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Prot 0 .• De c ay in Grand Unif i e d Theories 


Ze:1 r o HIOKI 


Der;>a rt::mcnt of Physic.:; , KfoCO Un i versity , Kyo t o 60G , JAPA1~ 


ilbs tract 

A r eview on t he r ec en t status o f proton dec ay studi.es in 

the SU(5) and the SO(10) grand un ified t heor i es is p rese :lteo . 

l. In troduct.i.on 

2. SU(5) GUT a nd low e ne , g y parameter s 

3 . Proto n deca y I : SU(S ) GUT 

4. Proto n decay II : SO (l 0 ) GUT 

5 . Su mmar y 

§ 1. Introduction 

ilI t t he p r e.sent, we h a ve qUi.te s ucce s sful tncorie s of t:.he 

weak , electromagnetic and st r ong interactions , i. e. ) the 

st andard SU ( 2 ) x U(1) electro we ak theor~l ) and the Quan tum 

Chromodyna mic s (QCD) based on t he c o l o r SU (3 ) symmetry ~) In 

fac t, va riou s phenomen a at ene rg~es attainable by present 

exper imen t s a re cons i sten tly described by these theo ries. 

However , we have to recogn ize that these theori e s inc l ude 

so me u nsac i s f a ctory points. for examp le, the t1e i nberg angle, 

8 / , in the electrowea k theory is a f,e e pa rar.lete r since there1

is no theo retical r ela t ion between the SU(2) and t he U(l) 

C OUD 1 i ng cons t an t s, g and g' ( tan g ' / g). \ Ie a I so do not 

know the re ason fo r the charge quan t Iza t ion . Th e se a re expec t ed 

to be sol ved ~n a more fun damental theo r y. 

One of the most a ttract ive ap proa ches t o such a t he ory is 

the grand unL £~ca t l on, wh ic h a i ms at des crib ing the clectroweak 

and the st r o ng interact io ns by a gauge theory b ased on a l arge r 

(simp l e) gro up .including SU(3) x SU(2) x U( l). 

I n t h is scc:; a rio, 'Ne ha ve two predic tio ns 'which can be 

2 
r eadily checked by low ene~gy data : the values o f si n 8 r .' and. 
mb ( che b-qua rk Ina ss) . However, .... ha t is more stri k i ng i s t he 

pred ic tl0n that p roton (and bound neutro n) is not s tab l e ! 

Amon various t h e o r ie s (mod e l s)3) propo sed so fa r , the 

o ne ba s ed o n 5U (5 ) is the s imp le s t 4 ), a nd its p r edictions for 

s i n 2 ~J 5)-9) and m 6 ), 10) are in good agreement with experimen tal
b 
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da ta. Therefore, calculations of the proton l i f eti me , " , 
p 

have also been made mainly in t h is SU(5) gra nd unified theory 

(GU ~ )? ) ,9) ,11) 

Rec en t l v, howeve~, eX perime n tal d ata on " whic h seem to 
- p 

c o n t radt.ct t h i s theory ha ve been repo rted ( 1MB co llaboration ) ~2) 

Expe r imen t by ano t he r co l labora tion, KAM I OKANDE , ha s also 

s tar ted d a t a taking~ 3) We are now in a very exc iting situa t ion . 

In Lhi s a r t i c le , I will review t he recent sta t us of the 

proton dec ay studies in t h e SU( 5) GOT, and also th e SOllO ) GUT ~ 4) 

Whl Ch is ano t her strong cand ida te f o r the real is tic mode 1. 

(Proton de c ay i~ s uper s ymme tr i c GUTs is also in t eresting . bu t I 

do no t me nt:io n t hese theories. See, e.g. , ReL l S ).) In § 2, 

taking t he SU(5) GUT as an example , I e xp lain how to de termine 

the va lue s of para me Le rs of th e theory , and s how i~s s ucce s sful 

pred ictio ns o n s ~n 2 8 \~ a nd mb. Then, t h e proton d e c a y l.n t he 

SU ( 5) theory i s di scu s sed in § 3. There I will al s o discuss 

p o ssible wa1' s 16) -21) to rescue this theory f rom t he con t ra

d iction wi th the da t a. The SO ( 1 0 ) GUT is d e scr ibed in § 4, 

whe re we s ee that t h i s t h e o r y a llows the pro ton li fe time l o nger 

than that of the SU (5) GUT. The f i na 1 sec t ion is devo Led to 

su mmary. 

§ 2. SU (5) GUT a nd low ener gy parameter s 

A mode 1 based on SU ( 5) symmetry, the p r oto t ype of g r a nd 

unified theories, was fi rs t pro posed b y Georgi and Glashow~) 

- 3 

In this mode l , quark s and lep t ons nf one genera t ion a;:: e 

* assi 'Jne d to 5 and 10 r e pt"e se n c: atl.o ns or SU (5) • Under such 

ass l.gnr.1ent, t:hl. S mode l sati s f ie s the anomal y -free cond l.ti on . 

''';e have 2 4 gau ge bosons. Among t hem, 12 c orrespo nd t o t he 

well -known l ignt bos ons, and anothe r 12 are s uperheavy ones. 

. xi 
k 

'{ ~ (i 1 ", 3: color l.nde :<, mx == rlly ) • ' 

In a ddition, at lea st two Hi gg s mu l tiple ts are nece s sary 

in o r der to break SU(5) spo n t a neous ly to Sll ( 3 ) x SlJ( 2) x U(l) and 

fu r the r to SU (3) xU ( 1 ) EM . Us ually, 24 and 5 Higg s mult iplet s 

a r e t aken fo r t he former and the la t t e r b r eaki ng s r e s p e ct i vely . 

Th i s sc'leme i s the mos t c ompact one , a nd is called " minimal 

SU (5) t heory ( mod e 1 ) " . For the time cing, we restrict our 

d l Sc uss ion s to this minima l SU (5) GUT . (Of course, we c an in 

co~olate a dl. f fe r e nt set of Hig g s mu lt i p l e t s, but t his increases 

th e nu mbe r of fr e e parame t er s and the pred1c tl v e powe !: of the 

theo !:y is dimi n is hed.) 

. 2Let us fi rs t cons ide r t he Ile inberg angl e . s ~n 8 II is no 

l onser a free p a ra me t er in the GU Ts . The gauge prinCiple 

demands on ly one coupl i ng constan t , nd t he U(l) generator i s. 

Talaen tif i ed wi t h a c omb ina t ion of t he SU ( 5) gene rato r (a 

= 1~ 24). There fore , t he struc ture of the wea k ne utr al current , 

and conseque~tly t he value of sin 2 e W is dete r mined only by the 

2 g roup s truct ure. As is well -known , sin SH = 3/8 in the S U(5) 

theo r y ~ ) 
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Acc iden t ally, ear ly ex-p erimental data were sin 2 8 ~xp" 0.37 

- 0.38 "' 3 / 8), b u t the abo ve p r ed i ction is inconsi sten t v.'ith 

pre s e nt. more re fi ne d dat.a~ 2 ) s i n 2 e ~xP " 0.21 - 0. 22. This 

seem i ng d isagreement vanishes if we conside r the higher order 

c!tfe c t " a s wa s E r s t plHntcc ou t by Geo r gi, Qui n n and 'Ie inbe rg~ ) 

Gene rally , a la rge r adiative c Qr cection l ike 'V g2 ~U~ /m ) 

appea c s i f t wo e x tremel y d i ffere n t ma ss scales 11 a od m a r e 

i n c luded in a calc ulat~o n. The data on s i n 2e Ware obta i ned in 

l ow e nergy (at most m'V MW ,Z ) exper i ment s on t he neut ral c ur re n t 

21nte.r:d.CL_ons. On che ot.her: hand, the va lue 5in eW = 3/8 is 

cons i de r ed to be th e one obtaine d fr om the neu tra l cur r en t 

reno r ma li z ed at M'I" MX (gr a nd un i fi c a t i o n sca l e) . MX mus t be 

(,( l 01 4 -15 Gev ) sove r y lar ge that proton does not decay too 

f a st. The r e fore , the h i g her order effects cannot be neg l ecte d 

in o r de r to ca l c u la t e e 101 (:'\/ ) ' the .ie inberg a ngle which can be 

direct l y compa red with l ow e ne rgy da t a. 

The se effects a r e exp re s s ed in te r ms of the runn ing coupling 

constants governed by the following equations. 

d9 i 
)J dlJ Bi (g i) (2.1) 

where i = 1, 2 a nd 3 correspond to U(1), SU (2) and SU (3) 

respectively. '.Ie know the value of g3 ()J) ( QCD c o up lin g) at 

~ < ~ )23)low e ne rgy ( Fur ther , g2 (HWJ and gl (r~ ) a re exp r es s ed
~'I . 

by (,( ~lW) (QE D coupling) and sin ,\/ U'\/ ) ' and the value of ex( ~\f ) 

is c al c ulab le f rom u (0 ) = 1 /1 3 7 .0 36. 

Usi ng the se va l ues and the we ll - known SU(3), SU(2) a n d U(l) 

and assuming t ha t SU( 5) s y mmetry lS resto red atB f u nctions, 

et a l ~ ) o b t ained the ~ ~1X' i . E'. , g i ( MX ) = g s u ( 5 )' (jeorg i 

. 2 )value s o f s 1 n ~I (I,t,., an d ~iX as fu nc t ions of ex QCD a nd ex 

Subsequen t l y. Bura s e t a l ? ) made mo re de t a i l ed comp utations of 

2 ( f e rmlon mass te r ms S1:1 6 (M ) and a l so the val ue of ffib / m
W 1v T 

at tree le vel).made by 5 Hi g g s s a t is fy t he re la tion mb = mT 

Stn.ct ly sp e a k ing howeve r, we must not neglec t t.he mass 

e ffe c t s o f \-I;:;, Z an d x± , y± boso n s in e ( un ct ions e ven at 

~ < M,I,Z and )J < !.l ,Y respectivel y, a n d SU(5) s ymmetry must not
X 

notbe re sto r e d at )J MX ( i . e . , the values of gi (M
X

) do 

above ca l c ul at l o n s, s uc hcOlnc i Je wi t h each other ) . In the 

po i nts a r e not taken into account. Th e r e f ore, in o r der to 

dete r mi ne t h e values of pa r ameters more accurate ly, we have to 

use the S f unctions inc lud i ng these effects (threshold e ffe c ts). 

First sy s temat l c study of those eff e cts wa s done by Ross ~4 ) 
who showed that the value of MX thereby decreases by a factor 

of 6. S ubse q ue n t l y , several authors 7) - 10) have mad e com

pu t a tions of pa r amete rs, and we h a v e now t he foll owing results 

(at the level of two-loop renor ma li zat ion group equat i o ns ) for 

5 1. n 2 8\, ( ~\,l, mb a nd ~\ . (I have shown the value s refer r ed in 

2 5 
the rev i ew by Marclan0 ) .) 
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I npu t da t a 

QED coupling ~ (Ol 1/ 137.03 6 

QCD 	 coup ling t.
MS 

O . 1 6~~: ~~ GeV 23) 
(2. 2 ) 

CI (\l )= 1.51 ~ n (tn ( u 2 /1I~ ) ) 
) ,QCD 2 2 {l - 0 . 7 4 MS } 

Zn(;.J / A ) i.n ( u 2 /fI~)
HS	 MS 

Outpu t 

. 	 0 00 4 
Sin 26 (Mw } 0. 214+ . w - 0.003 

(2.3)mb/ m[ = 2.9 ± 0.2 , 


+1. 7 14

MX = 	 (2.1_1.2 ) x 1 0 GeV, 

If we have a fourth gener a t ion , mb/m ratio i ncr e a sesT 


by ~ 0.25 and disa g r ees wit h t he da ta . ) 


26
Experimental data ) 

. 2 expSi n 	 'lw (~) 0.215 ± 0 . 014 , 
( 2.4) 

( mb/m ) exp 2.6-2.9 . 
T 

. 2 e wi th its data is excellent, a nd aThe 	 ag reement of Sin 1/ 

severe constraint on the number of fermion generations obtained 

from 	 the value of ~/m T is noteworthy . 

§ 3. 	 Proton d eca y I: SU (5) GUT 

In o r der to evaluate the pro ton l i fet ime there areTp ' 

fur t her two necessa r y s tep s : 

i) calculat i ons of en hancemen t fac tor (i . e. , inclusion of 

radiative corrections to the tree amplitude), and 

ii) reasonable estimate o f the hadronic matrix el eme nt. 

The enhancement factor is us ua lly i n ve s tigated in t he 

framewo rk of opera to r an a lysis combine d with the reno r mal i z atio n 

gro up method ~7 ) These studie s were done by several auchor s~),28)-30) 

7 h e value of this facto r is about 2.9 in the amplitude. 

As for the estimate of the matrix el e ment, we ha ve va rious 

standard t echn i q ues devel oped in the studies of ord i nary hadron 

decays: the bag model, the relativistic composite model, .. . 

By using these tools, the matrix element (and the proton 

6) 7) 11)
lifetime) has been computed by many authors.' , 

an d . 1 l·f T pThe average values of T p partla 1 e er1l 0 
for 

the mode p.;. e + 11 0 (which is considered as the main decay mode 

in the 5 U(5) GUT with branching ratio'\, 40%} are 

Tp 	 2 x 10 29 ±1.7 yr , 

(3.1) 

e 11 
+ 0 	

4.5 x 1 0 29 ± 1 .7 yrT 
P 

On the other hand, the recent IMB experiment12 ) has given 
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+ 0 32 
e IT 	 > 1 x 10 yr (3.2)Tp 

which is 	much longer than the above SU(5) predictions. (I was 

i n f o r; med 	 duri ng t h.ls ~ jor k shop that the lower bound (3.2) c han ge d 

as T 	 e+ "-O > 1.65 x 10 32 yr.)31) 
p 

S.lnce, there is a proportionality T p a: M~ cr 1\ ~S' consistency 

seems to recover somehow if 1\ ~IS > 0.5 - 0.6 GeV. Ho we ver, 

this would produce another difficulty. As to. ~I S becomes larger, 

the p redicted m, increases and becomes larger 6 ), 10) than the o 

appropr ia te va lue s ho l¥n in Eq.(2.3). I show here the 1\ MS 

dependence of mb . 

I\MS GeV ) mb ( GeV ) 

0.08 4.7 

0.16 5.1 	 (3.3) 

0.26 5.5 

(Results by Oliensis and Fischler 10 ) for m = 20 GeV.)
t 

Therefore, the INS data dr ive the mi nimal SU(5) GUT i nto a 

corner. 

Can we rescue this theory with sl ight mo d ifi cat ion s ? .T n 

' h 'bl 16) - 21) kthe fo 11 oW.lng, I s ow SOf"e POSS.l e way s to rna e 
T P 

longer. 

i) I n clusion of a 45 Higgs multiplet 

This is based on the discussion by Jarlskog~6) In a theory 

- 9 

wi t~ more than two generations, partic 1e mi x ing among them 

shou ld be taken in the most general way . This is appl ied to 

the SU(5) GUT with 3 generations. Then, if there remain some 

new parame ters (i.e., parameters which do not appear in the 

well-known cha rged current sector) in the proton-decay-inducing 

X and Y boson interactions, we may be able to adJust 

the m freely and even rotate the proton decay away. 

Although 	 this Jarlskog' s argument does not work in the 

29mini mal sCheme ),32), her idea was sho \oin to be valid if a 45 

Higgs multiplet is included~7),32) Subsequently, concrete 

calculations in such extended scheme were performed by several 

authors, and the above results were shown not to be affected by 

the inclusion of radiative corrections~8) (However, it should 

be noted that the inclusion of 45 Higgs multiplet changes the 

calculation of mb/ m T since the tree mass relation gi ven by 

tilis Hig gs multiplet is mb / m 1/3.)
T 

ii) 	 I nclusion of mass-split mu ltiplets 

Ano ther app roach is to make MX large r by adding some new 

pa r t icles whic h gi v e di f fe r en t contn.b ut.lo ns to e a ch of B i 

fun c tions. 

One wa y is to use s ome ne w f e r mi on mul tip lets. Fra mp t on 

and Gl ~ s how 20 ) extended the fermion sector 5* +LO to (5* +5) a nd 

* (10+10 ), and examine d how T P chan ges for various cases in 

which some parts of the multiplets are made light ( "' ~\l ; mas ses 

of others are "' "\). 'i'he y found that T p can be increased by a 

- 10 



factor '\, 20 00 . (In th l.s case , the pre J Lctc!u "einberg angle , 

. 2 ,
S In tJ W' cJlanges "- to.009 . ) 

Second one is t o use "1. gg5 mu:tip l ets instead of ferm i ona. 

Hag lwara et a l~ l ) s tl.ldied this poss lb Lll. ty, a nd round that 

adding a spli~ 24 H1.gg s multlp l et can lncreas T P by a zacto r 

2
of 200 wl.thout changi ng the val'.le of s1 n ~ 11 

Besides these modific~tlons, papers 33 ) appeared, whlc h 

assert that m~nl.mal 5U( S) predlc tlon for is not Lnc~ns13tenc p 

Wl t h the INB da ta. The a uthors obtalned this results from the 

calculatlons of the matr~x eleme nt by th~ 8- S ~quatlan techn~que 

(r;he es timated 'r; 1.S larger than the u s ual one by a factor vi:' 

about 100). However, I canno t lmderst3nd why their n:sul r;s are 

so d i fferent frcm those by many oth"'l:" au-chors . 

§ 4. Pro t o n decay II: SOtlO) GUT 

SOllO) gran~ un1f1ed heory 1 4) lS a lso 1n t er .:!sti.ng ana 

at.trac t':'ve though 1tS part~cle c o nLent lS complicaLed s l~gh:;ly 

compared to the 51J(5) GU'i'. (We have 45 gauge bosons , and several 

Higgs mul t 1.ple-C5 are necessaty t o real~~e t he jeslrabl~ symmetry 

orealang
34 ! . ) TillS thevry 15 au.tuma ti call y anoma 1y- f n~ c JU(; tu 

tlle gro up [.Iropert~ . ~Iorec,ver , all iermlons in o ne gene!:"3tion 

can be ass i.gned to a 1.6 repr"sel1ta l1on . IA ~ '..-as r.lcn tioned ~:1 

2, 5 * and 10 a re both neces sa ry in t he case of SU(5l GUT.) 

As is wel l - knuwn here ace two .~pre:;enta.tJ.ve symmetry 

brea king patterns : 

- 11 

(1 ) SOllO) -> 5:1(5) -> 5U( 3) '<5U(2) 'Uel) 

( -l .1)
(II) SUllO ) - SU(3l XSU(2)r. " SU(2),,',U(l)B_L 

~ S' I (3) " Sl(2)xO (1 ) 

(3t~i~tly sp6aking , ach iJa t te rn has turt:h.~f severa 1 b r anches, 

Home of whl.ch w1 11 be dis~usse~ la ter . ) 

con~ern_ng th2 p roton decay, t he pattern (1) is slmil~T to 

the 51! ( S) GV7. Detai l ed s!~Ldl.'"s in tIns pattern we!'e dorw ;5 ) 

t!) bl; 5J ( 5 Jand Tp was fOund almost same ur sho c ter than 
T P 

:)l" I concent r ate my t alk :.:on the ;:;at t ern (LI ). 

Pattern (II) ~lves a posslble answer t o the ':IU~5t~:ln ""IDy 

15 tIle nat:'.Ire I ef t- handed ? " F',lrthermore, If a s olutiOn whL " n 

allows re13~ ~vely l ~gnr; W (rlght-hanJed ga~ge b o sQn) isR 

poss1ble , thi s .>cheme is qu i t" Lnt-erestlng not anI'! frvnl 

t!J(;U I:etl.cal (aes thetl.c ) bu t a Lso from phenome noiogicdl (l'Jl!IL (lE 

View. 

' p In t l1 i s case bec:Jme,; longer as W
R 

b ec-,me5 hJI1t.. r. 

Tosa. et a l~6 ) ':lave a !:!im~l", rr)rmula conn"':;t:l.!1g :-1x ana i'l
ll 

R ~s 

S[(5J 
'1SU ( 5 ) / _M",X,--_

MX ·x I ~\i (4. 2 ) 
R 

wne r0 :,;SU l 5) 
:( 

means ~le X boson mass In he 5U (5) GU T . 

Of c~urse, we a~e no t all owed to make M~ t oo light since 
" R 

lt may af !;;!ct low energy ;;>llenomen<.;logy . RlZ Z;') and Sen]ano'lic 37 ) 
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made l o~-energy re-anal y sis and f ound the f ollow ing solutions . 

(i) Standard ricture 

. 28 
': 1:' W IM\.j) 0.22 - 0. 23 Mw >R'" 10 9 - 10 GeV 

14.3 ) 
SU(5)

Tp (T
'" P 

< 
'" 

10 33 
yr 

(il) Weakly broken parity picture 

sin2 al~(Mw } 0.2 7 -0 . 28, ~ ~ 150-240 GeV , 
R 

38 14 .4 )
T > 10P '" y r 

The solu ~ ion (i ~ ) s eems quite interesting. Althoug h we must 

aba nd an the possibility to detect the proton decay, we will be 

able to observe the restoration o f the left-right sY'llmetr y by 

fu ture ac ce lera tors. Unfortuna te I 1', however, the meas u r ed \v i 

3and Z boson masses l:l}, 39} s eem to be in cons i stent with the 

predic ted values in the solutlon (ii); 

~1 " 70-72 GeV , " 80-84 GeV ,MZ 14 . 5) 

(Predic Lions in the s olu tion (ii))37) 

. e xp 
80.9 1.5 ± 2.4 GeV ( UA1 ) "l; 

81 . 0 ± 2.5 ± 1.3 GeV (UA2) 

., exp 
COl 

Z 95 . 6 1.5 2.9 GeV (PAl) 
(4.6) 

91.9 ± 1.3 ± 1.4 GeV IUA2) 

Let us con s ~dcr the solution (i). In t hi s case, becomes 

c ompl etely im?oss i.o l e for us to see the L-R symmetry restoration. 

'I'hen, can ';: we exp ect any new pheno mena at re l a t ively low e!: '.:rgy 

region? f o rt ll na tely, there still r ema i n s such a possib ility. 

The breaking pattern III ) can h ave another intermediate 

energy scale as 

I I I ' ) SO(3)X SUI2}LXSU(2}RXUll)B_L 

~ SU(3) xSU(2) x U(l}B_L'C (l} R (4.7 ) 

MwR 

~ SU (3)xSU(2}x U(1) 
M' 

The equation (4.2) is stil: valid in thi s case. That is, the 

size of ;.; (mass of the second neutral gauge boson Z') is not 

constrained . Z ' can b e 1 igh t as long as any phenomeno log ica 1 

. h " 1 40}difficult i es do not appear. I n f act , It was s own POSSlD e 

to ha ve Z' with a mass as low as 200 GeV. Using two-l oop 

ru~c rmalization group equations, Ma and ~hisnant41) showed that 

. h' . 39 }Tp In t lS case becomes much l onge r las hlgh as 10 yr. 

The SOliD) GUT s are now quite attractive . HO\"ever, a ll 

c alculations except for Ref.35} do not include the threshold 

effects. As was mentioned i n 2 , there may occur non -

neglig ib le change s in the values o f t: :c paramete rs by these 

effects . There f o re, further detailed studies are desired. 
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5. Summa ry 

I have r- ev iewed the pro t on decay s tudies In the co nventio nal 

SU(S) an d 50(10) gra nd unifl ed t heor l e s _ *) I have shown ne c e s sa ry 

steps for the dete rmination of the values of J arame ter s in t h e 

basic Lagranglan, successful p redictions for sin
2 ew ( ~~ ;... ) and 

m
b

, and the resultant proton l ife time. 

The mi ni mal SU(S) GUT lS now in a qui te dlfficu l t sit ua tion 

be ca us e of t he 1 MB exp e r lment . In order to rescue th is theo r y, 

i.e . , to get l onger T, several authors ha ve sugges t ed some 
p 

mo(L f ications . 

On the other hand , l: he SO (10) GUTs wi th breaking thro ugh 

the left-right symmetri c stage are consistent with various da ta 

10(incluul ng T exp ) prov l d ed 14 > 10 9- Moreove r, we 
p ''R '" GeV 

may be able to see new phe nomena related to the seco nd neutral 

ga uge boson at energies attainable by future acce lerators. 

Strictly speaking, however, these results were obtained from 

the ca l culations v,ithout t he threshold effects and therefore 

more systematic studies are necessary . 

In addition, we should pay further effort to eliminate 

vario u s ambiguities in the theoretical computations . The 

largest one comes from the val ue of the QeD coupling constant, 

* ) I did not mention supersymmetr ic grand uni f ied theories. 

The lifetirce and the decay mode of proton are quite dif ferent 

in such theories. lS ) 

- 15 

i .e. , the size of 1\115 • If we ca n have mor e ref ined d a ta on 
2 

S1.:1 8\/ and t.l\_ ." we can use them as ne ....· i npu cs instea d of 1\ 
'," t1S 

f or t he de t e rminat1.!) n o f H ' a nd consequen t ly Thi s will 

be pos si b le in the nea fu tu re by new high e ne rgy acce lerators 

TR I 5-:;'11.1·; , LE P , ' " • 

At the present, we do not know whether the gra nd uni~i cation 

scena rio is correct or not. The proton decay can give us a 

si gn i~ ica nt Key to thi s impor t a n t prob lem . 

X Tp 

More r efine d ex-

r erimenta l data fr o m 1MB, KAM I OK AN DE and other coll aborations 

are h ighly des i ~ed . 
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32 Kton Water Cerenk ov Detector( J ACK) 

A proposal for detailed studies of nuc leon decays 

and for low energy neutrino detection 

KAlHOKANDE collabora tion 

M.KOSHIBA 

Purposes 

1) Determlna Li on of branching ratios of nucleon decays in che 1032 

year lif e ti me range. 

2) Rubakov effec t i n the water detector 

3 ) n-n osc illation 
8

4) Solar a neut r ino 

~,' Rubakov effect nelJl,~inos from the SW1 

G) Neutrinos resulting from the gravitational col l apse of star . 

7) Search fo r very heavy stable partic les, l ike f r actional charge bare 

quarks and/or monopoles. 

8) Multiple muons 

2. 	 Detector 

The proposed detector is shown schematically in Figs. I-a, and -b. 

Bes i des the inner volume vi ewed by ~ ll,OOO PMT ' s of 20"<P, 40% photo 

cath ode coverage of t he enti re sur fac e, it has an anti - co i ncidence 

layer of 1. 5m th ickness , '. 'h ich is a necessi ty if one is to work on 

the low ener gy neu trino of seve r al MeV . 

All t he phot otubes wi 11 be equipped with FADC ' s or' '",i tb ADC + 

TDC. 

3. 	 Expec te d perfor mances 

Wi t h .the 40% coverage by pho tocathode, 2 x 20"$ PMT Ii), of 

he entire surface one can wi tli good effi c iency detect elec trons 

of _ 6 MeV . 

Mo nte Carlo simulat ions of low energy-ne utrino events are shown 

in 	Figs. 2. 

The expec t ed low energy neutr ino event r ates are summarized 

- 24 

in Table I. Note that, not only the respec table event r ates , ~e 

can determine the source direct.on with reasonable accuracy . 

As to the nuc leon dec ay, even with a 30% probabili ty for s uc 

1032 cessful reconstruction, years life time ~ill yield 40 cl ear 

cases of nuc l eon decay per year i n the f iducial 22, 000 ton of water , 

containing 2500 ton of f r ee protons . 

IL has be~n shown in the present KAMIOKA exper iment that 

sho'Nering and non-showering tracKS can be clearly distinguished. 

With the s ti ll better, by a fac cor of 2, light collection com 

bined ~lth the good timing, it is expected thaL the separations 

of e and Y as well as of jl and 1T among the neucleon decay produc ts 

are within the reach. 

4 . 	 Cost and Feasibili Ly 

The approxi mate c ost of ch is experiment is; 
9 

Excavation and water tank '1'2.0 x 10


20"PMT @2.00,OOO x 120 , 000 
 '(2.':' x 10 
9 

Vi.O x 10 
9 

Elect r onics 

Contingency 	 '1'0 . 5 x 10
9

'(5 .9 	x 10Total 

(, 24r~$) 

!t is possible to excavate 4Om<P x 40mh cave at ~ 1000 m underground 

in KAMIOKA . Anothe r possibility i s at Gran Sasso in [taly . 

The present KAMIOKANDE collaboration is eager to work on this 

experiment . 
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i 

Parameters for' 32000 ton \~at.el · C"rr;I1K"V Detector' 

1. Cy 1i ndric a l lank of 37 . 18m ¢ x 2'1 .76mh 

2 . Total mass ~ 32000 t 

FJdU::la l ",ass ~ "?OOo q.0<) . nlrr4' x , .. 3/imhl 

3 . Nurrber of phol.otubcs\20" 1 = 11000 

Extra number" for vetol ~O,,) 50( 

1\ . A 'Je~ · age l.ig.ht r'tnsp;)rel'1:':Y ?" Jt"r:'\ 

f) . Expected phQtoel",ctl' ons/i~f'V = ::.8 p.e./M"V 

6 . Expected event r'ale csU'!lat"d frur preserl L KA~nO"ANDF. 

'I'nla\ FLd Ucl Z,J 

Single ~ing ev£nts 7 . ~/day 5. 1 

mul ti ring events 3 . 3 2 . 3 

Table I 

Expected Low En ergy Neu trino Even ~s 

( 411 Anti -coin cide n c e s hi e 1a mand atory ) 
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/cm 2
/ s ec. 


35 v e ..... v e 
e e 
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(£ > 6 MeV )e 

2.4(v e ~ Vee)e 

3.6(v O ~e'-F ) 
e 

per day. 

(£:e ? 6 HeV) 

<ii -10 ° . v -e 
e 

ii scatt (16 ~ 8 He V) 
0 

= 50 0 

Source direction $. 6 
per month. 

Gravj.1- j1 i" j (In a 1 
co llapse. a l. 
Ga l ac tic cen ter 

< E v > - 16 MeV 
e 

...10
7. 7 x 10 " e / rr•• s e c. 

for a fe~/ m.sei '- . 
du rat i on 

2 . 3 (Vee .,. \' e f> ) 

per m.s e c . uurst 

(ee :! 6 l-leV) 

Se (vee -.. Vee) 

pe!:' ITl . s~c, [)l lr r. t 

(E .> 6 /.\ (" v)
e 

a < 
- 111" • v - e 

e 

8f\ c a tt. (l2 ··6 1"1:>\11 
0 

.- 05 ,. 
Source dir e ct i on$. 7 
per m.sec .b Ltr s r. 

Bahcall, J .N. ,et al; Rev. Mod . Phi S., ~~, (l9S/),7b7 

*"Arai un e , .:: . et a:'; P.R .L., ~~, ( 1 9 8 3) ,1901 and P . L B ,(J. ':l SJ) 

* ••
Ma zu r e k,T. J . ,e t a l i DUMAlJD, Hawa i i(1 980 ) 
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NUCL[ON DECAY EXPERlf1fJH I\T KO LIIR GOLD FIELD 

M. R. Krishnaswal'ly.rtG.K.Menon,N .K.Mondal .V .S.Naras;",ham and ~ V.Sreekantan 
Tata Institute of Fundamental Research , Bombay,lndia 

Y.Hayas~i . N. lto,S.Kawakami and T.Nakamura 
Osaka City University, Osaka. Japan 

S.Miya ke 

Institute for Cosrnic Ray Research ,University of Tokyo,Tokyo.Japolrl 


Al.istra~t 

Five events have been observed in the K. u.F. nuc l eon deeay 

experi ~ent with track~ fo l ly confined to the detector volume . 
It i s shol'lI1 that their characteristics are in conforrrity \-lith the 
decay of bound nucleons and that the back~round due to neutrino 
' nteractions l'lithin the detector volume is sma l l. Based on these 
ddta , medn life ti mp. fa, ' nucleons bound in iron nuclei is estimated 

. 31a<. about 	1. 1 x 10 vear... 

1. In t roduction 
The Ko lar Gold Field nucleon decay experiment has been i n opera 

tion since Octobe r 1980 at the deoth of 2.300 m.equi va l en t to 7,600 M.w .e. 

of standard rock . 
The detector . of floor area 6 m x 4 mand 3. 7 m in heig~t. is 

composed of 34 layers of proport ional coun ters .with 1. 2 ell1 thick i ron plates 
2between the l ayers . The counters have a cross section of 10 x 10 cm 

~/ith a t hi ckness of 2. 3 f11I1 iron and are in two lengths of 4 m and 6 rn . 

The a lternate layers of counters are arranged orthogona l ly to obtain a 
hree dimensional vi ew of tracks . The total weight of the detector is 

about 140 ton s . The tri qge r is a 5 layer coincidence in any of 11 con 

sec utive layers. There is also an additional tr 'igger whereby track s 

cro ssing any 2 counters i n 2 l ayers in 3 consecutive layers are also 
recorded . In every t rigge r , i t records the posit i on of hit counters 
and in forma t i on on the ionisa ti on deposited in each counter . 

Du r ing ef fect i ve running t ime of 7 . 5 year s ,abo ut 1900 even t s 
habe been recorded. TheSe have been cl ass ified i nto va ri ou s categor ies 
1. atmospheric muons about 1,700,2. neutri no interactions in rock abou t 50 

3. neutr ino interact ions in side de tec tor 29. and 4. nucl eon decay candida t es 

5 confined cases . 

- 32, 

2. 	 i1ucl eon Dec-,y (andi dates 
Five events have been classified as cand idates for nucleon decay 

\~hi ch are fully con fined in the detector and constitute rather stronq evi

dence for nucleon deea) . 
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Two orthogonal over views of the ~ ----:::-~:. , 
full y confined events are shown in 
Fi g . 1. The odd and even numbered 
l ayer s corresoond to the 6 mand 4 m 
coun Ler s , The bl ac k squares are 
the counters \~hich show ionization above 

;.." .. the threshold . 
Detailed plots of ionisa t ion of 

the hit counters, converted to the 
equlvalent nl'''Ilber of minimum ionising 
particles are ~iven separately +or the 

1 " = two orthogona l views i n Fig . 2,3.4,5 and 

6. 

---'-- [1 A _. ,.? .• -~ 


Fi g. I ([)n: ) 
Even t No. 587 ; The pa ttern of hit counters and ion i sation in rig . 2 i s 
typical of electromag neti c cascades , with the absence of any clear penet 
rat i ng tracks. Where the ma i n ax is ha s the ang ul ar co-ordinates 8 = 
58" and 9> = 35° (fl"omNorth to South cl ockwi se ) . The total ran ge of 
the shOl,er mea sured along the axis is ~ 20 radiation lengths and the total 
ion i sation corresponds to 42.6 par t icles. 
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83sed on the conventional track length integral method. we 
estimate the total energy of the event as 980 MeV with an uncerta int 
of ! 20 The profiles of the event are eas i l y understood as that the 
evenl 10 composed of separate showers or iginating froln a poin l in the 
laye r 15th (top) and em i tted in back to back configurat ion . A plau si ble 
interpretation of the event i n terms of pro ton decay is a decay into a 
pos i tron [Up'lIards ) and neutral pion (dOl·lnwa rds) . 
Event No 867 ; This event (Fig.3) , bes ides being a full y conf i ned one, 
has the following distinguishing featu re s ; 1) A kink at the point B \~itl1 

the angle or deflecti on of abou t 40 ' , 2) Normal ionisation along the pa th 
Be. J) Inc reased i onisati on at the end point. ' A'. These features 

suggest t~e creation of a pa r t icle at the poi nt ' C' wh i ch slowed dO Vin to 
point ' Il' and produced a de cay part icle '8 to C' . From the identif i 
cation of the pa r ticle s ,us ing range and ionisation, this event can be 
interpre ted as P --> V ;. K+ and K;' decaied into muon and neutr ino,in 
view of the fact that the mea sured value of muon i s in good agreeme nt 

~lith tha t of kaon decay. Dotted line in the f i gu re is showi ng other 
posibble cases. however, it is less probable because of the diffi cu lty to 
unde rs tand high ion is ation in the counter of 15th laye r. 
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is in good agreement with that to be expec ted in such a process. 

For a low energy neutrino interact ion, with more than t wo pions production, 

is suppres sed by a factor of 10 compared to sing le pion process. 
:: '1=- . - ,~.:; ; 7' 

~ o .2!-~I~I.-=-=--..!:...-=!.~~-=-2- =! ~. 
- ---__'-L'-L'~~LLLI ii ' ",.,...., 
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Fig . 4 

Even t No. ~77 ; The mai n characteristics of thi~ pvent (Fig . 4) are , 


1) A non showering part icl e pion or muon , t raversing the path ' BC ' 0 


150 g/ cm2 before stopp ing. 


2) Two slow particles 'BA' and 'BO' , both pion or muon,are emitted to 


upwa rd wi th an openi ng angl e of about 100°. 


3) Total energy of the event is close to 1 GeV .. 


A detailed analysis of the event, and i n particul ar t he ionisation in 


the hit counters and th eir di sposition al ong the path sugge sts a reason 
ot + able fit to the dec ay mode of P - ~r + K~ and Ks --} 1t.. + ?t . 

The total envergy of pions and thei r oening angl e are consistent with 
dec ay of a sloYI ly moving KO of momentum /V 300 MeV/c. 

[ vent No, 1465 ; This event sprea ds just six layers and has 3 tracks with 

large opening angles . From the ioni sati on of track s , ' PA ' and ' PB' can 

be single tracks and remaining one is gamma ray with ~ mi ssi ng layers. 

'PA' and ' PB' pass t hrough ma t eri als of about 55 and 35 Q/cm2 each and if 

these tracks are pions, t hei r energy can be est i mated as 270 and 220 MeV 

respective l y. There fore, this event can be interpreted as N -) ~ ~1 

and 11. - - 7TT++-rr-+ lTc, in view of t he fact t hat the measured va l ue of En 
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Event Ng, 1766 ;The event ha s been fou nd recently but not ful ly analysed 

yet . From t he ionisation deposited to the detector .visible ene rgy can 
be esti ma ted as about 600 MeV excl ud i ng par ticle mass . The event can 
be interpreted as P - ~ e++Ko,a n d KO - ~ l\++ ~ - and tot al energy i s 

est imated as about 900 Me V i n thi ~ case. 

3. Es ti ma te on the Lifetime of Bo und Nucleons 

Based on 5 candidate events wi th in a fiducial weiq ht of 60 ton s 

duri ng a l i ve t i me of 2. 5 years , and also the estimated detection efficien

cy of 0. 5 inclu sive of ha dron absorpti on in the nuc leu s,the lifetime for 
nu cleons i s estimated as about 1.1 x 1031 years. 

For some more deta ils and discu ss ion of background, see References 

Kr i shnaswamy M.R . et al ; Phy s . Lett, B 106, 339, 1981 

Phys . Le t t. B 115 ,349, 1982 

Proc. Int. Colloq. on Baryon Nonconservation 
1982 in Bombay, 1983 in Frascati 
Pramana Suppl. 115 1982 

Pramana 19,525, 1982 
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As t r ophys I cal Constra i nts on t he i1onopole Abundance 

M. Fukugi ta 

Res earch Ins t i Lut e f or Fundamen t al Physics 

Kyoto Uni vers ity , Kyoto , 60 6 J apan 

Abs tract 

Astrophysica l constraints on Lhe monnpol .. abundance are surveyed . V"ri 

ous cons train ts deri ved rrom the monopole cnlalysed proton dee ,y are discussed 

more in detai 1. 
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1. Jnlroducli.,n 

rile sear<.:i, fo r magnelic monopol L has be en gr<ea l l y a t t r act in g our In l e r es t . 

One of the r cason f o r t his i s Lha t l he mo no pol e is predict ed na t ural l y to ap

p""n i ll gr and unif ied t heo ri es when a simpl.e gr oup is s ponraneously broken 

into a group t hat contains a U( l) symmetry [ l ]. Ano t he r motiv(1 ~i on t ha t ha s 

tr igger ed our in terest is "n observa Lion of a ca nd "ldate event wh ich might be 

i nt(! rprct ed as a Dirac monopole passing thro ugh an i nduc tion coU[2]. 

The mass of GlJT monopo l e eN ) is of Lhe or der of HI" wi th )1 t he mass sca l e 
m 

or t he symmet r y breaki ng and:). t he U(l ) cha r ge , a nd t he r ef ore ';e expec t 

~1 _10
16 

G<!V. I I n SU( 5) gr and un if i cation the monopo le mas s ! 3] is r es tr i c t ed 
m 

to be Hxl (8oem/3 )~lrn':'1. 79 }lxl (8o i J). J Since s uch a heavy mono po le ca n be em 
produced only i n t he «a r ly un iver s e wi th a t emperatur e 'r-~l, one can expl ore, 

by s £!ar chtng f or t he monopo le, t he ho t un iver se as earJy as t _J O-J8 st!r, wh i ch 
5 may be compa red with t-l 0 yr for WIt! micr owave backg round r adia t i on or t- l sec 

f or the He s yn thes i s . The monopoles produced i n the early uni ve r se will sur

vive up t u t he pr es e nt e po ch I4 ,S] , and are subject to a va r i et y of astrophys i

cal cons t ra i nts as well as t hose ob t a ined in l a bo r atorie s . 

We t hi nk a s t andard ve l oc.i t y of th is heavy monopo l e being as s l ow as 

B~v /c olO- J . ) ( monopoles clu s ter \~i th the ga laxy or the local super cluste r. 
3t heir velocity must be of the or de r of the vi r i al veloc ity , 10- for t he ga l

J axy and 3X I O- fo r th e s upc rcl us te r . If relic monopol es a re dist r i buted ul1i

f ormJ.y t hr oughou t t he uni verse, t he ve l oc it y disper Si on cha r acle r i.sed by t hei r 

lemper a ture is ver y smal l, and their vel oc i.t y r ela t iv e t o ou r ga l axy is aga in 

of th~ order 10- 3 as a cons equence of a pr oper Dlo t i on of our ga l axy . The pres

enc e of ga l actj c magnetic field , of cour se, mi ght change the situat i on . 

An i mpor tant as pec t whi ch would be borne by t he GUT mon(lpole is t hat it 

would caLa~yge thl! nuc l eon decay with t he c r oss section t yp i cal of strong in

teractions (Rubakov effect)( 6) , al though the r t' are some subtle poin ts yet to 

be c l ar ified befor e giving " full cred i t to th is pr edicLlon[7]. The Ru bakolf 

eff ec t, if I t h~ppens, l eads to quite s i gn i ficant consequences nOL only in 

par tic le physics bu t also in astropl!vs i l!al environnl<'n t s . A ,.ons traint rln 
l 8•91cosmic monopol e fl ux derived I llerefrnm could be so st r ong that i t would 

di scou r age any efforts t o look for mOllopoles i n la bora tot ic:s . 

In t his lill~ L shal l present il surve ... all as t rophysical con5trainL:; (1n 

the monopo l e ab undnnce. ~' LL h s"o:oe emphasis on tha t de,rived from the Rubakov 

effect hy tehe pr~senl author ,lOci colloborators, ilnd also by others . Another 

interesting probte"" the probl em of menopole production in the ~,orly un1

verse l 4 , S,10 1, is not mentioned t n th~ present talk . 
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2. 	 Constraints on t he mono pole abundanc" derived wiLhout. 


resorting to the Rubakov e f fect . 


The ex p,·rtmcntill. limi t 011 th" l'osmi, monopllil- fl ux varie~ d<::p.,ndlng on 

t he valeoty of mono poles . The limi t S0 far obt.uned 11.11 is 5ummarized as 

5XIO- 15 (?/IO- 2) - 1.65 L,, - 2 - l,;- 1 

m 


F 	 sr for ltF\ B ~lO-~ 

. -15 ~ -1-1 	 -2
I' 	 ~~JO lm ~ ; r ~ for 10 ~ il<l (1)
m 

- 4 
~ o r &SlO the en~rgy los~ o f D mnnopole 15 very sm~ll and the m~nopole escapes 

from detecti"" in energy-loss experiments . The limit for such 3 slowly-moving 

mo nopole comes only from induction ""perimellts rZ ,12]: F 3.7x IO- ll 

- 2 - 1 - 1 	 "' em sr sec 

('c"'!;;t~'_-lint3 f'Jl()m Uu; }t~7a.<...:t: :; mu[f~1e.I~i[; /ield. r\strophysic;)- arguments 

, .. il icil 1(",<1 lo .J limIt un .'"mop,>I,: flu>: may be c lassified i[l t Q two . Th" first 

U!:)I!S 	 ttH:~ rae t liitl l illl e .\.I: ~~~ i VI.' prescnct; 0 r l.:JOthJpnl ~s Lould havl~ exiJaus ted 

the astrophys ic al magnetic field I Ill , and t he second is from the cosmological 

mass density . The mo no pole with dl>nsity nm deple tl's the magneLic - fle1 c1 ene r gy 

at t he rat 2 

d III 
- clt 811 = g vm nm B • (2) 

fhe condition t hat the gala c tlc magnet ic field should not decay w,tloin the 

t ypical field gene r at i on tme (1) leads t o the Parke r ' s limit , 

n v 
m m l IJ lF < ---	 (3)

11I 4if 4n 8ng 

8 
ro r B- JIt l;auss 'lnd _10 y r I r om Lht' ,iynamo theo r y for galact ic magnd ic field 

we o b tain ( 13, lid 

16 	 - 2 - 1 -1
F < 	 2x lO- em s sr 

ttl 

l ,e R~la Lt iL l1Iugnc t lc fLclJ iR not uniform but It rluc Lua t es uver n typica l 

lengtb "cnl .. "r .\·lon-I:;() pcll"I, .1nd a monopol" LTavt'rs ing tbe galo,·;y d,:>"" 

not nlways gain energy from the nagnctic field, but sQmeLimes l oses its pnergy . 

JhlOrdore lh" 10,;s of [leltl energy 1, sm~ller hv a [ aCLOr of (r Inl/2
11"1 	 . • g 

giving 0 
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F 10-16 (T 1~)1/~ c, 10-1.5 em 
-2 

s 
-1 

sr 
-I 

(4 ) 
m g 

\,'hell 11 monopole moves v<' r '. f astly, the energy 10515 i " no t aJ; '" f f ec Llv" as 

discussed here, and the limit on F i s loosened (e .g., for M =1016 
GeV, 

F 	 10-15 IB /10- 2.512 fo r S?: 1~- 2 . S )116J. See fi,; .l be]:w . 
m 

r.el liS note here tha t Lhls limi t i s ubtained Idthou t taking ac co unt o f 

the evolu tion of monopole numbers in the gal,n y, i.e., i t is as .,umed Lhal 

monopo l e flo;.: does not change Over lO8 y r. [f we consider iI monopoie- antimono 

pole plasma, we "xpect magne t ic field and monopole kinetic energy fluctuation 

inrl.'rconvert i ng periodically, rather t ha n the lrrevers i bl<: damping of the 

magnetic rield( 17 , 18J. The authors i n ref .17 obtained a bound looser than 

Par ker's, r~qujrillg t ila t tlie period of oscUlation be longer than [he period , 

ov"r which 'y<! UIfH,!CL an ap proximate co nSL ant magneLic fie l d (the alignm(!nt 

Lime for int~rstellar grains 1?2 . :'x l05 yr is [<lken i n r e f.17 ) . it is argued 

In r pi .18 Lha[ the magnetic f i eld und,-rgo~s rhe Jeeay only reson<lntly and the 

de~ay does nut c~cllr for a ln r g~ m~nopcle flux . Nuve r theless the Pa r ke r' s 

limit on the cosmic monopole flu ;: fasc in a tes experimentalis t s who are sear ch i ng 

for .onopole~ because of th~ s i~pl i Li LY of t he argumen t , a nd pe rl~ps of the 

fa~t that the ll miL comes just a t a valu" wh i d) Lney can r each wi th a rea»on 

able eHort. 

Cc;n ;:;t1'.liI1tB on the i 1!tf'iw/uster II/ar/ople Fl:a: . A similar argument , albe it 

..,ilh mo r e uncer t ain t ies, also appi l l'S co the mO[l o pole fl ux in Lh" Jnl r aclus t er 

space. Using 1l-0. 01 - 0.1~ Gauss and t he dynamical time 1'10
9 

yr for the c l us 
l 19Jt e r , 	 one ffi3V ubtain

10-18 - 2 - 1 -1
F ( in Ll'aclus ter) em s sr 	 (5) 
m 

ni:itc~lir;ts fr'oT'. th!- muss d<.;, t2r:i~f,J . The t:ontlition that monopo l es should 

no t giv<! a :Dsmolog ical mass density larger th.1 1'1 t he cri tical dens Hy oj t h 
2

universe Pc=3H~/8 ~G-IO .5 h keVlcm3 
(h is the Hubble con SLant HO i n the un it 

of 100 km 5 - l :'lpc - 1 ) leads t o the limi t , 

2 I5xlO- 15 (,:.t /1016 Gev ) - l(1\/10- 3) h- 2cm- s - l ST - (6)
TIl m 

F 

when monopollls dre unil.nrmly dLstribu t e J in d ue uni verse . If fl <lO- 3 , i t is 

likely that monopoles are clumped in the galaxy , and the bo und on t he gu Lnct i c 

monopole sbundunc" is loosened . In th is C3"e we may use the constraint tha t 

the monop"l" :"ass shoulJ ncot e:.; c",,,,d the dynamic.al mass of tIl<' galax)' 1 0 t2~1c3 , 
giving 
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11 0- 16 2 1
F 3X 10-10 (M Gev) - 1 (f/lO- 3) cm- s - l sr- (7) 

m m 

lIt is i n t er es t i ng to nOte tha t if Fm i s in t he r ange (0 . 6-3 ) x lO - OW /l0- 16 
- 1 - 3 [20 J . m 

GeV ) (Si lO ) . t he galact i c halo may be dominJted hy mo nopoles . Cabrera 

no ted t ha t this migh t happen for ~I - L016 GeV t aking hls cand i da t e e""nt as :I 
m 

mono po i e[2 1. Th i s, ho"ever, largely v i ola t es t he Parker limlL. The po s sibil
19

itv 0 ,)en5 only "hen !1 <: 10 GeV M ' (Au,hors in r ef . 17 and 18 argued the- . m p1 
17 18 po s s ibilit y o f th e mo no pule hnJo fo r H >10 _10 r.eV. ) m

COll$·traint.3 ,;to mon<.i:)oZe almndal1~e il1 sial'S . \,'e mav also apply P.1r kcl" 5 

a r gumen t to t he mag(1et i c f i eld in s t ars. \,'iLh a ~J1pp l eme l1tiJry assumption tha t 

t he monopole has a " v i r i alised" veloci t y v (~ ~(rnVZ~GNmH /Ro~gllRo)' we are led 

t o a cons t r ain t on the mono pole abundance in s t a r s, and also t o t hnt on t he 

mono pole flux if the mo no pol e-trapping po" e r of stars ( see Sec.6) is known . 

The r es u l ts rhus d prived J r e : 

B 
-1'1/ &r ) 

t he s un l2 l ] 102 _103 Gauss 10 yr ~l/zx l07 

L h ~ Ea rth [ 21] -102 
Ga uss 1O ~ yr: <1 /6xl0

9 

J\ 
p 

[ n ]
stars 10

3
_10

4 
Ga u ss _5 x 108 yr <111. 5x lOlJ (8 ) 

He r e '\p (pecul i a r A s tar ) i s a s t a r , in whi ch the d i rec tion o f magne ti c Fleld 

is o ppos ite t o t hat of r ota t ion of t he star . and henc e t he magnetic field i s 

suppos ed to be f roz en Whe n th~ sta r i s formad [ 23] . (The aU Lhor In ref .2 2 made 

a mo r e e la bora te a r gument.) 

For mono po l es cap tu r ed i n t he ear th ther~ is illso a cons traint der i ved in 

a di ff eren t " ay[24] : It is known t hil t the terrestia l magne t ic field reve r ses 
6

irregul a r ly wit h epochs last ing typically a ]0 years. In t he time of rever 
3 su I (- 10 yr ) a monopo le and an an timonopole ann i hila t e each other prodllcing 

a hea t. The conscr n i n t t hat this should not hea t t he eanh too inuch gives 

nH~5xl o- 5 gr- J. Thi s l imit , however , i s consider ably "eaker than t hat dis 

c ussed a bove . 

Finally we men tion a recent e>:periment[25] us ing" geoch emical me t hod 

s ea rch i ng for a monopole t rack in a rock[2&J , by ossuming t hat a some nucleus 

(Al , Hn e t c .) will be t r apped by a mono ple whUe its t raverS i ng the ea rt h ' s 

cr us t [see al s o Sec t. 3 ] . If this indeed happen s , t he nucleus- monopole 
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compos i l e und ergo es l1ucl ea r coll i s i on , while possing th r ough a rock, r e sult l ng 

Ln the fo r m.Jt,i on of a trail o [ latt i c e d"ff<;ct s . The autho r s <: la lmed tha t thQ 
8

soarch ror trac ks in 4 . 6xJ 0 yr - o l d mtca ( muscovi~~ ) plac e s an upper l imi~ of 
- 1 7 - 16 - 2 - 1 -1 - 4 - 3 

Fm <10 -1 0 c m sr ~ f o r mon opo le " i ~ h velocities "round B~3xI O -10 

ro r monopoles mov i ng mo r e slO\dy , tho:; diamagn", t j c rep ll is i"l1 due ~ o atomi c 

electrons gre3tJ y suppr e,;ses the p r obab11 ity of Flln:1ing a bound s t ate wilh a 

nucl uu s . I f a monDpole would have cdptu r ecl a proton or e l ectron before r each

Lng to the ea r th. t he capture c ross section of a nucleus c ould be Jiff"r ent 

from that u s ed to e stimat!> t ILe flu ;; . 

3. Rubakov effec t i n llkltte r 

To discuss the Rubakov f' Ef"ct i 6 1 in laboraLories and Ln as t r ophys ka en

vi r onment s , we have t o know the behaviou r of a monal'ol" i n malt.e r . Th" Rlibakov 

f fec ~ occu r 9 when th,; monopo le "ames suff ic ien tl y c lose t o the nuc l eon. In 

ma t te r , however , the p r obabi l ity of <l slowly- moving monopo l e c oming cl os~ to 

the nucleus i s gre~tLy suppressed by r ep"l ,;i.ve fo r c e s wi t h two d irferent 

origins [
27 1. The f ir s t is due t o the fa ct t h"t the monopoJe-nucleus svstem 

ca rr iBs an ax t ra angular momentum q- (eg/4n)Z-Z x (±1/2 , ! l . ··· ) (Z-charge of t he 

nucl~us). The wave function for t he lowes t .1ngular momen Lum s ta t e b~haves as 

- ">/IlO)v n ea r the origin wi t h · ) =- 1/2+(I /4+1~ i j l /2 fo r a 5pinless n uc leus . 

Fo r an Sf 0 nuc leus , it f o llows t ha t 

v :1
1 

+ It; 
1 

+ q 1(1- 2(1+ ")5 ) 11/2 (9) 

whe r e K i s t he anomalous magne t ic momf:JlL of the nllc l e u5 . 

K (~/~~)(A/7.) ( 1/2s ) - 1 

(~B~Bohr magneton) . Thc r e£or c the c ross s ection for monopole- nucl eu s s c atter

ing receives a ve locity-dependent factu r 

1/3F( R) ~ (alB }2Re v a eo '\; 1/ I r OA mAl 

wi th (0- 1.2 fm. Taking the E- dependenLe e 'r th2 e :<othermi c r ea c tion () 1113 , 

we obtain fo r t he Rubakov process. 

OR ~ F ( R ) ~ ~ ~( B/So) 2Re v S2Re ~-l (10) 
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When v<O , as is for the most of familiar nuclei, we expect a suppression. 

Some examples are: 

F (8) 

z 2 ReV So B=10-3 :.=5X IO-4 8=10-1, 

4
He 1. 23 6 0 . 0275 O.OL 0.0071 9. 7x 10-4 

16
0 8 3. 123 0. 001, 34 0.0098 0.0012 7.7xlO- 6 

28_ . 
~ L 11, 4. 385 0 . 00206 0.01, 2 0.0020 -61. 7x 10 

qOA 18 5.082 0.001 28 0.0081, 2.qxlO- 6 

56Fe 26 6.280 0.00082 0.046 -61. 9x 10 

The Rubakov e ff ect is largely suppressed i n ma t t er with heavy el ements f or the 

slowly- movlng monopole . ro r ~xample , an iron detector is not sensi ti ve to the 

Ru bakov dfcoct fo r ~::5 X IO-4. r[1 a water detector[28, 29] only the hydrogen 

componen L (2/18 ) i s s en~l l ive to a mono pol ~ wi t h R~lO- 3 . Namely mul lJple 

catalys ed proton decay s are expected in a wa te r de t ector wi t h a 15 m dept h 

"hen OR (monopoh + H) ~ 10 mb r athe r t han ~ l mb. 

The nuc l ei with K>O are r ather exc epti ona l. Of t hem f"miI i ;H examples 

are 27 Al (abundance -1. 5% in the earth), 191' , 55 ftn a nd hyd r ogen. Fo r t he se 

nuc l ei Re v=- l / 2 , wh i ch l eads to an "enhancement " fa cto r for monopole-nu c leus 

sca ttering . The cross s ec t ion r eads 

OR 'V 1/p, 2 . (10) 

We also have Re v=-1/2 fo r a neutron , and the cross s ection t akes tnis fo rm. 

For monopole-hydrogen scat t e r ing this is the E- de pendence obt a ined in the 

rela tivistic calculation [30 ]. If the Rubako v e ff ec t does not happen at all , 

the nucleus with K>O may form a s t a bl e bound state with a monopole l30 ,31j by 

an attractive for ce, once the monopole a pproaches s llff i cientl y close to the 

nucleu s . 

Even in the case when t he attractive force is present be t we en the monopole 

and nucleus, there is yet ano ther s uppression for a slowly- moving monopole 

approaching the atom from i nf inity: The ef fec t of the monopole magne tic fi e ld 

on the atomic electrons induces a repul s ive force between the monopole and the 
2

atom. The repulsion potential is lIE -n Z Ry wi t h Ry t he Rydberg constant and n 

a fractional number that de pends on the el emcn l[32 J . f or helium alom, for 
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4
instance, lIEH - 16 ev[33 ], and henc e a monopo le with 8<10- can hardly approach

e 
the helium nucleus. This threshold veloc ity increases as _Z /A1f 2 for heuvi e r 

a toms, and this repulsion force gr ea tly suppresses the Rubakov e ffect to 

happen for 8 ~0(10-4) even for the element with K>O. 

An exce pt io n is the case for hydrogen atom. There exists the !, round 

state, the energy of which is not ~ffec ted when a monopole ,,~proache s the 

proton[33], and he nce there appears no barrier factor. 

4. Rubakov e ffec t in ordina r y star s 

Monupo l.es 7:>: tile Eart l! . The veloci ty of monopoles which would have been 

cap tu red in the Ea rth is B<3xlO- 5 (N / 1016 Gev) -l (see Sect.6). The t he r ma l 
- m 

3
velo c ity of nucl e i at the centre of the Ea r th i s 6th-2. 7xlO-5 (T.4x l0 oK). 

Thus mono pol es t r a pped in t he Ea r th do no t a pproach nuclei, and t he Rubakov 

process is st rongly s uppressed. Ther e fo re, contra r y to t he cl ai m made in 

ref.34, we do not obtain any bound on monopole abundanc e f rom t he heat flow[ 27]. 

ITh e stronges t upper bound so far ob t a ined f or the E.l r th r ema ins to be 

n <1/6xl09 gr l2l t. See (8) . j 
m 

~onopo lcs in the sun . In hydroge n we expec t the Ru bakov proces s to 

happen effec t i vel y with the cross sec tion 

( Hi° 'V 00B 
-2 

with 00 the high ener gy cross sec tion o f t he ord er typ lca l of strong i n t erac

tions. (0 could be suppressed to the order of (100 GeV )- 2. This suppr ession
0 

wi l l not alter the arguments given bel uw , however. ) The c ross section (11) 
2 

may a pply until it grows up for a smal l ~ to o-rrd (d=mean distance between 

atomS i n ma tter), beyond ",hich many- bOdy e ffec t s will be importan t and cut-o f f 

effec ts may star L to work. 
1351 The pr ime candidat e for sta rs rich in hydrogen is the sun . The fre

<: ,, '- , . ~/ of the c.ubakov effect i n the sun is given by 

fnm~(ORVrel)d3X 
PH 3 23 3

CO O( nm S d x)· (6x10 fcm) (12)
J 

'.:;'cre ~' \h=(1-1.7) X lO-3 (T=106_1.6xl07oK). We s ee in a typical calculation 

of the so lar interior [36 ] that ~HIB depends only weakly on the position in 

the sun for 031r~0. 5 (M is the fractional mass in the unit of Mc,) and it 
r 
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va rie s a t most by a f ac t or 3 in this r ange of Mr' Therefore we have 

? 3 3
(6xI 0- lem ) oN coO<r H/ B>. ( 13)m 

with N the to t al number o f monopoles fd \ 11 . 
m III 

The strongest cons Lr a i nt ~n t he monopole abundan~ p in the sun i s derived 

in a consid e r a t i on of the neuL rino flux l35] 0 Since the SUeS) monopol e a ppears 
c - - + [37]

in t he (d 3 ,e ) SU( 2) sec tor, t he monopole ca t alysis m+~m+v~ is Eo r bidd2n . 
+ + 0 + 0The al l owed 88#0 pro c esse~ are: m+~m+e, m+~c +~ , m+p+m+c +(p ,1,W) etc . 

In the t hird p r ocess pO, nand w i mmediately dec ay i nto pjons. Then n is 

absorb ed by hyd rogen befo re the decay , but n+ thus produced ev .. n t LJally dec<lys 

int o ~+, and u+ in it s turn decavs into V+e++J mostly af t e r it is sLopped. 
o + ~ e o~ 

(Nca r the ce nt r e t he absor pt ion ,f! by helium reduces ehe ~ by a fac Lo r of 

2 .) I,e t he r e f ore expect the ve [lux wiLh the average ener~y <Ev "~35 f1 l!V 

eventua lly a r isi ng f r om the Rubak·.J'J process. (The v and v flu~ wi Lh 
j- ~ 

< Ev >~30-3S MeV also arises , but no vEl flu x is anticipated . ) Ther e is yeL 

another proc ess which gives ve ' m+p'"tI1./+KO , K°-+ (K~ ,K~), ;)nd K~~,, -e+v e' The 

neutrino that appea rs in tb is process ha s 3 hi ghe r ener gy , bu t ehe expected 

flux i s very sma l l be caus e Df a 

This process i s not impor tant , 

Us ing the result of sola r 

serving v +3 7Ct+ e-+3 7A*[38], we 
e 

strong K~ regeneration effect in the suo . 

unless the ~+KO mode domi na t es t he pr o ten decay. 

neut! i no ex perimen t wit h a c2e'4 de tec t o r ob

ma y obtain a limi t on th e v fl ux tha t migh t 
e 

aris e in the Rubakov proces s , and benc ," on the mo nopole ab undance in [he s un. 
2 2

The capture cross sec tlon inc r eases a5 Ev L(Ev-c i ) INl l and is, ° cap 
comput ed t o be I 

bl 2a (v +3 7 8 .Sxl O- cm (14)ca p e 

+ . . r39Jfor v fr om the 11 dec ay USI ng the Bahca lJ. ' s Illatn x ,d ement . IA shell e 
model ca lculation gives 0 ~9. 9x lO-4 1 cm214 01.) All owing for the excess 

-36 ca p 
capture r a t e I SNU=IO ca ps/at om os , we obt a i n a l imi t on the Ruba kov neu tr ino 

f lux on th e earth 

I, 2 
< 1. 2x lO !em ' s (15) 

and h;..;nce, 

J2 - ?7 2 -1 -1 
n (l/4-8xJ O gr ) o(oOflO - em ) (Br /O. S) (1 6) 

m 
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Br being t he av erage numbe r of n+ i n [ h ~ ca ta l ysed pro Lon de cay (we expect in 

SUeS ) Bp O.5 in t he pr o ton decay wi t hou t a monopole . The pre s enc e of m+p-+m+e+ 
141may suppr ess Br by a [acto r o f 2 ] ) . Corresponding to t hi s cons Lra in t t he 

l umi nosi t y «xCess d~l e t o monopoles do"s no t exceed I. 010- 5'-0, and the distur b-
m 

ance of magneL i.c field at t he sur fac e lIB !R=R0510- 6 Gauss. The se values are 

smnll enough and do not ca use any effec t s on the evol u t Jonary s cena r iu o f t he 

sun . He notl cL tha t t his bound (l6 ) is stronger Lhan any oLher bound s (see 
- 7 - 27 2 

(8»,unl~ss(TO<LO x(lO em) . 

He now discuss a poss i bility t o detMc r a Rubakov neuLr~no , or aL l eas t t o 

improve. Lh l! upper limit usi.ng a 1D3ssiv", de t ecto r i n the underground cxperi

m"nt[~ 2 ,4 3]. Ttle Kub"'kov process in the Sllll co rresponding to the limi t (1 5) 

and (6) produces 120 e events /IOOO ronoyr in :) Wil Le r uetector, as 

70 events fo r v +160 -+ e-+17F (rc f .44)
e 

40 (' ven t s for v +e -+ e + ) 
e e 

(-) - - (-)
10 event s fo r V +0 -+ e + \I 

U ~ 

On t he o the r hand, a tmospher ic neut rino events (Ev~50 ~leV ) (ma i nl y V,/p-+ e + +0) 

do not exceed 0.2 event s / l OOO to no vr a t Kam i oka, and 1 .5 ~ven t s /lOOO ton oyr 

a t Ohi o l45J . Th..n , in pr i nc i pl e , it s «ems poss ibl e to meas ure the monopole 

a bu ndant " d O\JTl to 

15 - 27 ? -1 - 1 
nm ~ O /J xl O gr)( OO/ l O cm- ) (Br / O. S) 0 ( 17) 

In an i ron det ec tor, t he l a r ge ~ap t u re cros s sec tion (a =(0 . 17- 0 .69 ) 
- 39 2 [4 6 J cap

xl O em ) , i nc r ea s es the se ns it Jvjt y, and 700- 2800 eve nts/ lO OO t ono yea r 

a r e expec ted corresponding to (16). I n a wa ter de tector we ma y in crease t he 

sensit i vit y by making use of NaCt soI uL i on , bec~use of a l arg e capture c ross 

sect ion o f Ct du e to t he pr esence of t he analogue state in A [ 20 times l a rge r 

than o CJ +160) , see (1 4)]. Hith 35% NaC£ so lut i on ~'e expec t th r ee times mo r e 
e 

ven LS i n the same det ec tor. 

;'I:m '.'?· v ~e$ in the ,jovian ptanets . 142 ] Another candidate fo r star ~ rich 

in hyd r ogen is the Jov ian planet s (Jupi LPr , Saturn, Ur anus and Ne p t une). It 

has l ong bee1l known from the i nf r a r ed obs f'r va tion and t he Bond albed o meas

ur emen t [47, 681 t ha t Lhe r e is an intr insi c heat genera tio n in these planets . 

fhe magl1i t ude of this heat [or J upi t er and Saturn is now mea s ur ed more 
. [49] IS0J pr ecis ely t hr ough t he nea rby- f llght o f Pioneer 10/11 and Voyager I . 
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The intrins ic hea t for Jup it~r and Saturn i s (1.5- 1. 8»(10- 6 erg/g · sec, a l mos t 

two orders of magnitude larger t han t he hea t gener at i on in t he ear t h s -SxlO- 8 

erg/g · sec , which is usually altribut ed to t he a ctivity of rh , U and 39K. The 

cur ren t v tew[ 48 ) ascribes the sourc e of this i nt r insic hea t to gr adua l re lease 

of the gravitational energy liber ated a t t he bir th of tho s e planet s. TI, is 

s cenar i o . howev er, fail s to expl a in coherently the magnitude of the ex cess 

hea t in each plane t and m,,$ t invuke add i t ional s tOT i es ; dOWTlwa rd s migron ion 

of helium in Sa t ur n and up\,ards convec t ive transpo rt o f heavy c l emen t s in 

:,eptutlc etc 1481 . 

Here le t us aRk whether there i s a poss i bi l i ty that t his excess hea t (or 

a pa r t of it) coul d be at tr i but ed t o the Rubakov process taklng plaee in the 

Jov i a n pla nets. If the mo nopol e dis tribution i s reasonably uniform , eq. (13) 

also applies t o this case. In Jup iter thermal lllomentum is stU l Jarger c.han 

the Fer mi momen t um or zero point oscil l a t i on momentum of t ne lattice. He theu 

use B;p and we see that
th 

, 

l~ - 27 2. -1 
nm 	 (1/ 3- 8xIO g~)( 0/1 0 em ) (18) 

is r equ ired to account f or the whole in tr ins ic hea t of Jupi ter. Con trary t o 

th is, 	if mo nopoles behave l i ke an ideal gas in the gr av i t a t iona l f i eld of t he 

planet, the monopoles, in the absence of internal magne tic fie l d , are concen 

trat ed in the core. The core is suppo sed t o consis t of ro ck and ice (ma in ly 
. _ [51) 

H 0, 	 CH4 a nd NH ) . Us I ng an es t ima t e 1c eJ roek -14/ S , we suppos e t hn t 101 2 3
of the core consists of hydrogen. Therefore monopole dens i ty r equired in t his 

case 	i s 

14 - 27 2 - J 
1/(1-2 X IO ge) (crO/ IO em ) . 	 (1 9)'\t 

In the pr esence of a strong magne t i c fi e ld ( -1000 Ga uss) t h" requi r ed dl.'l1 s i t y 

i s wel l in the middle of t hes e two typical cases. 

f'o r Saturn the ar>\ument follo~.<S similarly and numbers s imiLn to (18) and 

(19) ar e ob t ained. For Uranus and Nep tu ne t he i nt r ins i c heat generatlon per 

unit mass is an order of magn itude sm.J l l er than that for J up iter and Saturn 

( - 0.2xl07 erg/g · s f or Nep t une and ~ 0.2 X l07 er g/g .s fo r Ur a nus[4 81) . A pr inc i 

pal parr of tlleir I nteriors cons i s t s of an ion i c ocean of H l)+OH- (with di s 
3

sol ved NH ) [ 52 ) , and the hydrogen componen t is -4/ 36 . We then obtain the
3 15 - 27 2 -1 

monopo le densit y nm ~ (1 /1- 2x I 0 gr) (00/10 cm ) for thes e pl ane t s . 

The monopole densities required t o hea t up t he J ov i an plane ts a r e consi :; t 

ent with each others. I. e stress tha t t hey a r e a bout two ord er s o f magni t.ud e 

- 48 

smaller t han the l imi t (16), the s rronges L limi t so f a r obta i ned for Lhe ob

j ect in the solar system . 1n t he l ast sec t ion we show t hat the monopole den

s i t y in Ju piter may no t be very muc h dif f erent [ rom that in the sun (they 

differ a t most by an o r de r of magnHud e ; see (27) below). The r efore t he 

possibility tha t the R,ubilkov e ffec t hea t s up ( he .Iovian plane t s i s not ye t 

reprehensibl e. Furthermore i f monopo l es are pr esent in the s un with t he den

s i t ll (18 ) (19). t he Rubakov neut rino from the s un ,,>QuI d be detectable i n the 

underground experiment Ise e (17 ) ] . 

So far we have made an a rgument , by assumi ng tnn e the whol e i ntr ins i c heat 

is t o be a s cribed t o t ile monopole, for s implic i ty . On the othe r hand, the 

monopo l e hea t does no t cause a signlr·icant eff ec t on t he the r ma l evo lution of 

the Jovian planeLs , if the monopole densi t y i s s ligh tly les s . This is easily 

seen by empl oying the adiaba t ic- convect i ve cool ing model [48 ,5 3 1. The the rma l 

evo l ution equat i on with monopo l e hea t i s gi ven by 

.dE P dP41tR L" (T4 _ T4 _ T4 ) - dm (- - --)
s 	 m f dt p2 dt 

2 4
where 41tR 0r =(1 - Bond a l bedo )x (solar energy flux ) is t he solar hea t abso rb ed 

S 2 4
in J upi t er and 4n R crr =L i s t he lDo nopo l e heat . Usi ng the eq ua ti on of the 

m m 
s t a te fo r Jupi t e r, t il" evolution equa t ion r eads 

dt = 	 _aT- J · 757 [1 _ (T4 + r 4 ) / r4) - l df 
s 	 m 

After integration we see t ha t t he cooling time of Jupiter a ft er inclusion o f 

th", monopol e hea t does no t differ mo r e than ten percent f r om t hat wi thout th e 

monopole hea t . if t he monopole density is by a f'lC Lo r of 3 les s . 

In table 1 we summarise, for conveni ence, the limi t on the mono pole den

sitv [or va r i ous obj ects i n the sola r system. Di rect compar ison of the r esul t , 

o f t:ours e, i s not meaningful. 

5. 	 Rubakov e ff ect 1n neutron s t a rs and the limi t on 

til e cosmi c mon.opol e f lux 

StTong bClunds have bee n de r i ved on t he cosmi c monopo l e fl ux f rom t he ex 
. . [ 8 9 54 55J 

ces~ 11m1 t on t he X- r a ys f r om neu tron sta r s " , . I n the neu tron star 

the Ru bakov process r e l eases energy a t n ra ce 

L 	 (20)~"N°R " r e lNm ' 
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where Vrel -'Vr:o.37(PN/3xIOJ4 gr)lfj is lars" and the v~lL>city d"pcndence of 

the cross sect i on is not important. (Neverthele,;,; we s t i 11 Uge (1ll , i . e. , 

v~""O/SF~ 20 7en O for consistency of ou r notation.) 

When the monopole hits the neutron sLar, the monopole noadily 10s"5 the 

ener gy because 01 a hLgh electron density[56 1 [dE/d.,,<--4 . 2n (eg)2p_la __ l011 
e e 

(GeV/=)p] and i t will easily be eaptur~d by the neutron sta r . 'lh" totill 

number of monopole s accumul ated in the neutron star 1n the period 1 L, glven 

by 

Il L 
N 4~f ~R2 11 + (~) j ' T (~l)

m m B 

provided t:hat the mo[]opole - antimonopol" annihilatio[] does not Lake plac e sig
36 2 - 3 - 2 

nificantly. Fot R"lO km and M>~IG, Nfll=4 X lO ( fm/ em oso ~r) 0(BllO ) . rn the 

presence of sufficient numbers of monopoles neutron stars will be X-ray sources 

as a resul t of monopo le ctl taly~~d nucleon decayo An upper limit on the mono 

pole tlux is obtained, if one finds ,1 l imit on t Ile t otal l uminosity l. [mpor 

t a n t uncertainties aris e not only i n the procedure find t he soorce X- ray 

lumi []osi ty Lr • but also in the r e l ation between L and L when L e xc eed s 
31 - [57] 	 ( Y 

- 10 e rgos ' The rel a tion depends much on t l~ equatton o f s tat e used 

for the neutron star. (If t he pi on cond ens at i on do e s no t occur, L:Ly ho l d s 
33 [57 1 ' 

up to Ly ~ lO ergos . ) Let us SUlllllla r~se the a r gumen t s that were used to 
3give a limit on F and some cri tiques on them (we herea fter a ssume 8"10- ):

m 
(1) Tile ne:;ative result of Einstein Obser va t ory s erendip it i ous searches for 

di sc rete X-rcl ), sources [58], when combined with the expected number density 

of neutron stars, "Ns::,l,xIO-3 pc-
3

, leads to the l um inosity limi t L~i S~ 10-3 1 
erg .s-1 Taking the neutrino luminO Si t y int o account , L~10-33 e r g os - l lead s 
(u[8] 	 , 

- 2 -1 -1Fm ~ lXlO-23 (O O/lO-23 cm 2)-1 em s r 	 (22) 

A critique[54) to this argument is tha t th~ signi f i c an t absorpt i on f or sof t 

X-rays in the interst e l lar ma tter [ab s orption l ength : 1 b ~ ( 6 pe)IE/ D.1 kev ]3a s 
(~/cm3)-1[54]] reduces the sight to 100 pc (w i thout absor p tio n it 1s 1 kpc ) 

a nd the l imit would be evaded if the number denSi t y o f neu t r on stars (oNS) is 

an ord er of magnitude l e ss o 

(2) The X- and UV-r<lY s emi tted py neutron s t ars contribut e to th~ diffuse X-

and UV- -ray bac kgr ound 0 Dimopoulos el a1. ! 9J obtained <I constraint (ly dxlU
30 

ergos- 1) from the mea sured diffuse X- ray hac kground l59] , assuml[] IINS similar 

to the above value . Using our ° 
0 

, their bound is 

- ,~O 

- 2 - 1 -1?x IO-26( 110-27 " 2) - 1 r .- - GO _111 em S 5T 	 (2 j) 
m 

hotb .. t al. 18 ] estimated the l uminosiLy limll 1~,~2 X l032 erg os - i from the limi t 
1 

on the total power radial"d du rl[]g t he lifelime "r the neutron sta r [60] , as 

suming also lhe binh rate ( -1/100 yr). Allowing for the neutrino luminosity , 
-36 - l 

L~lO ~rg o s leads to 

2 - 1 -1
F 1X IO- 20 (oO/lO--27 cm2 )-1 em s sr 	 (24) 

m 

Ttle absorptio[] of X- (and l'V-)rays by tile inl"r sreJ lar matte r -will co[]s i derably 

increase the upper bow1d on L.( . This i s parricula r1y true fo r the fo rmer 

a,talysi,,[9 J • while the cut- off of soft X-rays (E >0.2 keV) 1(0) makes the ab y 

so rption correc Lion sma l l fur the lalter [8l o 00 the othe r hand a decrease of 
33'1ls c:~ses an amp] Hi "d lumi noshy (L) i[]crease of ' n~~ (not - n~~) . If 1\ _10 

erg ' S would be allowed (il factor 1. 7 less in n ' sa),). the bound ',~ould he
NS 

loosened t o 

- 2 -1 - 1 r < lxl U-18(Oo /10-27 cm2)-1 em s sr 	 ( 24a )
m 

(3) Freese et 31. [54 J obtained a limit on t he e xcess l um i nosit y us ing a n 

observ ed (young ) pulsa r PS R1929+10 ( T~ 3x l06 yr) . f r om the e S l ima te of photon 
30luminosit y L " 2. 6xl0 (R/ l S knt ) 2 erg 0 s - 1, t he limit on the mono po 1e flux is y 

4 -2
-23 -27 2 -1 R _M_ ) - 2 -1 -1 -F 3x lO (0- 0 / 10 cm) ( 15 kIn) ( 1.1, H. em 5 sr (2 5 ) 

fll 

The re cent parallax measur ement o f PSR1929+10 sugge sts, howeve r , that the 
162dis t anc e to this pul sa r i s as fa r as .250 pc [61 ] r athe r t han . 60 pc ] t hey 

used . If " ." adopt t lli s new dis t ance, 1.1' is more than 5XI031(R/15 km) 2 <1 nd t he 

neutrino lumi nos it:y wou ld dominate (L _I034 e r g os-l i s allo~~cl f or R= l S km). 

The bound wil l l hen be loosened and it is at most 

27 - 2 - 1 -1F < 6>:1 0- 19 ( 0 /10- cm2) -1 em 0 sr 	 ( 25a ) 
m - 0 

1n S UTlUllat)', alt hough 	mos t of the reported uppe r l imits on t he mono pole fl u ,.: is 
-22 - 25 - 2 - 1 -1 - 27 ? 

as stringent as Fm~lO 10 cm s s r fo r ° 0 ,10 cm-, t he s af e l~i t 

obtained after a110Hing fo r variuus uncE'rtai[]tie s j ,; much loose and it i s 

the order of 

'i ~ 



-18 - 27 2 - 2 - 1 -1
Fm 5 10 (3 e/10 em ) em SSt" 	 (26 ) 

Wi th the present knowledge on the neutron sta r interior, it seems d iffi 

cul t t o conclude wh c> ther t he monopo1e-an t imonopo l e ann i hilation would signifi 

c;;Illtly reduce t he monopole number captured in the nculron star. We should 

bare in mind t:hat monopoles coul d well be concenrr;;Ited 1n tile sm"ll r egion 

near the cent re under the very strong gravita t ional fie l d , if the ne... tron sta r 

is no r ma l <conduct int: , and L'1, ' annihilation could r",duee the number[6 3 ) , 

6 . Local monopu le flUl( 

There is a suggestion that the local J:lonopo1e flux might result [rom a 

d i ffu~" "loud of monopoles whi~h are in newtonJan orbits .:tbout the sun , and Lhl' 

l ocal flux ma y be significantly enhancBd I21] . A model ~Dl culation shows tl~t 
an cililancemen t up to . OISO(N /HJ16 Gev)2) is possibl e 1f>4] near rhe sun. [n 

m 
.Illy cas" the lo~." m,,,,upu ie 1'1",: may well be d l ffe rtlnt fr om the average flu", 

in tho gai,, :< y. 

For ordinary stars whether the menopoLc wl-dch hi ts the s t.3r w111 stop" 

not depends on lhe velocity .1lIU mass of monupole. The Eddy current energy 10"8 
l651for the sun is 

dE 	 , - 1 
- (10 ~ 100) CeV cm- g ap J: 

3
depending on tbe position in the sun. A Pln m' pol" with the veloc ity (!. 10 

t ha t particularly concerns us wi 11 be stopped in the s un. Assuming a similar 

ene r gy los s f or Jup i tet, it is shown t hat mono poies moving more s lowly t han 

S=10-3 (M / 1016 Ge V) - l will stop even in Jupiter l34 ] . A mo r e elaborat" calcu

la tion r:r t h" deceleration of mono poles in a pl asma[66 ] shows t hat a mono pole 
16 3

will s top I n t he sun in a dist ance t,O . OJ R@(M /10 GeV ) ( B/ I O- ) . So f a r as 
m 

the monopo l e stops , eq. (21) applies fo r t he total numbe r of monopoles captured 

in s t ars. In the o rd i nar y s t ilT the gravitational field is not slrong, and 

ca r e about the mo nopole- an timono pole annibila t !.on i.s no t n<! cessa ry . 

Thus the ra t io of monopole density captured i n the sun and Jupite r is 

n (0 ) 	 (27 ) 
nJD( J ) '\.0.5 
m 

for M _1016 GoV nnd ~_lO- 3 . We expect that t he monopole densjries for these· 
m 

s tars a r e not very much d lfferenr. 

- 5 2 

One can also obtain a limi t on the local 	monopole fll1l( from (1 6) , 

- 21 - 2 - 1 -1 - 27 2 - 1 -1
Fm 1. 2x lO e rn s sr (° /10 cm ) ( Br/O.~ ) , ( 28 )

0 

which is comparable to t he l i mi t f r om t he excess Iuminosity lim I t (If lIeu tTon 

starS . Tit" monopo l e [ 1m: which prOVides 	 the monopo l e abundanCe reqUi r ed t o 
142 

ac.count for t he excess heat in Jupiler is ) , 

- 2. -1 -1 m ~ IXIO- 23(OO/10- 27 cm2) -1 em sr s 	 ( 29) 

o r less when the r .;! are some monopole" in tacks which wou l d be captu r ed at the 

time of formation o f Jupiter. It is mOst l ikely that t his flux is smalle r 

than the limiL obtained [rom neutron sLars . 

lie also nOle here Lhat the bearci, ior the soL,r Rubakov n;;utrina could 
142 I,3 J 

ex plor e t he monopole, f lux down to • 

-?6 -'7' - 1 - 2 - 1-1
fm ~ 6xl O - (c /l0 - cm-) em sr s 	 (30)

O

corresponding t o (17). It has been t hought that any direct search fo r mo no

poles on th" ,':ITth i s by no me.:ln1> poss i ble, it lh" monopole flux is as small 

as that ur i g inally derived from neutron st3rs . S('ilrching for tile neu t rino 

flu~ Irrm the sun, a l bei t no t di r ec t , will provide us wit h a unique method, 

by using the s un as a collector , t o senrch Ear monopoles at a proh i bitivel y 

small flux. 

\ ~Huation [ o r t he limi t on the monopole [l,n: is summa.lsed i n fjg . l . 

I hav" benefited f r om conver sa t i o ns wi t h 	 .J. Ar<1fune, K. Haya Shi, H. Sa t o, 

H. Su and S. Y"nag i ta on eh .. sub j e c t s in til is talk . am also gra te ful t o 

Professor U.J. Stevenson fo r his lIseful co rr espondence . 
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'fable 1. Limit,; on the mon"poie dcnl'1 ty fu r v,-,rto~jS "hjeCl" ill the so lar 

sys t em. 

n 	 Refs. 
m 

-4 me teor ites :: 5"10 /g 67 
(induction e xpl .) 

- 4
lun:H mat"r.i nls ~l. 7x 10 I? 68 
(induction expt. ) 

- 5 en" earth ~5< 10 I;; 24 
(mo nopole- antimonopol~ 

annihila tio n heat ) 

-6
i ro n o re :, 2. 3" 10 /F, 69 
( induc t i on ex pc. j heating 
the sample a bove Cu rj e temp . ) 

t h e sun :::5x 10 
-8

/ s 21 
( l i fet ime of magnetic field) 

-10 /the ea rth ~ 2 x l 0 g 21 
(Li f etime o f magnet jc f i eld) 

the sun S2x 10 -13 / g 35 
(Rubakov neu trino, Davis ' expt .) - 277 - 1 -1X( OO/io cm- ) (Br/0.5 ) 

Jovian planets "(1_ 2)Xl0-15/ g 4 
(Rubakov hea t) x (00/ 10- 27 cm2 )-1 

fi&ur , L;) rl Jons 

Fill·!. Li mits on lhe cosmic monopo l e ilux. The reg i on below the cur ve is 

"furbiddE!n" . The nutil Lion shown ar"~" [,dlowR: (1) dE /dX, counter 

oxperimenr"llJ I ; (2) 1. indu"tj"n e xperiment s l121 ; ( I) 	 G, ~""c ll emlcul 
25Jmeasurc!ments search in g for monopole- nuc leus C0ll1positesl ; (4) PARKER ; 

l ift!limc .,f tIl" gi.ll ilLtlc m<ogneLic fie1d 1161 ; ( 5 ) !'1D
1 

, cosmolo~ i cnl mas s 

dE'llsity f,~ r unc 1umped mono po les ; (Ii) ~m2 ' dyndmical mnss of gala x y (for 

Ll ur.1ped monopoles ); ( 7) NS , e" cess X-ray l uminosity of neu tro n sti.lrs
1 

(orlljlna l limit ) fS
,9J; (8) !'IS 2 , lh" " s<1fe" llmlt from excess X-ray 

lum i nosity of neuLron sLa r s ; (9 ) snLAR " Rubakov n~u rrina s f rom the 
l3S15un (using rhe Davis ' cxpt. ) ; (10) J, int rin s ic hear ge ne r ation 

i n Jup/ll.) lJ34, 421; (ll) SO LAR \J (fu Lure') , an e x pec Led limil wh i c h may 

be aCLessibl e In und t: r g r ound "'''per i mE'n f. S ,,<'nrc/ li ng fo r Rubakov 

neutr inDs (42 , 4 3 J 
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* 
Iss ues in Mono pole -Catalyzed Proton Decay 

Yoichi KazanJa 

Na tio nal Laborawry fo r Hi g1l E.ne rg y Physics (KEK ), 

Tsukuba, Ibaraki , 305 J a pan 

ABS TRACT 

So me o f e he uns ett led issues in monopole-catalyzed proton decay a r e 

discussed, fol l owing a s hor t pedagogical r eview for non- e xperts. 

* I nvit ed ta lk given at t he Worksho p on Grand Unif icatj on and Cosmology , Dec. 7-10 , 

1983. KEI<, Tsukub" , J apan 

It has ~lrcady been a bout two years since Rubakov [I I and Ca ll an [2] pointed 

o ut tll" [ascInat1n& p,)ss.LbU i t y o f mo no pole - c atalyzed proton de cay . S Lnce t hen, 

nllmero u" inveSLiga ti ons M V" been made l3J and our undc rstanding of t: he phe nome

non has cer t ain l y been deepened. Th is, however , doe s not mean t hat wr- haVE" t he 

complete gra ~p of th is intricate subjec t. , hp r e s t ill r ema i n a co up.!e of iJnpor 

tant iss ues, c larifica t ion of wh ich is ne aded in o rde r to spea k confiden t l y o f 

ttle " fas t " decay or a proton in the presence o f a monopole . 

In th i s Lil lk , I wi sh to discuss some of th e s e i s s ues , whJle recapitulat ing 

wha t we hav" l ea r ned in t he past two years. To ma ke re he discussions unde rstan

Jab l " t o non- e x pe rts, I sha l l f irst present the essence of IdlY a GUT monopo le ma y 

induce pr utol\ decay , witl! minimum of ma thema t i.c s. I s hal l th en go on to a 

~ c i L ic a l r easses smen t of thls "s tandar d" s Lory and d i sc us s s o me of t he unsettled 

iss ue s . They i nclude; t he ques tion of t he boundary condition at t h" mono po l l! 

core , the r ole of t he weak interaction scale, and the effects of h i ghe r pa rtial 

aves. 'fhe e ffec t s of t he strong i nterac t i on , which i s obv io us!y the mos t 

difficul t one to deal with, will not be di scussed in this t al k . 

2. WHY CAN A GUT MONOPOLE CATALYZE PROTON DECAY, 

Le t me first desc ribe t he e ssence o f why a GUT monopol e may induce ba r yon 

number Vi olat i ng proc e s s es without s uppress ion. Consider, f or s implicity, a 

't Hoof t - polyakov Lyp e SU(2) monopo ie [41, wh i ch is embe dded in a pecul ia r way in 

t he s t anda rd SUeS) GUT . Namely the gene r ators, T, of t h e SU(2) group (to be 

denoted b y SU(2 ) M) a ce cho s en to be 

r'. l lT = 0 0 • r (1 )'2 
0 

where T are Pauli ma trices, For one gene ra tion of fermions in t he 2 and the 10 


r epre sentat ions , t ~ere a r e fou e Weyl doubl e rs fo r th is 5 U(2) g roup : 


( 2) 

[::1... [:~L 
( 1 ,2,3 are color indic~s ) 

Obvious l y one call see that the upper and the l (Jwer members of these doublets 

""rry djff(!rcn~ quantum number,; "'ith res pec t t o the co l or bype r c harge , the 

~' I ectrlc cha r ge , the wea k hyperchar!;e , as wel l a,.; t h" baryon [lumber . Th us it is 
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not unreasonable [0 anticip3te that somet h ing exotic r.1i!(ht ha lJpen around such 

a m<Jnvpolt . In [:lct, by rathe>:' .1mpJ.e arguru~l1ts, we ~Iln L~t t hree I"alur(>~ 

whle h 'trungty indicate that ind""d peculiar ?hy"lcs :;hould tlike place. 

(i) As is well - known, an SUeS) m,mo<,oll, has a tiny core ot size Ih~ ( ~IX is t he 

X bo';on mass) inside of whi(;h the relevant 5U(2)H Higgs fielus, in this ,'asc ~ 

p.lrl ·~ E 24 o f Higgs, practically vanish. This means tr.'lt SU(2)/1 is a good 

symmetry inside the core and it r"quires litt l e ent!rgv to caus e transitilln 

bet"""," the upper and the lowt:X memher~ of thL SU(2)N delllO "[s. rhus Wi' ,houl<l 

'Xi , ~ r , find, " · 1> , d j .md c+ with ~quol probability ; 

• etc' .IJJRj I"+RI (3) 

This mean,. in particular, th" b;;ry,'n numbe r is indeterminate inside the core. 

(ii) 110"· inde t erminacy 01 some, qUBlltum numbe r is not sufficien t to calise a 


r e'actio ') ,,"'ieb ac t ually changes th,,~e quanllm number". In this ra:gard, Lhe 


pecul ia r llatur", vi the sp""ial p~rtial wave, namely the one with J(angular 


!1lIIG'lr-ntIIJTI) U, plays a cru,"ia] rul e . As was recognized ng ago, ti l"re exi"r ~ 

an L., trd .:t nt;ul.H mom"ntlJlJ' n tli ~ "t e rn or a '·"n,.p"l" and a charged particle. 

In the caSe o f SU(2) PKlnopole, It c(>incides with t he "is()~pjn" T. I n the reguJ.nr 

gnuge, where a ll the fjelds ~re smooth and thc Higgs field points al'1flg t he 

radIal direction, t h" ~}:pression for the tot"l angular nluml'ntum J take!. the j()rrn 

j L + S+ T L = r "( P (!,) 

where S is the ordinary spin ilnd T represenu. the "xtra "spin" . Fo [ th 


iSCIspin,>r, spin 1/2 Eermions of our interest, S (;/2 , and T ~ Y/2 , ",here ~ and 


1 are two independunt sets ot Pauli rnatrlc.::s . 
 Because of this extra ""ill, 01'" 
.' -+coln comb i ne L, S, and T form a stole with Zero O1l1gulac Clom"fllum. What is so 

special about lhis state? To se~ lhts, form a scalar product of J witll r , th e 

unit radla l ve c to r . One obtain$ 

.. . 
J ·r + T· r 0 ( 5) 

Since the Higgs fi",ld points along r in the isospacc, ~/2 · ; Is notbing hut th" 

unbroken UO) genera t or, which we ,hall heceafr"r cal I TJ-ehargto . (i · r beclIm<'s 

TJ in lh" 'physical ' gaug" , wh .. r" [h" Higgs point" 1 long t he third <!ireo.:tion) . 

Ne",,· in th~ a>;ymptotic region , the momentum p for thE: outgoing (Incoming) "ave i s 

in Lhe same (oppos I te) dir"etiem ~s ~. Thus ';I · r i5 (minus) lIlt h,'lici[~' f<'r ll'" 

outgolOg (incoming) wave . 

We now see that in the J=O sector , th" helicity and the " charge" ar~ 
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intimatel, connected. Eet. (5) says that there a r e two cases: (a) If the "cll"rge" 

!S un,.han~"d during iI process, so Is ;j.~ . But th i s means that the helicity o f 

th .... incoming sild rile (,urgoing waVes must b~ <.11 ffenml. his is t he hclicity 

flip charge-non-fli" case. (b) if , on the othEr hand, rhe charge [5 not 

L: ons<>rved, ' . ;. mus t also change and rhis leads t o the hellclty- non-flip dlargl: 


flip proc"ss . What is importan t i£. that ei t her (a) or (b ) musr occur [or J·O. 


I n the case of an "belian (Dirac.) poin t mC'nopole , t he gauge I ield cannot 

carry chaq;~ a nd the caSE (b) should not occur. In fact t his was (:l<plicitly 

(' he"ked ~ume tim" ago l5J. Due to the poin t s Ingularity of the abelian mon opole, 

rne must restricr the fermion W\lve funct1on~ to t hose which siitl.sfy a '"ertain 

lJUundary cllHdition a t the monopole po:;ition in order t o ensure th!! 11I"rmiticity 

.,f th~ lIamil tonlan of the system. Tllis boundary condition is such tha t it 

connects the right - handed and th" left- h..anded Cl)mpOnen t s and ~ffec t s the hcllcity 

flip scatter I ng. 

For a non- abelian monopole, th" sltuation is quite the contrary. First, it 

is " smooJth u bject with nu ~lnBula rily and hene" no ~uch boundary condition 

exi.sts. n,ls means that lor mass l ess termions, which we shall consider hereafte r , 

there is nu furce which mixes righ t and l e ft ha ndt'd components . (To be pr ecise, 

"f cours" there is the a xIal anumaly, wh i ch vLolates the chiraJ. symme t ry . But a s 

it wlll be pointed out later , t his turned nut to be inessent ial in understanding 

the gist of the ca t alysi s proces s . ) Secondly , non-abel ian TOOnopole can car r y 

harge; it can make tr ansi t ion,; to and rr(1n, t he so "alJed dyon s t a t ('~ . Thus 


these features say t hat t he case (b) should occur f,.IL th~ ",>n-ahelian system. 


(ii l) ~nolher impo r tant featurl! of the J=O sec lo r i s lila t such a part i al wav(> 

do!!s not .:eJ .:tny centr i fugal bar rier. Thl s means tlla t the ba ryon numb"r 

violating prOCESS under discussion will not be suppressed. ~re p r ecisely 

:;peaking, tllh 's a feature charac t eris t ic of the sector with mlnimum possible 

angulur mllrn" l1lunI, nu t J USl fo r th~ lOS wave " casc o Since we: are tal king about the 

feature outside the monopole r a, it suft ices [ 0 disc uss t he case of an abel ja n 

monopo l e. Th<o extra angular moment um in that case is of t he f o rm - egr , where e 

and g are, I'!!sp"'''liv .,ly , the electr i c c harge of t he fermio n :lnd the magnetic 

charge of the monopole . Due t o t he famou" Di r a c q uan t iza tio n condit i o n , t he 

product eg, whIch we sha ll denote by q , is either an integer o r a half jn r "ge r . 

nll'n the minimum val ue of t he orbita 1 angular mllmentum (denoted by l) , including 

now - egr piece, is Iq I a nd , whe n coup led wi t il the s p i n of the f e rmi f i e l d, the 

miniOJUm tOlal angular momen tum J is I'l l - J./2 . The one pa rt i c le wave f unc tio n 
m1 n 

of the fermion sa t Lsfie s t he Di rac e q ua t ion , 
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(6)(~ + ie ~10N)tJ! ~ L!" ; iJ 

Opera t ing tI once mo r e bdngs t h1£ t o t he f orm 

.,. 0 , 

ca 2 
t 

_ ~ r 2a 
2 r r 

+ £.£ 
2 

'O - r .'l...N
2 

() . (7) 

r r r 

Now fo r J= J
min 

, we subst itute 

1:2 
; IqI (I qI+1 ) 

un 
0' r q/l q 

where t he second equation is nothing bu t l;.q. (0) fo r the abelian caso . i~(' then 

ge t, 

2 
ee t 

-.l
2 

2 
ar r ar 

. hl 
T 2 -

hl2 ) ~J . o . (9) 
r r r m~n 

We see t hat , r ega r dl e ss of the value o f q, the cen t rifugal barrlLr due I.CJ t he 

e xtra angular momen t um is prec i s ely c an celled by the couplin g of t tl., Dirac spill 

t o t he magne t ic fie ld . 

Put t ing t ogether t he t hree po i nts WEo have l i s t ed, it should now be clear 

why a GUT monopol e i s expec t e d t o i nduce baryon n umber violatin g processes with 

un suppressed (hence p r o babl y s t r ong in t eraction ) r a te . 

3 . 	 STANDARD ANAL YS IS 

In the previous sect i on , the essen"" of why a GUT nlOllopoh, can indUCe ba r yo n 

n umber v io l atin g p roces~ es lola:; desc.ri bed in a pedagog i c al manne r wi t lwu t using 

much m3 chcma t ics. Now to gain deepe r unders t anding o f mo re dynamical aspec t s of 

t he phe nomenon and t o d isc uss sOme in t r i ('a lL and impo r l an t i s s u~s, we mus t give 

a bi t mor e de t.a il c d a c count of the analysis performed by Ruba kov, Callan, and 

others . In this sec t ion we shall review what may now be called the " s t a ndard " 

analy s i s and leave it s crit ical e xamInation t o l he next sec tion . 

Let us begin by summariz ing the st rate gy of Rubakov and Callan. Olwiously 

t o solve the en tire quan t um - field - theoretical system of a nOIl - abdian tilonopole 

and fermio n s i s hopel es s ly d if fieul t . \'" mus t make iJ sensibl e arproxima t lon, 

and the following Simplified piclure is ex pected t o glv<! '1 good ncc,)un t ( f the 

prnc"~,,. Since the n on-;Jbelian natll r e of the problem is effec t ive only within 

the [jny monopole core , one firs t repla ces tlte dynilnlJc,; in"icJ\: by a s" t c f 

~(fec t ive bounda ry conditions on the fe r mi fields at the core, which l~ (Ibrained 

by solvlng tho Dirac- e'luation in the bac:kgrolJnd ot 0 non-abelian monopole fi"l<l. 

O"t o;l d" til" ,':ere , the monopol~ fIeld is ",I abelian type , and, bv making tlS" " f 

t he sphe rlcal sYI11J:l(!try "r t bL J aO f1i1rLia l "'BV~ suctor, Lh,' system turn.,d ou t t o 

l>0! rec.lu"lhl" to a Schwi nger-like two c.llmC'nsional field theory , This wa s e xactly 

solved by Rubakov and Callan (by d iffe r ent methoc.ls ) , aced baryon numb er viol ati ng 

f ermionic conc.lellsa te s <,'ere round to fo rm . 

L~l us b~ a lit t le more s pecific. Consider , [or simplicity , model SUe 2) 

g'""	 ,':'[::]""h , "0,1" " D"" [;,l d, 

(1 0 ) 

Here and hereafter Rand L d~no te chi r ality . I n t he J=O s~c L~ r , the Wey] doub l et 

'~R can be wrj t tet' in rhc [o[m 

,], _L1 L T}{ - /<0'r CR+ (r, t ) n+ ~_+R_(r , t ) ~: n!) 	 (11 ) 

hl! ), ,, a re , r" s pect i veiy, the t'.,!" c omponen t Loren t z and S li ( 2) "r i n ... !'s1]7 anrl r;: 
which sa t isfy 

~ • L L 
u -r n,t; =rr.1 

(1 2 ) 
T + TT' rr - Ill. 

Of cou rse we have a s imil ar exp r ession fo r t he left handed c omponen t . As fo r the 

gauge field, t-'I.' shall take into acco un t only the S wave (Co ul omb ) excit ation, 

wh i Lh will be r eprese nte d by A. It is rela t ec.l to the r ad ial componen t o f t he 

gauge field by 

Po 	 - .\ 1 ; - JrA , l::. A' '" d <J .1 • (13 )r r t r 

Til ell 	 "'ith a b it of algebra, t h~ uriginaJ fou r dimensional ac t i on , 

1 a "V - ~. a a T aI Jd x[ - -;-2 F~vr~ + l'iy 0 ~+ ( A~ +!\~MON) 2i) I jJ (14 ) 
~e 

CiJn 	 be r eciuc.:J into th.. following form: 

I. 
dr(2 'l~ ( ; . )2 + 4~ K2 X2rdt 	r 

c- e 

+ 	~i~~ + LNiaLN 


( f yO,,\ R yO, S 

'N N N '~l) 
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K - 
+ -;- ( ~i'l'5'); + LNiYSLN) . (l S) 

We n~ed to expla i n va r i ous s ymbols in the a bove expr ession: The func t ion K(r) 

descr i bes t he ext ended nature of the non-abelian monopole and has t he pro file 

depicted in Fi g. l . K is equal to one at th~ o r igi n and it fall s exponc t iaJ ly 

like exp (-~r) fo r l ar ge r. The gamma matrices in (1 5 ) a r e t he t wo dimens i onal 
5 ones a nd ou r convent ion is YO= 02 ' "11 i O and "1 : 03 ' The)' arc def i ned jn the 

iso spac e. RN and LN are two c ompont;nt, l'harge - ne u t ral spino rs which are defined 

by 

1Zi j 

~ = e R 


, A 
 (1 6)
- 12'YSi ' f' · ~:,J 

l 

l
LN = e L 

L= l - ~L+J 
Let us l ook a t t he second t erm of Eq. ( 15) . As we saw , inSide t he ~ore t he 

K functio n is uf urcl",r one. So j f t he gauge coupl ing is su 1Hclently smal] , 
" 

,"-/.:- is l<lrg" and tit" lluclu.3l[n" of should b" negligible . lids means that 

: and the fermi field prac ( ,i<;.J!ly decouple and we may solv., tile one part:lclc 

Dirac ~quat ion in , i dc t he core : 

i D~ + K~ r ) iY5~ : 0 

(l7 ) 
(S imila rl y fo r L )

N

Upon s olvin g ( his one find s t hat at (he core, i.e., r ~=lIMX' fo r t:he energy E « 

1\. t he ferm ion fields sa ti sfy the condit i o n ( he r e.,fter called RC bo undary 

condit ion ). 

{~+ = -~-
at r (18)
r o 

L- N+ =-LN

'j'b i s corresponds , i n t h~ case of t he SUeS) Lheory, the baryon numbe r violating 

r elat i on d i sc us s e d i n Eq . (3) o£ Sec t ion 2. 

Ou rside t he core, we can se t the K [ unnion to :.:er J ilnd we need t o solve the 

following simplif i ed t heo r y, supplimented by the bounda r y conditio n Eq . (18): 

a> 2 
1 c dr t 2r: 1: 

ou t s[d .. (dt f , 2 ( .\ ,)2 + ~[~~ + LNiPl.N 

u e 


(19) 

U: (O)\N _ ~)'O/)~ ) )
N 
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',his s yst em can be solved exactly eithe r b '! the pa th integr a l method or by the 

bo~oniz a tion techn ique. \~" shall no t go into th<l t i n lhis t alk. I nst ead, we wi ll 

5ultlllari ze the r esults of such analyses below , [l , 2 , '1) 

( j) Charge- neutral baryon nllClbe r viola ling fOllr - body conden sa tc ~ form with the 

magni t ude " 1/r6 • As far as the chiralit)· is c on cf' r ned , t hese condensates 

include both chi r aliLy- viol a t ing .. nd chirality - preserving ones . Existence of t he 

latter type clearly shows tha t the primary cause o f t he condensa t ion is the 

"f f ec t i ve boundary condi tion a t the core , no t rh" chi r al a nomaly. TIl;, r ole of 

rhe anomaly is t o allow the fo r ll1<l r typ'- of condensa tes to e x is t . 

(ii) Although lhe one pa r t i de bounda r y condi U l>ll s"e.ms to "IoI a t e t he elec tr l .: 

.md l hL colo r cha r ges as 101",11, actually , they are happily conserved : Charged 

condensat ~ s are suppr essed by the ( a c to r 

2 , ( ~V+ ~ /'n2 + 0 ( J 

" !..- » 1) ( 20)
{for 2-T r 0i't\ r / 

whicl! vanishes as t ilL size l>[ the core, ( 0' goes l u 7ero. This is of course due 

to tile large C,)ulomb energy required to form such a con figuration. The fact 

that the suppress i on fac t o r is no t exactly zero simply describes the polariza t ion 

phenomenon i l lustra ted i n Fi g . 2 . 

hu s we see that , as far as l he 1eadJIlb approximation desc r ihed above I s 

c: e>n ~erned . t be kj nema (i ca 1 argumen ts 0 r Sec t ion 2 a re well -supp~ r ted. 

4. CRITICAL t:XAMINATTON Of THE STAN IJARD AI':Al.Y STS 

\~e a r e now r eady to examine the validity o( the- standa r d a n a l ysis , wh i ch 

I.C have jus t reviewed. 

1. Tile first q u!!s t ion t o ask i s if the effec t ive bounda r y c ond it i on adopted in 

t he ~tandar d ana lysis i s t r uely c o r rect. As the cata l ysis pro cess crUC i a ll y 

depended upon t his bo undary co nd ition, it i s of e xtreme impo rta nce. Le t us 

r ecall tha t t he bo undary c ondition wo s de r ived by solvin g the on e part i cle Dirac 
2 • 

",quatl"n in s"idl;! the co r e wi t h t he " j us t ificaUon " that , for smal l e / 4~ , A is 

p r ac t i~ally i r o ~ en there . Tills " j us tci fi c a tion" can be c hallanged . \,c kno w t ha t 

the con cEopl o f t he mo no pole c O.re is only a n a pp r ox im.1t ne and t he t rue 

si ruat Lnn i s lik e t ba t d i pi c te d i n r i g. 3 . There must inevitabl y be a r egion 

( regton C) wher e K f un ction is neither close t o 1 no r to ze r o. In t h is r e g ion, 

~ ( Coul omb ) fluclua t i o n is not negl i gibl e and it coupl e s to t he cha rge dt< pos i t !! d 

in t he core, wh ic h is dic t at e d by t he RC boundar y condit i o n. This should cost 
2

oulomh e ne rgy of order e ~~ and o ne may won de r if it doe s not spo i l t he bounda r y 
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conaHI"" l L,;"lI . 

Yamag i shi [6J studied t his questIo n in Aom~ d ... tall by means of ., varlatl,mal 

calcula tion, where parame t e r s ar e int rod uced to r ep r esen t var i ous boundary 

conditions. Hi s conclusion was t ha t as the ratio ui ~X to th" f e rmion Class goes 

to inf Jnity, t he hdicity fl ip, no t the c harge flip, :is f a \ll1 r t:d. 

Does this result. t hen cell. us t ha t the RC bounda r y conditio n should be 

mod if l ed? Not nece s sarlly so . Even if the boundary c'onditiLm is s ueli Lhat it may 

s eem to cost a lot of e ne r gy f or one pa r t icl" mo r ton . it is obvio us t hat a g r oup 

of two or more part i cl es "'it h zero net c ila rge , if they ate close t oge t her in 

spa c e and in t ime , can move f re ely without costin g much energy . This i s in 

acco r d a nce wi t h t he r e su l t desc r ibed i n the prevluus secLion t hat neutrill con 

dpnsa ce s form wie hou . supp ression wh ile those with ne t non -~cro cha rge are. very 

mu c h s up pressed. Since t h i s di scus s i on appl i e s t o iln y c harge coupled Lo a " Ionll 

r a ng e " fo rce, we ",ay summa r ize a~ foll"\J s : As I"ng as "''' c~n arran ge par t icles 

such r ha t t he proces s doe s not l eave behin d ne r gauge c ha r ge s in a " small " r eglon 

of s pace around t he monopo le , the., the " c har ge - v i ola tin g " One particle bo undary 

c ond i rion i s pe r fe c t ly OK, l ead ing LO un s uppresse d ampl it ude s. 

I t. The prec ed i ng d iscussion in turn s ugges t s t ha t we shou l d examine t he b~lance 

of all the gua ge char ge s in SUeS) t heory. Fo r l h i s pu rpose '.Je have l isted aU 

r he ga uge quantum number s carried by rhe SU(2)H do ublNs o f fe. rmIons in Tabl e 1. 

Let us now try to wr ite do wn the most ene rge t ically favo r ab l e ba r yon number 

viol a ting processes, name ly t he ones for wh ich no ne-t ga ug e charges are clepos i t .; d 

in th~ r e g i Cl n a r o und t he monopole. On e s ucl . p roces s is 

1 2 c + 
u + u --+ d + e	 (21)

L R 3R L 

(Th is can proc eed via X boson ex c hange. ) Thi s reac t ion, howeve r, won 't go due to 

the he l ic i ty-charge c onstraint , i.e. , Eq. ( S). For example, c on s i de r e~ . For.. , , 
Lhis fi eld , o 'r = - 2T - 1, while o · p = -1. Thus P = -r, i.e. jt CAn only be

J 

incoming , a nd cannot appear o n the righ t hil nd side of !::q . ( 21). In fac t this 


is no t a s pecial e xample ; we can e(lsily prove the f ollowing . 

1. Regardles s of the undar ) condi tio n (and the numb"r of fermi.on genera t ions ) , 

e ve r y process , invo l ving J=O f"r01rn5 only , mus t Leave behind a net non -zero sum 

for a t least one of t he gauge cha r ges. Proal: Fir s t conside r til", ",,,ak j 5(J51'in 

T~ . It is c l ea r from t he t abh, t hat for e very particle: (and anti-pnrticle). 

'T'" T~ T\' ::. 0 (22 )" 3 ou t 3in 

where. the. equa l sign ho lds oniy ior the right handed one!;. Thus to ensure 

- fi9 

"~'TW
3 

~ 0, ,,[1 the. parricle s participat ing in the process must be righ t hand,,:' d . 

But tor "v~ r y righ t banded pa rticle, lIQ
EH 

> O. TI .u s 'lI T~ = 0 and 1;~ QEM = 0 a r(' 

incompatible. q . ~ . d. 

2. Fo r the T ) \liol a t i n g RC bound ary cond it i on, c o 1 " r and till' "lee t r omag nf' tic 

cha rge" are violated or preserved t oge t h" r. ( Proof i s ells y and omi tl ~d ) 

By looking 'll Tabl" 1., o ne c a n imme diatel y " " haus t a U the poss i ble ba r yon 

numb~r violating p r ocesses which prese rve co l u r and QEW Ther" are only twelve 

flf them . 

\,; +-----7 d + eUl L + u2L 3R R 
+ C 

e + d ---? u + uL J L lR 	 2R 

e


U + --4 W
c + d2L e R ' IL 3R 


u
c + + ---7 u + d

2R eL lR JL 


. c 
un + d JR -'---7' u + E!RlL 
c c . 

u ~ R + d -----7 u	 e3L lR + 
L 


u + e -----7 u 
c + d

c 

I L R 2L 3R 

c + 
u + e ~ u + d1R L 2R JL 


UlL + d JR ----;> u
c + e

+ 

2L R 


c dC ---" + 
u LR + 3L - ? u 2R eL 

c c 


+ u -----7 d + eu2R l R 3L L 

- c c 

~ u + ueR + d 3R lL 2L 	 ( 23) 

A.-; was shown in 1, for all these process es , the weak charge is no t ba l 'lnced. 

Now the que sLion is ; how much ene r gy would it c ost beca use of t his? 

Th i s is no t an e asy one to answer . The H'ilso n i s tha t , as it wl.11 be 

expl"inecl, both ~Iw and ~ are invo l ved in t h l s bUS ine ss . Since l.1.~ f. 0 does no t 

mean much in th" r eg i on where weak SlJ(2 ) is bro ken , we must first look for the 

region where it i s not broken. The part of t:;. the .2. of Hi.ggs, which con trol s 

th" b reaking of SU(2 ) \,J' is a sing l e t " j t ll respec t to the Sl.(2 )H ' Tha t is, iL 

f eels the presence of t he monopole only indir ectly thl'o ugh it,; coupling tel the 

SU (2 ) non - s1ngle t pan of the 24 of Ilig1\s . Sin c" th lS "ce u rs L>nly within the 

('ort'1 we t').xpec t < ~~ . to be equal t o eMt-r tIll! Vi.H.:tlUD'l value.,. all t he way dot.m to 

the COTe . \'~l"tl"' r ""ak SU(2) is redtorud inside t lt e core it, .:J d ifficult dynamic"l 

quest i on. whld, hilS noL been s t udied in the l i c"ril t ure. If i t is restored , then 

T~ must be baJan~ed there bJi e"itation of weak-cha r ~e-carrying fields and <10(:' 

- 71 . 

http:fermi.on


must evaluate the excitation energy to se.. if it is large . 

TIl. The third and the final topic 1 would 1ike to discuss is Lile r(lie of tlll" 

higher partial waves , 1oI1I1ch, through radiative correct l "n~, can affect the physics 

of tile .1-0 SeC lor ~'\! have b~en di Olcusslng . Llue might say thot becau"" of tlte 

smal j n~ss of t b~ ' ine structure constant a the radiative effects mus l be a tiny 

correction, This , however, need not be so in tite strong m.:tgnetic field of tlte 

monopol<!, Th"r!! ace t 1>l0 effec ts 1>Ihich come tc, our mlnd. 

(a ) Th~ fi rst is the effect of t he anomalous magnetic moment of the fermi tield, 

whiel. we nave been neglecting . I t i s knm.m tS] that i f ,'onstant 8xtra magnetic 

morr."" t , "lb., is pu tIn U) lidUd, t he wave tunc t i on of the fermion is very much 

"ur>pr~sse d near t he monopole position, The suppres~ion fa c t (lr at r " 1/Mx is ot 

the order e xp ( -o.~1 ( 4 ~ m» ) which i s extremel y small. Of ~uurse In reali t y we 

must take in t o acco unt the cffect uf the fo r m [ac.lu r , Altnough such a calculat if'n 

has no l be" " done, the 1>Io rks of refer e nce [7], whlch dealt wHI> the case oi [he 

st~rong uniform magnetic field background , give a good llin t. Ii we denote su ch a 

magn"t ic fiel~ by H, rhes!! au t hors f(lund th'lt the usual expn.!ssion (' , /2T1 ) ( ~/2m)H 

I,'r L ~ It' iJnulU.:Jh.u" t"rlO is r epla.eJ by the e xpres sion ( ml/!'~ )( fn ( 2eH/1II2)) 2 in the 

cas« OJ la rge H . Because 01 Lhl! slow logarithmi!: g rowLh , t his indicates tha t 

tne suppress i on o f t he ve f unc t lun near the monopole cor" due LO rill! anomalou~ 

moment s hould be i nmu t e rial, 

(ll ) The second i s sue i s t he decay o f the J~O wav" by bremsstrahlung into higher 

.1 states . If this llapp..ns at a s uIfh. i ent rale, the centrifugal harri., r pr esen t 

fo r the high"r partial wav"s ,.,ou ld s upp r ess lhe catalysis process, The d itler 

e n t i al r a r e f o r t he proces s sho\o1n in Fig.4 i s given b y t he expression 

dW
E 

- = L j!l %(2j +l ) E~: I[drk ~' fJ/j( j+l) +,; .c k 'r)sin ( kr+6) 
o 

E '+m , . 2 

- 0 E+m J ,1j( j +l) ~ (k r )cos( k r +6) }J j+l / 2 (P r) I 


dp 0=-1,1 

dWM 
dP z: JII %(2j+l ) E~: I (drk 2 j ~1 ~ , lJ I j (j+l )+tCk ' r ) s i n (k r+6)0=-1,1 

x [J +3/2 (pr )(a j+ /j(j+l» ) + J 
j 

_ ( p r ) (- o (j +1) + Ij(j+l) 1 (24 )
j 1/2

E '+m 

- 0 E+m J / j (j+1 ) ~(k' r)cos ( k r +6) 


x [ J . f - - ~ . 2
]+3/2(p r )(oj-, j{j+l) - J / (p r ) (o(j+l ) + 'j(j + l )] ) I ' 

j
_

1 2 
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wh.,n, J .(l) i s tile Bessel funet '. on of "rder v , E'=E-P, k~':E~-m! , k' ~ .·'E'::;;;· , and 

(7os-f(m/E) . Th" subscripts I:: and ~1 stand fLlr d..-etric and magneth: photon 

"mi';5ion rE!sp~<:tiv"L~, Analytical evaluation "f these expressions s"em~ quiLe 

difficult and nllm~ric"l ,;tudy is _unent Iy helng ,"rried oul . [8 ] (In the case 

of a qU.1rk , gluon emission rate can also be computed in a simildr manner .) One 

.an al'u ask abullt thl.! ~ffect of virLual emissions . Tilis is more complicaLed 

due to the necessity of perfanuing tlie renurm,dizat iUII, "hldl is cumuersom<! in 

the angular momentum basis we are rorced to srick to . We hop'" t" be able to 

rep,)rt on this suLjec t in th" near f ULure . 

5. Pl LOGUE 

Al t hough it is c.learly noL possible, in a talk, [ 0 cover all the aspects of 

1he fascinating subj ect of t he monopo lc - cat.)lyzed prv [ on dec ay, we hop lIw L the 

eSSe nce o[ the. pllt,namenon and some o f th e r emoining prob l ems hnvt! been spelled 

nut. . 

Due [0 the inher en Lly non - pe r lurbative anJ m~ny -partic le na ture of t he 

process , it is not eas}' to get clea r cut answers to Lhese pr ohlems. I n par ticula r 

we ...mplta,; [zed j n th i s talk tha t v;lr lous encrgv barr io rs should be fu r t her exami ned, 

In ou e opinion, the role of t he ,,«ak i n t e r ac ti on is no t ye t clear a nd the effects 

of the higher partial wav" sec t or need to be quantitled. If t he~" turn out t o 

be small ef[e~t" , one must still unders t and t he most difficuJ t part of t he 

prnbl"m , nuch,l>" the st r on g jn t e r action effect!' , in o rtl" r t o get II good cstimall.! 

of the rate o f the cat a l ysi s phenomcnvn. We cn rt ainly need ingenui t y and a l o t 

o f lUt'k lu ubs" r vc this fascina ti ng ef[c ~ t. Le t us nope fo r t he b e s t: 

- 72 

http:repla.eJ


1. 	 V.A. Rubakov, Pis'ma Zh Exsp . T.,or. Fiz. 33 (1981) 658 (JETP Lete. 33 (1981) 

64~I; Nu~1. Phys. B203 (1982) 311 . 
2 . 	 C.G. Callan , Phys . Rev . D25 (1982) 21 :'1; Lbid. D26 (lY82) 2058; ~ucl. Ph:r~. 

8212 (1983) 391

J . 	 A. Sen, Phys. Rev. D28 ( 1983) 876. 

C. G. Callan and S.R . Das , Phys. Rev. Let t . 51 (1983) 1155. 

V. A. Rubakov and H. S . Serebryakov, NuLl . Phys . 8218 (1983) 2~O. 

Y. Kazama, 	 Prog. Theor . Phys ..IQ. (1983) 1166. 

y . 	 Kazama and A. Sen , preprint Fermilah-Puh-83/58-THY . 


. F. Ezawa and A. Iwaza ki, Z. Phys . C20 (1983 ) 33'; . 


T. 	 Yoneya, pr eprin t UT- Komaba 83-3. 


. ~ . Van , preprlnt CLNS 83/563. 


J. Ar afune 	 and H. Fukugila, Phys . Rev . Let t. 50 (1983) 1901. 

K. Seo, Phys . Le t t. l26B (1983) 201. 

B. Grossman, G. Lazar lde s and A.I. Sanda, pr eprint RU8J/B/47 . 

A.P. Balachandran and J . ScheLhter , pr" print SU-4222 - 260 (1983). 

S. 	 Dawson and A.N. Schel1ekens, pr eprint Fermi1ab- Pub - 83/"J-THY. 


. F. Wals h, P. Weisz, and T.T. Wu , preprinL OESY 83- 022. 


f.A. Bais, 	J. Ellis , n. v. Nanopoulos, a nd K. A. Olive, prepr int TIl. JJBJ-CERN. 

W. Goldstein and M. Sol date, preprint SLAC- PUB- 3240 (1983 

4. 	 G. 't Hoo f t , Nucl. Phys . 879 (1974 ) 276, A.M. p~lyakov, JETP Letl. 20 (197 

194. 

5. 	 Y. Kazama, C.N . Yang, and A.S . Goldhaber, Phys. Rev. 015 ( J977 ) 228 " 

A.S . Goldhaber, Phys. Rev. D16 ( 1977 ) 2287 . 

6 . 	 H. Yamagishl, Phys . Rev. D27 (1983 ) 2383 ; ibid. D28 (1983) 9 77 . 

7. 	 B. Jancovici, Phys. Rev. ~ (1969 ) 2275, W. Isai and A. Yildi", Phys. Rev . 

08 (1973) 3446 , V. N. Baier, V.H. Katkov and V.H. Str akhovenko , So\,. Phys. 

JETP 40 (1975) 1415. M. Kobayashi and M. S~lkamo to , Prog . 'illeor . Phys . 2Q 

(198 3) 1375 . 

8 . 	 K. Itoh and Y. Kazama , to be reported. 

2 C 2t>.C W yW I B T3QL~ /3'\; J T) 

d3L 
- 1/1 -2/3 0 - 1/2 113 1/3 1/2 ou t 

+ 1 0 0 1/2 1 0 - J 12 Ine 
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2/ 3 1/3 1 1/2 1/3 1/3 -1/2. in 
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u

3R 
-1/3 -2/ J 0 0 -2/3 1/3 J /2 in 

+ 1 U 0 0 2 0 -1/ 2ea OUl 

(, 
- 2/3 -J./J I 0 - 4/3 - J /3 112 i n 112K I 

u
lli 

2/3 1/3 1 0 4/3 1 /3 - 1/2 
I OUl I 

- -~-

( Fo r anti-particle , change aU tlte sjgns and replace " in " ("out" ) ",ith "OUt " 

(" in") .) 

TABLE CAPTION 

Table 1. 	 Cau~" and o t her quant um numbers of t he SU(2 ) double t s in t he SUeS) 

t heo ry are t abulated, t ogethe r wI t h t he incoming or ou t goIng na t ur e 

of lhe fidds. Q is the elec t r iC l.harge , A8 a nd ~3 a re th~ colorEH 
hype rcha r ge and t:he colo r j sospin, respeclively , 1'~ and yW are the '..eak 

Isospi n and the weak hypercha r ge, B is t he ba ryo n number, and T 3 ; s rhe 

SU( 2) ~1 charge . 
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FIGURE CAPTtoN 

Fig. 1. 	 Profile of the funclion K(r) which describes the non-abelian natur" of 

t he monopole. 

Fig. 2. Char ge polar iza t ion phenomenon aro und a monopole. 

Fig. 3. Struc ture of the monopole " core ". A atld Bare , r es pecrivdy , t he abelian 

and the non-ab elian regions, while C is the i nt ermedia Le domain. 

Fig. 4. Lowe s t order bremsstrahl ung proce s s in t h'.: field o f a monopole. The double 

line jndicates t hat the wave functions a re computed in the monopole 

bal"kgr uund . 

ERRATA 

for 

"Issues in Honopole - Cataly zed Pr oton Decay" 

Yoichi Ka zam 

National Labor ato r y for High Energy Phys i c s (K EK) 
Ts ukuba, Ibarak i , 305 Japan 

In the preprint (KEK-TH 81 ) with the title above, ther e wa s a 

serious e r ror concerning t he conservat i on of t h~ we~k cha nge. Fir s t, 

in Table 	1, the entries for t he column under T~ should be changed to 

-1 /2 , 0, 	 0, 1/2, 0, 1/2 , -1 / 2, 0 

Al so the 	entries under yW should read 

1/ 3, 2, -4/3, 1/3, -2/3, 1 , -1/ 3, 4/3 

With these corrections, the weak charge is conserved for all the processes 

listed i n Eq. (2 3) of the text, and t he discussions concerning its non-

conservation should b~ djs r e~a rd e d. I am gratefu l to Ashoke Sen f or 

po i nting 	out these errors. 
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Pr esent Sta tu s of Monopole Search 

Fumivosh i Kajlno* ) 

Institute for Cosmic Ray Research, Unive rsity of Tokyo 


Janashi , Tokyo, 188 Japun 


AllSTRACT 

Sea r Lhe~ fo r slowl y mov i ng magne t ic monopolus have beetl perrormud with a 

combined de t ector of pr oportional chambers ;lnd scin t illation counters . In th u 

f i r s t stage . t he scintilla t i 0'l counters were main l y used . I n t-hc second stage, 

the pr opo rt i onal chambers f illed with helium gas USing Lhe Dr ell et a!. mechanislD 

we r e mainly used . We have no cnndidate tor the monopole in efther 
measuremen t . ** ) 

*) Pr esent address: Depar t men t o f Phys i cs , Virg i nia Pol yte chn.ic: lnstiture and 

St a t e Univer si t y, Blacksburg , Virg i nia 2406), U. S. A. 

** ) This work has been don~ with the col l abora t i on of S. Ma t s uno, T. Kitamura , 

T. Aok1 , Y,K. Yuan, K. ~!it sui , Y. Ohashi and A. Okada. 

1. Introduc~ion 

1 r ..viewed recent experin,ents of monopole search in th.is confer"nce. Bu ~ 


there a r e some good reviews l - 5 about them. So i n this paper I will deserive 


only our monopolo search expe riment. 


2 . Experimental Apparatus 

figure 1 ~hows the experimenta l apparatus for rhe monopole s earch. This 

apparatu s consists of nine l a ye r s of pr oportional chambers (PRe) , s1x ~ayers of 

scintillation counters and fourteen iron l ayers . Thu size of t he apparat us is 

about 3. 9 m (width) by 3. 2 m ( length) by 2.4 rn (height) . The number of SC' s in 
2 c'ac h laye r 1s ninereen , Each SC has area 240 " 20 cm and th i ckness em. The 

number of PRe 's in each IJyar is f our. Each PRC has an e ffective area 246 x 92 

2 


em anu thickness 2 em. The thicknes s of the iron layer s is 12 em f or t ha 

Jnn"r layers ,1Od 1 C1n fo r the t wo ou t er layers. The t ille of flight was mea sured 

with time-to-digital converters ( l~C) for t he PRC ' s and the SC ' s . I oniza tion 

l osses were measured by analog- to- digital converters (AnC) f or the PRC's and 

SC' P. The detector is si t uated on t he ground nea r sea l eve l at the Insti t u t e fo r 

Cosmic Ray Res~arch in Tokyo. Detai l s o f t he detector and t he data acq uisition 

system have already been reported elsewhe re. 6 , 7 

Our experlment: wa s divided into t wo s t ages . The expe r iment was performed 

mainly 10>' using t he SC ' s t o s e t tile energy thresho.ld at a l ow level in the first 

stage, and mainly bv t he PRC ' s ut i l izing the 0('1'11 e t a 1. mech'lnillm and the 

Penning effect 1n the s e co nd s t age. 

3. The First St age Ex pe r imen t 

( n the fi r s t s t age of our expe rimen t , a trigge r Si gnal was genera t e d by 

us ing signals [rom the SC' s. The velo c i t y region of the t r igger was be tween 

10- 4 
t and 0 . 1 c. The area- s ol i d- ang iQ product for th i s tr i gge r was 11. 0 

2 
m s r. 

The i oni za t ion loss cal cu l ate d by Ritson i s s hown in Fig . 2. Thres hold 

levels fo r the SC' s and t he PRe 's were !;et a t 1/20 minilDllm i oni za t i on ( I . ) as
mI n 

shown .in t he figure . PR gas (AI + 10:1; CH ) wa S c i rcu la te d t hr ough t he PRC' s . 
4

Mono pol e s wi t h veloc i ti e s f rom 2.5 x 10- 4 c to 0.1 c can be measured if 

Ri t son ' s caleul ation ll fo r the s c i n t i l l a to r is valId . How~ve r, the l owe r l i mit 
- 4 

on velOCi t y to de t ec t t he monopol e s wi t h a s ci n t illa t or may be about 6 x 10 c 
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if r he ionization loss mechanism suggested b)' Ah] en 	ct a 1. 12 i 0; va lir!. ~" The rrt·~ent upp" r limj t uf magn[! Lic monopoll! flux baRed on the first .J [ld the 

candidal" for the monopole "'''5 obtained during the Live time of 3.3 < In
3 

I,. secund-stage measurement is shown 1n Fig. 4 together with ather experimentdl 
- l? - 2 -1-1 r esults. 

is obtained at a 90% confidence level. De tai ls of tl,., j j r~t stage of t he 
7 

The upper flux limit of 1.8 < 10 - em "r 5 f.>t 	 the magnetic monopole 

experiment have already been reported 	elSE where. 

5. Conclusion 

The upper limi t of [he monopole flux in tbe lirst stage measurement is 1.8 x 
12 l 

4. The Second Stage Experiment 	 10- = - ) sr - lg- a t a 90% ,'onfidence level ove r a velt><;ity r angL from 

In 	the s e[:ond stage. the gas i n the PRe was ('hanged to He + 10% CH,. A 2.5 < 10-
4 

to O. l c i t Ritson's conject ure is valid. The velOCity th Te~hold 
10 ~ -4 

r esearch work of the PRC with this gas has been reported . may be about 6 x 10 c if the energy loss calculated by Ah1en et a1. is valid. 

Dren e C a1.
13 

have shown that l;nge energy lDGses occur lor lo",-vel"lC!tj' The upper J imi t of th" monopole flux in th., second stage> meas urement 

monopoles i n helium gas. When the mon~pol", goes through the holium g<l S. helium uti I il ing the Drell et a1. mechanism 'lnd the Penning effect i ~ 7.2 x lO - U 
2 J l cm- s r- s- at a 90r confidence level over a 

He ~ He* 10-
4 

c ro 1 c. These l imit~ exceed the theo retica l upper bound of ~3 x 10- 12 

2 l l 
where He* is a me t tlHable S l ale of the helium atom. This lie"" collides with a cm- s r- s- pr~s""ted by Aron~ lind BlandEord 18 for a monopole mass of 

18 

atoms are eXCited as 	 wide velocit)' range from ~3 x 

10 GeV. It is difficultmethane molecule. whie1) leads to an i oni1.ation of the me thane through the PennIng to reconci l e the fi rst candidate measu r ed by 
19

Cabrera with th e present null resulls .ffect as fol l ows: 
+He* + CH He + CH + e

4 414
Bortner and Hurs t have clearly demonstrated t his effec t in any arbi t r~rily 

mLed combina tion of helium and methane. Refe r ences 

Th,,- calculated curve for ioniZalion l oss of the monopole in He + 10 % CH 1 . R. A. Carrigan, Jr. a nd I.'.P. Trower, " .'1agne tic Monopoles: A Slatus r ep(I[l " , 
4 

is shown in Fig. J. The efficiency of ioni~ation for the Penning effecl ls FERMILAB- Pub - 8J/Jl , 2000.000. 

e s timated as 83%,15 and a new calcu.lation of the DrOll! et a1. mechanism,16 2. C. Giacomelli, "Conference Higlilights and Summa t i on - Ex pe rimen t al ", CER.,,'1/EP 

wh ich i.s sma ller than the old one by a factor of 2 , is used. The ionization lass 83- 203. 

of the mono poles with large velocity is calculate d bv u sing Ahlen ' s fo rmula. 17 D. E. Groom, " Experimental Searches f or GUT Monopoles" . UU HEP 83/19.3 . 

The t r l gge r s ignal for the second s t age were genera t ed by the successively 4 . J . Ara( lITle, F'. Kajino et 01. , Monthlv Phys ics~, No . 8 (l983), (in Japanese). 

delayed sixfold coinc iden ce of r espec t ive layers of PRe's. The t h r eshold level 5. F . Kajino and T. I.'atanabe , But suri 1.2., 298( 1984 ) , ( in Japanese ). 

for the ionizat i on los s i n t he PRC's wa s set ~l J I . The trigger efficiency 6. F. Ka j ino, TCR- Report - 108-83-2 . And Pr oc. Workshop on Monopol c s and Proton 
min 

f or sixfold coincidence is estima ted t o be 1.0 fOT an eneTgy losses large r than Oecay, Kamioka, KEK 83- 12, 74 (1 983) . 

about 7 1 . . The area-s olid-angle produc t for this t rigger was 2".7 m
2

s r 7. f . Kajino, S. Mat s\ln o , T. Ki t amu r a, T. Aoki, Y.K . Yuan, K. Mi tsui . Y. Ohashi
m1n 

which wa s more than t wic e tha t us ed in the first s tage. a nd A. Okada , J. Phys. G: Nucl. Phys. lQ. 447(1984 ). And !'roc. 18th In t . 

No candidate for the monopole wa s ob t a i ned during a 	 l i v ~ cice of 3. 6 x ]03 C~nsmj c Ray Coni " Bangalo re . Ind i a . ~, 56 ( 1983 ). 


13
h i n the second st a ge. The u ppe r fl ux Hmlt of 7.2 	x 10- em - 2ar - Ls -1 8. F. Kajino. S. M"t~tlno, Y.K . Yuan and T . Kitamu ra, Pr oc. Monopole 83 Conf . • 

for the magnetic monopo l e is ob t ained 	a t a 90% confidence level ever a wjde University of ~lichigan , Ann ArboT. Michigan, 198 3 (to be published) . 

8velocity rang~ from ~3 <10-4 c to I c. , 9 . 	 F. Kaj i no , S. Matsuno , Y.K. Yuan and T. Kitamura , Phys , Re\' . , Le tt., ~, 

137](1984) . 
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10 . 	 F. Kajino and Y.K. Yuan, lCR- Report- 114-84- ) and submitted to Nucl. lnstr. figure Captions 
and Meth. 

11. D.M . Ritson, Stanford Linear Accelera t or Center Report No . SLAC-PUB-2950, Fig . 1. Schematic view of monopole detector . 
1982(unpubl ished ). 

12. 	 S.P . Ahlen and G. Tar l e , Phys. Rev. D 1l, 688(1983). Fig. 2. The curve shows t he calculated Jonization loss of magne t ic 1D0napoles 

S.P. Ah l en , T. M. L1 s 8 and C. 1'arle, Phys. Rev. le tt. 11., 940(1983 ). 	 having the Di rac charge, as a function of velocity in a scintillator 

13. S.D. Dr ell, N. M. Cro l l , M.T. Mueller , S. ]. Pa rke and M.A. Rud erman, Phys . (Carbon ) and 1n argon ga s . These curveS are calculated by Rit son. 
Rev . Le tt . 2Q, 644 (198 3) . Th r eshold l eve l s f or our de tector are also shown. P, proportional chamber ; 

14 . 	 T. E. Bortner and C.S. Hurs t. Phys. Rev. 93, 1236(1954) . S, SCintillation coun t e r. 

15. 	 W. P. J e sse, J. Chemical Phvs. Q , 2060 (1964 ) . 

16 . 	 N.M. Cr oll , Pr oe . Monopole 83 Conf. , Univer s ity of M.ichigan, Ann Arhor , Fi g. 3 . The curv e shows t Ile calcula t ed ioni zation los s of monopo l es hav ing the 
Michigan , 198 3 (to be published) . Dirac cha r ge . as a f unct ion of velocity in il mixed gas of helium and 10% 

17. 	 S.P. Ah l en, Phys. Rev . D ll., 22 Y(1 978 ). methane. 

18. 	 J. Aron s and R. D. Bland fo rd, Phys . Rev. Le tt . 50, 544 (1983 ) . 

19. 	 B. Cabre r a . Phys. Rev . Let t. ~, 1378(1982 ). Fig . 4. Compila t i on of upper limits on the fl ux of magneti c monop oles as a 

function of veloci ty B at a 90% conf i dence l evel for ionizat i on/ex c i tation 

experime nts. The broken lines mean tha t it i s imposs ib le to measur e if 

calculations f or t he ene r gy los ses t aking into account the bina r y encount e r 

approximation for scin t illa tor s and argon ga s are valid. 
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Unde rground Sear c ne!i cor \nonal '11J5 Pe!'1et:-;uing Paroicles 

5 . 	 O:ri:"3 

Depar:ment or Phvsics, Facultv o f Science , Univers ity of Tok::c, 

Bunk}·o- ",u. Tokyc:; iLl, ["pan 

. \BSTRACT 

A series or e~peri.ment.s are ::,\~i :)~ per~ormecl 3[: S:amiok2 ~ine i! ~ 5'!.arch O! 

anomalous \..~;")~m1C rav "Jilcticles :;uch 35 crT magnec.ic mono poles. . heavv slew 

:~t"" ,'enor: on charged ;>articles ami reLat:ivisric f O:3C":'onaU'; r hargerl lpPlons . 

m:!O - ',)
the res ult; fr om or =h~ Strlt u-:; o f: 1. ) ;;cincil101tOr telesfo~es .11. 

P1.a s ;i(: ::: J. c k detecto r CRJ9 of .: SOlb 12) 5l~:inri Uaco!" t -' ~e5 - r'pe 0t : 11.1 ,, = ~[~) 


~r++)I:') Ptotvpe :;clldy o f a lar;;e .lre:t He .:fritl c-namber. 


Physist.; i nvo l vt!c ~ r e : 

~ ) K. <awa\loe , S . :'a kar.rur:l, :1. '1nc ~ki , T . 'Iashinto ,nd s . ,1Ti.':C' 

+ ) K. '1agano , K . . \nr3 ku , T. rsukamorn . K. Kawagoe, S. ~a}·_=ur3. '1. )I o=ak ~ -,nu 

S. ')riw 

++ ) S . ~akamur:l . K. Kawagoe , K. :;a~'ma , ~1. :'Iozak i. S . Orito, T . . ;'~k .', T . . Iavashi. 

H. 	 'f<!war , :ina «. Og\lra 
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'.11.0 -::1~in 'rlOti'.'.J.(10n 0-:':" ,jUt:' ~xD(·ri!Len( .3 LS ~ r:2 Jin"tC" > ,'(lIarc.h .:oor 2>1.HH~r

he.al,~· 1--,;,r; 'nol~nt:::r':: c '1lonopol~ti "::1 d 3ma] .;. ~Hl '()ssib.l.e flt.: xes 2;j ~~!f;'\n -ho :"ir:iiteci 

:l'Jai: able resources+') , The: "x?erimencs are hO\ole'ler ;ensir:.9ve also to super

;,e:3.\;Y '510'.01 e. harged (frac!:ional .;r: :'nt:;!~t!r I :>aT : :!.c~e~ .lS 'Jell . It is ~ oncciv

l b l e ;:na t sllch par;.~cle e :<is ~l : ·.:!)'lnci migh t be produced i.n '.fer)" ~.:!rl"l Unive!'s~ . 

3u:::l ?ar:ic.les cOllld b~ .3t.3.b':'e 2 i ~~~ r ..lue ~.O , heir frac::ional cnargt!s -:;t the 

n~"., :::.onserved qU3:1rUm numher " h e~: "light: nnsess . 

GFT "'alpetic monopoles o r s uc!1 anomalous char~e cl par- icles, bei'lg super

heavy ••-Quld have had negli:lh.iblly 5mal: <!ne rgy diss cpat ion r elative tQ their 

:<ine!;i.c ~ne!"'gy ':'n the ?roc:ess 1)( .;alaxy tonnar:ion , and .:1re. unlikely fa have be~n 

t -.;:.pped t.h~ "~ rri?st:r-;'al "Il8[e!"i.al . ~1ost ?ramiain15 T • .T3), !)eems the r efore to be 

the 3e3 r c.h in [he. primary I~.osmic r.J.yS . 

:i _he sUflerhFuvy ?artic.les ']'re t.rappeu in '':;alaxy o r .... n rne c.jusr e r or 

;a1.:'1: ·:i~s . "'hey ,...,tlul ci have ''Ti ~ al ·.ri r i"l ·,,,ioc::'tv of 10-3 or 3 x 10- 3 

resuec : ivl:!ly . .h"y mi~h r be j "art o f the i nvisible massps . f h ", llagneric 

,1l"no~o l.es ll"i.~hr. have b~en 3c ::. el~r.at2d to 3 > t r:l-3 , ~sca.ped J: he~ala ;-: ics , ,::om

p osi:1 .~ an :'sotropic. e~{cra ~:ll.1c!:;'c flu:--:. ~et:e!'!t ~:tlctllat ions3) lJ[ :he .jE/ · ~ }: "T' 

the .c; t·.)v '7Ia~nctic iilonO[lo Lc s .)nd t..aa T"~ed ?ar" ~cli:s indicat e -hat ~e ?assa~e Ji 

';1:~:1 ?,lr' iclcs .:.an ')e .j~[ec::ed .!. :1 :he ...e loc.it :·· r<in ~e. "' 5 '( 10- 4 ~ ) "l JC.I :\ ·je~~c-

Cors " '1 ci'; as t he scitcr ill;l[u r s 'lnd rh" Jr cft :~ ,llT1ber . 

i) EX"'JerJ..ment \.lit.n scintillator [~le~cooe oi 2~ JI':Sr : 


"i1is is tho fersc exner:::len- '''e "lave undert.lken , the rulsc of ·..hich '.'"re 


?ublj3hed The Jetect:or .• hm.ffi i;, Fi~ . Lon~isrs or !:.ot.ll 60 Dl..1S tic 


*) 	The :irst two eXDerixents Jesc~ibecl ~ere 3re ~per~tvrl Jnd anali:ed ~ai nly h~ 

.5 raliu3!:e" 3t~.lde.ncs 'Jt,::..ll ..~ing ~eC'nnd-ltand detrctor conpOTlt?nts used in ac:;eler

.]tor-~xperiments . hT e are .indebted to Pro[ , :-1. :<oshib~, t ...ir le t!' in~ us U ~t: the 

• .:.ornronen[ 
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3cin t i.11on count.ers composing a .s 1~·~- l.lyer hoJooOicope ~ It) c atecl :-j50 m under;.roun 

Each counte r, viewed by t1.10 ras e "hotomulciplier s trom two ",nds, ha s a JE/dx and 

the time of [light resolution of ~lO a nd -0 . 2 nsec r espectively . ~he tr~gger 

cssentiall v r e quires the coinc.idenc e pul sf;:s t r am a t least ~ out of 6 Layers 

'''ichin ~O ~ s e c. The on- and off.- line analyses then require 1 hit-hodoscope 

pattern and t he timin s inionnation <' onsist"oC with J passage of llpgoLnl<;) r 

)"<"'" ',Oi:l~ ,; ~ gle J1l r ~:c le . ~he effecti.ve dE/d.x threshold a nd the veloc itv 

r ange "US 0 . 25 times the ~inilUu" ~onLz.acion and 3 x LO- 4 < B < 1. 

Shown in Fig . is the dE/J x versus) ?lot fo r 2.7 x 106 events coll~c t ed 

in 'ZOO 'lo urs of live time . Also shown 2re the e xpected dE/dx " u rves for i:li r ac 

magnetic monopo l e a nd [or var i ous (~h arged parti.cles . we observe in this plot 

~o eVent Jut sid.. ~he ~(1mi!lant: "'lluon " peak ."I t dE/d " 1. 0 snd " 1; thus no 

-:;rr.1U3-e :: ·;) r ~.1gr:e[ic "Uon()t,u12s L -; 5 x If)- ~ 1 nO r fo r charged par[~cles 

i n 5 x 1O- ~ < 3 < 0 .4 with flux uppe r U"'it (90 % confidence level) of 6 .2 " 

10-13 m- 2sec- 1Sr- l . 

Our jE/d!< and the r iID<! af fligh t information :.Ie e e good "nou,,,h als o to 

sear ch ~ or ilny anomal ously charged particles (lep t ons) among !he relativest ~ c 

" muons ". Fig . J shows the dE/dx dist r ibution for 3.11 events . \' e see no 

evidenc e fo r s uch par-icles giving ,lux limit 9 .8 x 10-11 and 7.S " 10- 13 :m- ~ 

sec- 1Sr - l for change _/3 .1nd Ii: pa r tidL s resDe c civeiv . 

2 ) Experiment wit h plast ic scintillator hodoscope or 110 m2Sr : 

We are at p r esen r reaTT anging the sCillLilla tors into t<.o- l aye r hocioscoDe 

o f 110 mlS r. The trigger will require eithe r wide pul s es for slow pa r t icles o r 

b igh pulse height s. Fasr flash .\DC 's then record (he COllnter pulse shapes 

eve r y 5 nscc over 2~ se(. rhl;! cm-ilnd off- line analyses by ,] per s.onal compl.lc~ r 

based on rhe fla sh .\CD informations should be suffic i e l! f. to r ejec t 311 J c cioen

al bac!,,~rounds . Consisten c y = ong chI' pulse ·,;idt.he s afld the time of flight 

- 90 

should be 3 "trong "nougr. ,const~3 i1'1t to posiri'l"l! identify ., ?;!ssa;;e .)f slo" 

p~rt.ic!e , it: any . -:he C:'xpe.r~m~nt ::5nnt!ld "h~n be sensi tive to magnetic 7Oonooo ::" eS 

in the range :) ,,: 10- 4 < d < 1 a nd fo r charged pa r:.l.des 5 x 10-
1
, ~ , ~ 0 .1 . 

TIlis e~eriment ~oul~ b e ~x~anded to a larger 5cal~ ~ith esti~at ed cost of 

lOB Yen ,, ~ 106 5f/ _000 lI~Sr . 

3) Track. dctl!cto r CRJ9 'nth '500 ", 2S T : 

Some of :he recenr. intlational mode:ls inc r ementing ("he s uper -svnnnet ::- ::':":' I 

he
il measureable ",onopah flu x o f nrcie r lO-15Clll-~sec - l" r - l, iust ',,,,lot,· p r cdic 

ndert3king o n explor2tor:, exper iment sensitive to s uch araI"k~r I S limit . ' .Joe: :.l r e 

minute flu x . The solid tC3c k detectors seem co be mos t suitable co Lhis pumose 

becau~e 01 i~ ' s lou COSt 3nd ehe passive natur e (no ~interance n e cessa r y) . 

-:he .\mong various trac k detecto r s, the "?lastic CR39 has the best. :3ensic ivi ty . 

CR39 is at the same (.:!..me I'"l'Hally ins e ns iLive cu minimum ioni z inR ptlr~iclc $ 5u ch 

as mu on s , chus ~injmizin~ :he back~round probl~m . 

The optimi zation with [h ~ cu r ri n~ c yC_~ 5 and t~ial s wi~h v~rious ad~ _ ~ i \·es 

resulL e d ',0 a pr odu ct t • .,tnic~l i :3 sensitive co Z/B ~~ 6 , ·...Thi l e :<.eeping c lea r s u!:"

races after a he.:lvy ~[c r1ing . _-\. ]. "~ :J.n iformi::: v in t hickness have been ,,)bt.:ii;!~o 

.;)'JE. r an area ~f SO x 50 ~m- . 

We have just compl"ted til~ inst allacion or the total 450 m
C of CR 39 t o OJO 

m lInde-rg r o\\n Th e ·l e tc('.co r consists ot 7~OO .5 [ ack s , ea ch con sLsting oi rour 

-:iheets of SRJ9 TNith oimension 2.5 em x 2S ern :< 1. () !1m . 

After v e~!r ' S ,~f ""pasure ~he cop sheets will b", coUec t"d and be heavil,· 

"t .:hed :0 ! he thick '1ess of 200 'J m. By ttle etChing , " tr a ck or pa r ticle ,.;irn 

enough ionization will develup a ho le , which che n ~ilJ b e s canned . Only ~hen 3 

c3ndtclace hoI" is f ound i n rhe f irst laye r the corr espo nd~ng 5u b s equant lave r s 

viII ~ e "cched , Th e four fo l d coincidence ':Jill "liminate such backgrou nd 15 

t"atio- a c riVeS and pin - holes "'.iimulating, .1 era ck . The t2 xpe rj men t l ~) expec ted to 
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be sensic:"ve :0 tDagncr:ic ~onopol~5 : n t'1c ~;e~..:.Gn :'D- 1 ..: l· 

4) Proto- tvpe He :lri :[ chamber : 

.-\ pro to - typ e large area (4 "' :, 80 em) l1e drin chambel" is con struc ted . , 'I., 
Prelimina r y tes t l"I~ 5ulrs sho\, that the ;::hambe r '..orks '''i t h a :o r ope t· :ie- Ar-CO ·c 

mi xture ·"ith a 1m. d rift iield of dOlro to ~OO TI/ c.m li p to ;) d ri fL space of 40 em. 

A se l f t cigger ing scneme is b~ing tes ted . 
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Figur e Cap tian 
10 2 

Fig . 1. The scintillato r ha dase.ope of A l a:;e r s . The d lstanc:~ bee,ee" the t"o 

and the bottom laye,,, i s 80 ~m. 10 I ~ 
r,:; 

Fig . 2 . The e;{p ec~ed "ner gy l oss of a magnetic monopole and 'la rillUS ch arged '--... 
~ 10 0

partic les as func tion or :3 . 7he ene rgy loss f;~l.3. S normalized t,",] che rT"' 

:n iuimum ion i z i.ng panicl;> . "'"he .bshed lin" i s ·:.lltulaced DV takin<; 

!r' 
i.nto 3ccour. t th e expectpd ,.1tuntion e'~ect o f che scinelll :!!:", 

Also ? loc ted are JE/dx and of _. , x 100 events . 

1r) - ~ 

F i~. ), The dEid " distribution ot ;he rel. ;, t i vuti c (i' ... l) parc icl..., . rhe 1I) - , 1 i) -3 1J -= IJ -I 10 J 
dash ed and the dash-do[ .~d lines show the e xpected dE/dx iistribu

s 
r io n ~ of the charge 2/1 and ~/ ~ parti~l~j with J re~pecc lvely . 
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T. Hari.l , M. lIonda an(l 't'.Ohno 

Institute f or COE'mic Ray Resea r ch . Un L',I{'rslty or TlkYI. 

TanClsh, , T,;kyo, lB8 J 7lP:1n 

Y .Totsuka 

LICErr: , Fucu l ty o f Science . Uni'jt!rdty :JI Toky o, 

BW'kYCJ- kCl, 10kyo, 11 Japan 

r.j. Kobayashi and . ' Kond( 

N~tional Labor"tory for Hlgr- Energy Phy"l Ls(K~Ki, 

llh(,-mac hi, Tsukuba- [!un, nmr;;k: , 305 .Iapar 

ABSTRACT 

In I\kenc a " s ho",,,,, observatory a large area c alorimet." , o f an area of 

lOOr,¥ " is ope,.atin~ for t h e study of alr s he ,,'« .. s . ~!e p anpd l. c US" this 

talo !'lme t e r f or the :;earch of m~gn"ti .:: monopolt;S , ~d sta r ted ,he> p J'ep" n r ' on 

f o r tillS eAper ir..m t by e X3Jl1 i ning t he c aracLeristic" o f proportional counters 

illed with He gas . I t is f ound that prop·"rtiL1nal counte"" f'lled ~·ilj-. II" 

mixture ;;('ls(H ~85% , CH 15%l ,,·ory.s ""t i sfac tor ily f er our pU l 'pose . 
4 

Addi ng :> ",ore layprs 'Of p r opod lonal counr",rs to the oalorll11et" " , til': 
- 4 - ld 

expected upper bound to U·.e flJX of ",.onopol",s \<itt ~ 'J 5 x10 ", .. 11 b" ; ,, 1C. 

c m- 2sec - 1st r-1 (<)0% c 'lnfidc'nc« • .,,,,,l) f'1 r one yea!' nbse r vation . 

I'llS st ,jOy is De:'n£ p~r:~or:""".ed in eol ~8001 1;:)U ;·n .....'lo::h tn·..)fI'llv,.,....." of 

M.enl., group . 

J . Intr(Aiuc t .. ":lfl, 
------~-) 

t.ul r·:rt0i'Q "5 "r" <'xp,~ct,"d to be jr.cerej'lted t." th(~ veloclty abou t 

lO-2c ~ ':')-'c by tl l~ galacti c ,;'g"eti r t'idrl . The lOwest possi b l ... v"l J2 .y o f 

monopolt:s ~:fJ + Iv.'" t~arth J5 ab01J r .1C'-A.c c:o.r~Hpcn d lllj=!; to the v~locj ty of T:he 

o:a rlh in t ", r ol a r systam . cht;r" lore , ,t i s Imporlant jq s<'arch magnet i c 

monopoles wit t l vt.::lo~ lty !Je l w~en 10- 2.(: and \!j-4c . 

Up to nr,~, SCo.. tl L \ latlon deLc·ctoI""S and propor t ... unal (' '''Intf;'r~ 'iNith ;3 large 

ll~!',:;1 tlo.V(::,' bE:'pn LLc:'f:'d to 5uarch nlvnnp(Jles . Hnw('ver , thf-~ £.I vai labi lity of thesl.: 

a"t",c~ors is !Dt L .."ar ["r sue>' a s lowly movinf'. I'lonopol·~ . Rec"nt Iy. f r-•. ,1 et 
2 

et a 1. ) nft\,., "a, cuh"ed t he e " act l'n"'q~y l oss elf slowl y mavi " p; 

m0 \llJP "esllO-4c < V < 1,)-3c) i n He gas n"cl pointed Ol, t I.he e""rI'Y loss is !T.uch 

I'w"r than mln i mum l oruzatH>r p'Herg;y of a S lngJy charged part e . 

At thc c",nt c " c. Ad, ,,,,c ai r show"r al'r~y3) a llrg.. m'~a(I(jCm2) c alo r imeter 

.s ?pera ling fn r thl' study o f air shuwl·rs . ,'. is composed o f " l ayers uf 

propol'tionaJ counl",rs h" in~ sandwitch,-d between concrete b l ocks. Tht· 

structure "'f t.h" 2 alC' r imet~'r is ver y suitable f or til" monepolt' s earc h 

tox p"r,nlc'nt . Ho ',;ever, U", r.as put into th" countm's is P10iAr90% t CI1 10%) . i n 
4 

wh i ch the energy loss o f slo'.Vly ITIvving monopole i s unkno ~~' n. 

The charac t« r ls', " of the p r oportional c o unters flJl ed ·.-li th He l{aS hay, 

been lnvt's t igated ' 0 e :<wine the posslhil , t.y < r lls i ng the c nlori"'eter for 

rH("',n opo " research . As ·'3 re!,;u.J.t , r. ..... suh~:p-antial rli rfer.-'-nc~ has b~en "ounrl i "" 

tht: charactdr i stI es of thl: proportiDnili c:ountt:'r at 1"I.l.gh -lens it)' ,\r par ~ i cles 

b ~ tw~'·., H" ""d Ar mi x ture· gas. We "epor' l tho c haracter i stics of 

rroport.ionul cOtJnt~r.:; f l l! ud o'J' i th HI::' '" x-ture gas an d n ~lan cf 'ilon()pGle $,·ar-::il 

e xpe-r lml~'n t u£ ing th~ c aJ o r '-,- me h~ r ~I! i th Lhe5t: propor t l unal riw n ters 

2. Thr. apparatus of calvrlC""It' r 

In A.k~no .d r ~hawer arr'ty ~ the (''1 1orimt'tet' \..,as co ns ru,., t..--c! for thp study of 

t11~ l'lgh energy pi1rticl fJs near lh'! ~ort:' of .3n~/3 ai r sho'H'E"rs . It ~s cC"impnseri 

of 4 13yt::>r"'s of rr.;)port vnnl ":nunt,..rs, 1S anct .:..0 bunchE::s of 1'C) IH"cport "(mal 

co~nlt.rs.4) in 'IrrC' r 3 ~3y"''''?, and the b·"tto:", rt.:~p~·-t .\ " I"Y I ivui the c"Jnc rett:" I'

lay~:r~' .in ~)I-·t>,l.l een 3S ~jflol,.m ill Fl,e' . 1. F Jt'~_1 r r np:'!""ti nna! count(·r(lOcOIx lr. HI''';' 

'/iC(""- ' IS l ~act'd r,ar'a~l!~.J. t~ ) ~:~l(.h c:lh·li."' . cae)\ counter is pro.'l·i ..J. w ~ lh l ri 

i.r,d(:-ot..-n Lh·lI z- a~irll fi " r ~o: tha ~ the p3!~Li. . :'1>.:' Jt,·ns!ty ': .'1r. tJ~ l~'=' l (·r"'r':"d for each 

un!t'l' . glV.dlg +-! gj.ia(~iaJ rcsclutJ DI1 1"10 1' lr,( ':-. ('n ~.h( · rl;Jne p,_rpendiclJ =!r t o 

':r.r:' l on~~ axis of '·oJrti."rf. . 
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3. Charact.eristics of the proportional counter filled with tie mixture gas 

Though the proporUonal counters of the calorimeLer have b<:'en stab le wi th 

PlO gas for 5 years at Akeno, it ",as not c'~ar that counters with He gas cOldd 

b" stabl" too . Theref ore , counters with dl1'f,- r ent kjnds <'( 11" mi x ture gas 

were prepared, and thir characteristics and stabU i ty w(;:re studied. 

1) . Chaf"act"r~sti c s n f particle response 

Sev..ral ,ji (f"rent '''nds ' f til' mi x tLlre gas "'ere PUt 1nlo -he pl'opvrtional 

Lount~l~S .in the cal()J~ifTll.:'~-tT 0iI d Iht' response to cosmic rays was investigatf::'d . 

F;g. 2 shm.s the Lypical puIs" heigh t distributll'Jrl(PHn) {"or the PJO gas and lit> 

",ixtur gas(He95% + CHLl15%) for lhe incidenc" of single cosmIC muons , High 

vo l tage supplied to each propor tional couni-er was adjusted so as to giv". the 

sam" peak value fo r each coun ler , 1n Fig . 2 an e x,. I Len t agret'm"nt i n PHD can 

be sEten b"twe"n 1:h", Pl O gas and He mixLure gas ex c ept the dlan)ct.erisllc x-rny 

peak or Zn(8.6KeV) for the P.O ga" , 

Nez t , t lit dt:'pt'ntk'l1cl: of the signal on supply vol Lagt: was studied f o r a few 

k ~nds "r II" mi LJre gas , and Lhe t·"sult i s sho~'n 1n Fig. 3 . Among H(, mixtur" 

gases tested her" , the gas o f He85% , CH I5%(h"reaft"r 15%CH ) is the beST rnr
4 4 

the proportional enunter becaus" th" '/o!tag., "ensiliv ity is '''ea~,est(good 

stability fo r the voltage chang"), and th" highe.r vnltage c an be applied to 

get high drift w'\oc ity. 

The response of the proporr ional counter to high partiel" d"nsi ty '''as 

studied by observing air showers , Fig. 'I ~hows r.h" r~sponse of proportional 

coun ters hUed " lLh J5%CH and PIO . These t '"O types of counter wert' set 3t4 
the same place in the calorimeter and w"re nperalt'd fo r the samt! period :'y a; r 

shower t.r igger . As setm in Fig. 4 , two curves are in good agreement with each 

other, shOWing thaL the response of proportional counters filled with 15%CJI" 
"L 

gas is reasonably good at least Up t o 10- particles pel' count"r . 

2) . Timing ne solutlon 

For slo'"ly moving monopoles , ; [ .lS ve ry important to observe not- only th"ir 

ene.rgy loss In the det"ctors b ut Ellso th"'r velocity_ Monopole ' s ve l oci ty can 

be detern,ined using the timing in forr.1aLion from more than two s"par;;te" 

proportional c ount"rs , ',"'; lh ,,, 3CC1. r:;lCY a"'l ted by the drift time of eJ "ctr on" 

ir the counters. To know " he tlmlng resolution , a small scintlliation 

d,·t"c-tor y!a!; plact!d just above lhe pr'oportional counter and th" time i n l ervals 

betw"en the; ~ pulses p r od'l ced by single cosmic roy muons passed t hrough 'hem 

were measu r e d. 111 P,g. 5 is shown '.he tim': i ntervals between pulses of' the 

s .: lnti llation detector and th ... slgnals at tt, ~ level of 90% of t:he avcrag" 

pulse h"lghL in thL proportional coun~er' filled wil:h H" mixture !las . In thiS 

case, as sing l~ C (lSf'I' "--C mUon~ i pass through at various distances from Lh~ anode 

"'ire , the lime .n tervals be tWt'en the 'i1 ngl"s from th" sci ntliialion det"ctor 

and the proportional counter distribute in wid" cif"''e rang" . In Fig . 5, we c an 

se" t.hat the timing ,-"soluti.on is extremely poo:" for lh'" HI' mi x ture gases when 

cO!!',pared to rIO gas counte r s, and 15%CH g"s has the highest resolution o f 
4 


Umlng among t.he group of He mixt!Jre gas tested h.-re . 


So next , the count;~r" ft] lod IVith th e gas of 15%C11 ,,, as I;xpcsed to th",
4 

acccl'elator beam(external beam of pions with the energy of 2 C..V) in KEK lo 

know th.., 1rift time of "h,c trons in the gas a ccu rately . The discrimination 

level £0 the s1gnals was fi xed to abouL 20% of the owerage pulse height of 

~igna l s induced by pion beams passing at a r if:ht anp]e to long axis of [he 

count.er . I n Pig , 6 is shown the drift time Il,,,,,sured at the various distances 

between the b... am nnd lhe anod" '"i re for two e :·: tre ...e cases of dilferent 

injection angles of the beam and differ.-nt setUng angles of th(' c ounter , The 

v"rtical bars in Fig. 6 indicat:e the rul1 Iddth at a half maxlmum of the 

f r equncy dis t r ibutiofl . Fig . 6 shows that the drift veJ oe i ty does not vary 

",;th the beam injection angle ann t he c ount"r ' s cross sec tion t.o the beam 1n 

t he dis tanee rang" of 0 - 5c:m f r om th" anod" wi re . Ttl" full width at a haJ f 

ma ximlHr o f "",<.h measurement pOint cor r esponds to the drift tim" of about 5 mm , 

which is just l:he si ze of the beam collimater in thiS e " pet'iment. It ",,,ans 

that the spread of the dn ft time distribu tion i s expected to be smaller than 

hat of this "xpt'rimen t if the beam can be collimated i n small er spac" , The 

proportional c ounle r" filled 'dth He miture gas(15%CH ) cau also be used <1S a
4 

drift c hambe r to det"rmil1e the position of charged particle trajectory . 

4. Plan of monopol" s,"ar<:h ")(Q 

As r."n Lioned abov" , He miture gas(He85~ + CH4 15:;O can be us"d f or the 

propor ti.onal counter i n t he ca l orimeter with Just the same quality as PIO gas. 

For monopole search experiment , at leasL one layer of the pr'oportional 

c ounters should be added to the p r esent structure of the calor imeter b ecause 

there ar~ l<JUt' unknown param!dters , zenith angle( S ) , veloc ity( ~), the 

int"r section point( x. ) and the a bsolute timet t, ) , respectively 'dhen the 

monopole passed across the top layer of the proportional count.er arrays. 
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}). [ffl"Gtiv~ ar"" 

In thl!' 1-'1 an I "t 1S des'rabl-e to add blo ~r L layers o f the proportlOnal 

counter s on the top of the pr esent ('"lcrime-or in o rdcr to d~t"rmln" I.h& 

unkno"n paramt;tf!rs . Fig. 7 >:.ho,"" +he effec ti V" area for th., arrang<.!I""ltt of 

this plan which depenos on the incinen, ?enl th angle. Tho; ma;{jrnum <.!tf"ctiv" 
2 

area of the equipnent is about 160 m st r . 

2 ). Trigg"" system 

The air sho'~r:r reg i stration systern5) which records the particle densjtt~s 
of aU proportional counters t:ogether '.;i th those of .Jther d~t"ctl1rs 0·- t he ",r 
shower a r ray, c.'n be tilled for the monopol" search ""penmenl . fig . 8 sho'''" 

the broc k diagram 01 the tri gger c;rcuit for the monopole seach experim<,nt. 

fDI' the trigger system, .to p r oport.ional counters are c ~"blf,;ed to one g r oup. 

A discriminator i s commonly s"t for 10 propor tional counters provided by an 

analogue- OR circui t . I·lor r:over two neighboring groups of th" count"rs are 

combined by an OR- ell-cui t t o make 9 blocks (10 brocks) of proportional coUI11;e r 

for the up p" r 5 layers (bo ttom layer ). 

The trigger pulse is genera Led wh~n the larg~ energy loss more than the 

discrimination leve l oc <; u r s in aJ I. layers of t~ proportional c ounter s . in 

order to exclude local. s howers , t he trigger pulse is k ill"d whpnev"r the 

signals of more than 2 b l ock s of proporticnal counters in o ne layer e xceed th" 

discrimination leve l . To dec r ease the c hance COincidence, rt suc,"ess iv" 

delayed c oincidenc e method is adopted. A s i gnal frOM first layer generates 

\:hI> ga Le pu Lse for second layer . If the s i gnal 0 f second .ayer i" genera r..od 

wlth in the gate "idLh , th.., gate pulse for third 13yer is generated . Thus 

s uc cessi Ve ga te pulse s are generated by the si~na1s of succ essive l ayer's. For 

toonopole sear ch , ,,, ,, have to consider hom direction of tho;: SLJccessive d,.lay 

coincidtnce for both upwar d and downward monopoles . 

Th.. detectable minimum vuloc ity of monopol"s depends on the discriminatlo, . 

level of the trigger requir,, "'cnt . We call esti mate t he Signals induced by 

slowly moving monopoles n 1~%cH4 gas usinr. the results calculated by DreL e t 

al .. Fig . 9 s hows the relation between Lhe signal si z .,(monopole ' s enerl;Y loss 

di v ided by minimum i oniza l ion ene r gy) and monopole ' s velocity . In this c ase, 

he results calc ulated by Dr ell et a l. i s decreased by ~ faclor of 'wo 

according to the ne w ca l culation
6

). At the fi r s t "t.ag" of this e xperiment , 

the r egi s tration s y stem of Ak eno "i,.- shower array will b" COMOr.ly used [0 , 

the monopo le search e xper i ment and a ir shower experiment as ',",,]1. Thercfore 

it is ne c essary that the trigger ra to of the monop"l f> s '"arch experi ment should 
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be low . Therefor,:> , 1he discrimination l~v" f the trigger rcqulremer. t 1~ set 

~t • he l,"Jl'~ corresponding to 10 tirtl's 01 mini mum ioni za tion w1 th the 

successive gal" ~'ijtfJ o f 16 ,.. sec(max~mum gate tir.1e for 6 1 'y&rs is 96 jUs) , In 

tLis case, the monopoles wiLh the veloc ity of mor" than ,)x1("-4 c can be 

rlt·t .. c ted by the apparatus as s een in Fig . 9 . Expected uppe r llmll to the 

monopole fl ux 1n this c(mdition i s 2XlO- 14cm- 2sec - 1str- l(90% " . L.) for ' the 

obs<'l'vati.:>n time of one y ear , '''h i ch is sno. 'l1 in Fig . 10 '"ith the results of 

ot:h"r g r oupes . 

To know the vclod t y of the' monopoles passed lhrol.lgh in" appara tus. 

rel~tive tim" riifferenc~s between the e i gnals of aU laye r s ar~ measured. In 

this case, the time differ"n~es arc measured with an unit o f every 10 

p r oporti onal counters ,,,hictl a r e connected wi th an analogue- OR circui t and the 

disc"';, illat i on I.>vel for this purpose is set at <lboUl 20% of tf,e Lri gger 

th,..esho \11 to " XC tude the e f f ec ts of t hr' c orner regeon of t he prop()rtional 

count~r . 
fl. _4

For the monopoles ''l ith the velocity 1,( 5x I0 c, it is planned in the sec ond 

sLage or monopole research to introdUCe a new registra~ion syste", be cause tIle 

tr igger rat~ is expected to be 80 high t.hat it is impo~ible t~ use the present 

regi s tr" ti on sys t'''"1 of IIkeno air shower ar r ay common ly wi th l;he monopole 

s~urc h. 
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Figure captions 

Fig. 1 Struc tu ~e of the calorim~t~r . 

a) "hole view . 

b) proportiona l coun tel' . 

flg. 2 Pulse h ~ighl distribution of proporti.)nill counter' . 
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Fig. :3 :..:orT~la :",on he l".tJt::en signa 1 s and supp y vo 1 ta~;,t:' for '/Jr iuus nBS' s. o '" p ~_.~...< :::;;::=J A:-';':J.r 1 , 5~ ~. -- ;~~~. -~ 
Fig. Dens; ty sp"ctnIIC (, r ' al r show"r par-tiel "S observe,j by the "r,)porl Lon.l! A.~'~_1 2 ,-c'~=,:~ .--' '==::o::::J A:!I!/ 3coun ter . 

("C~Ir:r.t;!:
Fig . 5 Arril1itl tim" di:;Lributions "j' 90% l"v,,[ 'Jf "vcrag" "ignal voLL"H'" in 1. 2S m 

AT~1j ~ varl ous ga~~~ . 

F:..g . 6 Dr j ft Ll me in the proportlonal COllnt",.. . c -Ie 1 
Th~ discrimination lev,,1 is ~e' "r about ;>0% oj' t.he peak vultage 

!I I .!: ','1 7 '01 

~nciu~,.,r\ by \:oeMi pass."j Cit '" l"ight angie t,n longe Rx iE of If: ~()ur. Lt·! " 

rig . 'J Effect ' Vi;! ar{'-"'i ot tht:' . - l ll,)rimet~ r for monopoil;! search ,·;-:perlm~nt. . 

FIg . 8 BltJ" k ding/'am of th., Lr igger syst.,m. 

f g . 9 Rati 0 of the t:Hj~l~gy I ')£.s of mas:;n~tic ""1cnopo e to tJ1~ ml ni mum 

i.oniza Li on energy as a funct on of'Conopuie ' s vdoc i!.y. 

Fi.g . 10 Upper limits on th,. flu x 0r magnetic nr:nDPoles7) . 
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~l . lntroducti un 

Pre sent Status of Monopole -Search 

wi t h Superconducting rnduct1 0n Coils 

Taileo EBISU and Tadashi iI'ATANABE 

Department of Phys ics, Faculty of Sc ience, Kobe University 

Nada- ku , Ko be 657 , .J apan 

~la rch 1984 

ABSTR,\CT 

An ov er vi ew is gjven on t he status of se3 r ch for magnet i c monopoles using 

superconducting i nduct io n COi l s . Firs t , t he el emen t s of the t ec hnique ar e 

r ecap i. tulat ed. Second, some fe a tu r es of ope r a tin g fluxmeters , o f Stan fo rd 

Univ . , I BM , Chi cago-Fe rmi lab .- Mi chigan and Kobe Un iv. , a r e r eviewed and the 

upper l imi t of monopol e f l ux obt ained thereof i s r eported . 
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The rnce to ti.nd tr,lce s of magnetlC monopoles was ac:e l c rat"J by Cabrcra ' s 

c:lIldidate event and has i nvolved ma ny scientists from various fie l ds; not only 

cosmi c- ray , hi.gh-ene r gy and 10w-lempe r ature experimenLalists but aL;o pan icle 

theorists, cosmologi sYs and B5trophysicists . Thus s o many research groups are 

pursueing them ~ lth various kinds of detecting Jcvicus : Emulsion. S~in t j tla tlon 

counter, Propor t ional chambe r , Sol i d state trac k dete c t or, InductIon coi ls , 

Detection of suc~e5sive nuc l eon decay and so forth 1) . 

This short report intends t o survey the 'status of search for magnetic 

mo nopo l es wi th 5uperconducting inducti on coi l s; f i rst , to re capitul a t e the 

e l emen ts of Lhe technique and second , t o rev iew some f ea tur es of operating 

fluxmeter s and the upper limit of mo nopo le flu x obtained t llereof. 

§2 . El eme nt s of Superc onJuct i ng Induc t ion Coi l Tech ni que 

Magneti c monopo le sea rch "i th supe r conductillg r ing i s no" a \,el j - kno\;fI 

me thod . It is based on two princ j pl e s of phys i cs , ex t ende d el ec tromagne ti sm 

an d supe r conduc t i vi ty . 

According to Faraday ' s law of induction t he change of magne t ic flu x 

t hrough a con ducting loop c3uses a cur r ent i n i t given by 

td [tl - H I ( t l / L ( I) 

with L the loop self-inductance . The s i mple s t "ay to obt a tn the flu x OJ is 

perh aps to combin e flu.xes 'l>M and 4>,. due t o magne t ic cha r ge g and magne t ic 

cur rellt ) , respect ive ly.
m 

"'T(t) ¢~ l lt) + ~ l (tj ( 2) 

When a monopole is bound fo r the ring (Fig . 1m) with velocit y v along the 

axis , t he cha rge a mak es a flux 
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$~(t) =g~(t) - 4~g~(t) 
t3l 

where f! = 21Tll • yvt: /I(yvt)Z T r 2} is the soUJ angl e sub tended b) the ring at 

the monopo l e (y = v/c) . The total flux in t:he nng a rea. is derived by using 

Far ada,· I S law inc I uding magnet:ic cur ren t: , 

as 4n + -,. 
rot E • C 3t c Jm(t) J gV6(x)6(y)o(:: - () l4)m 

[ntegratlng Eq . (4) ove r the r ing J.rea and negle ct:ing safely ehe electromo t ive 

force along th e supcrconduc ting loop, we get 

¢T(t) - 4TTg aC t ) 
(S) 

Thus induced flux is obt ained as 

A<)r )1 (~) -~I (-~) -l1!g hc/e (6) 

Dirac ' s quantization condi t ion 2) gives g = n fi c/2e = 3.29 x 10 - 8 CGS Gaussian 

unit s (n=l) and A4>r =4.13 x 1O- 7G·cm2 . Th e flux ch ange II'~I is exactly twice the 

ma gnet ic flu x quant1.UD <1'0 in superconduct ivi.ty . lVe not e here some rypi c:ll 

val ue s of a fluxmeter. When a t hree -turn, 8- cm-d iam search coil is made of 

5 x 1O-3-inch- diam .% \V i re , the loop sel f - induc tance turns out to be arounJ 

3 )JH. Correspondi ngly we have induced current tlL of around 1.3 x 1O-9 A. 

HOI< can we detect this minor curr ent ? It wi ll be trans ient and decay 

instantaneously in the charac teristi c time L/ R in the normal state co il 

(Re r esistance of the coil), while in the supe r conduct ing one it wi ll be 

persistent. With a persistent current , even i f it were sma l l er by seve ral 

orders of magni t ude than one caused b y a monopOle, the signal can be caugh t 

by supe r con duct i ng quantum i nterfe r ence deV ice , SQU(03) , coupled t o the sea rch 

coi j . On the bases of two phenomena in superconductivity , London's fluxo id 

qU:lnti ; ation and t unneling of the Cooper pairs , the device is c omp05 e ~ of a 

5uperconducting r ing wit h one/two Jo sephs on weak l i nk s and has a flu .• ;;<:n:;l 
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tivirY of LI$ ~ lO-3q,g , while the i ndu ced flux is pven by lI¢ j = 24> 0 . A 

schematic diagram (Fig . 2) shows the ar r ll ngement: for a superconduct:ive in ductlon 

detector . 

On conside ring that the detector IS steeped in tne geomagnetI c field (~ O .3G) 

and i n the flu c!:Uatlon ( " lO - sG) , it is imperauve to shield magnetically the 

search coil . Usage of the mumetal cyl i nder can r educe t:he ambien t field by 

around 2 orders of magni t ude . By £hi e l ding the coil by something like super -

conducting Jead foil, the t rapped fi eld coul d be fro~en in pl ace and ~ h e fie ld 

inside the sh i eld C:l se will be stabili zed on acc ount of the ~leissner effe ct. 

Fur thermo re t he Stanfor d Univ . group has succeeded to obtain the u l t r a-low 

magnetic f ield t hrough di l ution by expancijn g sever al bags of l ead f0 1 1 f r om the 

outside in (;;: 1O- 8G) . 

Magnetic shield case shares the f l ux to mod i f y the magni tude of In duce d 

cur rent 1n the r i ng . As a resul t of the effect the current of penetrating 

mo nopo le will be diminished and that: of near-mi ss one wi l l be given rise to 

(Fig . lb) . 

Represencatlve metho ds for detect i ng mo nopo les are summari::ed in Table 1 

for comparison l ) . It wil l be confirmed that an unamb iguous result is expe cted 

only when inducti on COlI t:echni que , since SQU ID detector can dis t i ng ui sh the 

pas sage of monopo le and/or nucleus-monopole compound f rom t hat of ma gne tIC 

di pole and is I ns en s i t ive to other p r op er t i es such as ~he el ectric charge, 

mas s , velocity and above all the energy-loss r ate of monopoles in media. The only 

dra~' back wi ll be diffl cul ty in i ncreasing detection area . How ever , some trial s 

and rropo s als to accommodate la rger loops or s earch for monop ol es accumulated in 

bulk matte r dur i ng l ong te rm wi 11 be found in the nex t sect: i on. 

§3. CUTrent Ivorking Superconducting De te ctors 

Some feature s of current working detectors and the resu lts th ereo f are 

reviewed . Arg1.UDent s presente~ her e are mainly based on talks given at 
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~loI10pol" '11 3 conference held at the University uf ~Ilc:"igan , (;- 'J \Jcluhcr , loJS~ . 

Stanford Univ. 

4Starting Iii th the 5-cm-diam rinR ) , "hlch succoo de cl to detect th e l:andlJa[e 

event , th ey aTe nOl< search ing [or cosml<;. r ay rnonopol~ s I>.'irh tTi;L\lal 1O-cm-dj am 5 
I 

r i ngs , I<i til 70-cm2 isutropic seo,;ing area (Fig . 3 ) in the ambient fie ld ') x iO- 8 G 

stated in §Z. nle flux is obtained as less th an 2 .1 x 1O- ll cm- 2 s.,.-ISE'c- l (90'. C .L. 

a s of Oct. 4 '83. 

In o r der to enlarge the area it is propo s ed to SC3n the 5h1,ld bag itself 

"'ith a s ens it iv e magnetomete r and to deLect t lw [\,in magneti c '/onices lef t by 

the pas s age of a monop o le . 

I B~I 

6They hav e developed the p lana r gr adiame te r ) a s the pi ck-up ce i 1 "'in ch 

cons i s ts of cop l anar s uperconduc t ing loop s , wound in opposit e dire ct ions slId 

conn e l;ted in se rie s (F i g . 4) . The important feat ur e of the coil i s to allow 

large detec ti. on area. While provi ding 10\" sensitivi ty to excernal magneti c 

fi e ld change s and 101< self-inductance, it rema ins s ensi t i ve to local fl ux 

changes su ch as that caus e d by a monopo l e passing through an y one of the cel l s . 

Th e uppe r limit of monopole fl ux i s s et a s 1.1 x 10- JOCln - 2s r-ls e c-l in 165 

2days (\lla r. - Sept. ' 8 3) wit h t_he proto t )-pe graJ iometer (;: 5CJ -cm sensing a r e:,) . 

They will set it as 1 . 3 x 10- 12 and 5 x 1O- 1"cm - 2s r - l sec - 1 , by Oc t . ' 84 ',dtll th e 

2000- cm2 -area dete c tor and by one year l ater from ' RJ wlt h 5 - m2-area detector , 

r es pec tlve ly, if no c andi dat es observed. 

Chi cago-Ferm i l ab. - ~l i.c higan 

Thi s group ha s also dev el oped a ki nd of p lanar gT:ldiome ter , " ~la c rame ,, 7) , 

Th ey set up 2 ma c rame s of around 60 em .Jiam . i nto doub le layers (Fig , 5) an tl 

have oDD i ned the upper bound a s 2.2 x IO- J Ocm-2 s r- is cc - l( 90', C. I. . ) in 13 day s 

17 houTs ( /\ug . 29 - Oc r. 4 '83). It is planned to construct more than l-m- J iam 

- 1l.4 

macr.:lmc . 

~obe 	 Uni v . 

'n tl 1 3 . 8 , ~l )1C e r"C(OT S J very s llnpl~ on e; an S-cm-Jlam , - tt.rn rIng They aTe 

searching for not only inci dent monopoles but a l so one s trapped magnetica lly in 

ol J i r oll or" , I-!u ch «ould have ac c umula t ed them though th e rlu x in cosml ~ r ay is 

very 	Sii13 11 . 

By heat] l1g (l It! j r<1lI ore , magnetic san d (6'" 25 x 106 yea r s old) a nd maghemi te 

('\, lOO x 10" y ) above their Curie pOin L, they have rrietl to detect s uperhe avy 

monopole s pas ,lng t hrough th" search co i l , pu l led downward hy th e gr:lv i t 3ti onal 

fore., . They ha\' e not ohserved an)' Signa l cons isten t wi t h the passage of DirJ.c

c harge monopole and s et the l imi t as .3 x 10 - 6 monopoles /g ram. In adtl i ti on 

f rom rhe r unning time of t he det e ctor, more than 1000 hou r s· (J a n . 13 - Au g . 12 

' 8 ~ ) th e up pel' limit of monopol e flux is Set as 4. 6 x 10- IO cm - 2sec -lsT- l 

'\S f o r the ne x! <e xper iment is planned a s ea r ch for tTapped mo nopole s in 

iron ore aged 10· ycars by the hea t- t reatment me thod with a l arger - 5c 31 e coil 

(Fig . 6) . 
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1. Introduc ti on 

Recent Observa tions of the Galac tic Center 

Junji Inatani 
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Nobeyama, Minamisaku, Nagano 384-13, Japan 

(to appear in the proceedings of KEK Symposium on 


"GUT and Astrophysics" held on 7-10 DEc. 19S3) 


Abstract 

Recent observational topi c s on the galactic center are briefly reviewed. 

Main interest is gas conditions in the vicinity of the nucleus. A rapidly 

rotating molecular cloud and a spiral-like ionized gas are proposed to be in 

an intimate physical correlation. 

The galactic center was r e co gni zed fo r the fir st time with its :trong 

radi o continuum emission. The dominan t emission at long wavfi! l engths (roughly 

longer than 10 em) is synchrotron radiation due to high energy electrons, whose 

distribution shows a smooth concentration to the gal ac tic centerl~ As we go to 

shorter wave l engths, many discrete sources appear, which are either supernova 

remnan ts (synchrotron radiation) or thermally ionized regions (HII regions)2). 

The brightest source among them is ca l l ed Sgr A, which lS located at the center 
3)of the galactic rotation Sgr A is di v i de d into t~o components "East" and 

1 ) 4) ."T..1est" (Fig. Sgr A E.1s t is a supernova remnant, and Sgr A West is a 

thermal source which includes a very compact nonthermal source within it. This 

compact core is regarded as the cent ral obj e c t (nucleus) of our galaxy. 

Another prominent property of the galactic center is that it is not only 

the center of the galactic rotation but also the origin of radial motions 

. lid' 'b' 5) 1 .observed ln a arge sca e gas I s tr l utlon . For examp e, a molecular rlng 

wit h a radius of about 250 pc (1 pc ~ J x 1018cm) is regarded as a remnant of 

3 11 explosion which occurred at the nucleus a million years ag0 6) 

The third property of the galactic center is a strong mass concentration. 

Mass density is derived either from kinematics of neutral hydrogen gas (emission 

at 21 em) or from IR photometry of the stellar luminosity5). Those results 

agree with each other and shown in Table 1. It is clear from this table that 

the effect of tidal disruption is important in the vicinity of the nucleus. 

2. Nucleus 

7The nucleus has been investigated with VLBI observations ). Its observed 

Slze varies according to >!: ( A ~ ob se r ved wave l ength), which is interpreted as 

the ef fe c t of scattering or opti cal de pth in the source. The actual diameter 
14

is estimated to be 5 x 10 cm . The br ight ness temperature is then cal culated 

to be 4 x 108 K, so this rad iation is regarded to be nonthermal. Time variation 

of the r adio flux is also reported, whi c h has a time sc a le of several months. 

One of t he re cent imporLan t obse rvat ions on t he nucleus is 511 keY line 

emission, which i s attributab l e to posi t r on ann i hilat ionS). It is reported 
37 l

that the line flux was as high as 2 x 10 e r gs- and t hat it decreased by a 

fa ctor of th r ee wi t hin hal E a year. 
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Another important result is a very broad emission of He 4857 cm- I line. 

The line wid th corresponds to a velocity di spersion of 1500 kms- l , if it is due 

to t he Doppler effect . If this is a typical circular velocity in the nucleus , 

the central mass (probably a black hole ) should be 105~. 

3. 	 Spiral-l ike ionized gas 

Gas di s tri bu tion and its kinematics in the vicinity of t he nucl eus wi ll be 

ev e"." u in the fo llow in There are two impo rtant obser vat i ons on the ionized 

gas within il few pc o t the nudeu >. One of t he.m is Ne II 12. 8 pm observat i on 

by L<lcy H al . 10). They found 14 clouds of ionized gas which are mov ing back 
land lo r l h aro LUld the nucl"" s at h i gh ve loc ities up to 260 kms - . They conc luded 

fr om this fact that it i s most pr obab le t o ass um~ a po int mas' of 3 x 106 M0 
at 	the nucle us . 

Anot he r inter-e s ting resu l t is obtained wi t h the Ve r y Large Array in USt\. 

Brown ~l a1. ,md Ekers et a1. I I ) revea led a spira 1·- like feat ur e o f ion ized gas 

around the nucuus (fig . 2). Ve loci ty of this ioni zed gas i s measur ed wi ch a 

r adi o r ecomb i nat ion line of hyd rogen I2 ). The no rth arm of this sp ira l is moving 
lback and the south arm is moving forth at ve locoties of 50 - 100 kms - . 

4 . 	 Rotat ing Mo le cu l J r Cl ou d 

A new i nfo rmati on on ~eutra l ga s di stribution is r ecent ly ob ta i ned with 

the 45 meter telescope of Nobeyama Radio Observatory 13). I,e have observed a 

HCN emission at 3.4 rom with a spatial resolution of 18 seconds of arc. This 

has revealed the existence of a rapidly rotating molecular cloud i n apPTox imately 

the same r eg ion as the spiral- li ~~ ioni zed gas (Fig . 3). Accor ding to a CO 
. b L' 1 14) 	 . f h'ob servat ~on y lszt et a. ,we can further rec ogn ize an out er pa rt 0 t 15 

rot a t i ng c loud . Seve ral p..,rameters of thi s cloud are summarized in Table 2. 

We can compare thi s mo lecular cloud with IR distributions. Beck l in et al . 

have shown the existence of a warm dust cloud (60 - 100 K) wi. t h a doughnut - li.ke 

shape within 3 pc of the nllcleus I5 ). Molecules and dusts are t he ref o r~ cons id e red 

to coexist in the same rotating cloud. 

A possible ~odel of gas distributions and kinematics is pr eRented in Fig . 

4 16 ). It is assumed that the gravitational field is sligh tly non-axi s ymmet ric. 

A supersonic gas flow in this field forms a pair o f s hocked layers, which will 

ionize the gas to make a spiral-like feature as observed. 
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Fi g . 1 5 GHz ma p of Sgr A "irn an angula r ,esolution 6 . 3" x 34" (R." . x 

Dec .). St ructu r e s or bach Sgr A East and Sge A Jest are resolved . This - 29'0(OQ ' 

fig ure is take n fr om Ekers et al. ( 197 5)4) . 

Fig . 2 Sp iral - Like i onized gas .)b s erved a t 2 cm. The angular reso ' lJtion 15 
:.S< 

2" x 3" (Il.A. x Dec.) . Small circles r epresent the s iz e of the Ne 11 Righi Ascension [19501 


clouds, (he numbers are their radial ve loci ties (kms - 1) 10 ) . This figu r e 


is taken f r om Ekars et a l.(198] ) 1 1 ) . Fi~. 1 

Fig . 3 Rotat ing molecu lar c loud obser ved with a HeN emissLon. The s e maps 

show the s patial distribution of moli!cules whic h have the ter tai n 

ve locit ies just in the r a nge given in each ma p . Central c r oss o f each 

ma p indicate s the po si tio n o f t he nucleus. 4 Q and lJ b are spatia l o ff sets 

from the nu c leus paral l el and pe rp end icular to the galac tic pl ~ne . The 

upper- l ef t (no r the rn ) part of the molecu la r cl oud is moving away from us , 

and t he lower-right ( sout he rn ) par t is app r oaching us . 

Fig. 4 A model of gas cond i ti on s in the vic inity of the nu c leus . Do t t ed 

area shows a s pi r.aJ - 1 i. ke ionized gas, wh i ch is r egarded to be :nade by a 

supersonic gas fl ow in a no n- axisymme tric gravitational field . Tlli s . '" ~ 
picture i s caken f r om Matsuda ~t al.(1983) 16). 
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I nf r ared Obse r vation of The Ea r ly UnIver se 

T . Matsumoto 

DepartmenL or Astrnphvsics, Nagoya University 

~ag0va • 664 Japa n 

ABSTRACT 

Th e rocket obse rva tion of the near-infrared extraga1.actic back~round 

radiat ion and i ts i nfl uence on t he cosmology a re desc r i bed. The fur ~le 

plans t o obser ve the nea r-infrared and far - i nfrared backg r ounds are al so 

pres en t ed. 

1. IlnRODUCTlON 

Early hl"'to ry of the unlver~ e has been nne of t he most i mportant 

problems in cosmology . Sitlce the di scovery of 3K co smtc background rad i at i on 

(Penz ias and Wilson 1965) th., big bang or 1>\tn of the universe has been 

ex tens lvely inves L iga Led. Howevex , physical pr o(:esses tak i ng place a t epoch 

< z < 1000 are not well known due to rhe lack of obse r va t i onal ma terials . 

Pa r tridge and Peebles (196 7) have proposed evolutiona r y models t ha t 

galaxies may hav" experienced a ve r y brigh t phase a t i ts format i on . ' Havin g 

been stimulated by t heir r esul t , many peo ple have tr i ed t o ob serve i ndiv i dua l 

yo ung galaxies and/ Qr i ntegra t ed ba ckgr ound light, bu t onlv upper limi t s have 

been s o far oblained . A r ath<!r low upper limi t in th<! op tical ['eg i on (Dube, 

Wickes, and Wilkinson 1977 ) impl ie s that ei t her ga laxie s migh t have been not 

so br i ght, or tha t t he r edshlCt at t he ga laxy formation might be la rger than 

expected (Dav i s 1980) . 

Si nce the previous observati ons were per fo r med in rhe opti rn l wavel e ngth 

band, near-infr ar ed observation is r egarded to be mo r e a dva ntageous on 

sea r ching f or yo ung ga laxi es for t he foll owi ng r ea sons. First, in t he op t i ca l 

band the extragalactic componen t is much weake r than o the r diffuse components 

such as zod i a cal l i gh t, star l igh t , and airgl ow. On t he other hand , th e 

ext r agalactic compon ent in t he nea r- i nfra r ed ba nd can be observed at a l o~e r 

background leve l , be cause t he s pec tra of zod ia ca l ligh t and sta r l i ght 

deC r eas e r a pidly Low3 rds J.or'ger wavelength and ext r aga l nct ic component is 

expec t ed to have a r ather fla t spect rum. Second, the near-infrar ed extra

galact i c componen t i s o rig i nated in t he radiation at high r edshift. wh il e 

only t he nearby galax ie s cont ribute t o the optic al part. Th us i nfr ared 

obs er vat i on i s profi t able to stud v the un ive rse at ea rly epoc hs. 

At far inf rared reg i on (100 IJm - 1 mm), 2 kinds of t h" ba ckgroun d 

rad iat ions ar e expe c ted. One is the Wien' s end of t he 2 .7K cosmic mic rowave 

backgro und whic h appears at A > 500 \lID . The distor tion of its spectr um 

and spatial fluc tua tion a t A < Imm \,1 1 1 prov i<.l e the valuable i nfor mat i ons 

on the ea r lY history of the univers e . The o t her is t he in tegrated radiati on 

of t he di s t ant galaxie s "'h i ch is origi na t ed in the t hermal emission of t he 

dust. The vio le~ t a c tiv ities a t the ea rly epoch of the unive r se , such as 

pre-galac ti c pop I I I era , will be ab l e to be obs e r ve d in th is waveleng th 

r egiuns as a counterpart of the vi s ibl e and near-infra red backgr ound. 
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ln th is paper , we prescnt t he re~ent result o f the rocket obs.rvation 

of t.he near-infrared ni!!ht skv and the forthcoming foc I<et obs"rvntions at 

nea r and fa r inf r ared regions. 

II. Rockel ObSt'rvaLion of The Near Infrared Ni $1h t Sky 

1. Observation 

A conceptual desigh" ,,[ the instrumen c is sho fn Fi~ure 1 . Optical 

sys t em W"5 composed of 5 s ets ',f tclescope «a"h of which ·onsisted or 2" mm 

silicone len~ and InSb detector forming 4° beam parallel t o the r ocket ~x i s. 

Each te les co pe l:o r responded t l) t he specifi~ "'3v" l cnrth (han d wi dth), that 

i s, 1. 6 pm (0. 3 ~) , 2.2 pm (0 . 4 \.1m), 3.8;Jm (0 . 7 IJln),~.2 11m (0.7 lim)1n,] 

4 . 7 Urn (0 . 6 ).1m ) . Whole opt i cal system was coo l cd by ] ~ol id nitrogen ,..,hich 

p ' al; 7e.1 I , () background r ad ariCln from the instrumen t its(>lf . The cold 

shutte r in fr on t Df t.he detecto r was used lo che~k tile ?oeto-levels everv 

15 s econds . 

The j n[rared phoLometer on board the s ounding rocket, K-911-75 , w~s 

launc hed on 13 Sept. 198 3 a t 21 : )0 JST ( 12 : 30 UT ) from Kagosh i ma Space 

Cent er , Ins t itute of Space and Astronautical Science. At 288 sec after 

launch, the r oc ke t r eached t he apllgee o f 32 2 km a ltitude. Afte r t he lid "pen 

at 80 sec a f t e r l aunch, the sky was surveyed by means of t he pr eces s ion of 

t he r ocke t axis. Yo- de9pin wa s executed at the apogee and the pr ecession 

half cone ang l es of 5' and 21° were obta ined before and afte r t he de spin , 

respectively . Figur e 2 shows the obtained trajecto r y of the ('pt i cal axi s. 

2. Results 

An absol u te calibrati on of [he phor.ome t er was attained in ];Jbo r a t o r v 

using the standard blaCkbody source and was confirmed well du r i ng the f li ght 

by observing t he br igh t s tars and t he gal act i C plane . The errors are 

estima t ed to be ± 10% in al l waveleng t h bands . 

In or der to obtain t he ext r agalactic componen t , o ther di fr us e components 

a re sub trac ted carefu l ly as follows. 

It i s assumed t ha t no r esidual a t mospher ic emi s si on exists above a 

cert ain al titude, since the signals did not depend on the altItude above 

t he s pecific heigh t for each wa veleng th band . The t ime del)endent compClnent 

probably due to t he debris of the f uel of the rocket engine wa s obs erved , 

but it dessipated well befo re the apogee . After all, a t omspheric effec t s can 

be neglec ted above the alt itude of ? 50 km in t~e descending phase. 

As t ' ,e "'prical axi s "pproaci ,ed to t h" e Ht h surhce, the str·1V lij!ht 

thr"'lJ~h the h., r fles ,,;)u~ed the larg" (. nnr.,'mln<lUnns, pspeL'iallv for t he 

longer wave l ength bands. Th i s restri cted the availabe r.lnge of t he 

elevation angle , 8 , between t he opt tca l ::txis and t he earth surface to be 

G > BO·, s in <: e ~ignats became flat a t f\ > !lO·and e went down to 100· . 

It must be no ted tha t nbnve two ef fects cause ~eVe re cnn tami~atin n 

at lon~er wave l ength bands . but only a l I ttle e ff ect fo r 1 . 6 and 2.2 Urn 

hand . 

I n the interplane ta ry space, the re a r r two kinds o f dl fruse sou rce~ , the 

zodlacal liy,ht ( ZL) and the thermal emisslon from t he intl'r-planetary dust 

(lPD) . AJ rh"u~h lhe correl<ltie'n "f t he si!(nals wiLh the eclipti ,' ' o"rdinate 

was not fo und, the i r contribut.ions arC' inferr E> d as follows . 7.1. is estimated 

adopting the op tical data at A - \;; '\, 130 ° , i3 ~ 25° (Levasseur - Rel'.ourd ann 

Dumont ] )8 <) an d t he 50 1.-.r sn er t r u." (Haya kawu t:t al. 1970 , Hoffmann et a J. 

197 3). 1~e re are so many unb i gu i ti es fo r I r D due to the lack of r e l iable 

obser va tion s tha t we ass umed two t a ses referr inR to the dl r Cerent obse r

vat i ons ( Soif e r et al. l Y7l, Pr i ce c t a1. 1980). 

Fin~ lly , the contri bution of the i nteg r a t ed star I i _he (5L) s hould be 

taken into ac count. Durin~ the second phase of the precession , the telescope 

scanned lhe galac t i C plane at /b l < 30". The prof U cs of t he gillacti c 

plane are mode lled bas~d on the in fr a red luminosi t y fun c t ion at the s ola r 

neighbo r hood (I shi da and !1ikami 1982 ) and the model of the Ga l a xy. As a 

resu lt of the f i tt ing whi ch 1s s hown in Figufe 3 , two pa r ame Le r s (the 

surface b r i ghtne s s at t.he galact i C pole and the cons tan t non - gal ac t ic 

componen t) are ob t ai ned . The non- ga l ac t i c component thus estimated is 

significan t ly la r ge r than the interplane tary component s . 

Figu r e 4 shows the deconVOlution of si gn~l s to srrilyligh t , sta. l i gh t 

( SL) and non - galact i c component (eL + ZL + I PD) . He re, CL means the 

ext ragalact i ~ background l i ght (or cosmi c l i ght). 

Fi gure 5 shows the obs e r ved spe c trum of the darkest sky at ~ = 52·, 

b = - 2)· where no IRC sta r (~ < 3 . 0 mag) was in the beam. Othcr knOwn 

diffuse sour ces desc ribed a bov~ are al s o indicated in t h i s f i gure . The 

s pectrum of SL is plotted so as to be cons i stent with optical observat ions 

Leinert and Richter 1981 ) adopting the s ame colo r derived for the galact l c 

po l e. Figure 5 !lhows clearly tha t the r e r emain exCss flu xes in all 
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wavelength bands wh'i ch cannot be expla i ned by the known sources . 

3 . Discussions 

Rega r ding that the exces s f l ux obs er ved i s the ex t r agalact ic o r i~in , 

we discuss its influenc e on th e cosmol ogy . 

Figur e 6 shows the res i dual diffuse r adia tion af t e r s ubtTa~ ting Lhe 

known di f f use so urces , in which an up per l imit o f the ex t ragalact i c 

radiation in the optica l band (Dube e t a1. 1977) is included . Two t heo retic

al estimation bv Par t r idge and Peebles (1967) are als o shown . ~odel I 

a s sume" t he constant luminosllv of ga l a xies witho ut ev01uLion and corre

sponds t o the lowes t es timat i on . Model ", the brightes t case, assume s that 

a ll hel ium obser ved a t present we re syn thesized i n t he s r a r s dUTinN the 

f i r s t bt i gh t phase of galaxies. Our r esul t s hows t ha t i nfrar ed sky i s much 

brighter than t he brightesl. case. Thi s disag r eement can be ascribed t o 

the as s lJmpt ion t ha t Pa rtrid ge and Peeb l es (1967) t oo k onl y t he lumi no us 

mass i nto accoun t. In other word , the observed nea r- inf r ared background 

ne '·l'ss il .ll,>S tit.., ne" ~ . l"r l': ), sources which had ac t i v i tIes at the ear ly e poch 

of tit" un i ve r s e . 

One po~ sib le candidate is pregalac li c obje<:ts CnlOrstenAI'n an d Parrd.dge 

1975 , Carr, Bond and Arnet.t 1933) . In t his pi c t ure, t he very ma s s ive 

pop 111 sta rs we r e first formed afte r the decoupllng o f the m~tler and 

r adiation. These stars emi tted the r adiat ion ve r y eff i ci en t l y in UV and 

optical band , which fo rms now t he ne<lt- i nf ra r ed backg ro und due t o the 

large reds hi f t . Af ter burn-out, ma ss iv e s tars co llapsed t o the bl ackholes 

whi ch are no,", composing rhe missi ng mas s in the uni ve r s e. The redsh i fr, 

z , of pop III er a is es t ima t ed t o be 50 - 100 , as s uml ng t he tempera ture of 

pop. III star s o f l 05K, and ene r getic s requires the dens ity param~t er . 
clos e to 1. 

The gravitati ona l e ne r gy ~an liber a te mo re ener gy thon t he nuclear 

energy . Ca rr, McDowe l l and Sa to (19 83) proposed another ori gin, th at is, 

rad i ation from super mass i ve blackhol es . In th is case , the redsh i ft Jn d 

dens it y parameter are s upposed t o be '" 10 and '" 0 . 1 r es pectively. 

There ma y be o ther possibilities to expla i n the obse rved excess f lux , 

however, th e future detai led ob s ervations wi ll make the phy s i cal proces ses 

at the ea rly uni ve rse clear. 
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II I . I"orthcoming Observation s 

1. 	 The s e cond r ocke t obse rva t i on of the ne a t i nf r a red ba ckgr ound 

r ad i a tion 

In our fir st rocket flight, an unexpectedly br i ght surface br i ghtness 

at 1 '" 5 Wm was obs e r ved , which i s suppo s l'd to be the extragalactic origin. 

Howev("r. the observ~d sky was s o limi t ed tha t the i sot r opy , which i s ",n 

evi dence o f i t s extragalact i C' or lg ln , was not wel l confi rmed . the r e fore , we 

p l anned a new rucket obse r vat i on wi th an impr oved in s t r ument . t he op t i cal 

system is ~omposed d t he [allowing 2 part s . 

~. Wide band pho t ome try 

Th i s sys t em \Consis t s of 4 l4mmql Si lenses each of '.•h l eh correspnnd LO 

the s pec j f lc wavelengtll (J.K . L . ~ ) with 4° beam. The ma i n ob j ective is t he 

confirmation o f the previous r es ult . 

b. 	 Narr ow band phoLo~et ry 

Th e 	optica l s ys tem c onsi ~ t s of 2 260unlll lenses <lith 4° beam . 2 set s of 

12 filte rs on the f i lter whee l are changed eve r y 3 s eco nd s in f ront o f the 

2 lnSb de t ec to rs t o ob t ain the course spectrum of rhe di fflls e l i gh t with a 

spectra l r esolu t i on of 0 .1 a t D. 7 - 5 .5 p~ . Th i s system is designed [ 0 

sea r ch f or the r edshifted Lyman" limit, Lymann a and othe r feotu re. 

Crvogen i cs an d othe r parts a r e almost s ame as cha t of the pr evio us one. 

The 	 i nstrument was ins La l led on the so unding r ock.et k- 9M- 77 which was launch 

ed on J an. 14 , 1984 towards t he galacti c no rth pole . The inst r ument "orked 

Th e 	 dat " are inwell during t he f li~h t and t he ·..Tide sky ran ge " as s urveyed. 

analys is and wi ll be open soon. 

L. 	 The rocket observa tion of the far infrared background 

Th e 	 spec trum of the 2.7 K cosmic ba ckgr ound radiation has been 

x t ensively ob s erved , however, the wavelengths observed fr om t he ground a re 

res tri c ted to the radi o wa ve leng th r egion due to the at mos ph~ric con tamina

tion . Woody and Ri chards (1979) at t a i ned t he balloon observation and 

provi ded a re li ab l e data above I mm. Gush ( 1981) carr ied out the rocket 

observation to obtain the spec trum below 1 mID, however, hi s data was not so 

re l i abl e due t o the contaminated radiation fr om the ej ected nos e con e. On 

the 	o ther hand, the recen t infrared astronomi ca l satelli te ( IRAS) has provided 

some dat a of the diffuse radiati on but th ese are restricted at 120 pm and 
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sho r ter ~ave l ength bands . At pr e s enL s t age no rel i able da La a re ,va i lable 

betW'een 100 )Jm and 1 11Dl1, t he re fore, we p lanne d to make a ro cke t observa tion 

under the eo llaboration W'i til Prof. Richards , U. C. Be rk eley. 

The design of the inst r ument is sho"'n in Fi gure 7 . The ] i glH concen 

trater (Wins t one cone) an d pho tome t e r are cooled by supe r flu i d He doW'n 

to 1 K, while the HeT i n t he anned.ar tank is respon sib le for the heat load 

from the warm part. The phot ome t e r (Fi gure 8) consists of 6 detect o r s 

co-operated with 45° inciden t dichroic fi lter s . Ce ntral fr eq ue ncy , band 

width , detectors are as fol lows . 

Band Cen t r a l Fr eguenc l /::. v/ v Detee t o r 

10 cm 
-1 

25 % bolometer 

14 

3 20 

4 30 30 

5 65 50 Ge:Ga stressed 

6 95 50 Ge:Ga 

The band 1 and 2 are dedicated to measure the 2.7 K cosmic background, while 

band 4 , 5, 6 are used to estimate the contribution from the zodiacal and 

galactic emission. 

The instrument will be instal led on K-9M-78 rocket and launched on 

August or September, 1985. 
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Figure Cap tions 

f i g. l. Concep t ual view of the i ns t r ument. 

F'ig. 2 . Tra j e c t ory of t he optica l axis on ~- b plane . The sma ll and large 

circles co rrespo nd to di f fer ent precession phases before nnd afte r 

a despln at 280 sec a f t e r launch , res pectively. Dashed line 

represen t s t he zen i t h angle of 90° 

Fig .3. Observed signals from 3~O s ec to 395 sec afLer lawH:h. The lingle, 

• bet",,,,,n tlie ,>ptical axis and the earth limb, and the galacLlc 

l atitude are i ndica led at the bottom of the f I gure . n,e events 

occurr ed in this period a re shown at the lOP of th" figure. 

Thin lWes and dot-dashed lines show Integ r aced starlights 

(SL) and non - galactic ' omponenL (CL+l.PD+ZL) derived by tile model 

fitting. The dotted Lines are drawn by subtracrinl'\ the above nw 

componenl3 fr om the observed signals and are re~a rded as the stray 

ight of tile ,"·,"lrlhslli:H:~ . 

Fig.'; . Dependence of signals on sec (90" - lb ' ,. Salid line~ represent 

the bes t - ftt model. Nongalactic components derived from th" model 

are indicated at th~ lefl end of the figure by the solid circ les . 

Zodiacal light ( ZL) and th",rmal omission of the j n re r pl.1nelarv 

dust (TPD) for twa different estimations are also shown . 

Fig . 5. Observed spectrum of lhe sirfa,e brightness aL ~ = 52" , b = -23" , 

where the signals r ecorded the lowest levels al 372 suc after launch . 

Other background components , SL ZL, and IPD are also indicaled. 

Fi g . 6. Tile residual background ..:omponents af tl>I subLracring the cont riburion 

af SL, ZL. and I'D in Figure 1Z. Ftll ed ~nd npen ~irc]es corr espond 

to caBes 1 and fo r lPD, r espec t ively. Dotted line shows the 

~pectrum of 1500 K b lackbody. Solid lines represent the two extreme 

cnse s in the models by Partridge and Peeble s (1967) . Upper limit at 

op t i cal band (Dube et al . 1977 ) is al so i nd i ca t ed. 

Fi g.7. Cross sectional view of th e 

f ar i nf r ared background. 

r ocket- borne in s t r ument to observe the 

Fig . 8 . Pho t ome t e r fo r t he far inf r ar ed observa l ion . The ligb t concen tra t er 

(Win s t one cone) is placed pe r pendicular above ehe paper . 
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Cur rent Stalus of Missing Mass Problem 

Fumio Takahara 

Nobeyama RadIO Observa Lory 


Tokyo Astronomi~al Observatory. Unlversity of Tokyo 


Nobeyama , Mlnamisaku, Nagano 384 - 13. J apan 


Abst rac l 

Current sta Lus of miss i ng mass prob lem is reviewed ",j th emphasls 

on recenL progress in observa t i onal cosmol ogy . TOPlCS incl ude mass to 

l ight ralios of ast r onomI ca l objects of vari ous scales . infa11 of Lhe 

locaJ group of galaxies t owards t.he Vi r g(, c l uster and the redshift 

survey of gal axies Problems wi th nucleonic and non nucleolli c ma lle r 

as candldales fnr missing mass are discussed . It 1S concluded t haL 

non nucl f..'Onic maL ter dom inates at l eas t on scalE's l arger' than r l ch 

c lus ters of galdxics 

§ I . Introduclion 

It is ",€>I 1 known lha l t he dyniUTri ca ll Y lnferred mass of rich 

clusters of galaxles f a r exceeds lhe mass inierred from the mass to 

ligh t rdlio of ga laxles . Thi s (llscrepancy which al so ex ists in 

galac t i c haloes, binary gal a xies and small groups of galaxies is 

cal l1'd t.he mISS I ng mass problem a lthough reall y m I S Slng, is not mass 

buL light . Mlssing mass problem is re l a t ed not only t o t he s t ruc t ure 

and evolution of varIOUS astronomica l objecLs bUl a lso t o cosmology 

and e l em,'nLar y particl e pbysics The determi naL ion of t he par ame l ers 

of Frjedm<lnn utlivE'ISC is cri tica lly aff ec Led by Lhe meGn Olass densi ty 

of the universe which is di rectly r elated to Lh," mi ss lng mass probl em. 

Vie'Ws before 1974 'Was beaut i fu lly summar i s ed by Colt el al. 1 ) who 

f avored op,>n un 1verse ",i t houl non n1Jcleonic rnaLler. Ho'Wever since 1980 

exper i menta l s ug(l;estions on fimle neu tr i no mas s and t heor<!l i cal 

predic ti on l~f the e XlsLence of many spec i es of 'WCGlk ly inte r ae llng 

e l emenLary pal Ll cles based on untr i ed t heories have stJmu lated the 

idea t. haL t he um verse 1S domina led by non nuc.leonic malter . 

In thlS ar ticle "'11] revie", tile mlssing mass pr oblem 
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emphasi zing the recent progress in observaliona l cosmology . In § 2, 

mass to light ratios of var i ous as t ronomical obj ects are r evielled 

includ ing recent topics on d>larf spheroida l gal axi es In § 3, t he 

infall of local group of ga l axi es t owards the Vlf'go cl us ter is used to 

estimate the cosmo l o~ i cal density parameter . In § 4, the est l ma tion of 

mean mass denslty is made based on the Ja rge scale dy nam ics of 

galaXIes IJSIllg t.he recenl redshl f t sur vey of gal axies . Finally in § 5, 

discuss problems >11 t h nucleonic and non-nuc l eon i c matter as 

candida tes for mlssing mass in connection lIith the nmor dial 

nucleosynthesis and ga laxy forma l ion . 

§ 2 . Mass to Liehl R.,(IOS of Astronomic_,] Objects 

We can determine the mass of an astronomical system by the Neilton 

mechanics. If a test particle rotates around the central mass of ~I in 

a circular orbit of radius r and the "docity v, lie p ·t by the force 

balance 

01.. ,:'. J- / r , (I ) 

>lhere G is the gravitational constant. From Eq. (1 we can determine 

the dynamical mass ,11,::1,," as 

,lId." "nl I G. (2 ) 

For an isolated many particle sys lem in dynamical equilibrium, 

total gravitational energy Wand the total kinetic energy Tare 

related through the virial theorem as 

Ir't 2T O. (3 ) 

From EG ..3 ) >Ie can get a similar express ion to EG . (2 ) lIith su itable 

def init Ions of mean r adius r and velocity di spersion v. 

Allhough Eq . ,2 :, is simple, mass determi nati on lS inevitabl y 

uncertain since lie can meas ure only the angular dis tance pro jected on 

the celesli a l sphere and t he ve l ocity component al ong the line of 

s ight We need certain stat. i st ical ass umptions a nd treatments for the 

proper est Ima t i on of the dynamical mass. It is also to be noted that 

thus lnferred mass is inversely proporti onal to the Hubhle constant 

110. On t he othe r hand the luminosity of an objec t is deduced from the 

apparent lumi nosi ty and inverse ly proport i ona l to the square of Ho· 

Thus mass to light ratIO NI L is proportional to flo. Hereafter N 1. 

ratio is r epresented in units of HeY' Le and No is measured in units 

of 100km s - I Mpc 1 and represented by "~ I1I, / 100km s - 1 t1pc- l . The 

luminous mass ,1/ ,uo is defined by 

,II,""7L x (N/ L )c , (4 ) 

IIhere I/L )c denotes the mass to light ratio of constituents. 

(2- 1) galactic haloes 

Mass to light ratios of individual gal axies lIithin the Holmberg 

radius. i.e. , in the part IIhere stellar light dom i nates are summari zed 

by Faber and Ga llagher? ) . Spi ral galaxies have ,' Il L of about 10ft ,lIhile 

SO and elliptical galaxies have N/ L of 1011 ~- 20/, in the blue band. 

These values are compared to the value 2.3 3 .3 in the solar 

neighborhood , and these differences may lIell be ascribed to the 

differences of stellar populations. 

Mass distribution of spiral galaxies outside the Holmberg radius 
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can be evaluated by observinr; the 21cm line emission of neutral 

hydrogen and optical emission line of ionized gas . If mass 

distribution is the same as the light distribution, the rotation curve 

2in the outer region lIould decrease as r· I. . Observations have not 

sholln such a decrease but rotational velocity has been sholln to be 

constant as far as observations are made. In Fig.1 rotation curves 

obtained by 21cm observations by Bosma 3 ) are sholln . In Fig .2 those 

obtained by optical emission line observations by Rubin et al. 4 ) are 

sholln. Flat rotation curves thus sholln imply that the mass lIithin the 

radius r increases in proportion to r. This mass IIhich distributes far 

extendi ng from the optical image is cal led massive haloes. The density 

profi le of massive halo is proportional to r-2 , IIhich is different 

from the profile of halo stars of r-3 . Al though lie cannot yet reach 

the end point of rotation curve. mass to light ratio of spiral 

galaxies should increase at least to 20h '" 5011. 

For elliptical galaxies IIhich contain little gas. lie have not 

evidence for dark mass for a large sample of galaxies. OnlY one 

example is M87 IIhich resides at the center of the Virgo c luster. M87 

has a hot gas halo IIhich reveals the extended X- ray emission. Imaging 

observation by the Einstein satellite5 ) has sholln that the hot gas 

extends to 100/ from the center far exceeding the optically determined 

radius. Since this hot gas is confined by the gravitational potential 

of MB7. lie can determine the mass distribution. Although the detailes 

depend on the temperature distribution of hot gas . the existence of 

missing mass is c l ear ly sholln. In Fig.3 are sholln the X-ray brightness 

distribution and derived mass distribution . The inferred mass to light 

ratio is about 180 at 20' and may become larger at larger distances . 

(2-2 ) systems of galaxies 

There are various systems of galaxies from binaries to 

superclusters of galaxies. The situation is essentially the same as 

that described by Faber and Gallagher2 ) ex~ePt the results by redshift 

survey. For binary galax ies at separation 251t- l", 5011- 1 kpc . t'lI L of 

3511",7011 has been reported by several authors. There are still 

problems such as the statistics of orbits and the existence of 

spur ious pai rs . For small groups of galaxies NIL of 6Oh·, 80h has been 

reported by several authors. Those groups IIhich contain several 

galaxies may not be in a dynamical equilibrium state since the 

crossing time is comparable to the Hubble time . Also there is the 

membership problem. 

While binaries and small groups of galaxies contain largely 

spiral galaxies . rich clusters of galaxies contain mainly elliptical 

galaxies As a typical example of rich clusters of galaxies, NI L of 

the Coma cluster is estimated about 650h by the virial theorem . It is 

to be noted that NIL of rich clusters of galaxies is much larger than 

that of galactic haloes . binary galaxies and sma ll groups. Rich 

clusters are strong X- ray emitter through thermal bremsstrahrung of 

hot gas . The mass of hot gas is about 10% of the dynamical mass but 

the confinement of hot gas requires the dynamical mass comparable to 

the mass inferred from virial theorem . 

Recent progress in NIL ratio determination for systems of 

galaxies has been made using the Center for Astrophysics (efA ) 
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r edshi ft survey6 · . .Press and DaVlS? ) selected virialized c l usters and 

found t hat the to ta l mass of a c luster is roughly proportional to the 

si ze of the c lus ter . They concl uded that the contr ibution to the 

cosmol ogical density parame ter of vi r ial i zed c l us ters i s 0 .07 . This 

corresponds to the N. of l80h . using the l uminos i t y densi t y of 

I .1 x \08h L@MPC-3 . On t he other hand Huchra and Geller8 ' select ed 

groups of galaxies accordi ng to the criter ion of number dens ity 

enhancement . The resuJ t ant ,'I,t ratio is 17011 s i mi l a r to t ha t of Press 

and Davis. But they found that NIL r atio does not depend on the scal e 

of groups. See fi g .4 for the situation. 

Superclusters lIhich are largest scale structure knolln have not 

yet collapsed and the method described here cannot be used . It is tu 

be noted thaL t here: is the suspect that many of rich clusters may not 

be in a rel axed states but collec tions of groups, 

i.e. ,superclusters9 ) . 

(2-3 ) dllarf galaxies 

The existence of missing mass from galac tic haloes to rich 

clusters of galaxies has been established and it s eems that NIL ratio 

increases as the scal e lengLh increases although the result of Huchra 

and Geller reveals no such trend . Recently Aaronson lO ) and faber and 

Linll ) asserted that the missing mass problem also ex ists in dllarf 

spheroidal galaxies ar ound our galaxy . Based on the resemblance of 

color to globular clusters 1//1. ratio of "'- 2 has been adopted f 6r a 

long time . faber and Lin asserted that N,'L ratio should be 30 if 

the radius of these ga1. ,,~: j cs is determined by tidal cutoff. Aaronson 

meas ured radial velocities of several carbon stars in Draco and found 

lhe veioci ly dispersion of -- 6km 's. lIhich also impl ies the .'/ L ratio 

of '" 30 . It seems t ha t t here exis t s the discrepancy of an order of 

magnitude if stel la r population in dllar f sphero ida ]s is similar to 

that in globula r cluster s. Since deta iled observa tions of dllarf 

spheroi da l s have j us t begun. ve shoul d reserve conclus ions until more 

def inile observa t ions , e.g . , by space tel escope lIi l l be done . 

Another t opic is the discovery of large interga l actic HI cloud in 

M95 group of ga laxies I2 ). This cloud compr ises of HI mass of "'1 09 M. 

and maxi mllm rot a tion ve l ocity of '" OOkm/ s on a s cal e of 100kpc , 

lIhich res ul t s in a gravitat iona l mass of 1011 ~. This cloud does 

no t shOll any ev i dence of stel lar light so that star formation 

ef fici ency should be very 1011 because of 1011 gas dens ity. Invi s i bl e 

dark mass is s holln to exist in t.his cloud and lie may be looking at 

truely P', j'fOur diill cloud. HOllever the contribution of primordial clouds 

to th.::! mean mass densi ty seems to be negl.; ",; bly small . 

§ 3 . In rnl l to the Virgo cluster 

As lias stated in § 2, NIL ratio i nc reases as scale size 

increases . Rec...,;t observations have sholln the existence of larger 

scale structure such as superclusters and voids. What value of N/ L 

does it take for such struc ture? Superclusters are just beginning to 

collapse or t o deviate from the gene ral cosmic expansion and are not 

in a dynamically relaxed state. So lie cannot use the methods described 
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in § 2 and ve must take account of cosmic expansion . Neares t such 

structure is the local s upercl uster , the cente r of which is t he Virgo 

cluster and at the periphery of which l ocates t he l oca l group of 

galaxies. The motion of local group can be stud ied by examining the 

motion of our gal axy with respect to nearby gal axies and the 

background radiat i on. Recent status of this pecul iar motion is 

summar i zed in the article by Davis and Peebles 13 ;, . 

Here I descri be three observat ions detect l ng the pecu l i ar motion . 

Firs t dipole anisotropy of 2 .7K microwave background radiation has 

been firmly establ ished by independent groups 14 ". II i th a small value 

of upper limit of quadrupole anisot ropy , t he dipole ani sot ropy i s 

cons i dered t o be due to the pecu11ar moti on of our a laxy. Aft er 

subtrac ting the moti on of the sun around the ga lac tic center , the 

motion of the l ocal group is es t imated to be 600km 's tovards t he 

direction 45° apar t from the center of the Vi rgo cl us ter , The 

component towards the Virgo cl uster is about 4 10km s . 

Second estimat ion is based on t he di pole amsotropy of galaxy 

dis tribution. Ru bi n et al . 15 : found tha t our ga laxy is moving towards 

the completely di ffe rent di rection rom that mlcrowave background 

suggests, using a sample of Sc ga l aXIes. On the contrary , Har t and 

Davies l6 i found that t he di rection is co i nciden t with the mi crovave 

result using Lhe HI da ta . The speed of peculia r mol lon is simi l ar 

among these resul t s , I. e ., 400km s -.. 6OOkm. 's . 

The cause of the di fferences among these resul ts 1S not. veIl 

known and there seem to eXIst sLill some selection effecls and 

systematIC errors in galaxy d3ta . Or else there eXIst !,<:cllltar motions 

of very large scales . In FIg,5 various results of peculiar mot i on of 

local group are shovn. 

Hereafter ve diSCUSS t he dynamics of th l ocal superc luster 

assuming that local grou p is infa lli ng to the Virgo cl us ter with 

400bR s vLth respec t to t he cosmic expans ion . According to the result 

of efA redshifL survey , mean overdcns ity of ga l aXies within the l ocal 

suporc ]us lcr 5 is aboul 2 11 1, 18 ). Ass umi ng tha t pecul iar motion is 

genera t ed by th is overdensi ty , we can i nfer the dens i ty parameter by 

i nves t igating the dynam ics of the overdensily . If we assume further 

the spher l ca l symmetry , peculiar accel erati on 9 is given by 

1J ~' 4:r, 3 <G5po/? , 1,5 ' 

where R and Pb are the distance bet ween the Virgo clus ter and the 

loca l gr oup and mean mass densi t y of the universe , respec ti vely . We 

can fol low the nonl inear dynamics for gIven 0 and Db . Compar ing the 

res ul t ant pecu l Iar vel oc i t y wi th observa t ion Davis et al. 17 ) has given 

no of 0 ,4 as a preferable value , where the cosm ic dens ity pa rameter no 
is the rat.io of Po to the cri tical densi ty ()" <3110 '8;-:C . 

If we abandon the assump tion of spher i ca l symmetry , we can use 

linear aprroxima ti on and connec t the peculiar velocity Lp and pecul iar 

accelera li on as 

l'p-?<ttl 6, ~31 lofl(,' .6 ) 

I nserti ng the observ~~ val ues, simll ar va l ue to the above result is 

()btained 18 ) The correspondlng ,'I 'L rat io amounts to about 1000 . This 

resillt i mphes Lhat. the linear trend between 'I, 1. r alio and s ca le 

length conUnuf>s to superclust.er size , i .e . . about 2OMpc . It should be 

noted Lhat the adopt.ed overdensily represents the overdensily in 
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galaxy distribution,i.e., in light ditribution so that overdensity in 

mass distribution may be noticeably different from that in light 

distribution. 

§ 4. Statistical Methods to Evaluate Mean Mass Density 

Instead of t rea t ing individual structures, lie may deduce mf'dll 

mass density by extracting the i nformation about peculiar velocities 

from three dimensional gal axy distribution. Before several systematic 

redshift surveys have been completed recent ly, lie could only use two 

dimensional galaxy distribution projected onto the celestial sphere. 

Us ing the efA redshirt sur vey IIhich covers 2.66sr and includes 2400 

galaxies within lOOh- 1 Mpc , Davis and Peebles19 ) found several 

important resul ts. They analyzed the apparent elongation of gala' .'.' 

correlation function along the line of sight due to the existence of 

peculiar velocities. 

Their analysis s hows that the one dimensional peculiar velocity 

of a pair 0 is given by 

0=340:· 40 x (hr/ 1Mpc)o 13±O.1l4 kJn/ s, (7) 

for 10kpc<hr<lMpc. This velocity may be used to estimate mean mass 

densi ty by the cosmic \'irial theorem or cosmic energy equation . Cosmic 

energy equation is IIritten as 

J,;=(2 / 7 ) xH~J2Do , (8) 

where Jz=J ~ ( r)rdr and ~ denotes the pair correlation function, It is 

to be noted that lip is the root mean square of peculiar velocity field 

of gal ax ies which is different from o. If we tentatively ident ify 

these two and use the efA result of h2Jz=l 5OMpc2, then we obtain 

(1)= (vp/660kJns I }2. (9) 

As stated above, if \Ie set vp =o<330km./S, then Wp get Do=O.25 . 

Davis and Peebles also examined the statistical stabili ty 

condition on correlations hr<lMpc and obtained the similar value for 

Do. Other redshift surveys which are deeper for smaller angular 

coverage show the similar values for no 20 ),21). 

In concluding this section, I note that Bahcall and Soneira22 ) 

suggested that correlation in matter dis tribution may exist on much 

l arger sca l e . They analyzed three dimensional distribution of rich 

clusters of galaxies and found that spatial correlation between rich 

1cluste rs is detec ted up to a s '8paration of 150h- Mpc and that 

vel ocity dispersion bet~een a pair amounts to 2000km/ s. This 

probably corresponds to the large scale struGture such as 

superclusters and voids. The peculiar velocity may imply that there 

are large scale streaming motions and affect the estimation of 

peculiar velocities of galaxies. The estimated cosmic density 

parameter based on cluster-cluster correlation is similar to that of 

Davis and j\ ;(·bles . 

§ 5. Concluding R 'illa rks 

It seems now clear ' that dark invisible matter exists i.n a manner 

roughly in proportion to scale length from galactic haloes to 
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superclusters . There are several candidates for mi s si ng mass . They are 

classified into t~o kinds: one is nucleonic matter and the other is 

non-nucleonic matter. 

(5-1) nuclenic matter 

The possibility of dark nucleonic matter has been ~idely 

discussed in relation to population III star problem. They may be 

stellar remnants such as black holes, neutron stars and ~hite d~arfs, 

or they may be very lo~ mass stars or uncondensed primordial gases. 

Ho~ever , severe constraints are set on the mean mass density of 

nucleonic component by the primordial nucleosynthesis argument, ~hieh 

is one of the strong supports for the big bang cosmology. 

As is ~ell kno~n. 4He, D, ~e and Li are produced in the 

primordial nucleosynthesis. Their abundances are functions of the 

ratio of nucleon density to photon number density ~hen the number of 

species of neutrinos are fixed. In Fig.623) the resultant abandances 

are sho~n assuming 3 species of neutrinos. As is sho~n the abundance 

of 4He increases ~hile that of D decreases as nucleon density 

increases. 

The observed abandances of He and D suffer from the effects of 

galactic evolution and various chemical and physical processes. For 

example galactic evolution is considered to make 4He abundance 

increase and D abundance decrease . Taking account of all these effects 

and uncertainties. the allo~ed ranges for the deduced primordial 

abundances are sho~n in Fig.6 as boxes. All data seem to be consistent 

with the nucleon density of 2x 10-31 g/ cm3 and allo~ed range is very 

small. Th is dens ity cor r esponds to the density parameter of nucleons 

f4.I of 0 . 0111-2 or NI L ratio of 2511.- 1 , much less than the values 

inferred in previous sections. This nucleon density is marginally 

consistent ~ith the missing mass of galactic haloes, binary galaxies 

and small groups of galaxies , but inconsistent ~ith that in rich 

clusters and superclusters . 

(5-2 ) non-nucleonic matter 

The most extensively discussed candidate is massive relic 

neutrinos. Recently various types of hypothetical particles introduced 

by variants of GUT such as axions, photinos and gravitinos are 

discussed. These candidates should be assessed by the confrontation 

~ith theories of formation of galaxies and large scale structure. If 

the rest mass of neutrinos is an order of 2OeV, it naturally predicts 

the scale of superclusters and rich clusters. Perturbations of smaller 

scale structures had been ~ashed out due to the free stre~ling of 

neutrinos and large amplitude isothermal perturbations in nucleonic 

component are required for the efficient galaxy formation24 ) . This may 

be a fatal difficulty of massive neutrino theory . Also neutrinos 

cannot explain the missing mass problem in d~arf spheroidals if it is 

really a problem. 
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Figure Cap tions 

Fi o:" re 1. Rotation curves of spiral galaxi es oblCl i ned by 21cm 

line obser va tions by Bosma3 ) . In this figure the Hubbl c constant is 

taken as 75km s -1 Mpc- 1. 

Figure 2 . Rotation curves of spiral ga laxies obtained by 

optical line observations by Rubin et al . 4 ) . In this figore the Hubble 

constant is taken as 50km s- 1 Mpc- I . 

Figure 3. X-ray su rface brightness distribution (a ) and the 

inferred dynamical mass (b ) of M87 obtained by the Einstein satellite 

by Fabricant and Gorenstein5 ). For the distance to M87 of I51'lpc , I' 

corresponds t o 4 .4kpc . 
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Some Topi cs in Cosmic Rays 

Jiro Ara f une 

I nstitut e for Cosmic Ray Research , Un i ve r si ty or Toky o 

Mi dori-cho, Tan ash i -s hi , Tok yo 188 

Ab:trac t 

So me topic s of co smic ray phys ic s are introduced , name l y , 

antiproton flu x , co smi c ray flux at knee , and 10ZOeV cosmi c ra ys . 

Brief introduction of e l eme nt a r y kno~ le dge s of cos mi c r ays are 

a lso given, which are clos e ly related to the above t op ic s. 

In troduc ti on 

Cosmic rays ar e in itially born a s i oniz ed atoms, and may 

be pre-accelerated and inj ec ted like an accele r ator beam , and 

are again acc ele rated. They propagate in the ga l actic ma gnetic 
[1) 7 [2 ) 

field of ~ 2 IJ G for about 10 year s an d fina ll y arr ive at the 

earth and collide with air nuclei. The de tails of these pro

cesses are not well estab lished, but let us give a rough i de a 

of cosmic ray s before introducing specific topic s . 

Cosmic rays are ma i n ly comp osed of proton an d nuc l e i. At 

low energies proton domin a t es and the e l emental compos ition 

is measured[3) . At hi gher en er gie s compos ition of some l1eavy 

nuclei are measure d up to ~ 100 G eV[ ~) . Above 103Te \ the com

position is quite uncertain . We do not know if proton domi nate s 

or i ron domi nat es or whatever. At low en ergies there are abo ut 

2% of electrons an ,: po s itrons. El ectrons are dominant by an 

orde r of magnitude[S). 

Co smic ray flux for E ~ 1016eV i s about l / m2st ·yea r . tot 
The integra ted co smic r ay flux decrea ses with « E- 2 ab ove t h is 

energy. Below th is ener gy the f l ux de c re a ses more slowly 
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wjth" E- J · 6 '1,.1. 7. This bent of the spectrum is called "knee,,[6J . 

The mechan is m of acce ler a t ion of co s mi c r ays a re no t well 

understood yet. Historical ly the second orde r Fermi acc ele ration 

wa s propo se d by Fermi first( 7) . The cosmic r ay collide with 

randomly movin g ma gne t ic cloud s n tlmes, the n the pa r ticl e is 

ac ce lerate d by a factor ( 1 + vZ/c Z )n with v the velocit y of 

the cloud, and n = ct/A . (The col lision mean free path i s A.) If 

we a ss ume t he s urvival rate of the cosmi c ray particl e p(t) = e- t / T, 

we obtain the ~nergy spectrum with y =(A/CT)C Z/v 2+1. Thi s y 

s eems to be two large. Anot her mechanis m called fir s t order 
[ 8) 

Ferm i accelerat i on at the shock front i s attractive and will be 

briefly exp lained in the appen di x . There are other propo s al s 

rel ated wi t h pulsars[9J , and it i s common that these are based 

on the ener gy released by s upernova expl os ion. 

Th e cosmic r ays propagate i n the galaxy , and let us here 

introdu ce three typical model s of propa ga tion, which will be 

di scuss ed la t e r in relati on t o th e an tiproton flu x . (a) Leak y 

Bo x Model: The cosmic ray, after accelerated, propagat es in our 

ga l axy and i s lost by leaking out of it. The mean path len gth 

4traversed by the cosmic ra y is X ~ (8gr/cm Z) ·E - · , and the es c 

dis tributi on of t he X is P(X) ~ e - X/Xesc . This mode l explai ns 

the el eme nta l composition rati o B/C, Sc-C r / Fe and IOBe / 9Be etc . 

(b) Nest ed Leaky Box M00 ~ 1: T~i s modi f i es the leaky box model 

by assumin g that the cosmic rays, ju s t after accelerated, 

traverses a cert "in thickness of matter ( Xs in the ;: verage 

surroundin g the so urce . After this they propagate and escape 

from the galaxy with the mean path length Xesc' The total path 

length distribution becomes P( X) ~ e - X/X e sc - e-X/Xs. With 
[10 ) 

X; < Xe s c this model also explain s th e elementa l comp osition . 
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(c) Cl osed Gala xy Mode l: The co smic r ays neve r l eave t he ga l axy, 

but they loose t he ener gy by collision with int e r s t e l l a r gas es. 

An t iproton flu x 

Cosmi c ra y antiproton is les s th an cos mi c r ay proton by a 

f actor 104 . ( See Fi g .l ) . This is one of t he r easons why we 

be l ieve our gal axy is ma de of ma tt e r rat he r t han ant i mat te r . 

If we could f ind cosmic anti -nucleus , 

it would extremel y be interes t ing , 
pIp 
10- 3 for it may strongl y sugge st the 

I 

A 
 ~--
IH!S exis tence of an t i -mat te r s tell ar 

10- '

objects. Co smi c r ay ant i pro t on 

f lux has so fa r been me as ured 

wi th use of ballon. To our s ur 

10-5 

10-6 

prise the experiment al res ults 
n -nosc. 

(Gawad s how ther e are much more an ti 10- 7 

As Appau o (1 968) 


as; lIu!t1nqton . t: ,,1 (1981) 
 proton than theoreti ca l l y 
&.sr , dit to I.hlf t edl [13 1 

10- 5 
II 8ogo mo l ov .t .1.11.979) exp ected . Especi a lly at low 
GI Golden .t _1. (1919) 

10-9 energies below .4 GeV, the dis 
O. I 10 100 

E (GeV) agreemen t is by f ac t o r IO ~1 0 2 . 

At low energi e s th e ant~p rot on flux sho uld be sma l l by t he f ol

lowin g reason: If t he r e is no anti- s te ll ar obj e c t s , the onl y 

source of such antiproton is fr om coll i si ons o f c osmi c r ays with 

interstellar ga s es. The ene r gy threshold of ant i proton produc ti on 

proce s s is about 6 GeV. If the cosmic r ay ene r gy is 6GeV ~ 20GeV, 

the an tiprot on produced in P'P reaction should have an kinetic 

energy larger than . 7GeV. I f the cosmic ray energy is larger than 

20GeV , the probabil it y of s uch high ene rgy is sma l l. Thus we expect 

a smal l probab i li ty for l ow energy ant iproton. 

In the leaky box model or nested l eaky box model exp l ained in 
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l he int roduc tion the t heoreti ca l pr edic ti ons are below t he 

[UI 2 [11]


low energy data of Buf fin gt on et al., hy a fac t or of 10 

[121 


The cl ose d ga laxy mod e l g i ves a larger antipr o t on fl ux, for 

in this mode l the proton t rave rses t he i nter st e l lar sp ace ten 

time s more than the above model s . The pr edi ction is, howe ve r, 

sma l ler by a fa ctor 10 still. Appa r ent l y we need more expe rimental 

and theo r etica l effort s in thi s p robl em. On e way i s to use the 

nu cl ear emu lsj on , for t her e is no t ec hnical difficulties 

in t hi s met hod. 

Comp osi t i on a t Kee 

The di ffe rential or integral spec trum of cosmic r ays has 

a kink at E ~ 1016eV , as ex pl a ined in the introduction , and 

it is ca lled "kn ee" . The reason of thi s knee may be either from 

t he ac ce lerat i on mechanism or from the propagation or confinement 
[1 4] 

mec hani s m, but we do no t know which is more import ant. The re ar e 

also exoti c explanatio ns, l ike monop ol e anni hilation OS] or extra

ga l ac t ic an t i- protons [16]. It is i mp ortant to exa mi ne t he el eme n tal 

compos it ion at this knee r egi on to hav e better un de rs tandin g of 

this 	knee. Some crucia l exper i me nt shaul be desirable. 
20I 0 eV Cosmic Rays 

The co s mic rays wi th ene r gy larger t han lo20 eV can have an 

i ne las ti c r eac t i on wi th 2. 7K back ground pho t on . e it he r produci ng 

pion or e+e- or d i sintegra i ng the nuc le us itself. It mi ght be a 

good p lace of t es t of Lo retz inva ri ance or qu ant um mechanics . The 

pr esen t ly avai l ab l e data ,eem not con s ist ~n t wi th each o t he r !1 7] 

Tt is a l so expected that if t here are cosmi c Tays ab ove l 020 cV or 

l0 21eV. t he)' shaul exhi bit the arriva l d irect ion as ymme try, [or 

they wi ll not be di st urbed by c03mi c magne tic f i eld very much . 

The fl ie ' s eye sv~tcm in Utah is one of th ose detect i on 

faci l i 1 ie s for such high energy cosmic ray a i r ~hower . This has 

another attrac t ive abi li ty to detect a poss i ble ve-induced air 
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sho we r which may develop from the earth upward to the sky . This[18] 

idea is ba se d on the naive ext rapolation of the Landau-Pomeranchuk 

eff~c t which suppresses the Brehmsstrahlung cross section of elect

ron in rock through density effect at ve ry high enef ~ Y by a factor 

more than 10 3 . It may be that we need mo re careful theoretical 

treatment of this problem. 

Appen dix 

This is a brief and simplified expanation of the derivation 

of power spec trum of 1st order Fermi ~ cc e l e r ation at shock fro nt, 

and more detai ls are giv '·.' n in the refc ,'c nces [8,19 .J, and also 

a text book [ 20]. 

Let u s co ns i der a sh ock front mov i ng with ve l oci ty v to the 

left. Le t us assume the bagnetic fi eld beh i nd the fr ont is vcrt ic al 

to the f ront surface for simplicity. Cosmic rayon t he lef t -hand 

side enter s the front and i s sc a ttered back to the left by 

magnetic clouds on th o ri ght han d side . Some time l at e r th is co sm ic 

r ay wi ll be caught up by t0~ shock front during its bei n g ra ndoml y 

scattered by m,:g l1etic clouds of ttle left- hand s i de spa c e . Then it 

may repeat such processes, and each t ime of r eflection at the front 

it acquires an energy increase. 
v 

To be more quantitative let us 

consider the Lorentz frame in wh ich 
() c~_ SZ 

the front is a t rest. Then the o/iv u 
pla sma space of the left-hand 

side now moves wi th vel oc ity v \ . v' 

to the ri ght , The p l asm a on the 

ori ght hand side mo ves to the r igh ~7 
~ 

with ve locity v' «v) to the ri ght. 
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I n this frame ~ ~ can easily calculate the probability of the 

cosmic ray not being Tl ' ;'l ccted but escaping to the right Pesc' 
4v' as n - for the cosmic ray flux coming from the left , esc c 

is <pvz> l > 0 = T' and the escaping 1"1\1;: at the right end v z 
should be asyptotically pv ', giving the ratio 4v '. After n times 

c 

reflection the 	surv ival rate of the cosmic ray particle should 

be dP e-Pescndn. 
s 

Lp \ us calcul~t e the energy increase at one reflec tion . Ne t 

ef fe ct of thu cosmic l · ~~ in the original galaxy fr ame should be 

due to \ i, e reflection by a magne t ic cloud with vel oc i ty 6v = v-v' 

to the l eft. For the relative velocit y of the two plasma spaces 

is v-v' in t he fr on t rest f r ame, and the relative velocity is 

near ly t he s ame in the both frames. Let the cosmic ray energy 

before enteri ng the ma gnetic cloud be E (neglecing t he mass). 

The energy afte r entering the cloud in the cloud rest fr ame is 

app rox i maely E' = E (1+ 6V cos 6 .. ). Here ~. is the angle between 
C In J 11 

the cosmic ra y and the z-axis. The energy of the cosmic ray after 

it is emi t te d out of the cloud shoud be E" = E' (1+¥cOS8 ).0ut
Avera ging over the an gl es with the flux weight cosSdD, we obtain 

LIE =<E" - E>= j llVE • After n ti me s reflection the c;nergy becomes 
I; t:.V c 

E = EO e ~n Combining this equation with the equation for dPs' 

\,e obtain 

dP ~ E-YdE with Y Pes / (~6V) + I s 	 c.)c . 

If we r ememb er 	Rankin-Hugoniot relations for the two plasma systems , 

pv =p' Vi} r = J' v 
l ----v' 

2 ? 
pv + P = p'v' - = p' , 

I ,2 , dP. ' I 2 2v ++ J :!P. 	 . )'2 v () 

2and the relations \' ; thin each plas J;' ~, pp-';'c onst. ;p c ~3', Y s 
- 174 



References 

r 4M2 r+ 2 
we 	 obtain ~ and 'f ~ . Here N vlc is the ~la c h 1 .For example , see R.N.Manchester Ap . J 188 , 673 (1974).sM +3 
number of the plasma. In t he strong shock we may t ake the com - 2.M. E. Wi edenbeck, et a1., Ap.J Letters 2 39 , Ll39, 91980) , for ex. 

pression rate r = 4, the maximum va l ue, we ge t 'f = 2. 3. J. A. S i mps on, in "Composition and Or i g in of Cosmic Rays", edited 

We should a lso take account of the prop aga t i on effect, or by M.M.Shapiro. 

the life time effect t ~E;6 and finally we obtain 4. See also J.A .Slmpson, Ann. Rev. Uf Nuc1. Part. Phys. ~, (1983) .esc 

5. 	 W.R.Webber, in the same book as [2). 
- 'f - isdP ~ E .dE 	 6. See for ex . A.M.Hi11as, in the same book as [3J. 

7. 	 E.Fe r mi , Phys. Rev. 22,1169 (1943).If He take 'f 2.3, and 6 .4 for nuclei, and the 6 1 for 

8.W.I.Axford, E.Leer, and G. Skadron, 15th ICRC 1l,l32 (1977)electrons due to synchrotron energy loss, ,,"'e have a consistent spectra. 

R.D .Blandford, and J.P.Ostriker, Ap.J Letters~, 129 (1978). 

9. 	 J .P. Ost.riker, Nature lU., 1127 (1968); Goldreich and Julian, Ap . 

J. 	l2l, 869 (1969). 

10. 	 Garcia-Mun oz, M and J.A.Simpson, 16th ICRC ~,270 (1979). 

11. 	 See e.g. T.K.Geisser and R.H.Mauer Phys. Rev. Letters lQ, 1296 

(1973). 

12. 	 S.A.Stephens Nature ~, 267 (1981); R.J.Protheroe, Ap.J ~, 

387 (1981). See also C.J.Cesarsky and T.H.Montmer1e, 17th ICRC 

2l., 207 (1981), an dR. Co sw i k an d T. K . Ge iss e r, i bid. ,£, 218 

13. 	 R.L . Golden et a1., Phys. Rev. Letters,~, 1196 (1979). 

E.A.Bogomolov et a1. ,16th ICRC ~, 330 (1979). 

H.V .K.Ap parao, Canadian J. Phys. 46, S652 (1968) . 

A. 	 Buffington et aI, Ap . J ~, 1179 (1981). 

14. 	 Se e the review by W.R.Webber, in the same book as [3), p.25. 

15. 	 P . Rotte11i, Proc . of ~orkshop on Monopo l e s and Proton Decay , 

ed. by J Arafune and H.Suga ~ ara, KEK83-12, 1983 

16. 	 private communication, A.W.Wo1fendale 

1 7. 	 see the talk by Na gano in this workshop. 

18. 	 private communication, J. Elbe rt. 

19. 	 A.R.Bell, M.N .R .A.S. 182,14 7 (1978). 

20. 	 C. J . Cesar s ky, in the same book as [3], p . 161 and references there

in, 
- 175 



10Observation of Ultra High Energy Cosmic Rays ( ~ 10 GeV) 

r'l. Nagano 

lnstitu te for Cosmic Ray Research, University of Tokyo , 

3-2-1 !~ido rcho , Tanashi, 188 Tokyo 

ABSTRACT 

Recent measurements of energy spect r um, ar r iva l directions and mass 

composi tions of ultra high energy cosmic rays ( ~ 10] 0 GeV) a r e summar i ?oed . '1'he 
2 

s urface air shm.r er array of area over 20 km under construc t ion in Aken" and a 
2

future plan for a huge array of OVer 250 km "re clescribed. 

1. 	Introduction 

It is of special interest to kno'" the ori8in of the highest energy 

cosmic 	 rays ; are they Galac t ic or extragalactic? 
10

The or ~gin of cosmic rays of energy lower than 10 GeV is sti l l far 

from conclusion. Nevertheless , the reason for studying the higher energy 

region is that Lhc problem of propagation of COS~lC rays becomes simpler , the 

higher the primary energy is . 'rhis is because cosmic r ays o f enerps higher 
10

than 10 GeV cannot be confjn.. d in the Calaxy by the Cal a ctic magneti.c .field 

of 3 }"G, if they are protons . Futherrnore, the possible <lstr onomi cal obj e c t s 
10 

which can be considered to be able t o accelerate the cosmic rays up to 10

GeV are limi t ed and hence anisotropy of their arriva l di r ecti on may be 

e xpec ted. 

In t his report , some important aspects o f the propagation of cosmic rays 

are briefly disc ussed and the data from rec ent measur emen ts on the primary 

energy spectrum, arr i val d i r~ction and mass compoSition ar~ summar i zed . 
2

Finally a surface array of area over 20 km under construc tion in Akeno and a 
? 

plan of huge array of over 250 km- , c urrently under discuss ion are desc r i bed. 

2. 	 A few important remarks on ul tara high ener gy cosmic rays 

There a r e some excel l ent r eports on t he origin and propagat i on of ultra 

high ener gy c osmlc rays(l) - ( 3) A recent reviews by Hillas(4) wUI be helpfu l 

in understanding the problem o f ac ce l eration of these cosmic rays. Here a fe 

important remarks are given. 

(il 	 Si ze of accelera t ing r egions(3) (4 ) 

In order to ac cele r a te a parL i c l e in a statis t ical ac c elerati on process, 

the s i ze L of the accelerating region containing the magne tic field B( in 

microgauss) must be muc h larger than t wi ce the gyrorad ius( r ) of the part icl e . 
j 

L » 2 	 r g ~ 2 E1a/ZB 

B x L » 2 E1S/Z (j n rG x kpc), 

18 


whe re Ela is ener gy of the p~rtic l" o f char ge Ze in unit of 10 eV. A 

simUar l i mit is also obt.ai ned i n t he case of one-shot acceleration. In Fig. l 

is shown a plot of L vs B for se veral as tronomical objects . It i s seen that 

all objects below the line are exc luded from being t h., sources , 
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( i i ) Propagati on in the Galactic space 

The gyrorad i i of protons and iron nuclei in a unifor~ map-netic f ield of 

3 rG are tabula t ed in Tab le 1 for various energj "s . I t i s known t hat t.here i.s 

a s trong i n ter ac ti on be t ween the charged parti c l e and the magnet.i c fi e ld on ly 

when t he i nhomogeneties in the galacti c magneti c f i eld are on the same scale 
10 

as the gyroradius of the charged partIcles . Si nce r for protons of 10 Cev 
g . 

is of the or der of the scale of the halo and much g r eater than the scal e of 

the magneti c irr egular ities , they can no t be co nfi ned in the Gala xy. Actually 

Karakula et a l ( 5 ) and Osbone et a1( 6 ) calculated the trajector i es of particles 

in the g a l actic magnet i c f i eld by taking in t o account the magne tI c 

irregular i t ies in the dis c and showed tha t r ot ons above 109 GeV are 

aniso toropic. Even if we take int~ account the magneti c fie ld in the halo of 
(40) . . 10

about Ire on the sca le of 2- 3kpc ,the s l t uat1 0n may not change for 10 

GeV protons. 

(iii) Propagation in the intergalac tic s pace 

As is well known, the particles wi t h ene rp.)' of 'I mc 
2 

( '1 i s t he Lorentz 

factor) produce pi ons by interact ion wi t h the 2 .7oK primordi a l radi a t i on if 

the energy of photon t~(1+ c os9 ) exceeds the threshol d ene rp.)' abou t 140 MeV. 
3The density of the photon is 400/cm an d photon energy ~ at t he upper part of 

the Planck dis tr ibution is about 10-3 eV . At t enua t ion l eng th for pr ot ons i n 

the 2 . 7oK radiation field ca lc ul ated by Giler et al (7 ) is s hown in Fi g . 2 . It 

is unders t ood tha t a sudden decrease of the f lux i s expec ted above 5xlO lO CeV , 

if the cosm i c rays a r e extragal actic, and the spectral shape above 101lCeV may 

be mod ifi ed from the produc tion s pec t rum even when they are prod uced i n t he 

Virgo cl uster of galaxies. In Fig .3 is shown the pre di c t ed spectrum (7 ) ln 

which the Vi rgo cluster i s the sale source of parti cl es and t he partic l es 

diffuse outwards under the in fluence of randomly di rected in t ergal ac tic 

magneti c fi e Id. 

3. Summary of recent measurements on ultra high energy cosmic rays 

3 .1 . Primary energy spec trum 

In Fig .4 ar e compared t he detec tor ar rangements of l a r ge ai r s hower 

exper iments in t he world: Vo l cano Ranch (8 ) , SUGA R(9), Have r ah Park (10) , 

Yakutsk(ll ) and Akeno(12). In Table 2, impor t ant parame ters of t hese 

experim~n ts such as loc a ti ons , kinds of detec tors , exposur e imE: i n km
2 

y ear, 

number of .events detected up t o 198 3 , etc . aI'e listed . Though th " SUGAR 

exper i"",nt , located in t he sou ther n hemisphe r e , covered the l a r gest area , It 

was al r eady shut down in 1979 . Also the de tector spacing is s o la r ge t hat the 

t hresho ld ene r gy f or t he whole array i s a fe w times 1010 GeV . 

It s houl d be noted that the l a rgest s i tes under operation , Yakuts k an d 

Haverah Par k , aI''' s i t uated a t. the 62
0 

N and 54
0 

N l atitude and the Ga l ac t ic 

center can not be obs erved by them . In Fig .5 i s shown the d i f ferentia l energy 

spec t rum of pr ir.1ary cosmic ray me asured by the gr oups listed in Tabl e 2 . The 

ver tical axis is onu l t i p li ed by E 2 . 5 in order to See the s-pectr a1 s hape in o 
de t ail. The s pectrum by t he Ak eno gr oup i s converte d f r om the e J ec t ron and 

the muon si ze spectrum based on t he methods wh i ch are cons ide r ed t o be 

i nse ns iti ve to ei t her ma s s conposit i on or hadronic inte rac tion mO del (13). 

Th i s s pec trum smoothly jOins t he spectra obta ine d by the Proton satellite(16), 
(1 4 ) ( 15)

and t he Ifave r ah Park and Yakuts k groups. The resul t s from the 
( 17 ) . 1 . f'

SUG,AR exper lme nt are a s o pl o\' t ed 10 the s ame Igu re . Here the SUGAH 

spec trum i s converted from t heir muon s i ze s pec trum after normalizing t hei r 

muon energy t o 1 GeV an d us ing the conve r sion factor Eo~ 1.2X J OJ 7 (N)"' /106) 1. 15 

in eV. The differences among th~ gr oups are less than 30% in en ergy . By 

a dmit t ing the ambiguity of a f ac tor of 1.5 in energy estima ti on, we can draw 

the f ollowing conc l usions: 

(i) The s l ope of the s pec trum change s around (1", 2) x; 0 10 GeV fro ," 3.0 to 

2.5. 

( i i ) Tlli s c hange of spec t ral shape is observed both in nor ther~ an d so :.J ~ ' l ern 

helll i s pheres. 

(iii ) The ex i stenc e o f the spec t r um cutoff above 5x l. 010 CeV does not seem t o 

be establ i s hed . 

(i v) There are certainly several showers whose energies exceed 1011 CeV and 

hence t he spectrum should be exp l ored t o the hi gher ene r fries . 

3.2 Arr i val d irec t ion 

In Fig . 6 is s hown th~ r atio of t he observed to the expec t~d number of 

shmJe rs as a f unc tion of Galac tic l a t itude for t en ene rps bins report e d by t he 

Haver ah Park gr oup. (1 8 ) The expec t e d one is calc ula t ed unde r the as sump t ion 

of iso t ropic dis tri buti on . The grad i ent of the l eas t s quare f i t t ed st r a i ght 

li ne i n t he figure i.s pl o tted in Fi g . 7 as a fun c t i on of pr imary en"r ps. It is 
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5 

r~markab le tha t the sign of gradient changts above 1010 GeV, suggestlng that 

those cosmic rays COme from high~r Gaiac t lc latltude . The Haverah Park group 

interpreted these res ul ts , together with the c hange of the slope in the energy 

spec t rum, as.evidence that the origin of the highest energy ~osmic rays is 

extragal ac tic. Howeve r, a similar analysis by the Yakutsk group( 19). plotted 

in the s ame fi gur .., . does not show such t endency abovE! lola GeV , though they 
10 agree 	 with the Haverah Park results below 10 GeV . It is als o noted that the 

SUGAR er imen t which can not observe t he center of the Vi r'go Cluster' shows a 

Similar flattening the en~rgy spectrum . 

In order to see the a r rival di r'ec tion of the largest showe rs above 1010 

GeV . their arrival direction are plotted in Fig. a( a). (b) , and (c) from the 

thr'ee gr oups sepa r ately . Thc distribution from the Haverah Park group (18 ) 

seems to show an enhanced fl ux in the direction of the Galactic pole , while 

that from Yakutsk(20) in the Gal.acti c plane . The r'esults from SUGAR(2l) , 

which is locatHd in thc southern hemisphere, ar e not inconsistent with 

isotr'opic distributi on. 

The arr'ival directions of 82 shower s of energies large r than 4xlOlO GeV 

are plot ted all together in equatorial coordinates(Fig .9). Here the paints 

from the SUGAR e xperiment are for shower s of energy lal'ger than 2xl010 GeV 

according to the ir' energy assignmen l . It should be noted that the exposure 

time is uniform only in the same declination band . Nevertheless, it is clear 

from the f i gure that t he directi ons are not concentr ated in the Galac tic 

plane . which i s expected i.f these ar'e pr'otons and pr'oduced near supernova or 

new born pulsars in the Galaxy . 

Conclus i ons are su"",arized as fo 1101ol5 : 

(i) The change of arr ival di r ection distr'i bution and hence or'igin at around 

1010 GeV i s suggested by the Haver ah Park group , but not yet conclusi ve. 

(i i) The possible or'igio of 10
10 

GeV shower~ f r om the center of Virgo CLuste r' 

s uggested by the Ha ver'ah Park group is not yet con firmed by other groups . The 

arr ival direction from both the Yakuts k gr-oup and the SUGAR exper imen t are not 

inconsistent with i sotropiC distr ibu ti on and t he enerp~ spectrum from SUGAR 

shows a similar change of s:ope at 1010 GeV as observed i n the norther'n 

hemisphere. 

3 . 3 	 Mass compos i t.i on 

Information on mass compos; tion is inevia tabl~ to determine the origin 

f the cosmic rays around the energy concerned. Determination of mass 

composition by indi r ect method is most diffi c ult . 

ass 	compo!;i tion of primar'Y cosmi c r'ays is measured up to 10 GeV 
5

directly by emulsion chambers flown in baloons (22). Above 10 GeV, the me thod 

is indirect and hence the results are of much dispute among various groups . 

One of the reasons is that most conclusions are drawn from the observat i on of 

on~ or two obsevables , which are r elated not only to the mass composit,ion but 

also to the Char'Bcte ristics of hadroni c inter a ctions. 

One of th~ best methods to estimate the composition in the EAS ener~ 

r egion is to measure the star ting point dist r' ibution of th~ EAS. This 

distribution reflects the collision mean f ree path of various species of 

pr'illlilr"ies . The Fly ' s Eye(23) is pr imar"i ly i ntend"d to measure this 

distribution by observing the fluorescent light from EAS. However, since the 

inelastic cross- section of p- Air col lision increases wth ener gy as 290 E 0 .06 

mb (E i n TeV) (24), the I'esolution requi red for the dete r mination of mas~ 
o 

composi tion is 1"ss than 10 g/cm2 which can not be achieved by the present 

Fly ' s Eye (more than 50 g/cm2 ) . l mpl'ovem"nt of the resolution of the Fly 's 

Eye is under' plal\ning (25 ) and this kind of experiment at nigh altitude by a 

lar ge Ctelelsc ope of fine resoluti on is proposed by Tanahashi. (26 ) 

The next approa ch is to investigate the r'elation be t "een the depth of 

the shower max imum ( tmax' and its fluctuation . As illustated schematically in 

Fig. lO , the average t is at highe r" level for heavi" r' primari.es than for max 
proton pri maries and the fluc t uation in t ( CI(t ) ) for heavy primaries is 

max max 
smaller than for p roton pr imaries. 

I n fig . ll . the va l uus of r:5 (t ) are p l o tted age-i nst the ass ociated 
max '-" ( 27 ) 

values of t The curves rep r esen t the predic ti ons by Chantler et al max 
fo r diffe r"ent proportions of i r on an protons in the pr i mary composi ti on on 

t he basis of a two-component approxi ma t ion. F,ach curve corresponds to 

di fferent i nter'action models . Open and c losed circles correspond to the 

values when the primar ies are 100% iron and 100% protons, respec t i ve ly. The 

l ar'g~ cross is fr'om the Cere~kov exper'i ments by Chantler et al( 27 ). The large 

oopen s quare and t he shaded s quare are the meas ur'e me n t s from Akeno and the 

Fly' s Eye(28). respect ive ly. At Akeno, the t is ob tai ned by Cerenkov 
(29 ) v max 

telescope an d E> (t ) from bo th the C measu rements and the ind irect max 
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method usi ng t he ag~ param~ter distr i bution fo r a fi xed muon si ze 
l30

) 

devel op"d by Coy et al (31) . The triangle is t he summary of the wor Id survey 

of measuremen ts of t and 6' ( t ) at the Cosmic Ray Conference at 
(3ZTax max 

Bangalore in 1983 . The resuJ ts suggest a l arge f raction of proton 
8 10

primaries at around 10 GeV, i rrespec tive of inter a c tion models. For 10

GeV, the da l a is l i.mited t o the estimates of cr( t ) dete r mined f r om the ma x 
fluctu at ion study of var ious observabl es . The r ," s ul t s a re summar i zed in 

Fi g . 12 together with those at lower energies( 32) . The solid and dotted lineS 

are calculated by Wa l ker and Watson( 33 ) for pu r e prot on and pure iron primary , 

respec t ively . There s e"ms no change of compos ition up to 10lO GeV . 

Another me t hod t o esti mate the pri mary c omposJtion f r om t he gr ound based 

parameters is to use the fluct uati on of number of muons in a shower. If 'He 

assume the superpos ition model in nuc l eus-Air col lision , the number of mu ons 

induced by the proton and the nucleus A are 

N.r(p ) c E b 
o 

b

Nr(A) c 
 E b A1

o 	 1 b 
~(A) is l arger than Nrlp) by a factor of A - , '",he r e b is r e lat ed to t he 

multiplicity in p-Air collision and less than 1.0. Therefore 

log N~ (A) = l og c + (I-b) l og A + b log Eo 

If «A') changes wi th Eo' the value Nj'(A) changes result ing in change of t he 

slope in log NJ' vs. log Eo rela t i on . 

Fluctuations in N for a given energy Eo is also sensitive to massr 
composition, since not only the Nr de pends on A, but also its dispersion 

decreases wi·th A. The observed dispersion for a mixed compos ~tion is 

expressed by(34) 
2 2r:r 2 c w. \:) .2 + 2. Wi « 10gNr > O og!}>iL. 1 1 

where Wi and ~i represent t he i ntens ity (~wi = l ) and the dispersion i n log~ 

of ith component, respectively. The variance consists of two parts, one due 

to fl uctuations(the first term) , the other due to the wi dt h of <logNr ') of 

each component . (See the general f ormula t ion and the decailed disc us s ion by 

LinSley( 34» . 

Actually we can no t analy se the NI' distribution fo r a given energy, but 

for a given electron sizeINe ) . Fur t hermore, the e xperi mental error in 

determination of N is not far s mall er than ~ even in the cas e of Akenor 	 p 
experiment whi ch has the larges t muon detectors in the world. 

In Fig.14(a) and (b ) a r e showr. the res ul ts of the Akeno e xp eriment( 3.S) , 

log~ vs 10gNe and the logN), distr i buti on for a fixed N . Curv~ s are the 
e 

ac cepted combinations of primary compositi ons s hown i n Fig . 13 an d ha dr on i c 

int"r acti ons among many other combinations "'hich can be e xcl uded . In cases A 

and 8, scaling o f produc ti on specl: r um of s e codary particles is assumed at x ~ 

0 . 05 and mul t i p li c i ty at cen t ra l regi on inc rea s es as ( I n 8 )2. In case of C, 

fi reball mOdel s i milar to CKP is assumed . In all ca s e s , the cross-sect i on of 

p-Ai r colliSion increases 'IJ a h ene r gy as 290EO. 06 mb( E in TeV). 

There a re many o.her obser vables s uch as the pulse s ha pe of arr i val t ime 

of muons(36) , th ~ l ong i tudinal development cu rves of eJ ectrons and 

muo ns( 3S ) (36 ) , frequenc y attenuation lenp,th of che showers f or a fi x ed N (35) , 
e 

etc. All t he se quanti ties mus t be cons is t "n tly used to di s ti ngu i s h between 

t he effects of mass composi tion an d hadronic i nteractions . Thi s ana l ys i s is 

now in progre ss . 

4. Plan of the giant air shower observation in Japan 

In 	order to c l arif y the ambiguities stated in the preceding sections, a 
2

plan fo r a huge array of over 250 km is currently un der discussion. The mai n 

goals of this experiment are as follows. 

Ii ) To increase the t o tal observed number of showers above 109 GeV world 

wide by an ord e r of magni t ude and to estab lish their arrival direction 

d is tributions . 

( i ,) To extend th e pr i ma ry energy spectrum above loll GeV. 

(ii i ) To invest i gate the existence of cutoff in the pr i mary spectrum above 5 x 
10 

10 GeV i n a direction where cand idates of poss ible sources can not be f ound 

wi th in 30 Npc . 

( iv ) To investigate whether t her e is a change of characteristi cs of EAS at 
10 

10 GeV, where the shape of t he pri ma ry spec trum changes. If there is any 

change , it may be r el ated to the change of compos i ti on around this energy . 

(v) To cal ibrate the new detect ion met hod of gi ant air showers, in orde r to 

ex tend t he primary spec t r um above l Ol l GeV . 

( v i ) To calibrate the respons e of detec tors used in ot her exper i ments in 

order to analy s e t he data wi th t he s ame ener gy s cal e and henc e to inc r ease the 

tot a l number of even ts in the '.•,orId . 
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The detector arrangement under cons ideration is shown in fig.15 . The 
2 

ar ea of e ach electron detector is 2.25 m and the detectors 	will be located at 
2

about 1 kin separation. Muon detectors of area about 20-30 m will also be 

arranged r:t about 2 km separation. The solid large and small circles indicate 

the areas within which the detectors woul d rec ord by more than one or te 
10

parti c les, respectively, when an EAS of l arger than 10 GeV fell. The dotted 

c ircle shows the case of muons for particle larger than 1 GeV. The accu racy 

of t he si ze es tima t i on and ar rival di rec ti on would be 20-40% and 3
0 

r especU ·"ll y, for 1010 "eV anel less for lOll Gev( 38). 

The whole ar ea is di vided in to four sections, each of wh i ch 	 is call ed a 

"Branch ll The det a i Is of "Akeno Branch", part of which is no w under• 

construction, are il lust r ated in Fig .16. Each detector is connected to the 

next one with two optical fiber cables successively on a s t r ing a s shown in 

Fig.17. Each string is controlled by the cent ral CPU through the master 

CPU (MPC). One cable is used lor t he control of each slave uni t(DCU ) and t he 

oth"r for t r ansmission of data I rom the detector to the center. The details 

w1l1 b e descri bed in the reports by Ohoka( 37 ) and Tesh i ma( 38). 

The main reasons for using optical fiber are (i) to avoid the r adi o 

noise from lightnlng wh i ch often causes serious damage to electronic s in Akeno 

in s ummer an d ( i i) to get a timing signal of better qual i ty than can be 

ob t ained by coax ial cable. The opti cal f iber cable is hung on the elec tricity 

poles or the ut il ity poles of the Telegr aph and Telephone Corporation. 

Bes i des el ectron and muon density, measuremen t s of ar~ival time profi l e 

of electrons and muons are a l so planned. Recently , Linsley ( 39 ) proposed that 

the time dispersi on of t h .. shower front i s a function of core distance and 

henc e by maki ng use of pL' lse width informati on as well as pulse height 

i nfor mati on of a rr i val time of electrons, the s iZe of large shower s can be 

es tima t ed . If bo t h di s pers ions of arr i val ti me and density are smal l enough, 

this method is appl icable t o ex tend t he effective area as shown by solid 

cird es in Fig .16. The pu l s e wi dth informat i on from muon arr ival time 

distributi on is e xpected t o measur e the stage of the longi t udinal development 

of the shower. 

In Fig. 4 is shown our plan of expansion of array . Area surrounded by 

the solid line will be in operati on this year. The do t ted area is the plan of 

the Whole "Akeno Branch". The chain area is the planned array of the first 
2 2stage 	covering 75 km . The 250 km array covers the whole area of Fir .4. 
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POINT SOURCE OF VERY HIGH ENERGY CA~~A RAY 

T. KIFUNE 

Institute for Cosmic Ray Research 

Univer s ity of Tokyo 

Tanaah i, Tokyo, 188 J apan 

ABSTnACT 

Recent experiments show the pos itive evidences of point sources of very 
12 

high energy gamma rays above 10 ev. In the energy region of 10l5- l6ev, the 

most re l iable evidences are found on eye X-3 am ong the r eported sources. 

A brief r eview vf the exper iment a l works on the source is in t roduc ed. The 

emission mechanism of very high energy gamma ray i n CyS X-3 is also disoussed. 

I ntensive fluxes of cosmic ray proton at the source can explain the observed 

value of the gamma ray flux. This indicates rhe possibility that the high 

energy cosmic r ay particles are originated at the poi nt s ourc e of very high 
energy gamma r ay. 

1. Introduction 

Several recent observations have shown that the gamma ray spectrum from 

the point sources of hard gamma ray extends up to the very high energy region 

of 1012eV. In the even higher energy r egi on larger than 1015eV, some pos itive 

evidences from Cyg X-3 has been reported by observ in~ extensive a ir showers 

(EAS) . 

Pr esented in this report are a brief re view of the experimental studies 

to detec t gamma ray above 1012eV from Cyg X- 3 . The c larification of producti on 

mechanism of the gamma ray will be very important in understandi ng the dynami cs 

of pulsar and its c lose bi nary syst em and in identify ing the origi n of cosmic 

ray part i c l es. 

2. Detection of energeti c gamma ray 

The gamma ray from a point sourc e i s identified essent i al ly by detect1ng 

an excess flux from the narrow areaof the sky inc luding the source. The 

backgrou nds from charged particles of cosmic ray are serious i n the ul tra 

high ener gy r egion, which is qui te a different situation from what is in the 

l ower energy region like X-ray. The signal to noise ratio is. therefore , 

determined by the angular r esolution of the exper imen tal appar atus . Another 

difference is in that the detec tion must be ground-based because of the very 

small value of the f lux . 

In the en ergy r egion of TeV, the gamma ray (togethe r with the backgrounds 

of charged part icl e cosmic r ay) is detec ted on t he ground by observing 

cher enkov light emitted high in the atmosphere through the cascade showers 

initiated by the primary parti cles. The other components of the cascade except 

the cherenkov light are attenua ted in the atmosphere and do not reac h the 

observati on level. The direct detection of the electron-photon cascade at the 

observation ~evel becomes avai J abl e above the primary energy as large as 

lOl5eV • which is nothing but the detec tion of EAS . 

For an example, the ·characteristics of the apparatus f or TeV gamma ray at 

Dugway in Utah by Our-ham Universi ty group are shown as follo'c's : The field of 

view is 1. 7° FII/l!~l and parabop c mirrors of 1.5 m diame ter are us en together 

wi th 5" phototubes. Twelve mirrors are set within the r ange of about 100 m. 

The mirror t e lescopes au tomatically trac e the source under the control of a 

computer. The ef'fecti ve "rea of detec tion i s about 3Xl04 ,/ and the threshold 

ener ry is a~out 2 TeV. 
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There have been several posi tive reports fot' Cyg X-3 from different 

gr oups 1),2),3), whi ch wi ll no t be s hown in this artic le. In t hei r works the 

i dentifi c at ion of t he point source of gamma ray has been confirmed by detec ting 

the synchronized s ignal with the periodical i ntens i t y variation in X-ray signal 

from the source . Thi s t echnics of discr i mi nating the signal is utilized in the 

search in the higher energy r egi on . 

15 
3 . 	Observation in the r egion of 10 ev 

Ther e have been two reports, Samorsky and St amm (1983 ) of Ki e l Uni ver s i ty4 ) 

and 	Lloyd-Evans et al.(1983) of Haverah Park groupS ) , c l aimi ng the afi r mati ve 
15

detect ion of gamma r ay signals in the energy r anga of 10 eV. The detec tion 

is by observ ing EAS from the s ource direction . The signa ls are overnumbcred 

by the i s otropic inc i dences of charge d partic le backgrounds even in the smal l 

f ield of view around the source. The observed events in 	the fie l d of view are 

plotted versus the phase of X-r ay va r iation. A consj de r abl e portion of t he 

tot al data appear s concentra t ed in one phos e bin and the period whi ch gives 

the strongest concentr ati on coincide...s with the one predic ted by the X-ray 

variati on . 

The number of observed events is plott ed as a funct ion of t he phase of 

X-ray variation in Fi g.1 and Fig. 2 i n t he cas e of Kiel and Haver ah Par k data , 

r espectively. The period i s about 4. 8 hOI~s and phas e = 0 corresponds to t he 

t ime 	 of the mi nimum intensity of X- ray. The angul a r resolu t i on of the apparatus 

i s about 2 and 5 degree in each Rr oup, r espec tively. Fi g.2a , 2c and 2d cor 

respond to the cal cul a ti on of phase using s lightly di ffe r ent values of X- ray 

peri od . The X-ray period obtained at the most recent observationS ) produces a 

peak 	around about 0 . 3 phas e (Fig.2a) cons i s tent with the r esult in f ig.l . 

The both da t a of two grouos 1n £AS are accumu l ated fo r a l ong time more t han 

three years. A slight change in 4.8 hours period results in a cons iderable 

change of phase during t he courc e of time. 

The observed flux i s about 10-13 cm- 2sec - 1 a round 1015eV . thi s value of 

flux gives a very flat spectr um when combined with the data in lower energi es. 

The index of power of the integral spectrum would be even flatter than -1. 

The flux is g iven as an average over all the phase bins. The peak value of the 

per i odic al variation can be much larger and the spectrum might be much f latter . 

The spectrum at the source pos ition ~ay be even flatter and of more 

i ntense if the di s tance to Cyg X- 3 is as far as 10 Kpc as is t aken usually. 

- 203 

Because the gamma ray can interac t wiLh the uni versa l mic rowave backgr ound of 

2 . 7oK to be converted into pos itr on and e lectr on pai r . The threshold of the 
14 . 	 - 25 2 

pr oc ess is about 10 eV and the cross sectlon has a maximum of about 10 cm 

a little above the th r eshold . The a ttenuati on l ength is about 10 Kpc at 1015eV 

The intensity of the gamma ray flux fr om Cyg X-3 is shown in Fig.3. The 

logar ithm of the i ntegral spectrum is in the vertica l axis i n the unit of 
2 1cm- sec- and the logarithm of ene rgy ( in eV) in the hori zontal axis. The 

diamond ~ark and clos ed circle represent EAS data f r om Kiel and Haverim Park, 

respecti vely. 

The data obt a i ned a t EAS Array at Akeno is now under way of ana l ysis and 

a r e not shown in the pres ent r eport. The pr eliminary results do not show a 

strong posit i ve evi dence at most, whi ch may indic a t.e a trnns i ent nature of 

gamma ray in the ultra high ener gy r egion. The data at Akeno cover the most 

recent time of observation. The Akeno Array has an advnn tage in id enti fyin~ 

gamma ray f r om the backgrounds of the o r dinary showers by observing muon 

number in EAS wi th a bet t e r accuracy . If t hIs infor mation of muo n number is 

taken i n to cons ider ation , the Akeno data g ive somewhat l ower upper l imits 

than the o t her data in EAS . 

4. 	Emiss ion mechani s m 


The gamma ray emission below MeV r eg i on t ogether with t he periodlcnl 


fea tur es is well understood with the so called cocoon model by Milgrom and 

7


Pines ) . The model explains the s ha rp er dependences of s ignal upon t he orbital 

phase of the binary s ystem for the higller ener gy of gamma r ay . 4.8 hours is 

taken as the period of or bita l mo ti on of the clos e bi na ry s ystem of a r apid 

r otating pulsa r and a nondegenerate companion . The sys t em is assumed s urrounded 

by a shel l of gas of r ad i us l012cm. The hydrogen col umn density is taken as 
24 - 22XIO cm through t he she11. 

The hi gh energy gamma r ay i n TeV region can be explained by stepani on8 ) 

and APparao9 ) with s ynchrotron r adia t i on and/or inverse 	Compton processes by 

energetic elect r ons . Stepanion has assumed the existence of energet i c electrons 

as high as l 015eV. Apparao has obtai ne d the es timated val ue of number of 
46 

energetic elec trons l a rger thaT. 150 HeV as 6XI0 at the source region within 

l012cm . These mOdels mus t assume an existenc e of elec trons of higher energies 

15
to explai n the gamma rays of 10 eV. 


An aJ temative model is the production of gamma r ay through nuclear 


inte r ac tion of proton . Vestrand and Eichler10 ) have calcula t ed the gamma ray 
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flux through the decay of neutral pi- mesons, which are produced in the inter

actions between cosmi c ray proton and the surrounding matter of the binary 

system. This model, however, l eads to the spec trum of gamma r ay as steep as 

the spec trum of the parent pr ot on. 

A flatter energy spectrum of gamma r ay can be obtained with a model in 

whi ch t he ener getic gamma rays are pr oduced by the decay of neutral pions 

created in the photo-nuc lear int e r acti ons of proton with the ambient number 

of photons in the energy region of X- r ay to soft gamma ray . 

The number of phot ons, n (k) . is descr ibed by a power law as a function 

of photon enerp;y k as n(k) dk ~ a k - '" dk, where 0( is about -2 for k greater than 

100 eV and t ends to 0 below 100 eV. The fl ux of proton ia also approximated 

by a power law N(E)dE b E- ~ dE , where E is the energy of proton and ~ is 

about 2 . 9 when obs erved at the earth. The probability that the nuc lear inter

ac ti on takes p l ace is g i ven by the product of cross section of pion photo 

producti on and t he ' lumi noci ty' of photon and proton beams. Although the 

photon energy depends upon t he pion energy and the kinematics of each decay , 

let us t ake a simple view that the decayed photons carry a half of pion energy 

and are emi tteo i nto 90
0 

relative to the i nitial beam di rect ion in the center 

of mass sys tem. With this approximation and near t he threshold , we can estimate 

the energy of fi nal gamma ray K- E/IO a l most independent of k . The spectrum 

of gamma ray is given by 

f (K) dK = ~ dkdE a' abk - \j E- ~ . 
If we approximate the cr oss section as a constant, the above equation is 

easily integrated in k above the threshold to gi ve 

f(K)dK _ dK K0.. - ~-l . 

The index of power of gamma ray s pec t rum is thus given as c:i- ~ -1, which is 

fl a t ter than than proton spectrum ru1d consistent with the observatio~. It is 

due t o the fact that the number of target photons above t he threshold increases 

with the i ncreas ing pr oton energy, which corresponds t o the ; ncreas ing ener·...'] 

of the fi nal gamma ray. More car eful t reatmentc give essenti a lly the same 

results. 

4. 	Discuss ions 

By compar i ng the result of photo-production process wi th the observed 

value, we can estimate the absolute intensity of coamic ray proton at the 

source . The normalization of photon number , a, ; s dete rmined by multiplying 

the flux of X- ray observed at the earth by (O/Ro)2 , where D is the distance 

to the source Cyg X- 3 and Ro is the character istic dimension of X- ray emission, 
46

about 1012 em. The ca l cul a t ed va lue of n(k > 1KeV) i s about 10 , wh ich i s as 
9large as the one used by APparao ) who has calculated the fl ux of ener geti c 

electron t o exp l ain TeV gamma ray by inverse Compton pr ocess. 

With the above number of target photons the cosmic r ay proton is calculated 

at the s ource as in t ense as 1022times of the flux observe d at the earth, which 
- 10 - 2 -1 - 1is about 10 cm s tr s ec . This f l ux at the source is comparable wi th 

the flux of elec lron extr apolated fr om 1 GeV r egion t o the conSi dered high 

energy region, when the electron flux estimated for Crab Nebula or for Cyg X-3 

is applied. 

The phase of maximum f lux i n the lower enargy r egion than TeV is about 
. 2 ) 3) 11) 	 . 15

0 .6 of 4.8 hours per Iod On the other hand, t he phase 1n 10 eV is 
12 around 0 . 3 . This may suggest that the production mechanism changes fr om 10

to 1015eV energy regi on. It is qu ite necessary to accumul ate mor e reliable 

and detCliled da in EAS ener gy r egi on . 

It i s also very interesting t o know if the f lat spectru~ of gamma r ay 

is affected as a dip by the i nt e rac tion with 2.7oK r adiation around 101Sev , 

as a function of distance t o t he vari ous sour ces of very high energy ga.... lla ray. 

The univer sal ity of the mi cr owave r adiation can be checked in the Galac t ic 

scale. 
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1. In troduction 

In re cen t years, the question of whether the neutrino 

has the finite mass or not has been of growing interest. 

The precise measurement of it may give a clue to construct a 

new understanding of the elementary particle physics beyond 

the standard model of the electroweak and strong interactions. 

In the schemes suc h as the grand unification in vhich the 

left-right symmetry is fundamentally assumed, the neutrino 

necessarily acquires the mass. Also the missing mass problem 

of the universe in the astrophysics may be resolved 

satisfactorily, if the neutrino has a mass of a few tens of 

eV's. 

Since the success of the a-decay theory originated 

from E. Fermi based on the neutrino hypothesis proposed by 

w. Pauli, many attempts have been made to measure the neutrino 

mass experimentally. By far the most accurate and unambiguous 

information on the electron anti-neutrino mass has been 

obtained from the measurement of the phase space modification 

due to the non-zero mass near the end-point of the energy 

spectrum of 3H a-decay as s hown in Fig. 1. The reason tritium 

is used as the a-decay object is due to its following 

properties: 

1) The small Q-value of ~ 18.6 keV 

2) The moderate life time of ~ 12 years 

3) The simple structure of nuclei. 

4
Thus as listed in Table I, tritium has been used in most 

of the experiments, except for that of Beck ln vhich 22Na vas 

used as the a+-decay source and which therefore measured the 

electron neutrino mass, not the electron anti-neutrino. mass. 

ITEP group presented their results in 1980ll)nd 1983~~ereafter 
we refer to them ~s ITEP-80 and ITEP-83, respectively.) 

reporting that the electron anti-neutrino has a non-zero 

mass of > 20 eV. This announcement became the focus of the 

world's attention. Since then many experiments were started 
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at various laboratories in the world trying either to verify 

or disprove the results given by ITEP-80 and ITEP-83. 

We pre s ented at various opportunities . the . brief 

experimental reviews on the former neutrino mass measurements 

including those On the muon- and tau-neutrinos, and also our 

proposal On the electron anti-neutrino mass measurment at INS. 

Today, we will try to review the currently proceeding 

experiments that are aiming to pin down the electron anti 

neutrino mass (which is hereafte·r referred to simply as the 

neutrino mass m ) with the accuracy of < 20 eV using the" . 
traditional way of S-spectrum measurement for 3H decay, 

and will also report our present preparatory status for the 

mass 	 measurement. 

II. 	 Background and Mass Sensitivity 

There are three experimental key-points essential for 

achieving high mass-sensitivity. They are: 

1) High statistics 

2) High energy resolution 

3) Small background contribution 

All of the experiments listed in Table 1 were made in 

an effort to improve the above former two items which can 

be easily understood by looking at Fig. 1. In the following, 

we would like to show how the background suppression is as 

important as the former two. 

Firstly, let uS see the mass sensitivity (Am ) from the 
v

viewpoint of the integrated SiN r~tio. Let us define 6R as: 

f6E n(E)l lOdEm 
v 

~ = 1 

f6E n(E)l = 0 dEm 
v 

m 2
3 	 v (1 )
2 (6E) 

Where neE) is the S-spectrum and the integration is carried 

out over the energy interval of 6E up to the end-point 

energy (E
max

). As 6R is a difference of the integrated 

S-spectra in the cases of m,,1 0 and m" = 0, the upper mass 

limit we could set is obtained by estimating how accurately 

we can measure 6R. Here, a (an inverse of the integrated 

SiN ratio) is defined as: 

N
Be 


a 

NS 


nBe(E) dENBe =f6E 

Jt,E nS (E) dE 
NS 

where nBe(E) and nS(E) are the background and S-spectra, 

respectively. By solving Eq. (1), 6m can be expressed as: 
v 

2n 
Am" =/3 (1+2a)1/4 6E I NSl/4 (2) 

where n is the number of standard deviations of 6R from the 

zero. Fig. 2 shows the relations between NS (total number of 

events) and a to achieve the upper limit value of 6m with 
v 

n=3 standard deviation in the case of 6E = 100 eV. It has 

to be kept in mind that .in the above calculation the energy 

resolution,which relates proportionally to 6m ' is not taken v 
into 	account. 

Secondly, let us see the mass sensitivity Amv from the 

viewpoint of the differential SiN ratio. This will show the 

reason why the error bars of Kurie spectrum in ITEP-83 i s ~10 

times smaller than those in ITEP-80 while the former has ~2 

times higher accumulated events compared to the latter. Near 

the end-point region, as the momentum (p) of the S-particle 

and Fermi function (F) have almost constant numbers, the 

behaviour of error bars of Kurie spectrum (~p2 F) can 

be estimated by looking at those of In(E). It can be written as: 

- 213 -	 - 214 



1 n (E) 
(n(E) = (-) [1+2(~)11 / 2 

2 nS (E) 

1 2 a 1/2
(-) [1+(-) ( - )] (3) 
2 3 ~2 

",here ~=(Emax_E)/6E. Fig 3(a) shows the behaviours of (n(E) 

in the case of 6E = 100 eV. With smaller a ~alue, the error 

reaches to a certain value, of 0.5 in this case, and the error 

rapidly increases near the end-point. When the mass sensitivity 
max * * * is defined to be the energy of E -E at nBC(E ) = nS(E ), the 

sensitivity varies with the a as shown in Fig. 3(b). 

From the above considerations, we can set up a standard 

for the three key-points, for instance, to achieve 6 = 5 eV:mv 

104 105 _NS 

a < 0.01 (4 ) 

and the energy resolution of 5 eV. 

III. Present and Future Experiments 

Let us briefly review the experiments, which will have the 

results regarding the neutrino mass in the near future~ including 

ITEP-83. Table 2 is a list of the experiments originally 
l3

presented by Shaevitz )at 1983 Cornell Conference and was changed 

and added a few items by us. 

Experiments 1) - 6) are the traditional types of measurement 

that employ the fOCUSing type of magnetic spectrometer as the 

momentum analyzer for the S-particle, while 8) - 11) are the 

new types of experiments using the atomic 3H or the solid 

molecular 3H sources. 

ITEP-83 (Boris et al.) 

Details of ITEP-80 and ITEP-83 can be seen in ref. 12, 13). 

A multi-loop iron-free toroidal magnetic spectrometer with a 

rotation angle of 4_ was used as seen in Fig 4. This 4- rotation 

of the electron trajectory might reduce substantially the 

background contribution that originates from the 3H labelled 
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molecules evaporated from the source. The source was the 3H 

labelled valine (C H N0 ) compound with the specific activity
S II 2

of 58 Ci/mmol and the thickness of ~2u5/cm2. The S-dectector 

was the proportional counter with several anode wires from 

which the pulse height was also measured to discriminate the 

signal from the background. One of their terrific works is 

to study the spectrometer line shape by using the standard 

169Yb source mounted between the working 3H sources. 

Unfortunately, in spite of their careful study ITEP-80 did 

not take the intrinsic line width of 169Yb into account at 

the deduction of the spectrometer line shape. 

ITEP-83 reported a new result for the neutrino mass to 

be > 20 eV. They had improved the following aspects in 

this new measurement compared with those in ITEP-80: 

1) Energy - resolution was improved to 20 eV compared to 

45 eV at ITEP-80. 

2) Background was reduced by a factor of ~12 compared 

with ITEF-80, which resulted in the mass sensitivity of 

~20 eV from the viewpoint of the differential SiN ratio 

discussed above. 

3) Line shape was studied considering the intrinsic 

line width of 169Yb . 

4) Spectrum was measured over wider energy range of 

~1.8 keV compared with 0.7 keV at ITEP-80. 

5) Higher statistics. 

ITEP-83 employed the electrostatic scanning method 

keeping the magnetic field at a constant value. With varying 

applied electric potential, s-particle was accelerated or 

decelerated so that the S-particle detected could always take 

the central orbit of the spectrometer and the same energy. 

By this method, the detection efficiency of the B-detector 

could not cause any bias on the spectrum. Also by setting the 

above accelerated a-particle energy at 22 keV and using pulse 

height discrimination by the detector, their efficient 

background suppression could be attained. 
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The data analysis in ITEP-83 was made for seve ral final 

s tates: Valine rnolecule, 3H molecule, 3H a tom, and 3H nucleus. 

They obtained the neutrino mass rn ~ 33.0 ~ 1.1 eV as the 
v 

2"'eighted mean value for the results of X fit and the end-point 

energy E
rnax ~ 185 75 eV at a 95% confidence level. They 

concluded t ha t it was possible to set a rnodel independent lower 

limit for t he neuttino mass : 

rn > 	 20 eV v 
Stockholm (Bergkvist)7) 

Fig. 5 shows the TI/:2 spectrometer used in 1972 by 

Bergkvist's experirnent which was the pioneering work in thi s 

field. Many ideas for rnost of other proceeding experiments 

are based on his magnificient works. It is heard that he 

will us e 3H labelled valine cornpound as same as that used by ITEP. 

Chalk Rive r (Graham ~ t al.) 

Their ~/:2 air-core rnagnetic spectrometer with the central 

orbital radius of 100 em is the l argest a-spectrometer in the 

world. Thus the best instrurnental .energy resolution is 

expected among experirnents 1) - 6). Tritiated titanium is 

being manufactured as the working source. 

Zurich (Kundig et al . )15) 

They are in the process of cons tructing a a-spectrorneter 

using a rnagnetic spectrometer sirnilar t o that of ITEP and a 

retarding electrostatic field surrounding the source. In 

principle, by retarding the a-particle energy with the 

electric potential opposite to ITEP rnethod, a large improvement 

on the energy re solution could be attained. For ins.tance, if 

~ + 18 kV is applied on a source, a-particle ernmitted frorn 

the source has the energy of E - 18 keY. While the intrinsic 

energy resolution ~E / E of the magnetic spec trometer is not 

affected by applying the electric potential . Then, absolute 

energy re so lution ~E is improved by a factor of ~E/(E-18 keY). 

They accelerate ~particle once again up ~2 0 keY near the 

focal plane of the spec trome ter so that it has enough energy 

to penetrate the detector window. 
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Peking (Sun Hun-Cheg et al.)16) 

u/2" iron a-spectrometer .,ith the central radius of 40 cm 

is used in combination with a single wire prop ortional co unter 

on the focal point. Their sour ce i s a 3H labelled Oestriadol 

compound. They measured the intrinsic spectrorneter resolution 

of 20 eV with a standard sour ce , and then began the fir s t 
2 mea sur ement of 3H a-spectrum with 1 rnCi/cm source. 

Institute for Nuclear Study (INS) 

See next section. 

U.C. 	 Ber ke ley (Heller et al.) 

We guess that the principle of thi s rneasurement ma y be 

the sarne with that of the expecirnent by J.J. Simpson:O)~~ile 
this rnethod is free from the atomic interplay problern by 

detecting Surn of a-particle energy and X-ray energy released 

a t the transition to the ground state from the excited one 

of 3He , the achievable energy resolution can not be high 

enough. 

Rockfeller, Ferrnilab & Lll (Fackler et al.) 

We know only a scheme of their experiment shown in Fig. 6~3) 
It seems that they use the pure frozen with very hi gh 3H2 
activity so that the complex ~ tomic interplay problern arose 

frorn the 3H labelled cornpound can be sirnplified. This scherne 

uses the electric field for s electing and fo cus ing the a-particle 

with very high accuracy. 

O.S.U. 	 (Boyd et al.) 

We have no inforrnation. 

LAHPF 	 (Bo"les et al.) 

As seen in Fig. 7;7) will be dissociated to 3H atom by3H2 

shaking with microwave so that the atornic interplay problern 

bec omes the sirnplest. The a-particle may be trapped by the 

magnetic field of a superconducting magnet so as to enhance 

the transrnission to the B-spectrorneter. Also, B-particle 

produced at the decay region inside of the magnet may be 

accelerated to transport to the spectrometer so that the 
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background will be suppressed by rhe same way wi rh ITEP-B3. 

IBM (Clark et al .) 

We have no information. 

IV. INS Experiment (Collaboration of INS/Univ. of Tokyo/ 

Tokyo Metro. Univ./Tokyo Inst. of Tech./Tohoku Univ . ) 

The goal of our experime nt is to measure the neutrino 

mass with the sensitivity of 5 - 7 eV. 

INS double focusing ~12 air-core B-ray spectrometer with 

the central radius of 75 cm is one of our big weapon. This 

spectrometer has the following properties: i) dispersion = 4, 

ii) field stability = 5 x 10-5/day , iii) measurable energy 

range = 0.2 keV - 4 MeV and iv) maximum momentum resolution 

so far obtained 0.013% for l37 Cs (662 keV). Also, it has 

a wide momentum acceptance of 4% so that by set ring a position 

sensitive B-dectector on the focal plane, B-spectrum in the 

vicinity of the end-point can be measured at once over the 

energy interval of ~1.5 keV. This method is called as the 

spectrographic detection whose scheme is shown in Fig. 8(a). 

In comparison with the magnetic or electrostatic scanning 

method, this results in shorter experimental period or higher 

statistics by a factor of ~lOO or more. Realization of the 

above approach depends only on the successful development 

of a pOSition sensitive B-dectector with high position 

resolution In addition to the specrrographic dectection, 

a widely extended source is used to have high luminoSity 

with an application of the electric potential on it to 

compensate the divergence of the B-particle on the focal 

plane. Acceleration or deceleration of the B-particles with 

the electric potential depending on the source position can 

focus them on the focal plane as sho",~ in Fig. 8(b). This 

idea was introduced by Bergkvist7 ) and is called as a non

equipotential method. This approach makes the luminosity 

higher by a factor of a few hundreds compared to the or dinar y 

measurement with a single t r ip- source of a few tenth of mm 

in width. Wide resistive membranes are prepared as the source 

backing material. As mentioned earlier, the background 
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supp r ession is substantially important to ach i eve the high 

mass-sensitivity. This background arises mainly from 3H 

cont amina tion on the spectrometer wall, according to ITEP 

expe r ience. The way of suppression in many experiments is 

based on the di ffe rent properties be t we en the signal and the 

background as shown in the following: 

1) The background from the wall takes different 

trajectory from that of the signal so that some of t h em can be 

rejected by putting masks along its long flight path~ 

2) The discrimination on the pulse height distribution 

in the S-detector also rejects the background. Especially, 

the acceleration scheme as used in ITEP-B3 makes the 

difference between the distributions of the signal and of the 

background larger and results in a large suppression 

together with the effect of 1). 

Our approach for the suppression is different from the 

above. Our principle is to suppress the e~aporation rate of 

3H labelled compound from the source in vacuum by cooling 

down to ~-100 °c. At this temperature, the evaporation rate 
-6 -7could be reduced by an order of 10 - 10 compared to that 

at the room temperature. 

Today, we would like to report our preparatory works 

on two items: 1) measurement of the evaporation rate of 3H 

source and ii) test of th e non-equipotential method. 

Evaporation rate of 3H ~ource 
3H labelled compound with the specific activity of 

~200 Ci/mrnol and with the thickness of a f elo' molecular layers 

is mounted on the resistive plate. These several sources 

we re set in a v acuum chamber shown in Fig. 9 Io·hich was 
-6 3 

evacuated to the pressure of ~10 torr. H sources and 

a calibration sourCe of l4c were mounted on a rotatory table 

and the yield of the B-particle from the sour ce was con tinously 

monitored by a scintillation counter. Inne r wa l l of t he chamber 

was surrounded by Al foil on which some part of the evaporated 
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3H compound was attache d. Al so, t he act ivi t y of the evacun ~ ed 
gas was monitored. With chis set-up, the following observations 

wer e obtained: 

1) At the room temper a ture, the accumulated activity 

on the Al foil for ~l day was ~l % of the source activity . 

2) At the temperature of ~1 00 ·C, the S- yie ld 

monito r ed over 10 da ys is as shown in Fi g. 10. Da t a doe s not 

show any de creasing trend related with t ime within the 

detection accuracy of ~~ 2%. 

3) After 10 days of measurement, the a c cumulated 

act ivity on the Al foil was mea sured. Activi ty in t egrated 
-4 over t he s ur face area of the chamber wa s ~10 of the source 

activity (3 mCi). 

4) Same measurement s with 2) and 3), but done wi th 

various time durations, and same re sult s with 2) and 3) 

were obtained as shown in Fig. 11. 

5) Exhausted gas from pumping sys t em wa s accumul a t ed , 

and their activities were meas ured . For ~10 day s accumulat i on, 
-4 

~0.2 	x 10 of the source activity was measured. 

Measurement of 2), 3) , 4) and Fig . 11 indicates that 

the evaporation rate and the accumulated activity on the Al 

foil do not show any dependence on time. In our te s t system, 

it takes 10 - 20 minutes for cooling down the so urce to 

10 - 20°C below room temperature after evacuating the chamber. 

The 3H compound continuously evaporated during this period. 

This rate was estimated to be ~10-4 from 1) . Then, it can be 

reasonably concluded that the me a sured activity accumulated 

for 10 days is dominated by the evaporation in the above

mentioned cooling process. Therefore, the accumulated activity 
4at -100 ·C might be much smaller than 10- and the rati o of the 

evaporation rates between -100 ·C and room temperature mi ght 
-3be «10 . 

The a-value discussed earlier, an indicator of t he 

backgro und contribution , will be, with a rough and not very 

reliable estima t ~ , s maller than 0.002 in the ca se that the 
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evaporation r ate is less than 10 of the sour ce act i vi ty. 

Tes t o f the non- eq uipotential met hod 

For t hi s tes t , 62 . 5 keV ~-particle (88.0 keV - Kl ine ) 
109 109 

from Cd was used as a mono-en ergetic source. Five Cd 
2 

sources with t he area of 0. 5 x 20 mm wer e made by e l e ct r ically 

dep os iting on thin Ag foils. The momen t um r e solution of each 

so ur ce was meas ured by the magnetic field scanning method and was 

obtained to be 0.03 - 0. 04 %. These five sour ces were placed 

on a plane, as illustra ted in Fig. 8(b), ~th distance of 46 moo 

between the source s and were surrounded by the electrode s for 

a pplying non-equipotent ial. A posi tion seusitive single-wire 

proportional counter18 ) was used as a 8-detector which had the 

po s i tion resolution o f ~1.3 mm in this energy region. Thu s , at 

t hi s time, the spectrographic detection made the overall 

momectum resolution of 0.06% for 62.5 keV B-particle. 

Firstly, B-spectrum was measured with no electric potential 

applied. Fig. l2(a) shows the measured spectrum,and dotted 

histogram in Fig. 13 is a numerical sum over the five measured 

individual spectra by lining up the peak positions. Secondly, 

the optimum electric potential was applied on the sources to 

unify five peaks. Fige 12(b) and a solid histogram in Fig. 13 

show the resultant s pectra. 

By comparing spectra with and without the electric potential 

in Fig. 13, we were convinced that the non-equipotential method 

worked very well without any deterioration of the resolution over 

the source spread of 180 rom. 

Further test with higher resolution is in progress. 

V. 	 Summary 

Since ITEP-80, m,any experiments with new interesting ideas 

for the mea surement of the electron (anti-) neutrino mass have 

been and are currently proceeding in the world. And their 

re s ul ts are eagerly awaited in the field of the ·elementary 

particle physics , a s trophy s ics and cosmonology to confirm that 

th e neutrino has the maSS of a few tens o f eV as ITEP reported. 
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Fig. 14 is an expected Kurie spectrum obtained 

stimulation with the condition of: 
4

10NS 

0.01 

~E (energy resolution) = 5 eV 

which our experiment is aiming to achieve. 
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Table Capt ion s 

Table 1 

Table 2 

A list of the electron anti-neutrino mass measurements 

so far performed. 

A list of the currently proceeding experiments. This table 

originally presented by Shaevi tz13 ). 

wa s 

Fi g. 12 (a ) 

Fig.12(b) 

Fig. 13 

The spectrographically me a s ured spectra for 5 109Cd sources 

without the electric potential. On~ horizontal channel 

corresponds to 6p/p 0.0025%. 

The spectra obtained by the optimum potential applied. 

Dotted histogram is the spectrum summed S individual spectra 

Figure Captions 

Fig.l 

Fig.2 

Fig.3(a): 

Kurie plot for the 3H S-decay. Emax_18.6 keV is applied. 

Relation between Na and a for setting the upper mass limit of 

6m with 3 standard deviation in the caSe of m % O. 
v v 

Behav iour of e rror bars in the Kurie spectrum. 

Fig.14 

by lining up the peak positions. The spectrum in Fig.12(b) 

is also plotted with solid line, for comparison. 

Expected Kurie spectrum at INS experiment, obtained by a 

simulation under the condition of NS = 10
4 

, a = 0.01 and 

the energy resolution = 5 eV. Horizontal axis shows 

6E - E
max 

- (S-particle energy). 

Fig.3(h): Mass sensitivity from view-point of differential SiN ratio. 

Fig.4 A sectional plan of ITEP iron-free toroidal spectrometer. 

Fig.S A schema of the Bergkvist's spectrometer. 

Fig.6 A conceptual figure of Rockfeller, Fermilab & Lli experiment 

cited from ref.13. 

Fig.7 A conception of LAMPF experiment cited from ref.17. 

Fig.8(a): A schema of the spe ctrographic detection. 

Fig.8(b): A schema of the non-equipotential method. 

Fig.9 The detection system used for the measurement of the 

evaporation rate of 3H source. 

Fig.lO The source activities monitored continuously by a scintillation 

counter for 10 days. 4 sources whose thickness correspond to 

2, 4, 6 and 8 molecular layers, 

10-6 torr and - 100°C. 

were set under the condition of 

Fig.ll Accumulated activiti es on the Al foil for various time durations 

of the measurement. 
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UPPER Ll I~ IT ON 

MASS (eV/ c2) 

< 250 

< 500 

< 550 

< 4100 

< 200 

< 75 

< 60 

< 86 

< 35 

< 70 

14SM S46 v 
> 20 

* ve 

I~E AS UREMENTS OF ve MASS 

CON FI DE NCE 

( ~ ) 

67 

90 

90 

90 

90 

90 

95 

99 

~9 

MAS S MEASURn1ENT US ING 22Na 

Table 1 

RE FE REN CE 

LAN GER 1952( 1) 

HAMI LTON 1953( 2) 

FRIEDHAN 1958(3) 

BECK *1968(4 ) 

SALGO 1969(5) 

DARI S 1969(6) 

BERGKV IST 1972( 7) 

RODE 1972( 8) 

TRETYAKOV 19 76(9 ) 

SIMPSON 1979(10) 

LYUBIMOV 1980(11 ) 

BORIS 19 83( 12) 

Table 2 

EXPERI~IE NT SOURCE RESO LUTION SENS [TtVITY 

1) lTEP-B3 
(Bo ris e t a1.) 

3H in valine 20 eV 20 eV 

2 ) Stockho 1!'l 
( Ber ~kvi st) 

3H in valin e 25 eV > 19 eV 

3) Cha l k River 
(Gra ham et a1. ) 

Trit i at ed 
t it an ium 

10 eV > 
"

20 eV 

4) Zu r ich 
(Kund ig et a 1.) 5 eV > 10 eV 

5) 

6) 

Pekin g 
(S un Hun-Cheng 

INS 

3H i n Oestradi ol 
et a1.) 

3
H labe lled d compoun 

20 

5 

eV 

eV 5 - 7 eV 

7) U. C. Berkde y 
(He ller e~ 21. ) 

3H in 
s e miconductor 

100 eV > 30 eV 

8) Rock-FNA L-LLL 
(Fackler et al.) 

Solid 
molecular 

3 
H 1-2" eV 4 eV 

9) O. S.U. 
(Boyd e t a1.) 10 eV > 10 eV 

10) LAMP F 
(Bo",les et al . ) 

Atomic 3H 40 e V > 10 eV 

11 ) IBH 
(Clark et a1.) 

Solid 3H 5 eV 
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Hea s uremen t of the ~la ss of t he Electr on Neutri.no 

using Elect ron Cap ture in l63Ho 

Shinj i ro Yasumi 

National Laboratory for High Ener gy "P hysic s (ICEK) 

Dho- machi , Tsukuba - gun , Ibaraki - ken , 305, J apan 

Th is experiment i s be ing done by the followin g co l labor a t ion ; 

KEK: S. Yasumi, F. Ochiai , N. Ando , H. Haezawa , H. Kitamura 

Osaka Unive r sity: M. Haruyarna 

Tohoku University: H. Fuj ioka , K. h h il , T. Shinozuka , K. Sera, T . 

Omo r i, G. l zawa, H. Yagi, K. MilSllmoto 

University of Ts ukuba : K. Shima 

Kyoto Uni versity: 1 . Hukoyama , Y. Tna gaki 

T. I .T,: H. Taketani 

INS: I. Sugai 

University of Tokyo: A. Masuda. 

Our m -s(udies are now w~ll going on along the lin~s as d~scribed in my
tie 1)


talk aL rhe Brtghrou Conferen('e . We already obtained the relationship 

16 3 N


between ro and the Q-value of llo uslng the: vnl ...e of Tl/2 and t he nuclear 

ve 163 163


matrix e1empnt r elevant to t he t r ans i tlon Ho -+ Oyl ,2 ) We a re now crying 

t o improve the pr ec i sion on mve' as dete rmined from the Q-val ue by reducing 

experimen t a l uncertaint i es both in the tot a l nwnbe r measurement: for l 63Ho a t oms 

in a sour ce and in the ~IX-r ay in t ensity measurement. For Lha c we are measur ing 

Li1 c, total number o f 163Ho at oms in a source using the Isotope Dilutio n Mas s 

Sp ectrometry3 ) as well as the PIXE method. Fur ther , in ord er t o remove the 

uncertainty in ril e thickness of a b2r)' J1tum windol' of a Si(Li) de lector used to 

measur " ~IX - r ays f r OID l 63Ho , a windowless Si("Li ) detector ha s been purcha s ed 

fr om HORIBA Company Ltd . With this device we have suc ceeded in obta i ning a 

v"rv beautiful MX-ray spec trwn f rom a l 63Ho source as shown in Fig. 1. 

If the Q-val ue o f 1 63Ho i s de t ermi ned independ ent ly, m can be obt a ined 
ve 

f r om t ile mve- Q r rd3tion men t i oned above. 

On the o lh ~ r hand, in orde r to det ermi ne bo th mve and t he Q- val ue simulta

neously, we are doing s t ud ies on the H shel l of the d ysp r os ium atom uSi,lg mono

chromat ic pho t ons from the 2.5 GeV Electron Storage Ring in our Photon Fa c tory.4) 

The experimenta l setup i s schema t i r. a lly shown in Fi g . 2. Undula tor 

r ad:l.at i ons from BL-2 line of the s to r age ring ar e monochromatecl th r o ugh a 

double r eflection monochromato r made of a be r yl cr ys t a l and impinge upon a Oy 

targe t . Inc ident phOlOU be ams are monilo red 1< 1til a pho Lon detec tor. \-Ie use 

beams wi t h five di f f e r ent e ne r gi es, Ea ' Eb , Ec' Ed and Ee where Ea > EM l.> Eb>~2 > 

Ec>EM 3>Ed '~14 > E,, > EM5 ' and ~i (i;1",5) st nnds for t he bind"ing ener gy of Hi 

subshal1 as indicated in Fig. 3. The en ergy wldLhs o f the s e photon beams a r e 

a f ew cV and sha rp enougll Lo r o?ma in di sL Inct fr om eac h subshcl l l evel . ~lX-r ays 

emi t red by dyspr os ium atoms excit ed by r he i ncident photon beams , are meJs ured 

\Olit h two Si( Li ) detectors, one o f "hich i s set i n the di rection o f t he pol a r i 

zat i on of phD Lan beams (hor izo na l) and t he oth!', is se t a t an angle of 90° to 

t he di r ect i on of the pola r i za tion of pho t on beams (ver ti cal) as shown in Fig . 

2. If Se E ) denetes MX-ray ll uor escence s pect rum from Oy a toms excited by
(l $(£", ) 

mo nochromat ic pho l ons hav ing an energy En ' i s r epre sent ed by the follow i ng 
•equaLion; 

S ( Er). ) Nm·toi (Ea )·f i 
(i 1·"5 ) (1) 

- ~ 40 - - 241 
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where 

f. }!X-ray spec trum i ll l he C3 6 e wh.'r ... tl,ere i" one vacancy i n Mi 
l 

subs hell only , 

(5. ( E ) photo e l ec tr ic cross sec ri on of H . s ubshell for a 
~ l! 	 l. 

photon of 3n ('ne rgy of Eo' 

N: 	 tot nl number of incident pbotons per second, 

2
m: numbe r of dysp r osium at oms 1n a Larget per cru . 


Rewriting e.quB t i on (1) in det ail , M:: hav', 


SeE) Nmlo l (E) . f j+ a 2 (E) ' f 2+a/ E,, ) . f 3+01, (E) . fl,+05 (E ) .f " a S 

S ( E ) = Nm{ ° 2( Eb) · f2 +(5 3(Eb)·f3+o4 (Eb)· f4+aS(Eb) ·fS!h

S(E ) = Nm { J3(Ec) ·f3+o4 (Ec)· f4 +oS(cc) · fSI c 

SeEd) = Nm( 	 °4(Ed)· f4+oS(Ed ) ·fs ) 

stEe l = Nm{ 	 °S( Ee )· f s} 

A typical raw data of StEal recently obtained by us is shown in Fig. 4, whe r e 

E =2.l3 KeV. We measure five spectra, S(E ), S(E ), S(E )' SeEd) and stEel,a a b c
cha ng ing t he energy of an incident photon beam. 

If (51 (Ea) is known, one can obtain fi ( i~ 5~1 ) by turns us ing the above f ive 

equations. fl 	and f2 in Fig. 3 are theoretical spectra "hic h were cal c uln ted 
S)

by T. Mu koyama . 
15 3Ho 163 

If Sp stands for a photon spectrum from Ho where number of photons 

per atom per second i s plotted as a function of an energy of photons, as s hown 

in Fig . 3, 

t hen we have 

1 d 

S P = N dt [ fl' N~!l+f 2 • N~12 J 


163Ho 

a 

d 
dt [f l ·'11l+f 2· nm] 

= f d"Ml + f d"M2 

1 dt 2 dt 


163Ho 
Sp ),H .f l + AM .f 2 · (2) 


1 2 


- 21,2 

when , 

N (1=l ,2 ) : nUlDbe r o f V~C iJ[l ('j os produced i n ~1. subsl."l l in the 
m 163H E. C. J6 J jJ I

d ecay 0 -, y , 

n~!i (j=J, 2) : c NMi7No . 16 3 

No to ti,l n umb". of Ho atoms i n a soune . 


\!i(i~1,2 ) : partial Hi-cJpture deco y (' nnstnn ! . 


u; 'flo 
f.qua Lion (2 ) t,'\ J 5 us tltat whell \"e r e con str uct Sp ">i ; ng "pecna f 1 ' 111<1 

[2 ' these coeffic ients of fl and f2 co rr espond AMI and ~ H2 r eape. Ljv~ l . 

Al terna t ive "ay t o geL ). ~U and ),H2 is in the f ollowing .which i s bas e'a "n 

the fac t t hat peak 1 i n Fig . 3 come s [ rom HI subshell only and p(:ak 2 in Fig , 3 

t ome s f rom M and M2 subsbells :J 
l'o.lHo

If i n t ensi ties of peak I and peak 2 in Sp deno tt' II and 12 r espe c 

t ively as shown in Fig. 3, we have 

P m = dnMl 2 ),

II 1 dt Ml ' 

[1 _ (P Ml x dnHl )] M2 )" 	 (3)
2 2 d t P 2 H2 

lS; H~!l Ml
where PI and P stand for count e r par ts in fl 	for peaks 1 and 2 in Sp 02 1&1 Ho . 1 H2respect1ve y, and P2 stands for a counterpart in f2 for peak 2 in Sp in 

Fi g. 3. On t ile o the r hand \ tl and ),H2 are express ed as 

~ 2 	 2' -1 22.7 x (0-2.047)· (0-2.047) -m xl 0 per a t om per sec ..), Ml 	 ve 

r- --2 2' -1 2 
),H2 0.13x (0-1.841)·,t(0-1.841) -mv e xl0 per atom per sec. (4) 

where mve and 0 are given in KeV. 

Usin g l Hl and lM2 as det~r~tned experimentally (equa l ions (2) and (3», 

both mve and (he Q-value can be obtained from equations (4). 

Fi na l'ly we summarize several Hays to deter mi ne mve us i ng electron capture 

in 163Ho in Fig . S. It seems similar wavs to these are also appli cab l e to 

ot her electron ca pt uring nuclides. 
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Leve 1 scheme Incident X- rays 

of Dy 


keY .. Eo ± bEeM 1 (2 .047) 
• Eb ± bEbM2(f .841 ) 
• Ec ± bEeM3( 1 .676) 

Ed ± 6Ed
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Present Status of the Solar Ne utrino Problem 

Naoki Itoh 

Department of Physics, Sophia Unive r s ity 


Kioi-cho, Chiyoda-ku, Tokyo, J02 Japan 


ABSTRACT 

The present status of the solar neutrino problem i s critically 

reviewed. It is s ugge sted that fur ther measurement s o f the low-energy 

nuclear c r oss sections, the controvers ial 3He (4 He ,y ) 7Be cross section 

in particular, should be made before taking up more exotic e xplanations. 
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t) Deceased. 

Nucl ear Physics in the Solar Neutrino Probl em 

Kuni o Naga tani
t 

I ns titute for Nucl ea r Study, University of Tokyo 

Tanashi , Tokyo 188 , Japan 

- 251 

It i s with great sorrow tha t we h3ve to announce the death of Professor 

Kunio Naga t ani, on 18th of March 1984, at the age of 48 , in a t r ag ic 

acc id ent . He gav~ a very lucid t a lk, unfortunately his l as t , at this 

Workshop . There is no ma nusc r i p t for t hi s Proceedings, and t her efore we 

have attempted to co llec t t he transparenc ie s tha t he present ed. It i s 

naturally impossible to recons truct hi s ac tua l talk that so faSCin a ted the 

aud i e nce . Never t heless, we hope that this ma teria l will he lp t o keep hi s 

memory alive for the pa r ticipant s of the Wo r kshop and o ther s who know him. 

H. FukugHa 

- 252 



tV 

"' 
.". " , 

~. 
~ I 

t--. 

'\ 

.,~ -
, , 

.' 

. 
... 

" i 

~ 

.".. 

..,... 

II 

, . 



'1/,. ?at: (I', y ) '8 h; :'"J 
- ",~ 

The f ollowing figures are omitt ed : ,.. 
w/}~r [s ,-.u .r l 7t) • 

Fig. 2 
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Fi g s . 4a, 4b 

I,'J ~"" ,J ,I, I--ee-J.,rs Figs . 5, Sa, 6a 
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Figs . 7, 8 , 9;,'i ) 0,. .$tlfll ,.,.,..., iJeM ? 
Fig . 11, 12 

Fi g . 13 

Figs . 14 , 14a 

Fi gs. 26, 27 

"0 z:~ ~(l. 

For gene r a l r e fe rence s , s ee : 

J . N. Bahc a ll and R. Davis , Jr. , An Accoun t of the Deve l opmenL of the 

Sola r Ne u t r ino Pr oblem, Contr i bution to the Fes t schrift fo r Wi l l y Fowl er; 

J. N. Ba hcal l, W. F. Hue bne r , S . H. Lubow, P . D. Parker and R. K. Ulrich, 

Rev . Mod . Phys. 2±. 767 (198 2). 
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" wit h i n ou r s to r e oE observa t ional in Eocmat io n about stae s , 
b nlyt h bhl o r ine , 3 7 e xpe,Lrnent is cl~a rly incoQs i st~pt with 
the s t and a rd th eory of s te l lar evo lutio n . It is the on l y plac~ 
wh er e we do n't see a wat o ut oE observa tional d i fficu l ties 
\I, "We know mo r e about fi e sun than any o t hee star. Because it 
i s so clos e, we can measue e i t s mass, radi us, a~e, sur f ace 
c ompos i on, a nd luminosity much bette r: than f o r any other star. 
Also th e sun is in the static main s e quence stage where the 
c a l culat i o n s ar e: the simplest, and most re l iaple. So the sun i s 
t ies t and the best determined case Eor s t ellar 
evo l u t i o n. It 1S a serious em arrassment that the heoc e tical 
a nswe r doesn' tcome out e ight. " 

I. 

We beli e~ e tha t' th e n uclear sy nthesi s in star is quite weil 

understood. In th e sun, most o f the energy comes feom the very 

initiql brage o f the whole c hain of the s ynthe sis where four 

proto ns a rc convert~d into an alpha, so c a lled proton-peoton 

(p-p) c hain. Therefor e , t h e study of the sol ae neu te i nos boils 

d own to investig a t ing the p- p chai n reactions, in particular 

the ir cr o s s s ect Ion s at very low energI es. a e ee a gain we 

riotice th at: if we a r e ri6t able to deterrnibe th e s e simple 

reaction ra tes, we can no t be cr e dibl e for an y other process e s . 
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T.'illLE V. Individual It values and cross sections [or IB neu
trloos incident on l lC\. The It values are from measurements 
bySextro. Gough. and CernY "(1974) of lTCa deCay ratios. 

N"I (J--J Exc itation energy (J., 
(lO-Hcm1)II () (MeV) (105~ /ff) • [Eq. (17)1 flb 

I~+ 
01 N 01 

0.872 5960.794 397'- 0 "" 0.0N 0.857 4180.826 2721.41 
1.351 176.5 0.833 429 

~. 53 1.471 135 0.820 35i 

12 a 0.809 405 

2 .3 0 

1.919 ~ ... 3.84 
0.803 1260.752 964 .4 0 
0.800 2311.449 " 924.50 

- I 0.798 135 Ol~ 4. 66 0.909 86 

II ) ::. 
 0.790 24 9 1.923 75.54.95 

II II I •••+ " . 
-
.,

(ll 
0.790 6 . 31~50.0 74.5 


lD-..J 

4 .98 
5.12 6.711 70 0.788 - 799

' 
1\.) 0.785 15310408 &45.32 

0.782 78
5.4 5 0.769 60 

0.773 1261.667 456.02 

"J 
f-'. 'Taken. [rom Bextro. GQugb, and Cerny (1974).

cCi 
bSee Eqs. (2 ·i ) and (34). 

'" N1 
II <D 
• A . . . - vI 
'- Ol --..J 

N 
 TABLE IV. Vario us estimate s of the IB solar neutrino cross sec tlonon l1C\. ~ 


(J 

(1 (J 4l cml ) Mod el lTe l data Assumption " 

A Sexiro e/ al. (1 974) log/l" 3.30 anal og 
_I N D Sextro el al. (1 974) log lt =3.256 analog (a m inim um) 

N 0 C Se)(tro ii i al. (1974) 2.1 % decay to E,= 6.5 Me V 
'.' () D Pos \(an2.e r et at. (J D6S) 18% decay to lhe · l.41 MeV st ate 

()l _~, E Pos kanz.er at al. (19 6G) 18 % decay to the 2. 80 MeV state 
~ -..J --..j F Poska n.z er el al. (1966) ,,(1 .4 MeV)/" (2 .8 MeY )=2 .4· 

G Posk aru. er III II/. (1966) ,,(1.4 MeV)/"(2.8 MeV)= 0.1 8 b 

1. 05 
1.11 
1.10 
1.0E, 
1.09 
LOG 
1. 08 

' Haxto n and Donne Hy (1977). 
bLanford and Wlldenthal (1972). 

F ig . 6b 
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.......
Om n»0 -1 """""\-< ....... 
 ~ 0 	 0 m ~ 	 23 26 29 32 3Sa 	 0 a a f-' a 	 3::::z tilI 	 I I I 	 mrn NEUTRON ENERGY En ( MeV)
f-' 	 f-' I-' CO 	 .po a <:;:0 -n.po .0'1 	 N Gl ;0
""-J 	 N .po -< a.po 0 N 3: 

til 
-1 TABLE 1. Results of reactions l'Ga(p ,n)lIG€ and 

"J,.,. 	 ~ 5BNHp, n ) SB Cu(g.sol.
<0 	 :::z 

0 

tv ?; 	 Final state (aaldn)~";,~o loglt a
"'" 	 0 E. (MeV), r (mb / srl (p, n) f3 + decay 

n 	 tilW -....J 0 	 0'1 I-' a 0 w :t:-	 a0'1 	
-...J '""0 r l'Ge(O.O, 1/ 2-) 0.153 4.676 b 4 .375c 

U1 0'1 a 0 	 0 N n -1 ~ CO N 	 (OJ175, 5/2-) 0.145 4.69I~ U1 W 	 ?;r 	 c 
;:0 (0.500, 3/ 2-) 0.036 5 .31 m 	 3: SBCu(O.O, P) 0.325 4.36 4 .8 3 0 
;:0 	 0 
:> 	 m 
-1 	 r • A loglt value Is connected to the GT matr ix element 
rn B(GT) through It = 61G3.4/(gA1gV)2B(GT) (for this con-N 0'1 -...JI-' 

I~ 	 • 
N 	 I-'

W CO N -....J .... 	 stant, see nef. 14), the ratio of the axial to vectora . Gl tilN O'i ""-J ""-J U1 .po N »0 :::z 	 coupling constants being 1.250 (Ref. 15). 
c bB(GT; p,n), which Is also the GT matrix element 

for neutrino absorption, Is related to B(GTj (3 +) , the 
GT matrix element· for Inverse (3+ decay, through 

B(GTjp,n) = [ (2J,+l) / (2J,+llIB (GT;(3+), where J, andf;,:',:~ , ;r.I'/ . ,,; .. :.~ ~· , , , ~ : .. I. " 1,,: ', '; \ ..} .. ... .' ,'.,. .. . . . . " !.;. . ·· ·,,·1 J, are the spins of the initial and final states for the 
(p , n) reaction, respectively. 

cTaken fr o m Ref. 16. 
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Scenarios of Galaxy Formation* 

Humitaka SATO 

Research Institute for Fundamental Physics 


Kyoto University, Kyoto 606 


Abstract 


Two different approache 9 to gal axy f ormation is con tra ste d: 

One is the primord i al s c ena r io based on particle phy s i cs a nd t he 

another is the pregalactic scenario from astronomical side . 

A short summary of the review talk given at the Workshop "GUT 

and Astrophysics" at KEK in December 7-10, 1983. 

* 
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1. Invation of particle physics to astronomy 

In the last five years, the early universe has been explored 

in a close contact with particle physics and it has strengthened 

the belief that the history of the universe could be traced back 

-44to the Planck era of 10 sec after the big bang. The 

breakthrough of this rapid progress was mainly due to the 

advancement of particle physics since the middle 1970's, 

particularly, the establishment of quark model and unified gauge 

theory.l) For example, we had not a definite image about the 

state of matter before 10-4 sec , in wh ich hadrons overlap each 

other, and the further trace before the nucleosynthesis era had 

2been blocked by this hadron barrier. ) 

Overcoming this hadron barrier by QeD, we realized that the 

state of matter is so simple to treat even in such early universe; 

it is just a mixture of ideal gases. Therefore, the theorists 

have now become bold enough to trace back the history up to the 

GUT era of 10-3S sec , only because nothing has been known to block 

it . They have discussed ba r y o n number synthesis,3) astronomical 

roles of relic particles, 4 ) clustering of massive neutrinos,S) 

magnetic monopoles and so fo rth . They are still concerned mainly 

with t he origin o f mat ter, wh ich wou l d be still the realm of t ~e 

particle physics or its colony. 

However, encouraged by the success of the inflation 

scenar io,6) the theorists working these subjects have started to 

try to explain the formation of galaxy in terms of quantum 

fluctuation. That is an invation to the realm of astronomy and 

the contrast between the two approaches has become evident, that 

will be discussed later. 

Anyway, the contributions of the particle physics to the 
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cosmology is already enormous . This approach to the study of the 

universe is like to the cartoon (Fig.), in which he is studying 

galaxies through a microscope . 

2. Large scale structure and d a r k matter 


favorite menus of particle cosmology 


What is the maj or observ ational facts for our p roblem of 


ga laxy formation? First of all , the galax i es and t heir s y stem are 

decoupled dynamically fr om the universal co smic e xpans ion and 

t heir distribution is almos t un iform in the scales large r than 

100Mpc . In the t ransient 	scale between t he clumpy and t he uniform 

scales, the clust er-vo i d structure, which is 	cal led "large s c a le 

7 
structure" recently, has b ecome more evident. ) Fur ther, t he 

densi ty c orrelation funct i on t akes a power low form such as 

-1 7Y 	 . not only for the ga laxy-gala xy but also for 

8 superc l us ter-supercluster. ) The 	dark mat t er, first l y found in 

c l us t e r s o f gala x ies, h as been detected more c learly in t he halos 

of spiral galaxies and, possib ly , also in the dwarf galaxies, the 

companions of our galaxy. 9) Then, t he average d en s ity of matter 

clustered with s ize s le ss 	than I OOMpc is e stima ted as n=O.l ~O. 3 , 

which i s larger than the b ary on dens ity from the nu c leosyn t hesi s 

but smaller than 0 =1 predicted by the new inflation scenar i o. 

The above facts are f a vorite menus which the particle 

cosmology wants to cook . But, what is overlooked sometime by it 

is the actively shining sources in the early stage like quasars , 

the background radiation in X-ray 	and NIR , the extrern old stars, 

the chemical abundances on them and so forth. The astronomical 
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approach would pay more attention to these later facts. 

3. Who is crazy? 

Peoples will regard him a bit crazy if somebody answered to a 

question "who is your ancestor? " that "he was a coacervate in some 

muddy shore". But, what the particle cosmology is trying to do 

a bout the galaxy formation is just this sort of answer . Such an 

attitude c omes fr om the theoretical pre judice tha t we have known 

al l the compo nents necessary for this s ub ject a nd the problem is 

merely how to cook them. Somet ime, thi s sort of innocent bo l dness 

i s very e ffect ive a nd should not be l a ughed away . Hi s toricall ~ , 

the b i g bang cosmo logy was this c ase. 

The astro n omi cal approac h tries to answe r in more mode r ate 

ma nne r . One seeks to f ind wha t is a pregala ct ic objects wh ich 

generates galaxy . You may cr iticize it saying t ha t the 

pre g a!ac tic ob ject needs further pre - pre-galactic objec t and such 

an a nswer is not final. But , in thi s appro ach, the y are s eek ing 

new component s whi c h migh t be indispensable f o r galaxy forma t ion. 

They look to be poli te enough no t to regard themse lve s a s they 

have known all the components already, b ut , i n other sense, the y 

are bol d enough to introduce any new objec t s wh ich are not 

forbidden by t he p r esent observa t ion. 

We call thi s approach as "pregalactic s cenario" and the 

previous one of the particle cosmology as "pr imordial scenario". 

Recent works in this direction is 	t he isothermal fluctuation 

lOscenario, the population III stars ) and the explosion dominated 

universe. 11) All the nonstandard models such as the · cold" or 

" tepid" scenario are included in this category . 
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4. Is the microwave fluctuation absolute restrictio n? 

The angular fluctuation in the microwave background is 

considered to give the restriction on the primordial fluctuation. 

According to the primordial scenario, this amplitude of the 

fluctuation, ° 0 , is a very fundamental quantity and might be 

explained by the materialization of quantum fluctuation in the 

inflationary stage. The amplitude at the horizon size is scale 

independent and same for all the components of matter. The motto 

of this scenario is to decrease the number of parameters as strict 

as possible. Since the observed upper limit has decreased so far, 

it seems difficult already that the primordial fluctuation reaches 

to the dynamical decoupling, without introducing invisible light 

particles heavier than electron neutrino, "warm matter". They are 

very generous to inc rease the number of parameter within the 

particle physics but not in the universe model. 

In the pregalactic scenario,the angular fluc tuation of the 

microwave background is not directly related to the density 

fluctuation which had generated the pregalac tic objects. We have 

much freedom to to do in the smaller sizes less than the angular 

resolution. This objec ts, however, might generate the additional 

background radiation in other wave bands and would affect the 

thermal history o f the extragalactic medium. In this respect, the 

clouds observed by multiple Ly-a absorption lines may be 

interesting. 

Between "the extrem priomordial scenario" and the pregalactic 

scenario, there are many intermediate scenarios. Although the 

smallness of the angular fluctuation restricts the variety of 

possible models to some extent, there might be some clever 

loop-hole such as "blue sky" effec t where the inhomogeneous 

radiation has been isotropized b y random scattering. 

4. vJhat gives dimension? 

The primordial spectrum of the density fluctuation is subject 

to the modification by the filter process such as free-streaming 

of collisionless particles and photon diffusion. In the 

baryonsynthesis, the energy density fluctuation is succeeded to 

that of baryon number and the isothermal fluctuation will not come 

out without introducing inhomogeneitices in CP-violation parameter 

or in the c osmic expansion rate. 

The filter process introduces the critical length scale 

determined by micros c opic physics. The smaller scale fluctuations 

have been erased up to this length, which is much larger than the 

average separation among galaxies. 

This length is 

A (ct) 2 ;c 
T=mc 

2 

0 
for collisionless particle with mass m 

and 

A (cU) 1/2 

T=TDec TO 

T 
Dec for nucleonic matter, 

where ~=(neGTh)-l is mean free path for Thomson s c attering and 

=4000K is the decoupling temperature. It has been pointedTDec 

out that these lengthes may explain the characteristic size of the 

large scale structure. However, we should keep in mind also 

another possibility that it is derived from ° and the cosmic age
0 

to as 
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<5 
cto ( ~_0_)1/2A 

ZpF+ 1 

where ZpF is the Z factor at the epock of "pancake" formation. If 

this explanation is true, theory would be completely scale-free. 

Anyhow, it might be worthwhi le to consider why these lengthes are 

coincide approximately. 

If the smaller size fluctuations have been erased in their 

linear stage, the formation of those smaller objects is possible 

through the fragmentation from the larger structures which have 

reached the nonlinear stage. The primordial scenario concludes 

this "fragmentation scenario", which is called also "adiabatic 

scenario" (because the adiabatic fluctuation is subject to the 

filter process) or "pancake scenario". 

The another scenario in this respect is the "hierarchical 

clustering scenario", in which the smaller objects such as 

globular cluster or dwarf galaxy bind earlier. The computer 

simulation reproduces the correlation function pretty well in this 

scenario. Since the possible seed of the pregalac tic objects is 

the isothermal density fluctuation, this belo ngs also to 

"isothermal scenario". 

6. Pancake or void 

The large scale structure is characterized by the nonlinear 

behaviour of density fluctuation. Zeldovich pointed out in 1971 

that the collapse tends to be unidirectional and gave an 

approximate solution which describes the behavior both in the 

expanding and collapsing phases. The positively perturbed region 
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evolves to "pancakes" or to "filaments", forming a network 

structure as a whole, those are supposed to fragment into multiple 

galaxies. 12 ) 

On the other hand, the negatively perturbed region or the 

void expands rapidly and pushes the surrounding medium to form a 

compressed blast wave. This is an example of the "pancaking" and 

. l ' 13) h . 0 flS a comp ementary View of the same process. T e expanslon 

this dense shell tends to be isotropized in different from the 

positive perturbation. 

Formation of the dense expanding shell due to a snowplow 

mechanism is also expected to occur by the exploding stars in the 

early universe as discussed in the explosion dominant scenario. 11) 

In terms of the explosion picture, the void is a "clean bomb", 

which explodes at the nonlinear epoc k and with energy of 

Mc 2 ( A/ ct)2. Because of a rapid expansion in the void, the light 

14trav ersed it suffers the larger redshift. ) 

7. The first star 

Whatever the dark matter consists of, the nucleonic component 

should evolve to ordinary stars. When was the first s tar formed? 

What was its mass spectrum? This problem is related to the 

thermal history of the pregalactic medium and vice versa. The 

formation of hydrogen molecules which work as a coolant is crucial 

process to determine the mass ranges o f stars: the previous 

estimation gave a large mass li ke M ~ 104M ,15) but the recent 
o 

estimation has derived a low mass like 0.1 M , add ing the 
0 

molecular formation process of a triple collision. 16 ) 
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If the first stars were a low mass star, they would have 

contin'ued to shine untill now. However, since the number of low 

mass stars are limited observationally by the background 

radiation, they could not be the main part of the dark matter. If 

the first stars were formed at z ~102 with mass of 10 2M, they
o 

would generate the near i nf rared background which might have been 

observed by the rocket observation. 17 ) The accretion to the black 

holes may generate the X-ray background as well as the NIR 

background. 

The chemical abundance seems to be almost normal even in such 

extragalactic objects as quasars, diffuse X-ray source, Ly- a cloud 

and so forth. The extrem population II stars contain the heavy 

element by 10- 4 of the nor ma l . These informations will give an 

important clue to consider the first star formation and the mixing 

of the synthesized elements. 17 ) The first star problem has been 

studied to some extent in the explosion dominant scenario and 

these processes should be worked also in the primordial scenario. 
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ABSTRACT 

Two scenarios of galaxy formation are presented, one is the galaxy 

formation triggered by explosions of pregalactic objects, and the other is the 

growth of voids and surrounding ridges in a neutrino dominated universe. These 

scenarios are discussed in relation to the formation of large scale structure 

in the universe. Some related problems on intergalactic medium are discussed 

briefly. 

*) Talk presented at the Workshop on Grand Unified Theories and Cosmology , 

National Laboratory for High Energy Physics, Japan, December 7 - 10, 1983. 

§l. Introduction 

Till the end of '70s, t\Vo theories of galaxy formation are competetive, one 

is the fragmentation theory, \Vhich has been mainly developed by Zeldovich and 

l
his collaborators ), and the other is the clustering theory, which has been 

studied by the western group2) Both theories have fatal difficulties. In the 

former, the adiabatic perturbations of matter are assumed at the pre-decoupling 

era, so that the background radiation is also perturbed. In order to make 

galaxies at l+z ~ 5, the amplitude of density perturbation must be 

-2~ ~ 10 (1) 
P 

On the other hand, the fluctuation of micro-wave background radiation is limited 

3 4
t0 ) lIT/T S 10- , which gives the upper limit to the density perturbation of 

nucleonic rna. tter 

l\P
b LIT 3 x 10- 4 . ( 2)

P T
b 

Then, if P = P , the above two conditions (1) and (2) contradict with each
b 

other. The latter clustering theory failed to predict and reproduce the 

4
honeycomb structure of galaxy distribution in the universe ) ,5). In this 

theory, the long wavelength perturbation corresponding to the honeycomb 

structure must be assumed in the initial condition . 

In the present paper, we propose t\Vo scenarios of galaxy formation which, 

respectively, resolve the difficulties of above two theories, and the relations 

to the formation of large scale structure are discussed. lit present, the 

galaxy formation theroy must be the theory of the space devoid of galaxies (i.e., 

voids). As is seen in the later, galaxies are thought to be formed through 

fragmentation for both scenarios, even if the starting conditions are completely 

different. 
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6
§2. Growth of Density Con trast i n a Neutr i no Dominated un i verse ) 

To avoid the c ontradic tion of c ondl tiO llS (1) and (2) i n the adlaba t ic: 

theory, it is na tural to assume p \- P
b

. That is, the grav i tating mass (p) is 

not the nucleonic mass P (herea f t e r, we r efer baryons) . Thi s assumption is 
b 

supported from the following two facts. One is that the neu trinos may have a 

7
f i nite mass ) such a s 10 ~ 30 aV. If it is true, t he mass d ensi ty of the 

universe is almost oc c up i e d by neutrinos, neutrino domina t ed universe . In order 

t o form the astrophysical ob jects (galaxies) before 1 + z > 5, the de nsi ty 

perturbation of neutrinos must sati sfy the condition (1), wh i le that of baryo ns 

sa ti s fies only the condition (2). The apparent contradi ct i on is resolved. 

The other i s t ha t the missing mass increases with the mass of astronomical 

objects. This fact indicates that the missing mass seems t o be un i formly 

distributed and it dominates the gravity of baryons . 

Then, we assume: (i) the mass densities of neutrinos and baryons are, 

re s pectively, Il v = 0.9 and ilb=O. l, (ii) at the decoupling epoch the perturbation 

of baryons is set as zero while that of neutrinos is taken finite, and (iii) the 

neutrinos are collisionless particles which can pass through freely, and baryons 

are trea ted by hydrodynamic s. 

3
In reality, at the decoupling epoch 1 + zd 10 , the radial Lagrangian 

coordinate of neutrinos is perturbed as 

( 3)rv,i rv,i,o(l + °V,i)' 

and its corresponding perturbed velocity becomes 

v . Hi r v , i,O (l + 20 y , i) . (4)
" ,1 

The functional form of perturbation is taken as ) 

r . 
2 I~( V,1,0) J < R .cos 2 R at r v , i,O - '1,1

6 . v,i
V,l 

(5)r: 
8 

at rv,i,O::: Rv,i 
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Prom the mass cO l1 s erva tion corul i t ion wi th i n the ra.dius R ., 
Y , 1 

Rv,i 2 

10 4n r U,j Pv ,i drv ,i 
 4TT R3 . p/3 

V , 1. V,l ( 6 ) 

we can obtai n the init ial dens ity dis t ribution p . In the above, the fac t V,1 

that the miss ing mass is due to ne ut r inos appears as the s i ze of pertur b ation 

- ~ -1 -1H . 3.75 x 10 my (1 + zd) Mpc , \) , 1 (7) 

"here mv is t h e neutr ino mass in eV . It is to be no tified · tha t afte r the c osmi c 

expa ns i o n the size of this neutrino perturbation becomes eq ual to t hat o f a void 

a t p re sent , 

R ( 0) 
v RV,i (1 + zd) 12.5 (30 eV/ m) ~lpc . (8) 

Starting from the above initial condition, we investigate the evolution of 

density perturbations of baryons and neutrinos. In Figure 1, the densi ty 

distributions of baryo ns (solid lines) and neutrinos (dotted lines) are 

illustrated in the comoving coordinate for several stages in the case o f the 

initial amplitude £ = 0.07 of Eq. (5). During the epoch 1 + z 10 3 '" 50, the v 

baryons are dragged by the gravitationa l force of neutrinos. At the stage, 

1 + z 20, both density distributions become almost equal t o each other. At 

the stage 1 + z = 11, the she ll crossing of neutrinos occurs. In order to See 

9 
this shell crossing in details ), we show the radial distributio ns of expansion 

velocity V, its deviation from the Hubble law (VI Hr - 1) and the gravitatio nal 

force IGM I r21 in Figs. 2 and 3. 
r 


At the stage 1 + Z 
 25, it is recognized that the reversal of velocity 

distribution near the dense shell occurs . Due to the strong gravi tationa l force 

at the shell, the expansion is decel erated just outsid e the shell. On the o the r 

hand, inside the shell the matter overtakes the shel l. As a r esu lt, the 

dense shell becomes mo r e concentra t ed . Meanwhi le, the neutrinos of i nner region 

- 290 



ca'n go ahead of those of outer reglon . This i s the sheLL cro s sing . 

After the first shel l crossing, neutrinos do experience the shel l crossing 

several times as i s seen ~n Fig. 1 (c) . On the other band, baryons can not pas s 

through each other . When neutrinos ~lke shell crossings , the baryons are 

enforced to co ll ide v i o lently f r om the r ear-end and their kineti c energy i s 

dissipated to increitse the baryon tempera t ure quickly. I n Fig. 4, we illustrate 

the tim£: varia t ions of temperattrre T (r ) at the rad ius rm' where the baryon
m

density i s maximum Pb , max' and the ne utr i no density at there, as wel l as T (r )
m

for the case E = 0.0 3 . 
" 

It is i nteresting that the baryons can be h eated up naturally at the epoch 

1 • z 10 without any energy inj ection mechanisms . As the second point, we can 

rlaim lhat after t he shel l tossing the baryon d e n s ity Pb,max always exceeds t he 

neutrino one pv (r ). This means tha t it i s possibl e for baryo ns to exc eed 
m

neu trinos l ocally. 

As i s seen in Figs. l(b) and (c), a very thin layer of bar yons and a f a ir ly 

thick layer of neu t r inos a r e formed a f ter t he s hell cro ssi ng. This shell 

wil l ul t i matel y f ragment to pieces. Here, according tc Ostri ker and em";e (1981) 

we estimate the mass of a fragment, which i s gr a v itationa lly unstab l e . A 

pancak e cut out o f the shel l , wi t h radius a , has a k inetic , gravitationa l a nd 

internal energy per un i t mass, whic h are, r espec tively , wr i tten as 

LI 
£1( .l... (_a_) 2 v2 E (9)- KnaG E and E

2 R s' G t I 
s ~ 

where [t is the t otal surfac e ma ss density and LI i s the s urface inter na l e n e r gy . 

If the t o t a l speci f i o energy E ~ EK + EG + EI is nega tive, th.is p a nc ake i s 

unstable a nd the shel l can fr agmen t i nto ma ny pancakes . The c ond ition £ < 0 is 

gene ra l l y satisf ied at t he r ange a < a , a and the energy becomes minimum at
1 2 

a K.G[ R2 ! v2 
(1 0 ) 

m 5 s 
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The characteristic fl\dsses of thi s panc3ke ·,re c alcula ted as 

, 
~l na2~ na 

v m 'J 'Ib = m Lb ' 
(11) 

Inwhere 1:" a nd "b are the surface mass density of neutr~n05 and ba r yons . 

2 As
Figure 5 , we plotted the masses Hand M. as well as M 1= na (~ + b) . 

\) -btl v 

the presem; void R,,(O) = 10 Mpc , the mass o f ais seen, if we take the size of 

11 12 . ' 7 x 10 to 1.1 x 10 MQ . Arso , lt LS
f ragment is in ehe !:aoge H M,) + 'bt 

to be noticed tha t th i s characteristiC mass does not depend upon the epoch of 

shell fr agmencatio 

In Figure 6, we i llustrate the shell cro s sing epoch 1 + zcros s and the 

densi t y r a t i o of t he void to t;he average P (a)! il. (0) ver sus the i nitial
b ,c 

0.05 isampl itude o f per turbation E V ' The c ase ',.,ith n,,(O) = 0 .1 and llb (O ) 

also added for c o mparison. As is seen, the foll o"'ing simple .elat:~ons are 

o bta i ned 

(rl 
v 

a .9 , iI,o 
0.1) 

1 + z cross 17 
EV 

( ~) , 
Pb , e(O) 

° b(O ) 
2 x W - 3 

£ 
( _ v_ - 1.4 

0.1 ) 
(1 2a) 

0 ,05 )(flv = 0 .1 , flb 

E Pb , c (0) £ 
3 x 10- 2 (_v__ ) - 1. 1210 ( _v_ 11.9 

1 + zcross 0 .1 ' P b (Ol 0 .1 
( l 2b) 

If the epoch of ga laxy formation is later than t he shel l crossing ~ime , the 

condition fo r Lhe ga l a xy formation z > 4 gives the seve re l ower limi t to the 

2~ 3 .2 x 10amplitude ' " 

Summing up the above results , we may conclude tha t if we cons1der the 

n<;; u t r ino mass is in t he order of 20 '" 30 eV the neutrino per t urbation with t h e 

amplitude E v ~ 0 .03 can wel l e xplain (i) the size o f a vo id, (ii) the ma s s of a 

superc1uster o f ga laxies, (iii) the ma s s o f a galaxy a nd ( iv ) the missing mass . 
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§3 . Hierarchical Explos i on Scheme 

ll
This unfamiliar name of a ga l axy formation Lheory is recentl y named ) but 

lOi t s fundamenta l i dea were presented s everal years ago ) , 12) n the above 

neutrino domi na t ed univ(>rse, the fluctuatlons o f adiabatic f orm (= i sentropic) 

a re presupposed . In this case, he mi n imum non-di.ssipa t ed mass is " lo1 3M@ . On 

the o ther hand , a nother possib l e f o rm of fluctuations is isotherma l . Evan before 

the decoupling era, the isotherma l perturbation does not affec t the microwave 

background r adia tion. This isotherma l perturbation can r apidl y grow after the 

d ecoupl ing at the J eans mass region M '" 10
6 ~, . The western clustering t.heory

J "' 6 
proposes that these 10 M objects might form gal ax i es by their mutual 

o 

grav i t ationa l cl uster ing . This i dea is compl etel y denied by the discovery o f 

the ho neycomb struc t ure . 

Howe ve r, it does not mean the f i r st objec t in the universe was no t the 


6

10 M ob j ect. We c an s uppose the f o llowing di ff e r ent scena r i o of ga l axy

o 
6

formation . The 10 M object would fr agme n t t o ma ssive stars af t er coll apse.
o 

6
The lifetime of these massive stars is as short as '\, x 10 yr and they explode 

a s supernovae a t the i r f j nal s tage o f evol ution . As a whole, the energy of 

1055 '" 56 ergs is ejected and it induc es the shock wave i n the ambi ent medium. 

With expandi ng the shock wave, the cooli ng p r ocesses (Compton cool ing at 

z > 10 and radiative COO ling at z < 10) become efficient at the shock front, so 

t hat the dense cool ed shell is f ormed . Even if t he coo ling proc esses are no t 

efficie n t , the matter is swep t and conce ntrated to the shock fro nt in the 

13
Einste in - de Si t ter universe ) 

By exa mining the ener gy of a fragmen t o f the she ll , like Eq. (9), the most 

p r obable mass M2 o f t h e ob ject s whic h can be expected a f ter the shell 

fra gmentation is estima t ed . If th is ma ss M2 is grea ter tha n th e mass of the 

6
first ob j ect Ml = 10 M . we may say t he mas s scale is amplified by exp l osions . 

o 

As same as the fir st objects, we may expect these second objects also 
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fragment to lTldny stars , wh ich explode as a whole t o make shock waves . The to ta l 

ma ss ~I s , 1 s"'ept to the shock front around the fi r st obj ec t can ,naf; e the second 

ob j ec ts about n MS , l l M2 (0 30 0 '\, 3000) . This brlngs more viol ent explosio ns2 

by a fa c tor o f n2 x (N2I'\' = (Ms, l I '\) . 

Simil ar to the above , the third objects wi ll be fO " med by the fraqmenta tion 

of the dense shell at the shock f ronL. If the mass of the fr a<Jll"'nt M ) is h i gher 

than M2 , ·.<Ie can e xpect the above process to repeat. In tl, is way , after s evera l 

generations of objects , formed and e xp l oded, ga l axies would be f ormed as the 

n-th generation objec t s. Therefore, we name this mode l as HierarchJca l 

Expl osion Scheme (HES)ll). 

BES becomes invalid, w/1(m either o f fo.l l owing two co nditions i s no t 

satis ti ed . One is the a mpl i fi cation condit ion, M 
n 

> M 
n- l 

> 11 
n-2 > j·l

l
· If 

t his cond it ion is not sat j sfied , we ca n not make galaxies f rom a sma l l er 


6

(1 0 M ) firs t obJect . The other is the fragmentation condition , E EK + EG + 

EI < O. If the explosion energy is too high o r t he ambient gas de ns i t y is too 

low , the ener gy of any fragmen t is a lways positive , and the shell can not be 

gray i ta t ionally unstable. 

After t he galax ies are f or med at z 5, the l atter co nditio n can not be 

sa t i s f i ed , because of too r a r e f ied ambien t de nsity or overlappings o f sho ck 

waves . As a r esul t, the liES stops . 

Gene r ally speak i ng , the vo id of ga l a x ies corresponds to t he caviLy o f a 

sho ck wave , and if it is '\, 20 Mpc t he e~~los ion ~ne r gy o f '\, 1061 ergs mus t be 

s upp l i ed. The fo rmation of void and surroundi nQ ridge o f gal ax i e s by t he energy 

i nject i on o f t h i s order just correspo nds t o the fo rmatio n of density fluctua tion 

wi th a mplitude 0.05 at the decoupl ing epoch. That is, from the v i ewpoint o f 

f or mation o f a void and cluster of ga l a xies t he above two secn~rios compl etel 

ag r ee wi th each o ther. 

o 
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4. Discussion 

We present two scenarios for the formation of galaxies starting from the 

adiabatic and isothermal fluctuations. In the final stage, two scenario become 

similar, i.e., fragmentation of dense shells into galaxi e s. Here , we summarize 

the probl ems which are not resol ved until now. 

(a) Adi abat ic Theory in a Neutrino Dominated Uni verse 

Th e mosl i mportant and unclarified problem is whether the density 

£l uc t ua tions of baryons can not be induced by the gravitational force of 

neutrinos at the ·pre-decoupling era. Generally, the fluctuations of baryons are 

to be erased by collisions of isotropic photons. However, the collision time 

is fDli t e and several times of colli s ions are necessary. Therefore, a large 

scale and a r e la t ivel y hj gh ampl i tude fluctuation can not be erased. If so, the 

present scenario fails. 

Similarly, at the decoupling era the smaller fluctuations of baryons than 

the mean free path of photons are thought to be dissipated away. From this 

condit i on, the minimum mass above which the clumps can survive is determined 

(Silk mass). It is necessary to treat accurately these photon-baryon 

i n t e ractions in the expanding and decoupling era . 

In the next step, two- and three-dime nsional calculations considering both 

t he colli s i onless and collisional particles are necess a ry . At present, the 

usual N-body calculations c an not succeed in reproducing the epoch of galaxy 

fo rma tion and the observed correlation function a t the same time. The authe r 

be lieves that the hyd rodynamical trea tment for the formation process of galaxies 

is necessitated. 

(b) Hierarchical Explosion Scheme 

The most fatal problem of this mcdel is "not fully e xami ned in discussing 

the details". Espec ial l y, the following problems should be urgently made 

clarified. (i) Ho .., many ge ne rations are necessary to make galaxies successfully? 
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In that case, is the universe c overed by shock waves? (ii) Whether or not is 

the un i ve rse poluted by heavy elements more than pop. II stars due to thes e 

hierarchical explosions? And (iii) at the same time does a huge e ner gy input 

deform the blackbody spectrum of microwave background radiation? 

In addition to the above problems, it is neces s ary to make simulations of 

galaxy formation and f orma t ion of large scale struc t ures in an expandi ng 

universe. Different from the N-body simulations, we ma y have o tile r cons traints 

to our sc e nario. 

The a u ther .'ould like to thank Mr . M. Umc mura for his collabo r a tion of the 

first half of this paper. 
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In f lationary Unive r s e Model 

KatsuhikO Sata 

Department of Physics , Facult y of Sc ience 

UniverSl: v ' f Tokyo, Tokyo lJ 3 Japan 

ABSTRACT 

Recent stud.es of Inflationary universe model is re iewed . In § 1 
ess en t ial idea and the merits are in t roduced. In § 2 details of the 

o r ig~nal inf l a t ionary model and its difficulties are shown. In § 3 the new 

inf lationa ry model .which Linde and Albrech t et al proposed in o r der to avoid 

the diffi cul ties of the original inflationary model , and the new verSIons 

are re viewed. the fina l sectio n § 4 is devoted to remarks . 

§ 1 First order phase transition and inflationary unive r se mode l 

1) Exponent ia l Expansion 

Abou t t hn'e years ago , an uni verse mod rl was proposed , independently, by 

the prescnl sppakerJ)-3)and Guth4 ), 5 ) • In this model the uni verse expands 

px ponenUally in a period of phase lransilion if tho GUT phase transition is 

of strongly [jrst order(see ,for e ., amp le,revit!"g6),7) . This model ifi nol,/ 

culled Tnflalionary universe model ,which i s named by Guth skillfu l l y.As shown 

In Fig.I.J.] , the va c uum slays at the $I'mmel ric sta t e <10 =0 for a whi le even 

if the cosmic temperature decreases 10 l ower than the crit ical tempe rcll urp. 

Tllis fa 1se vacuum ¢ =0 de cays in to the staid e vacuum 4' 0 uy quant um 

flucW~Lions or by therma ] fluctuations. Obviously if t he pOlent ia l barLLcr 

IlClween two vaCUD cP =0 and <PO is high and the Lransit ion time-'lC81c is much 

l Ollgl!f than that of cosmic expansion , t he energy densiLy of the va c uum 

bec(jmes dominant ilnd changes the e xpansion 1 a " of the universe, because the 

radiation energy density decreases "Llh cosmic expansion, bu t the vacuum 

energy dpnsity P is a constant .v 
rr we assume t ltar Jur universe is homogeneous an ti iso tropi c , the metric 

takes t he form 

. ? 
IS1 n x-

I 

ds~ -dr 2 1 R(t) (d X 2 ~ X 2 d \, 2) ( 1.1.]) 

I 
I .SInh7 - X 

+1 ;r l osed uni vers e 


for 0 ; f] at lIni verse 
''"1 
-1 ;o pen ll_ni verse 

Then lline evolution (If OJ co sm i c se al!.' enct or of the uI11 1e rs e Re t.) is 
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described by the following equation 

R2/R2 + k/R2 8 1T G(P + P (t ) )/3 , 0.1.2)
V r 

where a dot denotes time differentiation and p v is the energy density of the 

false vacuum. The radiation energy density Pr(t) is given by 

P ret) = Nb 1T 2 T4(t ) /30, (1.1.3) 

where Nb is the statistical weight of radiations before the phase transition 

in units of scalar bosons. We assume, for simplicity, the vacuum energy 

density is a constant and is independent of time before the phase transition. 

Now we introduce a characteristic scale factor of this model; 

.Il (81T G () v /3)-li2 (1.1.4) 

and a non dimension numerical factor which represents the "size" of the 

universe; 

b P ret) R4(t)/ P v .Il 4 (1.1,5 ) 

which remains constant when the universe evolve adiabati cally. Then 

Eq.(1.1.2) is rewritten as 

x2/2 +V (x) -k / 2 (=E) , (1.1.6) 

where x= R(t)/ .Il and a dot denotes differentiation with r espec t to normalized 
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time T =t/.Il. The potential 

Vex) _(x 2 +b x-2 )/2 ( 1.1.7) 

is displayed in Fig.(1.1.2 ) . From the analogy of a particle motion in the 

potential, two types of the solution are obtained easily: The first type is 

b l / 2 sinh (2t/.Il) for k=O, 

( R(t)/ n2=~ k/2 + (b_l / 4)1/2 sinh(2t/ .Il ) for qO ,b >1 / 4, (Ll.8) 

k/2 + exp(2t / .Il) for k~O ,b= 1/ 4, 

k/2 + (l/4-b ) 1/ 2cosh(2t / .Il) for MO ,b(l/4, 

This is the solution that the universe can expand infinitely. The second 

type solution is 

)112 for k=+l ,b=1 / 4 

(R(t)/ .Il )2=10- exp(-2t/ 9J) / 2 for k=+l , b=1 / 4 (1.1.9) 

1: 2 _0 / 4_b)1/2 cosh(2t/ 9. ) for k=+l , b(l / 4 

Th i s is the solution that the un j ve rse has a ma x im um scale f ac tor which is 

less than .Il / 2. Obviously, this type of solution can only exist for 

k=+l(see,Fig.1.1.2). It see ms, therefore, hard to take the second type 

solution as a realistic present uni ve rse model, because the l e ngth t is an 

order of lO-26 cm if we take a plausible value as for the vacuum energy 

density pv=C10 l5 Ge V)4. Even if we t ake the first type solution, the 

situation is very different ac cording whether b(l/4 or b>1/ 4. In t he l imit 
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b»1/4 or the case k=O, the Eq.(1.1.8) reduces to 

[b1/4 (2t/ £)1/2 ;t«£/2 (l.l.lOa) 

R(t)= bl/4 sinh1/2(2t/ y) =1 

lb1/~-1/2 exp(t/ £ );t» £/2 (1.1.l0b) 

independently of the value of k. As seen from Eq.(1.1.10a), the universe 

expands as t1/2 in the standard big bang model when t« £ /2, because the 

radiation energy density is dominant in this period. After the cosmic time 

£ /2, however, the univ e r se begins to expand exponentially because the vacuum 

energy dellsity becomes to be dominant. This exponential expansion continues 

until the vacuum energy density disappears by the termination of the phase 

transition. Recall also that the temperature before the phase transition 

varies as T ~ l/R, so the time-temperature relation can be written as 

T T N -1/4 sinh-1/2(2t/!C ) 	 ( 1.1.11)vb' 

where Tv is 	defined by the relation 

112 T 4/30 	 (1.1.12)v P v 

Evidently , Tv may be interpreted as the temperature equivalent of the vacuum 

energy den s~ ty if this were transformed into massless, spin zero boson 

radlation. 

',"hen the phase transit ion finishe s , the energy density between two vacua (the 

false and the true vacua) p v is re leased and the un i verse is str ongly heated 

up if the ene rgy i s thermalized. Then , the temperature immediately after the 

phase transition Ta is gi v en as 
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T =(30 p / 11 2N )1/4=N -1/4 T 	 ( 1.1.13)a v 	 a a v· 

This temperature is higher than the Higgs boson mass but lower than the 

lepto-quark boson mass. This suggests that baryon number asymmetry is 

generated by Higgs boson decay as in the standard scenario. The subsequent 

evolution of the universe after the phase transition in this inflation model 

is essentially the same as that of the standard big bang model: The cosmic 

scale factor after the phase transition is given by 

R(t)= R(t f ) ( 2(t-tf)/ £+1)1/2 

b1/ 4 exp(t f / £) ( 9. t)1/2 ,for t>tf> 9 	 (1.1.14) 

where tf is 	the termination time of the phase transition. 

2) Horizon Problem 

One of the most important differences between the standard model and the 

inflation model is the size of a particle horizon, which is defined asS) 

(t I I 

rH(t)= R(t) 	 ) dt /R(t ) (1.2.1 ) 

o 

This is the maximum r a di us of a region in which causal relations can 0:·, i.st at 

the cosmic t ime t. In the standard model (R ~t1/2), the horizon is rH(t)=2t 

and very sma l l compared wi th the scale factor of the universe in the early 

uni ver s e. This mea ns most of the .egi ons of the uni ve r se ha v e Ile ver been in 

causal relation i n s p.i te of the homo ge neity of the universe. On the other 

hand, the hor izon in the inf lation mode l , which is cal cu lated as 
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F(cos-l(exp(-t / £ ),T l / 2)sinh l / 2(2t/ ,11.) ;t«tf 

rH( t ) =( (1.2.2) 

F( TT / 2,Tl/2) exp(tf/ Q) (t / Q, )1/2 + 2t ;t» t f 

can become very large, where F(' , . ) is the ell ipti c integral of the fi rst 

kind and the value F( TT /2 ,V2 ) i s about 1.85. As shown in Fig.1.2.1, the 

parti c le horizon also increases exponentially as the scale facto r increases, 

and becomes very larger chbn that of the standard big bang model (SBBM). As 

is well known from t he obser va ti on of the cosmic backgrou nd radiation, the 

universe i s surpris ing l y homogeneo us a nd isot ropic. This fac t s uggests that 

a homogentzing process ha d worked in the very early un i verse. I n the SBBM, 

howeve r, this process could ne ve r work i n p r i nciple, because the particle 

hor i zon is very smal l compared with t he size o f the univer se at and be fo re 

the recombination t i me. In this r e view, we define t he s ize of the un ive rse 

ret) at c osmic time t as the proper len gt h of the reg i on which we know 

observationally at present , i.e., 

r(t )~ to R( t) / R( tO) =R(t )/ (R(tO)HO) ' (1.2.3) 

where to i s the pre sent co smi c age and HO i s the Hu bb le c onstant. If we 

t nass ume that the un i verse expan ds as R ()<. (n =1/ 2 for r adia ti on do mlnant 

uni ve r s e, i. e ., t <t , n= 2 / 3 for mat t er domi na nt unive r se, 1..e .• t >t e q.teq eq 
being the time when the uni verse becomes ma tter- domina nt.) the ratio of the 

pa rticle horizon to th e size of t he un iverse i s c a lc u l at ed from Eq. (1 .2. 1) 

a n d Eq.(1.2 .3) as 

rH(t)/ r(t )= 2tO-1/3 t -1 / 6 t 1/2 = 2(t /t )1 / 3(t/t )1/2 
eq eq 0 eq 

-2 / 1/210 (t t ) ,for t«teq ( 1.2.4 )eq
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Thi s show s that a region which co uld be causall y r ela ted by that time t 

becomes smaller and s maller a s we go bac k to the early univer s e. The 

ques tion why the univers e was very homogene ous over s uc h scales which were 

completely causally unrelated is called horiz on pr o blem. Obviou s ly this 

difficulties is removed in the present inflation model, because the horizon 

can become very large. If we assume that the fini s hing time tf is later than 

the cosmic time 62 2 , the regions which were in the particle horizon and were 

homogenized by some causal proc e sses bef ore phase tra ns iti on t~ ~ / 2, can 

expand as l arge as the sbe of the univ erse whi ch we know now obser vationally 

( '" l/HO) (see, Fig.1.2.1 and Eq. ( 1. 2. 2)) . 

3) Generati on of seeds of galaxies 

Althou gh the universe i s very homogeneous in the ve r y la rge s ca le (>l OOMpc ), 

there e xist large scale inhomogeneities , i.e., galaxies , clus t er of galaxi.es 

and s uper clus ter of ga l axies . Accord ing to conven tional the or ies of galax}' 

f orma tion,8 ) these large scale str uc tu re wer e for med by the gro wt h o f th e 

densit y flu c tuation which existed a l r eady in the early universe. I t i s now 

general l y acc e pt ed that the amp li tude of the density fluctuations with t he 

masses of galaxie s or cluster of gal a xi es mu st be an order of 10- 3 , i. e .• 

6p / P '" 10-3 , when the wave l e ng th of the fluctuati o ns i s equal to the 

par t i c l e ho r izon. Thi s me a n s that t h e f luctuations wh ose wave len g th is 

lar g e r t han the hor i z on must be for med in t he ear ly un iv e r se. How t he s e 

dens i t y fluctuations we re formed ? Zeldo vi c h9) in ves t igate d in detail whether 

densi ty fl uc t uatio ns whose wav e leng t h are l a r ger t han t he par t i cl e hor izon 

a r e ge~era ted by causa l processes ( t he energy and moment um are cons e r ve d) or 

not. Ile s howed t hat e ven if t he flu c t uati ons a r e f onne d , t he spect rum of the 

fl uc tu a t ions is M- 7/ 6, whi c h is too sLeep t o ex plai n t he ori gIn of large 

sc a l e s truc t ure i n t he s t and ard b i g ban g mo de l . whe re M is t he mass of the 

f l uctuation. This i s becaus e the cre a t i on of f l uctuations f rom homogeneous 

state i s strongly limited by the ex ist e nce of t he pa r t icle hor izon, t .e., in 

order to crea te a l arge scale in homogene ity, the energy or mome ntum mus t be 

transferred over the horizon. I t i s ob vi ous t hat t his diffi cu l t y i s r emo ved 

in the inflation model, because whol e univer s e whic h we now observe was in 
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the par tic le hor izon before or at the phase trans ition i .e., t~ t /2. We may, 

therefore, concl ud e that globa l homogeneity and the lar ge sca le 

inhomogene itie s could be formed at this time from t he v iew po i n t of 

causality , in principle. Of course , in order to const ruc t a scenario of the 

generation and growth of fluctuations, we must investigate the physical 

pr ocesses before or at the phase tra ns ition in det a il. It seems, however, 

very pos s ible t hat fluctli llt ; (lOR were formed by GUT phase transition. 2) 

4) Monopo le problem 

Magnetic monopoles are relic of the cosmological phase trans ition which is 

predicted by GUTs. As discussed by Kibble, a monopole is formed at a 

point which is surrounded by four domains if the "i. nding nu mbe r i s 

non va ni s hi.n g( see, Fjg. l .4.l ) . Kibble estimated the number o f monopo les 

produced by t he cosmological ph::! ,;!) transition as 

n = p /d 3 0.4.1)[Jl G c ' 

whe re PG (~1/8) i s the gr oup theoretical probability tha t the winding number 

i s non vanishing (unity) and de i s the radius of the domai ns or the coherent 

lengt h of the Hi ggs fie ld. This coheren t length could become infinite and no 

monopoles were f ormed if the uni verse cools infinite ly slowly keeping the 

thermal equi librium. Because the universe expands and cool s very rapidly in 

the early universe,monopoles whi ch a re topologi ca l defects of vacuum are 

formed abundantly as latti ce defect s are formed in crystal when melted 

material i s coo led very rapidly.Now we take the partic le horizon dH in the 

SBBM as for this domain radius , 

dH(t)= 2t =(45 / 11 3 N) 1/ 2[Jlp/T 2. 0 .4.2) 

Then the monopole / entropy ratio just after the phase transition is given by 
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r(t c)= PG( 7j 2/ 2)( 11 N/4 S)1/2(Tc / mp)3 , 

~ (Tc / mp)3 ~ 10- 12 0 ..4 . 3) 

where we ass umed PG=1 /8 , N=lOO and Tc= 101 5 Gev . Bec ause th e particle 

horizon is th e upper l imit of the radius of domains, Eq(1.4.3) gives the 

lower limit of the monopo le/entr o py r at i o. As pointed out by Preskill lO ) 

this value is extremely larger than the upper limit obtained from the energy 

density of the present uni verse ,i.e. m nM(tO) ~ P o ,where m ( ~ 1016Gev) is 

the monopol e mass and nN ( tO) is the number density of mono po les a t present 

univ erse a nd the upper limit of the energy dens ity Po i s about 4xlO-29g/ cm3. 

This overproduction of monopoles in the universe is called as monopole 

pr ob lem. 

Obviously, infl a tion model, in \,hich the particle horizon is very l onger than 

that in the SBBM, give a possible solution to the monopole problemll )-12) : 

If we take Eq .0 . 2.2) as for the part ic le horizon and the temperature after 

the phase trans ition Ta (Eq.(l .1.1 3)) instead of the critical temperat ure Tc ' 

the monopol e/entropy ratio is given by approximate ly 

r(tf) (Tv/mp) 3 exp(-3 t f / t) 0 .4.4) 

in stead of Eq.(1.4 .3) . If we takes t f >62 I , which value is ne cessary to 

explain the hor i zon problem, and Tv=lOISGeV, the monopole/entropy ratio is 

10-90. This results suggests that the monopo le problem can be so lved fr om 

the horizon di sc ussi on in principle(but see, § 2-3)) . 

5) Flatness prob l em 

In spite of many efforts to determine the curvature of the present 

universe from the observation of deacceleration parameter qo or the cosmic 

energy density parameter Q (= po l pc) , it is unc l ear whether our univ erse has 

negat ive , positi ve or zero curvature8). This i s because our universe i s very 

fl a t a nd the cur va ture radius is greater than the Hubble length Ho- I . The 
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flatness problem is to ask why present universe is so flat. For the people 

who believe Creator likes flat space and he made the universe flat, i.e., k=O 

exactl y, this problem is nons ense. But if we consider the flat case is the 

limiting case of the curvature radius infinity, this is an important problem 

to be solved in the SBBM: As is well known, the unique c haracteristic scale 

of the Einstein equation for a radiation-dominated universe is the Planck 
llength or the Planck time m - . This means the natural scale of the universep 

should be the Planck length or the Planck time. Why the universe is greater 
lthan the Planck length mp- by a factor mp/Ho'V 1062 ? This ext r emely large 

number should be explained physically. Now we show more in detail. Let' s 

rewrite the Einstein equation as follows, 

R2 2
Hp Rp 2 ( 0- P / P cp)+( P / Pcp)(Rp/R)2) (1.5.1) 

where the s c ale factor R(t) is made t o repre s ents the spatial curvature 

radius of the univer s e for k=O. The critical density at the Planck era Pcp 

i s defined as P cp=3H2/8 TT G , where Hp is the Hubble constant at R=Rp,i.e., 

Hp=(R / R)R=R ' For making the problem clear, let's discuss the case of 
p 

closed universe, i.e., 0 p> Pc p' As is well known, in the closed universe 

model the scale factor has a maximum, which is given by 

R 6 -1/2Rmax p 0 .5. 2) 

where 

(Pp-Pcp)/P (1 .5. 3) p 

The first poi nt is that as for the scale factor at the Planck era R ' we must 
p 

take a ext r eme ly large value compared with the charact er i s tic lengt h of 

Einstein equation wp-l; In the SBBM, Rp is ca lculated as 

Rp= (TOITp) RO > TO/TpHO =(TO/HO) mp-l ~ 1030mp-l 0.5.4) 
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from the ratio of the cosmic temperatures of present universe To ~ 3K to 

the Planck era Tp ~ m ' .'here the present s cale factor Ro is greater thanp 
1the Hubble distance H - Generally speaking, the s ize of a physical systemo 

should be of the order of the characteristic length of the ba s ic equation 

1030which describes the system. From this point of vi ew, t he ratio in 

Eq.(1.5.4) i s extremely large number and should be explained the reason. The 

second point is that the value of 6 -1 / 2 should be greater than 1032 in order 

thdt the uni verse becomes larger than the Hubble length Ho-l,R >HO-I, i.e.,max 

26-1/ =Rmax / Rp > l/(HORp) > Tp/(HOTORO) 

=TpITO mpITO= 10 32 (1.5. 5) 

This means that very fine tuning for the cosmic energy density P p is 

ne c essary, i.e., 6 = ( P - p )/ P <10-64, in order to e xplain the presentp c p 
size of the uni verse, even if we admit the unnatural large initial scale 

factor Rp >1030mp-l. Otherwi s e the universe c o llapse within a ti me of the 

order of the Planck time. In order to solve the flatness problem, therefore, 

we must e xp l ain these two points. It should be noticed that these two point s 

ha ve not been clear ly disc ussed separate 1 y. 

The explanation of the flatness problem for the open universe (k=-l) is 

also essentially the same as the above, but is more complicate. 

We can now eas i ly underst a nd that the flatness problem is solved (but 

partially li n the inflation mode1 4 ). Beca u s e the unive r se ex pands 

exponen tial ly , the non-d imensi onal large number can be easi l y introduced by 

the exponential fact or exp(tf/ Q.) in th i s model (see Eq.(l.l.lO) o r 

Eq.(1.1.l4)). It should be no t i.ced, hOlle ve r, the flatness prob lem ca nnot be 

sol ved comple te ly by inf l a tion mod el with the GlIT- scale ene r gy, J015GeV for 

the closed universe model. If the uni ver s e whi ch starts at the Planck era 

with the size of Planck length Rp=mp-l collapses before GUT phase trans i tion, 

the inflation mechanism cannot work. In order for the univers e to survive 
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until GUT-temperature, fine-tuning on the density at Planck era is necessary. 

From Eq.(1.5.2), we obta i n the condition 

p (Rp/Rmax)2 < ( £ m )-2 10-16 	 (1.5.6)
p

;2 ])eui l s ,)1 	 orl.in,")l ' nrl ' li'''' model and its difficulties 

1) Nucleation of bubbles and progress of the phase transition 

As discussed by Coleman 13), the first order phase transition is tr iggered by 

nuc l ea t ion of bubbles of true vacuum. This first-order phase transition 

finis!1.!' "h"" _~l l IM" "i);\/"" i " c·, ve red by bubbles (see Fig.( 2.1.1». 

Let r be the v,)lume frdct lOll ,)f bubbles (true vacuum). Then the fraction 

at the cosmic t i me t is given by 

(2.1.1)ret) j:(t') 	( R(t') /R (t»3 V(t',t) dt' 

where pet') is the nucleati on rate of bubbles per unit t ime and unit volume 

in the fal se vacuum ( tp =0) at the cosmic time t'. The volume of a bubble at 

the cosmic t i me t, whi ch has been created at t' is 

t 
V(t',t)= 4 1TR3(t)fo-rl1» X 2(t',t")(d X (t',t")/dt")dt" (2.1.2) 

t ' 
where 

f
t' , 

(2.1.3)X (t',t") 	 dt /R( t) 


t' 


Here we have assumed that a bubble expands spherically at the velocity of 

light and the increase in the vo lume of a bubble is depressed by the factor 

(l-r(t"» due to the overlapping of bubbles. The solution of this integral 

equation (2.1.1) is given by4),6) 

t 

u(t)=l-r(t)= ex P(1p(t')R3(t')(4 n / 3)( Idt l1 /R(t l1 »3 dt' (2.1.4) 

o 	 t' 

where u(t) is the volume fraction of false vacuum. Nucleations of bubbles of 

a stable vacuum are induced by two factors, one is the thermal fluctuations 

and the other is the quantum fluct uat ions. These factor s give very different 

types of nucleation rates, and we therefore, in the following, discuss them 

separately in order to make clear the characteristic proper ties of t he 

progress of the phase t r ansition. 

The nucleation r a te p by thermal fluctuations is essentially the same as 

the probability of bubble formations in a boi ling liquid, which is given as 

p"-ex p [-S3(T)/T 1 • The factor S3(T) is the free energy of an 0(3) symmetric 

bubble,14) which is gi ve n as S3(T)=16 na 3/3E 2 if we take a th i n wa ll 

approximation, i.e , the rad i us of a bubble is much greater th a n the 

thickness of the wall, where a is t he surface energy per unit area and ( is 

the energy density difference between two va cua. The nucleation r ate peT) 

has a sharp peak at Tc' which is le s s than Tc ' but close to Tc. The 

nucleation rate by quantum fluctua tion is gi ven as p "- exp(-S4)' where S4 is 

the action of an 0(4) symm e tric bubble. If we take a thin wal l 

approximfltion, the factor S4 is g:iven as S4 =27 n 2a 4/2 (3. The quantum 

nucleation rate is almost independent of the temperature and has a constant 

value. 

Now we assume the nucleation rate is given by the following simplified 

equation2) 

p(t)= v T £ -3 	 6(t-tN) + vQ £ -4 e (t-tN) (2.1.5) 
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where the first term represents the nucleation by thermal fluctuations and 

the second term, the nucleation by quantum fluctuations. The coefficients 

v T and v Q are, respectively, nucleation rates of thermal and quantum 

fluctuations normalized by the characteristic scale t This approximation 

holds when the nucleation time by thermal fluctuations and the rise time for 

growth of quantum nucleation rate are much shorter than the duration time of 

the phase transition. 

Substituting Eqs.(1.1.10b) and (2.1.5), we obtain 

u(t)~ uT(t) uQ(t) ( 2.1.6) 

where 

uT(t)~ exp(-(4 11 1 3) U T(1- exp(-(t-tN) 1 0)3 ) (2.1.7) 

and 

uQ(t)~ exp(-(4 11 13) UQ(t-t)1 £ (2.1.8) 

We assumed that the ign i ti on t ime of nuc l eation tN is l at er than the 

characteristic cosmic time t / 2 , L e., tN > £ 12 , and (t-tN) >> 9 • 

2) Percolation of bubbles and fr ac t a l struct~ure of vacuum 

Now we discuss how ph as e transition f in ishes in the un i ve r s e ,us i ng th e 

results of preceding subsections. 

Eq.(2.1.7) shows that uT(t~ =)~exp(-4 11 \l T/3) . This means that the volume 

fraction of bubbles ret) (~l-u(t)) stops increa$ in~ i n spite tha t bubbles 

expand at light velocity. This is beca use that the event horizon ", ·, i s t s in 

the de Sitter universe (exponentially expanding universe). From Eq.(2.1.3), 
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the radius of a bubble in como v ing coordinate stops increasing in spite of 

the light speed expansion because the bubble expansion cannot catch up the 

cosmic expansion; 

X (t, t N) 0: -l(exp(-tNI £ )-exp(-tl £ )) -+ 0: -1 exp(-t,,1 £) (2.2.1)t -+00 :~ 

According to theories of percolation 15), infini te netwo rk s of linked 

bubbles are formed when ret) becomes greater than a critical value pc( '\,0.3) 

and when u(t) becomes less than Pc the infinite networks of the fa l se vacuum 

disappear, i.e., the size of all the false vacuum regions bec omes finite and 

are surrounded by bubbles. As shown in the papers16)-22), the regions 

become black holes or wormholes and drop out of our universe if we take into 

account the effects of general relati vity. We, therefore, may conslder that 

the first order phase transition finishes effectively when u(t) becomes less 

than Pc ' Le., u(tf)=Pc '\, 0.3. The present resul t shows that the phase 

trans ition never terminate~ by the bubbles nucleated by thermal fluctuations, 

if the nucleation rate v T is smaller than a critical value, 

VTc ~-(3/411) ln Pc = 0.29 (2.2.2) 

Althou gh nucleation r ate by quan t um f l uctuations is very s ma l l compa r ed with 

that by the rmal fluctua tions, the vo l ume frac t i on u(t) dec rea s es s teadily by 

bubbles created con t inuo usly by quantum fluct uations as shown by Eq .( 2.1.8) . 

The size of bubbl es in como ving co o rd i nat e ,h owev er,bec ome s s ma l ler a nd 

smaller when the bubbles nuclea t e la ter and later as shown by Eq.( 2.2.1) . no 

more conventio nal perc olati o n theories , in which t he size of bub b les is 

f i xed, can be a pplied. As discus s e d by Guth and Weinberg 23 ) , t he critical 

value for perco lat i on Pc i ncreases with decn'a s ing nuc l ea t i on rate v Q and 

no percolating network of linked bub bles is forme,i eventually if vQ ~ 10-6. 

It seems that the universe t a kes frac ta l structur e L4) displayed in 

Fig( 2 . 2 .1)(Kodama et a1 25 )) ,i. e .,i n spite of the bubbl e fraction r 
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=0.99999 •••••• no infinite network exists and the structure is self similar 

wi th respect to scale transformation. Because quantum nucleation rate is 

very small in conventional Higgs potential model for first order phase 

transition, the thermal nucleation rate must be almost equal\or greater than 

the cri tical va 1 ue VTc in order for the phase transi tion to terminate. On 

the other hand ,nucleation rate must be small in order for s ufficient 

i.nflatton, 0ther wise the phase transition terminate quickly and it becomes 

very har~ to get su ffi cient inflation time to explain the horizon and 

flatness problems. In order f or these two condition to be satisfied, very 

fine tuning on nucleation rate, v TC ~ vT ~ v Tc (1+ (, ), 6 «1 is 

necessary. 

3) Difficulties of original model 

As shown in § 1, the inflation model gave a plausible solution f o r many 

cosmological problems which could not~solved in the SBBM. But many 

difficul ties were found in the first-order phase transition mod e l (this is 

now called as the original inflation model) when we investigated it in 

detail. Now, we summarize them. 

i) Homogeneity problem 

As discussed in the preceding subsecti o ns, in a period of the first 

order phase transition, the universe is very bumpy and its spa c etime 

structure becomes very complicate. Of course if all the black holes and 

wormholes evap o rate away quickly, the universe can g o back to homog e neous 

state. Sasaki et a1. 22) and Kodama et a1. 25) investi gated in this scenario 

that seeds of galaxies (density fluctuations) can be induc ed by the number 

density fluctuation of the black holes and wormholes created by the first 

order phase transition. They showed, however, that very unnatural fine 

tunings on thermal and quantum nucleation rates , v T and v Q are necessary 

in order to explain the global homogeneity of the universe and the adequate 

amplitude of the density fluctuati on for galaxy formation, otherwise, the 

universe remains at bumpy state or the phase transition never terminates and 

the vacuum takes fractal structure. These co nsequences conflict with the 
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present ob s e r vat i ons of the un ive rse. 

ii) Monopole probl em 

In the first ord e r phase t ran sition mod e l, a monopole are fo r,m e d at a 

point surroundedby bubb l e s ,becau se a bubble is a co he rent do ma i n in th is 

model. I n .1, we c a lc u l a ted the mo no pole / en tropy r ll t io a s suming t he do main 

radius is the part icle horizon l ength. This gives, obvious l y, a very lowe r 

estimate t o the monopole/entropy r aL i o. If ver y l arge n umbe r of bubbles are 

continuously n ucl ea ted by quantum nucl e a Uo ns (see F1g .(2.2.1 », monopoles 

are also created abundantly. It should be also not iced t ho t monopo les a re 

produced as ma gne t i C black holes or ma gne t ic wormholes in the strongly first 

order phase tra ns i tion 20),21). As " e have shown, the false vacuum region 

surrounded by bubb les become s a black hole or a wormhole, which is the same 

position "here a monopole is cr e at ed. Th e r ef ore, usual monopole s 

remain alter the evaporation of t hese holes. Sat020) and Izawa and Sa l02I ) 

in vesti gated t he monopole production in the fjr st order phase trans ition and 

showed thaL it is very hard to suppre ss the over production of monopole s 

without unnaturo l fine tunings on thermal a nd quan Lum nucleation rat e s . 

iii ) Problem of the thermalizat i on of t he e nergy r e l e ased by the phase 

transition 

In the pr e cedi ng sections, it wa s as sumed t hat the energ y r eleased by 

the phase transitio n is ther mu l ized and the uni verse i s hea ted up by th is 

latent heat.As di s c usse d by Co l e ma n ,I3) the ener g y goes to the kine tic ene rgy 

of bubble \4a1ls at first. It is e x pected that this k inetic en ergy i s 

thermali z ed when bubbles collid e with ea ch ot he r. Hawking, Moss and 

Stewa r t,26) and Wu 27) i n ves t i gate d the collision of bubbles and the e ne rgy 

dissipat ion by computing t he ev o lution of Hig gs fie l d cla s si c a l l y. The y 

showed that d i s s i pat ion o f the kineti c energy is hard, in pa r ticular, when 

t he size of t wo col li ding bubbles ore ve ry dif f ere n t. Sawye r 28 ) and 

Kodama 29) i nves t igated the particle crea t i on in a bu bb le as a the r mal iza tion 

process and showed t.ha t suf fi cient partic ] es a r e not pr oduced. At prese nt no 

p laUSi ble t hermal iza tion pr ocess is not found. 
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~ 3 New Inflation model 

1) Idea and Coleman-Weinberg poten t i al 

In order to a void these difficulti e s, Linde 30 ) and Albrecht and 

Steinhardt31 ) proposed a new vers i on of infl a tionary un i verse scena rio. This 

model is based on the Coleman-\yei nbe rg pot en tia l , "'hi ch is gi ve n by 

V( ¢ ,T) = m2(T) ¢ 2 + B ¢ 40n( ¢ / 0 )2-1 / 2) + B 0 4 /2 (3 . 1.1 ) 

whe r e m2(T)=C T2 and B=562 5g4/1024 TI 2, C a n d g be i ng a co ns ta n t of a n order 

of unity and the gauge coupling constant, respectively. In this potential 

t he adjoint Higgs field, J, has been re exp r e s s e d as r1J (1,1,1,-3/2,-3/ 2). 

The characteristic properties of this potential are, first, t hat the 

potential barrier betlo'een ¢ =0 and ¢ = 0 i s made by a therma l eff ec t. i. e. , 

m2( t) =C T2, and, second, t ha t the po t e n t ial bet wee n ¢ =0 and ", = IJ i s ve r y 

flat. as shown in F i g.( 3. I. l ). In this mo del, bu bb les a r e nuc leated at the 

t e mperature T« o . The va c uu m expectati on val ue of Higgs filed in the 

bubbles is, hOlo'ever, ve ry sma ll <l> i « 0 because of the sma l l he ight of t he 

pot ential barrier v top ~, c T4« 0 
4, Albrecht and Steinhar dt 3}) c l aim t hat 

bubbles or domains with non vanish i ng Higgs fi e l d r1J i ( << 0 ) a r e formed rather 

by spinodal decomposition not by nuc leation of bubbles. I n any way th e 

essential difference to the origina l model is that bubbles have a l most t he 

s ame vacuum energy dens ity as that of the s ymme tric state <p =0. TIu s means 

that bubbles also expand exponentia lly. The e xponen t ial expa nsion c ont inue s 

until Higgs field rolls over until r1J = 0 , where the vacuum ener gy de nsity is 

vanishing. The rollover t ime is estimated f r om t he e qua tion of motion of 

'I.lns field, 

¢ +3H ¢ + V' ;{} (3.1.2) 
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where GUT-Hubble consta".L is defined as 

H= 9. -1 =(8 TIGV(0)/3)-1 / 2;(4 TIG Bo 4 /3)-l/2 (3.1.3) 

If the mo t i on of ¢ is f r ict i on-dominated, i.e., 3H ~ =- V' I the characteristic 

time for rollover is estima t e d as 

T = ( ¢ / ~ ) i '\, 3H <P i / V I ( <p i ) '\, HIT i 2 (3.1.4 ) 

whe re Ti is the cosmic temperature when bubbles created. As has been 

discussed in 9 1, the hori z on- and the flatness prob l ems are sol ved if the 

dura t ion time of the expo ne ntial expansion, T, is longer than 629. because a 

bubble wi t h the size of 9. ( '\, 1O-26cm ) is stretched to .Q. exp( T / l', ) '\, 10cm 

"'hen the ph a se tr ans ition finis he s . The present size of this regio n is 

l on ger t han t he Hubble length HO- 1 In this new s cenario, therefore, we are 

nov l iving in a bubble. Obviously no monopole problem ~~ i s ts, because 

mono poles a r e out of our univer se which we know observ a ti onally, even if 

they have formed. Al brecht et a1. 32 ) demonstrated that the universe will be 

rehe ated almost to the GUT temper a ture T'\, a also, by introducing a 

phenomenological viscosity term r; in the equation o f motion (3.1.2), 

pro v ided r >H. 

2) Gravitationa l e f fe cts on phase trans ition 

I n the nelo' inflation model, a gravitational effec t on the nucleation of 

bubble becomes ver y i mportant beca use the radius of a critical bubble becomes 

comparable to the characteri s ti c length of the de Sitter universe .Q.(;H- 1). 

In order to obt aIn a critical bubble solution, we must calcu late th e 

Euclide an Einstein equation33), 
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R,2 1+ 811G R2( <p,2 -V) /3 (3.2.1 ) 

simultaneously with Euclidean equation of motion of Higgs f iei d, 

<P + 3(i!' /R ) ,r, - dV/d " =I) (3.2.2) 

where we have assumed the metric 

ds 2= d ~ 2 +R 2( E; ) d (l 2 (3.2.3) 

a n d a das h ' i s t he deri vative with r espect to f, . I n t his met r i c, ~ is t he 

r adia l coordinate and d :'2 is the e lement of length on a unit tlu'ee sphere; R 

is t he Euclidean analogue of the Robertson-Wa lker scale factor. In the new 

infl ation mo de l , however , the adequate approximate s o lut i on of Eq. (3.2.1 ) is 

obtained inde pe nde nt of Eq.(3 .2.2) as 34 ) 

R( ~ ) =H -1 sin CH [,) , (0 ~ f, ,;, 11 /H) (3.2.4) 

beca use the en e r's y de ns i t y eve r yw he re r emai ns ro u gh l y c onsta n t, i.e ., 

q> ,2«V( <p) 'v y eO) . Then the e quation of motion for Hig gs fields i s gi ven by 

q>" + 3 H cot(H 0 <P ' -dV /d <P =0 . (3.2.5) 

The Euclidean action S4 i s given by 

lI/H 

S4 = 211 2/H3 d ~ (sin 3H ~ )( <p '2 b +V( <P b)-BO 4/2) (3.2.6)Jo 

where <Pb( E.) is a bounce solution of Eq.( 3 .2.5). 

Note that no bounce solution exists if we take the boundary condition 

similar to that of Coleman's ori gi nal paper; <Pb'(O)=O and <P b(H/ E. )=0. As 

Jensen and Steinhardt 34 ) and Albrecht et a1 35) claimed, the adequate boundary 

condition is <P '(0 )= <P ' ( 11 / H)=O. Equation of motion for Higgs field 

Eq.(3.2.5) corresponds to the mechanical equation for a particle moving in a 

potent i al minus V a nd subject to a somewhat pecu l i ar vi scous damping force 

with Stokes' s -l ow coeffldent proportional to co t(H~ ), if we interpret ~ as 

a pa rtic le pos i. t ion and ~ as t ime . In Fig.(3.2.1), two typical bounce 

s o lutions for case i) H«m and ii) H » m are shown. Because the oscillation 

frequenc y at <P = <P top ' W =(-d 2V/d rp 2)1/2 is of the order of m, th e Case i) 

co r res p ond s t o t he l imi t that the de Si tt e r time H- l is mu c h longer t he 

osci llation t ime. In this case, t he bounce sol ution reduces to that given by 

Col e man ori gina l ly, because the gr a vitati onal e ffect is negligible. This is 

easi l y under s t o od t hat equa tion of mo tion (3.2.5) reduces to the or igina l 

ones 1 3) in the limit of H " 0 . On t he other hand, Cas e ii) corr esp onds to 

the s trong l imit of t he gr avi tat i onal ef fect. Be c ause the bounce time 11 / H 

i s much sma l le r than the os c il l at io n ti. me, the mo vement of par t ic le is 

s tron g ly limite d nea r the botto m o f t he mi nus po t e n t ial (-V) , $ '" <P t op ' 

Thi s me ans tha t the vacu um expect a tion va lue i n a bubble q> c is a l most eq ual 

to <P top' where the pot entia l V has a maximwn. Hawking and Moss36) cl aim.ed 

tha t the on ly Euc l idea n s o l ut i on wh i c h can gi ve a mea ni ngful tu nne l i ng 

probab"l li ty is the homogeneous solution for 0< S< 11 /H, a nd t he4> ( £; )= <Jl t op 
action is 

S4 (3/ S G)(l/V(O) -liVe ,; top» (3.2.7) 

This is obviously the limiting case H» m. Evol ution of bubbles or Higgs 

field is essentially the same as that of the precedi ng discussion, except the 

initial value of Higgs field is almos t equal to <p top' If the time for 

rolling over is s uffiCiently long, the size of a bubble can become s larger 

than the Hubble length HO- l at present. 
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3) Dynamical evolution of Higgs 	field in SUeS) model 

In most of the investigation until now it has been assumed that the 

vacuum expectation value of the Higgs field evol ves directly to the 

SU(3)xSU(2)xU(1) direction from the start of rolling down. Recently, 

however, some people have pointed out37)~ 41) that the Hi ggs field goes 

toward SU(4)xU(1) state, which may give rise to serious difficulties in the 

new inflationary scenario. Sato and Kodama 41 ) investigated this point in 

more detail by examini ng the evolution of a Higgs field <I> belonging to 

the adjoint representation of SUeS) in the full 24-dimensiona l space by 

numeri ca l simulation and to elucidate whether the new infl ati ona r y scena rio 

is c onsi s tent wi th c osmo logi ca l observ a t i ons or not. 

t n practica l computa tions , howe ver, it is not ne cessary to ca l cu late the 

ev ol ut ion of the f ull 24 components direc t l y_ I t i s quite natural to as sume 

that the time de r i vative of the Higgs fi e l d va n i s hes,l3 ), i.e., ~ =0, just 

when t he Hi ggs f ield a cqui r e s non- vanishing clas sical expec t ation values in 

the first stage of the phase transition . Then t he Higgs f iel d ~ r e presented 

by an arbi trary sxS hermitian traceless ms t rix can be diagonalized in each 

cohe r ent r egi on by a global gauge transf ormation, keeping <I> =0. The equation 

of motion of the Hi ggs field guara ntee s tb a t ~ remains diagonal in the 

course of i ts evol ut i on i f ¢ i s diagona l and ¢ =0 at the start. Th us in the 

ca l culation of e vo lution we can restrict the f orm of the Higgs field withou t 

loss of gene ra l i t y as 

¢ ~d iag[ 'PI ' !P 2 ' <1' 3' "'4' <Psl 	 (3.3.1 ) 

5 

with the c vnstraint Tr ¢~ L <P i=O. 

i=l 

In this representation t>-, Co leman-\oIeinberg potential IJith t he one-loop 

co rrection by the gauge boson (the Higgs boson contribution to the one-loop 

correction is not included) is given by42) 
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<P . 4 ___ ( L <p. 2 )2 )V( <1» = C(L 
~ 

1 
J. 30 i~J 

i = 1 2s6n. 

<Pi-<Pj5 

+ 	 L ( q, i - rjJ j)4(ln( )--Jl. (3.1.2) 
11

i, jd 	 2 

where C is an arbit rary par a me ter of th i s pot e n tia l an d 11 i s a 

renormalization para mete r rela t e d to th e va cuum expecta t i on value of t he 

Higgs field a t th e SU(3)xSU(2)xU (l) minimum po i nt ¢ ~a x di a g[ I,l,l. - 3/ 2 , 

3/2 ]( a '" 4.5x lO14GeV ) as 11 ~s o /2 . Th e ef f e ct of tem pera t ure on the 

potential is ne g lected beca use t he i nfl at ion begins ai t e r the cosm.i.c 

t empe rat u re bec omes les s tha n t he GUT t empe rature ( ".10 14GeV ) and the 

essentia l f ate of t he Higgs fi el d is det ermined befor e the univer se is hea t ed 

up agaill to the GIIT t e mperatu r e. 

5 

Because of the tr aceless con d i t i on L '~i =O, [jve 

i = 1 

compo nents of the Higgs field <P i ' i =1 .2,·· .s, a r e not independent. This 

makes t he numeri c al computation compl ica te d i f we c alc u la t e the time 

e vo l u t io n of t h es e c omp o nent s di re c t ly. I n o rder for the co nvenience of 

num e r i c a l c omp utati on , we intr oduce the fol l owin g f o ur c omp onent s fi e ln s 

whi ch a r e comple tely independent each other, 

4 

$ i ~, i + L <P /0+ (5) . 0 =1,2,3,4) (3.3 .3 ) 

j=l 

In Fig.3.3.I, contours of t he potential on a plane (x= 31jJ 1 = 31jJ 2= 

3 d'3' y= 1/1 4) are di sp layed for the case of the potential parameter C=1. On 
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th i s plane there are two SU(3)xSU(2) xU( 1) minima and four SU(4) xU(1) minima. 

As is easily understood from the potential Eq.(3.3.2),local minimain the 

SU(4)xU(1) direction can ~xist for C<lS, and these minima become global 

minima for C<-lSln(1.S).38) 

The equation of motion for the f celds Wi are given by 

, 
IjJ i + 3R/R l/Ii + V IjJ i + Cvis I q, i IIjJ i o (3.3.4) 

where a viscosity term 11/1 1 11/1 i is introduced in order to convert theCvis 
e ne r gy of t he Higgs fi e l d int o thermal ene rgy. The scale fac tor of the 

uni verse R is calcu lated by the expansion equa tion of t he universe 

(R/R)2 8 11 G( P + ~ )/ 3 ( 3 .. '3 S)r 

wher e we ha ve as sumed that the universe 15 spat i ally f lat , whj.ch is adequa t e 

in the earl y un i ve rse even i f i t is not f lat exa c tly. The change of 

r adi ati on ene r gy density Pr and the energy dens~ ty of t he Riggs fi e ld p~ 

ar e described, res pec t i ve l y. by 

4 

d( ~'r R4 )/ dt E C. 1.1, I ,;, 2 R4 (3. 3.6)VJ.s • i 'Y i 

i=l 

and 

4 • 2 
-E IjJ i + V (3.3 .7)P<I> 
2 !i.;::1 
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The initial value of the Higgs fi e ld has four de grees of 

freedom: one is the no rm of Higgs field II IjJ II =( E <l>i 2)1/2= 

4 i=l 

r ~ j2)1/2 and the others are the direction of the vector 

j=l 

1/11' 1ji 2' \\13' 1jJ4) in the four dimen s ional IjJ space. In the present 

investigation we take e: = 11 1jI 110 = 8x lO-6 as the initial value of 11 1jI 11 , 

whi c h is about 0.2H, where H=(8 1T GV(0)/3) 1/ 2. In order to parametrise the 

initial direction of IjJ we util i .:e three angles (J., and i3 . C1 represents 

the de viation angle from the SU(4)xU(1) direction 1/11= 1jJ 2= 1jJ3= 1/14(>0) on the 

plane 1/1 1= 1jJ2= 1j13 as shown in Fi g '}'H and a and !3 represent the de v ia tion 

angles off t hi s pl ane. Though we do not limit the range of (l essentially, 

we rest rict e and e in the very narrow range l ei <10- 4 and II:i I <10- 4 

for the con venience of the analysis of the numerical computation as a first 

s t ep. 

In Fi g.3 .3.2a 3.3.2c, so me resul ts of numerica l computation for the 

case of the potent ia l parameter C=l are shown. As demonstrated in these 

fi gures, the Higgs field goes to the SU(4)xU(l) direction W1= 1jJ2= 1j!3= 1)1 4>0 

at fir s t In dependent of the values of vi s cosity param e ter and t he Cvi s 
init ial angle n. pro vi ded that -0.29 11< 0<0 .2111. This is ob vious ly a 

na tura l conseq uenc e of t he fact that the po ten t ia l has the steepes t gr adient 

alon g th is direc tion whe re the norm Il lI> II is s ma l 138 ) (see Fig.3.3. l). In 

Fig.3.3.3. the de pendence of the degree of i nfla t i on on the initia l angle a 

is shown . Her e we define the degree D as the r atio of t he co smic scale 

fac t or s , D=R2/ R1• where Rl is the va lue when the i nflation begins, i.e., when 

t he vacuum energy density becomes gr eater than that of t he r ad iation, and R2 

Is the value when the Higgs field arrives near the SU(4)xU( 1) mi nimum. No te 

that inflation beg i ns agai n wh en the Higg s field settles down at an 

SU(4)xU(l ) s t ate because of the remaining vacuum ener gy density. Of course 

this infla t ion is not taken into account in this definition. As shown in 

Fig.3.3.3, the degree of inflation is very sensitive to the initial angle a , 

but almost ind ependent of the potential parameter C and the viscosity 

parameter provided that Cvis <O.l. The evol ution after the arrival toCvis 
thi s mi nimum, of course, depends on the value of Cvis ' 
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Generall y speaking, the Higgs fie ld settles down in a very direct way to 

the SU(4)xU(l) mi ni mum after shor t time os cillation independent of t he ang le 

a provided that Cvis >l as is ill us tr a ted in Fig. 3.3.2a. For the smaller 

values of the viscosity parameter Cvis ' howe~e r, it can depar t f rom th is 

local mi nimum and further evol ve to an SD(3) xSU(2) xU(l) minimum s ta te. As 

shown in Fig.3.3.2b (C is=10-2 and a =0. 21T ), the Higgs f i eld evol ve s to t hev 
nearest SU(3)xSU(2) xU(l) state via the SU(4) xU (l ) state and settles down to 

t h i s state after oscillation around it. No te t ha t, however , details of the 

evolution of the Higgs field are different for the di ff e rent i nitial angles 

even if the value of the viscosity parameter is the s ame. For e xampl e,Cv1 s 
if we take a=-O.llT , the Higgs fi eld settles down to the S U(4 ) x U(l) state 

after large amplitude oscillations. When we tak e t h e s ma l ler values for 

' the Higgs field begins to circulate in this ( x ,y)-plane and wandersCvis 
around a lot of SU(3)xSU(2)xU(l) s ta t e s and SU(4 )xU(l) st ate s . Af ter a few 

time circulations, the Higgs field goes out from this plane and begins to 

wander around more numbers of SU(3)xSU(2)xU(l) and SU(4)xU(l) states in the 

four dimensional space nF the Higgs field. This resul t suggests that the 

eventual state of the Higgs field is changed gr eatly by the very small 

deviation of the initial direction of the Higgs field. 

In Fig.3.3.4 final states of the Higgs field are summarie<i in the plane 

of the initial angle a and the v,scosity parame te r ' As has beenCvi s 
discussed, final states of the Higgs field depend on the value of the 

viscosity parameter Cvis strongly. The final sta t e is an SU(4)xU(l) mi n imum 

if Cvis is greater tha n a critical value. Al t hough the critical value 

depends on the init ial angle a as s ho.'n in Fi g . 3.3.4, we may conclude that 

the final state is SU(4)xU(l) if Cvis >1O-2. This state is, however, unstable 

if we take into account the quan t um tu nne ll i ng effect. Although the lhggs 

field can reach a nearby SU(3)xSU( 2)xU( l) state by t his tunneLling, the same 

difficul ties as appeared in the origi nal i nf lation scenario1) '\ 7) ar ise 

because this phase transition is of f ir s t ord er, i.e. , large scale 

inh omog e ne it y is created by bub b les f or med by t h i s phas e t r a ns i t i on as 

po i nted o ut by Breit, Gupta a nd Zacks . 38) 
3Wben we t a ke the value of t he visco s ity paramet er in therange 2xl0

<C ' <10- 2, the Higgs fie ld can s ett le uown to the nearest SU( J )xSU(2)xU(l ) 
\' J. S 

st a te stead i l y wi th out trave l i n g to other SU( 3) xS U(2) x U( 1 ) or SU(4)x U( 1) 

s t ates. In this case , the i nflation sc enario "Iorks "el l "lith no trQuble as 
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has been investigated by many people. 

On the other hand, If we take values Cvis <2xlO- 3 , the Higgs field 

trav e ls around a lot minj'lum states as illustrated in Fig. }·}1-{.Eventual 

states to which the Higgs field settles down are changed by fluctuations of 

i ni tia l ,alues of the :1iggs fieln. Thi s resul t strongly s ug gests that a 

coherent reglon, "Il' ch is formed by nucleation of bubbles or spinodal 

decompos;tlon in the early stage II ¢ II <H, will be fra gmen ted into many 

SU(3)xSU(2)xU(1) and SUe 4 )xU(l) states by the fl uc tua tions of the Higgs fie ld 

associated with the initial state. Even if the classical fluctua t io ns of the 

Higgs field are e xt remely small, the quantum ones might fragment the original 

cohe r ent r egi on into s mall pieces of different state.38) Thus this result 

su gge sts that large scale inhomogeneities also appear for the too small 

values of Cvis ' which conflict with present observation. 

Sato and Kodama 41 ) have carried out numerical computations for the 

different values of the potential parameter C (Eq(3.3.2» in the range 

0<C(l4. The result displayed in Fig.3.3.1 (the case C=l), does not change 

qualitat iv e l y for the other values of C in this range except that the 

crit ica l val ue of the viscosity parameter Cvi s ' which decides whether the 

final state is SU( 4 )xU(l) or not, depends more sensitively on the initial 

angle a. We have also carried out the simulation by using the viscosity of 

the form Cd s II I/J II ~ i instead of Cvis I ljJ i I ~ i' The resul ts were 

essent i al ly the same both qualitatively and quantitatively except for the 

small change of the critical value of Cvis ' 

In order for an inflationary scenario of the universe consistent with 

observation to be constructed, the value of the viscosity must be in an 

adequate range, otherwise large scale inhomogeneities which con fli ct with 

observations arise. Recently Abbott et a1. 42 ) and Hosoya and Sakaga mi 43 ) 

e s ti ma ted t he str engt h of viscosity. At present, it is hard to det e r mi ne 

whe t he r the val ue of vi sc osity lies in the r ange a deq uate for t he new 

inf lati o nary scenario or not, because the resul t of Abbott et a1. is very 

q ua l ita t ive a nd t he viscos i ty ob ta i ned by Hosoya and Saka gami is a t he r ma l 

vi s c osi ty . In o rd e r to mak e cl ear "h et her a consi s te nt sce na rio can be 

const r ucted or not , mo r e prec ise evaluation of viscosity is necessary. 

4) Primordal Infla t ion and Chaotic Inflation 
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New I nfl a tionary un i ve r se model, \oIhi ch is proposed in order t o av oid 

diffi cul t ies of the original model s , hO\olever, has also some prob l ems to be 

so lved: i) As discussed in prece ding sec l ions init ial va lue of Higgs field 

IjJ i must be lower than Hawking temper atur e TH .. H/2 1T in order for suffi ci e nt 

in f l ation. If the Hawking tempera t ure 44),4S) is the amp l itude of the quantum 

fl uctuations in the de Sitter uni ver s e , t he universe cannot cools lower than 

Til an d the in Hia l val ue sho uld be greater than or equ a l to TH. Actu a l l y 

man y peop le d i scus sed t he possi.bil ity that the phase transl ti on be gins at 

T;TH from various points of view46)-SO). These two conditions conflicts each 

other. ii) Hawking and many people observed that quantum fluctuations in 

the Higgs field during the rollov e r stage may give rise to classical 

inhomogeneities on large scales.S1 )-S4) The amplitude of density 

perturbations when the wave length is equal to the particle horizon, was 

estimated as 

( op / p) 'V Bl/2( In(L/ £ »3/2 (3.4.1) 

where B;562Sg 4/1024 IT 'V 0.1 (see Eq.(3.1.1» and L is the wave length at the 

finishing time of the inflation. If we take L '0 1023 £ for a scale of cluster 

of galaXies, the value of op / P is ab out 50, which conflict with the 

homogeneity observed by the microwave background radiation. iii) Generally 

speaking, Higgs potential V(Eq.(3.1.1» may have non vanishing mass term w 2/2 

at T;O. For Coleman-Weinberg model , the coefficient of the quadratic term 

w2/2 is set equal to zero and the Hi gg s mass is mC\,;2.7xl0 14GeV. Now. let 

the Higgs mass for the nonvanishing quadratic t e rm be mH and def i ne 6 H ; 

(mH2-roc/)/mc/' As claimed by Albrecht and Steinhard t ,3S) the va l ue of t, H 

must be extremely small 6 H«1O-6 in order for suiHcient infl a t i on to occur, 

This means very fine tuning on the Hig gs mass is necessary for the new 

inflation scenario to sol ve the flatness and the hor izon problems. 

Recent ly, the CERN group 55) proposed an al ternative version of the new 

in f l ationary mo del in ord er to avoi d the s e problems on the basis of supe r 

symmetry GUTs. In t his scena r io, firs t, infl a t ion (exponential expans ion of 

the un.iv ers e) is induced by a ph a se t ransit ion of a hy poth e t ical s ca l a r 

fie ld, wh ich they na me d i nfl a ton. Thi s phase t r a nsition occurs at t he 
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t emperature hi gher t han GUT- sca l e l OISGeV, but lower t han the Planck scale 

101 9GeV. Se c ond, SUeS) symme try is broken at th e tempe r ature T'V 1\ 5' 

1\ S( ,, 109Ge V) bein g the strong coupl i ng limit of SU(5) gau ge int era c tion, 

wh ich is mu ch lo wer th a n the breaki n g scale 1015Ge V• They c l aim all the 

diff icult ies ar e sol ved \oI i th o u t f i n e tuning of parameters in the 

theory.A lthoug h this model is very interesting. it is to be noticed that the 

inflanton introduced new l y in this model has noth ing to do with the physical 

phenomena of particles at the present universe. 

Inflation models based on the super GUTs or supergravity also have been 

investigated by many people56)-S9). Albrecht et a1 56) pointed out that the 

reheating of the universe is hard in a plausible super GUT. 

Recently, Linde60) also proposed a new interesting model, which he named 

chaotic inflation model. In this model, no more exists the concept of phase 

trans ition, which was essential in the original inflation model, but a simple 

scalar field with the very flat potential 

V( <P) >. /4 <l> 4 , >. « 1, (3.4.2) 

is introduced. At the Planckian era, T 'VI0 19GeV, it is believed that the 

uni verse was chaot i c because of quantum and thermal fluctuations. One may 

expect that the field <p may take any value between -mp / >. 1/ 4 and mp / >. 1/4 in 

different regions of space, so that V( <p ); >'<p 4 / 4 <mp 4. Now we consider a 
1domain with the size of m - or greater, in which the scalar field isp 

almost const an t. It is e x pected that such domains e xist abundantly in the 

open (infini te) universe at the Planck time. Because the thermel energy and 

the energy connected with the inhomogeneity of the field rapidly decrease 

during the expansion of the universe, the potent i al energy density V( <l» 

becomes dominant, and the domain becomes exponential expandin g with the scale 

factor R '\. exp(Ht), where H;(81TV(<P) / m/)1/2, As the result of this 

expans ion, the llot ,'erse becomes divided into many e xponentially large domains 

containing an almost homoge neous field <P. It is obvious, tha~lthe initial 

value is sufficiently larger than mp- 1 and the time for ro lling over to <P ;0 

is suffiCiently longer than mp-1, these domains can become greater than the 

llubble length HO- 1 at present as discussed in the subsection 1). In thi s 
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scenario however, the space time be t ween the universes (doma i ns ) would be 

extremely curved and the universes would be causal l y disconnected each other. 

Note that this scenario is quite s imilar to the idea of mu l t ip roduction of 

uni verses by first order phase transition. 19) 

§ 4 Summary and conclusion 

In the present paper, we have reviewed the in f l a tiona r y unive r se 

scenario which seems to give a plausible answer to the fundamental 

cosmological problems discussed in §l. The inflationary model, however, has 

been revised until now in order to avoid difficulties. It is not clear even 

now what is the most realistic and plausible model. Although the c onsistent 

scenario with no difficulties and no conflicts with obscr.~ t ions can be 

constructed in the primordial inflation modeI SS ), it seems that the 

necessity of the existence of hypothetical field infl A. ton is not definite 

fr om particle physics. Although the new inflation modeI 30)-31) seems to be 

realistic, because this is based on GUTs which have been investigated in 

detail until now, and this is a natural extension of the Weinberg-Salam 

theory which is almost justified by the discovery of Wand Z bosons in CERN, 

it seems not easy to remove difficulties discussed in § 3-4. Chaotic 

inflation model 60 ) is daring and interesting model in spite of its 

simplicity. In this theory, no more concept of spontaneous symmetry breaking 

or phase transi tion, by which present gaug e theorie s c ould suc c eed, is 

necessary but a simple scalar field wi t h shallow and flat potential is only 

necessary. But there is no definite reason of the existence of su c h f i e l d 

from particle physics. 

There remain howe c er, important problems to be s o lved in all the 

inflation mod e ls. One i s on the thermalization me c hani sm of the vacu um 

e ne r gy density whi ch induced the exponenti al expans i o n of the uni ver se. In 

the discussion § 3 , viscosity t e rm Cvis rJl¢ J.s introduced phe nomeno l ogica lly 

in order to convert the released ener gy into the rmal ene r gy. At present. no 

reliab l e theory exi st to give thi s v i scosi t y. If there were not suffi cient 1)' 

strong viscosity, the energy of scalar field is absorbe d by the expansi on of 

the universe and the uni ver s e i s not he a ted up. In t his case, i t bec omes 

hard to ex plain not onl y ba r yon numbe r as ymme try, bu t also the 3K mi crowave 

ba ckgr ou nd r ad i a tion. 

- J)J 

The biggest and the most fu ndamental pr oblem i n the inflatio n model ITiay 

bo why th e c osmological term or the vaCUUITi e ne rgy density nt Lh e p r es e nt 

univel-se is almos t vanishing. As "i s we l l knllwn, the va cuum energy dens ity is 

b trongly limited f r o m t he obser vat io ns o f the Hub b le constant an d the 

dea c celera tlon parameter as OvO O O- 12 2m p4 . This impUes that wb e n the 

uni verse was c r eated as a fi r e ball , t hp va lu" of the cosmo l ogical cons t ant 

had hc€'n ad j us t t o c a nce l t he pres ent value V( 0' ) . Although it has been 

pointed out that s uper symmet ry GUT may a cc ount fo r th i s pr oh l em, i t has not 

y~t bec ome cl ear. 

In spiLe o f the existen ce of di f£i culties and uns o lved problems , it is 

very cl car lha t infl at i on s la ge ( e>: ponenL i a l ex panding e ra) is i TIev i t <l ble to 

x pl.s i n the two f unda mE' nt a J pro b l ems i . e . , the hor i Lon pr ob l em and t he 

flatne s s pr ob l em. In order to make clear how t hi s inf la t ion occ u r s, mo re 

cardul and precise i nvestiga tions along the border line betwe en part i c l o 

phys i c s and cosmology wo u l d he necessa ry. 
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Figure Cap tions 

Fig.l. l. l:The s chema t i c diagram of the e ffecti v e potent i a l ofHigg s fi e l d i n 

first order phase transition model. 

Fig.l. l.2:The Eins t e i n equa ti on for the expansion of the universe cor r esponds 

to the mechanica l equation for a particle mo vi ng in the pot ential 

Vex) if we inte r pret x as a partic l e position . 

Fig. 1.2.1: Evo l ut i on, of the particle hor izon and the cosmic sca l e f ac t or in 

the inflati onary un i verse mo de l. Po r com pa rison ,lhose o f the 

s tandard big bang model( SBBM) a lso a re displ ayed. [f t he fin i shing 

time o f the pha s e tr ansi t10n 1s a bout s ixty , >60 .!. t he pa r tic let f 
horizon at present becomes grea ter t han the Hu bb l e lengt h HO-1 ~ 
1028 cm and t he homogenei ty of the universe may be eXlJ l ained. 

Fig. 1.4.1 : A mo no po le is fo rme~a point surrounded by domains if the wi nd ing 

number i s non vanishing. 

Ft~.::'.1.1:P rogress of the first order phase transition.ln the early stage, 

bubbles are isolated each other(a).Wi th increasing vol=e fraction 

of bubbl es, they begin to oY!>rlap(b),an d eventua J 1 y all t he false 

vacuum regions are surrounded by bubbles(c). 
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fig.2.2.1 : Fulctal ~lrutture of the universe when quantum nllcleation riltc i s 

very sma 11. 

fig .3 . 1.1: Tile Cole man - lNcill be rg pO LenLiaL at f in il e rempeTlJtllre . A smal l 

pGL Cn lial bar r i~r i~ formed by lh0rmal effect . The gra di ent at 

~ ' « a i.s very small. 

Fig. 3. 2. I :Two lypical bou nte soluti ons : CBS ," i )The osclii ali on Lime at 

<t> '\, ¢ i()P is ver y shor Ler than Lhe de Sit ter timp ,,/I I,i . .. . ,II« rn . 

Case ii) Tho opposj Le case 1I» m. In the sec ond case,gr<l\· itarionnl 

effecLs b<.>c orne essenL i n !. 

fig .1.3. 1 :COJl LOur map of the Col eman-Weinber g po tenLial for t he case r_1 j.s 

disp l ayed on the pinne (x= 3 1/1 1= 3 1jJ2=3 iJJ 3,Y= 1/< 4) ' On thi s pl ane , 

there e x i.st four 5 l1(4 ) ,11( 1) min ima ( ,; ) and lwo SlI(3) xSU( 2 )xU(I) 

min ima ( .) . I n thi s p l ane , C1 -0 means SU( 4 ) xlf( l) direction , Q =

0 . 29 TI SlJ(J)xSU( 2)xU ( L) d ireCl ion and (J -O . ZITI th e d i rec tion 

vertical to the SU(3 )xSlI ( 2)xll(l ) direc Li.on . l\umerical cum pLJt,n ion 

is t<IT ried out in Lhe ranS1e -0.29 TI <a <O.2ITT 

Fig. 3. 3 . 2a:Time Qvolution of the Higgs field [o r t he cas e C=l,Cv 1s=O.1 3n,I 

',=0.1, is projec t ed on the same pla!1e as sho~'n in F ig.J.2 .1. 

Fig.3.3.2b:Same as fig . J J J",but for the cnse C= l , Cvis=O.Ol ann a - -0.2-rr. 

Fjg.3 . 3 . 2.-: SamE' as Fig. 3. 3 . 2a, but for Ill<' r ilse C=l , (;v15=0. 001 anLl (, =O.2 n 

Fig.3.3.3:The tlepl'ntiellu, flf the LI"l1ree of infhl"i(H' on t ile initial angle (, . 

Initial ahse,llI te ,·alue nf the lI i ggs ( 1 I 1 S " " S U III <' rl 1. OJ ill; 

( ,I 2" I 2 ..... 2+, 2)1/2 uv1, \-6 T.,.! 1 /' f.2 . .,.J J I.,..' 4 =0., " ~. 

i'1 1! • . I.·S.4 : SUllImOlry o f fln.,l ;;ta~e,' uf t he Hip!5 rlel,l In till" L in.. p.volllll<," 

,lClJldLlons . 

Flg.4.1 :1nflatlon un i u~rse models 

- J"lil 
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ProblE'ms in the Perturbation Ana l yS is of a Univers e 

00minated by a Coherent Scalar Field 

Misao SAS AKI 

Department of Physics, Kyoto University, Kyoto 606 

AB STRACT 

Th E' tt'mpo r al baha vlo r of densi t y fl\l c tuations in a unil/prs .. domlnatE'd 

by II cohe rent scalar fl .. 1d is i nvE' st lgatpd . Our ana l ysis st rongly i ndica tes 

that thE' c ohe r ent na t ur E' of t h" s cala r fi e l d restrains the growth of density 

i nh omogen pit i es. Thls r a ises a serious problem a gai ns t a cosmo l ogIcal modE't 

",hich is dom i na ted b y a c ohe r E'nt s c a lar field such as th .. lnvl si bl<, ax i on . 

1. Introduction 

It has bpPIl suggpsted that the axion whic h is introdu c ed to solve the 

strong CP prob h 'm mi gh t be the dominant matter in the pr (>sen t universe. 1) 

It has been further suggestpd r ece nt ly tha t the axion flu ctuA tions in an 

axion do~ inated universe mihgt he the seeds of structures in the universe. 
2

) 

Th .. scenario of an axion domi na ted universe is roughly as follows: 1) 

The spont anpo us breakdown of global U(l)PQ symmetry at a tempPr ature T'" fA 

produces a ma ssless Nambu-Goldstone boson called the axlon which is definE'd 

by tp~fA e where f) is the U(l)PQ angle. Especially when f A is much greatE'r 

than the Weinberg-Salam sc a l e /lEW it is called the invi s ible axion and in 
12 . 

the present s cenario fA~ lO GeV is assumed. \,'hen the temperature drops 

to I\.EW' the axion begins to acquire its ma s s due to QCD instanton pff E> cts 

and at T "il. it settles down to the zero temperature value m ~ f 1t m.,. IfAQCD A
-5 12 I::':: 10 (l0 GeV f A) eV. Then the cohere11t energy of the axlon behaves as 

( T)3 f <2.. 2 -3P... ~ ~QCD 'Wl A A e 0<. 0... 0.1 ) 

where a is the cosmic scale factor. Therefore, it behaves as the e nergy 

density of a non-relati vistic dust ma tter and eventual l y dominates the energ y 

density of the universe. 

Naively, since th e energy density of the axion field bE'havE's as that 

of a dust matter, one may think that its perturhation is gravit a t ionally 

unstable for every wavelengt h . However, it should be noted that this naive 

extrap o l ati on neglects the coher en t nature of the axion field c omp le te l y. 

HE' nce let uS consider wheth er thO' coh e rent nature is i mportant or not. 

Whe n the U(l )PQ breaks down s pontaneousl y, t ht? a ng l e e (mod ul o 211:) 

wou ld a ttain somE' fini t e pxppc tation va lue ..h i c h wo uld be coherent OVE' r a t 

l east the hori zon s i ze uf t he uni ve rse, to' wh i ch is just th ~ cosmi c ti mE' 

of tha t epoch . Thi s m"ans thE' axion f iel d , 'f =fAB ' is r ealizpd clas s i cally 

and it s enprgy moml.'ntum tens or contributes to the righ t hand s id ... of thl.' 

Einst "in equa ti ons d i rpct ly . No", since I.p shou l d bp rpgard"d as a cl ass i ca l 

fie ld at t he hor izon s e a l t' , its spatial f l uc ( C1l1 t i ons o n scates ~ "» t o s houl d 

b" also r "ga r dpd as r eal class ical fl uc tuation s . ThE-refore "'hpn we p €' r fo rm 

t he pert u rha t ion an alysis by fou r lE'r trans f orming t hE' fluctuati ons , th E' 
~ -1 

f uuriE'r ampl itudE's '-Po:. (..hl' r e k is t he comov i ng wave numb pr ) f o r k /a (t O) < to 

arE' class i c a l l y mE'a ningful (obs prvablE') quantiti E's by t h pmse l v es . Th i s is 

in contrast wi th the case ~,pn the ff " l d Is h i gh l y inc oherent and its Fo urier 

amplitudes th PffiSplvps cannot be we l l-defi ned classically. Thus in the 
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present cas... Fourie-r ampl i tudes Cp k sho uld be added "coher E>ntl y " to d <?scribe 

the s patial depi'nd pnc E> of Cp eVE'n though t hd r phases may be qui te ra ndom. 

This hap pe ns often in cos mo logical perturbation theories in which flu c t uation 

scales of interests are so larg" that each perturbation direc t l y r eac ts to 

the. evolution of the universe i n the region the perturbation is p r E' sent. 

2. Coherent scalar field and its fluctuations 

In t his section, we bri e fl y review several properties of a coherent 

s (,;llar [ i eld ,1nn g i v c' ,;om,' ha:<1c idE'as which will bE' used later \.'h en elL,·.. 

cussi ng the g r owth of pert u r hA.tions of the field. For si mplici ty, WP con

sider a free scalar field . 

A quantum scalar field operator is represented by 

dJ.e,· • ~ r- ) e -L ~x. 
(';,,, -- (0.1> hcu + (}.~ j~ (10) 
T (211:)3/. C2.1) 

where ~k and a+
k 

are the annihilation and creation operators , respect i v p ly, 

an n fk(t) is the normali z ed positive frequency function, A coherent state 

is d"f in n l Iw till> (' und ll ia" that it is an eigen state of ak;3) 

S 

D.i \dO d~\ol~1 ) (2.2) 

whi'rp r:J. k is a complex number. A general state which has certain coherence 

is now represented by a density matirx 

f' ~ ) PClot'l) 1t IcZi!l <d"i Id"-c{)i (2.3) 

where {c(k'\ df'notes the set of all ampli tudes cL k' The weight function 

PC {cikl) is not positive dpfinite due to the over- completeness of the statE'S 

I d.. p. 3) Howevpr. it can be i nterprHed as a probability distribution 

function whpn amplitudi's of the field are large or frequencies of the field 

" are low pnough. Then thp expectation value (P =- TrCfCf) behaves as a clas

sical fiE'ld and the correlation function G(x , y) =Tr( Pcf(x) if(y) reducf's 

to that of the classical field tp. In the case of the axion, since the 

expectation value of the axion field is probably homo gE' n,' ous enough over 

the horizon scale with large amplitudes ~~fA at the time of thp spontaneous 

U(l)PQ breaking, we may regard it to be a classical field with a strong 

c oherence when considering thE' fluctuations on scales larger than the horizon. 

Now let us considE'r a classical fipld whose low frequency ampli tudes 

are appreciably large. Its Fourier decomposition has the same form as Eq. 

(2.1) except that a is replaced by a complpx number Ak,TrCP"k) and a\k 
by Ak. Therefore the Fourier ampli tude (Pk is given by 

(2 .4)
Cf>.t = Mt~(t) + A-~ -fli'(t- ) 

... 
Alth oug h t h e sp aci,,'.. " ·· " "'.ge of c.p is de t e> nni ned by the ke Q a mp l itude alone 

in the strict Hense. in cosmological prob l ems it i s more meaningfu l to define 

the spatial aver"g " of (p over a scale L which i s comparab le to or. greater 

than the present horizon size of the un ive rse. Denot i ng such an averagi' 

by f . it is giv~n by 

~ ;: ~ Sv dlx cp (x) 

(2.5)"- i ~ k.l - (27t))t. 't'b 
~L <i 

wheri' V~L3 (L is a comoving coordinatE' lE'ng th for the cosmological case). 

Thus the spa tial average is dete r mf nE' d b y the sprectum of the low frequency 

amplitudes Cpk (kL< 1). Note that if ~ varl E'S little whe n L is varied 
3

(which Wf' expect in the cosmological ease), 'f k'" k- for small k. Thi s gives 

the so-called Zel'dovich spectrum on large scales kL< 1. 4 
) Now with a fixf'd 

L, thE' background averagf' and the perturbations on scales kL,) 1 (hut not 

for so largf' k that thp classical picture brpaks down) of the energy mom.nt um 

tensor are given by 

--.-- """ )AV [ :f. 
I Be.- :: T ~ , ':t ] 

(2 . 6a) 

l ~T"'")'t = :2 'T)'.v l ~ , cp..;] J 
(2.6b) 

where T"'[ 4', 4'J is thi' value of thi' hi linear energ y momentum tensor o perati'd 

on a free scalar field Cf. As noted above Eq . (2.6a) would give the Zel'dovich 

spectrum on large s ca l f' S by itself if is to be varied and if the universe 
4

is dominated by some other ma tter such as radiation. ) Howpvpr when thp 

enerGY densi ty of the universe is dominated by thp sca l ar f i e ld , one must 

define the background pnergy density somph olo'. Then it is more rE'lpvant to 

rega rd Eq. (2 . 6a) as the background by Ei x i ng Land consi de r f 1un uat ions 

only on scales s ma ller than L which i s g i ven by Eq. C2.6b) . Thus, in parti

c ular, the denSity perturbations arp d i rpctly (linearly) relat d to thi' 

fluctuating fi (>ld a mpli tudes !Pk' 
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3. Tpmporal hehavior of density pe rturb a tions 

Now we investi gate the tpmporal hehav i o r of densit y pe r t urbat ions in a 

universe dominated by a coherpn t sc ala r field. Fo r def initeness we conside r 

the case of the invisible axion with it s s ym me try breaking scale fA ~ IOI2CeV. 

The background universe is ass umed to be spatially homoge neous and f lat ; 

ds">-=-ckt"-+ o.2[t)cG: ' 
(3. I) 

The background field t obeys the field equation givpn by . 
~ + , H <i -t 'Y>\~ ~ = 0 ) 

(3 . 2) 

where H~a / a and m is the mass of the axion. Since WP are interestPG in thp 

axion dominated stage of the universe. we assump m to be constant with timp 

(m" IO-5eV ). Now assuming m»H Eq. (3.2) can be solved approximately to yield 

<i :> (fil.~. ~ 'Yll't 
) (3.3) 

where iO is the amplitudp of ~ at a~aO' Note that for TOl ' the inQCD 
equality m:>~H is well satisfied . Then the background energy momentum tensor 

takes a perfect fluid form with the energy densi ty P and the prpssure P 

givpn by 

p~~~2+ irm2~<' (3.4a) 

p,,~i2.- ±'Yr'\"'~2 
O .4 b) 

Thus if one averagps f and P Qver a time scale >? m-lone finds (p/'" a-
3 

and (PrO. which is the samp as the case of a dust-like fluid. This led 

some ppople to conclude that the Jpans Ipngth for thp axion dpnsity pprturba

tions is zero. i.e . • the axion is gravitationally unstable for perturbations 

at any wavelength.~) 
However we should rempmber that the behavior of pprturb a tions depend 

essentially o n the "sound velocity" of the background which Is dpfined by 

the ratio of the time derivativE' of P and that of E'. Pi p. but not PI p. 

From Eqs. (3 .2 ) and (3 . 4) WP have 

p:::-"3Hi'l (3 . 5a) 

? '" - 3 H i l - '2-"M>' g; ~ 
(3 5,, ) 

Thprpforp thp s quare of the "sound veloci ty" is g i ven by 

~'W\ -kc "-= -e. '" 1+ 2.'M~ -:.- 1 + 3H L% ')on t )
S P 3H ~ (3 . 6) 

wh ich is clearly different from the value of p/f'. Althou gh there appears 

the s ingul a r ities due to the function tan mt in Eq . (3 . 6). thpy should not 

be t hp Tleal ones. It disappears if one takes account of the presence of 

some ot h pr fluid like components such as radiation in the universe. however 

small their contribution to the pnergy densi ty of the universe is. So. we 

assume hp rpgular In reality .c; to 

We hav e shown in the previous spction that density fluctuations of the 

axion fipld in thp axion domina ted stage are reprpsented by f q (2.6b). Thpn 

combining it with the Einstein pquation. onp obtains the timp <,volution 

eqlla tion for If> k or equivalently for ~e~. This has been done in a gauge

invariant way in Ref. 5). With a slight change of notations and variables 

it takes th~ form 

~'~(H3C,2)H~ t (:~-~u+n) -5- =0 
(3.7) 

wherp 'X~3'it.G and f=(-'a 3 1: with';:' being the denslty contrast 1:>f'/f' 
m m 6) 

mpasu rpd o n the so-called comovi ng hypersu rf aces. In thp prpsen t casp. 
3

since thp amplitude of P a is approximately constant with time. f rpprpspnts 

the amplitude of dpnsity contrast dirpctly except for thp small but rapidly 
2

OScillating part. Notp that if thp copfficient in front of (k/a)2 werp C
s 

instpad of unity. Eq. (3 . 7) would bE> exactly thp samp as the equation govprn
6 2

ing perturhations of a usual fluid. ) If this wprp so and if c =0. WP would 
s 

obtain the rpsult which is pxactly pquivalpnt to thp case of a dust-like 

fluid. Howevpr. the fact that WP actually havp the equation that differs 

completply from thp dust-like fluid casp indicates that WP havp a different 

anSWPT. 

Now Ipt us investigate thp temporal hehavior of f. Sine!? we arE' 

interested in cosmological densl ty fluctuations we consider pprturhations 

2


with wavenumher (k / a)2« m only. Note that for the invisible axion of mass 

of order 10- 5 eV. this corresponds to "av"lpngths '» lcm. For wavpl E>ng ths 

of order lcm or Ipss. thp classical picturp breaks down. I.e approach the 

probl, '" in h :o differpnt ways whosp results are sepmingly contradictory to 

each othpr. :h""pver thpre e xists :1 possiblp rpsolution to this contradiction 

which .'ill be disc usspd at the end of this spction . 

Thp first approach is to assume tha t t he rapidly oscillat ing parts of 
I

C2 • P and P at time scales of m- arp inpsspntial to the hph avi o r of f ovpr 
s 
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1 an expansi on t imp 11- • Then wi;> may tski' thE' t .. mporsl aVE'ragl' of thE' co.. f

fidpnt s in Eq. (3 .7 ) for f. ~i n cp < C
2
>:1. <p> oc B-

3 and <p~-O . w .. ol1 t ain 
5 

-} .. S <H., f + ( ;: - i <P '> ) t o (3.8) 

Thus th.. critica l ly stabl .. ~av E'numbE' r 1s g iven by 

f. 
(). 
c =J ~<f / H <H) (3 . 9) 

whf'r e ~f' hav!' USE' d th E' Fri ~drnann e-quation 112= l<P/3 in the l a t te r <'quality. 

This imp li @s tll" I [, .lns lenglh <>f o rd er H- l ( i. <' . the hori zon sca le) . ~hi ch 
is analogous to the casp of a rl' la tivist i c fl uid. Th" d if f(>rpn c E' is t ha t 

in the presE'nt case th E' <,ffE' c tive sound velo c1 t y is equal t o til .. li g h t 

vE'lo d t y, "hile for a relativistic fl u i d it is I / n ti mE's smaller. Th e 

gr ow th rate of f for (k /a) 2« H2 c a n be pas H y esti ma t E'd . Not ing (H?=2/ 3 t 

WE' obtain 

fii3 - '11- oc Ct'" 0( t ""/3 M" -",-- ~ O. ~ II b 
(3 .1 0) 

ilololl!v," r ~h(>n tl'" wa v(>l('nl\t il (' ()me~ i nsidp the horiz on. f c omm(>cl"S a damp pd 

oscilla ti on gi v pn by 

:f- "< (1-2 (0& C eVa ) Wi) 
(3.11 ) 

Thi s implies that no dens i ty fluctuat ions in the a xion f 1 E'ld Can s ur v i vE'. 
2

The sec ond appr oach is to t akE' a c count of th<' oscil la t ory parts of C
s 

P and P but consider th E' behavior of f o n l y ove r a t imE' interva l of ord<'r 
I m- Then we ma y neg l e ct the . f fE'c t of exp ans i on and Eq . ( 3. 7) becoml' s 

;. + "-""ttwl'mt f + C(J/ - X<P:> CCS''lilt ) f =- 0 , (3 . 12) 

where a and <P> are ass umed to be co ns t ant ~ th ti me. Except for th e. 
p rE'sen ce of tan mt in front of f . this E'qu a tlon takE'S the same form as th~ 

well-known Ma thi eu equation
7

) ~h ich i s a Schrodinger t y pe eq uati on ~ith a 

per iodi c po tential. Theref ore we expect there a r e cE'r tain uns table mo dE'S 

si mi lar to the case of the ~a t h i ~ 1 pq ua tion. As notE'd bE'fore. t he s ing u l a r i

tie s of tan mt in front of f must be artificial. Hence we should r ega r d f 

to be a suffi ci e ntly smooth and r egular func Lion. Th e n Eq.(3 .l2) ca n bE' 

ana l yze d by a method s i mila r to t he one emp l oyed in ana l yzing the Ma t hi <:> u 

('q uat i on7) (i .E' . e xpandi1'lg f in terms of rp l pvan t pe ri odic fun ctions). In 

t lw pr e s .. n t c ase . s i ncp we a re conSide ring t he behavi u r of f OVj>r a time 
l 2 2

inte r val o f order m- , in a dd iti on to the as sumptions (k/a ) 2«m and H2« m • 

we should assumP (k/a)2>? H2; o t her",ls<' thE' E'xpansion .. ffE'.,t cannot bE' 

npglectl'd . Und£' r th "s(' assumpti o ns, Kodama and I hav.. fo und tha t th .. f1 rst 

critIcal l y stabl.. mod .. i s given by8 ) 

( t~!. ) '" '" b 'Wl H (3.1 3 ) 

and for k < kc l f bE'c omes uns t a bl e. Alt hou gh t hl'r.. a r E' many o thE'r cd tically 

s t~bl .. modps at h i g her ~av.. numb .. rs. t hey appear at ~av E'n umb .. r s of order m; 

Il"nc-p qua nt um e ffeet s he-co rn E' pssential for t hem and our clas s ica l picture 

is not app lic ah le. 

Comp a r pd wi th the r E>su l t of thE' first approach. th .. va lue of kcl is 

2{in7H (» I) ti mE's greater than kc of Eq . (3 .9). Thus the re s ults sp pm t o bp 

contrad i ct ory. HowE' v(' r . " e must r emE'mb E' r that Eq. (3 .12 ) is derived by neg

l o?c ti ng the (>xpans ion effe c t and thereforE' correct only f or a time ln t E' Tvll l 

o f .0 t ~m- l . Al though we halle not succE'"ded t o obtain thE' growth r a te o f 

uns t able mod E's for k«kC l due to thE' comp lexi ty of Eq.(3.l2). a preliminary 

ana lysis i ndic atE'S tha t it has the fo rm exp ( 1J'mt) ~hen "'=p (H/m ) with some 

positivE' cons tant p. By pxtrapolati ng this result t o a ti me int t'r va l of 

order H- 1• ~P woul d have 

0<+0(. e~p(1tpHdt /) 0.1' 
(3.14 ) 

Ho~evpr at th i s t ime scale. the expansi on e f fE'ct bec omes i mpo rtant an d in 
• ? 

part icul a r the coef fi c ient 5H in front o f f in Eq. (3.7) (loIh('re (2+ 3 C;) TI ~ 5H 

+2m t a n mt) cannot be neglE'cted. If thi s is takE'n into a ccount. it wi JJ 

ind uc E' an a diab a tic da mping of f of th E' form 

1- 0<. CI,-t (~"?o) • (3.15) 

Thpr efore the t o tal gr owt h ra te of f will be g ivE'n by fo< a (p-q) and if WE' 

ca n prove the in equality P(q. the contradiction disappears. Although I have 

no t ye t pr ovpd this conje cture. it i s p laus ihl e that the fir s t ap p roach is 

qu al itati v E' l y correct. This con je cture Is s uppo r tE'd hy another examp le ~hlc h 

wi ll be d i scussed in the next section. 

4 . Gr uv i t a t i un al l y bound sys tem o f a coherent sc a lar fiel d 

I n the pr ('vious s e c t ion we ha vE' invest:i ga ted the hehavior o f linear 

per t u rba ti on s which indicates that dens ity perturb a tions of a c oherent sca lar 

f i el l\ cannot grow. In thi s spe ti on . WE' cons ider whethE'r the non-linea rity 

of gravj ty ca n ma ke a c oherent s calar field t o fom a gravi rati o na lly hound 
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sys tf>m. 

Thf> possIb i lity of a star composed of ~ sC'alar hoson was ditl c ussed by 
9

Ruffini a nd n o nazzo l a. ) Th", consjd~red a quant um s ca l a r field ~ coupl~d 
to the class i c a l grav i t y t hrough the Einstein equation of t he form 

Gr'"' )<. < 11- \ : f "v : 1'4- /
" ( 4 .1) 

wh " Te G""' JI is t he EinstPi n t enso r . denot es the no rm~l o rde r I ng opera t or 

and 1'1!-) is thp 10IJe s t "nergy state of a stal iC' sphf>rical s t 'J r thev h1ok"d 

f or. Beca usp of the statici ty and s ph p rl ca l symm .. t r y . cf Is ..xpanded as 

'\ 1 ...Cf ~ L (). "' lWl Cp",.Cr)Y.., ... (11 , 4» e·t E.".t + h.C.} , (4 .2 ) 

whpre ~o i m i s the annihi lati on ope rator of a (n . 1 . m) -qtlantum. ThE'n t h E'v 

as sume d that 11.)" i s a pprfpctly incoh e r e nt s tate compos pd of Cn= l . J. =0 ) 

q uanta. L E' . • 
\ ~+ "J 

t'fI _ l .~ 

1'"'4-1 ~ .!N! ( CJ. 100 ) 10) 
(4. J) 

Perfect incohe r e n ce is apparent since thi s is n n ei g'.>n statp o f t he numh .. r 

operat o r so that the phas e is c omp l E' tE'ly undetprminE'd . Then with a g i vE'n 

N. Eq . (4 .1) become s an "h~n value equati on f o r E ",Hh '-P (r) bei ng an
l0 l0 

eigen functi on . Ruffini "n~ Bonazzola found a flon -vanishi ng (' i g(' n va l ue 

for E as one na turally expects.
l0 
Now If't us consider if a perfpctly coherent fiel d can form a sta tI c 

s phE'ri cal s tar. Then by replaC'l ng \1j.-j of Eq. ( 4. 3) by the coher pn t state 

I cj.); 3) 

A+ _ '\ 
1Ci..'7= I?J(p(a.o.,.o- (j.. Cl,oo) 10 » 

(4. 4) 

it is pasy t o write do,"n the Eins t t> Jn equa t ion co rT Psponding t o Eq. (4.1). 

Then the resu lting equation has the same form as the one considered b y 

Ruffini and Bonazzola if one spts £10.0 and r ega r d SP10(r) as the c oh~ rE' n t 

fiel d !.p(r). Thi s imp lies that a coherent s ca l a r field can n o t bound by 

itself unless the coherE'n c e is effe c t i"ely dpstroy"d by s ome mec h an i sm. 

HO,"E'ver f o r a s uper wl"ak ly int e ra cti ng field such as the inVi sIble axi on. 

there seems to bp no such mechani s m. 

5. Summa ry 

We have invpst igated thE' behav ior of dens ity per turbat ions in a un iverse 

dominated by a c ohel'ent sc al a r fi el d . ThE' lin~ar analysis J n d ic- a tes that 

dpnsi t y fluctuations c unno t g r ow insid e' t he h o rizon . "hilE' the cons ide ra tion 

on a gravi t ationally ho und systt>m of a cohe r en t scalar Fi eld 1E'ads us t o 

c onc l udp that a c oh p r pnt scalar fi pld c a n not b ound g rav i t a t i ona l l y by i tst> l f. 
lTh .. gro,"th of densl t y pe r t u rha t i ons on sca l e s g r t>a t E'r t han H- is no l r e a lly 

dynamical as d i s CUSS E'd by Ba r dE'en . 
6) The rp Eo re we co nc l udp th a t I n a unJversp 

domlnat t?cl b y a c oh e r .. nt s ca l ar f ie l d. no d<'"si ty lnh omo gE' oe it les c aTi be 

lnouc pd by fl uc t ua ti ons in t hE' cohpren t s ca la r fi E' l d. 
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Comments on t he Chao t ic Inflation 
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ABSTRACT 

Some aspe c t s o f I iH., c !' do tic infl a tion s cen" rio proposed by I i,nde are 

di s cussed. Esp" ci " lly the two probl ems , whe ther s lliIi cient r ehea t i ng of rhe 

univer se OcCurs 8nd ", t, p[ 'ler the large s cal e In homogen i e ties produ ced by 

quantum fluct ll;) tion of the inflation fi e l d are small enough, are stud ied in 

detail. It is shown that rather strong cons t raints on the mode l pa rame te rs 

shou Id be s a tis) i cci in order that the chaotic i nf l a t i on scenario is a vj abl e 

one . 
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§ 1 . Introd uc tion 

The in fl atjona ry universe scenar i o was born as a natural consequence of 

the appl ication of the grand unif ied gauge theories (GI lTs) to the very early 

s tage of the unive rse (I). Since the or igi na l version of the scenario based 

on the strongly fi rst-order phase trans ition wa s sho wn not to work we ll (2], 

a revised ver s io n based on the Coleman-Weinberg sy mmel. r y breaking mechani sm 

was soon proposed (3) . Though it looked like a very promisin g one, th e 

deta i led investiga tion has re veal ed that th is new i n £ ) at io nary univer s e 

sc enari o also has some serious diffi culties as we l l as various fas cjna ting 

f e atur e s. The n1 ~ in d i f Licul t ies are su mma rized as follo"'s:(see [4) for a 

deta i l ed account) 

I) Extreme fine tuning of the parame ters of the theory is necessary so as 

for a su ff i ci ent i nfla tion to be ac hi e ved (5J,[6). 

2) Even with an appropr l ate fine tuning it j~ no t guar a nteed that Lhe 

de s ired sy mmetry breaking patte rn of the gauge group is r ~~lized 

s ince the ef fective pot e n tial of the symmetry breaking field ( th e 

Higgs field) has very complex structure. If the de s l red pattern is 

not realized, too s trong large s cale inhomoge neities or t oo large 

number of monopo l es may be prod uced by the GUT phase transition [7)-(9). 
3) Quantum fluctuation s of Hi ggs fields enlarged and amplified by th e 

rapid expansion of th e universe in the inflation st age may produce 

too strong large scale density i rregularit i e s t o be consistent with 

the observation of the an i sotropy in the co s mi c microwave radiation 

ilnd Lhe L" W' scale structure of the pr esent univer se [10)-(12). 

Though Lhese difficul t 1 es are quite serious, the inflationary un i verse 

scenario is too fascinat i ng to be aba ndoned. The diffic ult ies essen t i ally 

come from the use of GUTs , whereas the fasci na ting features are brought about 

by the me re existence of the rap i d II' expanding s tage in the earl y uni verse. 

Wi t h t hpse ~oints i n mind some people proposed to separa t e the i nf lation from 

GUTs and cons cru cted so-c a lled pr imo rdi a l i, nflation scenarios (13) - [15J . The 

libe r a ti on from GUTs a utomatically resol ves the difficul ty 2) and also 

r elaxes r he d'j f fi cu I Ly 3) because the self-coupling co nstan t of the scalar 

field whic h br ings about the inflatio n is no longer constrained by the gauge 

coup l i ng con s ta nt. The t e rm "primordial" come s from th a t the i nflati oni1 l 

stage a ppears around t he Planck t ime in these sc enarios. This primordia l ness 

of the i nfl a tion resolve s the diff i cu lt y I). Linde's c ha o t ic inflati on 
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scenario is one which exhibits the essential features of the primordial 

inflation scenario most c learly [16). In this paper we ex ami.n e whe t her 

Linde's scenario is a viable one or not as a model of our universe by 

studying the time evolution of the universe taking in t o account the reheating 

process and estimating the ampl itude of the density f luctuations produced 

during the inflation stage. 

§ 2. Chaotic Inflation Scenario 

Let cP be a singlet scalar field with a self interaction given by a 

potential V( CP) which produces the inflation stage. Then cP follows the time 

evol ution equation 

~ + 3H ~ + V'( cP ) = 0, 0) 

where a dot denotes the differentiation by time and a prime the one by cp o H 

is the expansion rate of the universe given by 

(~/a)2 H2= (8lT G/3)( P r + Pcp ), (2) 

where P is the energy density of matter other than the cP field and Pcp isr 
the energy density of cP fie ld gi ven by 

Pcp (1 / 2) ~ 2 + V( CP) • (3) 

Let m=m( CP) be the curvature of the potential V( CP): 

m2 = I V"( cP ) I . (4) 

If H»m, then a simple argument shows that the characteristic time scale of 

change of cP is given by ll L'U H/m 2. Within this time scale Pcp r emain s 

nearly constant, hence if H II t is suff i ciently larger than unity, cP fiel d 

gi ves rise to the inflation. This condition is written as 

H 6t '0 (H/m)2 » 1. (5 ) 

Thus if the potential is sufficiently flat, the inflation oc curs. 

No ti c ing this point, Linde proposed the following simp le primordia 1 

inflation scenario (16). Let V( <1» be given by 

v O/4) \ ¢ 4 ( ),« 1) (6) 

At the Planck t i me tpl when the quantum effect on the gravitat iona l f ie ld 

becomes negligible it is natural to assume that the cP field is in a chaotic 
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state and the average energy den si ty of the cp f i el d is about the PI <lnck 

e ne r g y density Ppl' Then the cp f ield has fluctuations of order cp 0= 

mpll ),114 »mpl ' Since the characteristi c t ime scale of the change of 

H/m( cp)2 '0 mpl/)'cp 2 > 11)' 1/2
mpl ' is much larger than the Planck Ume, the 

cp fi2ld can be treated as a classica l f i eld. Hence the uni ve rse is divided 

randomly into domains in each of which the cp field is coherent and takes a 

uniform expectation val ue between - cp 0 and cp 0 and it is most probable that 

cP =O( CPO)(see Fig.!). The typica 1 size L of this coherent domain is 

estimated by assuming that the average kinetic energy and the average 

potential energy of the cP field is nearly equal, namely (o)lCP )2'0 m 14:p

1 2L '0 cplm p '0 O/mpl)x), -1/4 (7) 

Note that L is much larger than the horizon scale at the Planck time l/mpl' 

Since the potential is very flat, the typical roll down time scale of cP is 

very long and each domain begins inflation as time goes on(see Fig .2). The 

typical inflation rate is now given by 

exp(H llt) '0 exp(4lT 19 A1/2) (8) 

Hen c e if A <0.0001, most of the domains suffer sufficient inflation such that 

each domain expands to a scale large enough for the horizon problem and the 

flatness problem to be resol ved. The most charming point of Linde's 

scenario consists in that no metastable s tate of the inflation field is 

required. 

Though Linde's scenario is very simple and attractive, t,.'O problems 

should be solved for it to be accepted as a viable universe scenario. One is 

to construct a realistic elementary particle model in which a singlet scalar 

field with a weak self-coupling is a natural ingredient. The other is to 

show that the universe is r e he ated u p to a temperature high enough for the 

suffi c ient baryosynthesis to occur. In the remainder of this paper I 

i nvestigate the lat ter probl r rn in some detail. 

§ 3. Reheati ng in Unde's Scenario 

In this paper it is assumed that the r eh e ati ng process is phenomeno

logically described by adding a viscosity term of form f vis =- Y I.p I ~ with 

a dime ns io nless c onstant y to t he ri g ht ha nd side of Eq.(l) and a 

corresponding source term to the energy conservation equation. Hence the 

fundamental equations are given by 
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~ + Ail> 3 = -( 3H + Y1~ 1 ) 1> (9) 

(li /a )2 = H2 = P + (1/2) ~ 2 + (1/4) A <P 4, (10)r 

P, = -4H P + Y l.p loP 2 (1)
r 

Throug h out thi s paper the units c= 1i =8 If G/3=1 a r e used. Further it is 

a s sume d that P.p Pr o- (1/2) P 0('" (8 'IT /3)2/2) init i a lly at t=tO( "'t p1 ) ' 0

henc e <PO - U 0 0 / ,\ ) 1/ 4. 

1 n the sta ge I'.p > P , Eqs.(9)-(11) have the foll0.'ing fourr 
charac teris tic t ime scales: 

-1 cosmic expansion = H 0 / 2) A 1/2.p 2, (2)T exp 0

-1vi scosity = YIq, I (3)T vis 
2 

-1 A <Vd yn<3mica 1 and A1/2 14> I (14)T dyn 
3H +Y l.p I 

• 2 
r eheaLing T r e h 

-1 Y I <pIcf> Y 
1 

T dyn 
2 

. (15) 
'\1<p1 4 Tm 

Espec i a ll y the dynamics of the <p field is governed by the for mer three time 

scales. Accord in g to which is the shortest , three stages are ge ne r a l ly 

possible:the one in whi ch T exp is the shortest and ~ is negligible, the one 

in which Tvis is t he shortes t and aga i n ¢ is negli gi ble, and fi nall y the 

one in whi ch T dyn is t he shortest and ¢ i s no longe r negligi ble. Depend ing 

on the value s of )., y and <p 0 ' three combinations of these stages occur 

ac tuall y. We cons ider them s epa ra t e ly. 

(i) y/ ~ 1/2 > <1>0» I 

In this case the viscosity do mi nat:es the f je ld dy nami cs a nd if> ter m is 

neg ligible t hrou ghouL until the r eheatIn g time t*. Hence during to <t< t ,~ the 

so l ut ions of Eq s .(9)-(10) for . and the cosmic s cal e factor a are ex pr es s ed 

as 

<P " [ A t/ y + Ijl 0- 1 J- l , (16) 

a/ " o cxp[ y ': 0 - q, )/2 A 1/2 ]. (7) 

Pu tting t he s e express ion s into Eq.(ll), .'e ob ta in the f o ll owj ng estimate f or 

P r: 
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P r P rO(a/aO)-4 

+ A exp(2 y <p I A1/2) fq, .p , 3exp (-2 y q, ' / A 1/2)d <p ' 
<P O 

A 3/2 
') (18) 

2 Y 

The reheating tJm<; is determined by the condition P r= Pq, ' From Eqs.(16)

(18) the values of various quanc:ities at the reheating time (represented by 

the suffix ',) are est] ··" , l r rl as 

Y 2/2 A3/2, (19)t" 

2 1/2/ Y , (20)<j> ':' 

Pr)i' " P cp ,:, 0- n 3/ Y 4 , (21) 

" exp( y <p 0/2 A1/2 (22)a*/aO 

After the r e heating time Ijl is still described by I.Q.(16), and its modulus 

changes approxima t <.: 1 y in inverse proporti on to Lime. As a con seq ue nce r ¢ 

decr e a ses i" proportion to t- 4 , while P .j Qcreases ' proportion to t- 2.r 
1hc temporal behav jor of 1. he' co smic scale factor and the ('n r rg ;: dens " i<;s ',ee 

sc hcn,n ; ic:,ll \' shown in Figs.3-a a nd 3-b. 

(ii) Ijlo > Yn. 1/ 2 > I 

In this c ase two stages a pp ea r be f o re reheat i ng : first t he cosmi c 

expa ns i on domi nated st age and second t he vi scos i ty dominated s t agL In the 

fi r st stage the adia~a tj c dampin g t erm balanc e s wi t h the potcn t i.a l force term 

in 8q . ( 9) and II> i s gi ven by 

<p 0- Ijl Oex p [ - ( 2 A 1. / 2 / 3 ) t 1 . (23) 

Su bstitut ing this ex press i on i n t o Eqs .(lO) and (11), we obtain the £01 10" i.n& 

a pproximate exp ress ions for the cosmi c sc a le f a Clor a nd the radiation e ne r gy 

density: 

a/no" ex p[(3/8)( Ijl 02 _ <I> L)], (24 ) 

P r " ( 2/9)~ 1/ 2 y<p . ( ? --') 

This stage ter mina t e s at the t ime t l whe n Th e values of " ;,r; () usi s:"': T ex p. 

quant i ties at t 1 is give as 

t l (3/2 ~ 1/ 2) In( A 1/2 <PO/ y), (26) 
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:: y/ A 112 , (27)<PI 

p :: (2 /9)y 2, (2S ) rl 

y4/2 A , p 4'1 (29) 

al laO ex p[ (3/S);fJ 02(1 _(y / <PO ), 1/ 2)2 )]. (30 ) 

Af t er tl t he viscosity t er m ba lances with the po t ent ia l f orce. Hen ce the 

behavio r of var ious quantities are t he s ame as in Lhe ca s e (i ) and the 

exp ressio ns for them are obtai ned hy simply repla~ ing the suffix 0 by 1 and 

the time t by t - t 1• The ene rgy densil~es and the cosmi c scale factor at the 

reheating t ime t. are giv en as fo l lows : 

P r* :: P <1',, :: 4" 3/ ' 4 ( 31) 

8./aO :: expl (3/8) <Pa 2 + y2/8\ ). (32) 

The temporal beha vior of the cosmic sca l e [ac tor and the ener gy densities in 

thi s case are shown i n Figs .4-a and 4-b. 

( iii) .p O» 1 > y / }.1/2 

In lhi s ca s e t he viscosity term do es not pl ay an import ant r ole unlil 

Lbe reheating t i me. Hence the viscosity domi nated s t age does not a ppear, bu t 

instead the osci 1 J alory s tage dur in g wh ich T dyn is the shortes t appears. ihe 

fi rst s tage i s t he cosmic expansi on dominated s t age and the behavior of the 

var10l1s quant i t i es in this stage are gj ven by the same expr essionf' as in the 

case ( ii). Thi s stage te r minates at the tim e t 2 wh en T e xp= Tdy n' The 

va lues at this time ar e given as 

t2 :: (3/ 2 A 1/ 2) l n 410' (33) 

<P 2 " 1, (34) 

p r2 :: 2Y'\ 1/2/9 , (35 ) 

P $ 2:: ).. /4 , (36) 

a2 / a1 " ex p[ (3/8) ¢l 0-
? 
]' (37) 

Afte r t2 ne ither the visc os i l y term nor t he ad ia batic damping term c a n 

ba lances with the potenlial fo rce term, hence the second time deriva ti ve term 

can not be neg lected a ny longer in Eq .(9). There fo re t he r. i me evolution of 
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<P is determined bv 

~ + ,,<P 3 = O. (38) 

The so l ution of th is eq uar ion is well approxima ted by 

¢ :: f( l )c n(f ( t )A 1I 2( t- t2)1 21/ 2), (39) 

where 

f(t) [3 a A1!2.(t_l? ) + 1 r l / 2 , (40) 

a is the average of the f UllcU on [ s nCx I r 1/2 )cn( x I r 1/ 2)dn(x I r l 12 »)2 a nd 

sn(x I k), CII CX I k ) and dn (x I k ) are the J a cob i 's ell il't i ca1 f unctions of 

morl ulus k. Sub s t it uting t hi s expr ess ion i nto Eqs. (10 ) and (11), we obtain 

the fo llowing a ppro xima t e expressions for the c osmi c s ca Le fa ctor and t he 

r ad iation energy den sity: 

1/ 3 a a/a2 " C- (41) 

p:: 28 " 1/2 yf3, (42) 
r 4-90. 

"he re S is the a verage of sn 2(x) I cnCx ) I dn 2(x). As t ime goes on P r 

decTeases s l ower than p <p and at s ome bme t," they become eq ua l. The val ues 

of var ious quantities a t thi s rehea ti ng time is gi ven by 

t* - t2 ),/ 3 oy 3 (4J )" 

y /), l 12 , (41. )f* " 

[,\1 /2/ y)1 /ex , (45)3*/a2 " 


P r* Pq,* /'/4 A . (46) 


Th e co t al inf La t io n rate is give by 

a*/ao" exp[ (3/8) <P02 + (1/3 rj )In ( ),, 1/ 2/ y»). (47) 

The temporaJ behaviors of the cosmi c scale factor and the energy densities 

are shown in Fi 8s.5- a and 5- b. 

Now we s ummarize lhe r esults. The first inte r esting {ea lur e of t he 

r eheating process in Linde 's inflation scenario is l hat ~he radiation energy 

denSity decrea s e s mon o tonica l ly through a lmost a l l of the stage. This 

behavior is to be contrasted "'ith tha t in I he ordinary GUT i nf l ation scenario 

i n which t he radiati on ener gy dens i ty dec reases f irst in the adiaba l ic s tage 

but begins to I ncrease in t he late stage when the reheating process becomes 
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impQrtant. The second point to be noted is the depend ~ nce ·of the radiation 

energy density at the reheating time, P r*' on the viscosity coefficient y . 

From Eqs.(21),(3l) and (46) Pr * is given by 

A3/ y 4 for y / A 1/2>1, 

(48)Pr * 
y 4/ A for y / ,\ 1/2<1 . 

It is ea s y to see that t1 r ':' becomes maximum when y = Al /2 . Hence the large 

viscosity does not always i mply the large reheating temperature. 

§ 4. 	 Amplitude of Density Fluctuations 

We normalize the cosmi c scale factor as a*=1 in this section. Let tk be 

the time when the proper size of the region with a comoving scale l/k 

coincides with the Hubble horizon size I/H. Then as shown by some people the 

amplitude of the density fl uc t ua t i on with comoving scale l/k generated from 

the quantum fluctuation of the ~ field is gi ven by 

6 k '\, 	 4H2 / ~ at t=tk' (49) 

,,'hen the fluctuation reenters the horizon [10]. From this formula and the 

temporal behavior of Hand ¢ found in ~ 3, the amplitude and the spectrum of 

the density fluctuation are estimated as follows: 

(1) 	 y/A1/2>CPO > 1 

k " (e A1/2/2 y)6 kexp[ -( yo k/4A )1/2]. (50) 

(ii) 	 ¢O> y/ Al/2 > 1 

For (3/2) A 112 > 0 k > (4/9)y3/,\ 

k (1/2) A1/2(2 6 k/ 3'\ 1/2) 2/3exp [-(3/8) (2 6 k/ 3 A 112) 2/3]. (51) 

and 	 for 4 A/ y < 6 k < 4 y3/9 ,\ 

k " ( ,\3/2/2y2)(y 6 k/ '\)exp[-(l/2)( y 6 k/ A)1/2]. (52) 

(iii) 	~O > 1 > y fA 1/2 

For (3/ 2) A 1/2¢01/2 > 6 k > A 1/ 2 

k 	"0/2)( A/ y 2)-1/6 a A1/2(20 k/ 3 ,\1/2)2/3 

x exp[(3/8) [1-(26 k/ 3 A 1/2)2/ 3)] (53) 
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and 	 cur 3 y /2 a < 6 k < A 1/2 

k " (l/2) A-1/2y 1/3a (3a /2)-0/3 a-2) 6 k -(l/3a -2) (54) 

From these equations it is seen that the spectrum of the density fluctuations 

when they reenter the horizon is approximately given by the near Zeldovich 

spectrum 

(log k-l)n, 	 (55)6 k 

where n=2 for the fluctuations produced during the viscosity dominated stage 

and n=3/ 2 for those produced during the cosmic expansion dominated stage. 

§ 	 5. Constraints 

In order for an inflationary universe scenario to be a viable one, the 

followin g t hree conditions should be satisfied at least [15]: sufficient 

inflation, appropriate reheating and not too large density fluctuations. 
4Since the radiation energy density decreases in proportion to a- , the 

proper scale of a region with a fixed comoving scale is written as 

L* 	 = ( Pr / P r") 1/4 L . (56) 

Hence the 	first condition is expressed as 

LhO(a*/ao) »( Pr ,pr / Pr*)Lh" , 	 (57) 

where Lh denotes the Hubble horizon size and the suffix pr represents the 

values at the present universe. This condition can be written in a more 

convenient form as 

In(a*/ao) » 60-(l/4)ln( P*/4 PO) 

+In[(4 P 0)-1/4 LO ~1(Lh,pr/3000Mpc)]. (58) 

The second condition comes from the requirement that an appropriate 

number of baryons consistent with the observation are produced after the 

reheating of the universe. Hence in order· to write down a precise condition 

one must specify the baryon production processes. Since the conventional 

GUTs can not be used now, some modified or new mechanism should be invented 

[ 17]. Unf ortuna te 1 y, however, there exists no satisfac tory such mechani sm. 

What can be said from the arguments made by various people so far[12],[13] is 

that the reheating temperature T* should be probably larger than 109 GeV at 

least. This condition is expressed by p * as 
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P d4 Po < 10- 40 (59) 

We c an not say a ny de f in ite t h i ng about th e uppel" bo und on T" in gen cTlll. 

However , if the con ve nLiona l GilTs is cor rect , the I"eh ea t ing t emjJe r a t ur c should 

be l ow enough for t he s ymme t ry break i ng of t he gr d nd un i f ied gr o up not to be 

r es Lored after t he reh eat i ng. Th is condit i on is ex pr e ssed a s T* <l OISGeV or 

P ,,/4 Po > 10-16 . (60) 

Final ly fr om the observa tion of Lho mic r owave cosmic radi ati on and the 

result of the ga la xy forma t ion t heor ies , t he third cond i ti on is writ ter' a s 

6 '" 0(10- 3 ) for Lpr '" 1OOMp c . (61) 

The constraint s o n t h e values of the s e l f-c ou p l in g c o nstan t >. an d t he 

v i s cosity coe f fl cieo L Y are summarized in Fig .G. 

§ 6. Disc ussion and Conclusion 

From Fig .6 o ne sees that ther e is a pa r ameter r egio n in which all the 

t hree c ond iti ons mentioned in § 5, namely suffi cient infl a l ion, s uff icient 

reheating and appr o pri at e density flu c tuations, are sat isfied ev en i f a 

naLura l const r aint y ~ >. is further i mp osed . The r efore Linde's chaotic 

inflation scenario can be a viable one, alt hough rhe a l l owed parame ter region 

is r a the r narrow and the correspo nding coupli ng constant i s very small: >. '" 

10-12 . 

Finally I should mAke some c omme n t s . The f irst point is the possibil i ty 

of constructing a r ea l i stic e l ementary pa r t i c le model whi c h leads nat ura lly 

to Li nde's chaotic inflation scenar i O. Probab l y the most promisi ng model is 

the one based on the s uperg r av i ty theory s ince the al lowed s e l [ -coupling of 

the inflation f i eld is extremely weak [13]. BOli e v e r, there occur s a ver y 

seri ous prob lem in a model based on supergr a vity. In the super gra vity thenry 

th e interaction of a sca l ~ r fi e ld ¢ is determined by a supe r potent i a l W( $) 

W( .)= ~ J3 [ aO + 1: (a n/n)¢ n ], (62 ) 

where an are dime nsi on le ss cons t a n t s. Th e jnter ac tion po te n t i a l V ( ¢) is 

ex pres sed hy W( t ) as 

V( ¢) = e xp( 1<p 12 / 2)f 1D.wI 2-(3/ 2) 1 11 \ 2 ], (63) 

where 

D . W d ¢ \~ + • ~'W . (64) 
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Due t o the a ppea ran ce of the expone ntia l fa c tor V(.) begin s to increase very 

r ap i d ly a s I¢I becomes gr ea t er th a n u na ), jf W( • ) is il polynom ia l of 

fi ni te degree. Hen ce even j f the re ex i sts a n ap prop ria te supe rpotenti a l 

yield i ng a potenr i ill which is fl at for s uffic i ent l y l arge loj,1 one mUSl 

take in to accou nt the contributions from ve ry high de gree terms i n 

ca l cula ti on. 

The s econd po i n t is co nc e rned with the behavi o r of the I-emperatur e in 

the in f lat i on stage . Rec e nt l y some people argu ed t ha t even if th e 

con venti orld] GUT phase tr a ns iti on occurs , in the pr i.mor di a l i nf lat ion 

sc e nar i.o , it does not g i ve rise to s uch ditfl c ul ties a s plag ue d the in fJ ation 

sc e nari o ba s ed on CUTs be ca us e t he GUT phase transition oc c urs in the very 

early phase of the i nf l a t i on s tage due to the r ap i d dec r ease of t empe rat ure 

th e re. Th is argument does not hold in the Linde type sc e ll a rio since the 

t em perature decreases monotonically due to the viscosi I y ef fect throughout 

rh e in[l a Ll o na ry stage from t pl to t " . This result se ems to hold a lso in 

o th e r primordial in f la tion sc (' narios as long a s the reh e a t i ng process is 

express ed by the viscosit y term as i s co nsidered in thi s paper. Thus unl e ss 

a mode l is constru c ted in '."'ljch the rehe n ti ng process i s s~' i t ched 011 only 

af t e r a su ffiCie nt in flation has occurred, the primordia l infl a tio n s c enario 

can no t be liber a t ed fr om the difficulties that plagued the GUT inflation 

scenario. 
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Figu r e Captions 

Fi g .l Schematic di agr am to show tha t it is most probable Eor c)J to take a 

value of O( .p 0)' If the ax i s of l he pot e n t i al e nergy is di v i ded 

i nto interval s of eq ual l ength, t he l ength of t he corresponding 

inte rval 1n t he 1> a xi s dec r eases as the modulus of 1> in cr eases . 

Hente i f the va 1ues of V i n each doma in di stri.bu t e r andomly . it is 

most prooable f or the modulus of c)J to take the la r gest val ue. 

Fig.2 Sc he matic di agr a m I J 1 us t r8 l 1n g the iu fl atio na r y e xpansi on of 

doma in s in t he c haotic in f l ati on s c enarjo. A l iLtie fracti o n o f 

the domains (r"p r esented by shading) may recol l apse wilhin a Lime 

scale of O(Lp1l, whereas th~ most of th e m su f fer in f l ati on an d 

become extremely l arge an d flat . 

Fig . 3 f'ig.3a show<; typical temporal behavior s of t he energy densi t ies of 

the radiation and rhe 1> field [ or the case ( i )( ), =10- 4 and y =1), 

and Fig .3b shows tho s e of the c osmic s cale f actor a nd the Hubb le 

horJ?on size [or the same case. f n Fig .3 b th e vil lue s o n th e 

vertical axi.s is fo r the cosmi c scale fa c tor a , and the scal e for 

11- 1 is different . 

rig .4 The t emporal behav ior s of the same q ua nt.it ies as i n Fig .3 fOT t he 

case (i i) ( II ~ lO-4 anel y =5 x1 0- 2) . The powe r in a par enthes is on 

l.he vertica l axi s of Fig.4 b is f or 11 1 , 

f'ig . S The tempora l behav io rs of t he same quan t.i t·i e s as i n Pi 8.4 [ o r rhe 

case (t i i) ( >. =10-4 and y =10-5) . 

Fig .6 The allowed r egio n i n the parameter p l a in o f )., an d y. The two 

dashed 1 ines r epre sent Lhe boundaries of the t hree case s a nd t he 

da sh an d dot lin e r epresent s t he l ine on whic h Y = ~ / (4 P 0)1 /2 . 

The shaded r egi ons are for bi dde n by the requirements of s uffi Cient 

in flatio n and a p pr o priaLe reheali ng. If t he requirement on t he 

amplitu de s of density f luc tua ti ons is j mposed , the allowed region 

:is r es Lri.c t ed t o the region between lhe L.·o cu r ves corres ponding to 

6 = 10 - 4 and 6 =10- 2 . Pro ba b ly the a l lowe d reg i Dn is f un he r 

restricted to be l ow the dash an d dot l ine. 
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ABSTRACT 

5upersymmetric unified models and their implica tions to proton decay are 

reviewed . Particular emphasis is given to grand unified models embedded in 

the N;l supergravity. Dimension- ~ive operators generally give dominant 

contributions in supersymmetri c models. In the supergravity model with "the 

hidden sector" as the source of supersymmetry breaking, each dimension-five 

operator is found to a ccompany 6B ~ 0 four-scalar interactions . The ffiggs 

fermion xchange for loop diagrams at low energies can be as important as the 

gauge fermion exchange , i f the associated Yukawa coupling is significant as 

suggested by the radiat ively indUCed 5U( 2) x U(1 ) breaking mechanism . 

Experimental bound for p ~ KO~+ gives the l ower bound o f t he order of 1016 

GeV for the mass of the baryon-number violating Higgs particl e. 

Electrowe ak interactions at present accelerator energies are beautifully 

described by the SU(2) x U(l) gauge model [1] . The most dramatic confirmation 

has been obta ined by the recent discovery of Wand Z besons at the CERN pp 

collider[2]. It is now an experimentally established fact that nature has a mass 

scal e Mw of order 100 GeV. In order to truely unify the electroweak interaction 

with QCD of strong interactions, grand unified theories ne cessarily predict an 

enormous mass s cale M where the three gauge coupling constants merge into a
GUT 

single one[3]. Even if one does not accept the premises of the grand unification, 

one certainly believes in the existenc e of the mass scale Mpl for gravitational 

interactions. Apart from the possibility of relying upon the uncalcu lable non

pe rturbative effects, the only possibility to explain the enormous ratio between 

~ and M (or M ) from symmetry reasons seems to be super symmetri c models[4,5].GUT pl 
Namely the s upe rsymmetry together with chiral symmetry can p rotect the Hi ggs 

sc a l ars 	from acquir ing t he huge mass of order M (or M ) • 
GUT p l 

An extensive search to construc t a r eal i stic I'lupersymmetric unified theory 

has bee n performed in last two or three years [6] . One of the mos t attractive 

class o f models are the gr and unified models embedded in the N = 1 super

gravity (7-17] . In t hese models , s upersymmet ry is broken by vacuum expect a t ion 

values of scalar fi elds in a "hidden sec t o r ", and t he effec t of the breaking is 

transmitted to ordinary matter ("the observable sector") only through gravity. 

Low energy eff ective theories o f these models cont a i n terms which break s uper 

symmetry explicitly and softly . These terms , alt hough numerous, are systemati 

cally given by only a few parameters derivable from supergravity and the hidden 

sector. Besides the i ncorporation of gravity, this cont rol of supersymmetry 

breaking is the most at t ractive feature of the models. Extensive phenomenologi

cal analyses suggest that relac~vely l arge mass (about 100 GeV or sol for top 

quar k or higher generation f ermion may be needed to induce 5U(2) x U(1) breaking 

radiative1y[l4,l7,IB]. 

Proton decay should offer the most spectacular and important information on 

the grand uni.fication . In supersYIlUJIetric models, tJJJ t- 0 operators with dimension

f i ve were found [l9 ,2 Dl . They contribut(' to nucleon decay through one- loop 

diagram, which were explicitly evaluated for the 5U (5) model!21- 23]. On the 

other hand, a model-independent operator anal ysis showed tha t there are fiB ~ 0 

f OUr- scalar interac t i ons i f the s cale of s upersymmetry break i ng i s intermediate 

be t we e n MW and M U'l' [24] . They contribute to nucl eon decay through two- l oop
G

diagrams and can be as important as t he dimension- f ive oper ators. Since the 

supergravity model with the hidden sect o r also r equires an intermediate 
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scale for supersymmetry b reaki ng, one expects t he exi stence of the aB f ° fo ~r-
REFERENCES 

scalar i n t eract ions. 

We have exami ned the prot on decay in the s upergr avi t y model in de~ail in 

r ef. 2 5. TIlere we have found t hat each dimension- five operator accompanies the 

~B f ° four-sca l a r i nt eraction wi t h a definite ratio . The ra t io i s determined 

by the paramete rs wh i c h cha r a ct eri ze t he explici t soft breaking and are de r ivable 

from supergr avi ty and the hidden sector. In evaluat ing l oop diagrams for nucleon 

decay, we neeci to take account of Higgs fermio n exchange , since the top quark or 

higher generat:ion fennions may have rel atively large Yukawa coupl ing in o r der to 

i nduce 50 (2 ) x U(l) breaki ng radiatively. The supergravi t y model also predicts 

a left- right transi tion term in s calar quar k (and l epton ) propaga tors as a soft 

breaking of supersymmetry. Th i s t erm affects the ch i r a l i t y structure of the 

loop d i agrams fo r nuc l eon decay, which i s crucial for supersymmetric models. 

In ref . 25 nuc l eon decay operators and l oop diagr ams are explicitly eva l uated 

using SU(5) as t he g r and unifica tion group i n t he s uper gravi t y model , in order 

to obtain a ma x imal predictive power. We find that most of the new features in 

the supergravity mode l are suppressed either by the spec i fic Hi ggs coup l ing 

s tructur e of SU(5 ) and/or symmetry a ssoc iated wi th ident i cal part i c les. 

A pos s ible exception is the Higgs fermi on exchange diagram. Depending on the 

magnitude of the Kobayashi -Maskawa angles [26 ] , the diagram can dominate over t he 

usual gauge f e r mion exchange diagr ams , if the maSs of the top quar k or higher 

generati on f e rmions are 1 00 GeV or l arger. It has been noted t hat in super 
+- 0 symmetric models, p ~ K V and n ~ K V are the dominant decay modes of nucleon 

T t 
and p ~ KOU+ i s most promi sing f or observation, whereas the pi on modes p ~ nOc+ 

or p ~ nO~+ are too small t o be obscrved[2l- 23]. The lrvine- Michigan-Brookhaven 

coll abor a tion rec ent l y gave a str ingent experimental bound on the partial prot on 

decay rate r ip -;. K°\.l+ ) in t o t he final stat e KOIJ+ [271 

l /r (p -'Jo KO~/ ) > 2.0 x 10
31 yean. 	 (1) 

With reas onable est imates fo r the Kobayashi - Maskawa angl e s and for other theoreti 

c a l unc e r t aint ies , we obtain, f rom the experiment al bound, a l ower bound of t he 

maSs of the superbeavy Riggs par t icle which mediates p roton decay 

16
M .t 10 GeV . 	 (2) 

An improvement of fae~or 2-- 3 Can be obtained if one uses more recent data f r om 

the experiment at Kamioka[281. 

A more complete account of proton decay In the supergravity lnodel can be 

f ound in ref. 25. 
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Ma s s of Superpa rtners in SGUT 

H. Komatsu 


Institute for Nuclear Study, University of Tokyo, 


Tanashi, Tokyo 188 


Abstract 

The soft-breaking mass parameters in the supersymmetric grand unified 

theories based on N=1 supergravity are discussed to obtain mass relations of 

superpartners. 

I n t his t a lk , I di s cuss t he sof t - breaking mass parameters to obt a i n mass 

rela tions of Buperpartners in the f ramework of the supersymme t r i c grand 

unified models ba sed on spontaneous ly broken N=1 supergravi ty coupled with 

matter. 1) The renormalization effects are taken into account by means of the 

2renormalization group equations. ) 

The low energy parameters including the soft-breaking masses are 

calculated by the renormalization group equations in the effective SU(3)c~ 

SU(2)<U(I) supersymmetric gauge theory with boundary conditions at c'= ~ 

given by N=1 supergravity. The boundary conditions are parametrized as 

follows l ); 

(mass of squarks and sleptons) m3/ 2 ' 


(mass of gauginos) MO 


(mass of Higgsino) "1l 


(cubic scalar coupling) (Yukawa coupling) ,
Am3 / 2 
2 2 2 2 

~ml m2 = m3/ 2 + 

m3 
2 

Bm3 / 2"1l' 

where m~, m; and m~ are defined as soft-breaking mass parameters for Higgs 

scalars by 

, z,j.,tA- _ »1'-A- t dl _ m '( ",tA, -I- A-tri, )
L' -/J1, 't'/ '1', <'t'J.. T.l J 't','Y1 '12. T, I 

In order for Higgs scalars to have desired vacuum expectation values, mi, m; 

and m32 should satisfy the following conditions at ~l= M 3);. w 

2 2 , 2 . 224 
m) + m2 > 21m3: m)m2 <. m3 ' 
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2 - h1~t ~Yll. 
M ~ -' - "Il' - 111 ' 

Z C.os 16 I > 


sin2e= ~ 
nl~ i m; 

(2 2
m < m )1 2
cos 2t9 f > 0 

< 0 (mi > m~ ) 


In case where the t op-qua r k Yukawa coup ling is much larger t han o t hers , cos2 (

is nega t i ve . 

Neglecting all Yuk.wa coupl ing s , we can represent the masses of sleptons 

and squar ks as follows; 

2 2 2
m2 ( ;; ) 
L m3/2 + O. 73Ma + O.50MZcos2~ 

2 . 2 2 2 .. 

m (e ) C m)/2 + 0. 73MO + O.27MZcos2. L

2 2 2
ill2(i\) M3/2 + 2.70Ma - 0. 3SMZcos2t. 


2 __ 2 2 2 ,

ill (PR) - ill) / 2 + 2.62MO - 0. 15Mzco s2c 


2 2 2 2 
m (n ) m)/ 2 + 2. 70MO + O.42MZcos2· •L
 

2 _ 2 2 2

ill (nR) = ill) /2 + 2. 61MO + 0.08M_cos 2· 

In these represen tat ions, th" second t enns are caused by lhe renormalization 

effects and the third terms by the SU (2), U(I) breaking effects. 
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I n fig s . 1 and 2. the allo~ed region fo r masses of the lightes t cha rged 

gauge-Higgs fe rmion and scalar electron (e ), respe c tive l y, are shown as R

fun ct i ons or m3/ The se calcu.l a t ions are made wi t hi n the foll owing region of 

pa rame ter space; 

m 30-"40 CeV • IAI < 3 ,t 
2 


~/m)/2 <: 1 B = (A +l) / (A-l) • 

2 2 

~ + m)/ 2 > I B~m) / 2 1 


The l as t inequality is the vacuum stability condition at _u = ~. From the s e 

figur es, we can conclude t ha t one of cha rged gauge-Higgs fermi ons i s l i gh ter 

than scalar electrons I f m(e ) is larger than abou t 80 GeV.
R

Mo re detailed discussion on the low ane rgy paramete rs a re given in ref. 

4 ) . 
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On Ka l uza -Klein Theories 
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Abstract 

An in l r oduc tor> rc vle ~ i. given on Kal u%a-Klein t heories with an emphas i s 

on the nolion of spontan£'olls com par tificat i on . Some future problems Are <1 1s0 

discusserl . 
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§l. InLI 'oduct10n 

The Kaluza-Klein tlleory [1]. a theo ry of grav i;t:a Uon in higher dimens i ons 

pa r l of whi ch a r e compac tiIicd, i s almos t a5 ol d as i t s mothe r theory, 

Einstoin ' s general r"lati vity the"ry . Af Ler mOfe than half a century of 

hi bernation . it is IlOW being r ediscovered . The Kal uza-Kelin theory i n 1920 's 

as one of many ambitious at Lempts to unify gravjtat i on and e lectromagnetism 

into a geometrical theo r y of s pace t1me . 

In spite of its truly ingeni ous idea il, l i ke the other unified f i a ld 

theories tD wh ic h Eins t ei n himsel f devo t ed vigoro us efforts . has failed to 

r eceive full rec ogniLion as a successf ul physical theor y. Most pro ~a bly t his 

"as due t o t he fac t chat the el ectromagnetic field with "hi eh gra vi Ly .'as 

i nt ended t o unify seemed to be an unlikely representati.ve of t he real matter 

s ystem ~'hicll appcareci much more complfcated . I t ""S onl y a decade or so ago 

thllt the gauge pr inCipl e . enri. ched with t he lIollabelian extension fina lly 

yu rfaced as the under l ying theory , elucidating the basjc in terac t ions pr oba hl y 

over the ·..hole range of physi ,'a l phenomena . The [ und amenLal physical. J. aws 

now ap pedr much simpler than they used 1 o , suggesti~g t hat t he t i me i s r ipe to 

try again a geome tri ca l unification . 

The mov e also ~l c ked up momen tum because the a dven t of Grand Uni fi ed 

Theori es extended t he energ y scale o f ph ys i cal i nterest to as high as 10/S" _10 
11 

GeV . whic h is close enough t o I:he Plo nck mass of ~10 1?GeV t o n18 ke t he 

cont ac t wi Lh grav i ty something beyond D mere spec ul ati on. 

The s lronge>i t mo tl vaLion o f highe r -dime ns i.vnal theories has comE' , 

ho·"e ve r . fr(lm t he r emar kal11e wor k of Cr emme r and J ' llia 12 J who shOl4ed ! hal che 

attract i ve t heory o[ N.8 extended superl1ra vity ca n be formulated by 

d lmenstcJOally reducing t he t heo r y of simp l e supergravlty L" 11 dimensiolts . In 

wha t Co l lows I t r y to gi ve an in t r od uc to r y re view of t he modern versl onR of 

the Ka luza-Klein t heories . 

Thl:. basic i.d~a of Kal uza-KJe ;n theor i es [3-6 J is t ha t our 4-dimensio na l 

s pacetime i s par t of a l a r ger " p8cet ime i n D=4in d imens i on>; ; the n-dimC'l1si ona l 

pa rt is <J compact mani fold which is t oo sma'll r.o be obse r ved ui rec ll y hut 

mRn i fests i tsel f as in t ernal space on wh i ch internal symmetry Lans[ormations 

of e l ementary pa t-' Icles act . ( n~l in Ka l uza ' s or:l g,inal t heor y). 

I n what j s nO\< ca lled a pure Kalu za - Klein theory one star ts wi th Lhe 

Ei nstein tlteor y i ll D-d i mp. nsional spacet ime and derives 2 unif i ed theory of 

Ei nstein gra vi ty and other ga uge t heo r i es . bo t h in 'dlmpnsio l1>; . The process 
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in which f)-dimensional ~p<lCeLlmc is spl.iL inLo 4 ·d im('nsional spacetime and 

n-dimensi ona l i nt c.nal s pace j s called uimcnsiollal rC'durtiolt. In Lil(> nt()st 

naive approach one mil)' impose th iS ~plitt.irl~ by fiat. Tn a mo re c.laborate and 

plausible approach , howevpr, one expects that this spl itLing occurs as a 

physica l process ; remember that spaceLim", geometry is a dynalll.l cal ellliL)" in 

t. he general t heory of r elativity. 

To he mor e spec if i c , leL us ask what the "ground state ," or the vacuum of 

D- dimensi o na l spa ce time No i s . One of the obViO US cand iJates is Mi', 

D-d i mensi onal flaL ~tinkowsk i SpdCetlmr, \.Il r:ch i s IIId xi m<llly s Yl1lllleLrl c . It might 

happen , hOYlevt: r , t llaL a dir"ct pr oduc t. ~1 4 x N r\. is t.he true ground Slitte Yllte.e 

MiT- is 4- di mens ional spacetime , most hopef ul l y ilat Mit/' , "hU e ~1n 1 $ some 

compac t space in n dimensions . Thi s pr oduc L space is less s ymmet r ic than ~I; 
As is Io'e ll known i n other are"s of physics. a 1ess s ymmetr Ie sLate could be 

a grCIIJnd state i f some s ymmetries ar·e broken s~ont<lneously . For th i ,; r eason, 

Lhe occurrence o( M"x Mn. is often called a "IJonLaneou:; compact·i ficaticlIl [7-16]. 

Unfo r t una t e ly t his notion o f sponLaneous comp act .if i cat i on has neve r been 

formulat{;d at t he same l evel of r .igor as other e xampl es of spontaneous 

s ymmet r y brea ki ng; questi on s l ike holo' Nambu-Goldstone bosons n 'slJlt in 

a pparen t brea ki ng of symmet r ies or how Hi ggs bosons supply nonze r o masses t o 

some gauge L le Jds, are yeL t o be answered . As of now th e onl y Il t:cessary 

condi Lion for s pontaneous cOII'l)actificat i orr to tak e pl ace .I s LI,a t N't X MTl i s a 

classica l sol ut ion of t he hnsteill equa t i.o n in D di me ns ions , ( Of c ourse , M'; 

is a tri vi a l clas sic<ll sol ution jf the D- djmellsi onal cosmologica l con s t an t i s 

absent . ) 

In §2 we e x plain ho\~ t he Einstein theo r y in D d imensi o ns is dlmEHlsionall)' 

r ed uced t o , he Ei ns tein-Ya ng-Mills theory plus some sca l ar fie l <ls i n 4 

d imension s . I<e choose a s pec if i c examp l e ill \.IIricl1 ~tn j 5 a n n- d imcns i.onal 

sphere Sn. Impor t an t r elation s ar ~ derived among the Pla nck mass , the gauge 

coupling consLant and t he rad i us o f STl. We a lso s lro w that t he classi cal 

solution of the s ca lar fie ld wh ich r" presen t.s the l a. li us o f S n i s ullslahle i n 

t hi s pure Ka l uza-Klein theory. 

The fol l ow1ng §3 d isc usse~ the above mentio ned s L<I\)ility jll t he theorIes 

. 'hi ch i.ne] ude an a ntisymrnc t r i c l('"sor field . ~!.. thereby deviaLe from Lhe 

spi r i t of th e original Kalu za theory . As Ylas shown by Cremmer and J uli a (2J , 

ho",,,ver , Lhe r ank- 3 a nt isYlllme t ric tensor fie ld i s an eSSf'ctL ial lligred lent \.n 

t he supergravity Lheor y in 11 rlimensl0llS, ·., h1ch gi Vl'S Ii~ supergrij\" I ty 1fI 4 

dimensions . 
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The finnl Sec t lon 4 couplins discussiou" on f utu r·" prol>lcms . Three 

appLnti ic",s "J II ser vI: il S an eas)" access t o some of Lhe techni c;;liLi.;s. [ n 

App,;urli x A WC· giVL pa rt o f th" explicit calcu lalions iUustrau ng holo' 

dimensional reduct jon is f ormula Led . Append ix B sho~s how the nu mber ~ f 

physic.Jl tlegr"es of freedOITI is c ounted f or Q mass l p.ss anLisymml:tric te llsor 

field . Appendj , contains a br lc f aCCOUf! t o f th" rele'ancl' of t he 

Kalu<:a-Klein upproac ll to tr.e ext ended supt:rgr avity theory of )i =8 . 

§2 . Puce> Kaluza-Ue in Theo r v in D~4+11 dimensions 

Le t us consider th e Eins t ein t heor y in D=4 HI dimellsj0l1s . Th(; coord inates 

aTl· denot"d hy xr::, ,;iLl, "f< = 0,1 , . .. , D-l . The ta ngent space mOl.dc 1s diag 

(- 1+ • . . +); we <l ssurne that l!.ele is only olle time coordjnaLe fil l . The 

bl.steln-fiUben aCLion i s gi ve n by 

J I> Jll 1J<::" "I = d J:: Xl> = d x. oJ -5 --2. RD , 
2Q ( 2. J) 

when: IIJ> i s the lJ-d irn<'ns j onal c urvatur e scalar c Ol1s t r ucteu from Lhe met ric gP.9 
. r lll it s de t erminant g, a nd R2 t he gravl.t<Jt ional const<lnt In n d imensions . 

"\'e 1I0Yl assume , Yl ithCJut a s kin g why [or tho momen t , l ha t tir e coordinates x" 

wi lh f= 4 ,5, .,. , ])...l a r e compac t i fi e d, It i s conv enient tu illLroduce th e 

nutation , 

-x ~ CI-'=O,t 2 ,3)
JJi = )

{ 
101.. 

) 
(0/ = 1,2 , 1'\) 

fo r cl lRienslOllal r ed uct ion NIl ~ ~1'tx ~ln. Examples of compiler m<l ni rolds include 

Tn (n - torus), S n (n-she re ) , CP",(!(complex pro j {' CLi v(! space ) , o r their products 

[U J . A cOord 1natL yol. may Le c hose ~ to uo a dimenSionless aligula r v;;r i ehl e. 

CorrespondIngly , lill> compon en t s g oJ. anti g a r e gi veil lhrn"nsion of l engt h a nd 
i" 0<(3 

lengLh sq udred , respect j vely . 

For t he sake o [ :Illust rarieon \,' e choose the example of Sn, an n- t1 menlO"") 

Sl'hf' l12 [ or ~·I n· Ill> dre going to sllol< that tIre [jl1<""I"g ",etnc ( a nd lhe 

l nve r se ml lr1c ) gi': es <J classical solull ,II Of the IJ-du rnsiollCl] Eins t e i n 

equaL i on : (z l fo-nss s Hnsat z ) 
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- "1+ 2. - 1 J~ '"",.v+ e~4--2. r. Fl fi ll 8 	 r [ 
e<j> FA/I"r AS r v --./. {> A) 	 "if> = .fY F <.l<.l R'to + 4> j.. R", - t '11('71. +2.) ~"'V 1>/fv 

'pv _ .1 'lD" 7 - - r "FA rB /'W] ( .1.-" II <f>- 2 1«fl 	 if eo Jo. 't' 

n 1 

fl8 ,...v , (2.4a)e. -r fAct A", 

..here R4 and Rn ure the curvature scalars in 4 and n diml.,nsions. respectively . 
f-n:J !' v _ e. ;;-n ~ II ,.'p'/" I 

For S n of unit rad. us '-Ie find 
~ rv 

_e:p-nl : AA~ R" = 71 ('Yl- I). ( 2.4 b)[ 	 ,,'," + ~' r' ':1/ A" A" ) (2 . 2 ) 

1\ lS<1';,'hcrt:! 

T /\ 	 '" A '\ A A ItB cO' ,.." O'r At/ - "' ,J /tr - e f Be r fl", , ( 2.5a ) 
gI"V( X) : I,-dimensional met r ic whirl! dQscri bcs Einstein gravity . 

Yo, fl ( y): 	 Standard metri c on Sn of unit radlug. 
( 2 . 5b)~I"' = 	 ;)rt... ~).p (x) : 	 Scalar field in 4 dImensi ons glving the inverse radius of Sn . 


A1 50 ;re x) =1..+( x ) . where l is given by Lhe st.ationarv value foot r = c£.d:(")'.x.p ) .
;J = J...x ( flY' ''' ) , (2.5c) 
r (x) ; l = 1-.- 1 • if it <;xiscs. 

« 	 The "-dimensional L1lgrangian may he ubtained by inLegrating ( 2.4a ) over
f (,-): 	 ,:'illiHg vec1N . ,\ = 1 , ... ,K, with K Lhe numher of parameters of
A

I-I r, Sl'l. . We use a group q which ac:.ts on Nfl ' In Lhe case of $"' , we hilve S .,., = 


SO(n+1)/SO(II), so Lhat K = n(n+ l)/2 . Also ~tf. y) = iol.~ f~ 1~ Jd '~ IT = f2", = 1-" if", , 
 ( 2. 6a) 
AA {x ) : ~Iassle ss vector field which Turns out to be a Yal1g--~lills field in 


I" 
wher e 1J~ i s the vohime of M" . For S'" we hav e


4 dimensions . The lnd"x f'- is 101vered or raised in terms of g l"v or 


it s inver s e g /"". "'/" + 'j. / pC'" i.)
.R~ = 	 '2. 7T I. -::L -t- 2 • ( 2 . 6 b ) 
e: 	 Gauge coup l ing constan t . 


We can a l so verifl' 


NOLiLe tha t -g/,,,,~ j," gl"v4 81'-" ; tile r eosoll we have applied ij \,reyl r escaling .. U l 	 K'" b.4B 0.",.JJ~d- f7 rAS 	 (2 .6c ) 
becolne c l ear shor t l y . The Kt 1.1 i n8 vectors sati sfy th" comlitions 

8y using 	these r esu l ts we obLain 

v..SA~+ 	VP!AO( =0 , (2 . 3a) 
;i ... = 	J J"':J ;;[]> 

'SlC"p"<p;)- fl!~C,,~~:) = ~~ f" " 8' 	 (2.3b ) = ~ [~R,.. - 1..- dt-'varcr~v~ 
~><. zwhere f~AB i s the str ucture c onstant of q, and 

-t ;P-"-~ F~v r"rv - V(f) J, (2 . 7a) fA 0{ "Yo{fl 'S./ · 	 (2 .3c ) 
~'hcreI nstead of showing direcLlv that the a bove me Lr ic (2 . 2 ) so l ves th e 

Einstein equation, W( , substitute ( 2.2 ) i nLo t. h.., a c Uon ( 2 . 1 ) ob t aining t he _1_ j-n (>11-"-) h;;() 1") 	 (2.7b)
K 	 <4~imensional acti on which df'scribes the s ystem o f Einstei n gravity and t he 


Yang-Mills fie ld t ogeLher "'ith t he scal ar fiel d . After a series of length y j'" 
__ "'L",-1) f"'+z 	 (2.7c)V( 1» 
<lnd complicaLed calculaLi.ons (sec Appendi x A) we finally ob t a i rl. 	 2\{."
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In derlving (2 . 7) we have c ho!>NI 

A 2. :z. 
I<- ){; z..r", , 

(2 .3) 

in order to arcive a t l he correc t Einstein-lll1tJert action ( 112 I<.t ) R.,. in 4 

dimell sions . 

The ad vantage o f apply ing \.ley 1 r escali n~ in (2.2 ) is now o[1\'j ous. lInd we 

not applied t hl S con f ormal Lrans[ormal j on . the R.. term would have been 

mu ltiplied by of' comi.!lg f r om A. This j~mplics the presence of mi x j ng uetWE't'n 

f and the sc alar comp onent of t he grav i tatiollal field . Only "[l~r r emoving 

th i s mi x ing by means of \'cyl r escali ng, can one discuss stabili t y of the '" 

f i e l d based so l el y on V(f), dis r egarding the R4 t erm. 

Some i mpor t ant remarks are in or der . The r oefflcien l l: of g"O! and g/" o( in 

( 2 .2) reappears in the second t erm of the Yalls-Hills fi eld streng r h « .5a ). 

th us allowi ng th e i n t e rpre t ation of e a s rhe gauge cou pling constnat . I n 

othe r word s t he coef f ic i ent in (2.2) is uniquely dete r mined in lhlS way . Due 

t o t his determina tion , the Yang-Nills t erm ( the last Lerm ) o f (2 .4a) carr i es 

t he coe ffi c i.e nt _eze· 14. Comb ining (2 . 6 ) and ( 2.8), we obtai n Lhe coe ff ici ent 

-( II /K )(1/2 l(.t)( e'-'('''/ 4) in front of the t hird (FF ) term in (2 . 7a ). \ole should 

ad J us t th is coe ff i c ient to be equal t o - JIl, s o t.ha l Lhe field At has the 

co rr ec t normalizat ion f OT f ex) --+ ,f.-r , i . e . fe x) -->-l. It thus follows thilt e 

must obey the condition 

e ~ j z:: ' (2 . 9 ~ ) 

which can also be put i nt o the f orm 

R- <..£", cJ.-<I>Jl<h 
(2. %) 

L - 3:1 
whe r e o( ~ e /4 lT a nd R,..= K 1,fSTI = 1.61 )( 10 ClA ~ Planc).. 1engt h . Since Kin ;:: 1 

and 0( ~ 10- 1
, we f i nu 

;.. -z. 1.. ... 

\o.'e t hus see t hat t he " sI ze " of cumpac llfi ed space should be o[ the order of . 

or sligh tl y l arger t han t he Planck l ength , which i s extremely small compared 

with any other physica l l ength sca l e . 

The field 6(x) defined by (2 . 7b) 15 a canoni cal scalar held; \'(q,) coOtilt!; 

lrnm the CUn'illure scalar of Sn IS i t s "potential. " As one find .. [[nrn 

(2.7c), howe ver, the pOl entia l V( cp) is nl'gativp .... ilhou t " minimum , alltlWing no 

stationary classi cal s olu Llon for 'I> ( x ). e xcept fOT the meaningless value 
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f = 0 , i .e . the infinitely l arge radius. Fo r this !' ~asoll , the pu re Ka l uza


Kl ein th(!QT y fails Lo arlmi r. a so] uLion of spon tan"ous c.ompactifi cat i on , except 


f or D a 5 , n = 1 [or which V( ~) vanishes. We come back la t er to t hi s 


question of srabl l i l y of t he ~ca lar f ield sol ution . 


As another IIni<lue f eat ur ce o f the Kal uza- Klein theories . we sho" that the 

Yang-Ni11 5 gauge t ransformat i oll i s part uf general coordinate trans formations 

i n 0 dimensions . 

Consider a coordina t e transformation 

xy. ~ x'" xli + r? > 

with 

i 
<;~ =0 

~o<. _ EA(X) 1{l'" (~) . 
e2 .1 0) 

1b i S is an x-depend ent isomet r y t ransf orma Li on in i nter nal s pac e . The Lte 
deriva t iv e of the me t r ic j s gi ve n gene rally by 

s,,'§p.~ =-(9pt:i)§,,lV -(d;;().)5\~ -r)C'd~~;:;;;). 
( 2. 11 ) 

We apply th i s t o 

~ -~ A 
9"'11 = ef ~!J~fJr' 

with r~gi ven abov e . On the lef t-ha nd side we have 

A _ -2 A 
8,.. ;] t< F - e '" f, /l f3 3* fl r- • 

( Not ice t hat the Ki l li ng vec t or it selE remain s unc hanged under i sometry 

t r ansformations .) On lhe right-hand Si de of (2 . 11) we usc (2 .3) obtai ning 

finall y 

~ P. -1 A fA B c' 
o",A e &rE + 8r:!...E flr .r 

e2. 12) 

This js preci~ se l)' tlt e Yang-NU.l" local 8"uge nansiormalion whi c h b I,OW 

endowed ..... i t h geometrical meaning in hig her-dime nsional spacetime. 

§3 . ClaSsical stalu Iltv Qf l. he 517(: o f internal spac e 

As ~e saw in the preceedlng section. the pOlPntjal of l h~ scalar fl~ld 
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( ", or rs-) e xpressing the radius of Syt has no mini-mum . This represents a 

failure of the idea of spon lane ous compac Lificat ion, ~'h ich r eq uj res the 

exis t ence of a classicill solution gi ving a finite sj ze to internal space . In 

! he excepLiona l case of 5 dimensions or D dimensions wiLh T.... as interna I. 

space , th e classica l potential i s zero everywhere. Then possiulc quantum 

effects might be i mportant. The one-loop calculations indicate t hat i ntel ",,1 
space woul d collapse to the size of rhe Planck leng th r18][fJ j . 

In more general cases, however , somethjng mlls t lJe dOlle perhaps at the 

cl.'!S" l cdl ], \d . II lollS 1)<:"11 pr -Iposed to int r oduce additional gauge fields in 

o ctlillensions to !itart >liLh [7,9]. This is certainly a deviation [rom the 

spirit or Kaluza whose m(li.n purpo~e '.;as to derive tile 4-dimensional gauge 

fil!ld (lhe Naxwcll f i eld) from the S-dimensional EinsLein rheary with notning 

el se added . To sOme e xten t, howeve r , i t ruight be justHiable to sac r ifi.ce 

simp1.1clty in arde. to give a h Lglo prJority Lo the reali;,oation of spontaneous 

compaclifL cation . 

Olle c()ul(] ... 1su aq;u, · Llmt confining oneself to the radiu:.; of j nlernal 

space lS Ear from hei"!; !;"fiidr'nl : Lhe configur<ltion of inte l-nat space must 

IJe stable aga i Ilst_ e ve ry possible, fluctuation, But we s i mpl)' emphasize t:hat 

stilbillt y of tile radius mode is a necessary condit i on . 

IL is ol so true t hilt ~e should Le pr epared for ~le possibi li t:y lhat t he 

true ground stale is pr OVided by a configuration o ther than a spher e . Bul 

perhaps the IIIOSt troubles ome is the fact that no one knows exactly what one 

snould sho~' t o es t abl i sh spon t aneolls compacrHica t ion . \': ill1 aU these 

reservations in mind, we pursue i n the following the question of c l assical 

s tabili ty of t he r ad ius mode of the sphere S"" assumed for iJJL",rnal space 

[ 14 , 16 ] . The essentia l ingredients of the foregoing proposals of additlonal 

gauge fie l ds are shown in a most Lypical w'y i n the model s hav i ng a totally 

ant i synunelt i c t ensor field ~'i Ll, a vac uum espec tallon val ue \.h lch carries some 

lopol ogica l charge . 

Consider a t otally flntlsymmelric t ensor f i elu Ap, . __ p, of r <Jnk r in 0 

dimensions . The f ield stlength is A generalized c url, also t otally 

antisYlllmet.i c and of r ank r~J : [ f 4J 

T P, --- F~.. (Y-;- 1) Cl ep, A p, --- ;:.v;, ] 

dP,A~ __ . t:',+. - tJp.,Ap, Pj ·. -ry" + . _- . 
0. 1) 

EX"lnp l ~s: 
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T;;..y 'dp Av - -a" At' , 

T~,:.:; (lp AC 'S - d~ I1;..~ + d$ A p.~. 
( 3.2) 

The field streng th is invariant under an abelian gauge trails formation , 

A ~• .. _P. --7 Ap, .. _p~+ o(;, /l p, ___ PrJ' . 0.3 ) 

where the gauge [unction !I~, .. _ ~ •. , is again t ota ll y alltisymme tric . Obviously 

this gauge field is a gpnera11 zation of the Ma xwell fi e ld . 

We then assume that: the fundamental a (_ tion in !J dimensions i s , apar t f r om 

L11l' possible malter t erm , a genera l i zed Eins te ill-~1ax~'eU a c t ion: 

I=JJ,:;o)(n[~Rb-1--1-F' ~ TP, -,- Ph.]
2.\1.' :< (1'.-,)1 ~,-'-/-<""" ' (3 ." ) 

whf're Lh,: tensor i nd i c es uf rJI" ClIug" field are r aised or lowered by g;;,? or 

g P;;. From this action O IlP d C'1 iv"s th e bnstein "qution and t he generalized 

Maxwell. eqution : 

~ F ~ ~ ~l p;p, ___ ~ F A /" --- /""rK-l.GP.C 
I . ,.'1'" Y 

oj 1 ~ 
-;: ("' +1)1 :Jp-;;T'), ___'" r X' --- ).r. ,. ,;.y-..... 1 (3. 5a ) 

_1_ d ~ CN F P;, --p. ) =0n r . (3 . SlJ ) 

Sinc "e are here main l y jllterested in t he vacuum , we d.op A: (x), whi ch 

has no vacuum expecta t ion va lue in 4 d imensi.ons, in ( 2.2 ) , hence c hoosing t he 

ansatz 

(
, 
.':"~ ;yJ3'~!-'v (J .6) 

~ 

A speria l Situa t ion occ ur s i f r = n-l [9 ,14]. Then t he field sLrengLh 

,. iI . -- -F~ can have lh~ fol l owi ng no nzero v!lcuum e xpec t<1Lion "'J lue : 

~ r ol , -_. oI. ~ = :f F <;''''' -., o( ~ , 

1 ot her component s = 0, (3. 7) 

",here f is a constant whi. l e EO"" _._ 0<,,= 0 , ±l is the Levi-Civita symbo l in n 

dimensions, so thil t F 0/, ___ o/~ is a tensor on Sn. it i s cr uc i al to o bs e rve that 
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the ansat z (3. 7) s:Jlv"" t he gf!nercllz!.'d l1a,~elL e'l LI-,1 (on (3 . Sb ). (NOCie!' 

F """' ''"~ 1'Ln (U.[i) <&"" .•. O< n , A = t" f" JfR so that A F"" "''''' = f ,t t" orJ "x. 

,r:g which is ~ndependent of yO<.) 

The vacuum expecta Li on vaLu p (3.7 ) contribuLes 

- ±f~f'n, 

t o the sec ond Le rm i n the s q uar .. br ac kets i n 0 .4 ) . Cumbining I his wi th R 
given a bove , II ll d r earr an ging t he result in thtl f orm of (2 .7a ), we o btain the 

poten Lia l 

{" """<' -1"1." <- 3'1v (4)) - 'rll't1-1)f + -1 S2." f,*, . 
2KL ~ (3 .8 ) 

Tlw additional s ocond t e r m i s posj Uve and has a 1118her po"er 311 l han t l,e 

first term arisi ng fr om Sn. Cons.. qucnt l y Vet?) has a ( global ) mi nlmum al 4'=fo 

gi ven by 

.J.. 2."-~ 1.. f-<}'-<
"1'0 3 \1..<S2~ (",-,)(",+-2.). 

By i de nt if yi. ng fo \od t h f- r i ntroduced in ( 2 .2 ) , we obta i n a r eliltion e "pressing 

J.. in Lerms of £: 
1 

= [In-f)('YI+ 2.) 1"""Hl 
t Jt{)-{.~S1.~ (3. 9 ) 

I n t his way we a r rive at a necessary condition for spontaneous 

compac t] ficati on t o be r ea l i zed. 

~Iost cruc1ul i n the abo ve model is t he nortZ Qr o val ue o f t he cons t ant t in 

(3 .7). One ma y na tu r a lly ask t he question whRt the o rigin of th l.S cOlLstatll 

is. It ma v come from the mat l er in t eracLion which we ha v," neglected . Or J L 

ma y have a c <>s ltio l ogi cal origin , a s 15 s uggested from the o bs ervat i on that [I)e 

mi nimum o f t he pot e nti al which depends on £2. gives an e ffe cli. \'e cosmolngica l 

conS Lant in 4 di mens i ons . For the moment , we s:m[ll , poi nt o UI that t'he 

nom!l' to £2. a llo~'s art i nterpreraLion j n t erms of a "monopo l e charge . " [9 , 11» 

One ima gine s (n+ l ) - dimensiona1 I':ttc lidean spae., in which S,., is ('nt LJ cdde>J . 

TIIC' rad ia l cotnpOnanl or thi.: dual of F0< •• • • "'~ mar be def i fled by 

For = _1_ ,..-'"' _~_ EO<' .-.01~ F 
1'[! J7 c(, .. . o(~ ) 

·.,'h ieh is f r-" accord i lL g t o (3 .7). lIenc e IlS SUrfil'~ " inlegral lei ves 

/J"'J.Jr y""iY- =-f, 

~'h i ch implies l hut the monopole chilrge r is inside the sphere. It 15 
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inleresting to point ou t lhaL a]l t he previously propospd mode l s (7, 9 J 

resultil1g in st.abHiLY of the si ze of inte r nal spacC' .. ha r c the common pro pert y 

of hanng charges of topological natUle . 

Another interesting possil.;ility Was d lscovelcd by Frel1nd and RuUin (8 J in 

connection wi t h s upergravi ty in II d imensions . As will be ex plained brj e f ly 

1n Apppndi x C, t he supe rgra vity theory in I I d imension s con t ains t he graviton , 

the gr<" 'it i no and an anti s ymmetric t E'nsor fiel.1 uf ra nk 3. The correspond i ng 

field streng t h i s thell o f r an k 4. Then , in con trast to ( 3 .7), l he field 

.. Lrength ma y ha ve Ii va~uum [> xpectati.on value i n 4-<l imensional s pau'time r ot he r 

Lhan in in ter nal space : 

\ "F,.<V}. ... = .f A EjAV~~ ) 


I gther components ~ 0 , CUO) 


"here E/,,,,;,, ~ 0 , ± l i s a Len sol" density , f a co ns t ant. This an s ilLz is 

pos"ible pr ec lsel y hecause Lhe t.heo ry contains a r an k-3 t .. nso r fiel(] and he nce 

a field strength of ra nk 4; t he numh.,r 4 has no immed i ate cOlIlL cction ,dr h 

dimensionality o f s pac e t i me ilt t he begi nntng . In this sense j r- can he sa id 

tha t th e theory of supecg ra vir-y in II dimens i on s e xplains why our s paceLime i s 

4- di,nensiona 1 . 

stablishlng c lassical s tabillty ot the so l uLio n ba sed on t he a nsal z 

(3. 10) r equ i r es "ome ca re, as will be di s cusse d below ( 11.' , 16 J. 1f one a11o"s 

Lh e x- de pendence i n i~~ a s In (3.6 ) , t he fi r s t ex pression of ( 3.1 0) mu st be 
modified to gi ve 

-3n CO

Fy< v ;.. <r Q q. ,,-:J E,jAVA~' 


(3 . I 1 R) 

where Q is a lr ue cortsr iln t: . In fa r t on~ lIer 1ves 

Frv;"C- ~ rr-' jG::;-1 V,... l vI'A/r;j/ q;-t,.n {jy,u.I_ ~_ a~o- I rr'v ,,;.i (S" 1 

'" -l'l r-::: r,...' C1!" ' - -~ ( JA v),. IT'"EQ <P ,,;-B iJ '.-:1 6;-<1,1.;',,' =Qt R 
(3. II LJ) 

a nd thell 

F/,VA
O

N j."" f'"Ji A F jAV;"'S 

= )'.nQAfY EjAV)."" 

(3 . I 1 c ) 

l Jn
" hich is X-i ;Ld"penrl(>n~ . O~C Sees "'I t)" i s "('c cssiJry :in (3 .11iJ ) in o:uer t o 
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solve (3. Sb ). On e t hen computes the contrlbution [ rom the second term of 

(3.4 )(,=3): 

c; 1. 1 ,...~... r ~ " -3" r.::; 2.- ,, -3 ~ 'I-! T ,...v. .... r = - try I- ." '"if Fi Q tE,...v>r';'"'v>cr 

1: I-'".fi ./-i Q~ ¥3rt . (3. 12a ) 

The overa ll pl us sign arises because 6""vAr€!,'~<r = - 4 ! < 0 due t o Lhe presence 

of one time componen l. If olle naively i nterprets (3.1 2a) as giving a 

pOLt'lItial 

-1 c~ ".-Sl. n ,0' -~ V , 

t hen one would ob t ain 

v l (r) - 1- r' 52 ... 0.:' f']n . 
( 3.1 2b ) 

III contra~t to t he second t erm of (3 .8), this potentia l i s negat ·lve . The 

Lil l pOL en t lal, ute su;" (If lhe fi r sL t er m of (3 .8) a nd (3. J 2b), is hence 

negative , having no mini.mum . A more ca r eful analysi s shows , howe ver , that t.he 

sign in (3. J2b) should be reve r sed i n the cor rec t treatment . 

One in fac t finds that t he Eins Lein equati on in D dimensions contains the 

<P hel d equation which with (3 .11 ) in serled results i n what one would expect 

fr om t he po t en Li al of t he opposite s ign of (3.12b ). This complication ar ises 

obvi ou s l y through the process of elimina ting t.h!! aux iliu y fi eld AI'VA. 11hich 

has no physica l degree of f r eedom in " dimensions (see (B. 15) ) . 

I n genera l silua t i ons in which one has an auxi liary f ield, one can 

proceed vi a two r ou tes. In one of the rou tes an I! fi r st derives th e field 

equations by var ying the Lagr angia n consi.der1ng all t be fie ] ds as independen t. 

Then the equation for t he wo uld-be auxilia ry f ield can be used t o express 

t his field i n t erms of a ther inde pendent fields. This result 1S t hen 

substi t ut ed i nto t he equations of [ he independent f i elds . There i s no 

ambi guity in t.hese processes . In the al Lernative ro ute , Lhe relation 'dhich 

expresses t he auxi Ue ry fi eld i n Lerms of the i ndependen t fI elds is 

su bstitu ted back to t he Lagrangian from whIch the fie l d equations fi nally 

follow. There are many known examples i n which the above two routes lead t o 

l he same end r esult fDr tl~ field equa t ions of the independent fi elds. In our 

present calculation, however. we enCOllll ler an e:<ception . A de tailed 

i nvestigation has been given i n ref. l6. SeQ also ref . IS fo r iJ somewhat 

differen t approach. He re We simply illustr a te how subtl e th e calculations 
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are. 

Suppose we vary (3.1 2a) with respect to A,...v~ ' We oblain 

C' t 1 ~ r /A v). ... 
o Ff" = - Zi ,J-''- 8Frv)o.~ , (3.13a) 

which, on using (3. lle ), is pur: i Jlto 

'ii 't - f,; 1."'QP E' ''' ....... .- 6 Fi"v).~ · 
 ( 3 . Db)FF 

This is a "-divergence :Lf one regards it a s a variation with r espect t o A ",v). ; 

i F,..v>.cr = ;}... fA v). .... - .. . If on~ further uses (3.lla) [ orll'Fl'v')''' ' however, one 

obLains 

Ot.FT = rQ~Jl O'CR ;P"") , 
(3 .13c) 

whi eh is no longer a ;'-di ver gence , hence giving a non zero val ue Il hen it i s 

jntcgr ated over space time . 

This obser vation shows t ha L t he va riation lA r ~a should not va ni sh on the 

space ti me bounda ry . This is indeed tr tle because t he sol ut i on (3 . lla ) giv es 

Lhe cteri va t.i. ve of Ar<-?- in cenns of i. The field A }"v~ itself i s ex pressed as 

an t ntegral of f . The same- applies al so t o t heir varia t i ons . It thus foH ows 

lhat 1; Al'v, f ails to vanish on some pa rt of the boundary, at t + 00, say , 

e ven if i t i s chosen t o van .!~h a t t = - "", with i);Pva ni s hi ng at t = ± 00. 

In orde r to be able t o car ry out the us ua l method of var jation, one mUSl 

add an extra term whose va r i a tion on the boundary cancel s the contri bu tion 

fr om (3 . 13b). As one f inds , the r equired term is gi ven by 

t" = t l7 CJ-3 Ff" v)." !tv). 0 ) . (3.14 )r 
This i s a 4-d i vergence so tha t no cont r ibu t ion occ ur s i f il is varied with 

respoc t to At'v~ rega rded as ind ependent. If one performs t. he differen ti8tion 

011' and uses (3. 50 ) , one obtains 

..l..- ~ r/"v).at " = 2.'1- ,f-:J r",v).u ,- , (3. 15<1 ) 

which is furthe r put into 

- J." Q'<. H M :;3'"
)'iA (3 . ISb) 

on subst iluti ng f rom ( 3.1 1)(cf .( 3 . 12a) . As one sees th i s wou l d gi ve a 

po tenlial which is -2 times ( 3 . 12b ) . By adding this contr i buLi on to (3. 12b) 

one finally obtains Lhe cor r ec t pOLent ial 

- 401 



Vi' 4: {"Q<- .R~ ;r,3" 
(3. 16) 

The t o Lal potential is now 8iv~n by 

vet) = - .i~ m("'_')4>."n + ~ j'r" fl.."Q2. </>3" 
1X" "- ( 3 . 17a) 

which has an absol ute minimum at '1'0 = '- -1, where 

t = [("'-') (71 +<") 1*" . 
3Q'- >t-' SI. .... (3 . 17 lt) 

It. is inLeresting to notice that the addl LJ onaJ term r" 1n the form of 

'I' ~ i"Q Ii E"' ''Acr FI"VA"- ,
.LA 2'f- (3 .18) 

a s obta i ned by using (3. 11c ) in ( 3 . 15a ) , is sULh t ha t t he a nsa Lz ( 3. llb) can 

be obtained as a fi e l d e quatio n [20 ,21]: 

0= b [ s econd t e rm o f (3.4) ( with r~3) + (1. l8) ] 

6Ft''';'''' 


= - l~ (R p,VA<r - f-"QJ; €,f""V,u-). 


The v11 l ue o f t he po tential ( 3.17a ) at t he mj nimum is ob vious l y negat ive : 

C"" -.) <.vcr') =---- > 
I<.'£.'

" i tn l gi ve n by ( 3 .17b). Thi s i mplies that , if there i s no i.nt r i nsic 

cosmological term in D dimensions as in ll-dimensional s upergrBvity , then 

4- dime nsi o nal space time is and-d e Sitt er s pace time with a negaLive e ffective 

cosmol ogical cons t a nt. Fu rthermor e, t he vulue of t his c osmological c onstant 

is huge --- of the ord e r o f L.-'t. This i, ~ a bout 120 or ders too l arge compared 

wlth the obse rv e d uppe r limi t in the present universe . The re ~ight be on 

int rinsic D-dimensio na l co s mological co nstant [f5] or a cont r i hut ion f rom 

quantum e ff ects [foJ. It i s s till tru£> rlnt 0"<:' ".;oeds an extr<:'!nely fin!:! 

tuning of t he order o f ]20 t o have a real istic Lheorv . This is perhap,; lhe 

mOSl f ormidable difficulty of t hi s lype of unified cheory [ f7J . No come back 

again to t his proble m ill t he ne~ t sec tion . 

>Ie have e xamined t wo t ypes of solution [or .'hich the antisyrnmetri " tens( 1 

field has a vacuum expecta t ion vallJ~ e iLher on S fL or in 4-dimensional 

spacetime . Ano Lht:'r solutio n is "Iso knol;n to e xist for which the [ank-3 

antis),mme tric rensor held has ",,(uum expecLatiun val u(,s iJot li in 4-dlmensi '1031 

spacetime and on S 7 [ 12 J. The vacuum e xpf'nation value (.n S 7 lS also r elated 

to paralleli zable torsion , the exi ~lence o f which is a un; que feat ure of S7. 

The noagni tU(IE' u f Lh i s tt.rsion icld occurs as ano Lher scala r fjeld in , 
dimensions . 

To these modes , tht r adius <IE S7 a nd the magnitude of parilllel i zable 

torsion (as "ell 8S the magni Lude o f squashing of S?), one can apply basicall y 

the same Lechni qlle ill t erms of t he potential f 16-16][ f8 j. One of the 

advantages of compu t lng the po tentia l is that one can discuss stahili t y 

against a ny di s t ur bance. llnfor t una t e ly, however , thi s m"lh od lIas been applied 

only t o a ]1mi l cd c lass of modes . 1'1ore general c l asses of modes can be 

a nalFed only ~y lineari z ing equations a nd using a harmonic ex pansi on on M"" 

a nd hence r estric ting oneself t o t he d iscussi on of small pertu r bations . For 

the details of Lhis type of analysis on S7, i nLe resLed readers shou ld consul t 

r ds. 11 , 13 , in whic h mass spe cL r a o f O~, 1"'- fie l ds are o btained. I L ","s 
shown tha t no t ach yon ic mod es appea r in Lhe backgl ou nd o f anti-de Sitte r 

spacetime . 

At this point we a dd a r e mark o n a massless field in a nL i-de Sitter 

spac e time . !lil li-de Si tL er (or de Si tt er ) s pa cet i me is a c on s tant- c urvature 

spacetime Idt h R. = '+/1, where the cosmo logiC8 1 consta nt 1\ is ne8ative (o r 

po s i t i ve ) . It i s k no~n tha t t hese spacet i me s can be t ran s f ormed t o fla[ 

Mi nkol"ski spacetime M,+~ by a s e r ies of conforma l trans f or maLions [ 25 , 26 ) . On 

the o r h~ r hand , t'l: i s t he on ly spac e time wlti c h pro vide s a sound basis for 

def i ning a mass l ess f ield. 

Combining these t,,'o obse rvations, one concludes t hat th e t heory of a 

mas sless held in a n ti - de Sitter (or de Si t t e r) spaceti me ca n be obtained by a 

c Ol1formally i nvariant theor y which r e duce s t o a mass l ess th ....ory In H:. For 

a spin less field in 4 di mensi ons one thus a r r i ves at 

'" = CO (- .i..(SLR - i.. :1/""" G'a IS).L .J - J IZ <. r v , 
(3 . 19 ) 

...hiell is i llvariant under co nforma l t rans f orma t ions 

n-z~Y'V ~ :!r<v, 6~ SL,IS , 

with an aribt r dry spacetime function flex). 

The l.agrallgitin (3.1 9) c ertAinly describes" massless field [ or R = O. 

For R • conSL . ~ 0 , howeve r , the first lerm o f ( 3 .10) RLts as H mass term. 

For this reason , <I massle ss field in anLi-dt: SJ tLer ( or de Sitter) sp8celime 

is said Lo huve an effeclhc mnss squ~rE'<I 

'nO :/. = Rib C2. / 3)1\. 
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This is alread y negative i n anti-de Sitter spacetime . BuL the critical 

value belu" which the particle would behave as a tachyon i s st i ll smaller . 

( 9/8 )( R/6 ) . as was s hown by Breitenlohner a nd Fr eedmanll 127 ] who took a 

peculiar proper ty of an t i -de Sj uer space time fully into account . It is 

remarkaLI C! that th i s critical value coincides with the loweat eigenvalue of 

t he Casimir op... rator of til e ant i - de SHter group SO( 3 ,2) [ 25] . 1t j . s als 

noticed that some of t he scalar modes on S7 hit precisely l hi s crilical va l ue 

[13J . ( Absence of tac hvonic fields is sh o\.Jn in r ef. 13 by verifying that no 

nlOdes hilv" fIIilS" S'IIJaJ(,d h"lo\·. t h, s crili cal value . ) 

The modes corre sponding LCI the SI' radius and the amou nt of paral l eliwbl e 

torsi on obt ained above are massi.ve of t he order of r he Planck mass . Suc h 

super-heavy modes a r e nol ver y i nte r es t ing a t the moment un]ess they a re 

tachyonic . In fac t t hey <Ire n O l o On S '> t llere are 8 numbe r of massless scaJar 

modes i n the a bove sense [ 11, 13 ]. It i s yet to be s een if lhey can be good 

candi~al(!S for r E' a liSlic lIiggs scal ars of the masses of t he order of GeV, 

'..'hi [h could ~(' vic""d as m;15~1('ss compared ~'ilh t he Planck mass. 

§4 . Discussion 

I have surveyed some of the key elements of the Kaluz a-Klein theorj"s. 

sh o,dng hot. prolllising t hey appear as llUenipts tO l<llrd a geometrical uniEicat i oo 

of pa rticl e ph YSi cs a nd gra vita t ion. Although I have no t covered ill l the 

re l aled to pics. I no" tu rn to discussing problems we face . 

Fi r s t of all , we stUl do not know· "hat the t r ue gr ound state of 

D-dimensiollal spacetime is . \'e even do not knot, precisely hO\1 \,'e ca 

det ermine that . Pulting aSide th is question of pnnci.ple for the mOmf1l1t. "e 

must a l s o delcrrl111le whal Internal space should be chosen t o dervie the 

internlll s ymmetries ...hi.ch have been established for particles in t he el1ergy 

regj 0 11 belOl' 100 GeV . 

I n t his connection we r ei te r ate that t he basic energy sca l e of Kaluzo

Kl ein theories i s supplied by the Planck m3,;s ,..'hich i s more lhan 17 or~ers 

1l1gller than energy scales "e are familiar with i n ordinary IJarticl" physiCS . 

Particl"s of ordinary mass scales should b€: rf'garded as mass l ess in the hrs t 

app! oximation in lhis approoKh. ' lasses of order 1e5S than 100 GeV could be 

due to small violation of cerLain invariance principles of Ka lu za-Klein 

I.he(,,· i es. 

- 404 

The zero-mass ansatz (l . 2 ) resu1t~ in JIIassless Yang-MillS fields [or atly 

types of inlernal space assumed . Mass spectra of »calar fie l ds are. ho,",ever , 

more complicated. Only (OT some specific e xamples of internal s pace, e.g. 

ro und S7. mass l ess scalar fields have been sho~'n to emerge l ll, 13 ]. In a 

sc!Ose ...e a re still fa r a...ay [rom what Cho anrl Freund dreamed [4]: Ka l uza-Klein 

theories ...ou1d peld Nambu-GoldsLone-Hlggs bosons on the s ame footi ng as 

gauge fie l ds . 

The si~un tion is even worse wit h fe rmions . SUpPOSE! olle introduces 

mass l ess fe rmions in D dimensions . A Di r ac (or ~jaj orana ) f ield has 2 (l?/< J 

componen ts . This ab jee t then describes 2 [l?/LJ -2 of 4-c omponenl s pi nor f j elds 

in 4 di mensions . 1he Dirac operator :to.!> woul d s plit in t o i7~ +Ji7n ; the s econd 

pa rt ma de of gamma mat r ices, de r iva t ives and spin connec t i ons In n di mens i on s 

would give a mass t erm in 4 dimensi ons. It is known (t he LJ.chnerot.' icz r heorem 

[ 28 )) t ha t the mass sq uared arising in l his way j s pt oport j ona l t o the 

curva t ure scalar of internal space. It i s th en na t ura] th a t the f e r mi on mass 

would be of the or der of Lhe Pl a nck mass unles s a s pecia l 2<>ro mod e exi s t s . 

]l was shown t hat massl ess f er rn ions ari se fr om I I- dimensional s upergrav i ty 

" ith t he r ound S7 for i nte rn al space [10,11), due LO t he N28 supe r s ymmct ry 

"'hic h r ema ins in 4 dimens i ons . I L is not clea r, ho O/eve r, If t hese f. ermions 

stay mass l ess after the s upers)'mmetr y i s hroken . 

The question of Llw presenc e of fermion ze ro modes is als o r elated t o th e 

question 1£ cht,al fermions emerge in 4 dimensions [ 29 1 . Chi r nli ty ca n be 

defined onl y i il even dimensions beca us e t he equ ivalent of '.5- does no t exi.st i n 

od d dImensions . Basically for this reason one cannO L e xpec t chi ral fe rmions 

in 4 dimensions starting f rom Ka l uza-Klei n theo r ies of odd D. if the onl y 

inte r action of the fermions i s gravilational . I n Cr emmer and Julia ' s l heory 

ot I l -d j mensiona l supergra viLy , chiral fermio !l s ne vertheles s occur becasue tho 

intC'raction wbich i nc l "des t he t ... rms of t he ant i.symme t r ic t ensor field 

singl es ou t one of the chiralitles . Unf or t unately the gauge f i eld of th e 

"hidden symmet r y" SU(8) i s no l onger an elementa r y fie ld , a nd the complete 

dynami cal implementation of t he idea of c.omposite gauge fields has neve r been 

worked out [ f9 J. 

II was also shOl'n [291 that no chi ra l [ermitlllS appear if D = 4m because 

fermions of both chi ra li t l es occu r in inte rna l space of 4(m- l) di mens i ons . 

On l y by star t lng fr om D = 4111+2 , can one evade t his t ype of "no-go t heorem ." 

It is sLjll necessary to introd uce a n addit i ona l ga uge f ield , as ,",as 

demons crated i.n the IO-dimensi onal t heories i ncl uding an abel ian (v ec tor ) 
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ga uge f ield [31j[ E1 0 ). 

Ano t her area in which the Kal uza-K l eIn theor i es ma y have inte resting 

consequenc es is cos mology. Since t he size of i nte rna l s pac e i s given by the 

spacetime dependent scalar field , one can expect that the size of i nterna l 

space may have cha nged as the unive rse has evolved . More s pec if ical ly, the 

radlus bet) = 4>- ' of 51\ wou l d behave as a fu nc t ion of t he cosmi c ti me t, j us t 

like t he cosmological sca l e fa ctor aCt) in the Robertso n-Wa l ker me tr ic. One 

can evc n t ry a conj ecturf! t hat our uni ve rse Ol nd interna l space mi gh t ha ve 

sta r t ed (proba bly a t the PJanr k t i me ) \oI ith more or l ess the s ame si ze, hut 

th ereafter the former has expanded whi l e the la t ter has cont r ac t ed or s tayed 

nea r l y the same , hen ce expl aining why inte rnal s pac e is so s mall compa red \oIith 

the si l e of t he uni verse a t the present t i me . 

Kasner- type sol ut i ons have been analyzed in t hi s con text [33,34) . It has 

t urned out t hac , t aki ng the e ff ect of particle c r ea tion into acco unt , the 

grow t h of t he desired as ymme t ry '.; i t h t.ime i s rathe r unlikely ; its deca y is 

mor e likel y [34]. This tendency, however , mOl Y be countH- balanced by the 

"Cas i mi r ef fec t" due t o quan t um l oop effects which can f a vor sma l ler internal 

s pace [18). Other effects due t o t he t e mper a t ure, for example , should a lso be 

st urli.ed [35). 

The possibilit y of time var i ation of the gra vi tati onal constant has also 

been discussed [36). Th i s can be a nticipated rather naturall y beca use the 

ansatz (2.2) wit hout Weyl r escaling easily leads to a sca l ar - tensor theo ry ; 

t he R... t erm in (2 . 4a ) wo uld have been mul t i plied by 4,"'. The effecLive 

grav i tat i ona l constan t )<'2. "ould be proporLiona l t o ~- lI~b"'ct) . 

One mu st excercisc ca r e , hO\olever , \oIhen one investiga t es \oIhethe r t he 

gr avita ti ona l cons tna t changes wi th Ume . As wa s emphasized by Dirac [ 37 ], 

possibl e t i me va r iabili t y of the gravi t ationa l cons tant can he detected by 

measuring gravitationa l phen(J[!]en~ using aLomi c.. clocks . Notice that th e masses 

of clemen La ry par I ides. specif i cal l y of the electron, f.i. x the f undamenta l 

r ime s.;;a le of a t omi. c clocks. The effec t: coul d be due to possible different 

time dependences of the gravi t ationa l constant and the parti cle masses . 

From t his point of view. one mus t know how pa rticle masses depend on 

time. Or spacetime coo r dinates , before one can discuss t he problem . In I.he 

conformal frame in which the gravitational constant is a true constant afte r 

\oleyl r escal ing as in (2.4a ) , time de rendenc e of pan i cle masses would impl y a 

t ime var iabi li ty of t:he gravitational cons tan t [fll). ,Is ...as pointed out , we 

are still not in a position to calc ulate the masses of ord ina ry l ight 
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el ementar y pa r ticles. In this sense it seemS pr emature t o tr y to undersLand 


Dirac's Large Num bers hy pot hes i s fr on! the point of view of Kaluza-Kle in 


theories . 


Dl.scussJng possi bl e t i me va riation of the gauge coupl ing constant i s al so 

interesting. As was emphasi zed be fore , t he gauge coupling cons tant e 

occuring in (2.5a) is a true co ns tant ; one CAnnot a l l ow e to depend on 

spacetime coordinates through 1 wi t hout - io1at1ng gauge invar i a nce. In sp ite 

of t hi s t he observed gauge co up l ing constant may va ry [or a dif fe rent r~ason. 

In ou r ana l YSi s in §2, \ole no r mali zed the gauge po t;en tial assuming t hat 

th e ,p fiel d ta kes it s sta t i onary val ue rf For varying p before it reac hes t.- 1 

we cannot nor ma lize A/ in a s t ric t sense . We reasonabl y as sume , however , 

that t changes so s l owl y that it can be consider ed as a constan t for any 

mic rosc opic pr ocesses . In t hi s approxima te sense " e r escale A! by 
. . . - ..;~+ , A -..y"", A

lflult lplvl ng It by ? taken to be a constant : AI'" -"' <t "r ' so that the FF 
t e rm of (2 .7a ) recovers the correct normal izaLion facto r - 1/ 4 [ or :r t 1. 

Ap pJyi ng Lhis rescaling to (2 . 5a ) impJies a rescali ng e -7 f-'I'I..-fe . 

Cons equent ly, t he fine s tru c ture constant '" changes in effect as the r ad i us 

raised to the pO\oler - (n+2). The r e por ted hi gh accu racy of t he constancy of 

( 39 ) hence teUs us that the s i ze of inte rna l s pace ha s s t ay ed unchanged to 

t he same accuracy for the consi derable par t of the cosmol ogical past . 

The fina l ques tion is On the s ize of the cosmo l ogica l constant. Man y of 

t he cJ as sical solut i ons disc ove red so fa r r esult i n t.-dimens ional spacetime 

hav i ng a n extr eme ly large cosmol og i cal constant. Se tting aside a more s er i ous 

qu estion , if any of these so lutions is a true ground sta t e, it is qu i te clear 

that we ar e despa ratel y f a r f r on, r ealit)'. One can concei ve at l east two wa),s 

out : eithe r re -ad j us ting the cosmological constant or int e rp r eting the 

thoery as appl icabl e on l y in SOme early epoch o[ the un i verse . 

In the flrsL way . one needs a fine tuning of pa rameters , classical or 

quantum, t o an i ncr edi bl e accu raC)' . ne nOli ces too that the 11-dimensional 

supergravity theor y admits no such freedom . In any case one must confess 

Ignor anc e. 

The second wa y, on the othe r ha nd , ma y sound li ke seeking a sane tu" ry . 

)ievert heless , like i n the in f l ationary scenario r ~ O], one hopes t o obtai n a 

deep insight irlto faSCinating interp la ys between cosmology and parlicl( 

physics . Then comes t he c ruc ial question: can one discove r in the f rame.wor k 

of Kaluza-Klein th eor ies a mechanism "hl Ch ca uses a cosmDlogical Lrdnsition to 

1'1: f rom a spacetime of (perhaps negatively) la rge cur va t ure? 
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Append~x A. Some details of de rivin g Eq. (2.4a) [5,4 1) 

Com putations are simpler i[ one uses the vielbe in ins t ead of the metric 

Le nsor di r ectly. 

he vi.eblein b;:: ';;; gives a coor di naLe hasi.s in t he l ocal Lorentz f rame su ch 

tha L 

~" .... j,,,';;'~ .... ~ i~;:'~"'''''~A A l..,..,.,,,,, r ~ v fA 1-'''''"YO" (A.1 ) 

where the local Lorentz frame is la be l led by the l at in i ndices (m, n, ... f or 

D-di mensional ; m, n, .•. [ or 4-dlmens ional; a, b, ... for n-<lirnensional 

coord j na tes, respecti ve ly) whi ch are ra i sed o r l o\;e r e d by the Minko"ski metric 

'\ ~~~ d' ( ) Th ' . I b . "b;" d d h~~ ~ = I = 1ag -++ , .. +. e Jn verse Vl e e1fl ~ lS 1nt ro uce s o t a t 

/,~A-G 0;;.;;.P. :lF ~ = ~.;;.~ -t P. ,.A -M S P. • (A. 2) 

It gives t he inver se metric by 

3;.~ 1~;ii~P.i~(J 1,;,; i;:"~ 
(A.3) 

Tt i s ea s y to deriv e 

R = ~ &.d: OF ~ ) . 
( A. 4) 

The zero-mass ansatz (2 .2 ) can be r ep rod uced by 

)'- .A r 
~ ,;;. (" 0"" • "-""A' J 
~F 

0 ",-1e.","'

,... A _

.(,.::;'" = ( .-0", ' - e 4>_-01'- til•A..,'J 

0 <f> ell.'" 
 (A.5) 

" he re b,..."'(x) is the pur e ly 4-dimensio na l vierb e in gi ving 8 1'v= b,..."' bll.. , wher ea s 
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e...c.. i s the purely n-<limensi onal vie1bejn gi vt ng r..., c e ....... c~"-. We a lso use 

A",A(x ) = b.t( x )A/, ( x) and 'iA"' (y) = eo("-( yHAf1.(y ) . Given t he melrtc , t he 

vielbein ts unique only up La a loca l Lorentz t ransfor ma t i on. We have 

e xpl oi ted th i s arbitrarjness t o pu t b~~ = bc..~ = 0, which s impl ifies 

computati ons consi de rably. 

he Ricci ro ta tion coe ff ic ien t i s defined by 

~ C,. .......... /" ..... .,...;) ,.. .....

ell;: -= .A;.r.i ,rnv - :t ; 'fA .h'; ) do hP.; == - c~ 1l ;:' } (A.6) 

a nd t he spin connec U on wit h Latin j nd ices i s given by 

A :LeA ~ ..... ) ~ A~~~ = C~~~-C~ ~L. + C A ~"" =-AAA ~ 
"""""JJ.. 2.. 1-)?IA'ft I'm, '" (f'I~""".L "'"'7""',,"" (A.7) 

'.h i c h gives t. he Einstein- Hilber t ac t i on (2.1) in lhe form/' 1 /"- '" tA A ;"\ ~ ..n ..... .::.. ; .... )I = c/)x..(, ~tA~~ -; A .i-, + A,;;. ,; A ,/. . 
2,\(. ,-- (A.S) 

By s ubsti t u Ling ( A.S ) i nto (A.6 ) one obtains 

J 

~ -"'/2.. [ '" ( ) ] 
c.J..;rf"'" '*' c. '{, ,,,,,, + ""2 'l,J."..'f",- L).", ;P", ' 

(: - _Yl-f fl 
<1.,""'" - eQ q, F ""~ !flO- ) 

Ci. , lA"", = 0 


,... rJ - ..../~ - -"'/< fl 01. (~ ~ )

=-4> P..... 1,s ... -t!"tP A"", eo- dol.rfl·e~J.+l.A "peolA ,c. -G)o..V'r\ 

~ 

=0c~)o...t ) 

Cc , c..~ = q, Cc., t>.-t (A.9 ) 

where 

_ t' i" rv

f>""" -.£~ Pr = -10,... drh <P , 

F '" . - ~ • v -cA""" - j,,,,,,o,, I t'''. (A .I0 ) 

The Rj cci r ota ti.on c oef fiCien t c,-,,,,~ is pu r ely 4-dimens~onal and deri ved from 

b,."', whi le c",o.' i s pu re l y n- dimens i_onal and ue ri ved from erio-· 

Substitution of (A.9) f urther i n to (A.7) yi elds 

A ~ -..-./<- [ 'T\ ( ) ]
fl.","",) = 4> (L"""',t-+ ~ "2.)",~",- "'1£",~"", 
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--"'-1 fl r" A"" "")0. -f Re t r ~nSA"-) 

" ~ 
A a..."""1o'T\ == - A 'T"\T\. 0..... 

~-oh
" - ~ '!~ "t ",A. , Pi 0...""' .'" 

........ -.,,/2
Ao...,t,,-r<I = - ~ e. t A! [ftC e:"peo(c..- e::- 8~ g",<»-t- (e.."e~,,- - e.;;:e/l.6) d",~' ] , 

A44, c. ~ f1 t,A., c • (A. II ) 

These ar e fi nall y substituted in to (A .S ) to give (2 .1.a ) , where one uses 

-A".. A",",2,7l + A"" 11 m ;' ..,.. ~j. ..,... ) T\ ) J. R~) 

_ PrD.L.,cAC.C.,.6 + Ac.."'". A A "'<",c- R"", 

up t o surface te r ms which are dro pped. 

Ap pend i X B. A simplified count ing of the physical degrees of freedom of a 

massless totally antisymmetr ic tensor field 

For a mass less t otally ant is l'mme tric tensor fi e ld A", __ _r~ in 

D- dimensional fla t spacetime, t he classical Lagranglan is gi ven by 

Lo i.~F. -r}-,,---f<.Y+f 
2. (Y'~()! r<1-~·Mv.,· (B .l) 

where 

F"',-_-f' ....+, (.,.+1)oct',flr<>----r<~+,). 
(B. 2) 

I n this Appendix we su ppre ss ha t s on Lhe indices which are raised or lowe r ed 

"il h the aid of ~t<v= '1""'= diag (-+t ... +). The field equation deri ved from 

( B.1) has no inve rse, t hus requiring to add a gauge fix ing t erm. The lotal 

Lagrangian i s then given by 

/., = i. 
~ 

__1__ 
(or + 1) ! 

F 
1-<. - --",yo' 

T ...... ' . -- f<~.,.., 

_ 1. 6L-1.J...
" Y~ 

G G/' ~ ---!"v 
I' ...---}-'.... , (B.3 ) 

where ~ is a gauge parame t er, and 
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G-"...- __ ,,~ 'oK A ",I"'L ___ "V- . (B. ~) 

The Euler-Lagrange equation yields 

df' Ffr<, --- I"..- -+- ",-' aCt<' G-,",,- --f< ,J =0 
(B. 5) 

Applying <i to chi s equat i on one obtai nsf', 

o(-'OO[/"fGl"'l ---/'ty]
/", =0, 

which can be PU L i nt o 

1)(-1 0 &1"1'--1"..- =0. 
(B.6) 

This, with a f illite ()/, allows one to jmpose a subsidiary condition 

c;.1",---..,..-l+> I> =0, 
(B.7 ) 

for the phys ica l state I>. where (+) mea ns a pos i t ive f r equency pa rL. 

Eq.( B. 5) can also be put in to t he form 


DIlI'·---!,,· - (1- 0C') ,,[t-<'G!">----flTJ =0. 


The choice 0( = I is particu l ar ly convenient because (B. 5) t he~ simpllfies to 

OAr'f---!"Y- =0. 
( 1l.8) 

The corres ponding Lagr an gian i s 

L - i. _1_d fl o"fj"',---fh 
2. 'fl, \I tAt .. - ~r • ( B. 9) 

In this Fermi gauge, t he Hamiltonian in the mnmen[~m representation is 

simpl y given by 

- 1 I I ",I',v, 'll".vv at CR.) CI. (i<)H Ck) - -:;:J fl. ( --- f 1<,---1''- v, .-- v,-, 
( B. IDa) 

which can be writ l en as 

H(~) = L Ihl E-.[ \ cct)< __ !"~Ck)Q}<, -- -f_'~( ...),
{I" --- r<.,-} I<,---/-'v ' ( B. JOb) 

where the sum is t aken ove r independent combinations of t he antisymmet rized 

i nctl ces. The s ymbol EO-tJ-<,---/1.-} is -I if 0 is incl uded among rt,- -f_',. . while it 

is +1 orhen<ise, as dictated from 1f',>', --- "ll"~>,y. 

The ind i ces may be s pl it in t o j< = 0, 1"-= 1 f or the direction of It, and 

r-= 2 • ... ,D-I f or Lhe pe r pendic ul ar di reclions. Fo r t hese transverse 

cOmponents we use letters p, q, ., . . One then obtains 
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HCk) = lk/ ~ (-O'.\fr--- i1.0 1~ --- -c..-tOa ___ a O~"_: _ 
ht--} 

t t )+o>'j1't--_Il. , '»l.--- + Cl"'!> ___ /l, ,,t- -- • 
(B . 11) 

The same kind of splitting is also applied to the subsidiary condition 

(8 , 7). One first finds that GOI1'- --t+)I)=O yields no thing , because GD1 l>---(k) 

vanishes trivially due to kt = 0: 

GDf l'---(k) = ':'~.r'-af01'P--- (."'-~ =0_ 

Consider next G°1'4,---~1 / > 0_ One obtains 

G°l'l, --- (k.) = l..k c... 'O '»'I.--- Lk) = i 11'1\ &.'01>\--- llt.).
f 

The above condition therefor e gives 

o.'D'» --- (1<.)1 > =0, 
or 

(.\., 0 ~ - - - (.1>..) 1> = D. 
(8,12) 

The same result follows a l so from G 11,'1,---#) I> = o. Finally one observes 

GPj.·-- (10..) = iCk 
D 

o.°1> --- + k,&.'1'---) 

'IC.I ~ 01'--- iF---)
=1.. '" ~-c.. +e... . 

The cond it ion Gtot--- "'1 1 ) = 0 hence gives 

Cl"P---(~)I) = O-.iT'---(~)1>1 

Or 

0>.01> --- l~) I ') = - G. iP __ _ C,,-)1 > . 
(B.13) 

One can now apply th~ s e conditions to the physical matrix elemen t 

<IH(k)I). The first Le rm in (B . ll) drops out because of ( 8 .1 2), whi l e the 

second and third terms canc el due to (B.13) and its her mit ia n conjugate . One 

i s thus left on l y with th e trans verse components : 

<1H (.1<.) I ) = I~I L: <Ia.t 1'1,--- Ck) 0.1'1.--- (10)1). (8.14)
hot--· } 

The number of the indepe nd ent combinations {pq ... } is clearl y 'b_lCp 

whi ch is the number of physical degrees of freedom: 
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j{ 1>-2. C yo • ( B,15) 

Appe ndix C. Relation between N=8 supergravity in 4 di me nsions and si mpl e 

superg ra vity in 11 dimens i ons 

Gen era t ors of simple supersymmetry are provid ed by a Ha jorana spinor S 

whose 4 components are Grassmann numbers, Fur massless f iel ds in 4 

di mensions , one constructs a helicity-raising operator S+ and a helicity

lowering operator S_ which have nonzero nOrms. Given a helicity e i genstate 

I).), th e:s l: operators act like 

~,J).) = IA ± 1: > . 
Since S+"-= _S~ = 0, one obtains a su persymme tric doubl e t (\;>.> , / A+{» or (/>->, 

/A --I:», 
Extended supersymme tries are characterized by N such s pi no rial gene 'rators 

S:-(a = 1, , .. ,N). Given a state 1>->, the result of aprlying k of S_'s is 

~_a lL c;_"'~ S_"-f I:>.) /;( - ~ k>{o.' ___ "-/L} • 

Since S!..: wi t h different a~ anticommute, one obtains /JC", states with the 

he llcity ).- k/ 2. The minimum helicity arrived at in this way is ).- N/ 2. 

If N ~ 9, the he licity values in a supe r s ymme tric multipl e t would s pa n a 

range N/ 2 29/2, which impli es the occurrence: of fi el ds with spin greater than 

5/ 2. Acc e pting the common view tha t no consistent inte rac Li ng fi eld theory 

can be con5tr ucted for spins beyond 2, the highest possi ble value of N is 8. 

The s jmpl es t super symmetric multiplet of N=8 sLlpe rsymmetr y is the one 

~'h ich contains the sp i n 2 grav i t on . This i s the mult i pl e t of N=8 

supe rgravi ly. According to the bin omia l coeff lci en t s for [ he 10lOer spin 

s ta t es men t ioned above, one fi nds the followi_n ,; spin con tent: 1 gra v i ton (2+ ) , 

8 graviti nos(3/ 2), 28 vectors(C) , 56 sp jnors(1/2) and 70 sca l a rs(O±). 

Cr emmer and Ju lia discovered that the above spin contel,t is preci sel y th e 

same as wha t i s obta ined by dimensionally reducing simple (N-I ) supergra vit y 

in 11 di mens i ons. They first demonstrated l hat 11-dimen sional supergrav i. ty 

conta jns one grav i ton (described by the metric g;;:; or th e eUbeln 'b;::':::), one 

gravitino (a Rari ta-Schwinger fi e ld f'p-) and an anti s ymme t ric tensor held of 

r ank 3. The necessity of introduc i ng the last type of f j e ld is understood on 
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the basis of mat ch ing t he physica l deg rees of freed om of bosons and f ermi ons . 

Consider 8; 0- in D dimension~. This s ymmet rjc censor ha s lJ ( D+l)/2 

components to start with. One s ubtracts D, the number of ga uge 

transformations , corresponding to gener al coordinate transforma tions . One 

furth er su btract s ano ther D, t he number of gauge-fj xi ng condi t i ons , e. g . 

dP(~ g~~) = O. For rhe physical degr ee s of fr eed om, one is t hus left with 

D(D-3) / 2, which i s 2 f or D • 4 , and 44 f or D = 11. 

;'Ie next turn t o "'p. Each spinor fi eld has 2[D/>:] componen t s . Hence a 

M.ajor ana vec to r ial s pino r h«s D" 2CD/t.] components. A l oca l supersymmet ry 

transf orma t i on is a gauge transfor mat i on with a spinoria l parameter E of 2[Dl,-) 

components. This numbe r s hould be subtrac t ed. Two ga uge-fixi ng conditions 

must be imposed: 'dptfr= y;,yP= o. These represe nt 2X2 0/>J condit i ons. 

Subtracting these al so, one i s lef t wit h (D-3 ) a 2 [~>J. Now r ecall t hat +F 
obeys a f ir s t -order differ entia l equation, but eac h dYllam,ical deg r ee of 

freedom corresponds t o a ha r mo nic osci llator which obeys a s econ d-or der 

equa t ion. For this reas on t he above number is di vi ded by 2, giv i ng [(D-3)/2] 
U/

.... 2 <J f or t he phYSical deg r ees of f reedom of the gravitino . Th is equals 2 for 

D = 4, and 128 f or D = 11 . 

One has t hus 128 - 44 = 84 for the excess of fe r mionic degrees of fre edom 

f or D = 11. The numbe r 84 turns out to be 1I-2 C 3 = , C3 f or che physical 

degrees of fr eedom of a massless ant i s ymmet ric t ensor field of r ank 3 , 

according to (B .lS ) . Wi th t hi s ma tc hi ng , Cremmer and Julia explic itl y 

cons tructed t he action of simple super gr av i ty in 11 dimensions . 

We finall y ou t line how this thcor y gives the same f ield content as what 

aile expects f rom N=8 su per gr avi ty in 4 dimensions. Among the components of 

'8;:0 ' the purel)' 4-d imensiona l part Sf'>' describes 1 graviton as usual. The 

off - di agona l part 8J<CL rep resent s 7 vec tor fie lds , whi Ie th e r emalning Sc<t' 

gives 7~8/2 = 28 scalar f ields. 

The component s of th e totall y allt is ymme tr ic t ensor fi eld Afi~5: are also 

split i nto four cla sses: A~v~' AJ<'~' A~.~, and A~~t. The f irs t on e has no 

ph ys i ca l deg rees of f reedom , as is suggested by the meaningl ess resu l t ~C3 

fr om (B. l S) . The second class give s 7 an ci symme t ric t ensor fie l ds of rank 2. 

Each has t he degr ee of fr eedom zC Z = 1, corres pondi ng t o a scalar field. 

Altoge t her one has 7 sca l a r fiel ds . The t hir d class provides ?C z = 21 vector 

f i elds , wh i l e the l ast class represen t s ,C 3 = 35 s pi nless f~elds in 6 

dimensions. Summing up, one obtains 1 gr a vi ton, 7+21 = 28 vector f ie ld s and 

28+7+35 = 70 spin less fields, in agreement with the num ber ob t ained from N~8 
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The s ame type of analysis l eads to ag reement also for t he fermi on f iel ds. 


Footnotes 

fl 	 One ma y wonde r if spacetime of n+l t ime coordina tes , i .e. SO( 3 ,n+l) f or 

t angen t space, ",j.ll a lso do. One can construct n-di men s i onal compac t 

internal space exclusively out o f th.e tl meli ke coordinates . A negati ve 

cu rvat ur e scala r R ~ is no t unacce pta ble . One cannot accept, however , 

tha t the Yang-Mills fi e ld i s a ghos t; Lhc sign of t he l as t t erm of (2 . 4a ) 

comes out wrong . 

f2 	 Ihth 0= 11 , Cremmer and J ulia chose T7
, resu lt i ng onl y in abe l ian gauge 

symmetr ies . As a candidate giving llonabellan symmetries, S., has been a 

ta rge t of in t:ens i ye s t udi es [l O-13 J. Witt:en poi nted out [1 7 J, Olt the 

other ha nd , tha t n-7 il; a minim um climensi.onaLLty to rea l ize SU (3 )x SU (2) 

)(U(l) pa ramet r i zed on CP2 x S
2

" S I , where I. -dimens i onal CP i s homogeneousz 
s pace SU( 3)/SU(2 )XU(l), while Sl. = SO(3) / SO(2) = SU(2)/U (l ). 

f3 Possi bl e semiclassi ca l instabi l ity wa s a l so dis cussed [19J. 

f4 The coeffic i ent (r+l ) has been s o chosen t haL each independent term 

occ ur s onl y once on the far-ri gh t - hand side. 

fS This is the point o[ yj ew in r ef. 9, fo r exampl e . 

f 6 See , f or example, rel . 22 . 

17 An entirely djffe rent approach was suggested by Haw king [ 23J . 


f8 For appl i calions t o mOfe gener al cases , see ref . 24 . 


f9 See , howeve r , refs. 30. 


f lO Fo r other attempt~. see r e fs. 32. 


fl l For mOre d~tails, s ee re fs. 38 and papers cited t here in. 
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*)
Quantum Effects in Generalized Kaluza-Klein TheDries 

Osamu Yasuda 

Department Df Ph y sics, University Df Tok y o 


BunkYD-ku, TokYD 113, Japan 


ABSTRACT 

One-lDDp effective pDtential is ev a luated in Kaluza-Klein 

theories of topDlDgy M4x Tn, treating the divergences carefully . 

It is shown that SDme Df the ph y sical cir c umferen c es of Tn 

shrink tD size s Dn the ord e r of the Plan c k length . 

* ) This wDrk was done in cDllaboration with T.Inaroi( RIFP,K YDtD Univ . ). 
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We sh all consi de r he r e the g ravi tation a l Cas i mir ef f e ct in 

Ka luza-Kl e i n theor ie s. In Ka l uz a - Kl ei n t h e ories the sizes of the 

extra space are e xp ected to be of the order of t he P l a n ck len g Lh K. 

Th is is because g auge couplin g CDnstants a r e give n by the ratio 

of the Planck len g t h K tD the s i ze s of t h e ext ra space a nd this 

factDr shDuld be Df order unity if Kalu z a-Klein theories contain 

grand unified theories at a l l . Hence the question arises 

Why are the sj ~ ~s of the e x tra space s o small? 

l
Rece n tl y Appelquist a n d Ch o d o s ) have argued in five-dimensio n a l 

Kaluza-Klein theDry that the circumference Df the e x tra space 

cDntract s to a size on the o rder of the Pl a nck length K due to 

th e gravitational Casimir effect. Here we investigate the quantum 

effe c ts in Kaluza-Klein theories cDmpactified on M4x Tn, where 

M4 and Tn are a fDur-dimensiDnal MinkDwski space-time and an 

n-dimensi o nal tDrus , respectively . The quantum eff e c ts in these 

mDdels turn Dut tD be natural extensiDn o f that of Appelquist and 

ChDdos . 

We cDnsider the Einstein action in D(=4+n ) -dimensi o n s 

(( - 1 - 1 1/2 
I jd4:X:Jdn~S2,rl K2 (-~) R 

with 

11 
Os:.~()(S2TtR:x ( :x =- 1 , n) , () n \.::: " it I"'\ " \I"':'-.Jrt 

00 = I ' 

which leads to the Einstein equation 

R .. . I ) R MN - 2 CJ. M N o (M,N 1 , . '" 

- 419 



4 
The metric gMN forM x Tn 

~MN = ~ cii.~ ( 1 , 1 , 1 , -1 , 1'1<-' .•. ) q,~) 

with 

? 
r ' t: 

"
v. ~ 1 · ,", j 

is a solution of the Einstein eg., where ¢a(CI=l, ... ,n) are 

variables independent of coordinates, ~ makes the coefficient of 

the reduced Einstein action in four dimensions the same as the 

usual one and Ra is a radius of each Sl. The physical circumference 

of each Sl is given by L 2n¢ R and we take L as a field
CI a a a 

variable hereafter. 

We decompose the metric gMN into the background metric and 

the fluctuation field 

o 

9MN ~MN + K RMN . 

The effective potential at the tree level vanishes, since M4x Tn 

has vanishing curvature. Hence it is necessary to consider the 

one-loop effective potential in order to lift the vacuum degeneracy. 

When we examine divergences of the one-loop effective potential 

carefully, the path integral measure of gravity becomes important. 

2
The measure for gravity is given by Fujikawa ) from the point of 

view of BRS symmetry associated with general covariance 
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Z 0= ~D[(-~)~SHNJDBM DCND [( -~)D4+D2EHJ 
( -1 1/2 0 nN 

xexp i J d4X ~dn~S2,n [ - (-;; R t- ~ 8 11 B", C6 

+1 (_~)1/2BM fdN-RI1N -~dMRNN ) - (_~)1/4CI16NM CNJ 

with 

8 N Oldl + (1-~)dNdM + 0 ( -R MN) ,D.N M = H 

-M
where a and 8 are gauge parameters, C and C are the Faddeev-Popov

N 

ghost associated with the gauge fixing of general covariance. 

Since Z is a sourceless partition fun c tion, Z is independent of 

gauges. Therefore we can put a=8=1 which diagonalizes mass matrix 

(D-4)/4D C andof gravity. Performing integration o v er B , g gMN ' N 

g (D+2)/4D CM (up to two and higher loops) 

M

~ D8 n €Xp(- ~ dDx ~ 8/1 BN 1f1N) = cLQt [ ~ 1/2 J , 

( 0 D-4 ] ( 0 MN 0 KL 
~ DC 94D -RMN exp - .ldPr -RMK g 9 (-D)R.NL 

o (D-4) (D+1) ] -1/2 [ o iD-4)(D+1) 
'= rut [ 'a II . citt % 4 (- D) P(D;1) J 

D(D+ 1) 

d.o:t[(-O)--4-] 

~ DeN D[ S~ eM] exp 1 ~dDX eH §1/4 (-D)C M 

ru.±[ ~ -~ l chl D [ 91/4 (-O)J = dU[ ~-1/2]-cW:[(_O)\ 

we finally obtain 

DID-,)

Z = ruL[ (_D)--:r] 
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, 3)
wit h no fac t or of det g 

Now we e va l uate the one - l oo p effect i ve potenti a l . . 

DID-3) tr Q..n(-D)1d4x Veff 4 
r1 2 

D( D- 3) (dtx r d4 ~ .z= Qm[~-1 ( \;? ;C- + L 4 1l 11: ) ] 
4 ) j (2704 {n.} I 01= 1 L O( 

Using Schwin ge r 's proper time form u la t i o n wi th a cu to ff A, we h ave 

1 _ ( pc, cit. .. 1_ ot. 

VO 14 t r Jm (- 0 ) 11/1\' t vol4 tr e 


2. (P )0/2 n 	 D 
D 4TI (JJl LOI) 1\ 

i ( DI2 ) / n 2 2 2 2 - 0/Z. 
---=-r;r2Tt 2: (n LoI) (n1 Ll + .. - +Iln Ln )D2 

I {Il.} 01= 1 	 ' 

4where vo1 fd X and E ' denotes all summation ov er n e xc ep t4 a 

n l =·· .~n n=O. The d i ve rg e n ce of the Fi r s t t e r m c an be re n o rm al iz ed 

by t he co smolo gical cou nter te r m IA 

1 (_ ~ )1/2 ( fr 2nRa<)8A = ~D/2( fr LD() 6A vol ~ I A ,;(= 1 0( 0 1 

Note th a t this r e nor ma liz ation of co s mo Jo g ic a l cons t a nt c~ n be 

carrie d out wit h 6A wh i c h is indepe ndent of field va r i abJes . 

Thi s f ea t u re is i mp o rlant , si n c e we shall compa re t he free nergy 

at dif f ere n t fie ld varia b les. ln qencral tr eDt has the asymplotic 

_, +0 4 )expansio n as 

-Dlz l - D/2 , 2 - D/2 

. 
1 Dt c,t -relt CI"tC2t Rf~ t~- r re 

' .. D t -li +0 

+ ( 012 p ··· R T O(t - ') . 
--.,-- 

D/2 

Subst it uUns lili s ser l e s in to the formli la of p r o per ti.m e for m1l l a ti on, 

w~ ge t 
D D-2 D- 41 . () -tCz A R R ...... · vol H X/l1 (- 0 ) 	 Co f\, t e, A R 

+CD/z ~!\ R'" R t (fini t e) 
D/2 

In th e pre s en t case, o n l y t h first and the last ter m su r vl ve, 

for H4 x Tn ha s va n ishi ng curvature. Field-in dep endent ren o r ma lization 

men tio ned ab ove is, th e r ef o r e , po s s i ble only for ma ni f o ld s with 

van I s h in g curvat u re. We note in p a ssing that the topolo gy of 

the Cas imi r e f fec t 5 ) in QE D is M3 x Sl and that this ma nifo ld also 

ha s van i shin g c urvature. 

Now suppos e th a t the physical cirrumfere nce of each Sl 

sh r inks (or e xp a nds) due to the Casi mi r force in th e s ame way as 

tha t of QED. 1he n we obtai n t he con c lus i o n as follows. 

In f ive dimens i on s 	 we ge t the s a me effe c ti ve pO l ent i al as th a t 

l 
o Appe lqui s t and Chodes ) and the c i r c um ferenc e of lhe ex tra s pace 

S l shri nk s to a size o n the order of the Planck l e n g t h where the 

parame te r of perturbation becomes of order unity an d per t ur b at i on 

ccases to be r el i ab le . 

]n si x dimensions t he e ffec t ive p otentia l Is given b y 

'2 V I ~ lL '1. ~ 2. 3

Veff .,, 3 6 (," 2. L~ ~ m-l.,)


I\... 11. r') . L 1 	 _ 

whose torm is depicted in FIC. ] nnd FJG .2 . Th e behavior of LI 

anu L c an be t ra~ed bv t h~ analogy ~f th e t r a je c tDry of a small 

ball mov ing in the porentja l Veff(FIG. J ) . By t his analogy we a rr ive 

at the fol l owi n g conclusi on . The ci r c umferen ce w h~c h has the s maller 



initial value shrinks t o a s i ~e on th e or de r o f th e P l an ck l engt h , 

wh ile another circumfer en ce reaches a ce r t ai n si ze mu ch large r 

than th e Planck length unless the two in i tia l values ar e a l mo st 

the s a me . 

In general d i me nsions the conclusion is d e r i ved im me d i a t e l y . 

The c ir c umfer e nce s whi c h have th e sma l les t i n itia l va lue sh ri nk 

to a s i ze on t he o r d e r of t l, e Planck l e n g th, while the o ther 

c ircu mfe ren ce s remain of siz es much lar ge r than the Pl anc k length. 

Thi s fact follows from the observation in mecha nics that the ( or ce 

- dV e ff/aL i s predomin a nt ly in the dire ct ion of a x e s which b a ve 
a 

the sma llest i nitia l value o f L . The conclu s i o n can be summar ize d a 

sc hema t i ca l ly i n t he f o l l owi n g way. 

L1 1 = ... = L 1)< 

~K{Ll1 = . 
< L ilo'1 ::' = L-i",m - lR 

¢ 
< .. \ ot hers ~ othersl initial 

< L i~ = " · ::: L i., 

(initial) (fin a l ) 

For further details, see ref.6). 
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he sa me probl e m is consid ered a ls o in 

T. Ap pe l q uist, A. Chodos and E. Hyers, P hy s. Lett. l27B ( '8 3)5 l, 

but t h ey ha v ~ rea c hed a di f fere nt concl usion. 
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10 

o 	 10 
FIG3 

Trajectories of a ball mov i ng due to the force Fa 

FIG.2 -dVeffl La (a = 1,2) for various initial value of La 

A bird ' s - ye view of the effect ive potent ial V as
e f f 

a functio n 0= t '.vo circumferences Ll and L2 . 

Veff 	 Veff 
1 	 L,1 	 Ll 

Or-~~~~~----~ Or-~--~~--~~--~ 

-1 

-1 

FIG .1a 
The effective potential Veff as a function of L :

l 

a) along the direction L2 = Ll , b) along the line L2 = 1. 

(Througho ut all figures we use the unit in which K = 1.) 

FIG.1b 




StabUity o f Sol uti.ons in Ka l uza- Klein Theor y 
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Abstract 

In a general ized Kaluza-Klein theory, we have inves ti gated s olutions to 

the Einstein equation includin g matte r f ie l ds in the bac kground ge ome t r y 

M4xSNxSM' There are solutions compact ifi ed to M4xSlxS H due to qu antum 

fluctuation of matter fie l ds in one-loop level . we also calculated the ga uge 

coupling constant of SO(N) , which is the isometry group of SN" 

*) This talk is based on the works cJrried out in collaboration with 

K. Kikkawa, T. Kubota and S. Sawada, Osaka University. 
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1 . Introduction 

The Kaluza-Klein theory ] ) can prov i de a possible origjn of gauge 

symmetr y, It gives a geometrical :lnterpretation of t he ga uge symmetr y under 

t he as s umption tha t the s pace- time is a 4+N dimens ional one an d the extra N
dimen s io nal s pace i s compac tif i ed. The geome t ri ca l i nt erpre ta t i on pr ovides a 

pos s ib il i t y of the unification of gr avi ty an d gau ge t heorieL 

Some mode l s pr o vide compact extraspces ins t ead of nonc omapct 4

d imens ion s a s a r esult of t he eq uat i on of moti on. It i s s aid to be 

s pontaneous compac tificalion. 

One example of the compactif ication is the Freund-Rubin 2) solution in an 

II-dimensi ona 1 s upe r gra vi ty, whe r e the compac t i f i cat i on occurs in classical 

l evE;>l. On th e o th e r ha nd Ap pe lquist and Chodos 3) poi nted out a possible 

quant um compactification in 4+ 1 dimensional Kaluza-Klein model. Along th is 

l i ne Ca nd el a s a nd Wein be r g4) s howed th e spon tane ous com pa c ti Ei ca tion by 

treati ng matte r fi eld s treat e d in the quantum one-loop l evel but the 

grav itat i ona l fiel ds in calssical level. 

In o r der to ma ke Lhe the ory r eali s t i c, the gauge s ymmetrie s i nduce d 

from the e xtr a di men s i ons sho uld c on tai n SU( 3)xStl(2) xU( 1) a s a su bgr oup in 

the isome tr y group s of extra man i f old s. S) The ma nifolds can be gen e r a l ly 

compl i catl"d , bu t the s impl est one is CP2xS2xSl ' For thi s r eas on. . i t is very 

important t o cons ide r whethe r the s pon taneous compac tification is poss i ble in 

the case that the extra space is direct products of some number of s ymme try 

s paces . We consider in this pa pe r an ex tens ion of Can de las - Weinberg mod el , 

i.e. the i nternal space is a dir ec t pro duct of two s ymme tr y spaces instead of 

a single space as in Candelas-\;einerg. 

2. Geometrical Interpretation 2i Gauge Symmetry 

\.) e con sid e r 4 + N dim ens ion a 1 spa c e wit h coo r din ate s x,u and y" 

representing a four dimensional space M4 and an N-dimensional compact 

manifold GN, respectively. [(x A) = (x""',y")]. Suppose that the metric tensor 

of the 4+N dimensional space has the following form, (Kaluza-Klein ansatz) 

AB( )-[ (,(x) g~F(X)A/(X)'j,."cY) J 
g x, Y - IJI[ d. h'I mn (2.1)

g (X)A",(x)J. (y) g (y) 

where}. 
~ 

(y) is a Killing vector on GN. 


If we take the Einstein action in 4+N dimensions, then in four dimensions we 


obtain the Einstein-Yang-Mills action, 
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_1_( 4 N r:: 
5 - 16lt G ) d xd Y ~ -g4+N(R4+N + 1\ ) 


r 4 

jd x Fi41. 4 

where R4+N is the scalar curvature in 4+N dimensions and L 4 is the effective 

Lagrangian in four dimensions. The ansatz (2.1) gives 

1
1.4 - 161lli ~ dNy~ [ R4(x) + RN(y) + 1\ 

+ t gnm(y) 30< n(y) 3,8 m(y)FJ'~ F,: g!-lA(x)gV t (x) J. 

where 

0( 0( {J t' 01F 0( 
d",A", - :tA}' - AJ' A" C(3 " f'u 

The structure constant C«/ is defined by the commutator of the operators of 

Kill ing vectors, 

[?;dm' 3(.lnd n ] = - C~("\ndn 

Thi s shows that the symmetry of the gauge fields i s of the isometory group 

of GN. The correct normaliza tion of t he gravitational constant is 

I I \" 
161lG = 161I"G" JdNy~g(y) (2 . 2) 

and the canonical normalizat ion condition of the gauge fle ~ ds are give n by 

~dNy,fi(y) gn m(Y) J/(Y)~,rn( y) 
1611 G b..,., . ( 2.3) 

jdNy ~g (y) 

These conditions determines the gaug e cou pl ing constant wi t h matter 

fields. In this type theory, the gauge covariant derivativ e i s ind uce d from 

the geo metrical one. 

If we define the charge by the coe f fic ient of A~~ i n the c ov a r ia n t 

derivati v e, then it s magni t ude is fixed through (2.3).6) To see this , we 

rewrite the norm of the Kil l ing vec tore as the following, 

g~N~s2 ( e , y ),... ( n 
gnm y ) 3.1. ( y) J m( y) e"'e l' = (2. 4)

'P (211) 2 

wh ere g e i s the unit charge a n d Ne is the de gree of dege neracy o f the 

representation with which the coordina te system [ yn ] of GN is constructed. 
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The s( e, YO) i s ci ".umferenc e of the en vel ope which i s produ ced by the Ki 11 ing 

vector fie ld e" y«n(y) co r r espon d i ng to the i som e try transformation 

exp[il7'"e~ r,.h(l ) ], where e is a fix e d arb it r ary vect or normalized to I. 

Substitu ti ng (2 .4) into (2.3), one obta i ns th e rela t i on bet\{een the c ha rge 

and the scal e of the e x t r aspace ma nifol d , 

g 2N 2 \ \ 
(2 .5)(21l.~2~61tG jdNyJg(y)s2(e, )')/ ) dNy Jg(y) 

The Kaluza- Kl ein theory gives Ei n ste i n-Yang-Mills theory, under the 

assumptio n that the extra space GN is compact. The scale of GN must have the 

order of Planck leng th , in order to make the theory co nsistent with the 

observation, for instance, to make the magni tude of gauge coupl ing constant 

of order 1. 

3. Effective Act i o n on ~ Curved Space 

Cons ider now ind uced components o f g r a v it y and Ya ng - ~l i lls ac ti on by 

quantum fl uc tuation of mater fields. The one-loop e ffectiv e ac tion of sca l ar 

and f ermion fi e ld s is gi ven by 

5eff +In det ( D+m2 )/ ,u 2 - i In det (i f - m) / 

where we ha ve in serted the mass-dimensional cons tant f for the pur pose o f 

treat ing dimensionless logarithm. 

Th e "S-function regularization i s c o n v e n i en t to treat the e ff e cti ve 

action.7) Let ~b and :s f be generalized '5 -function res pective ly of the 

opera to r s 0 +m2 and ~ 2_m2, and the effective action is gi ven by 

i: ' 2 l? ....L 
= -"2 nbC5 1J(O)+ 5b(O)l n}-l ) +2 nf( "5[( 0)+ S f( O)l n f )5e ff 

where nb a nd nf are t he number of boso ns and fermi ons respe cti ve l y. 

The ge ne r a lized ~ -function of ope rato r K i s def ined as the f o 10'.s ; 

"$ (s) z: b -s = tr" K- S )d 4XM <xlK -SI x>n n 

where bn's are e i g e nv a lues of the operat or K. Us ing the heat ker ne l 

repre sen tation, one 0 bt a i ns the S - func tio n, 
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i 1 '" 
- ::;{x) ) idt( it) s-3 e- iuft F{x,x; it )5 {s) = (4 lt)2 Pes) j d4x J
 

o 


where F is assumed t o be given by the expansion series, 

CX1 

F{x,y;it) t ak{x,y){it)k 
k=O 

The coefficients ak shou ld cons ist of covariant quantitie s . {e.g. Rp"fO' , F}'~ 

and t hese covariant deri vati ves .) They are expressed as the follows, for the 

ope rator 0 +m2, 

aO{x , x) 


al{x, x) 
 1 R
6 


1 2
a2{x,x) - 12 q IT + 

for the opera tor rfr2_m 2, 

aO{x,x) 


al{x,x) -iR 1 


a2(x,x) 1. 
6 

q2FF 1 + 


where denotes 4x4 identit y matrix . 


Finally we obtain the effectiv e action of matter fields, 


1-2 \4 • e 
Seff )d4xj=8L + L

1"')
Id 4xFs R - it ~geDe Jd xFr, F),,, F,.." 

1 

where 

mb 4 m 2 3 m 4 m 2 3
L = - n b --;-;-:;;:L (l n ~ ) + nf~ (lnF -- )

641L ~ 2 1611 2 

2 m 2 m 2 m 2 
E 

mb (ln~ - 1 ) + - 1 ) , (3 . 1) = -n b19211 2 }J. nfg6~2 (ln~ 
2 2 

geDe = -nb ~ ln~ qe 
ln ~ 

2 q 2 m 2 

96 R }J. 2 nf l21tT 

This effective action is induced by massive matter fields in four 

dimensions . In the Kaluza-Klein theory, dimensional reduction produces an 

infinite set of massi ve multiplets in four dimensions. Hen ce s um over the 

masses and charges of' multiplet s makes the induced effective action from the 

ma tt er pa r t s in hi gher dimensional Kaluza- Klein theory.8) 

This induced Eins t e i n-Yang-Mills effecti ve action from ma tte r l oop cor 

rec tion changes the normalization condit ion (2.2) and (2.5), re s pectively, to 

1
16~ ~ dNyft + j'2 E

16 n:.G 

2 2 
geNe ) dNyJg{ y)s2{e, y)/ )dNy fi(;) + D g 2 

e e(21t)2 16 l1.G 

where G is the gravitat ional constant in 4 dimensi ons . 

4. Field Equation and Stability 

We consider the theory of gravity having a M4xGNxGM background geometr y 

with a number of massless matter fields. The Einstein field equation is 

RAB_ ~( gAB +/\) _SOU:; <TAB> 

where gAB is metric tensor given by 

( . 1~" o 

gAB gab 


gnm
l 0 

RAB is a Ricci tensor, a nd <TAB > is an energy-momentum tensor of matter 

field s "<>" denotes the vacuum expectation value. By Belinfante meth od , 

(TNM > is gi ven by 

b Ieft _2
(TAB > =~ F&

bg 
(4 .1 ) 

g det{gAB) 

where Ieff is effective action defined by 

exp{iIeff ) )<6 '3' eiS[g> 1 
(4.2)4 N M

Ieff ) d xd Yd z -F8 Left 

The field equation can be separated into the parts of subs paces M4,SN and SM 
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independe nt parameters then the equa t i ons p. o vi de 
2R4 + 4RN + 4RM + 4 f\ 161( GT4 


NR4 + (N-2)RN + NRM + N(\ 16Tt GTN (4.3) 

2aNM k. - a~/N+4) 

(4.4a)2MR4 + MRN + Ci-1)RM + M!\ 161LGTM aN K. + aM 

where R4,RN,RM are scalar curvatures, respectively, of subspaces M4 ,GN and 

GM ,and T4,TN and TM are traces of energy-momentum tensors in each subspace. 

Using (4.1) and (4.2), one obtains 

2 
-g _b_ITN Fg run bgrun eff 

_ 2 g (y) S ~dN 
r-g run S gnm(y) y hN(y) Leff 

where gN(y) is the determinant of the metric of the subspace GN. Integration 

of both sides by y with gN(y) gives 

p d ~ N MTN IN - d yd z Leff 

jdNYdMz /gN ft,'1 OfN 


In obtaining above equations, we used the following properties: a tensor with 

two indices Tnm in maximal symmetric spaces (eg. SN,CpN) can be written as 

Tnm(x)=Agnm(x) ( A is independent of x) . 

For T4 ,in a noncompact flat space M4 , we get 

T4 = 4 Leff 

The scalar curvatures RN and RM are expressed as 

R aN 
N =-yN 

~ 
RM = - fA 

where the constants aN and aM are determined by the topology of GN and GM' 

Let M4 be a flat Minkowski space, then 

~ 1/2f,~ = l--=L (4+N+ f) GJ ( K. ) / dNydMz J&N fgM } (4.4) 
aN 

aN 2+N+M
f\= 

4+N+ff1 
where 

1 

)dNYdMZ Leff
.lN 4 J(K) 

(4.4b)

k.k In J(K ) 

The third equation implies that the cosmological constant must be fine tuned 

in order that the solutions exist. 

One of the conditions that meaningful solutions exist is 

GJ(K) < 0 (4.5) 

where i< is the solution of (4.4). 

In order to study the stability of solutions against s mal l perturbations 

of fN and rM, it is enough to consider the total effective potential 

Itotal id4X(-Vtotal) 

V_I \ N+M ~- 
total - 1611G Jd y.;g [ R + 1\] + Vm[g] 

where Rand Vm[g] are given by 

~ .5L 
R = - f N2 -~ iM 

1 (4.6)Vm[ g 1 = -J (k )fi4 
N 

k = / 'NfM 

R4 = 0 On subtituting (4.6) into Vtotal' one obtains 

The field equations (4.3) become the algebraic ones with respect to the 

variables fN and J'M' If we choose the dynamical variables fN and K =1tL as 
~~ 
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1,. F aN a'l __1___ dN+.Jy /8 [ - PL - -iL +Al-1r: J (K)Vtotal 
16ltG ~ IN JM 

In order to evaluate the diviation of Vtotal from the value at Nand M' 
let us introduce parameters x,y 

fN = ~'1( l+x) 

fM = fM(l+y) 

where" - " denotes the solutions of (4.4). Use of the equation of motion 

gives 

~--h [(N+M+2)(N+M+4)x2 + 2(M-f)(N+M+2)xyVtotal - 2 fN " 
-	 2 J (i<) 2 

+ (M-f)(2M-3)-M(M-1)+ \< -- y
J(K:) 

+ Lr(x2 ,y3,x 2y, xy 2) , 

where ~, \< and f denotes the sol utions of (4.4). 

Hence the local stability of solutions requires 

" - 2 J(K) > N+M+2 [ 72 + I N-3M-12 + 2M(N+4) (4.7) 
\< J(i<) N+M+4 N+M+2 N+M+12 

The asymptotic behaviour of Vtotal tells us the condition of global 

stability. 

i) If fN is fixed and fM - > 0, the dominat term of Vtotal is 

If,2 J(I<.) 

N 


Then the stability condition is 

for K - ) 0 ( 4.8)J(K) < ° 
ii) If fM is fixed and fN - > 0, the dominant term of Vtotal is 

I- f.L J(Io<) 
N 

Then the stability condition is 

J(k) < 0 for K -> t>O • (4.9) 
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iii) If fN is fixed and fM - ) 00 

21: N+4 f M J-f ~ M coVtotal 0( [ N+M+2 - (-.l!.) 2(f+tf+4) + .IN +N+M (J (i< ) ) 
f N 


where 


J = lim 	J(K) / K M 
oo 

K" I>J 

The positivity of the right-hand side for 
~ 

fN >O requires 

J oo( _____ ) > K -M (f+N+4 (2+ li#1 ) (4.10)
J(K) N+M+4 ) L 

iv) If f N -> and ~'1 is fixed 

p N+4 PM Jf' 2J~ "M -...::iL)Vtotal <oX ( N+M+2 - (----.t1)2(M_f) + Po +N+M (J(i<)5'M -'M 

where 

J = lim 	J( K) I K- -N-4o 
k-oO 

v 
In order that the right-hand side is positi ve for f M>O 

( J O > _ N+4 ( M-f (2+ 1hlL ) ___) (4.11)J(K) K --) 2N+M+4 

If the solutions of (4.4) satisfy these all conditions, the model has a 

stable compactified solution, with both fN and JM being finite. 

5. One-loop Effective Action.£i Matter Fields 

We now calculate the effective action induced by matters on the back

ground geometry M4xS2NxS2M+l' It can be performed by sum over the mass 

mul tiplets of the expression (3.1). The mass spectra for scalar and fermion 

are respectively, 

Mk~)2 	 ~ k(k+2N-1) + ~ .e.(Q+2M) 

Jl J2 


M(l/2) 2 -p. (k+N)2 + ~ (Q+ 2M+1 )2kt 
1 ~ 2 
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and the degeneracies a r e 

rC kt2N- l ) rn t 2Mi 1D(O ) k+ 2N- l) (2.Q+2N)k r C2N) r( 2Mt l ) Tik! 

D(1 / 2) 2NtM* 2 r '(kt 2N)rCi,+2HtJ) 1 

kt r' ( 2N) r (2~lt1 ) ~! k r 


whe r e PI and .f'2 are the radii of S2)1 and S2M+l r espect i vely . 

The r enormalization te rm t o gaug e coupling con s tants can be also 

obtai ned by summing ove r the mass and cha rge mult ip lets. All we need are the 

meB n sq uared charge, that is 

q(Q)2 2 
q(2 ) I (multipici ty ) L n t~£) 2/ (mul tiplicity)L e, mm,e e 

Scala r a nd f e r mion multiplets on SN respecti ve ly have the mean s quared 

charge; 

? 
qf~l - = 82 Q (~ +N-l)/ [ N(Nt l )/2J 

~ ft} ~) = g2 [Q2 + IN + N(NtJ)/81/fN(~+1)/21 

The infinite sum 

::; (spin) (S) = L D(50il1) [ M(spin) r 2S 
M k , Q k ,~ k ,~ 

,,(sPiil)(S) = L. D( soin)q 2 . (~(soin) ]-2S 
~ q k £ k , l1 ( s p1n) · k ,.~ 

{ 

are r egularized by the ana lytle continuation in S • 

These summat i ons are converted t o complex integrals by the :,ommerfeld

Watson transforma t ion. In the case of scalar, s ingularities of the integrand 

in the regi on of Re x ) 0 re quires careful1 treatmenL r,: the contor 

deformation and the phase of t he i ntegrand. The analyt1c continuation in S 

i s the same of t he Be t a iUCLion. These techniques make the sum finite. The 

finite expressions of 15AO) ca n be wrilten as 

"$ ~O)Cs) 4sin ( IT s) fJ 2s 

r ( 2N ) f7C2Mtl) 1 


(_ L);'lt stl t (_ 1 )ncn B( s_ 2n~ 1 ,1_s) \< 2nt'l II 
2 n=1 

po 
2 3 ')t 2C - l)M k 2s L k( k2- c1 ) 2 ) ( k - (N-2 )~) 12 

k=kotl 

t 2(_ J)M k2s ~ 1 k(~2- d)2) ( k 2- (N- 3) 2 ) 132k=l -2 

k-ls L O 1 k(k2_(~)2) ••• (k 2_ (N_~ )2) 14 
k:=N - 2 

t ( vanishing terms as s - ) i ntege rs ) ]. 

"'he '- e 
t,cm 

2Rtl )
II P }dJ< x( x2- d)2) .•. (x 2 _ ( N_~) 2)[ 12 2_x 2] Z -5 l ane n: x • 

o 

., ~ ? ') . L -5
12 = r~y y2(,,-tl) ... (l' - +Uf- l) - )[y--( yk> I 

gL 1: Y- 1
Jyt 

13 = ... (y2+UI_ l)2)[ y2+{ l' k) 2r sy2( y~+l) 
e 2 T1. Y- l r:dY 

vI, = ~' ~y y2(y2_!) ... ( y2_ (M_l)2) [( y~ ) 2 _ y2J -s COL(~y) 
o 

<%. = [(~_~)2/ 1,2 + (12/ f :/11l2 

Yk = r;: [k 2_( f l'bt )2 J1 I 

Y~ = K [ ( .f l'flJ 2- k2 ]1/2 

~f 
c n~1 y 

2n 
C = y2( y2+1) ( y2+ U1- 1) 2)

n n 

and kO is the ma:dmum half inLege r less than J'lm . The othe r !: - func ti ons 

3~!l/2)(s ) , }~O) (s), anrl S ~l/2)(s) can be written as similar express io ns. 

With these finite sum , the effective ac tion and the renormall za t io n 

lerms are expressed as lhe follows, 

J(K) n ' 
64~2 [ :S~IO)( - 2) + ( 3/2 + In }-I 2) :5[1°)( -2)

.f1 4 

nf / /- J6lt:T (S Al 2)(_2) + (3/2 t 1[)f2 ) S ~1/2) { -2) 1 



E -~[:i~O )( -I ) + (1 + In}' 2 ):s ~0 ) ( -1) 1 
1921lJ\ 4 

-~[ i~I /2) (-I) + (1 + In}'2 ) :5(1 / 2)(_ 1) 1 
961l M 

g 2D ~ [-:)'(0) (0) + :s( 0)( 0) I n )-l 2 
96 n 2 q q 

+ ~ [ :;( 1/2)(0 ) + :)(1 / 2)(0) In ; 12 1 
121( - q q 

6. Resu lts and Di scussi on 
(0) r.!..) ( 0) (1> 

We ca lcul a t ed the ::;-func t i ons "5M(s) . "5"11(::) ' :)q(S) and ~(s ) numer 

ica lly, a nd ob t a ine d J(Jd. E and De' Th e r esult s of calculati on of -J(I<) are 

schematica ll y presented in Fig. 1. f or bosons and f ermions. 

The $o luti()ns "re not stal.le, i f the mat te r fi e ld i s e athe r bo so n o r 

fermlon . However . i n some t ypes of the e xtra s paces , appro prie t fermion- boson 

ratio nf / nb makes t he m s ta ble . The s table s o l ut i ons ar e pre s enLed in t he 

Tab l e 0 ). The se s atis f y t he a l l conditio ns [0 be stab ] e . The sc a l es o f th e 

extras pces are a s smal l as in the c a se th a t the s pace i s M4xSN ty pe 

ma nifold. 4 ) So t he r e must be much many matt e rs t o get r easonab ly smal l 

va l ues for the ga uge coup l i ngs . 

We hav e f o un d a l so some s ol ut ion s cha c g i ve t he s ame o rder scal e o f 

extraspaces as t he Pl a nck l ength by a l i ttle numbe r of mat t er s i n the cases 

of N4xSSxSS a n u M4xSlO xS5' Al th o ugh t he se a re local Ly s t abe, the y a r e not 

globa lly s ta bl e. 

It l ooks li ke t ha t this type model whi c h makes ba l an c e be t ween the 

cur vatures of ex t ras pce s and t he quantum fluct uations of matters, a lwa ys need 

enormo us number f o matter fi e lds. 

After t hi s cal culation of t he e f f ective action was made , We f ound tha t a 

contri buti on from t he Pauli inter a<;:t i on te r m o f fermion "as missing, which 

e xists in the f e rmion actio n in 4-d i me ns i ons whe n r educ ed Erom the highe r 

dimensi ons in Ka 1 uza- K lein theory. Hence our conc lusions may be modified if 

the t erm makes l arge contr ibutions to t he renormalizations of gauge coupling 

constants. These contributions are now be ing investigated. 
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TAble Caption 

Table 1. The values of parameters of the stable solutions a boson 

fi e l d when the fermion-boson r dt l o is f i xed. The items with an 

asterisk are propotionsl to the numbe r of boson fields. 

Figure Caption 

Fig. 1. The con tribution to - J( K) due to each bos on (upper graph) 

and fermi on ( bottom graph) in the case of M4xS2NxS2M~1 ' The dashed 

l ine corr es ponds to J = O. The behaviour of f ermion contribution 

is the same for the case of N = 2, 4, 6 , 8 and 10. The maLte r part 

of the effective po t enti a l -J( K )/( 5\ )4 is ge ven by s uperposing 

the upper and bottom graphs wei ghte d by nb and nf' res pecti vely . 

I 
External 

SlxS4 SlxS6 Sl xS8 Sl xS 10Space 

sol ut io ns , 
I I 

nf l nb 2.4 7 I 1.4 1 1. 06 I 1.4 1 

K I 0.581 0. 459 0. 394 0.367 

f , 1. 00 1.00 1. 00 I 1. 00 II 

J * -3.97 -11.3 I -18.6 -32.3 I 
E * 2. 67 4. 55 6.77 I 8.68 I 

f l 
2/16 G * 4.16 6. 61 9.04 11.4 I 

DSO( 2N+I) * 2. 03 4. 28 7. 82 11.2 

2 * 1/gSO( 2N+ I ) 2. 33 7.23 8.06 11.4 

DSO(2M+2 ) * 36.9 39. 7 43.7 48.7 

2 * 1/gSO( 2M+2 ) 37 . 6 40.7 44 . 8 50.0 
- --

*) x10-4 

Table I. 
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Fe r mions in 	a Modi fi ed Kalu z a - Kl ein Mode l 

T. 	 Maehara, T. Muta, J. Saito and K. Shimizu 

De p artment of Phy s ics 

Hiroshima University 

Hiroshima 730 

The difficulty of introd uc ing light fermions in the Ka luza

Klein scheme has been occasionally emphasized by many authors + , 2,3) 

the mass operator M which arises from the kineti c term in extra 

dimensions satisfies the relation M2 ~ R ~here R is the cu r va ture 

scalar of the e x t ra space. 4) Thus all the fermions in 4 dimen

sions acquire masses of order of the Planc k mass M 0 if the extra 
p -

space i s compactified with simp le topology for which R > O. 

Several ways o ut of the difficulty ha ve bee n known: 1 ) In 

II-dimensional supergravity, spin-l / 2 fields apr ea r as 4-dimen

sional subcomponents of the Rarita-Schwinger fi e ld by the dimen

sional reduct ion and do not suffer from the abov e difficulty. 

2) I t is possible to introduce an extra matter gauge fiel d so 

that the relation M2 ~ ~ is modified and some zer o - mass modes 

may be obtained. S ) 3) By introducing torsio n on the extra space 

6one 	may obtain massless modes. ) 

In the present paper we look for yet another possibility out 

of the fermion mass problem in the Kaluza-Klein scheme. Fo r 

thi s pu rpose we consider the problem of introdu c ing fermions in 

a modif i ed Kaluza - Klei n model r ece n t l y proposed by Ruba kov and 

Shapos hnikov. 7 ) In this mod e l the metr i c t ensor gMN in D 

dimens ions * ) is, after compactification, i den t ified with the 4

dimen s ional me tric g with the factor o( x t ) whi c h may d e p e nd on 
~v 

extra variable s xl (l=4 , 5 , .... , D-l ) , 

<;\IV (xL) o( x t ) g (xA) 	 ( 1 ) 
~v 

where gauge fi e ld s are assume d to be absent for simpli c ity. 

The Dirac equat ion for f e rmions in this mode l takes the form, 

AM" o . 	 (2 )Y 'OI' MtjI 

According to Eq . (1) the vielbein e~ satisfies the following 

relations,**) 

a 	 Aa Aa ae = .f(Je a e '" 0 e o em ea (xl) ( 3) 
lJ \.I lJ ' m m 

AMA 
Hence operator Y V in Eg. (2) reduces to

M 

*) 	 Capital La tin letters L, M, N, ... run from 0 to D-l, Greek 

letters A, )J, v , from 0 to 3 and small Latin l ette rs l , 

m, n, from 4 t o D-l. 

**) 	 Early Latin and Greek letters refer to the local Lorentz 

frame. 
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_ y l"V+ -m- (4 )Y ~ M 1 
10 IJ Y 11m 

substituting Eq. (4) in Eq. (2) and rewriting Eq. (2) in the 4

dimesnional form we find that the mass operator M for the 4

dimensional fermion fields is given by 

- -m-
M ( 5)-i/o Y 11m 

We square the mass operator (5) to have the following form, 

H2 R m l - m- n - )-i'i
0(4 - il \lm) - 2Y Y (vmo vn . (6) 

In the model under consideration the factor a is not an 

arbitrary function of x£ but is constrained by equations arising 

from the D-dimensional Einstein equation, 

~ - ~MNR A9MN + CTMN ' (7) 

where A is the cosmological constant in D dimensions and TMN the 

D-dimensional energy-momentum tensor of the matter field ~ with 

coupling strength c. The cosmological constant A was introduced 

7in the original paper by Rubakov and Shaposhnikov ) for the 

purpose of obtaining a small effective 4-dimensional cosmological 

constant Ap' In Eq. (7) the constant c is supposed to be small 

and the term CT may be neglected as the first approximation.MN 

Then Eq. (7) is essentially the same as the one considered in 

Ref.7. After the spontaneous compactification the 4-dimensional 

part of Eq. (7) reduces to the ordinary Einstein equation with 

the effective cosmological constant Ap' The extra-dimensional 

part of Eq. (7) reduces to the equation 

1 
R -D-/·gmn + o{ 2 (:j m Vno) o(UmO) (YnO)} (8)2 - 1 - 

mn 

and the definition of Ap places a constraint on 0, 

m 1 m (9)~ - 2Ap .(~ Vmo) + o(V 0) (Ymo) D-2 

From Eqs. (8) and (9) we obtain 

4 3 -m 2 8-D (10)Ii. -A 2(1/ 0) (VmO)D_2 A a p a 

If the extra space is compactified to the size of the Planck 


-2 -2

length and R is of order Mp" then A is of order MM as long as 


a is of the normal size. 

_ 2 


If a and VmO are extremely small, the eigenvalues of M may 

also be very smal l . and we have effectively light f e r mions. Let 

us examine whether there is such a solution to Eqs. (8) and (9) 

which has the above property. For simplicity we restrict our

selves to the case D 6 which was fully studied in Ref.7. We 

look for a solution of the form, 
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-f (8) o = 0 (8) (11)
g44 -1 g55 

4 5. 1where we set x = re and x = r¢ wlth r the length sca e and 

o ~ e ~ n; 0 ~ ¢ < 2n . In this case Egs. (8), and (9) reduce to 

f ( II ) 1 d ·' 2 (12)
" o(at) 

2~ + ..l.. do 2 r2 2 (13)Ao r Ap o . 
de 2 40 (de) + 2 

As noted in Ref. 7, Eq. (13) may be rewritten in the form familiar 

in the classical mechanjcs: 

2
d z il U (14 ) 
~ az
de 

5/4 andwith z a 

l2r2Az6/5(z4/5 _ !~ Ap) (15 )U (z) 16 3 A 

The shape of the "potential" U (z) depends on the sign of J\ and 

Ap. If A < 0, we do not have "stable" solutions except for the 

one restricted to the region near z=O for f,p<O. If A>O, there are 

"stable" solutions both for Ap ~ 0 and Ap> O. 

We examine whether there is a solution to Eq. (1 4 ) which has 

2 .
S symmetry, l.e., 

. 2 (16)f (e) Sln 8 

- 448 

substituting Eg. (16) into Eg. (12) we have 

2
0(8 ) 0(0) cos e , (17) 

where the constant 0(0) is to be determined later. We insert 

a (e) of Eg. (17) in Eq. (14) and see whether thi s form of sol utions 

is allowed. We then find that the solution (17) is allowed if 

lOAp 2 
0(0 ) r II 10 . (18 )"""""3i\ 

Let us see what consequence may be obtained on the mass 

operator squared (6) with the above solution. For the solution 

(17) with Eq. (18), the curvature scalar R for the extra~dimensional 

space reads 

R II 
(19)"5 

substituting Egs. (17) and (19) into Eq. (6) we obtain 

2 1 2 5 2 -m- 1. - 4 - n 
M =2Ap(-~3os e-~3os eV V -----sln8cos8 y y V ). (20)

II m 3/SA n 

Obviously the mass operator squar e d given by Eq. (20) is of order 

Ap which is ext remely small experimentally, and so the eigenvalues 

of M2 should be negligibly small. Thus we have light fermions in 

this solution. 
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Unfortunately, however, the S2 symmetry which our solution 

enjoys does not manifest itself in the 4-dimensional space 

because the factor 0 r elating 9 to g doe s d epend on the extra
MN, ~v 

v a riable 8 . Bence we can not utilize spherical harmonics on S2 

to expand fermion fields ~ (xM ). At any rate al l the eig enmode s 

of Eg. (20) have their mass of orc:er /\1/2 and thus we have prolifer

ation of light fermions. This conclusion seems to reflect the 

fact that the si ze o f the extra space in our solution, even 

though it is of order of the Planck length, is not practical ly 

small when viewed from the 4-dimensional world. 

The difficulty that the symmetry of the extra space is not 

reflected in the 4-dimensional space is a rather common featrue 

of the Rubakov-Shaposhnikov model and may become more serious 

when we take into account gauge fields which we have been neg

lecting. A possible way out of the difficulty may be to go 

over to the higher extra dimensions where one may find a solution 

whose symmetry property is partially realized in the 4 dimensions. 
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Compo site Quasi Nambu-Goldst one Fermions 

T.Yanagida 
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Recentry t her e ha s been a growing in terest in composite mod€:1~_g7 
quarks and leptons based on supersymmetric confining forc es. 
The reason for this i n terest is that the supersymmeLry provides 
uS wi th new kinds of dynamical possibilities to generate massless 
composite f ermions; namely Nambu-Goldstone fermions arising from 
the spontaneous breakdown of the supersymmetryl) or quasi Nambu
Goldstone ferminns which are fermion superpartners of Nambu-Gold
stone bosons. 2) In this talk we will concentrate on the latter case. 

If a global symme try G in the theory is broken down to some 
subgroup H -for instance by preon condensation- , then there wi ll 
necessarily appear massless fermion boundstates as superpartners of 
Nambu-Goldstone bosons (ca lled quasi Nambu-Goldstone fermions) as 
long as the super symmetry is kep t unbroken. It seems quite natural 
that such massless particles are not only Nambu-Goldstone ones but 
also composite objects of underlying preons. 

However, it seems likely that the quasi Nambu-Goldstone (N-G) 
fermions become massive when the supersymwetry breaking is turned 
on and will disappear in low-energy spectrum. Fortunately , it is 
not always the case. The number and quantum numbers of quasi N-G 
fermions depend crucially on particular dynamical constraints.3,7) 

Especially if the coset space G/H itself is a Kahler~nifold, all 
quasi N-G fermions can be complex (chiral)8) under the unbroken 
subgroup H and remain massless, independent of the supersymmetry 
breaking scale, since they are protected from obtaining the masses 
by also the unbroken H symmetry. 

Those massless fermion s may be identified with the usual 
quarks and leptons if the H contains the standard gauge group 
SU(3)CXSU(2) LxU(1). In this talk , we will show Some exa mples 
where the qua si N-G fermions have precisely required SU(3 ) CxSU (2)Lx 
U(l) quantum numbers for the observed quarks and leptons. This 
talk is basica lly a brief review of the recent works in co llabora
tion with Buchmuller and Peccei~,4) 

Our first example is based on a U(6 ) global symmetry since 
t he Kahle r manifold U(6) / U(4)xU (2) is known to be the smallest 
coset s pace3~6) accommoda ting the 8 left-handed quar ks a nd leptons 
of one generation a s the qua s i N-G fermi ons . The simplest way to 
realize the global U(6) symmetry in a pre on model is to assume 6 
preon chiralmul tiplets Xi ( i = 1'06) that transform as the funda
menta l r epres en t a tion ofCla hypercolor gauge group GHC' Her e 0 is 
the hypercolor index. The mi nima l candida te for anomaly £):ee 
gauge gr oups with this type of matter fie lds is SU(2) and thus we 
choose Gric = SU (2). 

Le t us now discuss Some de ta il s of this preon model. 
4

) The 
total symmetry group is 

G SU(2)HC x U(6) x U(l)R 

where -the last U(l)R represents R-invariance. The standard strong 
and electroweak gauge group, SU(3)CxSU(2)LxU(1), will be embedded 
into the U(6). Therefore, the U(6) is the approx imate global 
symmetry which is realized only when all gauge coupling constants 
of the flavour ~roups are taken to be zero. 

Inlat is the symmetry breaking pattern? The simplest 
hypercolor-invaria~t composite operator constructed from the 
preon multiplets X; is given by 

</> ij = E (lxj - Xj Xi ) 
oS 0 S 0: S 

which transforms as the antisymmetric 15 of U(6). If the <j>ij has 
the vacuum expectation values, the following two breaking patterns 
are possible:_ 
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(a) U(6) + U(4) xS U(2) 

(b) U(6) + SP(6) . 

The case (b) is not interesting since the SU( 3)CxSU(2)LxU(1) 
gauge group can not be embedded in SP(6) . We wi ll, t he refore, 
concentrate our discussion on the case (a ), although it is not 
clear to us which option is realized. Perhaps the breaking (a) 
may be more economically favored than the breaking (b) because 
the SU(3)C-charge condensation is required additionally in the 
case of (b). 

Before proceeding further , we wou l d like to remark that the 
breaking U(6) +U(4) xSU(2) is the only one al lowed in the compl e 
mentary picture of this model . Our preon model conta ins sca l ar 
fields (the first components of X~) in the f undamental repre s en t a 
tion of the hypercolor group. It is believed i n s uch theor ies 
that there is no. phase transition between the c onfi n i ng and Higgs 
phases. 1 If it is the case, certa in features of a confin i ng• 

theory may be analyzed by studying t he complemenrary Riggs pic ture. 
We have found4) that there exist only one Higgs phase which 
corresponds to the s ymme t ry breaking U( 6) +U (4)x SU(2) , in the 
complementary picture of our model. 

Corresponding to the spontaneous breakdown of U(6) -UCI. )x 

SU(2), we have 9 Nambu-Goldstone chual mu lt~p lets ,a1.(a -1"-4, 

1-5,6) and , = , 56 Wh1Ch transform as (4 2) and (1 1 ) unde r the 

unbroken U(4) xSU (2 ) . It is easy to check-tha t the f ermio[l 

compo[lents of .pa l have precisely the requ ired quantum numb ers 

wi th respec t t o the 5U(3)Cx5U(2)LxU(1) for the usual 8 l ef t 

handed quarks and leptons of one gener ation and ~ is called as 

"novino". Here we have i den tified t he unbroken 5U( 4) with the 

Pati-Salam like one and obviously t he SU(2) wi t h the wea k gauge 

group. 

It i s gratifying that our breaking patter is perfectly 


consistent with the 'tHooft's anomaly matching conditions. 

All chiral anomalies of the unbroken groupS U(4) XS U(2)xU(l)R at 

the preon level are completely saturated with only the quasi N-G 

fermions ~ai and ~.4) Therefore, ~e do not need any additional 

mass less chiralmultiplets other than th e Nambu-Goldstone modes . 

The masslessness of the quasi N-G fermions is guaranteed here by 

the Nambu-Goldstone nature of their scalar s uperpartners and also 

by the unbroken chiral symmetry. This double protecrion is 

important to keep che quasi N-G fermions massless even after the 

supersymmetry breaking. 5) (See Ref.(4) for the detailed argument 

on the anomaly-matching.) 


.The re:idual interactions of the quasi Nambu-Goldstone £jrm~ons 
are ldentlflcable with the weak 1nteract10ns ln thlS models. I nus 
the weak bosons observed at CE~' may not be fundamental gauge parti 
cles but rather boundstates of preons like rho-mesons in QCD. 

The straightforward way of including CompOSite right-handed 
quarks and l ep tons is to -replace the nypercolor SU(2)~C by 
SU(2) XSU(2) __ and introduce ne\.l matter multiplets Xli] (j = h6) 
trans fo nnin g as doublets of the second 5U(2) in addition to the
X~. S imila r~'y - to --the previous -case , the global s ymmetry U(6)xU(6) 
is pres uJlab l y broken down to [U(4 ) XSU(2) 12, which produces 16 
quarks an d leptons as t he quasi NG fermions. However, it is very
diff icu l~ to ca us e t he br eakdown of the electroweak symme try in 
this model. IL we add a nother preon fiel d Xa8 = (2,2), 3-body 
bound - stares H"] = x~ x(ll\e:j (i =5,6 ) may pl aya role of the Higgs 
chiralmult iple cs responSIble for t he SU(2)LXU(1) breaking_ We 
need , hO'.; eve r , direc t Yu kawa couplings of the preon XaS to generate 
effective ones of Hij a t t he bound-state level. 

In thi s point the~e is a more nat ural mode l, though the situa
t ion of dynamics is more puz zling t o us. The model is based on 
Lhe 5U(4) hyp erco l or grou p, where t he ma Lter fi eld s X~ a nd X '~ 
(i = 1-,,6 ) are i and ix of t he SU(4 )HC' The c omplemen t a r y piC[ ~re 

O-t this model s uggest s t he breaking of t he gl obal group t o be 

U( 6) xU(6 ) + U( 4 ) xU( 2) LxU( 2)R' which corres ponds to the fo llowing

2-ho dy conde nsation i n the confining phase; 

i ... 0: 

Xa X j ('VVVoo) 

A small s u persymmetry breaking will tr igger t he furthe r 

small brea kdot.'Il of the unbroken s ymme t ry, U(2 ) LxU(2) R, whl_c h is 

i nduced by , f or instanc e , 2-body f e rmion-fermion cond ensa t ion 

.piljJ ' Cf =vo i . The breaking pat tern 

a J J V 

U(6) x U(6) U(4) x U(2\ x U(2)R 

v 

+ U(4) x U(2) 

ma y be the desirable one for constructing a realistic model, 
although whether such a breaking does occur or not is not 
obvious at all. 

The effective Yukawa couplings (quar k-lepton masses) are 
simply given by the 'tHooft planer diagram. However, 
we are still f a r away from being able to explain the observed mass 
spectrum of qua r ks and leptons even within one generation, because, 
for example , no other symmetry survives at all than the gauge 
SU (3)C xY(1)em in the_quark-lepton ma s s ma t rices . Who believes 
such a complicate breaking starting with che U(6)xU(6) Do SU(J)C 
interactions help us? In any w"y a more elaborate study on thi s 
proble~ is required toward the challenging calculation of the 
fe-rmion tr.as ses. 
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