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B. AIIen

extract the interesting physics from the data stream Being an optimist' I think

ii-.t-iiJ ;int"r""tini pl,ysi""" will include soutces of gravitational radiation

whichwehavenoth i ther ioexpectedorevenconceivedof ' I tpromisestobe
an exciting time

There are at least three major types of "known" sources-[S' 6] . 
These are (1)

coalescing binary systems' "o.p*"d of neutron siars and/or black holes' (2)

o"i".* t-a�na "tft* ieriodic sources), and (3) supernoval (and 
9th1r 

transient ot

il.ti""*."").-rhese are listed, roughly speakiug' in incteasing.order of "de-

tt*i"t ai6"Jrrv". For example, the riaveforms (chirps) of the.coalescing binary

"tti#t-*" .iti"av kno*r, to a high enough degree -of 
precision [?' 8' 9] to en-

.'ur. t"fiJr" J**tiorr, o"i,,g th" cl-a'ssi"al s=iguJanalysie-technique of matched

il;i;;iii,; rrl''so-. ora"i-ot-magnitude studies have shorvn that the amount

;;;;q;i; ;;;:"*ing can be don""tith a dozen or so higtr-performance desk-

;;;;l;JJt..t [ra]I the major unknown for this tvpe of source is their num-

;J ;;;"tty, ;d i! orr.u,taii bv more than an order of magnitude' llence

the rate of events which occur clo-se enough to us to be observable can not be

"tti*"t"a very precisely. The second tyie of source is pllsars' Once again'

ifr" f"r* A tn" sigoul is koown very precisely; it's just a sine y:, it:-h: t:l,T

.y.t"* Ut.y""nt"i, a coordinate system at rest- with.respect to the Sun lrJi'

i;-;il; ;;; however, the signal processing problem is -far more diffrcult' be-

cun"" the o"Uital *oilon of the ea'rth -ouod th" tott and the rotational motion

of the earth around its axls modulates the pulsar frequency' This means one

-""i ""p"ttt"fy analyze the signal for eath of s 101{ separate patches on the

;"-rhiil;;;, each of whicliwould have a distinctive pattern of frequency

modulation. Tire required processing speeds are currently beyond tbe limits

of even the most powerful computersl 6f "outt"' ii may be just a question of

;;t;;; tttif "-u.,t". search aigorithm is developed' or faster computers be'

come available! The third sourc! which I've listed' superuovae' is perhaps the

i""i Jim*rt to detect. There are two reasons. First, we do not have precise

ot"a,"ii"t" "r ,n" s.ltiiuliotd **eform such an event would produce - and

it's hard to design-a data analysis algorithm io look for something unknown'

Furthermore, ihle explosions are expected to be ra'r-€ evcnts and because cer-

tain kinds of instrument noise mighilook quite similar to superuovae' I chose

;;iJrilil, ""d categorize tiem as thl most dificult sources to detect'

The subjeci of these lectures is a fourth type of source' <iuite different iu

.ft"r*t* 
-ir"- 

tfre three listed above' These are the "stochastic' or "back-

erT""a;'t""t;* Ii+,G, ret- Roughly speaking' these are "randoni' sources'

typically arising from an extremely large nlmber of "uTTolY:d" independent

.tJ orr"""r"tutJa events. This tyje of-background could be. the result of pro-

"*"""-iiut t.t" place very shorily after the big bang' blt since we know very

liitle about the state of the universe ai that iime' it's impossible to say with

."" "*1.ittv. So"h . b*kgroood might also ".tiT..fto- process€s that iake

;^*"";;;;i;';;;rv Guv *it'io the past several tillion vears).and this more

recent coniribution might ovenohelm ihe parts ofthe background which contain

information aboui the state of the early universe'
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These sources ate uunre

;t:ru*l:*",ti* j1],:j**"-*$:"m:;.'ltsiudvanopticar

ftr*:il"i','J,'#rtii{{1i.1;;il1l"'T ;i*k{::T;'":il' rH * Jfof the antenna paii".i l.:i^:lfHent, 
and similar detectors, rhe anguiar size

:lJ:1"*r,*1;*5iij,""#*1,.,.".,"1.";,il:":TJ#::*,;Jltff *i1;-ffi"#'"#,:*:.d;.""',".'*i{:"::ilft #$#THif""T"""lH::J
:jffJfi i-'""ilT*:l:,1",',:{"'lHti#'j*i,:mi;H?i-*f::jj^e-c;un,er.,'"*""".j"ii",j:1;if:,#i-ii;1i:i*,":T1T:*iJi*,$sid
l#di+.:,jii"1ff :.i,ff i*T; jtri"#,"ffi ,:;.rum;;;H:11';ili'i'J"Hlilff :::1::f t"t'*-or''"u"iil#"i'
#:T:T::1 ;1,-,,1T:',,Tfi t,"{tlr:'* :;:i' :ffi ::"i]$T"dflj,'d
;iT:tj,fr;tiii{'il"'*r}1it*#il$"t;:r,uikit,;'
''"'f ff :""0;:T:'*iILl':l:: io' to"n *ti" louL i''"
i.Trf Tr *,';ii*::r,***:t"tt_U ff iT;i,*,:#t Tt Isearch tb rou sh,";. ;;i i,i" Tffi iiTl,":.H ;}';"'; hl;:#HllfftJ,'#;"t}1'fi1'lrj;#::-:l,the roci is u*,.,, ",i the cbarrenge is
-arreadrdiscussed,i;;;,.;;;;ij.,ll1l""g"l,Jil"JH:il:T::,;i,,;i*f
lT":i:,i'::i,3',i:*rff :rqi"j":;;tj:ft iijffi ##ru.ffi :,11_.iff ':y#,'*f ;ffi."Iff i,""r,i#:lt1t*ff _i%T'i__.,*ffi ",:.j:iill;
::: :n:ffff S,ffll"Xfifi:::''. ^s vou wlr "*-,li","""T,*, delectors
;g:"'":' I Tt":;;iT #':1,";'""1,'J.i"i"'"'"ffi::i"'"i.'if j': I:'j#
f+!{i;rir"tr;nrH'ff+ffi ,f|i1lfiT#nilrx''*t#
inJff';i-.li,.,',.""""rX"1,::il', 

the part oi the "c"; J;;s a sisnincanr
$f lll? ;Jiitli*[j":""t;f''+iii"ii,$,:r:,;:i.li:iiii; j
-Jf nfi'"lfi .H*",-"',:fl nl"*:lit"f l"j,li*:i:::;:ffi fi ,:l;
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have' I show how such radiation is characterized by a spectral function, discuss

some of its statistical properties, and show du ng which cosmological epoch

ii"-rJl"iil" *rtr"n lail" ioto the bandwidth of the ground- and space-based

;;;;;;;; pt"a"*a. In Section 3 I show how one can combine data from

ttoo o, *ot" graviiy-wave detectors to either put limits on the amplitude of a

stochastic background, or to actually deiect ii' I do.this in several steps' first

;il;;J;-;1;;;eni *r,ich d"mo"'trates the main detection strategv' then

ii*"l"ite in; ,"a""ction in sensitivity which comes about from the siting of the

detectors and their relative orientations on the earth' This is followed by a rig-

"r."la*i""i1., .f the optimal signal processing strategy, and a calculation of

Ih;;;;;;;;:liJ-i*'oi"" "tioind the minimum detectable energv-densitv

i" . ",i.ft*if" U"Jground. In Sectiou 4 I discuss the observational facts: what

we actuallv know about the stochastic background' There are strong limits on

;":"::Hfi;; ;;;ii" i"Ls'"una "oriing at verv lons wavelengths from

"1r""-""tit"" of the isotropy of th'e Cosmic Microwave Background Radiation'

""lliiii" "t ftfgh"" f.eq',"oci"" f'om obeervations of tirning residuals in mil-

i;;;;t;;;: Finailv, there is a limit on the integrated.spectrum arisiug

i".* 1f..'J."a*a -od"i ot big bang nucleosynihesis. The last pari of these

i*i"t"t 
-r" 

r.i ".re speculative' ln E*tio" 5 I dit"o"" some of the poiential

*wl'it *fti.ft " tt""it.stic btckg'ound might arise irom n1o,c111s that take

;h"" ;;ti;'i;-il hi"to.v of the 
-universe' 

i discu"s in some deiail three par-

ticular models (inflaiion, "o"-'" Jiog", and bubtle formation in a ffrst-order

ifr*" ,"*"lu"ii each oi which gives ii"" to a difrerent spectrum of radiation'

#il#ililolil.i"t ,u" it*rt"tisms at work in each case' In each case

I indicate if and when the experrments being built might detect these potential

"r".""r- hrri" i" followed by a short conclusion, and an appendix containing a

few calculational details.

2. THE STOCHASTIC BACKGROUND: SPECTRUM & PROP-

EHTIES

2.f. Digression - the Cosmic Microwave Background R'adiatioa

In order to discuss the spectrum of graviiational backgrou-nd radiation' we need

i" i"".at"" t"ittion' i wilt do t'hi wiih an analogy aad an example'

Let's begin by considering the electromagnetic background radiation' conven-

ti*;ly;;;;rr.d to as the Co,-i" tlli"'o*iue Background Radiaiion (CMBR)

ii+ 
'ifti" .Jitt-n was originallv produced when the u-niverse had a temper-

ature of about 3000 K, at u t"a-"iift of approximately Z = [0.0' Today' this

"f*tt.-ogt"ti" t"diaiion has a Planck blackbody spectrum with a tempera-

ture of about T - 2.73K. Each cubic centimeter around us contains rv 400

&neli oi.l"tt of energ;' = 10- tu "'g' Jhe iotal energy density in this radi-

ation ffeld is pa = 4.2 x 10-'3 ergs/im3, and the characteristic frequency of

the photons that make it "p ls (" tlr" times) /s - kTlh = 5.7 x 1010 flz' Here



COSMOLOGICAL SOURCES 
5

hrt;tJ"T;itf,- 
sec is Planck's constant, a = r.4 x 10-16 erslKervin is

ff iliJii:1,:,*Ifr :ff lii:":'.,trfi *T"i"..,,fi $'il";adiation,we,,,now]T".i"r'.rr'im::,.'ru,*:j"1";"ir'i"i"a'r"iii?ii:i.',l'"T';:l:H,fJ
dE=(z)hf (_*_1eyfl, (1)

ti,j"H'"111jji:y,f ddH:+'i":"r'":i!i,il:lf;::",i,'fi :n:i,H:"Ei;i,t*?::1";:";t*##il{;1t",,1i,ffi lr.ht#J.*lr
ap"-=#=Y"#-. (2)

Iir:*Hffi::ff11,::"I:1ff::"rtfferentiar enersy dens*y within a unit

ffi=t?oaa*ro-,,H (*f G+) (r)
Fj;t''^l,[i+:;qtri:fi T',,"i:'#..'"T[::t?i:l,,T;,:c*'disrriburiouof;r'H*ihru*-til*;";";;t::::',ffi f5i'##f*HTiff::';
lH:r,1ri::"+*;J"*T::d[';T:"":',,.:...1i,l[il:H;',]:c'nven'�i'nalj*.'"""',".; ***""ff :::;']Hffi l".Xia;'"",T'"%*th*i* jl
Ho = hno 100 

*"S; = B.) x r0-rsAroo-L = 1.r x l,-z8ciroof . (+)

3"""iJ;,Xr"l"'n i IilJ,#",T:l::..1d ou,f:" rlo (a mar ter of considera br e*lt::.,ltlll,[*,]"'."g."",1,J*i"i:]5 j#:H,'#ill;i:
Pcriticar = 

# 
"t.d x r0-8,ifoo ergs/cma (5)

Iiit':f":"'i il';Tln:llj*l*:':,inrhis se*ion, ora quanrity which wewilt be using for ro" ."_._0"" "i'lill"J,llrr,"#



B. AIIen

Intheremainderoftheselectures,wewillbediscussinggravitationalwave,
.rtt ", tr,r" "i""tromagnetic backgrounds. However, to complete this section,

we ffrst deffne the analogous quuitity fot electromagnetic backgrounds This

quantity is a dimensionless function of frequency

o  / r \ =  L  d P . , ^ .
r 'em\r ' '  -  

P""i1;""1 dln /
(6)

For the thermal spectrum of electromagneiic radiation in the CMBR' we have

-  ^ / f \ 4 /  " - t  \
o.*(/)= 2.4xro-6hiio(i) ('fr;l F)

A graph this function is shown in Fis' 1' AIso shown in Fig' 1 is the spectrum

tiu'i ii," gr",nitttional wave stochasiii btckgtot'nd would,have' if at earlv times

in the hisiory of the universe the iluctuation-s in the gravitational field had been

i" """ifiUtiti" *ith the other matt'e! and radiation in the universe' In this case'

il"1;;T#i;;J;a* Jo"h"'ti" backsround would have a thermal spectrum'

;ilT;;;;"te of about 0'g K t14' Ii is smaller than. the temperalure

of theCMBRbecauseina"oove, ' t ion. lhotb igbangmodel ' . thegrav i tons
*"rii n-t"" a*.tpled when the temperature of the universe dropped below

;;;;;kd;;e, when the number of entropv deg^rees of freedom was

106.75 in the standard GUT mJel' Since the uumber of degrees of freedom

il;;;;y i;i the graviton temperature istss than 
-ihat 

of the CMBR bv

ii" lta iioo.rslg.s r)r1". (see diecussion in [1?]' pg 75' between (3'89).a'nd

ii.s0ii:-H;"""ti; is unlikelv iha;;his equilibrium could. have!reen established;

ifr" iitit"'t"""rt"i'io otuu["n the equilibrium is longcr tban the characteristic

exDansion iime (the Hubble tirnejii tht universe because. the^ gravitational

t"#;t""; ";;eak. While it'-iJ t't'"'"fotu unlikelv that this 0'9 K thermal

;;;;"'G";i, it i" n"u"ttn"los a useful benchmark for comparison'

A number ofgraphs similar to Fig' 1 will appear in these lectures' so a couple

of comments are in order' fi"t' ii? t"ua"t will notice that -the horizontal axis

encomDasses an ettoflnous !ang" oi t'"qt"otio' The lowest.frequencies f ar Ilo

H"t;T;;;;;'*r,i"n "rrrv "ttiutte u singl" time in the. entire historv of

;;;;;;;;, "oa *no." p"tioi Jn iuuut" ti'i" n;11 rhe hishest frequeucies

shownarethoseofvis iblet ighi 'Second,thesegraphsmakeiteasytoseethe
total amount of energy contriout'll Uf in" t"aiuUon. to the energy densiiy of

;;;;;;. F;;i;; vertical axis' one can immediatelv'see from the graph

of O.-(/) that the CMBR *:rtJiii in tl" uicinitv of l0ir Hz' aboui 10-5 of

the energy required to close t'he unrverce'

2 '2 'Nota t ion- thesPect ra lF t rnc t iono( f ) fo rGrav i ta t iona l .Waves

In order to characterize the spectlum of a stochastic gravitational wave signal,

;;;;il;;;;;titv for th" gruuiton backsround which is analosous to o"-'



2.7 K cherhal  sF€crruh

0.9 I( lherldal spectruh

rrequency f  (sz)

l;1 k ;"ffi ".H1,ilT;"J#:-T*,':n3 *:.ev densily o.- (/)
fr ffi *fl ;*"#":r*t#,.,r;*fi if :-!;,,Hltffi f Hii#",".,ffispectrurnortbef a-viiai,""Jl1,1"T"lill"irfu?1H.lifl,I"","#: jflffi
The precise definition is

o(/) = os,"(/) = ̂ *# (8)
The subscripts ,,gw', for ,,crar
danger of ambigity. 

^-' 5'ardtational wave'are omitteil when there is no
roere appears to be some <

r'ili'*'$*rfr llil[]1ii{{,ti',','i'i#'-::':'':'ln,r"*;
I' jh,lo","t,.r,d*;"^rffi :1J#:,:;iT'::ir"g.:i"",%:?T:"":J*;
;LlJf 

** Bpectrum, or any orhe*p."in" lr:"i,iu"ii"""T energy *ith
rt,Iiillll*:::jirc:1bal ii rollTs^d]recrrv rrom ihe definiiion rhar rhe quan_;",#i,',i1,',1,,i""i1."""i11"""fi,,,1;Tl"*"Tli"rffilTff 

l;reForrhis
., is sometimes convenienr io.];*,,-" ,"^ - 

'-*"'" .otaer tnan on Q(;f)

andthesensitivily;;;";;"":"T".,,"T#.ir:.'ff "Ii#J,:i,""r,#*iiilil:,
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This is thedimensionlessgrav i ta t ional .wavestra inh=A,L/L lhatwouldbe
;J;;Ji" th" ;r_s of a-detecror, in a bandwidth equal to the observation

ii""qu"n"y. This is related to O(l) by

-100 Hz
r ' " ( f )  =  1.3 x  lO- ' �oh loo/o( / )=:= '

(Equation 65 of [18])' Apart from an overall factor' this formula can be easilv

derived by dropping the trme derivaiives from (A13) For.example if 0(/) =

fi:;:;;";#ffith b0Hz < J < r50:,1,.z then the strain in an ideal detector

is h" = 10-24.

2.3. Assumptione about the Stochastie Gravitational-Wave Back-

grouud

Does O(/) contain all information about the stochastic background? The an-

"** J)t*' frovided that we make enough additional assumptions'

We will assume from here oo lUtt ttt" itochastic gravity wave background

is isottopic, stationarv, "na Cto"J*; rrod"t th"t" ;Ull?T- t::t completelv

";#.fi; ii" .p*t-* o(/)' Each of these three properties might or might

Joi lofa, before moviug on, let's consider each in turn' . . t
T,;;;;;;;;Juiir'"i tr"t-in" Ctraen i" highlv isotropic [17]' Iu fact

this isotropy is surprising, u""u""t in the standard model of cosmology' the

#lrllll;; J ,h" io,i"Jo ut z- = ltoo is onlv about 2o ' Nevertheless' it is

ffi;;";-,tttt *"ll-esiublish"tl tha't the largest- deviatior fromthe isotropv of

the CMBR arises from oot p'op"i motion'with respect to the rest frame of

the universe, at the level of f pJ io tO3' tne neit largest deviations from

isotropy arise at the level of t part in 105; these fluctuatioue arise because of the

non-uniform distribuiion of matt"r ai 1"oa uf*4 the surface of.last scattering'
'"il 

t. ;;;;;;;i onre-onabl" io assum" that the stochasiic gravitv wave

backqroundisalso isot ropic 'H.*"" " ' t r ' i "assumpt ionmaynojbetrue.Forffi-;!FF;r;ri*s::i:,x1ff Tff-:i'*:$Tli:"'"?#r'['::::*;sround is a large nurnber ot un

:#;. ;;; ;r salaxv is i" o' 'pi"a sl-yned, (and noi.sPherical) if ve

il;j; ;;; ,h. ;hit""d'ou'f bio"its are distributed iu space- in-the sarne wav

;,h:';;;;"; ; tttu gnt"xv, tnen ihe sto"hattic background will have a dis-

;";;;;;;;; ai"i"iu"ii'", '"i 'ill form a "bandln the skv" distributed

roughly in the same *uy "t tn" *ilky way' It is also possible for a stochastic

;#iil #-t;cr"'"a. "1 "**oiogi'j otisin- to fe. luiie anisotropic' of

course in this case, on" ," r"r, *rih the"probleni of explaining.wby ihe GMBR is

isotroDic, bui the graviiy *nu" b*tg'ouod is not' It is Possible,io conceive of

J;;;;h."#;,"u"r',.ii,rtit ttr" "cJp" of these leciures' we will not consider

their efiects.-ilu 
L"*ption that the siochasiic background is stationary is almosi cer-

t.f"fv .i""tin"i. i*ftnically this means thal the n-poiut correlation functions

"iii'" !l.ri .ti."a *u'n" d"ld" l"pend only upon the differences between the

(e)
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We will
lT:;1 :f:1.,1 

2-4 rhat if rhe stochastic background arises fromffi :Ttr""11:l*i115.."'113:"1t.r,:*"1;;;;;;r#i,ffxtilIlil: #: ll:,?': 9"1st "1,."i,_.r, ii'" ;ffi;i.- ;fr ff ffi'H :ili,TjT:about I = 10-22 sec. Clnsia.r it, 
---v ororrcaltuu'u r'4rrauon was emltted war

rrA. z sraohicalw i1n.r.-+-- ^ r^:::for]a.l 
di?$am{191, shown in Fig. 2. Asil'fl ,i-'.?ii':"ii:il":'i:'"::r J:4":J;*;iffi*";i';l'x#:;n ;"'1;lii"ii ri:: J:*. "b""; ";;;;;; ffi',*:il, "j lt_ ;f T::ft: :fi :jihe big bang by an extremeiv l 

--*-.vq Hrvuuwu 6' ' = tv -- seconds after
yotumcs .w,- ^6h ^^.:_^r ,, 

rge numler l{r,oaoo,, of independent horizon

Fig. 2. - A conformal diagram sl

:o:1,_o^rocica,;.dJ.'d";H;4i,""+,i:i!ti"ff,:#:ffi "l&;::.i*il::rers€cts a surface at ! = lg-zu *i9* 
I a brle r-spherJ, oi,ruJ Lo p",nr" 1u,u;are sho\en. The furure lighr cooe of the ioiriat ;;;ff; il#il t]h" "urou ".,rr*"ur a much smalter 2-sphere, of which ,*o po;o*r-li,l-*J ,* i"""*"],rn" "r,-o* .,rndependent, uncorrdated horizon volumee Nr,".i".. whid .""r"il.i" Lo the gravila_tronal radiation arrivi'g ar a derector r"duy i;;;; urifr".Li..iil" areas of rhelarger ?-sphere to the smaller one.

times, and not on the choice of the timp n,i.;- Er^^^-^^ rL -i" 20 -o.d";, ;;;;;;,ffi H:1",1'#,.r:T;.*::fr ,:h;;-,:."t "Tr:Tj::that LIGO, VIRGO, and the oiher faciliries "".;;;;il;;ers of 63s1t-tude larger ihan rhe longesr realistic,observatin-;#,; ;#;"ry unlikely
:?iL^r_0".*"d*,jc backsround has srarisrical p..o;;i;';i;;; over etherol these time_scales-

The final assumption.we make. is thai the fields are Gaussian, by which we
::ii 

th.j ihejoinr density funcrioa is , _urti'u*iu[ o.-riiJ jiiliurrioo. ro.many early-universe processes whichgivc riseto a-s;;.h#;;;;""nd, this is
i ^1",iTrlb]" i*"-ption, whictr can b-e jusiifiJ *irr,in"."ri"? r"ri"rr rheorem.IJet's sketch the argument out.

cravtrons produced t -10 -22 
sec

volumes. we can estimare ih; ;;;;;;i;*""i:H##ilt"Tffi l:."""jtfi :
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surface I = 10-22 seconds as follows.
Let's assume that the universe is l = 0 (spatially flat) and radiation dom-

inated from the time ihat the gravitons were produced (4 = 10'22 sec) until

the present time (16 = 1017 sec). This is a reasonable assumption for this

type of calculation; although the universe did recently become matter dom-

inated (at a 1 of a few thousand) ihis has only a small efrect on the final

answet. The red-shifi Z of the t = tr constant-time surface is then given by

| + Z = (10t7 /L0-22)rl2 x 1020. Let's work in a "conformal timd' coordi-

nates where dsz -- a2 (4)(dq2 + dd2). For a radiation-dominated universe

"h) - ,t, a.nd we can iake the present time to have I = 4s and the time at

o,Lich gravitons were produced to have 4 = r71' We begin by considering the

intersection of the forward light cone of the initial singuladiy with the surface

4 = 41. This intersection forms the small two-sphere denoied by the points
irutt ,n4 """ in Fig.2; this two-sphere has area A"-.tt = 4nq21a2 (ttr). In similar

fashion, the past light cone of the presenfday detector intersects the surface

4 = 41 in ihe large two sphere denoied by the points "a" and ub", which has

area 4s;" = 4r(no - ni2 a21t1t1. The ratio of these two areas is the number of

horizon volumes visible to the detector over the entire sky; it is

y'{r,o;uon = 
# 

= fuiA = 22 x ro3s. (10)

If we assume that the processes produciug gravitational waves from each of

these separate horizon volumee act iudepeudently, then it follows immediately

from the central limit theorem that the amplitude of the radiation arriving at

the detector, which is the surn of the ampliiudes of the radiation produced by

each of the separate volumes, is Gaussian.

2.4, When is a Stochastic Background produced?

Suppose that the LIGO or VIRGO detectors do detect a stochastic background
of lravitational radiation. From what epoch, in the history ofthe universe, does

this radiatiou date?
To give a general answer to this question, we need to make some assumptions

abouiihe universe. The most reasonable thing to do is to adopt the 'btandard

model" of cosmology. This cosmological model consists of a spatially-flat (l =

0 Friedman-Rnbertson-Walker) cosmological model, in which the equation of
state is dominated by massless (or highly relativistic) matter for red-shifts
greater than Z.q ^J 6000, and is dominated by massive pressureless pa'rticles

(dust!) for smaller red-shifts.
The question poced above has two answets, one mundane, the other quite

exciting. The mundane possibility is that the radiation was produced at or near
the present epoch (say, within a red-shifi Z < 4) by many unresolved separate
sources, such as white dwarfbinaries or supernovae. For exa,mple, in the case of

the electromagnetic background radiation, one finds that below about 300MHz

the spectrum is dominated by (recent) emission from ou! own galaxy [20]' The
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