"OlYes "oolinear sLNCtY~C* sep,rate cut 

Of the genera1 expansion. reedlapse, and rapidly 

became quite enall in com~erison with the 

expe"di"g aim"1stion volume. The d,,,a.icn of 

such clump can be folloved only if the elm”- 

lation method gives accurate interpartiele fmeee 

on scalea much -11er than the meam p.rticle 

eep*re~io". This requfrement is "e"e.lly * more 

aLri"ge"t oxLstraint 0" the dynemien rmge Of a 

eim"1*tion the" the initial co"sfrei"t menrioned 

above. Thus substantial gains in overall per- 

formane* are obtained by euppleme"fi"g a srandard 

grid Fourier P,*sso"-sol"er by e directly 

calculated ellort-range force correction. despite 

the fact rher this co"s*derably i"c*****. the 

amo"nL Of time needed to get the force*. and *o 



reduces the number of particles that can be 

followed in e given *mount Of cornpurer time.l9 

h “eucrino-dominated ““f”erse vee the fiL.C 

YIW model co be studid erre"ai"ely by ""merical 

ei.ulafioo.2Q The lx@ coherence length of the 

initie1 neuCri”o distribution wig. 51 manifest* 

itself during the early nonlinear stages in large 

sheets and filaments of hi@, density, in massive 

condensed lvmpe en.3 in very large regl~ns Of 

bdov averege densicg. while t.hiB bears come 

s"$erficial resemblance to the abser"arLooal 

plcrure Of filame"targ or sheet-like *"per 

e1usrers motaining rich clu.te.e Of galaxies and 

nurrounding large voids. it hecane clear that 

there is e large q"e*titefi"e disagreeoe"L once 

it "es rea1iaed thet the ob*er"d galmy dist*i- 

hItion met be compared with the distribution Of 

matter in regions which have undergone local 

eo11apse. rather than with the oeutrino disfri- 

hution as a uhole.21 The galaxy diefribvtior, in 

(I v-dominated "oiveree is expected to be mch 

more clumpy the" the distribution ue actually 

eee. If appears to be very dfffiC"lL to **cum- 

"ent this problem without givtng up most of the 

attractive features of the theor.yz2. I" a&d*- 

tie", it ie not clear that gas could cool to farm 

galaxies et a11 in such a universe23. A* e 

reau1t Of these Eo"clusio"a the neutrino- 

dominated lmdd does not, et present. appear 

"iable. 

""i"eraes dooinered by co" ere mre diffi- 

cult to *i!2"1*r* but appear much more prwdising. 

"lerarchlc.1 clustering produces a CIVI dietrihu- 

tion which ie qualitatively very similar to the 

nearby ge1axy distribution. "cweYer, e qu.enti- 

t*t.ive comp*rism requires specifying ha the 

ga1exg disCrib"ti0" is related to ChaL Of the 

CO". I" the ak.*ence Of any reel ana1ysie. it has 

bee" rradicione.1 to eeeume that in e hierarchic- 

elly clusreri"g Universe galaxies and the dark 

matrer met be well mixed on scales larger than 

chat of an individual galaxy. An immediate con- 

sequence of this ass"mp~fon is that mar Universe 

is open, since the meee per bright galaxy 

measured by "irid methods in *iAl e1usters Of 

galaxies falls elmrt Of tile closure density by 

.lmo*t en order Of !nn*“itude *en *ppue* to the 

Universe ee e whole. Simulatione de~onsrrete 

thet the predicted galaxy distribution in such aa 

open cm4 Universe merches obser"arion quite uell 

both ia terms of qua,,~i~e.~i~e ~aw~res such as 

la) order pos*Lio" and velocity correlatiolu S"d 

in more q".lit.cIYe ch.*.E~**i.~lC* such Aa 

1*.*e-*cd* fUarn*ntary 8tNCf"re end 1rrga, low 

denairy regio.e** . The differences uhieh reyln, 

while si@ificant, are small en&h that it seem, 

re**onable to sttribute them LO veriou* important 

effects "hi&l the sim1atione do not node1 ce.&T.. 

the derails of galaxy formatLoo. m intcr.ctiooa 

x.3 *erg*** between galaxies). 

If, however. n accept " - 1 LUI given, we 

muef reject the hyprhesis that the galax, dis- 

tributio. Ls en ""biased representation of the 

on disrrib"Lion on e1vster scales. The number 

of bright 8elaxies pr unit maas mar exceed the 

average by almost e factor of ten in the hish 

deneity region* to uhiCh tiria1 emly*i* can bc 

epplied. calexg formation muet therefore be 

biua fO favor such region*. It hee raecnr1y 

ken reelised that the standard picrure (in which 

galaxies form 118 gas rediaces it* bi"dieg energy 

and einke to the center of 'halos' of dark 

mm**) Will produce Just (IUCh a biu if bright 

gelexiea erc able LO farm only in the dcnicst 

halo* (CO be discussed in more detail ill SIC. 

IV). when e 'galaxy' pop"lation ie ideratified 

using * crude model Of t.hil procese in ,iaula- 

LiOlm Of M 0 - 1 ""iv****, it* prc.pcrrie. er. 

found LO match the smell-scale clustering proper 

ties Of real ge1exiee "cry Yell**. such II D&l 

may hew difficulity in reproducing largreu1e 

filmenrs an.3 voids. but preeerat sLa"laLIO.* 

eaco~pass too em.%*1 a volume Of BpIlCe to ddrese 

thie question. 

III. oxn1c HICPJxiA”E E.vxORo”ND 

The cosmic miccouave background (WI%) haa 

proved Lo be one of the most important probes of 

galaxy formation theories. De"eiLp fluctuatio".. 

which later will evolve into galaxies and cluster 

Of gdaxies. "eeessari1y i"d"W angular enieo- 

rro@es in the CM% at the epoch of the last 



ecetfering, ***shift ** 3 1000. since the”. the 

cm photons hawe propager** freely, providing a 

unique ti"dOV to this very early epoch. mre- 

o"er. once the 'chenistry' of the coe~olo%ica1 

no**1 is chose" ~abu"dP"ce Of baryonie metfer, 

ab"n*enee Of non-baryonic dark matter. type Of 

dark matter, i.e.. bat or cold. etc.) e Miq"e 

prediction can be me** for the residual *eneiry 

fluctuatio" spectrum and. hence, for the m 

*"i*Ot*Opi**. Comparieo" Of the predictions rith 

the abservarions co..frain "at only possible 

cosmological models but. also. the 'chemistry' of 

the U"iverse end the vrpe of brk mttar prsseat. 

cm anfsorropies ere "Puslly **"*de* into 

three differeor caregories: 1) small-scale 

anis~tropies (cl"); ii) large scale e*ieofropiee 

(>I-); iii) dipole anisotropies. The only (218 

anisocropy meas"red to *ace is a dipole anise 

CI‘OPY. The meeeureme"te of three different 

group25 are in excellent agreement and imply a 

motion of the Local Croup relative to the QIB of 

630 (*so) km e.C-~. once the infell ve1oeiry 

cowerd the Virgo cluster is euhtracted. the 

*eeLdual motio" Of the Local Group, pointing 45. 

*ray from Virgo, I*:26 vu: - 450 km see-'. Thb 

motion may be purely due to lacal effects; 80, 

vu mue be co"s*dered ee en upper limit 0" the 

velocity induced. if any, on the Local Group by 

the very large-seal* matter distribution. The 

1l"e.r theory predicts rh.et the contributio" of a 

perturbacio" Of !A"ele"grh 1 to the dipole 
6.7 anisotropg is: ylDm = -& sa,t,), where Lo is 

the prellenc age Of the ""iv**** end 6 - wp. 

Comparison "fLh the obsersatione pieces a *ever* 

cO"tr81"f 0" the "at"** Of the dark metter. If 

vu: is taken a* an upper limit, the" al1 

"e"tr*"o-domi"ated ""iv**** scenerio* are 

excluded .2' 

The large-scale a"L9Otr"pie~ are assofiated 

with ,~ravitational potential fluetuarions. This 

effect is **eon* or*** in 1: F = ($2 

6(l.t0). The primary c4"fributio" to this kind 

Of anisotropy comes from perturbatio"e Of ueve- 

length eomperahle t" the present hori~.o".~'~~~ 

The evolution of very long vsvelen~th ~eerur 

beCio"e 19 i"depe"de"f Of the **ceiled 

recambinatio” history Of the ““I”****, beeeuse 

these percurbarions were well outeide the horizon 

et the epoch of recombination. Y.r thie reaw,,,, 

1argrsc*.le a"lsocropien llre directly related to 

the primordial flucruacio" spectm~. 

The 8mall-*cale anisotropy hae bee" calcul- 

*ted by several authore.29.30 me situation here 

ie more complicated beC."*e the llu1es Of illrer- 

eat ere ve11 inside tile horim* as mltter a"* 

ra*iarion *ecmJp1e. ** *eeoup1ing OCcun the 

metter ie beginning to fall into the ptetLti* 

"ells forme* by the YTHp's. The elecrrm den,ity 

*eterminee .rhe redshift of the last eurrering 

*"*face and how far back we can lock by obeervi~ 

the angular str~efure of the CKB. 8o..ever. 

recombi".cI." is not en ~rl*Leme"eo"e proeee..~~ 

end is clover than predicted by the Saha qx,tim 

because direct recombination LO the &~rnd state 

ie .tro"$ly inhibited due to the preeeoee of 

phorme with a mea" free time for photoionization 

which is very ehort compared t" the eqa",io" 

time. Thus the last BCettering surface bee e 

rhfckneae I.. a"* a"~ imprint on the acS due to 

~errurbations of wavelength I<<,, is smeared 

Out.32 If there has not ken early rehearing of 

the fnter&actie medium. the final recombioatio" 

of the primeval plasma occur*** IL 1, =,OW and 

the thickness of the lea scattering surface is 

A* - 100, corresponding LO a cmovi~ length of 

1, -10 tn @I-"2 Hp. 7.x alie ree.00 only a 

bend of wavelengths ~10<1<100 Hpc. say) ia impor- 

t*"t LO determining the angular 8CNct"re in the 

cm on see1es up to a few tens Of arcrinutc*. 

so. obser"atio"e Of the Small scale cm anis.? 

cropy co"sCrei" the amp1iru*e Of fl"Etu*t*oll* in 

that region Of the LIpeELmm et the 1sst mc.t- 

ter*ng epoch. 

on Smell angular scales, the met **"*itLYe 

observational limiL3~ on the a"i8"tr"py to date 

is et an D"gle Of a - 4.5': *t tile 95z cmlffdeace 

level an "*per umic Of ar,r < 3x10-5. The 

technique use* in this mee*urement involved beam 

switching between three poettime in the sky, 

space* en angle 0 *pert. The rms temperature 

flvctuafio" is defined as 

mm* - < 1 To - l/2 CT, + T2, 12 >I'? 
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where To ie the central beam temperature. By 

evaluating the fr.~~imal radiation brighmese, 

it is possible LO predict the aa UIiaotropy 

expeete* I" a particular comological modd.~ 

Small-sc*le anisotropy limit* 0" angular lcales 

in excess Of se"***1 are-minute* heve ""embig- 

CuSlY ruled cut kayon *oninste* ""iYe.ee* tar 

any power la" adiabatic fluetuatim power *per 

trum. includi"~ the ~c.le invaria"t fluetuatione 

predicted by inflati~n.~~ Attention bee no, been 

focused 0" non-betyonic. derr mater dominated 

""i"erses. Figure 6 show* the recAu1ta for cold 

end hot' dark matter. for flat mD*r1s with a 

aubble co"ete"t Of M kn e-1 npc-'. The ca1cu1r 

tion* were me** assuming *Cal*-free adlebat*c 

perturbation*. A detailed di~cus~im of the 

normaliratio" Of the primeve1 flUCt".Stf"" 

BPeCtrUm is give" else"here.~' If " - 1 *"d h - 

0.5. the cold matter seenerio predicts e mall- 

*cd* cm .ni.OtrOpg which is about II feetor of 3 

smaller than the 95X eonffdence level upper limit 

Of arir < 3x10-5. I" the me*eive "e"tLi"O 

scenario vith " - 1 a"d h - 0.5 the predictions 

for the Small seal* anisotropy ere ""1Y 

marginally EompBtlble tic" the observations. 

On rhe other hand. observations of the 

large-scale ga1axxg di*tributio" suggest "dues 

for the present cosalo~ical density .,f the order 

of ZOI of the critical densftys5 and recent 

stu*iee Of the *gee Of globular cluster. mggest 

that the U"i"erse is 17W) billion years old.35 

too Old to be eonpstible with an higIl density 

""iYer8e an* zero eoemological C0"ete"t ~"*less 

the Hubhle conllteot is extremely small: < 40 km 

e-1 Mpc-' ) . Reduction Of the density premtcr 0 

cute the growth perk4 for density ~erturbatfons 

by e factor of l,O, em, 80 the required amplitude 

of density flu~tuetione at recombination muet be 

larger by this factor (for a given ""rmalfratlo" 

Of the primordial spectrum *t the present epoch). 

Thus the measured upper limit to the CHB fine 

scale an*cmtmpy imposes a lover bound t.¶ n. 

Reducing 0 in e MYtrinO *om*nate* universe has 

additional *eterime"tel effecte. because, the 

*enping length id 113 M&(0 hz) increases 

thereby exaeerbeting a11 the pro!l1em# associate* 
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Pig. 7 -Re&"s of the "-h plane which are 
excl"ded CbeLm and to the leftl fnr 
CDH rndel~U"i"erses by the 4.5' mea- 
aurement of 6T/T < 3X1O-5. The broken 
lfm labeled '1~10-~' i"dic.tes the 
excluded region for e future r.eee"rP 
ment Of *r/r < 1x10-5 on 4.5'. 
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with e “eutrin.3 *omi”ete* ““iv****. Pig”** 7 

*how* the excluded regions (at the 95x confidence 

level) in. the “-h plane for mid tirk-matter. 

hlso shw,,, are the constraints attainable by a 

future experinent with ee”eiti”ity ST/T - 10-s et 

the eew angular scale of 4.5’ and the foferred 

conetr.int if the age Of the ““i”ersc is 13 

billion year* (and A-0). If maas and light are 

correlated cm large scales, the a4B limit alone 

inplies ” > 0.4 (if the ““iv**** is at least 13 

billi”” ye**‘8 Old). The preeent upper limit to 

the small-scale Imisotropy iqliee that a cold 

clerk mater *o*in.te* “*“**se ce”’ orI17 he 

ree.anci1** “lLh e lar density 0-I = 0.2) if the 

ma** di.tr*b”tiO” ia lmre weakly clustere* than 

the obscr”ed galaxy distribution. we note that 

rcioniratio” Of the “nt”erse Cannot affect thi* 

conclusion because fluctuations in the gaussian 

Lllil Of the adopted fluctuation epectr”m do not 

go non-linear sufficiently early to reienire the 

“niverse and **due* the predicted *“isotropy 

significantly. 

I". BIhSEO - loWTION 

I” the precee*ing e.ectione, M hew explored 

Y.rio”e aspects Of the evo1uti.m of * ““iverse 

UhiCh 18 *anioate* by ‘cold-dark-matter’. The 

oeture an* epectr”~ of the primordial *enairy 

fl”Ct”atio”@ were discussed in see. I and calcu- 

1atioas Of the .ifrowaYe bskgrou”d anisotropy 

and of the non-linear evdution of the deneity 

field were preeented in Sea. III and II. If the 

present density field could be 0bser”ed directly, 

the”, by collpering “LLh the N-body result*, one 

muld determine both the parameter Qh. vhich 8ets 

the .lop of the spectrum. and the initial ampli- 

tu*e. If me mares the m”~e”tio”al as.“mptiO” 

thet bright gelaries give It fair representation 

Of the preecnt distribution Of the !atter, then 

it wx,ld appear that this picture can be ruled 

.,ut since the N-body results require a low value 

*or the density parar.eter while the nicrovave 

anisotropy 1Lmitl require a higIl value. 

This pr,uerful a”d ne&ati”e ~o”f~“sl”” may be 

somevhat premature however, since there are 

several reas”nm LO doubt the validit, of the 

.eeu.~tlon that bright galaxies fairl, trace the 

me**: It ie well knom. *or *“et.ecs, th.t 

different marpholo~ical typea of galuiu have 

dif*cre”t El”eteri”g ptter”s36 ad there ia *ome 

*“*den** that the c1uetering strength al.0 

depande on surface brightneea.37 A mr‘e extreme 

exempl* Of e *et Of ob,ect* vhich give e di.- 

torte* pLEt”re Of the metter *ietribution is 

proYi*ed by r‘ich elueter* Of @mien rbieh have 

clunteriw strength which ie at lee.= 104 order of 

.q”itu*e greater than that of galuie..“‘= 

Given Zhl. *iver.itg Of Cl”*ter*“g .trQ@l* one 

m”.t be ~rus~lciou. of the idu that bright gal- 

axi** a ere fairly treeing th* mee,. *ur 

themore, it haa aleo been argue.5 th.t N& the 

“umber Of gfaaxie. per mit m¶@I in b2u.h IIya- 

teme, is e *ecreaai”g fu”ctio” Of the ma,* Of the 

*y*ta.40 Thie tendency is also eeen in the N- 

body .ru*iee=’ which cara generate a corral.tioa 

function with alope lIk. that of the @lades, 

hut which are then unable to match the velocity 

field. Such behericur ie in conflict with tba 

ae.“qXion th.t thee= bright ~ala~ie. fairly 

tr.ce the me* einee fhill Y”uld imply that N&4 

should he a universal coneta”t. 

I* eny hierarchical scenario, !&ariea fmm 

before the largrseale struttut*. If galaxies 

form very early, the” they will do SO mr.3 or 

leas vnffody throughout space ad vi11 then 

fairly aample the matter dlstrihutio” on large 

Ic.les. “rider certain cireunstectcee hcweser, the 

g.1.xic. can be barn in a strongly cl”~tcred 

etete *Yen though the underlying 1argraea1e 

density fluct”*tio”s were Of very Small amplitude 

at the time Of ge1axy follmtior,. S”fttefcet 

eoditions far thfe to occur are: 1) that the 

initie1 *eoaity field be e C*“*nian proecse: ii) 

thet the epeCtC”m Of *luctuatio”s be fairly *la; 

and iii) that galaxies fom preferentially .rc.,r,d 

th.ee local oylxima uhich lie above sac w 

threshold. 

C~nditbm. i) end if) are ex,ected in the 

cm dominated ““iYe***. Since the process Of 

galaxy formati”” is ““t very “dl u”*erstoo*. it 

is riot know” LO whet extent the ‘bhing’ of 



condition iii) tares plate. It is “DL un- 

reasonable thou@ to imagine thet galaxy forma- 

tion may be a self-limiting prOcee8, SD that once 

a few percent of the materi. iTa* formed g.k.Xiee 

this my mppre*e ga1*xy formatlo” elseuhere. 

wail* a detailed ““derste”di”g of the feedback 

mechanissd mey MT be Immediately forthwming, it 

18 eeey to *““meret* *one Of the consaquenees of 

such a threshold. 

one can show that. in or*** to significmtly 

enhaoee the number of bright &axiea per unit 

me** in II rich cluster (en require* to recmci1e 

the re.uft~ of virial .“dy.ie with i high den- 

sity ““i”****~* the tbredlol* Y an* g*,laxy *am- 

etLon redehlft tf should eatisfy: v* - 1 + zf 

(ref. 42). Thu. if gelexiee carreepon* to 3- 

eigme peake *arming et Lf = 8 *or example, the” 

the ‘n-problem’ is eo1ve*. I” addition LO 

enhancing the “umber of galaxies in proto-clua- 

ter*. this mechanism till al*” strongly suppress 

galaxy formtio” in proto-“Oids. One can al*0 

show the=, on large scales, the galaxies till be 

born with e correlation *““cth” Which ie roughly 

equal to the present s correlatio” fune- 

tion. The preeent-day galaxy eorrelatlm *unc- 

Lion should then ““erestimate that of the mstter 

by e *actor - 4. This has the ****et Of reducing 

the predicted micrMe”e enisotropy by a feetor - 

2 below that obtained using the conventional 

“0rmeli*etiO”. 

There are come further eo”sequences Of this 

hgpotheats vhkh can serve as tests of the 

‘biasing’ hyptheaie, end possibly t” diSCdrY 

hate this segregation mechaniem from other 

effects which mey also be operating. Firstly. 

the ‘light-to-mm. ratio N*lM shc.uld be *cl 

increesing *“netion Of the density P Of the 

system. One problem with applying this teat is 

the met systems, e”Ch ee group* en* clusters Of 

g*1*xies. for which Ng,H has been determined. 

have recently viria1ise* an* have s*mu.r deo- 

sitiea. II Iear* serious problem is thllt H and p 

are bath ‘derived parameters’ end eo, in the 

abeenee of any true eorrelatio”, would be 

expect** to *ho” a correlation in the opposite 

*en** to thet predicted. The abeence of 

correlation b*tW**” mass-to-light ret*0 end 

density in Dre..ler’& sample of “c,, rich 

c1”sterB is therefore eoo.i*te.t with an 

i”trf”*ic correlation like that predicted. o”e 

would also expect w,,n to be e deerea*ir.g 

function of radius within individual clusters. 

While there is no strong evidence for NE,, a 

trend, the avsilklble *ata certainly do not rule 

out the pwsfhility (Kent and Gu”n’s’* claim to 

the ecmtrary “otuithstandi”g). Secondl,. raiwx 

galalie* are ‘born’ l” e atrong1y clu*tcrcd 

*ret*, one ceil observe Ihb. *t 1ea.t ie princi- 

pie, in very deep eurveys. Since. et Uh mar@, 

***shift, the clustering pattern i* ‘frozen’ in 

comsing coor**“etes. the YelOCft, .cra.s L 

elvatering length should actually B with 

***shift. in marked contreet with the luu.1 

prediction of hierarchicel cluetering. The 

clustering p*t tern should dS.2 *i*plal, e 

dtetinctive 3-&vsi”t correlation function with LI 

term varying 118 the & of the 2-point 

funetion.‘~ *a e concrete example of the **pee 

Of clustering predicted, cnnelder whet ie cse e 

rich elu.t**: Pr‘ior to the collapse of thfs 

syetem it MUld appeer ee e *ensit)r EOetre*t Of - 

5 in a re&,n of comoving radius - 5 - IOh- 

npc. Pinelly, in this picture. the gra.t 

mejority Of the bllrpne in the ““iv**,* fail t” 

make galaxies. The met convincing teet of this 

idea would be to detect the ‘fdld galuie*’ 

vithi” the greet Mid* end *1se*ers. If ra, be 

th.t come of this gee le in e fan l&a the 

‘Lyman-alpha clouds’ eeen in aheorptL,n agailut 

gso**. These cloud* should be observable at low 

redshift kq the Bubble Spate Telescope. Pailure 

LO detect such clouds though, uoul* “et k 

IIurpr1einp. since the Lulk a* this gm wuld, at 

preeent. be clustered with tile *ark. matter iIl 

pOtentia1 veua of tot.1 -88 - 10’3 s. This 

gee would be at the vir‘ia1 temperature I - L - 

3x10% end et the viaa density cnntr*et Of 

about 200. If the tote1 *eosity Of barpIle ia 

about one tenth of elasure density then thee 

grou~meee e1ou*s should generate a eige~ficent 

*rection Of the soft x-ray backgro”“d “ah 

anisotropg Of a few percent on sngula* *cd* Of e 

few erc-mi”utes.*~ 
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while the idea ChlL galaxies are ‘r.re- 

event*’ ie eomew~t ““cert.i”, it is fairly clear 

that rich ~clusters of galaxies. which contain 

only (1 few percent Of the matter in the ““i”erse, 

are the high-mass tail of the distribution of 

those fl”etuetio”* vith su**ieient anputu*e to 

have collapsed by the present. If the initial 

*luct”etions were Gaussian, the” one can ““da- 

*ten* *y these ob,eete are *o BtronglJ clue- 

tere*.** The “olun of space which has bee” 

surr+ye* for these conepicuoua abject* is mlCh 

iarger then that conca*ne* in the @my 

*“Neye. Additionally. sLnee these ob,ecta 

amplify the very elu.te*i”g Llig”a1 one rovld like 

to observe, they provide the beet probe .,f the 

very-large-scrle stmcture end therefore of the 

loog-vavelength paw** BpeCtrUII. Of fluctuatioos. 

According to the pre*ietion Of the Cold-*art- 

@Aatter picture, the cl”eter-fl”eter correlation 

function E,, eh.mld be negative for se,mratl.,na r 

> n(nt?)-~npc. The evidence *or or egainst such 

a feature is rather we& at present. Bahcall and 

so”eir*‘~ cleim. 0” the bssie Of the angular cot- 

relation studiee, that the E,, re,,aina positive 

out to et least looh-‘HPC. Taken at *ace value, 

this observation would severely conetrain the 

parameters Of the ‘cold-dark-matter’ picture, if 

not exclude the pictnre entirely. h careful 

search for this aoticorrelation signature, using 

studies of thie type. ideally with redshift 

infometio”+‘, pravi*es the best hope Of die- 

prwing the otherwise very promising ‘told-dark- 

metter’ *cenario. 

V. COSHIC SrPJNoIGs AN” ixL&xY PJPJUTIUN 

There ere two ‘natural’ way* to pro*uee 

density fl”Ct”atio”a in an in*1aciooary uni- 

“**Be. One is to introduce them et the 

inflationary epoch itself (i.e. at reheating), 

the other is the effect Of coe.ic etringll, 1” 

the case Of string*, a t-almber Of interesting 

astro~hysieal side-effects are produced vhich 

have nothing meh to do with galaxy formation. 

but offers promising independent teats of the 

model. These ****et* include: (1) discontin- 

uities in the micr‘oy.“e backgro”“d tempr*t”re; 

(2 a etochastic background of gr~sit*tio”*l 
ra*istion; (3) dletl”CCI”C ****et* in grevite- 

tima lenaing Of quasars; an* (4) vario”* 

phemmene eesociated ViLh local effect* Of the 

pop”1ation Of string loop. an m*tter-, au* a* 

formetion of meseive black holee in galattic 

nuclei and etoEh*stiC heeting Of ste11.r 

*yetem*. Here we cnncentr*te on en aaecdot*l 

eumery of striw astrophysics. An excellent 

guide to recent technical literature m wring 
physics is given by “ilentin.*8 A more dctrile., 

*iseueaion a* astrophysical effect* call be found 

in ref. 49. 

strings are topo1ogicr11y stable defect* or 

-knots- which have been frozen into the etete of 

the phydcal g.muod-ntP.te Vacuum. IO the ea.. Of 

a very simple abelian Riggs model, atrim *re 

exect -loga Of Laode”-Oi”rbur~ flux t”hes. 

Hoeever, many varieties of string ere p,ssihle, 

*ml occ”r ge”erically in my theory where the .st 

of degenerate “ecu* in the zero-taqenture 

Universe contsios closed laopa vhich c.,n,ot he 

conti”uoualy deformed t” a point without le.eing 

the *et. The simplest a”* moat intctcetitlg 

acringe ere those which arise frm 10~1 g.uga 

theoriee and vhich are forbidden to to hive enda, 

so that they muat either he iofinitel, low or 

clcae into loops. The formation Of et*ing* end 

their relationship to other topological defecta. 

euch a8 mmoQo1es. la kautifully discusee* by 

Kfhhle.50 

The ori&d T.q.etue for introducing str‘iqs 

into asteophy*iCs et a11 c*me *rma grad “llifkd 

theories. in which strings co”ld have a mss per 

unit length (- (02) large ermgh co produce 

gla”Ltati”“al patential gradients comp.r.hle to 

those observed t., occur in “atural a~tronmied 

*yetems i.e.. “eloefties - de = 300 km **c-1 

(~/10-~)‘/~, rhete E is the dimensionless eaeure 

of the ~ravftatimal effects asBoeiated with 

etrL”P8: 

e I q “. (<O/mJ 
Zeldovich’l wrote an impOrtant (if cryptic) 

pa,mr suzexetfng that Rand unified etrhge might 

be re*poosfble *or cosmological fluctuations. Be 

recogn*ae* the main character Of string 



e"OlYtio"-that a cosmological string network 

evolves self-similarly in time. a1vay* ui"- 

taining ebout one open string paaeing thrm@ 0 

horizon volume. This is bsdT.3lly a eon*eq"e~ce 

of the gradient term* tl"( which try to align + 

e"erywhere in epece to the **me etete. The II**** 

density due to strings 1ea*e to constant -pIi- 

tu*e perturb*tlone on each stale M they CID** 

the horizon-the "eulll seal*-iovari*ot spectrum. 

IO thfe te*e, the amp1itu*e Of the scale 

ios*r*ant potential prturbation is fixed by F. 

The next eig"ifice"t *rep "ee Yile"ki"'s~~ 

recOg"it*o" that closed loop* form when a" open 

string croeses it*e1* all* intercomnut** (i.e. 

chenges partner*), end tiler a loop ara11er tllm 

the horiro" ia un1il+y LO interco~“te again 

with the reet of the network. Thus a ‘debris’ of 

closed 1oope 18 left behind. som? of these loops 

bifurcate into NO or mre daughter loop., but e 

"o""egligible *raetio" undergo per‘io*ic osci11a- 

tions I" "o"sclfi"tersectLng tr.jectories.~' 

These loop* lo** mm* (i.e.. lmgth) p*imarilY by 

gr~vif~tioll.1 ra*i*tion. with e half-life of 

or*** e-1 oscillations. 

An oscillating 1wp looks lib a paint Es*11 

from *a* mmy. "pm c1oeer exemination. It* 

time-a"era*ed &rasitation.d field is thet of the 

*"*face avept 0°C by the string. with e 1ocd 

*ur*aee density - 4 where Y is the local 

tre”*“ereC velocity.52 Note thet althouugh the 

~npperent e length Of etrhg ug eppeer to change 

during O.Elll.tio"s. thie is always co~peneated 

by the crao8verse ‘(-factor-th”8 the Schwarschild 

mass does not fluctuate in time. mTfeve*. there 

are tath qu**rupo1er *he** fluetuacio"s and sake- 

type aha.rfree perturbatime in the field (as 

diecussed belou~ which vary on e IIght-eromiog 

time. 

but here “e find thet very high dc.x.ity flue 

tuations *re r-I** nc.t by en exponential in 

(*PIP)', kut only by e power Is* in 6PlP. TM* 

mey have profound effects. 8~. In g.lectie 

tl"Ekl or other usually *enae aggrcg.t*ons of 

netter. The li"ear paver mpectnm Of perturb*- 

tions ia elm modified b, loopa. because the, are 

not subject or ordinary dlqhg medmnieoe 

prOEee.E..~~ Aa **r ee observable effect, are 

co"cerned however, it eeeme likely thet the 

alteration in the character of the naLOI.e is ID~C 

eignifLce”t than the alteratio" i" the m 

(tbet is, effect* 0" su1ee mlprrable to the 

loop radius arc likely to be IBore p.omu"cd then 

effeete on wa,lss of order the Ime -n .qmrsi- 

tied. some Of thee* ***act* *re dl*cue,ed 

belOW. 

Lx*1 etringe Obey en exact ll*e.r WeYE 

equetion **rive* *ram *cl iwerieru action 

ProPxtional to the surface area of the swath 

ewept Out in .p.Ee-time.~* Their hertie en* 

tendon are thus rl*.ys exactly orthogonal. for 

arbitrary *e*ormetk.oe. Thue, if it rem Iwt *or 

*reP~t.tio”el **dietion en* Other *ieeip*tive 

gra"itatio"d ioter.ctiotls. loop o,c*11.tion. 

"ould alr*ya be Werly periodit. I" geaer.1, 

dtringe move ecroe* their ***ilIe of C"rvet"R 1"~ 

a light-fromlug tine. e" they are ~anerally 

moving tramsver~el~ eloee to the e,,ad of light. 

An infinite. etrdght. static etrh, pises 

ri*e t* e ‘conical’ spacetime. thet ie locally 

*let (no atrin*ic oJr”et”ce) but vith en en& 

4nr miesing. NO ti**1 forces are *stect.ble 

“*in* psrtie1e tra,ectorie* uhietl do not rncloe* 

the string; however. partic1em o* parallel 

tra,eetories vhich pee* 0" opp*ite *id** Of the 

string are deflected towar** each other, each by 

II *"g1a 4rr i”*eper.de”t Of impact parMeter. 

Thus. if we coneider a string movir~ through a 

uediurn Of collisionleas particles. and view 

iwrecte from the strin$‘s next frame. we find 

thet II ‘“eke’ 1s left behind the *tri”# vie 

opening angle 8”s in which two streams of 

particles are pawing each other with velocity 

- B"Ec.~~ This i"teraetio" is dfsaLpati"e; the 

free energy Of the prtiele mtiooa is obtained 

from the atring motion. 

Bec*“se of loop*. perturbations creete* by 

*c*i”g* differ eigdfiea”tly **on ‘inflationary’ 

percurbaticms. Loops separete 0°C end st*.bi1ire. 

eve"tually attainfw very high relative densities 

(up to E= by the time they decay) while the 

background mater expends away through them. 

r"f1atimary fl"ctuatio"e **can "O"i"teraEti"* 

q"e"t* fields are Ge"*e~e" *i.tributed noi**, 
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One side-effect Of thL* ii&e phsnome”ml ie 

observable in the microvavc backgro”r,* rs*ia- 

ti00.5’~ Suppose e string in the p1e”e a* the *sty 

ie movtng transversely between “8 ad the last 

euttering surface of the PI~.owc.v. keckground. 

Behind the emin& we an.3 the last scattering 

surface ere .w,ing towarde each other with a 

relative YeloEity - 81s. Thus there is 1 sherp 

terper*ture *i..cmti~“ity (61/T) = 8nt where the 

*tri”g is. PO* E - 103, sr,r - 10-4*5, in a 

nnge which is obeervabk uniq present technol- 

WY. 

~hc pretense of hpe has *evetG intereet- 

ieg side-effect.. Perhaps the .ost iorrimuing is 

thet *i.ce lorJp* **1**** all of their masll into 

g..vitational ra**ation, a euh.ta”tiel bmkgr0”r.d 

ie produced, tith energy demity per logarithmic 

freq”enEy interval 
“* - “*a* 

& - 10-1 

(dlo-6)L’2 et prio*s lea* than a fell gear* 

(here ore* ie the .icrm?*v. background energy 

*e.*ity).5= Recently, the diecoverg of the 

lillisecolld p~l.&~ PSR 1937 + 24 ha, brought 

*etettim of grwitstiand radiation backgrounds 

of this order of magnitude within the range of 

plausibility. A” Utremely *e*n. tistant clock 

enablea one to detect ~ravit.tiord W~YCB hec.use 

the arrival time* Of p”1*** fluctuate with ayli- 

tu*e At- 0*1’2 p2/to. where P La the wave period 

(here. toughly the period of “berntim) and to 

ie the age of the “oiserse. If p”1eee tan be 

time* to en *ccur*ey Of abut one lieroeecorl*, 

the etriog hck!qound should be detectable with II 

decade or *0. The theory of this technique is 

diecussed in ref. 60. It ia SlSO re.rrormhly 

*lausible that grouo*-baaed laser i”tcrferometers 

with 5 km baaeli.xa could attain the requisite 

eensitivity within a decade or eo to detect the 

etring background et = 1000 BZ. Thh is 

extremely interesting because such high frequen- 

cLee probe much earlier epochs in the history of 

the “niver~e than the pulsar-detecting loops 

“hifh formed et e temperature Of or*** 1010 

0.z”. ore”itetio”e1 “*Ye* mJ*t he taken 

increasingly seriously as probes of the early 

“tiveree “ox thet i”etrulBents are up*Lae of 

detectin, “* C iI,,*--that ia. grevitational-wave 

b.eek*ro”ll*s cmp*rable in flux to the dcroYe”. 

hCkgrO”“d . A mare *et*i1** diseu.*loa can be 

found in l-t*. 49. wnhlle obeerretioea Of **.a- 

Cational radiation provides a intcrs*tin.g virdov 

on loops at very high redshift. 1”“~ .t larer 

redshift vould aleo have obsrmble con,equen- 

***. Loop* Of - lOB-‘o I$ CvhIch arc now 

extinct) would have provided highderdty aaa* 

meeeee which would have le.3 to the for..tim of 

me.ei”e bleack hales at reeo.bio.tion; th.,e wv.A, 

hare the right propertlee to po.er qu.,an .d 

active g&de..61 Icape which erc cucreet1, 

*ec.ying, “ith me** - 1012 wlo-6)2 %, “mad 

*et ee gr.“~t*tior.el lellece in *rout Of dletmt 

gue*er*, *nd could laed to very *ieti.ctive time 

verbbility in the bri#,tncs,, ad .ppur.nee of 

the len*ed image*.“’ I.***** loop* end opell 

atrXn@ covld alao .ct u leluc., dth.,“~h io 

Chill ells.2 the meet dietinctive e*gMture “ould 

have to be the dateme of ‘ch.ina- of lensed 

peire Of gaLuie.~3 or the coincidence of a 

mle.mre”e ‘web’ diecontinuity rith , &r of 

be*** .6* Currently **cayilLs loop have . mean 

*eperetion Of order 30 (ello-~s~~ “pc. d 0°C 

might apeculate that they are aseoci.te., with 

rich clustera of galaxies. If that is the case, 

there ie i” principle a dis~lpltive imer.ctim 

between the OBfillatiwm of the loop and the mas. 

in -the c1umter core, altho”*h ~.e quedt&ive 
adysd” makes it appear unlikely th.t m,ch 

****et* nould ectuelly be obsenable. 
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