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FOREWORD

The workshop on Grand Unified Theories and Cosmology was held at
KEK, on December, 7-10, 1983, This workshop attracted about 100
participants, who covered a wide range of research fields, and as a
result stimulated many fruitful discussions. We asked the speakers of
the workshop to submit typewritten manuscripts of their talk. Those
manuscripts are presented in these proceedings. We wish Lo thank these
who contributed to this volume. Shortly after this workshop was finished,
one of the speakers Professor Kunio Nagatani died on March 18, 1984 at
the age of 48. We sincerely regret his untimely death. However, with
the help of Masataka Fukugita, we could include in this volume his
picture and the copies of his transparencies presented at this workshop.
The workshop was partially supported by Grant in Aid for Scientific

Research and also by Physics Department of KEK.

Editors
K. Odaka

A. Sugamoto
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A review on the recent status of proton decay studies in

the SU(5)

Proton Decay in Grand Unified Theories

and the SO(10) grand unified theories is presented.

a
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/sics, Kyoto University, Kyoto 606,

Abstract

Introduction

S8U(5) GUT and low energy parameters
Proton decay I : SU(5) GUT

Proten decay II : SO(10) GUT

Summary

§ 1. Introduction

At the present, we have guite successful theories of the
weak, electromagnetic and strong interactions, i.e.; the
standard SU(2) xU(l) electroweak theoryl) and the Quantum
Chromodynamics (QCD) based on the color SU(3) symmetry?) In
fact, wvarious phenomena at energles attainable by present
experiments are consistantly described by these theories.

However, we have to recognize that these theories include
some unsatisfactory points. For example, the Weinberg angle,
8+ in the electroweak theory is a free parameter since there
is no theoretical relation between the SU(2) and the U(1)
coupling constants, g and g' (tan By = g'/g). We alsc do not
know the reason for the charge quantization. These are expected
to be solved in a more fundamental theory.

One of the most attractive approaches to such a theory is
the grand unification, which aims at describing the electroweak
and the strong interactions by a gauge theory based on a larger
(simple) group including SU(3) x SU(2) x U(1).

In this scenario, we have two predictions which can be
readily checked by low energy data: the values of sinze W and
my, (the b-guark mass). However, ghat is more striking is the

prediction that proton (and bound neutron) is not stable!l

Among various theories (models)a) proposed so far, the
one based on SU(5) is the simplest4), and its predictions for
sin2 5”5)—9) and mbe)’lo) are in good agreement with experimental
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data. Therefore, calculations of the proton lifetime, T o’

have also been made mainly in this SU(5) grand unified theory
(GUT)?)’Q)’ll)
Recently, however, experimental data on Tp which seem to
contradict this theory have been reported (IMB collabcration)}z)
Experiment by another collaboration, KXAMIOKANDE, has also
started data taking}3) We are now in a very exciting situation.
In this article, I will review the recent status of the
proton decay studies in the SU(5) GUT, and also the s0(1l0) GUT}4)
which 1s another strong candidate for the realistic model.
(Proton decay in supersymmetric GUTs is also interesting but I
do not mention these theories. See, e.g., Ref.15).) Iyr § 2,
taking the SU(5) GUT as an example, I explain how to determine
the values of parameters of the theory, and show its successful

S & ] .
predictions on sin” &, and m . Then, the proton decay in the

W
SU(5) theory is discussed in §3. There I will also discuss
; 16) -21) ; s B " St ra—
possible ways to rescue this theory from the contra
diction with the data. The SO(L0) GUT is described in § 4,
where we see that this theory allows the proton lifetime longer
than that of the SU(5) GUT. The final section is devoted to

SUmmary.

§ 2. SU(5) GUT and low energy parameters

A model based on SU(5) symmetry, the prototype of grand

unified theories, was first proposed by Georgi and Glashow%)

w

In this model, quarks and leptons of one generation are
*
assigned to 5 and 10 representations of SU(5). Under such

assignment, this model satisfies the anomaly-free condition,

We have 24 gauge bosons. Among them, 12 correspond to the

well-known 1light bosons, and another 12 are superheavy ones,
R o 1

& T old o= I 3§ i > = .

X{e Y3 3 color index, my mY)

In addition, at least two Higgs multiplets are necessary
i1n order to break SU(5) spontaneously to SU(3) x SU(2) x U(1) and
further to SU(3) xU(l)EM. Usually, 24 and 5 Higgs multiplets
are taken for the former and the latter breakings respectively.
his scheme is the most compact one, and is called "minimal
SU(5) theory (model)". For the time being, we restrict our
discussions to this minimal 8SU(5) GUT. (Of course, we can in-

orpolate a different set of Higgs multiplets, but this increases

G

the number of free parameters and the predictive power of the
theory is diminished.)

Let us first consider the Weinberg angle. sin2 GW is no
longer a free parameter in the GUTs. The gauge principle

demands only one coupling constant, and the U(1l) generator is

identified with a combination of the SU(5) generator T% (a

= 1~ 24). Therefore, the structure of the weak neutral current,

and conseguently the value of sinzﬁ W is determined only by the
; b RS

group structure. As is well-known, sin® 8, 3/8 in the SU(5)
i

y 4)
theory.

-4 -



Accidentally,

=xperimental data were sin28.3Xp: 0.37
- 0.38 ( =3/8), but inconsistent with

present more refined dataj in? e Ger T2E = 0422, This

the higher order

. - L . g
Sk a5 as first polinted 1t s Ge ouinn and We )
s 11 LT S i 29 4
Generally, a large radiative correction like ~ g™ In(M/m)
appears 1f two extremely different mass scales M and m are
; 1 Z ¥ o
included in a calculation. The data on sin” 9 , are obtained in

W

low energy (at most m™ M, ) experiments on the neutral current
W, 2

sther hand, the value sin2‘lﬁ = 3/8 1is

obtained from the neutral current

(grand unification scale). M, must be

X
= e w Al
very large (3 10 GeV) so that proton does not decay too
fast. Therefore, the higher order effects cannot be neglected
in corder to calculate "V(xw), the iieinberg angle which can be

directly compared with low enerqgy data.

These effects are expressed in terms of the running coupling

constants governed by the following equations.

Mogn T Bilgg) (2.1)

where 1 =1, 2 and 3 correspond to U(l), SU(2) and SU(3)

respectively. We know the value of g3(p ) (QCD coupling) at

low energy ( p< H“)23). Further, g, (I

W ) and g, (i ) are expressed

W

by Q(MW) (UED coupling) and sin %u“L;)' and the value of aUHJ

is calculable from a (0) = 1/137.036.
Using these wvalues and the well-known SU(3), SU(2) and U(1l)

B functions, and assuming that 1s restored at

R ) M Y= a obtained the
g o= My Lves, gitll( SDULS)’
2 . ~
b T 8. (M) and M as functions of o ..~ and o .
of sin -‘\-'("l‘i A My o} QcD
quently, Buras et 31?) made more detailed computations of
2 M anc a1 he 111¢ / m fo io ) terms
sin 8,(M_ ) and also the walue of my /i (fermion mass erms
w W 3

made by 5 Higgs satisfy the relation m = M at tree level).

Strictly spe: 1y, however, we must not neglect the mass

+ + £ < " F E— Fo
effects W, 2 and X7, ¥~ posons 1n ¢ functions even at

respectively, and SU(5) symmetry must not

be restored at u = MX (i.e., the values of gi[mx) do not

colncide witnh each other). In the calculations, such

points are not taken into account. Ther=fore, in order to
determine the values of parameters more accurately, we have to
use the B functions including these effacts (threshold effect

First systematic study of those effects was done by Ross
who showed that the value of b thereby decreases by a factor
Ty — L0

of 6 . Subsequently, several authors have made com-

sutations of oarameters, and we have now the following rasults

(at the level of two-loop renormalization group equations) for

), m,. and My. (I have shown the values referred in
Q A

; ) 2
the review by Marciano 5).)

— 6 -



Input data

QED coupling : «(0) = 1/137.036 ,
: +0.10 23)

1 g : \— = 0.1 GeV

QCD coupling : [Ms w._6_0.)8 e . -
1.51 Ln An(uzzﬁégj)
X 51 ri_0.74 ) M )
( erCD(u} .r:.z .‘2”\ 1-0.74 3 Z_,v,d_) } )
a il B 1B
Output
2 _ o 5y4+0-004

S0 Mgl = UL2lE g 993,
m/m_ = 2.9 t 0.2, (2.3)
My = (2.1fi:’» x 10%% Gev ,

( If we have a fourth generation, mb’m‘ ratio increases

by = 0.25 and disagreec with the data . )

. 2
Experimental data €l

sinzezxp(mw) = 0.215 + 0.0l4 ,

exp
( mb/mT )

The agreement of sin2 Y with its data is excellent, and a
b
severe constraint on the number of fermion generations obtained

from the value of mb/mT is noteworthy.

s -

§ 3. Proton decay I: 5U0(5) GUT

In order to evaluate the proton lifetime T, there are
D

further two necessary steps: L
i) calculations of enhancement factor (i.e., inclusion of
radiative corrections to the tree amplitude), and

11) reasonable estimate of the hadronic matrix element.

The enhancement factor 1is wusually investigated in the
framework of operator analysis combined with the renormalization
group method?7) These studies were done by several agcnorsg)'zs)—3o)
The value of this factor is about 2.9 in the amplitude.

As for the estimate of the matrix element, we have various
standard techniques developed in the studies of ordinary 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

The average values of 1 _ and partial life =~
0

et 0
P

(which 1s considered as the main decay mode

for

the mode p»e+n

in the SU(S) GUT with branching ratio  40%) are

On the other hand, the recent IMB experimentlz) has given



+_0

r; ™51 % 10%2 yr (3.2)
which is much longer than the above SU(5) predictions. (I was
informed during this Workshop that the lower bound (3.2) changed

+-0

as T S > 1.65% 1032yr.)3l)

A : ) o4 y 4 :

Since, there is a proportionality 1'p1 My = hyge consistency
seems to recover somehow 1f A WS >0.5 - 0.6 GeV. However,
this would produce another difficulty. As ﬁ-ﬁg becomes larger,
the predicted LS increases and becomes largers)’lo) than the
appropriate value shown in Eqg.(2.3). I show here the | s
dependence of m .
AM§ ( GeV ) mb ( GeV )

0.08 4.7

0.16 Sl (3.3)

0.26

(Results by Oliensis and Fischlerlo) for m = 20 Gev.)

Therefore, the IMB data drive the minimal SU(5) GUT into a
corner.

Can we rescue this theory with slight modifications? 1In

the following, I show some possible waysls)—Zl) to make 1 b
longer.
i) Inclusion of a 45 Higgs multiplet

6)

This is based on the discussion by Jarlskog% In a theory

-9 -

with more than two generations, particle mixing among them
should be taken in the most general way. This 1is applied to
the SU(5) GUT with 3 generations. Then, 1f there remain some
new parameters (i.e., parameters which do not appear in the
well-known charged current sector) in the proton-decay-inducing
X and Y boson interactions, we may be able to adjust
them freely and even rotate the proton decay away.

Although this Jarlskog's argument does not work 1in the

29),32)

minimal scheme her idea was shown to be valid if a 45

7).32) Subsequently, concrete

Higgs multiplet 1is included%
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%B)

(However, it should
be noted that the inclusion of 45 Higgs multiplet changes the
calculation of m,/m since the tree mass relation given by
this Higgs multiplet is mb/mT = 1/3.)

11) Inclusion of mass-split multiplets

Ancther approach is to make My larger by adding some new

particles which give different contributions to each of 8

i
functions.

One way 1s to use some new fermion multiplets. Frampton
and G;ashowzo) extended the fermion sector 5410 to (5*+5) and
(10»10t), and examined how 1 changes for various cases 1in
which some parts of the multiplets are made light (~‘Mw; masses
of others are AJMX). They found that To can be increased by a

_]_0_




factor ~ 2000. (In this case, the predicted Weinberg angle,

sin®8 , changes v +0.009.)
Second one is to use Higgs multiplets instead of fermions.
Haglwara et al?l} studied this possibility, and found that

adding a split 24 Higgs multiplet can increase rp by a factor
of 200 without changing the value of sinzsbr

Besides these modifications, papers33] appeared, which
assert that minimal SU(5) prediction for T B is not inconsistent
with the IMB data. The authors obtalned this results from the
calculations of the matrix elements by the B-S eqguation technigue
{the estimated T, is larger than the usual one by a factor of

about 100). However, I cannot understand why their resulcs are

so different Erom those by many other authors,

§ 4. Proton decay II: S50(10) GUT

S0[10) grana unified theoryl4)

is also interesting and
attractive though its particle content is complicated slightly
compared to the SU(5) GUT. (We have 45 gauge bosons, and several
Higgs multiplets are necessary to realize the desirable symmetry

braakxng34).

) This theory is automatically anomaly-free due to
the group property. Moreover, all fermions in one generation
can be assigned to a 16 repreésentation. (As was mentioned in
§ 2 5" and 10 ars both necessary in the case of SU(5) GUT.)

As is well-known, there are two rapresentative symmetry

breaking patterns:

=11 -

(I) SO(10) » sSU(S) - SU(3)xSU(2)=U(l)

(11) SO(10) + SU(3)SU(2) *SU(2) xU(1), o Rl

+ SU(3)xsu(2)=p(l) .

(Strictly speaking, each pattern has further several branches,

some of which will be discussed later.)
Concerning the proton decay, the pattern {(I) is similar to

the &U(53) GUT. Detailed studies in this pattern were Jenuaa’

and
I TP

50, I concentrate my talk on the gattern (II).

was found to be almost same or shorter than < 5U15{

Pattern (II) gives a possible answer to the guestion "Why
is the nature left-handed?" Furthermore, if a soluticn which
allows relatively 1light WR (right-handed gauge boson) is
possible, this scheme is quite interesting not only from

theoretical (aesthetic) but also from phenomenological polnt of

view,
T, in this case hecomes longer as HR bacomes lighter,
Tosa et al?sj gave a simple formula connecting Mx and ", E3S
R
e
— MSU(SJ
. = wSUlE) X
x ‘K MW 5 f-l-:i)
R
; GSU(s) ) .
wnare M, means the X boscon mass in the SU(5) GUT.

Of course, we are not allowed to make L too light since
R

1t may affect low energy phenomenclogy. Rizzo and Senjanovié37’

=
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made low-energy re-analysis and found the following solutions.

(1) Standard picture

i ) i -
sinB (M) = 0.22-0.23 , M 2 10710 gey |
R (4.3)
SU(s) 33
Tp 5 Tp £ 10 yr

(12) Weakly broken parity picture

b 2
sin 7W(Mw) = 0.27-0.28 , MWR: 150-240 Gev ,
4.4
Tp lO38 yr . ( )

v

.}

“he solution (i:i) seems guite interesting. Although we

abandan the possibility to detect the proton decay, we will

able to observe the restoration of the left-right symmetry
future accelerators. Unfortunately, however, the measured
38),39)

and Z boson masses
predicted values in the solution (1i);

My = 70-72 Gev , M, = 80-84 GeV ,
¥ z (4.5)

(Predictions in the solution (ii))37)

iP = 80.9 £ 1.5 + 2.4 GeV (UAIL)

81.0 + 2.5 + 1.3 GeV (UA2) ,

nixp = 95.6 + 1.5 & 2,9 GeV (UAl)
(4.6)

91.9 + 1.3 + 1.4 GeV (UA2) .

"

- 13 -

must

be

by

+

W

seem to be inconsistent with the

Let us consider the solution (i). In this case, .: becones
completely impossible for us to see the L-R symmetry restoration.

can't we expect any new phenomena at relatively low encrgy

Then,

region? Fortunately, there still remains such a possibility.

another intermediate

The breaking pattern (II) can ha

energy scale as

(II') SU(3)%SU(2),xSU(2)_xU(1l)

L R B-L
—ET» SU(3)><SU(2)XU(1)B_L><L:(1)R (4.7)
W
R
—— SU(3)xSU(2)xU(1)
M
The equation (4.2) is stil! wvalid in this case. That is, the
size of i* (mass of the second neutral gauge boson Z') is not
constrained., Z' can be light as long as any phenomenological

C e . - 40
difficultics do not appear. In fact, it was shown possible :

to have Z' with a mass as low as 200 GeV. Using two-loop
41)

reacrmalization group eguations, Ma and whisnant showed that

Tp in this case becomes much longer (as high as 1039yr)~

The S0O(10) GUTs are now quite attractive. However, all
calculations except for Ref.35) do not include the threshold
effects. As was mentioned in 8§ 2, there may occur non-

negligilble changes in the values of the parameters by these

effects. Therefore, further detailed studies are desired.

= G




) ol the size of . If w an have e i i
§ 5, Summary ’ AMS e can have more refined data on

I have reviewed the proton decay studies in the conventiocnal sin’ By and M ,, we can use them as new inputs instead of A s
SU(5) and SO(10) grand unified theories. | I have shown necessary SOF hhe’ detecmanstion of Hye 404 cOnsequently ek This will
steps for the determination of the values of parameters in the be possible in the near future by new high energy accelerators
basic Lagrangian, successful predictions for 51n2 EN(HN) and TRISTAN,, GLBF, cme &

m,, and the resultant proton lifetime. At the present, we do not know whether the grand unification

The minimal SU(5) GUT i1s now in a guite difficult situation scenario is correct or not. The proton decay can give us a
because of the IMB experiment. In order to rescue this theory, significant key to this important problem. More refined ex-

) perimental fror N AM] ANDE I i i
i.e., to get longer —E' several authors have suggested some PetRER AN o, ThB, KANIORANDE and -other gollaborations

i : are highly desired,
moc.rications. ghty

On the other hand, the S0(10) GUTs with breaking through
the left-right symmetric stage are consistent with various data Ackugwl sdgenent

exp N lOgulOGeV. I would like to thank Takeo Inami for careful reading of

(including T ) provided MWR 4 Moreover, we

: the manuscript.
may be able to see new phenomena related to the second neutral ROUSCLLp

gauge boson at energies attainable by future accelerators.
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32 Kton Water Cerenkov Detector(JACK)
A proposal for detailed studies of nucleon decays

and for low energy neutrinoc detection

KAMIOKANDE collaboration
M. KOSHIBA

Purposes

Determination of branching ratios of nucleon decays in the 1032
year life time range.

Rubakov effect in the water detector

n-A oscillation

Solar B8 neutrino

Rubakov effect neutrinos from the Sun

Neutrinos resulting from the gravitational collapse of star.
Search for very heavy stable particles, like fractional charge bare
quarks and/or monopoles.

Multiple muons

Detector
The proposed detector is shown schematically in Figs. 1-a, and -b.
Besides the inner volume viewed by ~11,000 PMT's of 20", a0% photo-
cathode coverage of the entire surface, it has an anti-coincidence
layer of 1.85m thickness, which is a necessity if one is to work on
the low energy neutrino of several MeV.

All the phototubes will be equipped with FADC's or with ADC +
TDC.

Expected performances
With the 40% coverage by photocathode, 2 x 20"¢ PMT/mZ, of
the entire surface one can with good efficiency detect electrons
of w6 MeV.
Monte Carlo simulations of low energy-neutrino events are shown
in Figs. 2.

The expected low energy neutrino event rates are summarized

- 24 -

in Table I. Note that, not only the respectable event rates, we
can determine the source direction with reasonable accuracy.

As to the nucleon decay, even with a 30% probability for suc-
cessful reconstruction, 1032 years life time will yield 40 clear
cases of nucleon decay per year in the fiducial 22,000 ten of water,
containing 2500 ton of free protons.

It has been shown in the present KAMIOKA experiment that
showering and non-showering tracks can be clearly distinguished.

With the still better, by a factor of 2, light collection com-

bined with the good timing, it is expected that the separations

of e and Y as well as of M and T among the neucleon decay products

are within the reach,

4. Cost and Feasibility
The approximate cost of this experiment is;

Excavation and water tank ¥2.0 % 109
20"PMT @200,000 x 120,000 ¥2.4 x 109
Electronics ¥1.0 x 109
Contingency ¥0.5 % 1(9

Total ¥5.9 x 109

(~24M8)

It is possible to excavate 40m$p x 40mh cave at ~ 1000 m underground
in KAMIOKA. Another possibility is at Gran Sasso in Italy.
The present KAMIOKANDE collaboration is eager to work on this

experiment.
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arameters for '4.'»:]"__“
Fou tank of 18m ¢ Satal
2, ¥ : 32000 t
Flductal mass = 22001 29 . 78mh x 31.36mh
Number of phototubesi 1) = 1100
") = SUL

Extra number for veto(20'

4 Average light

£ Expected photoele
present KAMTOKANDE

6. Expected event rate
Fiducial

1le ring events 3 5.1

events 3.3 23

Table I

Expected Low Energy Neutrino Events

(47 Anti-coincidence shiela mandatory)

Solar B8

Solar Rubakov
erffect

Gravitational
collapse at
Galactic center

L‘Je <14 MeV

Ey, £ 53 MeV

By
© <Ey  >~10 Mev <Ev_ >-35 MeV
e e
2 6 4 ada
v, flux 5.6 x 107 v <l.2 x 107 v _
e~ oy 2
at Eartn /cm”/sec. /cm”/sec.

|
\
T
l
l
i

< Ev_>-16 MeV
e

= e =

JO ) -t-.
1«7 % 14 v /mesec. |

for a few m.sev,
duration

KAMIOKANDE 6.0(vee % vee)

35 ve 4V e
e e
53,0 +e F

per year.
(Ee > 6 MeV)

2.3(\)ee 5 Voe)

per m.sec.burst

880 ton per day.

H,0 (E_, 26 HeV)
JACK 150 (v_e + v_e)
22000 ton pEE g,

H20

(Ee >6 MeV)

v
e

& <
B, _-19°.

8scatt
o
= 100 .

ver adaay.

(8 +4 MeV)

o
Source directiong 8 (Source directiong ¢

2.4(vee ﬁvee)

3.6(v 0 ~e F)
per day.
(Ee 26 beV)

a <

8y oL,

e

éscatt(le + 8§ MeV)
o
= 50 . .

per month.

per m.sec.purst
(EP 26 MeW)

x <
6, _ S1an.
e

B seatt (L2 » 6 MoV}
&
= &5 . .
Source direction<? |
per m.sec.hburst |

x X

xx

Bahcall, J.N.,et al; Rev.Mod.Phys., 54,(1982) 767

Arafune,J.et al; P.R.L., 50,(1983),1901 and P.L.B., (19&3)

*

Mazurex,T.J.,et al; DUMAWD, Hawaii(lY980)
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2. Nucleon Decay Candidates
NEGLESH, BEEAN EXRERINENT AT MOLAR'GLD FLECD Five events have been classified as candidates for nucleon decay
which are fully confined in the detector and constitute rather strong evi-
M.R.Krishnaswamy,M.G.K.Menon,N.K.Mondal,V.S.Narasimham and B.V.Sreekantan derice For RUE\EGH UReay.
Tata Institute of Fundamental Research,Bombay,India
Y.Hayashi, N.Ito,S.Kawakami and T.Nakamura

Osaka City University, Osaka, Japan ’/h — ‘E’;\.’}
S.Miyake G, = i} e jé‘
Institute for Cosmic Ray Research,University of Tokyo,Tokyo,Japan | s ::::::::L::fizi?ffii | [ e anss E
e (.
Abstract —— | Tt = ; :
Five events have been observed in the K.G.F. nucleon decay = f ﬂ
experiment with tracks fully confined to the detector volume. = = s
It is shown that their characteristics are in conformity with the A = = ="
decay of bound nucleons and that the background due to neutrino — '5 E
interactions within the detector volume is small. Based on these zz;;:?_j;________,__.ﬁ _:E = E
data. mean 1ife time for nucleons bound in iron nuclei is estimated — ————:::;_________;; — '_#“T:E;f__s
as about 1.1 x 10°! years. ::::::7;'—_;::—;‘_ﬂ—_‘_—_—“} = :
1. Introduction RS . S
The Kolar Gold Field nucleon decay experiment has been in opera- (s} {B)
tion since October 1980 at the depth of 2,300 m,equivalent to 7,600 m.w.e. T, - -
of standard rock. ___! "3 o ] W =7
The detector, of floor area 6 m x 4 m and 3.7 m in height, is o E | %W___ __:_;______: 1
composed of 34 layers of proportional counters,with 1.2 cm thick iran plates PR = E — = ; I
between the layers. The counters have a cross section of 10 x 10 cm2 -SSR b B st s )
with a thickness of 2.3 mm iron and are in two lengths of 4 m and 6 m. 3_51 - ; £ o : ;
The alternate layers of counters are arranged orthoconally to obtain a ! - — ,;~l = . = = i
three dimensional view of tracks. The total weight of the detector is — - e i
about 140 tons. The trigger is a 5 layer coincidence in any of 11 con- = E i
secutive layers. There is also an additional trigger whereby tracks — it = 5
crossing any 2 counters in 2 layers in 3 consecutive layers are also = ? = :
recorded. In every trigger, it records the position of hit counters : .

and information on the ionisation deposited in each counter.

During effective running time of 2.5 years,about 1500 events 3
habe been recorded. These have been classified into various categories (c) (D)
1. atmospheric muons about 1,700,2. neutrino interactions in rock about 50 Fig. 1
3. neutrino interactions inside detector 29, and 4. nucleon decay candidates
5 confined cases.
- 33 -
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Two orthogonal over views of the

fully confined events are shown in

Fig. 1. The odd and even numbered
layers correspond to the 6 m and 4 m
counters. The black squares are

the counters which show jonization above
the threshold.

Detailed plots of ionisation of
the hit counters, converted to the
equivalent nrmber of minimum jonising
particles are given separately for the
two orthogonal views in Fig.2,3,4,5 and
6.

Fig.1 (E)

Event No. 587 ; The pattern of hit counters and jonisation in Fig. 2 is
typical of electromagnetic cascades, with the absence of any clear penet-

rating tracks. Where the main axis has the angular co-ordinates 6 =
§8° and @ = 35° (from North to South clockwise). The tota) range of
the shower measured along the axis is ~ 20 radiation lengths and the total

ionisation corresponds to 42.6 particles.
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Based on the conventional track length integral method, we
estimate the total energy of the event as 980 MeV with an uncertainty
of £ 20 %. The profiles of the event are easily understood as that the
event is composad of separate showers ariginating from a point in the
layer 15th (top) and emitted in back to back configuration. A plausible
interpretation of the event in terms of proton decay is a decay into a
positron (upwards) and neutral pion {downwards).
Event No 867 ; This event (Fig.3) , besides being @ fully confined one,
has the following distinguishing features ; 1)} A kink at the point B with
the anale of deflection of about 40°. 2) Normal ionisation along the path
BC. 3) Increased ionisation at the end point 'A'. These features
suggest the creation of a particle at the point 'C' which slowed down to
point '"B' and produced a decay particle 'B to C'. From the identifi-
cation of the particles,using range and ionisation, this event can be
interpreted as P -3 p + Kt and k* decaied into muon and neutrino,in
view of the fact that the measured value of muon is in good agreement
with that of kaon decay. Dotted tine in the figure is showing other
posibble cases,however, it is less probable because of the difficulty to
understand high jonisation in the counter of 15th layer.

!
#% |
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.
N
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T | | LT
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Fig. 4
Event No. 877 ; The main characteristics of this event (Fig.4) are ;
1) A non showering particle pion or muon, traversing the path 'BC' of
150 g/cm2 before stopping.
2) Two slow particles 'BA' and 'BD'.both pion or muon,are emitted to
upward with an opening angle of about 100°.
3) Total energy of the event is close to 1 GeV..
A detailed analysis of the event , and in particular the jonisation in
the hit counters and their disposition along the path suggests a reason-
able fit to the decay mode of P —},f + KZ and K§ --> .
The total envergy of pions and their cening angle are consistent with
decay of a slow 1y moving K° of momentum ~ 300 MeV/c.

Event No. 1465 ; This event spreads just six layers and has 3 tracks with
large opening angles. From the ionisation of tracks,'PA' and 'PB' can
be single tracks and remaining one is gamma ray with & missing layers.

'PA' and 'PB' pass through materials of about 55 and 35 g/cm2 each and if
these tracks are pions, their eneray can be estimated as 270 and 220 MeV
respectively. Therefore, this event can be interpreted as N -3 V +4
and Y -->TT++1T’+ TC°, in view of the fact that the measured value of Ey
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is in good agreement with that to be expected in such a process.
For a low energy neutrino interaction, with more than two pions production,
is suppressed by a factor of 10 compared to single pion process.
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Event No. 1766 ;The event has been found recently but not fully analysed
yet. From the ionisation deposited to the detector.visible energy can
be estimated as about 600 MeV excluding particle mass. The event can
be interpreted as P -3 e++K°,and K -» 1X++ T and total energy is
estimated as about 900 MeV in this case.

3. Estimate on the Lifetime of Bound Nucleons

Based on 5 candidate events within a fiducial weight of 60 tons
during a livetime of 2.5 years, and also the estimated detection efficien-
cy of 0.5 inclusive of hadron absorption in the nucleus,the lifetime for
nucleons is estimated as about 1.1 x 103] years.

For some more details and discussion of background, see References ;
Krishnaswamy M.R. et al ; Phys. Lett, B 106,339, 1981
Phys. Lett. B 115,349, 1982
Proc. Int. Collog. on Baryon Nonconservation
1982 in Bombay, 1983 in Frascati
Pramana Suppl. 115 1982
Pramana 19,525, 1982
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Astrophysical Constraints on the Monopole Abundance

Abstract

Astrophysical constraints on the monopole abundance are surveyed.

ous constraints derived from the monopole catalvsed proton decay are discussed

more in derail.

M. Fukugita

Research Institute for Fundamental Physics

Kyoto University, Kyoto, 606 Japan

Vari-

il Introduction

The search for magnetic moncpole has been greatly attracting our interest.
One of the reason for this is that the monopole is predicted naturally to ap-
pear in grand unified theories when a simple group is spontaneocusly broken
into a group that contains a U(1) symmetryll]. Another motivation that has
triggered our interest is an observation of a candidate event which might be
interpreted as a Dirac monopole passing through an induction coillz].

The mass of GUT monopole (Mm) is of the order of M/a with M the mass scale
of the symmetry breaking and a the U(l) charge, and therefore we expect
Mm-lo16 GeV. [In SU(S) grand unification the monopole mass[»31 is restricted
to he MX/(Smem/3)§Mm§}.79 Hx/(8aem/3).] Since such 4 heavy monopole can be
produced only in the early universe with a temperature 1-M, one can explore,
by searching for the monopole, the hot universe as early as t‘lO—38 sec, which
may be compared with t—lO5 vr for the microwave background radiation or t~1 sec
for the He synthesis. The monopoles produced in the early universe will sur-

vive up to the present epochla’s]

and are subject to a variety of astrophysi-
cal constraints as well as those obtained in laboratories.

We think a standard velocity of this heavy monopole being as slow as
d=vlc=lO_3. 1f monopoles cluster with the galaxy or the local supercluster,
their velocity must be of the order of the virial wvelocity, 10—3 for the gal-
axy and 3><].0_3 for the supercluster. If relic monopoles are distributed uni-
formly throughout the universe, the velocity dispersion characterised by their
temperature is very small, and their velocity relative to our galaxy is again
of the order 10_3 as a consequence of a proper motion of our galaxy. The pres-—
ence of galactic magnetic field, of course, might change the situation.

An important aspect which would be borme by the GUT monopele is that it
would catalyse the nucleon decay with the cross section typical of strong in-

(6]

teractions (Rubakov effect , although there are some subtle points yet to

be clarified before giving a full credit to this predictlon[T]. The Rubakow
effect, if it happens, leads to quite significant consequences not only in
particle physics but also in astrophysical environments. A constraint on
cosmic monopole flux derived threfromlg'gl could be so strong that it would
discourage any efforts to lock for monopoles in laboratorles.

In this talk T shall present a survey on astrapbivsical constraints on
the monopole abundance, with some emphasis on that derived from the Rubakov
effect by the present author and collaborators, and also by others. Another
interesting problem, the problem of monopole production {n the early uni-

verse[a’a’lol, is not mentloned {n the present talk.
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2 Constraints on the monopole abundance derived without

resorting to the Rubakov effect.

The experimental limit on the cosmic monopole flux varies depending on

the velcoty of monopoles. The limit se far obtainedill] is summarized as
= L T T 24 2
poc sx107 P (a/1078) 700 enRer ! for 10™%¢p<1072
B v Sxll 02 o T he for 10 %<l . (0

m -

—4 )
For <10 ~ the energy loss of a monopole is very small and the monopole escapes

from detection in energy-loss experiments. The limit for such a slowly-moving

2,121, 11

monopole comes only from induction experiments Fm < 3.7x10

-2_-1_ -1
m STr Seéc .

Constraints from the galactic magnetic field. Astrophysical arguments
which lead to a limit on menopole Flux may be classified into two. The First
uses the fact that un excessive presence of monopoles tould have exhausted

)

the astrophysical magnetic [ield[!z , and the second is from the cosmological
mass density. The monopole with density T depletes the magnetic-field energy
at the rate
2
d B
“dc 8 8Vn B (2
The condition that the galactic magnetic field should not decay within the

typical field generation time (t) leads to the Parker's limit,

P oolmm L B
m 4 4m Big

- =

(€)]

For B~3p Gauss and !~108 yr from the dyname theory for galactic magnetic field

we abtain[u’MJ

e S
Fm < 2x10 3 em T8 lsr .

The galactic magnetie Field is not uniferm but it Fluctuates over a typical

length scale of &-100=150 pclljl. and a monopele traversing the galaxy does
not always gain energy from the magnetic field, but sometimes loses its energy.
: 2
Therefore the loss of fleld energy is smaller by a factor of (r /L)l/',

. 118] g

giving

Fo< 10718 (rg/z)”2 iy T R (4)

il =

When a moneopole moves very fastly, the energy loss is not as effective as
discussed here, and the limit on F_ is loosened (e.g., for Mmtlolé GeV,
MRS ~2.5,2 n-2.5,[16]

Em < 10 [8/10 ] for B > 10 ) %

See fig.l below.

l.et us note here that this limit is obtained without taking account of
the evelution of monopole numbers in the galaxy, i.e., it is assumed that
monopole flux does not change over 108 yr. |If we consider a monopole-antimono-—
pole plasma, we expect magnetic field and monopole kinetic energy fluctuation
interconverting periodically, rather than the irreversible damping of the

[l?,lSJ. The authors in ref.l7 obtained a bound looser than

magnetic [ield
Parker's, requiring that the period of oscillation be longer than the period,
over which we expect an approximate constant magnetic field (the aligmment

7 yr is raken in ref.l17). It is argued

time for interstellar grains t>2.4x10
in ref.l8 that the magnetic field undergoes the decay only resonantly and the
decay does not occur for a large monopole filux. Nevertheless the Parker's
limit on the cosmic monopole flux fascinates experimentalists who are searching
for monopoles because of the simplicity of the argument, and perhaps of the
fact that the limit comes just at a value which they can reach with a reason-—
able efforrt.

Congtrainte on the intracluster monople flux. A similar argument, albeit
with more uncertainties, alsoc applies to the monopole flux in the intracluster
space. Using B-0.01-0.1u Gauss and the dynamical time 1*109 yr for the clus-

ter, one may ubtain[lgJ

Fo (intracluster) < 16718 ¥ el (5)

Constrainte from the mass denaity. The condition that monopoles should
not give a cosmological mass density larger than the critical density of the
universe pc=3ﬂg/8ﬂc=10.5 h2 ke\"/cm3 (h is the Hubble constant HO in the unit

of 100 km s—lMpc—l) leads to the limit,

~15 = & w = = —
Fog Sx10 1’(Mm/wm By LI i e e T (6)

when monopoles are uniformly distributed in the universe. If 3<10_3, it is
likely that monopoles are clumped in the galaxy, and the bound on the galactic
monopole abundance is loosened. In this case we may use the constraint that
the monopole mass should pot exceed the dynamical mass of the galaxy ~1012Me,

giving
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P s 3><10_10(Mm/10'16 gew) Yeayie Y et et )

1

It is interesting to note that if F, is in the range (0.6=-3)x10" D(MmIIO_Lﬁ

GeV)_l(ﬁ/lO_j), the galactic halo[zol may be dominated by monopoles. Cabrera

noted that this might happen for Mm~1016 GeV taking his candidate event as a

[2]

monopole . This, however, largely viclates the Parker limit. The possibil-

19

ity opens only when Mm:lo GeV-M (Authers in ref.l7 and 18 argued the

- pl’ 1718
possibility of the monopole halo for Mmzlo -107" GeV.)

Constraints on monopole abundanee in stara. We may also apply Parker's
argument to the magneric field in stars. With a supplementary assumption that
the monopole has a "virialised" velocity v (% vaz:GMmM/RO=gBRO), we are led
to a constraint on the monopole abundance in stars, and alsoe to that on the
monopole flux if the monopole-trapping power of stars (see Sec.6) is known.

The results thus derived are:

B 1 nH(gr_l)
the sun[’zlJ 102—103 Causs 10 yr <l/2¥107
the Earthlzll ‘102 Gauss 10A yr <1/6><lO9
A, starst  10°00" veims P ee  ayrsaet? | (8)

Here Ap (peculiar A star) is a star, in which the direction of magnetic field
is opposite to that of rotation of the star, and hence the magnetic field is

(23]

supposed to be frozen when the star is formed (The author in ref.22 made
a more elaborate argument.)
For menopoles captured in the earth there is also a constraint derived in

a different waylza]:

It is known that the terrestial magnetic field reverses
irregularly with epochs lasting typically a lO6 years. In the time of rever-
sal (~103 yr) a monopole and an antimencpole annihilate each other producing
a heat. The constraint that this should not heat the earth too much gives
nMSSX.‘lO-S gr_l. This limit, however, is considerably weaker than that dis-

cussed above.

[25]
1

2
searching for a monopole track in a rock[~6 .

Finally we mention a recent experiment using a geochemical method
by assuming that a some nucleus
(Al, Mn etc.) will be trapped by a monople while its traversing the earth's

crust [see also Sect.3). If this indeed happens, the nucleus-monopale

~ 42 -

composite undergoes nuclear collision, while passing through a rock, resulting
in the formation of a trail of lattice deffects. The authors claimed that the
search for tracks in 4.6XJ08 yr-old mica (muscovite) places an upper limit of
melU_l7~10-l6 cm_zsr—ls-l for monopele with velocities around GZJXID_4—10_3.
For monepoles moving more slowly, the diamagnetic repulsion due to atomic
electrons greatly suppresses the probability of Forming a bound state with a
nucleus, If a monopole would have captured a proton or electron before reach-
ing to the earth, the capture cross section of a nucleus could be different

from that used to estimate the flux.,

Y Rubakov effect in matter

|61

Te discuss the Rubakov effect in laboratories and In astrophysical en-
vironments, we have to know the behaviour of a monopole in matter. The Rubakov
effect occurs when the monopole comes sufficiently close to the nucleon. 1In
matter, however, the probability of a slowly-moving monopole coming close to
the nucleus is greatly suppressed by repulsive forces with two different
origin5127|. The first is due to the fact that the monopole-nucleus system
carries an extra angular momentum q=(eg/4m)2=Zx(*1/2,21,+++) (Z=charpge of the

nucleus). The wave function for the lowest angular momentum state behaves as

1/2

‘(S/BO)U near the origin with v=-1/2+(1/4+|q]) for a spinless nucleus.
For an s#0 nucleus, it follows that
1 | 2
w = =gk 1% + [q|(l—2(l+()s)l1/ i (9)

where k is the anomalous magnetic moment of the nucleus,
ko= (W) (A/Z2) (1/2s) - 1

(LB=Buhr magneton). Therefore the cross section for monopole-nucleus scatter-

ing receives a velocity—-dependent factor

2Re v 1/3

F(B) ™~ (B/8)) 4 By 1/ lega™ “m, ]

with ro«l.z fm. Taking the B~dependence for the exothermic reaction o-1/8,

we obtain for the Rubakov process,
- & IRE po
o » F(8)g ~ a(s/ao)ne %y gl (10)
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When v<0, as is for the most of familiar nuclei, we expect a suppression.

Some examples are:

F(B)

z 2 ReV By g=10"> f=5x10"" g=10""
‘e 2 1.236 0.0275 0.017 0.0071 9.7x107%
16 . y D auia=b

0 8 3,323 0.00434 0.0098 0.0012 7.7%10
B 14 4.385 0.00206 0.042 0.0020 1.7x107°
40 . -6

A 18 5.082 0.00128 = 0.0084 2.4x10
6gq 26 6.280 0.00082 — 0.046 1.9x107°

The Rubakov effect is largely suppressed in matter with heavy elements for the
slowly-moving monopole. For e ple, an iron detector is not sensitive to the

Rubakov effect for ;§SXEO_4. I a water detector[25’29]

only the hydrogen
component (2/18) is sensitive to a monopole with aflo_3 Namely multiple
catalysed proton decays are expected in a water detector with a 15 m depth
when op (monopole + H) > 10 mb rather than >1 mb.

The nuclei with x>0 are rather exceptional. Of them familiar examples
2 EF 5 19
are Al (abundance -1.5% in the earth), F,

~

e
- I } . a

Mn and hydrogen. For these
nuclei Re v=-1/2, which leads to an "enhancement" factor for monopeole-nucleus

scattering. The cross section reads
.
v 1R .
op v 1/i (10)

We also have Re vw=-1/2 for a neutron, and the cross section takes this form.

For monopole-hydrogen scattering this is the B-dependence obtained in the

[30]. If the Rubakov effect does not happen at all,

[30,31] by

relativistic calculation
the nucleus with k>0 may form a stable bound state with a monopole
an attractive force, once the monopole approaches sufficiently close to the
nucleus.

Even in the case when the attractive force is present between the monopole
and nucleus, there is yet another suppression for a slowly-moving monopole
approaching the atom from iufinity: The effect of the monopole magnetic field
on the atomic electrons induces a repulsive force between the monopole and the
atom. The repulsion potential is ﬁE~rZzRy with Ry the Rydberg constant and n

[32]

a fractional number that depends on the element For helium atom, for

instance, AL e~16 uv[33], and hence a monopole with 8510-4 can hardly approach

the helium nﬂcleus. This threshold velocity increases as ~Z/A1/2 for heavier
atoms, and this repulsion force greatly suppresses the Rubakov effect to
happen for 650(10_4) even for the element with x>0,

An exception is the case for hydrogen atom. There exists the :round

state, the energy of which is not affected when a monopole approaches the

[33]

proton , and hence there appears no barrier factor.
4. kRubakov effect in ordinary stars
Monopoles in the Barth. The velocity of monopoles which would have been

16

captured in the Farth is <3x107° (¥ /10 GeV) L (see Sect.6). The thermal

= y =33 3
velocity of nuclei at the centre of the Earth is Sth42.7x10 (T-4x107°K).
Thus monopoles trapped in the Earth do not approach nuclei, and the Rubakov

process is strongly suppressed. Therefore, contrary to the claim made in

ref.34, we do not obtain any bound on monopole abundance from the heat flﬁwlz'
| The strongest upper bound so far obtained for the Earth remains to be
nm<116x109 griiil. See (8). |
Monopoles in the sun. In hydrogen we expect the Rubakov process to
happen effectively with the cross section
g~ 008_2 (1L

with % the high energy cross section of the order Lypical‘of strong interac-
tions. (00 could be suppressed to the order of (100 CeV)_Z. This suppression
will not alter the arguments given below, however.) The cross section (11)
may apply until it grows up for a small B to c~nd2 (d=mean distance between
atoms 1in matter), beyond which many-body effects will be important and cut-off

effects may start to work.

3 .
The prime condidate for srars rich in hydrogen is the sun[ 5]. The fre~
cucuey of the Zubakov effect in the sun is given by
f=|n (o,v )d3x
"1 RVrel
[ Pu 2
= con(|n — d3x)-(6xlO 3/cm3) (12)
0°)'m g
wicre ;;;th=(l—l.7)xlo_3 (T=106—l.GXlO7°K). We see in a typical calculation
[36]

of the solar interior that cH/B depends only weakly on the position in

the sun for OfﬁrEQ.S (Mr is the fractional mass in the unit of M) and it
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varies at most by a factor 3 in this range of Mr' Therefore we have

£ = (6x107 en’) N co<p /8. (13)

G

-
The strongest constraint un the monopole abundance in the sun is derived
[35]

with Nm the total number of monopoles Jd3x n
in a consideration of the neutrine flux Since the SU(5) monopole appears
in the (dg,e_) SU(2) sector, the monopole catalysis m+p+m+;‘ﬂ+ is Forbidden
The allowed AB#0 processes are: m+p~m+0+, m+pwm+u++rn‘ m+;ﬁm+p++(p“,q,m) etc.
In the third process pO, n and w immediately decay into pions. Then 7 is
absorbed by hydrogen before the decay, but 7' thus produced eventually decays
into u+, and u+ in its turn decays into :L+e*+ve mostly after it is stopped.
(Near the centre the absorption of - by helium reduces the “+ by a factor of
2.) We therefore expect the v flux with the average energy <EV >=35 MeV
eventually arising from the Rubakav process. (The v and 3r f1uR with

<Ev>=30—35 MeV also arises, but no 39 flux is anticipated.) There is yet

i ; O I | 0 . —. ok -
another process which gives v, s mtprarkl +K -, KO+(K€,KS), and hgw” e v, The
neutrino that appears in this process has a higher energy, but the expected

a
By 0
This process is not important, unless the y K~ mode dominates the proton decay.

flux is very small because of a strong K., regeneration effect in the sun.

Using the result of solar neutrino experiment with a C2C§$ detector ob-

37 -+37A*[38]’

serving ve+ Cire we may obtain a limit on the Y flux that might

arise in the Rubakov process, and hence on the monopole abundance in the sun.
. a y 2 2 ;
The capture cross section increases as E |, o « Y(E -£.)°|M.|" and is
v cap ; L I -
computed to be
7 41

e w0 4l 2 4
Ocap(ve+ Cg) = 8.5x10 cm (14)

[39]. |A shell

for Vg from the p+ decay using the Bahcall's matrix element

—d 24
model calculation gives o =9.9x10 Ll cm"iqol.
36 cap

caps/atomes, we obtain a limit on the Rubakov neutrino

] Allowing for the excess
capture rate 18NU=10"
flux on the earth

b
10« l.ZXlO‘/cm2~s s (15)
and hcnce,
27

< (1/4-8x10° go)- (o207 e 8 /0.5, (16)

~ hf =

(37]

N + ¥
Br being the average number of m in the catalysed proton decay (we expect in

+
§U(5) Br=0.5 in the proton decay without a monopole. The presence of mtprmte
[41]

may suppress Br by a factor of 2 ). Corresponding to this constraint the

. : =3
luminosity excess due to monopoles does not exceed lhElO L@, and the disturb-

i W . - ~6 4
ance of magnetic field at the surface AB R_Roslu Gauss. These values are

small enough and do not cause any effects on the evolutlonary scenario of the

sun. We notice that this bound (16) is stronger than any other bounds (see
e ”

af £y

cm ).

-
P = { =
(8)), unless ay<l0 x (10
We now discuss a possibility to detect a Rubakov neutrino, or at least to
improve the upper limit using a massive detector in the underground experi-
[42,43)
4.z,4

ment The Rubakov process in the sun corresponding to the limit (15)

and (16) produces 120 e events/1000 toneyr in a water detector, as

70 events for +‘6ﬁ 2 e_+17F (ref.44)
40 events for v 4e > e +u

e e
10 events for (G)+c— - e—+(53

a i : ) - +
On the other hand, atmospheric neutrino events (EVSbO MeV) (mainly ue+p»e +0)
do not exceed 0.2 events/l000 ton-yr at Kamioka, and 1.5 events/1000 ton-yr
[45]

at Ohio Then, in principle, it seems possible to measure the monopole

abundance down to
5 o D B -
n = (1/1x107 gr) (o, /107°7 en®)"H(ae/0.5) L (17)

In an iron detector, the large capture cross section (ﬁcap=(0.l7—0.69)

10739 cq2l46])

are expected corresponding to (16). In a water detector we may increase the

increases the sensitivity, and 700-2800 events/1000 ton-year

sensitivity by making use of NaCl solution, hecause of a large capture cross
section of C4 due to the presence of the analogue state in A [20 times larger
than G(ve+160), see (14)]. With 35% NaCf solution we expect three times more
events in the same detector.

[42 e .
vs‘l I Another candidate for stars rich

Monmopoles in the Jovian

in hydrogen is the Jovian planets (Jupiter, Saturn, Uranus and Neptune). It

has long been known from the infrared observation and the Bond albedo meas-

[47,48] A ; I < ) .
urement that there is an intrinmsic heat generation in these planets.

The magnitude of this heat for Jupiter and Saturn is now measured more

[49] 150]

precisely through the nearby-flight of Pioneer 10/11 and Voyager 1 3

= U s



The intrinsic heat for Jupiter and Saturn is (1.5—1.8)K10_6 erg/g-sec, almost

two orders of magnitude larger than the heat generation in the earth C’SXIO_B

erg/g+sec, which is usually attributed to the activity of Th, U and 39K. The

[48]

current view ascribes the source of this intrinsic heat to gradual release
of the gravitational energy liberated at the birth of those planets. This
scenario, however, fails to explain coherently the magnitude of the excess
heat in each planet and must invoke additional stories; downwards migration

of helium in Saturn and upwards comvective transport of heavy elements in

l48]

Neptune et
Here let us ask whether there is a possibility that this excess heat (or

a part of it) could be attributed to the Rubakov process taking place in the

Jovian planets. If the monopole distribution is reasonably uniform, eq.(13)

also applies to this case. 1In Jupiter thermal momentum is still larger than

the Fermi momentum or zero point oscillation momentum of the lattice. We then
a

use u:bth, and we see that

2970 . Bo=1

n (1/3-8x10"" gr) (9410727 en®) (18)

is required to account for the whole intrinsic heat of Jupiter. Contrary to

this, if monopoles behave like an ideal gas in the gravitational field of the

planet, the monopoles, in the absence of internal magnetic field, are concen-

trated in the core. The core is supposed to consist of rock and ice (mainly
[51]

I

1,0, CH,

of the core consists of hydrogen. Therefore monopole density required in this

and NHB)' Using an estimate ice/rockz14/5 , we suppose that 10%

case is

2,-1

a, * 171210 go) (o, /1072 ey 19)
In the presence of a strong magnetic field (~1000 Gauss) the required density
is well in the middle of these two typical cases.

For Saturn the argument follows similarly and numbers similar to (18) and
(19) are obtained. For Uranus and Neptune the intrinsic heat generation per
unit mass is an order of magnitude smaller than that for Jupiter and Saturn

(*0.2x107 erg/g+s for Neptune and 50.2x107 erg/g-s for Uranus[qu).

A princi-
pal part of their interiors consists of an ionic ocean of H30+UH_ (with dis-
solved NH3)[52], and the hydrogen component‘is ~4/36. We then obtain the
monopole density nm:(l/1—2><1015 gr)(oo/lO_Zl cmz)_l for these planets.

The monopole densities required to heat up the Jovian planets are consiSt-

ent with each others. We stress that they are about two orders of magnitude
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smaller than the limit (16), the strongest limit so far obtained for the ob-
ject in the solar system. I[n the last section we show that the monopole den-
sity in Jupiter may not be very much different from that in the sun (they
differ at most by an order of magnitude; see (27) below). Therefore the
possibility that the Rubakov effect heats up the Jovian planets is not yet
reprehensible. Furthermore if monopoles are present in the sun with the den-
sity (18)-(19), the Rubakov neutrino from the sun would be detectable in the
underground experiment [see (17)].

So far we have made an argument, by assuming that the whole intrinsic heat
is to be ascribed to the monopole, for simplicity. On the other hand, the
monopole heat does not cause a significant effect on the thermal evolution of
the Jovian planets, if the monopole density is slightly less. This is easily

[48,53]

seen by employing the adiabatic-convective cooling model The thermal

evolution equation with monopole heat is given by

P_dp
p2 dt

anrZa(r* - Ti -1 = _Jdm (35 =
where 4WRZGT:=(1 - Bond albedo)X(solar energy flux) is the solar heat absorbed
in Jupiter and &nRZJT:=Lm is the monopole heat, Using the equation of the
state for Jupiter, the evolution equation reads

x"

de = —a1 27 o @ + 470 ar
s m
After integration we see that the cooling time of Jupiter after inclusion of
the monopole heat does not differ more than ten percent from that without the
monopole heat, if the monopole density is by a factor of 3 less.
In table L we summarise, for convenience, the limit on the monopole den-
sity for various objects in the solar system. Direct comparison of the result,

of course, is not meaningful.

3 Rubakov effect in neutron stars and the limit on

the cosmic monopole flux

Strong bounds have been derived on the cosmic monopole flux from the ex-

[8,9,54,55]

cess limit on the X-rays from neutron stars In the neutron star

the Rubakov process releases energy at a rate

L= TNENOR vr(-‘].Nm 5 (20)
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B 1/3

where v ~VF=0.37(CN/3“101 gr) is large and the velocity dependence of

rel
the cross section is not important. (Nevertheless we still use (11), i.e.,
:VZCUOfBF22.7Cﬁ0 for consistency of our notation.)
When the monopole hits the neutron star, the monopole readily loses the

5 3 2 2 =1 S
[56] [dE/dx-~4m ﬂ_‘(\"-‘?,) P, q L1

energy because of a high electron density
(GeV/cm)B] and it will easily be captured by the neutron star. The total
number of monopoles accumulated in the neutron star in the period 1 is given
by

B
W s e 2 esc i "
Am A.Per L+ (-E——) | (21)

provided that the monopole-antimonopole annihilation does not take place sip—

3

nificantly, For R=10 km and M=Mg, Nm=*X1036(Fm/cm2-5asr)-(5/10— )-2. [n the

presence of sufficient numbers of monopoles neutron stars will be X-ray sources
as a result of monopole catalysed nucleon decay. An upper limit on the mono-
pole flux iIs obtained, if one finds a limit on the total luminosity L. Impor-

tant uncertainties arise not only in the procedure to find the source X-ray

Tuminosity LI , but also in the relation between L and L_when L  exceeds
[

f f
~1031 erges 57]: The relation depends much on the equation of state used

for the neutron star. (If the pion condensation does not occur, L:LY holds

33 [57]_)

up to LYSlO erg.s Let us summarise the arguments that were used to

: - s -3
give a limit on Fm and some critiques on them (we hereafter assume £=10 7):

(1) ‘the negative result of Einstein Observatory serendipitious searches for

[58]

discrete X-ray sources , when combined with the expected number density

of neutron stars, nNSE_aXlO_3 pc_j, leads to the luminosity limit 1315510_31

erg-s_l. Taking the neutrino luminosity into account, I..SlO_33 erg-s~ leads

Cola]

= i i
em “s Tr

-23 -2
LA Rl (00/10 cm ) g (22)

[54]

A critique to this argument is that the significant absorption for soft
X-rays in the interstellar matter [absorption length: 21b5=(6 pc) [E/O0.1 ke'\f]3

(nH/cmj)_l[SQ]

and the limit would be evaded if the number density of neutron stars (nNs) is

] reduces the sight to 100 pe (without absorption it is 1 kpc)

an order of magnitude less.

(2) The X- and UV-rays emitted by neutron stars contribute to the diffuse X-

f
and UV-ray background. Dimopoulos et a].lg] obtained 4 constraint (LY<3xLU3)
[59]

erg-s-l) from the measured diffuse X-ray background , assuming fing similar

to the above walue. Using our o,, their bound is

0’
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=2 =27 2, - -2 = - i

F. o< 210 60: /10 ! em) L cm s lsr 1 : (23)
m - 0

- [8] A S - 132 -1 oy

Kolb et al. estimated the luminosity limit LTS-*!D erge*s from the limit

3 gt . 60
on the total power radiated during the lifetime of the neutren star{ J, as-—

suming also the birth rate (~1/100 yr): Allowing for the neutrino luminosity,

lglo_gh trg-s-L leads to

2 27

%:U/lu”“ 2 et

T 2. -1
Fm < 1x10 cm) cm s Sr . (24)

¥

The absorption of X~(and UV-)rays by the interstellar matter will considerably

increase the upper bound on LY' This is particularly true for the former

> ! 6 N
aua]ysis[gJ, while the cut-off of soft X-rays (E¥>0.2 &eV)[ 0l makes the ab-
[BJ. On the other hand a decrease of

3 -1

~ -1
o (not DNS)' If L, 0
, say), the bound would be

sorption correction small for the latter

33

Nyg tauses an amplified luminosity (L) increase of -n
2

erg's-L would be allowed (a factor 1.7 less in fye

loosened to

7 2.-1 =2 -1 -1

Fm < 1><10_18(c50/10_2 cm”) em 5 Car . (24a)

f
(3) TFreese et al.IEJJ obtained a limit on the excess luminosity using an
observed (young) pulsar PSR1929+10 (1=3X106 yr). From the estimate of photon

luminosity LT=2.6Xl030(R/15 km)2 erg-s_l, the limit on the monopele flux is

w P gy g

’ (ITZ_HT) cm s Tsr . (25)

4
By

—23 =2 2
F < 3x10 " (5,/10 cm”) 15 i

The recent parallax measurement of PSR1929+10 suggests, however, that the

[61] [62]

distance to this pulsar is as far as 2250 pc rather than 260 pc they

2
used., If we adopt this new distance, LY is more than SXl03l(R/15 km)}~ and the

34

neutrino luminosity would dominate (L-10 erg-s‘l is allowed for R=15 km).

The bound will then be loosened and it is at most

Fm < 6x10 (00/10 cm )_l cm—zs—lsr_l . (25a)

In summary, although most of the reported upper limits on the monopole flux is
=22 ja=25 -2 =1 -1 ~27 .2 . :
as stringent as Fr<10 -10 em s sy T for 30-10 em™, the safe limit
o
obtained after allowing for various uncertainties is much loose and it is of

the order of



£ 10786710727 en) en i sr Y (26)
With the present knowledge on the neutron star interior, it seems diffi-
cult to conclude whether the monopole-antimonopole annihilation would signifi-
cantly reduce the moncpole number captured in the neutron star. We ghould
bare in mind that monopoles could well be concentrated in the small region
near the centre under the very strong gravitational field, if the neutron star

is normal cenducting , and the amnilhilation could reduce the numher[ﬁgl.

6. Local monopole [lux

There is a suggestion that the local monopole flux might result from a

diffuse cloud of monopoles which are in newtonian orbits about the sun, and the

[21]. A model calculation shows that

[64]

local flux may be significantly enhanced

16 near the sun. In

an enhancement up to —0|50(Mm/10 Gev)2] is possible
any case the local monopole [lux may well be different from the average flux
in the galaxy.

For ordinary stars whether the monopole which hits the star will stop or
not depends on the velocity and mass of monopele. The Eddy current energy loss

for the sun is165J

€E = ~(10 ~ 100) Gev onig Lep
¥

depending on the position in the sun. A monopole with the velocity [5-10_3
that particularly concerns us will be stopped in the sun. Assuming a similar
energy loss for Jupiter, it is shown that monopoles moving more slowly than
B=10-3(Mm/1016 GeV)_l will stop even in Jupiterlsél. A more elaborate calcu-
[66] shows that a monopole

GeV)(B/lO_J). So far as

lation for the deceleration of monopoles in a plasma
will stop in the sun in a distance £:0.0] R@(Mm/1016
the monopole stops, eq.(2l) applies for the total number of moncpoles captured
in stars, In the ordinary star the gravitational field is not strong, and a
care about the monopole-antimonopole annihilation is not necessary.

Thus the ratio of monopole density captured in the sun and Jupiter is

nm(a)
e 75 Vb (27)
nm(J)

for Mm~1016 GeV and 8-10-3. We expect that the monopole densities for these

stars are not very much different.
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One can also obtain a limit on the local monopole flux from (16),

B % 1,2610° %% o %Y

st (uo/w'” end) Lae/a.5)7t (28)

which is comparable to the limit from the excess luminosity limit of neutron
stars. The monopole flux which provides the monopole abundance required to

[42]

account for the excess heat in Jupiter is »

Fov 1107220 /1072 en) ! emZer s, (29)
or less when there are some monopoles in rocks which would be captured at the
time of formation of Jupiter. It is most likely that this flux is smaller
than the limit obtained from neutron stars.

We also note here that the search for the solar Rubakov neutrino could

4
explore the monopole flux down to[ 243

A 6x10'2“(c0/10“27 cn?) o i B s (30)

corresponding to (17), 1t has been thought that any direct search for mono-
poles on the earth is by no means possible, if the monopole flux is as small
as that originally derived from neutron stars. Searching for the neutrino
flux from the sun, albeit not direct, will provide us with a unique method,
by using the sun as a collectoer, to search For monopoles at a prohibitively
small flux.

A situation for the limit on the monopole flux is summarised in fig.l.
I have benefited from conversations with J. Arafune, K. Hayashi, H. Sato,

H. Suda and S. Yanagita on the subjects in this talk. T am also grateful to

Professor D.J. Stevenson for his useful correspondence.
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Table 1. Limits on the monopole density for various objects in the solar

system.
n Refs
m
meteorices <5x10 g 67
(induccion expt.)
lunar materials <1.7x10" Vg 68
(induction expt.)
the earth jSXlO-SJg 24
(monopole-antimonopole
annihilation heat)
iron ore 52.3*10-6/3 69
(induction expt.; heating
the sample above Curie temp.)
-8
the sun <5x10 /g 21
(lifetime of magnetic field)
-10 4
the earth <2x10 ~/g 21
(lifetime of magnetic fleld)
the sun 52*10_13/g 35
Sk S B B
(Rubakov neutrino, Davis' expt.) X(OD/IO 27 cmz) l(Br/O.S) 1
5 -15
Jovian planets :(1-2)x10 /g 42

(Rubakov heat) X(UO/10—27 CmZ)—l

Figure captions

Fig.1. Limits on the cosmic monopole flux. The region below the curve is

"forbidden". The notation shown are as follows: (1) dE/dX, counter

2 .
oxperimontslll]; (2) 1, induction experimentsll“]; (3} G, geochemical
2
measurements searching for monopole-nucleus composites‘"sl; (4) PARKER;
liferime of the galactic magnetic fieldllﬁl; (5) HDI. cosmological mass

density for unclumped menopoles; (6) MD,, dynamical mass of galaxy (for
clumped monopoles); (7) NSI’ excess X-ray luminesity of neutron stars
(original leit)[a'Q]: (8) NS,, the "safe" limit from excess X-ray

luminosity of neutron stars; (9) SOLAR v, Rubakov neutrinos from the

|

sun 35 (using the Davis' expt.); (10) J, dintrinsic heat generation

r[34.42];

in Jupite {11) SOLAR v (future), an expected limit which may

be accessible in underground experiments searching for Rubakov

, [42,43]
neutrinos .
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It has already been abaut two years since Rubakov [1] and Callan [2] pointed
put the fascinating possibility of monopole-catalyzed proton decay. Since then,
numerous investigations have been made [3] and our understanding of the phenome-
non has certainly been deepened. This, however, does not mean that we have the
complete grasp of this intricate subject. There still remain a couple of impor-
tant issues, clarification of which is needed in order to speak confidently of
the "fast" decay of a proton in the presence of a monopole.

In this talk, I wish to discuss some of these issues, while recapitulating
what we have learned in the past two years. To make the discussions understan-
dable to non-experts, I shall first present the essence of why a GUT monopole may
induce proton decay, with minimum of mathematics. I shall then go on to a
critical reassessment of this "standard" story and discuss some of the unsettled
isgues. They include; the question of the boundary condition at the monopole
core, the role of the weak interaction scale, and the effects of higher partial
waves, The effects of the strong interaction, which is obviously the most

difficult one to deal with, will not be discussed in this talk.

2. WHY CAN 4 GUT MONOPOLE CATALYZE PROTON DECAY?

Let me first describe the essence of why a GUT monopole may induce baryon
number violating processes without suppression. Consider, for simplicity, a
't Hooft-Polyakov type SU(2) monopole [4], which is embedded in a peculiar way in

>
the standard SU(5) GUT. Namely the generators, T, of the SU(2) group (to be
denoted by SU(Z)“) are chosen to be

, (1)

where T are Pauli matrices. For one generation of fermions in the 5 and the 10

representations, there are four Weyl doublets for this SU(2) group:

c
d3 u2
(2)
e+ u
L R,L l)R,L

(1,2,3 are color indices)
Obviously one can see that the upper and the lower members of these doublets
carry different quantum numbers with respect to the color hypercharge, the

electric charge, the weak hypercharge, as well as the baryon number. Thus it is

- 62
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not unreasonable ro anticipate that something exotic might happen around such

a monopole. In fact, by rather simple arguments, we can list tlree features
which strongly indicate that indeed peculiar physics should take place.

(i) As is well-known, an SU(5) monopole has a tiny core of size I/Mx (Mx is the
X boson mass) inside of which the relevant SU(Z)M Higgs fields, in this case a
part of 24 of Higgs, practically vanish. This means that SU(Z)H is a good
symmetry inside the core and it requires little energy to cause transition
between the upper and the lower members of the SU(Z)M doublets. Thus we should
expedt to find, e.g., dy and eT with equal probability;

’JBRI = |e+R| . b, (3)

This means in particular, the baryon number is indeterminate inside the core.
(i1) Now indeterminacy of some quantum number is not sufficient to cause a
reaction which actually changes these quantum numbers. In this regard, the
peculiar nature of the special partial wave, namely the one with J(angular
momentum) = O, plays a crucial role. As was recognized long ago, there exists

an extra angular momentum In tlic system of a monopole and a charged particle.

In the case of SU(2) monopole, it coincides with the "isospin" T. 1In the regular
gauge, where all the fields are smooth and the Higgs field points along the

radial direction, the expression for the total angular momentum J takes the form

J=L+8+7F , L:=7«3 , (4)
where § is the ordinary spin and f>represents the extra "spin". For the

isospinor, spin 1/2 fermions of our interest, § = 3/2, and T = ?/2, where o and
T are two independent sets of Pauli matrices. Because of this extra spin, one
can combine f,g, and T to form a state with zero angular momentum., What is so
special about this state? To see this, form a scalar product of 3>with r, the

unit radial vecter. One obtains

Jr+Ter=0 . (5)
Since the Higgs field points along r in the isospace, 1/2+r is nothing but the
unbroken U(l) generator, which we shall hereafter call Tj—charge. (T-% becomes
T3 in the 'physical' gauge, where the Higgs points along the third direction).
Now in the asymptotic region, the momentum 5 for the outgoing (incoming) wave is
in the same (opposite) direction as r. Thus g-r is (minus) the helicity for the
outgoing (incoming) wave.

We now see that in the J=0 sector, the helicity and the "charge" are

5 HEY

intimately connected. Eq.(3) says that there are two cases: (a) If the "charge"
is unchanged during a process, so is g+r. But this means that the helicity of
the incoming and the outgoing waves must be different., This is the helicity-
flip charge-non-flip case. (b) If, on the other hand, the charge (s not
conserved, o7 must also change and this leads to the helicity-non-flip charge-
flip process. What is important is that either (a) or (b) must occur for J=0.

In the case of an abelian (Dirac) point monopole, the gauge field cannot
carry charge and the case (b) should not occur. In fact this was explicitly
checked some time ago [5]. Due to the point singularity of the abelian monopole,
one must restrict the fermion wave functlons to those which satisfy a certain
boundary condition at the monopole position in order to ensure the hermiticity
of the Hamiltonian of the system. This boundary condition is such that it
connects the right-handed and the left-handed components and effects the helicity
flip scattering.

For a non-abelian monopole, the situation is guite the contrary. First, it
is a smooth object with no singularity and hence no such boundary condition
exists. This means that for massless fermions, which we shall consider hereafter,
there is no force which mixes right and left handed components. (To be precise,
of course there is the axial anomaly, which violates the chiral symmetry. But as
it will be pointed out later, this turned out to be inessential in understanding
the gist of the catalysis process.) Secondly, non-abelian monopole cam carry
charge; it can make transitions to and from the so called dyon states. Thus
these features say that the case (b) should occur for the non-abelian system.
(ii1) Another important feature of the J=0 sector is that such a partial wave
does not feel any centrifugal barrier. This means that the baryon number
violating process under discussion will not be suppressed. More precisely
speaking, this is a feature characteristic of the sector with minimum possible
angular momentum, net just for the "S wave" case. Since we are talking about the
feature outside the monopole core, it suffices to discuss the case of an abelian
monopele. The extra angular momentum in that case is of the form *egQ, where e
and g are, respectively, the electric charge of the fermion and the magnetic
charge of the monopole. Due to the famous Dirac quantization condition, the
product eg, which we shall denote by q, is either an integer or a half integer.
Then the minimum value of the orbital angular momentum (denoted by f), including
now —egf plece, is |q| and, when coupled with the spin of the fermi field, the

mwinimum total angular momentum Join 8 |a| = 1/2. The one particle wave function

in
of the fermion satisfies the Dirac equatiom,
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(4 + de Koo 2 B0 =0 . (6

Operating P once more brings this to the form

a9 2
g2 . Ly 2, L a0 sca . 7
(nt - ;Earr Sr + rz ger r2)1 0 (7)

Now for J-Jm , we substitute

in
%2
L% = |q| (|af+D) _
(8)
> A
Grr = q/lqi g
where the second equation is nothing but FEq.(3) for the abelian case. We then

get,

=10 . (9)

(ai - _% a1:1'2?’1’ " J_S].E_ - J-—CIJZ—);'J :
£ r r min
We see that, regardless of the value of q, the centrifugal barrier due to the
extra angular momentum is precisely cancelled by the coupling of the Dirac spin
to the magnetic field.
Putting together the three points we have listed, it should now be clear
why a GUT monopole is expected to induce baryon number violating processes with

unsuppressed (hence probably strong interaction) rate.

3. STANDARD ANALYSIS

In the previous section, the essence of why a GUT monopele can induce baryon
number violating processes was described in a pedagogical manner without using
much mathematics, Now to gain deeper understanding of more dynamical aspects of
the phenomenon and to discuss some intricate and important issues, we must give
a bit more detailed account of the analysis performed by Rubakov, Callan, and
others. In this section we shall review what may now be called the "standard"
analysis and leave its critical examination to the next section.

Let us begin by summarizing the strategy of Rubakov and Callan. Obviously
to solve the entire quantum-field-theoretical system of a non-abelian monopole
and fermions is hopelessly difficult. We must make a sensible approximation,
and the following simplified picture is expected to give a good account of the
process. Since the mon-abelian nature of the problem is effective only within
the tiny monopole core, vne first replaces the dynamics inside by a set of

effective boundary conditions on the fermi fields at the core, which {s ohrained

by solving the Dirac equation in the background of a non-abelian monopole field.
OQutside the core, the monopele field is ol abelian type, and, by making use of
the spherical symmetry of the J=0 partial wave sector, the system turned out to
be reducible to a Schwinger-like two dimensional field theory. This was exactly
solved by Rubakov and Callan (by diffevent methods), and baryon number violating
fermionic condensates were found ta form.

Let us be a little more specific. Consider, for simplicity, a model SU(2)
gauge theory with a doublet of Dirac fields

] (10)

Here and hereafter R and L denote chirality. In the J=0 sector, the Weyl doublet
¢R can be writren in the form
L

7

f, BT
(R+(r,t)n+ n+R (r,t)n’ n+) s (11)

Y = —

Mo

L
where n’ and n, are, respectively, the two component Lorentz and SU(2) spinurs

4

which satisfy

+ ~ 1, . A

gern, = IN, (12
b4 + 1

e | T )

TR, =-En, .

Of course we have a similar expression for the left handed component. As for the

gauge field, we shall take into account only the S wave (Coulomb) excitation,
which will be represented by ). It is related to the radial component of the
gauge field by

B ooil = oA . -~ 8% = oH
Ar A er, Lr . atBrA v (13)

Then with a bit of algebra, the original four dimensional action,

[ .4 L TR a, a 8
L& x[- T F FivEa +tVIY G +@A 4 5010, (14)

can be reduced into the following form:

oo 0 2
. 4 .
1= at [ dr,~2’§ an®+ 4 k232
Ao 0 e €

: 3 —
+ ‘LIERN + hmléLN
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+§ (RyiveR + Lavly (15)

We need to explain various symbols in the above expression: The function K(r)
describes the extended nature of the non-abelian monopole and has the profile
depicted in Fig.l. K is equal to cne at the origin and it falls exponetially
like exp(—MXr) for large r. The gamma matrices in (15) are the two dimensional
ones and our convention is Y0=02, Ti = i01 and v = Oy. They are defined in the
isospace. RN and LN are two component, charge-neutral spinors which are defined
by

¥ -

iy R

RN =l 3 2 :R R - +
X -iR (16)
L, = —EYSL L
N € ’ o
<iL

Let us look at the second term of Eq.(15). As we saw, inside the core the
K function is of order one. So if the gauge coupling is sufficiently small,
lvkz/cz is large and the fluctuation of 3 should be negligible. This means that
* and the fermi field practically decouple and we may solve the one particle

Dirac equation inside the core:

i8Ry + Kir) iYgRy =0 .

(Similarly for LN>

(17)

Upon solving this one finds that at the core, i.e., ru=l/MX’ for the energy E <<
MX' the fermion fields satisfy the condition (hereafter called RC boundary
condition).

e = Ry
Lye = Ino

This corresponds, in the case of the SU(3) theory, the baryon number violating

at r=r . (18)

relation discussed in Eq.(3) of Section 2.
Outside the core, we can set the K function to zero and we need to solve the

following simplified theory, supplimented by the boundary condition Eq.(18):

]uutside b J ;

+ RNLBRN 4 L 15L

(19)

t
m(/-
—
l"l

OyS L RNY ¥ RL))
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This system can be solved exactly either by the path integral method or by the
bosonization technique. We shall not go into that in this talk, Instead, we will
summarize the results of such analyses below.[1,2,3]

(i) Charge-neutral baryon number violating four-bedy condensates form with the
magnitude ~ 1/r6. As far as the chirality is concerned, these condensates

include both chirality-violating and chirality-preserving ones. Existence of the
latter type clearly shows that the primary cause of the condensation is the
effective boundary condition at the core, not the chiral anomaly. The role of
the anomaly is to allow the former type of condensates to exist.

(ii) Although the one particle boundary condition seems to violate the electric
and the color charges as well, actually, they are happily conserved: Charged

condensates are suppressed by the factor

2
. 1+ & 2 4+ 0(a")
?(L) 2 : (for -;— 1’_ >> 1) N (20)
(& Y

which vanishes as the size of the core, £y, Boes to zero. This is of course due
to the large Coulomb energy required to form such a configuration. The fact
that the suppression factor is not exactly zero simply describes the polarization
phenomenon illustrated in Fig.2.

Thus we see that, as far as the leading approximation described above Is

concerned, the kinematical arguments of Section 2 are well-supported.

4. CRITICAL EXAMINATION OF THE STANDARD ANALYSIS

We are now ready to examine the validity of the standard analysis, which
we have just reviewed.
I. The first question to ask is if the effective boundary condition adopted in
the standard analysis is truely correct. As the catalysis process crucially
depended upon this boundary condition, it is of extreme importance. Let us
recall that the boundary condition was derived by solving the one particle Dirac
equation inside the core with the "justification" that, for small 22/4", Ais
practically frozen there. This "justification' can be challanged. We know that
the concept of the monopole core is only an approximate one and the true
situation is like that dipicted in Fig.3. There must inevitably be a region
(region C) where K function is neither close to 1 nor to zero. In this region,
i(Coulomb) fluctuation is not negligible and it couples to the charge deposited
in the core, which is dictated by the RC boundary condition. This should cost

Coulomb energy of order eZMx and one may wonder if it does not spoil the boundary

= B8 —
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condition itself.

Yamagishi [6] studied this question in some detail by means of a variatlonal
calculation, where parameters are introduced to represent various boundary
conditions. His conclusion was that as the ratio of MX to the fermion mass goes
to infinity, the helicity flip, not the charge flip, is favored.

Does this result then tell us that the RC houndary condition should be
modified? Not necessarily so. Even if the boundary comdition is such that it may
seem to cost a lot of energy for ome particle motion, it is obvious that a group
of two or more particles with zero net charge, if they are close together in
space and in time, can move freely without costing much energy. This is in
accordance with the result described in the previous section that neutral con-
densates form without suppression while those with net non-zero charge are very
much suppressed. Since this discugsion applies to anmy charge coupled to a "long
range" force, we may summarize as follows: As long as we can arrange particles
such that the process does not leave behind met gauge charges in a "small" region
of space around the monopole, then the "charge-violating" one particle boundary
condition is perfectly OK, leading to unsuppressed amplitudes.

I1. The preceding discussion in turn suggests that we should examine the balance
of all the guage charges in SU(5) theory. For this purpose we have listed all
the gauge quantum numbers carried by the SU(Z)M doublets of fermions in Table 1.
Let us now try to write down the most energetically favorable barvon number
violating processes, namely the omes for which no net gauge charges are deposited

in the region around the monopole. One such process is

ul + u2 —.d e+

Lo
LT YR R oL * e

(This can proceed via X boson exchange.) This reaction, however, won't go due to

the helicity-charge constraint, i.e., Eq.(5). For example, consider EI' For
this field, g+r = -2T, = 1, while 3.p = -1. Thus p = -f, i.e. it cam only be

incoming, and cannot 2ppear on the right hand side of Fq.(21). In fact this

is not a special example; we can easily prove the following.

1. Regardless of the boundary condition (and the number of fermion generations),
every process, involving J=0 fermions only, must leave behind a net non-zero sum
for at least one of the gauge charges. Proof: First consider the weak isospin
£

3
3

« It is clear from the table that for every particle (and anti-particle),

3TW = e W <

3 3out TJin =% ! =

where the equal sign holds only for the right handed omes. Thus tec ensure
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.| . 5 3 .
”iq = 0, all the particles participating in the process must be right handed.

But for every right handed particle, 4Q > 0. Thus EAT§ = 0 and T4Q

M = 0 are

‘ EM
incompatible. gq.e.d.
2. Tor the TK viclating RC boundary condition, coler and the electromagnetic
charges are violated or preserved together. (Proof is easy and omitted)

By looking at Table 1., one can immediately exhaust all the pussible baryon

number violating processes which preserve color and QFM' There are only twelve

of them.
U, o+, —— d5 4 et
™ ey, 3R ¥ ER
al +df i
f, g Uig F Ugp )
= c C
ey
Y t g = Be, ¥ A
las +
Uag, 8 > upg +dyp
u + d.,. = : uC + e+
ot 3 > up teg
c - s
Uay + gy, 7 Mg teg
- { o4 c
Yy *eg 7 vyt dgp
. +
Up ¥ oL T Uy tdy
Yo B35 5% 4o ¥
1L " 3R b
2 [ad i
uig *dg 7 up tep
“ _ _
Hag oF Vi > day F By
el +d,. —> ¢ ¢
R 93 Gy, Uop (23)

As was shown in 1, for all these processes, the weak charge is not balanced.
Now the question is; how much emergy would it cost because of this?
This is not an easy one to answer. The reason is that, as it will be

explained, both Mw and MX are involved in this business., Since ﬁTg # 0 does not

mean much in the region where weak SU(2) is broken, we must first look for the

region where it is no 3 r P = of Hi hi

g € it is not broken. The part of 15. the 5 of Higgs, which controls
the breaking of SU(J)N, is a singlet with respect to the SU(Z)H. That is, it
feels the presence of the monopole only indirectly through its caupling to the
- 2 o = ~F s ’ . 2 )
SU(2) non-singlet part of the 24 of Higgs. Since this occurs enly within the
Core, we expect <¢

Gy 7 to be equal to EMW‘ the vacuum value, all the way down to

o Tharld I 3 3 =3
the core. Whether weak SU(2) is restored inside the core Is a difficult dynamical
iy £

question, which hag not been studied in the literature. If it

: is restored, then

W
T Y : 1 oo ere } 2 Z v f we
5 must be balanced there by exitation of weak-charge—carrying fields and ane
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must evaluate the excitation energy to see if it is large.

ITI. The third and the final topic I would like to discuss is the role of the
higher partial waves, which, through radiative corrections, can affect the physics
of the J=0 sector we have been discussing. One might say that because of the
smallness of the fine structure constant g the radiative effects must be a tiny
correction, This, however, need not be so in the strong magnetic field of the
monopole. There are two effects which come to cur mind.

(a) The first is the effect of the anomalous magnetic moment of the fermi field,
which we have been neglecting. It is known [5] that if a constant extra magnetic
moment, «/2n, is put in by haod, the wave function of the fermion is very much
suppressed near the menopole position. The suppression factor at r & IIHX is of
the order exp(-aMX/(hrm)) which is extremely small. Of course in reality‘we

must take into account the effect of the form factor. Although such a calculation
has not been done, the works of reference |7], which dealt with the case of the
strong uniform magnetic field background, give a gcod hint. If we denote such a
magnetic field by H, these authors found that the usual expression (u/27)(e/2m)H
for the anomalous term is replaced by the expression (ml/iv)(fn(2eH/m2))2 in the
case of large H. Because of the slow logarithmic growth, this indicates that

the suppression of the wave function near the monopole core due to the anomalous
moment should be inmaterial.

(b) The second issue is the decay of the J=0 wave by bremsstrahlung into higher
J states. If this happens at a sufficient rate, the centrifugal barrier present
for the higher partial waves would suppress the catalysis process. The differ-

ential rate for the process shown in Fig.4 1is given by the expression

dWE

NV - 1 F &, E+m k' ‘ "
ap 05—1,1 j£1 2(21+1)ET;; ‘I:drk I_[JVETE:I)+%Ik'r)Sin(kr+°)

- cg'ﬂ.l : (k'r)cos(kr+4) 1J (pr) 4
Etm ~ /305D 2 j+1/2'PF

=

M_ 2 o Etm| . . 1 k' )
dp - o=-1,1 381 2(2j+1)E'+m'[:dr“2j+l E—[J,5(j+1>+%(k'r)51n(kr+5)

% [Jj+3/2(pr)(cj+/j(j+l)) * 35 170PT) (oGt + JGHD ] (24)

E'+m ,
T O Erm Y j(j+1)-—“'-(k rjcos(ke+é)
2

J
343/20p1) (03T GHD) - 3 (pr) (o(§+1) + GFN 112 ,

j=1/2

- 71 -

oy =y,
where J_(2) is the Bessel function of order v, E'=E-P, k=/E®-m®, k'sVE'“-m*, and

5=%tas-1(m/E)‘ The subscripts E and M stand for electric and magnetic photon
Analytical evaluation of these expressions seems quite

[8](In the case

emission respectively.
difficult and numerical study is currently being carried out.
of a quark, gluon emission rate can also be computed im a similar manner.) One
can also ask about the effect of virtual emissions. This is more complicated

due to the necessity of performing the renormalization, which is cumbersome in
the angular momentum basis we are forced to stick to. We hope to be able to

report on this subject in the near future.

5. EPILOGUE

Although it is clearly not possible, in a talk, to cover all the aspects of
the fascinating subject of the monopole-catalyzed proton decay, we hope that the
essence of the phencmenon and some of the remaining problems have been spelled
out.

Due to the inherently non-perturbative and many-particle nature of the
process, it is not easy to get clear cut answers to these problems. 1In particular
we emphasized in this talk that various energy barriers should be further examined.
In our opinion, the role of the weak interaction is not yer clear and the effects
of the higher partial wave sector need to be quantified. If these turn out to
be small effects, one must still understand the most difficult part of the
problem, namely, the strong interaction effects, in order to get a good estimate
of the rate of the catalysis phenomenon. We certainly need ingenuity and a lot

of luck to observe this fascinating effect. Let us hope for the best:

- o -
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(For anti-particle,

(”i!‘l") )

Table 1.

change all the signs

TABLE CAPTION

and replace "in" ("out") with "out"

Gauge and other quantum numbers of the SU(2) doublets in the SU(3)

theory are tabulated, together with the incoming or outgoing nature

of the fields.

W

QEM is the electric charge, AB and A3 are the color

hypercharge and the color isospin, respectively, T3 and Yw are the weak

isospin and the weak hypercharge, B is the baryon number, and T

SU(2)M charge.
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FIGURE CAPTION

Fig. 1. Profile of the function K(r) which describes the non-abelian nature of

the monopeole.

Fig. 2. Charge polarization phenomencn around & moenopole.

Fig. 3. Structure of the monopole "core'", A and B are, respectively, the abelian
and the non-abelian regions, while C is the intermediate domain.

Fig. 4. Lowest order bremsstrahlung process in the field of a monopole. The double

line indicates that the wave functions are computed in the monopole

background.

ERRATA
for
"Issues in Monopole-Catalyzed Proton Decay'
Yoichi Kazama

National Laboratory for High Energy Physics (KEK)
Tsukuba, Ibaraki, 305 Japan

In the preprint (XEK-TH 81) with the title above, there was a
serious error concerning the conservation of the weak change. First,

J
in Table 1, the entries for the column under Tk should be changed to

3

-1/2, 0, 0, 1/2, 0, 1/2, -1/2, 0 .
Also 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 in Eq. (23) of the text, and the discussions concerning its non-—
conservation should be disrepgarded. 1 am grateful to Ashoke Sen for

pointing out these ervors.
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Present Status of Monopole Search
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ABSTRACT
Searches for slowly moving magnetic monopoles have been performed with a
combined detector of propartional chambers and scintillation counters. In the
first stage, the scintillation counters were mainly used. In the second stage,
the proportional chambers filled with helium gas using the Drell et al. mechanism
were mainly used. We have no candidate for the monopole in either

**)

measurement.

*) Present address: Department of Physics, Virginia Polytechnic Institute and
State University, Blacksburg, Virginia 24061, U.S.A.

%%) This work has been done with the collaboration of S, Matsuneo, T. Kitamura,
T. Aoki, Y,K. Yuan, K. Mitsui, Y. Dhashi and A. Okada.

L. Introduction
I reviewed recent experiments of monopole search inm this conference. But
there are some good rcviewsl_5 about them. So in this paper I will descrive

only our monopole search experiment,

2. Experimental Apparatus

Figure 1 shows the experimental apparatus for the monopole search. This
apparatus consists of nine layers of proportional chambers (PRC), six layers of
scintillation counters and fourteen iron layers. The size of the apparatus is
about 3.9 m (width) by 3.2 m (length) by 2.4 m (height). The number of SC's in
each layer {s nineteen. Each SC has area 240 x 20 crn2 and thickness 1 cm. The
number of PRC's in each layer is four. Each PRC has an effective area 246 x 92
cm2 and thickness 2 em, The thickness of the iron layers is 12 em for the
inner lavers and | cm for the two outer layers. The time of flight was measured
with time-to-digital converters (TDC) for the PRC's and the SC's. Ionizationm
losses were measured by analog-to-digital converters (ADC) for the PRC's and
SC's. The derector is situated on the ground near sea level at the Institute for
Cosmic Ray Research in Tokyo. Details of the detector and the data acquisition
system have already been reported elsewhere.6'7

Our experiment was divided into two stages. The experiment was performed
mainly by using the SC's to set the energy threshold at a low level in the first
stage, and mainly by the PRC's utilizing the Drell et al. mechanism and the

Penning effect in the second stage.

3. The First Stage Experiment
In the first stage of our experiment, a trigger signal was generated by

using signals from the SC's. The velocity region of the trigger was between
lCP—4 ¢ and 0.1 ¢. The area-solid-angle product for this trigger was 11.0
mZSf.

The ionization loss calculated by Ritson is shown in Fig. 2. Threshold
levels for the SC's and the PRC's were set at 1/20 minimum ionization (Imin) as

shown in the figure. PR gas (Ar + 10% CH,) was circulated through the PRC's.

4 ¢ to 0.1 ¢ can be measured if

Monopoles with velocities from 2.5 x 107

Ritson's calculﬂtionl1 for the scintillator is valid. However, the lower limit
-4

on velocity to detect the monopoles with a scintillator may be about 6 x 10 o
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2
if the ionization loss mechanism suggested by Ahlen et al.]' is valid. No

candidate for the menopole was obtained during the live time of 3.3 x 103 h.

=3F R e
The upper flux limit of 1.8 x 10 1 cm s ls 1 for the magnetic monopole
is obtained at a 90% confidence level. Details of the first stage of the

experiment have already been reported else where.7

4, The Second Stage Experiment

In the second stage, the gas in the PRC was changed to He + 10% CHA' A
research work of the PRC with this gas has been reported.lo

Drell et al.13 have shown that large energy losses occur for low-velocity
monopoles in helium gas. When the monopole goes through the helium gas, helium
atoms are excited as

He = He*
where He* is a metastable state of the helium atom. This He¥* collides with a
methane molecule, which leads to an fonization of the methane through the Penning
effect as follows:

Hex + cH, »Mue +ont 4 e,
Bortner and Hurst™  have clearly demonstrated this effect inm any arbitrarvily
mixed combination of helium and methane.

The calculated curve for ionization loss of the monopole in He + 10% CH4
is shown in Fig. 3. The efficiency of ionization for the Penning effect is
estimated as 831,15 and a new calculation of the Drell et al. mechanism,16
which i{s smaller than the old one by a factor of 2, is used. The ionization loss
of the monopoles with large velocity is calculated by using Ahlen's formula.]7

The trigger signal for the second stage were generated by the successively
delayed sixfold coincidence of respective layers of PRC's. The threshold level

for the ionization loss in the PRC's was set at 3 Im The trigger efficiency

in”
for sixfold coinclidence is estimated to be 1.0 for an energy losses larger than

about 7 ]m The area-solid-angle product for this trigger was 24.7 mzsr

which was izre than twice that used in the first stage.

No candidate for the monopole was obtained during a live time of 3.6 x 1.03
h in the second stage. The upper flux limit of 7.2 x {0712 o duihg
for the magnetic momopole ig obtained at a 90% confidence lavel over a wide

velocity range from n3 XlO_A ctol c.s'9
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The present upper limit of magnetic monopole flux based on the first and the
second-stage measurement is shown in Fig. 4 together with other experimental

results.

5. Conclusion

The upper limit of the monopole flux in the first stage measurement is 1.8 x
10_12 cm—zsr_is—l at a 90% confidence level over a velocity range from
2.5 % 10_4 to 0.1 ¢ if Ritson's conjecture is valid. The velocity threshold
may be about 6 x 10"4 ¢ if the energy loss calculated by Ahlen et al. is valid.
The upper limit of the monopole flux in the second stage measurement

utilizing the Drell et al. mechanism and the Penning effect is 7.2 x 10—13
=2 =1 =1 ¢
em “sr s © at a 90Z confidence level over a wide velocity range from 3 x

-4
10" ¢ to 1 e. These limits exceed the theoretical upper bound of A3 x 10—12

= =
cm 25: = 4 presented by Arons and Blandford18 for a monopole mass of
1
10 . GeV. It is difficult to reconcile the first candidate measured by

Cabreralg with the present null results.
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Figure Captions

Fig.

Fig,

Fig.

Fig.

1. Schematic view of monopole detector.

2. The curve shows the calculated ionization loss of magnetic monopoles
having the Dirac charge, as a function of velocity in a scintillator
(Carbon) and in argon gas. These curves are calculated by Ritson.
Threshold levels for our detector are also shown. P, proportional chamber;

S, scintillation counter.

3. The curve shows the calculated ionization loss of monopoles having the

Dirac charge, as a function of velocity in a mixed gas of helium and 10%

methane.

4, Compilation of upper limits on the flux of magnetic monopoles as a
function of velocity B at a 90% confidence level for ionization/excitation
experiments. The broken lines mean that it is impossible to measure if
calculations for the energy losses taking into account the binary encounter

approximation for scintillators and argon gas are valid.
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Underground Searches for Anomalous Penetrating Particles

8. Orite

Department of Physics, Faculty of Science, University of Takyo,

Bunkyo-ku, Tokve 113, Japan

ABSTRACT
A series of experiments are being performed at XKamicka Mine in search of
ancmalous cosmic rav particles such 3s GUT magnecic monopoles. heavy slew
charged particles and relativistic fracrionally charged leptons. We reportz on
the results From or che status of: 1) Seinrillacor telescopes of 22 m2se®),
7) Seinrillator telescupe of 110 alseh), 30 Plascic crack detector CR39 of 2500m-

¢rtt), 4) Protype study of a large area He drift chamber.

Physists involved are:

%) K. Xawagoe, S. Nakamura, M. Yozaki, T. Mashimo and S§. Orito

+) K. Nagano, K. Anraku, T. Tsukamoro, K. Xawagoe, S. Nakamura, M. Nozaki and
S. Orito

++) S. Nakamura. K. Kawagoe, K. Nagano, M. Yozaki, S. Qrito, T. Doke, T. Havashi

H. Tawara and K. Ogura
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"he main motivation of our experiments is the direct search for super-
heawy ZUT magnetic monopoles o a smallest sossibie fluxes given che limired

available resources®). The experiments are however sensitave also to super-

heavy slow charged (fracrional on integer) particies as well. Tt is conceiv-

s 3 g === g
able that such particle ex1sr1)'")ana might be produced in very early Universe.
Such particles could be stable =sither dué to their fr

raccional charges or the

new conserved guantum number thev might posess.

GUT magnecric monopoles or such anomalous charged particles, being super-
heavy, would have had neglishiblly small snergy dissipation relative to their
kinetic =nergy in rhe process of galaxy formation, and are unlikely to have been
trapped in che terrestrial marerial. Most promising way seems therefore to be
the search in che primary cosmic ravs.

If the superheavy particles are trappea in Galaxy or in the cluster or
galaxies, they would have a tvpical virial velocity of 2 = 1073 or 3 x 10-3

regpectively. They might be a part of the invisible masses. The magnetic

monoooles might have been accelerated to 3 > 10=3, escaped the 2alaxies, com-
posing an isorropic extra gzalacric flux. Recent caleulations3) of che dE/dx af
the slow magnetic monopoles and charged particles indicate that the passage of

- { ; ; 5 o & )
uch sarzicles ¢an be deteczed in the veloeity range 2 ~ 5 x 1074 by dE/ex derec-

W

tors such as the scintillators and the drift chamber.

N . N N - x > Y e
1) Experiment with scintillaror cralescope of 2 e o

This is rhe first experiment we have undertaken, the rulst of which were

published41. The detector shown in Fig. 1 consists of rotal 60 plastic

*) The

o

irst two experiments described here are operated and analized mainly bwv
graduate students utilizing second-hand detecror components used in acceler-
ator-experiments, We are indebted to Prof. M. Koshiba for letring us use the

COMPONEnts.

- B9 -


http:1l"no~ol.es
http:Il8[e!"i.al
http:magnec.ic

seintillon counters composing a six-layer hodoscope, located 2150 m underground.
Each counter, viewed by two fast photomulripliers from two ends, has a dE/dx and
the time of tlight resolutiom of +10 ¥ and #0.2 nsec respectively. The trigger
2ssentially requires rche coincidence pulses from at least 4 out of 6 lavers
within 204 sec. The on-and off-line analyses then cequire a hit-hodoscope
pattern and the rimins information consistent with a passage of upgoing or
downgoing zingle sarticle. The effeerive dEfdx threshold and the velocity
range was 0.25 rimes the minimum fonization and 3 x IO“AVi B £ 1.

Shown in Fig. 2 is the dE/dx versus 2 plot for 2.7 x 100 events collected
in 3200 hours of live time. Also shown are the expected dE/dx curves for Dirac
magnetic monopole and for various charged particles. We observe in this plot

5

Ao event outside the dominant "muon" peak at dE/dx = 1.0 and 3 = 15 thus no
canidace Zor magneric moncpolas fn 5 x 10=% < 4 < | nor for charged particies
in 5 x 107% < 3 < 0.4 with flux upper limit (90 % confidence level) of 6.2 x
10712 n=2gac~isr-l.

Our dE/dx and the time of flight information were good enough alsc to

search for any anomalously charged particles (leptonsg) among the relarivestic

"muons". Fig. 3 shows the dE/dx distribucion For all events. We see no

5

=12 4nd 7.5 x 10713 -2

evidence for such particles giving flux limir 9.8 x 10

sec~lsr 1 for change 2/3 and 1/2 particles respectively.

P 4 § . - By} . 13 .
2) Experiment with plastic scintillator hodoscope of 110 m~Sr:

We are at present rearranging the scintillators into two-layer hodoscope
of 110 m’Sr. The trigger will require either wide pulses for slovw particles or
high pulse heighrs. TFast flash ADC's then record the counrer pulse shapes
every 5 nsec over 2u sec. The on-and off-line analyses by a personal computer
based on the flash ACD informarions should be sufficient to reject all acciden~

tal backgrounds. Consistency among the pulse widrhes and rthe time of flight

- 90 -

b : S Fo 4 macease of slow
should be a strong enough constraint te positively jdentify a passage of sl

i 5 i ' £ - speles
particle if any. The experiment should =hen be sensitive rto magnetic monol
in the range 5 x 1074 < 2 < 1 and for charged particles 5 x 10-% < 3 < 0.1.

This experiment could be axpanded to 2 larger scale with estimared cost Or

108 Yen or 106 SF/1000 m35r.

w § N 2 <
3) Track detector CR3% with 2500 m+=Sr:

0
ervt

Some of rhe recenr inflarional models inerementing the super symme

e - -1 -2 -lg.~1. 4 below the
predict a measureable monopole flux of order 10~ em~2sec~18r-1, just be

Parker's limit. Ye are undertaking on exploratory experiment sensitive to such a
minure flux. The solid track derectors seem to be most suitable to this purpase
because af it's low cost and the passive nature (no maintenance necessary) -
Among various track detecrors, the plastic CR39 has the best sensirivity. The
CR39 is at the same time totally inseasitive to minimum ionizing particles such
as muons, thus minimizing the background problem.

The optimization with the curring cycles and rrials with various addirives
resulted to a product which is sensirive to Z/B v 6, while keeping clear sur-
faces afrer a heavy ecching. A 3 % uniformicy in thickness tiave been obtzined
over 4n area of 30 x 30 em”.

We have just complered the installationm of the total 450 m= of CR39 to 630
m underground. The detector consists of 7200 stacks, each consisting of four
sheets of CR39 with dimension 25 em x 25 em x 1.6 mm.

After year's of expasure the top sheers will be collected and be heavilw
etched to rhe thickness of 200um. By the ecching, 2 track of parricle with
enough iomization will deveiop a hole,which then will be scanned. Only when a
candidace hole is found in the first layer the corresponding subsequant lavers

will be erched. The four fold coincidence will eliminate such background as

; ' " . : £6
ratio-actives and pin-holes simularing a track. The experiment 13 expected ©

- 91 -
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Preliminary test results show that the chamber works with a proper He-Ar-COn

A proto-type large area (4 m x 80 cm) He drifr chamber is constructed.

mixture

3.

H. Terazawa, Phys. Rev. D22 (1980) 184 and rhe references therein.
S. M.
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Figure Caption

n

The scintillacor hodoscope of 6 lavers. The distance between the top

3

and the bottom layvers is 80 cm.

X
pes
o

The expected energy loss of a magnetic monopole and various charged

b)

1
; !—vr TN rremp Yﬁn-vlﬁﬂ-mwn[Aw—v-rnwv, ST YT © T T
-~

.
e g0
o RS " g Fromatd e a o snaray Voaw. & fRa £ | W
particles as funetion of 3. The energy loss was normali: 18 "
minimum ionizing particle.
into account the expected saturation effecrt of the scimtillator.
Also plotted are dE/dw and © of 2.7 x 100 events. i
1072
The dE/dx distribution of the relativistic (& % 1) parcticles. 10
L
iashed and the dash-dc show the
tions of the charge 2/3 and 1/2 particles with 3 = 1 réspectively, =
' ’ Fig. 2
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Sx
A plan of monopole search experiment using 100m calorimeter

of Akeno air shower array

T,Hara, M.Honda and Y.0hno
Institute for Cosmle Ray Research, University of Tokyc,
Tanashi, Tokyo, 188 Japan
Y.Totsuka
LICEPP, Fuculty of Science, University of Tokyo,
Bunkyo-ku, Tokyo, 113 Japan
M.Kobayashi and T.Kondo
Nationzl Laboratory for High Energy Physics(KEK),

Oho-machi, Tsukuba-gun, Tbaraki, 305 Japan

ABSTRACT

In pkene air shower observatory a large area calorimeter of an area of
100m2 is operating for the study of air showers. We planed ta use this
calorimeter for the search of magnetic monopoles, and started the preparation
for this experiment by examining the caracteristics of proportional counters
filled with He gas. It is found that proportiunal counters Tilled with He
mixture gas{He85% + CH415%) works satisfactorily for our purpose.

Adding 2 more layers of proportional counters to the calozimeter, the -
expected upper bound to the flux of monopoles with P 3 5x10°  will be Zx10

em Zsvetstr) (0% confidence level) for one year observation.

v This study is being performed in collabollation with members of

Aenty group.
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Lis Introduction
Gut manopolesl) are expected to be accerelated to the velocity about

. e
“ecnl0 3c by the galactic magnetic field, The lowest possible velocity of

10
monopoles on the earth is about lﬁ_dc corresponding to the yelpocity of the
earth in the salar systam. Therefore, It is important te search magnetic
monopoles with velocity between 1% ang 1o

Up to now, scintillation detectors and proportional counters with a large
area have been used to search monopoles. However, the availability of these
detectors is not clear for such a slowly moving monopole. Recently, Drell et
et al.z) have calculated the exact energy loss of slowly moving
munopoles[lD’4c<‘V<Jﬂ-3c) in He gas and polnfted out the energy loss is much
larger than minimum lonizaticn energy of a singly charged particle.

At the center of Aekeno air shower arrayal. a large area(loﬂme) calorimeter
is operating for the study of air showers. It is composed of 4 layers of
proportional counters belng sandwitched between concrete blocks., The
structure of the calorimeter is very suitable for the monopole search
experiment. However, the pas put into the counters is PID(Ar90% + CHAXO%), in
which the energy loss of slowly moving monopole is unknown.

The characteristic of the proportional counters filled with He gas have
been investigated to examine the possibility of using the calorimeter for
monopole research. As a result, no substantial difference has been found in
the characteristics of the proportional counter at high density of particles
between He and Ar mixture gas. We report the characteristics of
proportional counters filled with He mixture gas and a plan of monopole swarch

experiment using the calorimeter with these proportlonal counters

24 The apparatus of calorimeter

In Akeno air shower array, the calorimetér was constructed for the study of
the high energy particles near the core of large air showers. It is compased
of 4 layers of proportivnal counters, 18 and 20 bunches of 10 praportional
coun&ersa) in upper 3 layers and the bottom, respectively, and the concrete
layers inbetween ag shown in Fig. 1, Earch proportional counter(10cmxlDcinx
“00com) is placed parallel to each other. Each counter is provided with an
independent amplifier so that the particle denglty can be recorded for each
counter, giving the spacial resoelution of llem on the plane perpendicular to

the long axis of couriters.
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http:1"I.l.gh
http:p~r:~or:""".ed

3. . Characteristics of the proportional counter filled with #He mixture gas

Though the proportional counters of the calorimeter have been stable with
P10 gas for 5 years at Akeno, it was not clear that counters with He gas could
be stable too. Therefore, counters with different kinds of He mixture gas

were prepared, and thir characteristics and stability were studied.

1). Characteristics of particle response

Several different kinds of He mixture gas were put into the proportional
counters in the calorimeter and the response to cosmic rays was investigated.
Fig. 2 shows the typical pulse height distribution(PHD) for the P10 gas and He
mixtur gas(He95% + CHA15%) for the incidence of single cosmic musns. High
voltage supplied te each proportional counter was adjusted so as to give the
same peak value for each counter. 1In Fig.2 an exellent agreemént in PHD can
be seen between the P10 gas and He mixture gas except the characteristic x-ray
peak of Zn({8.6KeV) for the P10 gas.

Next, the dependence of the signal on supply voltage was studied for a few
kinds of He miture gas, and the result is shown in Fig. 3. Among He mixture
gases tested here, the gas of HeB5% + CHAIS%{hereafter 15%CH4) is the best for
the proportional counter because the voltage sensitivity is weakest(pgood
stability for the voltage change), and the higher voltage can be applied to
get high drift velocity.

The response of the proporticnal counter to high particle density was
studied by observing air showers. Fig. 4 shows the response of proportional
counters filled with 15%CH4 and P10, These two types of counter were set at
the same place in the calorimeter and were operated for the same period by air
shower trigger. As seen in Fig. 4, two curves are in good agreement with each
other, showing that the response of proportional counters filled with 15%CH4

gas is reascnably good at least up to 103 particles per counter.

2). Timing resoclution

For slowly moving monopcles, it is very important to observe not only their
energy loss in the detectors but also their velocity. Monopole's velocity can
be determined using the timing information from more than two separated
proportional counters, with an accuracy limited by the drift time of electrons
in the counters. To know the timing resolution, a small scintillation
detector was placed just above the proportional counter and the time intervals
between their pulses produced by single cosmic ray muons passed through them

were measured. In Fig. 5 is shown the time intervals between pulses of the

seintillation detector and the signals at the level of 90% of the averape
pulse height in the proportional counter filled with He mixture gas. In this
case, as single cosmic muons pass through at various distances from the anode
wire, the time intervals between the singles from the scintillation detector
and the proportional counter distribute in wide time range. In Fig. 5, we can
see that the timing resolution is extremely poor for the He mixture gases when
compared to P10 gas counters, and lS%CH4 gas has the highest resolution of
timing among the group of He mixture gas tested here.

So next, the counter filled with the gas of 15%(‘H4 was exposed to the
accerelator beam{external beam of pions with the energy of 2 GeV) in KEK to
know the drift time of electrons in the gas accurately, The discrimination
level to the signals was fixed to about 20% of the average pulse height of
signals induced by pion beams passing at a right angle to long axis of the
counter. In Fig., 6 is shown the drift time measured at the various distances
between the beam and the anode wire for two extreme cases of different
injection angles of the beam and different setting angles of the counter. The
vertical bars In Fig. 6 indicate the full width at a half maximum of the
freqency distribution. Fig. 6 shows that the drift velocity does not vary
with the beam injection angle and the counter's cross section to the beam in
the distance range of O - 5Sem from the ancde wire. The full width at a half
maximum of each measurement point corresponds to the drift time of about 5Smm,
which is just the size of the beam collimater in this experiment. It means
that the spread of the dpift time distribution is expected to be smaller than
that of this experiment if the beam can be collimated in smaller space. The
proportional counter filled with He miture gas(kS%CHA) can also be used as a

drift chamber to determine the pasition of charged particle trajectory.

4. Plan of monopole search experiment

As mentioned above, He miture gas(He85% + CHALB%) can be used for the
proportional counter in the calorimeter with just the same gquality as P10 gas.
For monopole search experiment, at least one layer of the proportional
counters should be added to the present structure of the calorimeter because
there are four unknown param;ters, zenith angle(8), velocity(P), the
intersection point(X,) and the absolute time( t.), respectively when the

moropole passed across the top layer of the proportional counter arrays.
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1), Effective area

In this plan, it is desirabie to add two more layers of the proportional
counters on the top of the present calorimeter in order to determine the
unknown parameters. Fig. 7 shows the effective area for the arrangement of
this plan which depends on the incident zenith angle, The maximum effective

area of the equipment is about 160 mgstr.

2). Trigger system

The air shower registration systemﬁ‘. which records the particle densities
of all proportional counters together with those of other detectors of the air
shower array, can be used for the monopole search experiment. Fig. 8 shows
the brock diagram of the trigger circuit for the monopole seach experiment.
For the trigger system, 10 proportional counters are combined to one group.

A discriminator is commonly set for 10 proportional c¢eunters provided by an
analogue-OR circuit. Moreover two neighboring groups of the counters are
combined by an OR-circuit to make 9@ blocks(10 brocks) of proportional counters
for the upper 5 layers({bottom layer).

The trigger pulse is generated when the large energy leoss more than the
discrimination level occurs in all layers of the proportional counters. In
order to exclude local showers, the trigger pulse is killed whenever the
signals of more than 2 blocks of proparticonal counters in one layer exceed the
discrimination level. To decrease the chance ceincidence, a successive ‘
delayed coincidence method is adopted. A signal from first layer generates
the gate pulse for second layer. If the signal of second layer is generated
within the gate width, the gate pulse for third layer is generated. Thus
successive gate pulses are generated by the gsignals of successive layers. For
monopole search, we¢ have to consider two direction of the successive delay
coincidence for both upward and downward monopoles.

The detectable minimum velocity of monopoles depends on the discrimination
level of the trigger requirement. We can estimate the signals induced by
slowly moving monopoles in IS%CHA gas using the results calculated by Drell et
al,. Fig. 9 shows the relation between the signal size(monopole's energy loss
divided by minimum ionization energy) and monopole's velocity. In this case,
the results calculated by Drell et al. is decreased by a factor of twa
according to the new calculations). At the first stage of this experiment,
the registration system of Akeno air shower array will be commonly used for
the monopole search experiment and air shower experiment as well. Therefore

it is necessary that the trigger rate of the monopole search experiment should
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be low. Therefore, the discrimination level of the trigger requirement is set
at the level corresponding to 10 times of minimum ionization with the
successive gate width of 16 psec(maxlmum gate time for ® layers is 96 Ps). In
this case, the monopoles with the velocity of more than 5x10“4c can be
detected by the apparatus as seen in Fig. 9. Expected upper limit to the
monopole flux in this condition is 2x10'mcm‘25ec‘lstr”1(90% C.L.) for the
observation time of one year, which is shown in Fig. 10 with the results of
other groupes.

To know the velocity of the monopoles passed through the apparatus,
relative time differences between the signals of all layers are measured. In
this case, the time differences are measured with an unit of every 10
proporticnal counters which are connected with an analogue-OR circuit and the
discrimination level for this purpose is set at about 20% of the trigger
threshold to exclude the effects of the corner regeon of the proportional
counter., .

For the monopoles with the velocity p<,5x10-4c, it is planned in the second
stage of monopole research to introduce a new registration system because the
trigger rate is expected to be so high that it is imposible to use the present
registration system of Akeno air shower array commonly with the monopole

search.
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Figure captions

Fig. 1 Structure of the calorimeter.
a) whole view.
b) proportional counter.

Fig, 2 Pulse height distribution of proportisnal counter.
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Fig.
Fig.

Fig.
Fig.
Fig.

Fig.

10

Correlation between signals and supply voltage for various gases.
Density spectrum of -air shower particles observed by the proporticnal
counter.

Arrival time distributions of 90% level of average signal voltage in
various gases.

Drift time in the proporticnal counter.

The discrimination level is set at about 20% of the peak voltage

induced by beam passed at a right angle to longe axis of the counter.

Effective area of the calorimeter for monepole search experiment.
Block diagram of the trigger system.

Ratio of the energy loss of magnetic monopole ta the minimum
ionization energy as a function ofmonopole's velocity.

7]

Upper limits on the flux of mapnetic monopoles '.

- 101 -

0.5m | CGHERETE rJ
e - — vy Arzey 1

c. =
By —— krray 2
0.5 ]_-_‘E_ O O .0 11 Lia 3 T S ——— Array 3
o
Lasa CONTRETE
e ———— S hreay b
HI0E VIEW
1im

proportlonal counter nLLl

L

l
-~
L

TOP VIZH

Squcre pipe ¢of iron

Neadlz yalve
b e T e Lol | PR =
i ST Lk S

Hermetic s2al

fran fiange \Welding

(b)
FIG. 1

- 102 -




- T e R, ~—n
e ll..r ) g:@ o I..A“.Mrﬁ:ﬂj /V
N TRl .O:; "SR -]}
% ol o
= :x:/;w.:ﬂ/ ~o
[ Bnom s Ll U MR- QR S =0
f e 5" R A T T
i
o
P i _ — i _ 1
L0 T ™ o~
= o S S ©
(LINQ "84V )1HO13H 3ISTINd
L] LI — a 1

20 40 60 80 100

|
Q =
(LINN "84V )AININOIHS

g
3 .
j L4 =
- o
- -
- -
= . -
= ....u.n -l

L L e g 1
(9]
o

—

PHA CHANNEL

SUPPLY VOLTAGE(KYV)

FIG. 3

F1G. 2

- 104 -

103 -



)
~

w

o

[

e,

—

FREQUENCY(ARB. UNIT)
o

~10°F | |2
z £
=5 L
o
o
<
; ’ yA :‘-:.':_.;u{:”{:“w"
B
O =
] 10 02 103
DENSITY (PTLS/COUNTER) | EEE—
TIME( ps)
Fi. & FIG. 5

- 105 - - 106 -



g "9ld
(W2)3HIM 3HL WOHS FONVLSIO

L9l

A 0 = W=

7

9

Tlany-2

08

.08

1ND 39NV LINFZ
0%

e &
L o
L —._0‘__—0——
L _éfg - R
.0._
3‘—
= o
2 N U
L ~=or 3
~0—
L "Z—.___g_‘_ Oe He
L -0
—0—
L s
AREAxSOLID ANGLE ( mZstr)
> S
O (@) O
O‘ L T T . £ T ] o T
N L -
OO
.

- 107 -

F1G, 3

VELOCITY/ C

~ 108 -



"0

i o BNL  STANFORD }
T MICHIGAN
1072 I AMND [T L .
g BN L1
. TCKYO

e (G o w X :
SOUDAN \ TOKYO (He—PR.C)B)

S S Vs
1047, AKENO BOLOGNA / /-10“3

% assumed f[or one year operation
( 9p% C.L. )

;
am- :

L - .
10 10 10 10 i

FIG.10

- 109 -




Present Status of Monopole-Search

with Superconducting Induction Coils

Takeo EBISU and Tadashi WATANABE

Department of Physics, Faculty of Science, Kobe University

Nada-ku, Kobe 657, Japan

March 1984

ABSTRACT
An overview is given on the status of search for magnetic monopoles using
superconducting induction coils. First, the elements of the technique are
recapitulated. Second, some features of operating fluxmeters, of Stanford
Univ., IBM, Chicago-Fermilab.-Michigan and Kobe Univ., are reviewed and the

upper limit of monopole flux obtained thereof is reported.
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1. Introduction

The race to find traces of magnetic monopeles was dccelerated by Cabrera's
candidate event and has involved many scientists from various fields; not only
cosmic-ray, high-energy and low-temperature experimentalists but also particle
theorists, cosmologists and astrophysicists. Thus so many research groups are
pursueing them with various kinds of detecting devices: Emulsion, Scintillation
counter, Proportional chamber, Solid state track detector, Induction coils,
Detection of successive nucleon decay and so forthlj.

This short report intends to survey the status of search for magnetic
monopoles with superconducting induction coils; first, to recapitulate the
elements of the technique and second, to review some features of operating

fluxmeters and the upper limit of monopole flux obtained thereof.

§2. Elements of Supercenducting Induction Coil Technigue

Magnetic monopole search with superconducting ring is now a well-known
method. It is based on two principles of physics, extended electromagnetism
and superconductivity.

According to Faraday's law of induction the change of magnetic flux

through a conducting loop causes a current in it given by
Al (¥) = - a@[ (ty /L (1)

with L the loop self-inductance. The simplest way to obtain the flux @1 is

perhaps to combine fluxes by and o, due to magnetic charge g and magnetic
+ «

current jm, respectively.

¢T(t] = $MIEJ + w[{t) . (2)

When a monopole is bound for the ring (Fig. la) with velocity v along the

axis, the charge g makes a flux
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@M(t) = gl(t) - 4mgd(r) , (3)

where 2=2n{l + ywt//(yvt)2 + 12} is the solid angle subtended by the ring at
the monopole (y=u/c). The total flux in the ring area is derived by using

Faraday's law including magnetic current,
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Integrating Eq. (4) over the ring area and neglecting safely the electromotive

force along the superconducting loop, we get

@T(tJ = -4ng d(t) . (5)
Thus induced flux is obrained as
'1 () - & (-=) = 4nrg = he/e . (6)

Dirac's quantization condition:) gives g=n fic/2e =3.29 x 10~% CGS Gaussian
units{n=1) and Ao[ =4.13x10"7G-cm?. The flux change A@I is exactly twice the
magnetic flux quantum #g in superconductivity. We note here some typical
values of a fluxmeter. When a three-turn, 8-cm-diam search coil is made of
5 %107 3-inch-diam Nb wire, the loop self-inductance turns out to be around
3 wH. Correspondingly we have induced current 4l of around 1.3 x107%A.

How can we detect this minor current? It will be transient and decay
instantaneously in the characteristic time L/R in the normal state coil
(R: resistance of the coil), while in the superconducting one it will be
persistent. With a persistent current, even if it were smaller by several
orders of magnitude than one caused by a munopole, the signal can be caught
by superconducting quantum interferefice device, SQU(DS), coupled to the search
coil. On the bases of two phenomena in superconductivity, London's fluxoid
quantization and tunneling of the Cooper pairs, the device is composed of a

superconducting ring with one/two Josephson weak links and has a flux sensi-

- 112 -

tivityof oa¢ Z jp'3¢u' while the induced fiux is given by A¢I = 26g. A
schematic diagram (Fig. 2) shows the arrangement for a superconductive induction
detector.

On considering that the detector is steeped in tne geomagnetic field ( =0.3G)
and in the fluctuation (21075G), it is imperative to shield magnetically the
search coil. Usage of the mumetal cylinder can reduce the ambient field by
around 2 orders of magnitude. By chielding the coil by socmething like super-
conducting lead foil, the trapped field could be frozen in place and the field
inside the shield case will be stabilized on account of the Meissner effect.
Furthermore the Stanford Univ. group has succeeded to obtain the ultra-low
magnetic field through dilution by expanding several bags of lead foil from the
outside in ( = 1078G).

Magnetic shield case shares the flux to modify the magnitude of induced
current in the ring. As a result of the effect the current of penetrating
monopole will be diminished and that of near-miss one will be given rise to
(Fig. 1b).

Representative methods for detecting moncpoles are summarized in Table 1
for comparisonl). It will be confirmed that an unambiguous result is expected
only when induction coil technique, since SQUID detector can distinguish the
passage of monopole and/or nucleus-monopole compound from that of magnetic

dipole and is insensitive to other properties such as the electric charge,

mass, velocity and above all the energy-loss rate of monopoles in media. The only

drawback will be difficulty in increasing detection area. However, some trials
and proposals to accommodate larger loops or search for monopoles accumulated in

bulk matter during long term will be found in the next section.
§5. Current Working Superconducting Detectors

Some features of current working detectors and the results thereof are

reviewed. Arguments presented here are mainly based on talks given at
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Monopole '83 conference held at the University of Michigan, 6-9 Uctober, |983.
Stanford Univ.

Starting with the S-em-diam ring ', which succeeded to detect the candidate

\
i

event, they are now searching for cosmic ray monopoles with triaxial lU—cm-diamS
rings, with 70-cm? isotropic sensing area (Fig. 3) in the ambient field 5x 1078G
stated in §2. The flux is obtained as less than 2.1 x 107 lem™2sr 1sec™! (90% C.L.)
as of Oct. 4 '83.

In order to enlarge the area it is proposed to scan the shield bag itself
with a sensitive magnetometer and to detect the twin magnetic vortices left by

the passage of a monopole.

IBM
6)

They have developed the planar gradiometer ’ as the pick-up ceil which
consists of coplanar superconducting loops, wound in opposite directions and
connected in series (Fig. 4). The important feature of the coil is to allow
large detection area. While providing low sensitivity to external magnetic
field changes and low self-inductance, it remains sensitive to lucal flux
changes such as that caused by a monopole passing through any one of the cells.
The upper limit of monopole flux is set as 1.1x 107 1%cm 25t tsec™! in 165
days (Mar.-Sept. '83) with the prototype gradiometer (= 50-cm? sensing area).
They will set it as 1.3x10712 and 5x10" em™2sr™tsec™!, by Oct. '84 with the

2000-cm?-area detector and by one vear later from '84 with 5-m?-area detector,

respectively, if no candidates observed.

Chicago-Fermilab.-Michigan

This group has also developed a kind of planar gradiometer, “Macramc”7)‘
They set up 2 macrames of around 60 cm diam. into double layers (Fig. 5) and
have obtained the upper bound as 2.2 x 107! %em™?sr™1sec™ ! (90% C.L.) in 13 days

17 hours (Aug. 29 - QOct. 4 '83). 1t is planned to construct more than l-m-diam

macrame.

Kobe Univ.

The detector [sa very simple one; an 8-cm-diam, 3-turn rjngs’ﬂl. They are
searching for not only incident monopoles but also ones trapped magnetically in
old iron ore, which would have accumulated them though the flux in cosmic ray is
very small.

By heating old iron ore, magnetic sand (6 25 xi{f‘yeursold] and maghemite
(~ 100 x 10% y) above their Curie point, they have tried to detect superheavy
monopoles passing through the search coil, pulled downward by the gravitational
force. They have not observed any signal comnsistent with the passage of Dirac-
charge monopole and set the limit as 2.3 x 10-© monopoles/gram. In addition
from the running time of the detector, more than 1000 hours (Jan. 13 - Aug. 12
'83) the upper limit of monopole flux is set as 4.6 x 107! Pem~2sec™lsr!.

As for the next experiment is planned a search for trapped monopoles in
iron ore aged 102 years by the heat-treatment method with a larger-scale coil

(Fig. 6).
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Fig. la
Fig. 1b
Fig. 2
Fig. 3
Fig. 4
Fig. §
Fig. 6
Table 1.

Figure and Table Captions
A one-turn coil shielded with a cylindrical superconducting case
co-axially and typical seven trajecrories of monopoles.
Flux responses A~D and a%c when non-shielded, and A"« D' and a' ~c!
when shielded.
Experimental arrangement for a superconductive induction detector.
The flux transformer is shielded superconductingly as a whole and
the temperature is kept at 4.2K.
Current detector at Stanford Univ..
Current detector of IBM and their gradiometer.
Current detector of Chicago-Fermilab-Michigan group.

Detectors of Kobe Univ..

Comparison of several methods detecting monopoles.

- 117 -


http:h'a-r:ana.ne

s}

- 118 -

(Lig )
v

M
e
V' ( )
\L N zsoum

Tuned Circuit

Z Signal Coil

(Lsq )

Z"Search Coil

(Lg )

Fig. 2 Flux Transformer

- 119 -

Table 1. | o Iy
Y
. — 7 : @ O .
1 g
Detecting Methods Properties Physics ~ \s & ,r /1 -
— — = — = 3 T < —
(e}
Emulsion, Scintillation c. '~ BT
: Lz 1 s : I 1 @, < ' Lo A
Proportional c. i 34 > 337 Ionization 8 ~ = . ,/\
Plastic sheet ) Lg o
. 2 =: > . m
Charge tum 21 8 '
Induction coils T quan g Faraday's law bos ey g o
Mag. current j o O, ‘
) Mag In - | ~\/r\::Do_'w e, \ :) .
- . =, -
Excitatic ~ ;
Proportional c. Angular mt. of Xcitation g )
e-g system (Drell's mech.) Qo o, < o
o)
1983 8
@ LS \
Successive Non-Abelian Rubakov's effect =
rucleon decay structure 1982 = ; WV i ]
s l ‘. ‘
~ o N O
2 =
L 3
o D
Magnetic Monopole
Mutual Inductance
PN
Quipud M Twisted Leads
Yoltage ~~



. f % 2
- ' T A stsecTIC =
] — NGO E 4 .
’ ’7 b
B /
. | p
| iy
| g i‘ g
b < 3
3 3
) & r:
g

| —

:
\ - > X
AR |
>00x .o 0
CI03 =5 5 z
oM o B 0 | :
»Z © 9 & = | [
33z 2 ~ Ty |
— Zm Z 3 N ~¥ \ 1
OO A o w \\.\ Lé\ )\3 o
5 g S = Ay T i3
o = ~ m 5™ N ¥y &
2 1) = ' ‘ INETSY R
Un = 5 © u DIy By ¥ No
x2ay 3t il g2
: 50 G‘S Wy PR
o LT B
Oy §F i
E 2 bR
\ i = |
CRYOGENIC DEWAR
T i -~ DETECTOR
PLATES ol
F p-METAL rsT TOP & BOTTO!M To SQUID S
JJ =7 SHIELD3 T PLATE ﬁ -
- 5+51h ORDER >
i—Pb SHIELD f—i5cm~{
] ' 140 -
190 SIDE PLATE o
80 Sear;h TCoil
= arn
60cm g
L—S1X INDEPEN- 3-Turn
DENT PLANAR .
DETECTORS €30 1 -
200 —4 o
110
s R
—32cm— ‘0 +5th ORDER
f—75 cm ——+ Lg™5.9 uH ¢ i §
Fig. 4 700 gr 428.4 kg 2000 kg
50 H 1010 H (2000 H)
- 120 - July, 1982 Aug., 1983 ?,1984

Fig. 6
= 121 =




Recent Observations of the Galactic Center

Junji Inatani
Nobeyama Radio Observatory,

Tokyo Astronomical Observatory, University of Tokyo

Nobeyama, Minamisaku, Nagano 384-13, Japan

(to appear in the proceedings of KEK Symposium on

"GUT and Astrophysics" held on 7-10 DEc. 1983)

Abstract

Recent observational topics 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.
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1. Introduction

The galactic center was recognized for the first time with its strong
radio continuum emission. The dominant emission at long wavelengths (roughly
longer than 10 cm) is synchrotron radiation due to high energy electrons, whose
distribution shows a smooth concentration to the galactic center‘? As we go to
shorter wavelengths, many discrete sources appear, which are either supernova
remnants (synchrotron radiation) or thermally ionized regions (HII regions)z),
The brightest source among them is called Sgr A, which is located at the center
of the galactic rotationS). Sgr A is divided into two components "East' and
"West'" (Fig. 1)4). Sgr A Fast 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 central object (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
observed in a large scale gas distributions). For example, a molecular ring
with a radius of about 250 pc (1 pc = 3 x 10‘8cm) is regarded as a remnant of
an explosion which occurred at the nucleus a million years agoé).

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 cm) or from IR photomerry of the stellar luminosityS). 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

7)

The nucleus has been investigated with VLBI observations Its observed
size varies according to )3 (X = observed wavelength), which is interpreted as
the effect of scartering or optical depth in the source. The actual diameter
is estimated to be 5 x 101A cm. The brightness temperature is then calculated
to be 4 x 108 K, so this radiation is regarded to be nonthermal. Time variation
of the radio flux is also reported, which has a time scale of several months.
One of the recent important obsarvations on the nucleus is 511 keV line
emission, which is attributable to positron annihilaLiong)‘ It is reported

37

that the line flux was as high as 2 x 10 urzs_1 and that it decreased by a

factor of three within half a year.



Another important result is a very broad emission of He 4857 cm-1 line.

The line width corresponds to a velocity dispersion of 1500 kms_1, if it is due

to the Doppler effect. If this 1s a typical circular velocity in the nucleus,

the central mass (probably a black hole) should be 105M@.

3. Spiral-like ionized gas

Gas distribution and its kinematics in the vicinity of the nucleus will be

réviewed in !
gas within a few pc of the nucleus. One of them is Ne IT 12.8 po observatrion
L, 10)

by Lacy et They found 14 clouds of ionized gas which are moving back

. o s == -
and forth around the nucleus at high wvelocities up to 260 kms . They concluded

' - ; 6
from this fact that it is most probable to assume a point mass of 3 x 107 Mg

at the nucleus.

Another interesting result is obtained with the Very Large Array in USA.
- R
Brown et al. and Ekers et al. )

e
(F

Fig. 2). Velocity of this ionized gas is measured with a
12)
==

around the nuceus
radio recombination line of hydroge

p . 3 . oK
back and the south arm is moving forth at velocoties of 50 - 100 kms .
4. Rotaring Molecular Cloud

A new information on neutral gas distribution is recently obtained with
. 13 ¢
the 45 meter telescope of Nobeyama Radio Observatory ) We have observed a

HCN emission at 3.4 mwm with a spatial resolution of 18 seconds of arc. This

has revealed the existence of a rapidly rotating molecular cloud in 4pproximately

the same region as the spiral-like ionized gas (Fig. 3). According to a CO

4)

observation by Liszt et al;

rotating cloud. Several parameters of this cloud are summarized in Table 2.

We can compare this molecular cloud with IR distributions. Becklin et al.

have shown the existence of a warm dust cloud (60 - 100 K) with a doughnut-like

5)

shape within 3 pc of the nucleus1

to coexist in the same rotating cloud.

A possible wodel of gas distributions and kinematics is presented in Fig.

416)_

A supersonic gas flow in this field forms a pair of shocked layers, which will

ionize the gas to make a spiral-like feature as observed.

the following. There are two important observatlons on the ionized

revealed a spiral-like feature of ionized gas

The north arm of this spiral is moving

, we can further recognize an outer part of this

Molecules and dusts are therefore considered

It is assumed that the gravitational field is slightly non—axisymmetric.

s
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Captions

Fig. 1 5 GHz map of Sgr A wich an angular resolution of 6.3" x 34" (R.A. x
Dec.). Structures of both Sgr A East and Sgr A West are resclved. This
figure is taken from Ekers et al.(!Q?S)A).

Fig. 2 Spiral-like iomnized gas observed at 2 ¢m. The angular resolution is

2™ x 3" (R.A. x Dec.). Small circles represent the size of the Ne II

clouds, the numbers are their radial velocities (kms-’)lo). This figure
is taken from Ekers et al.(1983)}1).
Fig. 3 Rotating molecular cloud observed with a HCN emission., These maps

show the spatial distribution of molecules which have the certain
velocities just in the range given in each map. Central cross of each
map indicates the position of the nucleus. Af and 45 are spatial offsers
from the nucleus parallel and perpendicular to the galactic plane. The
upper-left (nmorthern) part of the molecular cioud is moving away from us,
and the lower-right (southern) part is approaching us.

Fig. 4 A model of gas conditions in the vicinity of the nuclens. Dotred
area shows a spiral-like ionized gas, which 1s regarded to he made by a
supersonic gas flow in a non—axisymmetric gravitational field. This

picture is taken from Matsuda et al.(1983)16).

Table 1 Gravitational field around the mnucleus. R: radius, M,: mass within
R, Vg: circular velocity, T,: time of revolurion, n,: eritical density for
tidal disrup[ion,'tlid: time scale for tidal disruption.

Table 2 Parameters of the rotating molecular cloud. .rcon and I;Kp are Cime
scales for the rotation and the prohable expansion of the cloud.
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Infrared Observation of The Early Universe

T. Matsumoto

Department of Astrophysics, Nagoya University

Nagova , 464 Japan

ABSTRACT

The rocket observation of the near-infrared extragalactic background
radiation and its influence on the cosmology are described. The furute
plans to observe the near-infrared and far-infrared backgrounds are alsn

presernted.

I, INTRODUCTION

Early history of the universe has bheen ane of the most important
problems in cosmology. Since the discovery of 3K cosmic background radiation
(Penzias and Wilson 1965) the big bang origin of the universe has been
extensively investigated. However, physical processes taking place at epoch
5 < z < 1000 are not well known due to the lack of cbservational materials,

Parcridge and Peebles (1967) have proposed evolutionmary models that
galaxies may have experienced a very bright phase at its formation. -Having
been stimulated by their result, many people have tried to observe individual
young galaxies and/or integrated background light, but only upper limits have
been so far obtained. A rather low upper limit in the optical region (Dube,
Wickes, and Wilkinson 1977) implies that either galaxies might have been not
so bright, or that the redshift at the galaxy formation might he larger than
expected (Davis 1980).

Since the previous observations were performed in the optical wavelength
band, near-infrared observation is regarded to be more advantageous on
searching for young galaxies for the fellowing reasons. First, in the optical
band the extragalactic component is much weaker than other diffuse components
such as zodiacal light, star light, and airglow. On the other hand, the
extragalactic component in the near-infrared band can be observed at a lower
background level, because the spectra of zodiacal light and star light
decrease rapidly towards longer wavelength and extragalactic component is
expected to have a rather flat spectrum. Second, the near-infrared extra-
galactic component is originated in the radiation at high redshift, while
only the nearby galaxies contribute to the optical part. Thus infrared
observation is profitable to studv the universe at early epochs.

At far infrared region (100 {im - 1 mm), 2 kinds of the background
radiations are expected. One is the Wien's end of the 2.7K cosmic microwave
background which appears at A > 500 um. The distortion of its spectrum
and spatial fluctuation at A < lmm will provide the valuable informations
on the earlv history of the universe. The other is the integrated radiation
of the distant galaxies which is originated in the thermal emission of the
dust. The vicolent activities at the early epoch of the universe, such as
pre-galactic pop LTl era, will be ahble to be observed in this waveleungth

regions as a counterpart of the visible and near-infrared background.
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In this paper, we present the recent result of the rocket observation
of the near-infrared night sky and the forthcoming rocket observations at

near and far infrared regions.
I1. Rocket Observation of The Near Infrared Night Sky

1. Observation

A conceptual desighn of the instrument is shown in Figure 1. Optical
system was composed of 5 sets of telescope each of which consisted of 26 mm
silicone lens and InSb detector forming 4° beam parallel to the rocket axis.
Each telescope corresponded to the specific wavelength (band width), that
is, 1.6 pm (0.3 um), 2.2 pm (0.4 um), 3.8 pm (0.7 pm),4.2 ym (0.7 pm) and
4.7 ym (0.6 ym). Whole optical system was cooled by a solid nitrogen which

realized no background radiation from the instrument itself. The cold
shutter in front of the detector was used to check the zero—levels every
15 seconds.

The infrared photometer on board the sounding rocket, K-9M-75, was
launched on 13 Sept. 1983 at 21:30 JST (12:30 UT) from Kagoshima Space
Center, Institute of Space and Astronautical Science. At 288 sec after
launch, the rocket reached the apogee of 322 km altitude. After the 1id open
at 80 sec after launch, the sky was surveved by means of the precession of
the rocket axis. Yo-despin was executed at the apogee and the precession
half cone angles of 5° and 21° were obtained before and after the despin,

respectively. Figure 2 shows the obrained trajectory of the optical axis.

2. Results

An absolute calibration of the photometer was attained in laboratory
using the standard blackbody source and was confirmed well during the flight
by observing the bright stars and the galactic plane. The errors are
estimated to be + 10% in all wavelength bands.

In order to obtain the extragalactic component, other diffuse components
are subtracted carefully as follows.

It is assumed that no residual atmospheric emission exists above a
certain altitude, since the signals did not depend on the altitude above
the specific height for each wavelength band. The time dependent component
probably due to the debris of the fuel of the rocket engine was cbserved,

but it dessipated well before the apogee. After all, atomspheric effects can
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be neglected above the altitude of 250 km in the descending phase.

As the optical axis approached to the earth surface, the stray light
through the baffles caused the large contaminations, especially for the
longer wavelength bands. This restricred the availabe range of the
elevation angle, 6, between the optical axis and the earth surface to be
8 > 80°, since signals became flat ar @ > 80° and ¥ went down to 100°.

It must be noted that above two effects cause severe contamination
at longer wavelength bands, but only a little effect for 1.6 and 2.2 um
band.

In the interplanetary space, there are two kinds of diffuse sources, the
zodiacal light (ZL) and the thermal emission from the interplanetary dust
{(IPD). Although the correlation of the signals with the ecliptic coordinate
was not [ound, their contributions are inferred as follows. ZL is estimated
adopting the optical data at A - ka ~o130°, 8 v 25° (Levasseur—-Regourd and
Dumont 1989) and the solar spectrum (Hayakawa et al. 1970, Hoffmann et al.
1973) . There are so many unbiguities for IPD due to the lack of reliable
observations that we assumed two cases referring to the different obser-
vations (Soifer et al. 1971, Price et al. 1980).

Finally, the contribution of the inregrated star light (SL) should be
taken into account. During the second phase of the precession, the telescope
scanned the galactic plane at |b| < 30°. The profiles of the galactic
plane are modelled based on the infrared luminosity function at the solar
neighborhood (Ishida and Mikami 1982) and the model of the Galaxy. As a
result of the fitting which 1s shown in Figure 3, two parameters (the
surface brightness at the galactic pole and the constant non-galactic
component) are obtained. The non-galactic component thus estimated is
significantly larger than the interplanetary components.

Figure 4 shows the deconvolution of signals to Straylight, star light
(SL) and non-galactic component (CL + ZL + IPD). Here, CL means the
extragalactic background light (or cosmic light).

Figure 5 shows the observed spectrum of the darkest sky at £ = 52°,

b = -23° where no IRC star (mk < 3.0 mag) was in the beam. Other known
diffuse sources described above are also indicated in this figure. The
spectrum of SL is plotted so as to be consistent with optical observations
(Leinert and Richter 1981) adopting the same color derived for the galactic

pole. Figure 5 shows clearly that there remain exess fluxes in all
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wavelength bands which cannot be explained by the known sources.

3. Discussions

Regarding that the excess flux observed is the extragalactic origin,
we discuss its influence on the cosmology.

Figure 6 shows the residual diffuse radiation after subtracting the
known diffuse sources, in which an upper limit of the extragalactic
radiation in the optical band (Dube et al. 1977) is included. Two theoretic—
al estimation by Partridge and Peebles (1967) are also shown. Model |
assumes the constant luminosity of galaxies without evolution and corre-
sponds to the lowest estimation. Model 4, the brightest case, assumes that
all helium observed at present were synthesized in the stars during the
first bright phase of galaxies. Our result shows that infrared sky is much
brighter than the brightest case. This disagreement can be ascribed to
the assumption that Partridge and Peebles (1967) took only the luminous
mass into account. In other word, the observed near-infrared background
necessitates the new energy sources which had activities at the early epoch
of the universe.

One possible candidate is pregalactic objects (Thorstensen and Partridze
1975, Carr, Bond and Arnett 1983). In this picture, the very massive
pop III stars were first formed after the decoupling of the matter and
radiation. These stars emitted the radiation very efficiently in UV and
optical band, which forms now the near-infrared background due to the
large redshift. After burn-out, massive stars collapsed to the blackholes
which are now composing the missing mass in the universe. The redshift,
2z, of pop III era is estimated to be 50 - 100, assuming the temperature of
pop. III stars of lOSK, and energetics requires the density parameter, o,
close to 1.

The gravitational energy can liberate more energy than the nuclear
energy. Carr, McDowell and Sato (1983) proposed another origin, that is,
radiation from super massive blackholes. In this case, the redshift and
density parameter are supposed to be v 10 and v 0.1 respectively.

There may be other possibilities to explain the observed excess flux,
however, the future detailed observations will make the physical processes

at the early universe clear.
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111, Forthcoming Observations

1. The second rocket cbservarion of the near infrared background

radiation

In our first rocket flight, an unexpectedly bright surface brightness
at 1 Vv 5 um was observed, which is supposed to he the extragalactic origin.
However, the observed sky was so limited that the isotropy, which is an
evidence of its extragalactic origin, was not well confirmed. Thergfore, we
planned a new rocket observation with an improved instrument. he optical

system is composed of the following 2 parts.

a. Wide band photometry
This system consists of 4 limmé Si lenses each of which correspond to
the specific wavelength (J.K.L.M) with 4° beam. The main objective is the

confirmation of the previous result.

b. Narrow band photometry

The optical system consists of 2 26mmé lenses with 4° beam. 2 sets of
12 filters on the filter wheel are changed every 3 seconds in front of the
2 1nSb detectors to obtain the course spectrum of the diffuse light with a
spectral resolution of 0.1 at 0.7 - 5.5 pym. This system is designed to
search for the redshifted Lymann limit, Lymann o and other feature.

Cryogenics and other parts are almost same as that of the previous one.
The instrument was installed on the sounding rocket k-9M-77 which was launch-
ed on Jan. 14, 1984 towards the galactic north pole. The instrument worked
well during the flight and the wide sky range was surveved, The data are in

analysis and will be open soon.

J. The rocket observation of the far infrared background

The spectrum of the 2.7 K cosmic background radiation has been
extensively observed, however, the wavelengths observed from the ground are
restricted to the radio wavelength region due to the atmospheric contamina-
tion. Woody and Richards (1979) attained the balloon observation and
provided a reliable data above 1 mm. Gush (1981) carried out the rocket
observation to obtain the spectrum below 1 mm, however, his data was not so
reliable due to the contaminated radiation from the ejected nose cone. On
the other hand, the recent infrared astronomical satellite (IRAS) has provided

some data of the diffuse radiation but these are restricted at 120 pm and
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shorter wave length bands. At present stage no reliable data are available C. Leinert, and I. Richter, Astr. Ap. Supple. 46 (1981) 115

between 100 pm and 1 mm, therefore, we planned to make a rocket observation A.C. Levasseur-Regourd, and R. Dumont, Astr. Ap. 84 (1980) 277.
under the collaboration with Prof. Richards, U.C. Berkeley. R.B. Partridge, and P.J.E. Peebles, Ap. J. 148 (1967) 377.
The design of the instrument is shown in Figure 7. The light cancen- 5.D. Price, T.L. Murdock, and L.P. Marcotte, A.J. 85 (1980) 765.
trater (Winstone cone) and photometer are cooled by superfluid He down B.T. Soifer, J.R. Houck, and M. Harwit, Ap. J. (Letters) 168 (1971) L73
to 1 K, while the Hel in the annular tank is responsible for the heat load J.R. Thorstensen, and R.B. Partridge, Ap. J. 200 (1975) 527.
from the warm part. The photometer (Figure 8) consists of 6 detectors D.P. Woody, and P.L. Richards, ap. J. 248 (1981) 18.

co—operated with 45° incident dichroic filters. Central frequencv, band-

width, detectors are as follows,

_Band  Ceatral Frequemcy AV/vw  Detector
1 10 cmhl 25 % bolometer
2 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 installed on K-9M-78 rocket and launched on

August or September, 1985.
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Fig.2.

Fig.3.

Fig.4.

Fig.5.

Fig.6.

Fig.7.

Fig.8.

Figure Captions

Conceptual view of the instrument.

Trajectory of the optical axis on f-b plane. The small and large
circles correspond to different precession phases before and after
a despin at 280 sec after launch, respectively. Dashed line

represents the zenith angle of 90°

Observed signals from 350 sec to 395 sec after launch., The angle,
Y, between the optical axis and the earth limb, and the galactic
latitude are indicated at the bottom of the figure. The events
occurred in this period are shown at the top of the figure.

Thin lines and dot-dashed lines show integrated starlights
(SL) and non-galactic component (CL+LPIHZL) derived by the model
ficting. The dotted lines are drawn by subtracting the above two
components from the observed signals and are regarded as the stray

light of the earthshine.

Dependence of signals on sec (90° - |b|). Solid lines represent
the best-fit model. Nongalactic components derived from the model
are indicated at the left end of the figure by the solid circles.
Zodiacal light (ZL) and thermal emission of cthe Iinterplanetary

dust (TPD) for two different estimations are also shown.

Observed spectrum of the sirface brightness at & = 52°, b = -23°%,

where the signals recorded the lowest levels at 372 sec after launch.

Other background components, SL ZL, and IPD are also indicated,

The residual background components after subtracting the contribution

of SL, ZL, and IPD in Figure 12. Filled and open circles correspond
to cases 1 and 2 for IPD, respectively. Dotted line shows the
spectrum of 1500 K blackbody. Solid lines represent the two extreme
cases in the models by Partridge and Peehles (1967). Upper limit at
optical bhand (Dube et al. 1977) is also indicated.

Cross sectional view of the rocket-borpne instrument to observe the

far infrared background,

Photometer for the far infrared observation. The light concentrater

(Winstone cone) is placed perpendicular above the paper.
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Current Status of Missing Mass Problem

Fumio Takahara

Nobeyama Radio Observatory
Tokyo Astronomical Observatory, University of Tokyo

Nobeyama., Minamisaku, Nagano 384-13. Japan

Abstract

Current status of missing mass problem is reviewad with emphasis
on recent progress in observational cosmology. Topics include mass to

light ratios of astronomical objects of various scales, infall of the

local group of galaxies towards the Virgo cluster and the redshift
survey of galaxies. Problems with nucleonic and non-nucleonic matter
as candidales for missing mass are discussed. It 1s concluded that
non-nucleonic matter dominates at least on scales larger than rich

clusters of galaxies.

§ 1. Introduction

It is well known that the dynamically inferred mass of rich
clusters of galaxies far exceeds the mass inferred from the mass to
light ratio of galaxies. This discrepancy which also exists in
galactic haloes. binary galaxies and small groups of galaxies is
called the missing mass problem although really missing 1s not mass
but light. Missing mass problem is related not only to the structure
and evolulion of various astronomical objects but also to cosmology
and elementary particle physics. The determination of the parameters
of Friedmann universe is critically affected by Lhe mean mass density
of the universe which is directly related to the missing mass problem.
Views before 1974 was beautifully summarised by Gott et al.l) who
favored open universe without non-nucleonic matter. However since 1880
experimental suggestions on finite neutrino mass and theoretical
prediction of the existence of many species of weakly interacting
elementary particles based on unified theories have stimulated the
idea that the universe is dominated by non nucleonic matter,

In this article I will review the mssing mass problem



emphasizing the recent progress in observational cosmology. In § 2,
ﬁass to light ratios of variocus astronomical objects are reviewed
including recent topics on dwarf spheroidal galaxies. In § 3, the
infall of local group of galaxies towards the Virgo cluster is used to
estimate the cosmological density parameter. In § 4, the estimatlion of
mean mass density 1s made based on the large scale dynamics of
galaxies using the recent redshift survey of galaxies. Finally in § 5,
I discuss problems wilh nucleonic and non-nucleonic matter as
candidates for missing mass in connection with the primordial

nucleosynthesis and galaxy formalion.

§ 2. Mass Lo Light Ratios of Astronomicul Objects

We can determine the mass of an astronomical system by the Newton
mechanics. If a test particle rotates around the central mass of M 1in
a circular orbit of radius r and the vi:locity v, we gt by the force
balance

G 1)
where (¢ 1s the gravitational constant. From Eq. (1 we can determine
the dynamical mass My, as

Mygn=T#/G. @)

For an isolated many particle system in dynamical equilibrium,
total gravitational energy K and the total kinetic energy T are
related through the virial theorem as

W+2T=0. (3)
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From Eq. 3 we can zet a similar expression to Eg. (2) with suitable
definitions of mean radius r and velocity dispersion v.

Although Fq. (2! is simple, mass determination is inevitably
uncertain since we can measure only the angular dislance projected on
the celestial sphere and the velocity component along the line of
sight. We need certain statistical assumptions and treatments for the
proper estimation of the dynamical mass. It is alsc to be noted that
thus 1inferred mass is inversely proportional to the Hubble consiant
Hy. On the other hand the luminosity of an object is deduced from the
apparent luminosily and inversely proporticnal to the square of Hp.
Thus mass to light ratio M/L is proportional to Hy. Hereafter M/
ratio is represented in units of Mg  Lg and Hy is measured in units
of 100km s~! Mpc~! and represented by K /1,/100km s ! Mpe 1. The
luminous mass M, 1s defined by

Miw=Lx (M/L )¢ (4)

where M L), denotes the mass to light ratio of constituents.

(2-1) galactic haloes

Mass to light ratios of individual galaxies within the Holmberg
radius. i.e., in the part where stellar light dominates are summarized
by Faber and Gallagh&r?\. Spiral galaxies have M/ of about 10h ,while
SO and elliptical galaxies have M/L of 10h ~ 20ft in the blue band.
These values are compared to the value 2.3 ~ 3.3 in the solar
neighborhood, and these differences may well 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 observing the 2lcm line emission of neutral
hydrogen and optical emission line of 1ionized gas. If mass
distribution is the same as the light distribution, the rotation curve
in the outer region would decrease as r'!'“. Observations have not
shown such a decrease but rotational velocity has been shown to be
constant as far as observations are made. In Fig.1 rotation curves
obtained by 2lcm observations by Bosma 3) are shown. In Fig.2 those
obtained by optical emission line observations by Rubin et al.4) are
shown. Flat rotation curves thus shown imply that the mass within the
radius r increases in proportion to r. This mass which distributes far
extending from the optical image is called massive haloes. The density
profile of massive halo 1is proportional to r?, which is different
from the profile of halo stars of r= . Although we cannot yet reach
the end point of rotation curve, mass to light ratio of spiral
galaxies should increase at least to 20h ~ 50h.

For elliptical galaxies which contain little gas, we have not
evidence for dark mass for a large sample of galaxies. Only one
example is M87 which resides at the center of the Virgo cluster. M87
has a hot gas halo which reveals the extended X-ray emission. Imaging
observation by the Einstein satellite®) has shown 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, we can determine the mass distribution. Although the detailes
depend on the temperature distribution of hot gas, the existence of
missing mass is clearly shown. In Fig.3 are shown the X-ray brightness

distribution and derived mass distribution. The inferred mass to light

- 152 -

ratio is about 180 at 207 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 Gallagherz) exéept the results by redshift
survey. For binary galaxies at separation 25h™'~ 50h™' kpc, M/L of
35h~ 70h has been reported by several authors. There are still
problems such as the statistics of orbits and the existence of
spurious pairs. For small groups of galaxies M/L of B0h~ 80h has been
reported by several authors. Those groups which contain several
galaxies may not be in a dynamical equilibrium state since the
crossing time is comparable to the Hubble time. Also there 1is 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. M/L of
the Coma cluster is estimated about B50h by the virial theorem. It is
to be noted that M/L of rich clusters of galaxies is much larger than
that of galactic haloes, binary galaxies and small 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 M/L ratio determination for systems of

galaxies has been made using the Center for Astrophysics (CfA)
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redshift survey®). Press and Davis?) selected virialized clusters and
found that the total mass of a cluster is roughly proportional to the
size of the cluster. They concluded that the contribution to the
cosmological density parameter of virialized clusters is 0.07. This
corresponds to the M/l of 180h. wusing the luminosity density of
1.1x10%h L@lﬂxfa. On the other hand Huchra and Geller8’ selected
groups of galaxies according to the criterion of number density
enhancement. The resultant M/L ratio is 170h similar to thal of Press
and Davis. But they found that M/L ratio does not depend on the scale
of groups. See Fig.4 for the situation.

Supérclusters wvhich are largest scale structure known have not
yet collapsed and the method described here cannot bhe used. It is to
be noted thal there: is the suspect that many of rich clusters may not
be in a relaxed states but collections of groups,

i.e.,superclustersg>.

(2-3) dwarf galaxies

The existence of missing mass from galaclic haloes to rich
clusters of galaxies has been established and it seems that M/L ratio
increases as the scale lenglh increases although the result of Huchra
and Geller reveals no such trend. Recently Aaronson!O? and Faber and
Linl!) asserted that the missing mass problem also exists in dwarf
spheroidal galaxies around our galaxy. Based on the resemblance of
color to globular clusters M/. ratio of ~ 2 has been adopted for a
long time. Faber and Lin asserted that ML ratio should be ~ 30 1if

the radius of these galexies is determined by tidal cutoff. Aaronson
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measured radial velocities of several carbon stars in Draco and found
the velocity dispersion of - Bkm/s, vhich also implies the M/L ratio
of ~30, It seems that there exists the discrepancy of an order of
magnitude if stellar population in dwarf spheroidals is similar to
that in globular clusters. Since detailed observations of dvarf
spheroidals have just begun, we should reserve conclusions until more
definile observalions, e.g., by space telescope will be done.

Another topic is the discovery of large intergalactic HI cloud in
M3E group of galaxiesl?\. This cloud comprises of HI mass of ~107 Mo
and maximnm rotation velocity of ~ 80km/s on a scale of ~ 100kpc,
which results in a gravitational mass of ~ 10''Mg. This cloud does
not show any evidence of stellar light so that star formation
efficiency should be very low because of low gas density. Invisible
dark mass is shown to exist in this cloud and we may be looking at
truely priwcrdial cloud. However the contribution of primordial clouds

to tho mean mass density seems to be neglivibly small.

§ 3. Infall to the Virgo cluster

As was stated in § 2, M/L ratio increases as scale size
increases. Rec.it observations have shown the existence of larger
scale structire such as superclusters and voids. What value of M/
does it take for such structure? Superclusters are just beginning to
collapse or to deviate from the general cosmic expansion and are not

in a dynamically relaxed state. So we cannot use the methods described
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in § 2 and we must take account of cosmic expansion. Nearest such
structure is the local supercluster, the center of which is the Virgo
cluster and at the periphery of which locates the local group of
galaxies. The motion of local group can be studied by examining the
motion of our galaxy with respect to nearby galaxies and Llhe
background radiation. Recent status of this peculiar motion 1is
summarized in the article by Davis and Peebles!®),

Here I describe three observations detecting the peculiar motion.
First dipole anisotropy of 2.7K microwave background radiation has
been firmly established by independent groups!4’. With a small value
of upper limit of quadrupole anisotropy, the dipole anisotropy is
considered to be due to the peculiar motion of our galaxy. After
subtracting the motion of the sun around the galactic center, the
motion of the local group is estimated to be ~ ©00km's towards the
direction 459 aparlt from the center of the Virgo cluster, The
component towards the Virgo cluster is about 410km s.

Second estimation is based on the dipole anisotropy of galaxy
distribution. Rubin et al.!®’ found that our galaxy is moving towards
the completely different direction from that microwave background
suggests, using a sample of Sc galaxies. On the contrary, Hart and
Davies!®) found that the direction is coincident with the microwave
result using the HI data. The speed of peculiar motion is similar
among these results, i.e., 400km’s~ 600km,s.

The cause of the differences among these results is not well
known and there seem to exist still some selection effects and

systematic errors in galaxy data. Or else there exisl peculiar motions

of very large scales. In Fig.5 various results of peculiar motion of
local group are shown.

Hereafter we discuss the dynamics of the Ilocal supercluster
assuming Lhat Jlocal group is infalling to the Virgo cluster with
400km,'s with respect to the cosmic expansion. According to the result
of CfA redshiftl survey, mean overdensity of galaxies within the local
supercluster & is about 2 17),18) Assuming that peculiar motion 1is
generated by this overdensity, we can infer the density parameter by
investigating the dynamiecs of the overdensity. If we assume further
the spherical symmetry. peculiar acceleration g is given by

g= (47,3 )xCopyR , 5)
where R and p, are the distance between Lhe Virgo cluster and the
local group and mean mass density of the universe, respectively. We
can follow the nonlinear dynamics for given & and p,. Comparing the
resultant peculiar velocity with observation Davis el al.17) has given
Qy of 0.4 as a preferable value, vwhere the cosmic density parameter
is the ratio of p, to the critical density nh,ﬂyﬁ‘BrC

If we abandon the assumption of spherical symmeiry, we can use
linear approximation and connect the peculiar velocity 1, and peculiar
acceleration as

Up=2f) %7 (B ) . )
Inserting the observed values, similar value to the above result is
obtained!8). The corresponding M/ ratio amounts to about 1000. This
result implies thal the linear trend between ML ratio and scale
length continues to supercluster size, i.e., about 20Mpc. It should be

noted that the adopted overdensity represents the overdensily in


http:adopt.ed
http:superclust.er

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 treating individual structures, we may deduce mean
mass density by extracting the information about peculiar velocities
from three dimensional galaxy distribution. Before several systematic
redshift surveys have been completed recently, we could only use two
dimensional galaxy distribution projected onto the celestial sphere.
Using the CfA redshift survey which covers 2.68sr and includes 2400
galaxies within 100h™' Mpc, Davis and Peebles!®! found several
important results. They analyzed the apparent elongation of gale:y
correlation function along the-line of sight due to the existence of
peculiar velocities.

Their analysis shows that the one dimensional peculiar velocity
of a pair 0 is given by

0=340- 40 x (hr/iMpc)0 1308 |y /s, (7
for 10kpc<hr<iMpc. This velocity may be used to estimate mean mass
density by the cosmic virial theorem or cosmic energy equation. Cosmic
energy equation is written as

= (2,7) < H3J o0y 8)
where Jgi[E(r)rdr‘ and ¢ denotes the pair correlation function. It is

to be noted that u, is the root mean square of peculiar velocity field
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of galaxies which is different from o. If we tentatively identify
these two and use the CfA result of h2J2=150Mpc2,then we obtain

0= (1,/660kms ' 7. )
As stated above, if we set u,=0-330km’s, then we get (=0.25.

Davis and Peebles also examined the statistical stability
condition on correlations hr<iMpc and obtained the similar value for
Q. Other redshift surveys which are deeper for smaller angular
coverage show the similar values for QOEO),21).

In concluding this section, I note that Bahcall and Soneirazg)
suggested that correlation in matter distribution may exist on much
larger scale. They analyzed three dimensional distribution of rich
clusters of galaxies and found that spatial correlation between rich
clusters is detected up to a separation of 150n"' Mpc and that
velocity dispersion betwcen a pair amounts to ~ 2000km/s. This
probably corresponds to the large scale structure 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 bascd on cluster-cluster correlation is similar to that of

Davis and [*bles.

§ 5. Concluding Romarks

It seems now clear that dark invisible matter exists in a manner

roughly in proportion to scale length from galactic haloes to
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superclusters. There are several candidates for missing mass. They are
classified into two kinds: one is nucleonic matter and the other is

non-nucleonic matter.

(5-1) nuclenic matter

The possibility of dark nucleonic matter has been widely
discussed in relation to population III star problem. They may be
stellar remnants such as black holes, neutron stars and white dwarfs,
or they may be very low mass stars or uncondensed primordial gases.
However, severe constraints are set on the mean mass density of
nucleonic component by the primordial nucleosynthesis argument, which
is one of the strong supports for the big bang cosmology.

As is well known, 4He, D, 3He and Li are produced in the
primordial nucleosynthesis. Their abundances are functions of the
ratio of nucleon density to photon number density when the number of
species of neutrinos are fixed. In Fig.623) the resultant abandances
are shown assuming 3 species of neutrinos. As 1s shown the abundance
of #e increases while 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 4fe abundance
increase and D abundance decrease. Taking account of all these effects
and uncertainties, the allowed ranges for the deduced primordial
abundances are shown in Fig.6 as boxes. All data seem to be consistent

wvith the nucleon density of 2x 10-31 g/cm3 and allowed range 1s very
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small. This density corresponds to the density paramcter of nucleons
o of 0.0lh? or M/L ratio of 25h~', much less than the values
inferred in previous sections. This nucleon density is marginally
consistent with the missing mass of galactic haloes, binary galaxies
and small groups of galaxies, but incons;stent with that in rich

clusters and superclusters.

(5-2) non-nucleonic matter

The most extensively discussed candidate 1is massive relic
neutrinos. Recently various types of hypothetical particles introduced
by wvariants of GUT such as axions, photinos and gravitinos are
discussed. These candidates should be assessed by the confrontation
with theories of formation of galaxies and large scale structure. If
the rest mass of neutrinos is an order of 20eV, it naturally predicts
the scale of superclusters and rich clusters. Perturbations of smaller
scale structures had been washed out due to the free streaming 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 dwarf spheroidals if it 1is

really a problem.
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Figure Captions

Figure 1. Rotation curves of spiral galaxics oblained by 2lcm
line observations by Bosma3). In this figure the Hubble constant 1is

taken as ®km s~! Mpc‘1.

Figure 2. Rotation curves of spiral galaxies obtained by
optical line observations by Rubin et al.4) In this figure the Hubble

constant is taken as S0km s~! Mpc~l.

Figure 3. X-ray surface brightness distribution (a) and the
inferred dynamical mass (b) of M87 obtained by the Einstein satellite
by Fabricant and Gorenstein®). For the distance to M87 of 15Mpc, 1/

corresponds to 4.4kpc.
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Figure 4. The relation between M/ and size for groups of

galaxies. Figs.(a)and (b) are taken from Press and Davis(. and Huchra

and Geller8), respectively .

Figure 5. A representation of various cbservations of the

peculiar motion of the local group in supergalactic coordinates hy

Hart and Davies!®).

Figure 6. The comparison of theoretical and obscrved abundances

of light elements by Page123>.
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Some Topics in Cosmic Rays -
-1.681.7 .,[(‘J

with =« E This bent of the spectrum is called "knee

- nraf The mechanism of acceleration of cosmic rays are not well
iro Arafune

Instit £ C ic R Research, University of Tokyo understood yet. Historically the second order Fermi acceleration
Institute for Cosmic Ray Re ch, JETS )

. W roposed by Fermi fi st[j]‘ The cosmic ray collide with
Midori-cho, Tanashi-shi, Tokyo 188 el Y e - ) *

randomly moving magnetic clouds n times, then the particle is

" accelerated by a factor ( 1 + vz/c2 )n with v the velocity of
Abstract

the cloud, and n = ct/A.(The collision mean free path is A.) If

. . 3 : -t/T
we assume the survival rate of the cosmic ray particle P(t) = e / s

Some topics of cosmic ray physics are introduced, namely,

8 20 .
antiproton flux, cosmic ray flux at knee, and 10" eV cosmic rays.

. ) 2,2 .
Brief introduction of elementary knowledges of cosmic rays are we obtain the caergy spectrum E * with y =(A/ct)c”/v'+1. This ¥y

: . 1osel 1 th b BEPAEE seems to be two large. Another mechanism called first order
also given, which are closely related to e above top . (8]

Fermi acceleration at the shock front is attractive and will be

briefly ¢xplained in the appendix. There are other proposals

related with pulsarslg], and it is common that these are based

Introduction

Cosmic rays are initially born as ionized atoms, and may

be pre-accelerated and injected like an accelerator beam, and on the energy released by supernova explosion.

" i 7 . The 1 i y
are again accelerated. They.propagate in the galactic magnetic ¢ cosmic rays propagate in the galaxy, and let us here
2

(1] . 4 . L
field of ~ 2 uG for about 107years and finally arrive at the introduce three typical models of propagation, which will be

earth and collide with air nuclei. The details of these pro- discussed later in relation to the antiproton flux. (a) Leaky

. . -, Box Model: The cosmic ra after accelerated ropagates in our
cesses are not well established, but let us give a rough ideca Y » propag

galaxy and is lost by leaking out of it. The mean path length

2 “ gl
i (8gr/cm™)+E , and the

-.\/.‘(e

of cosmic rays before introducing specific topics.

. i . traversed by the cosmic ray is X
Cosmic rays are mainly composed of proton and nuclei. At Y Y

distribution of the X is P(X) v e sc. This model explains

low energies proton dominates and the elemental composition
10

the elemental composition ratio B/C, Sc-Cr/Fe and Be/gBe etc.

is measured[3]. At higher energies composition of some heavy

nuclei are measurad up e = 100 GeV[JJ. T 103Te\ ohis CHi- {b) Nested Leaky Box Modo1l: This modifies the leaky box model

position is quite uncertain. We do not know if proton dominates by assuming that the cosmic rays, just after accelerated,

. : . traverses a certoin thickness of matter X_ in the :verage
or iron dominates or whatever. At low energies there are about ( s ge )

. ; : surrounding the source. After this the ropagate and escape
2% of electrons and positrons. Electrons are dominant by an g thi Yy propag P

[5] from the galaxy with the mean path length Xesc' The total path
16 length distribution becomes P(X) ~ e MAase - & MXg wirh

i < s 2 o, =
Cosmic ray flux for Etot > 10" "eV is about 1/m“st-year. (10]

-9 .
The integrated cosmic ray flux decreases with = E ° above this

order of magnitude

Xg< Xe<c this model also explains the elemental composition.

energy. Below this energy the flux decrecases more slowly
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(c) Closed Galaxy Model: The cosmic rays never leave the galaxy,
but they loose the energy by collision with interstellar gases.
Antiproton flux

Cosmic ray antiproton is less than cosmic ray proton by a
factor 104. ( See Fig.1 ). This is one of the reasons why we
believe our galaxy is made of matter rather than antimatter.

1f we could find cosmic anti-nucleus,

it would extremely be interesting ,

for it may strongly suggest the
existence of anti-matter stellar
objects. Cosmic ray antiproton
flux has so far been measured

with use of ballon. To our sur-

prise the experimental results
(Sawad :
avada) show there are much more anti-
As Apparao (1968)
BS: Buffington wt al(1981)
sk / BS's ditto (shifted)

B: Bogomolov et al, (1979)
G: Golden &t al. (1979}

1079 i . energies below .4 GeV, the dis-

0.1 1 10 100 . 2
E (Gev) agreement is by factor 10~ 107.

proton than theoretically

2]

expected.bﬁspecially at low

At low energies the aptiiproton flux should be small by the fol-
lowing reason: If there is no anti-stellar objects, the only

source of such antiproton is from collisions of cosmic rays with
interstellar gases. The energy threshold of antiproton production
process is about 6 GeV. If the cosmic ray energy is 6GeV ~ 20GeV,
the antiproton produced in p-p reaction should have an kinetic
energy larger than .7GeV. If the cosmic ray energy is larger than
20GeV, the probability of such high energy is small. Thus we expect
a small probability for low energy antiproton.

In the leaky box model or nested leaky box model explained in

the introduction the theoretical predictions are below the

(13 2 [11]
low energy data of Buffington et al,, by a factor of 10

The closed galaxy modgiziives a larger antiproton flux, for

in this model the proton traverses the interstellar space ten
times more than the above models. The prediction is, however,
smaller by a factor 10 still. Apparently we need more experimental
and theoretical efforts in this problem. One way is to use the

nuclear emulsion, for there is no technical difficulties

in this method.

Composition at Kee
The differential or integral spectrum of cosmic rays has
a kink at E n 1016cv, as explained in the introduction, and
it is called "knee'. The reason of this knee may be either from

the acceleration mechanism or from the propagation or confinement
[14]
mechanism, but we do not know which is more important. There are

[15]

also exotic explanations, like monopole annihilation or extra-

[16]

galactic anti-protons It is important to examine the elemental

composition at this knee region to have better understanding of

this knee. Some crucial experiment shoul be desirable.

n20

1 eV Cosmic Rays
£ _LOSMLe REY:

The cosmic rays with energy larger than lOZOeV can have an
inelastic reaction with 2.7K back ground photon, either producing
pion or e'e or disintegraing the nucleus itself. It might be a
good place of test of Loretz invariance or quantum mechanics. The

[17]

presently available data seem not consistent with each other:

0

y - : 20 1
It is also expected that if there are cosmic rays above 10" eV or

1“319V, they shoul exhibit the arrival direction asymmetry, for
they will not be disturbed by cosmic magnetic field very much.
The flie's eye system in Utah is one of those detection
facilities for such high energy cosmic ray air shower. This has
another attractive ability to detect a possible ve-induced air
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shower which may develop from the earth upward to the sky. This[18]

idea is based on the naive extrapolation of the lLandau-Pomeranchuk
effect which suppresses the Brehmsstrahlung cross section of elect-
ron in rock throughdensity effect at very high encrgy by a factor
more than 103. It may be that we need more careful theoretical

treatment of this problem.

Appendix

This is a brief and simplified expanation of the derivation
of power spectrum of 1lst order Fermi ccccleration at shock front,
and more details are given in the refovonces [ 8,19 ], and also
a text book [Z0].

Let us consider a shock front moving with velocity v to the
left. Let us assume the bagnetic field behind the front is vertical
to the [ront surface for simplicity. Cosmic ray on the left-hand
side enters the front and is scattered back to the left by
magnetic clouds on tho right hand side. Some time later this cosmic
Tay will be caught up by the shock front during its being randomly
scattered by megnetic clouds of the left-hand side space. Then it

may repeat such processcs, and each time of reflection at the front

it acquires an energy increase.

v
To be more quantitative let us
consider the Lorentz frame in which (3 §2
C ——

the front is at rest. Then the <) )
plasma space of the left-hand
side now moves with velocity v e z;

) D
to the right. The plasma on the <>
right hand side moves to the righ Q ¢ Q

with velocity v' (<v) to the right.

In this frame w¢ can easily calculate the probability of the

cosmic ray not being reficcted but escaping to the right p

eSe?
1
as Pese = %? ; for the cosmic ray flux coming from the left
is <pv_>| = —lE, and the escaping ltux at the right end

v > 0 4 ,
should be asyptotically ov', giving the ratio ﬂ% . After n times
reflection the survival rate of the cosmic ray particle should
be dPS = e Pescdn.

Let us calculute the energy increase at one reflection. Net
effect of the cosmicruv in the original galaxy frame should be
due to tic reflection by a magnetic cloud with velocity Av = v-v!
to the left. For the relative velocity of the two plasma spaces
is v-v' in the front rest frame, and the relative velocity is
nearly the same in the both frames. Let the cosmic ray energy
before entering the magnetic cloud be E (neglecing the mass).

The energy after entering the cloud in the cloud rest frame is
approximaely E' = E(1+%jcosein). Here T]ﬂ is the angle between
the cosmic ray and the z-axis. The energy of the cosmic ray after
it is emitted out of the cloud shoud be E" = E’(l+%}cos€out).

Averaging over the angles with the flux weight cos6dQ, we obtain
2Av

AE =<E" - E>= ib—E' After n times reflection the cnergy becomes
IQLA;\;
E = FO s 3C n. Combining this equation with the equation for dPS,
we obtain
-Y B _ 4Av
dP_ ~ E'TdE with y = p _ /(zc) *+ 1.

If we remember Rankin-Hugoniot relations for the two plasma systems,

ol v
PV =p'V', T = D= 5,
2 - ot 2 )
ov+p-.ov2=P:1‘
I Jdp
% w2 +J%E 72V ol
and the relations within each plasw2, pp'lconst., %B = CZ Y =%,
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Observation of Ultra High Energy Cosmic Rays{ > 10 0 GeV)

M. Nagano

Institute for Cosmic Ray Research, University of Tokyo,

3-2-1 Midorcho, Tanashi, 188 Tokyo

ABSTRACT
Recent measurements of energy spectrum, arrival directions and mass

0O
A GeV) are summarized. The

compositions of ultra high energy cosmic rays(2 10
: 2 z ;
surface air shower array of area over 20 km under construction in Akeno and a

future plan for a huge array of over 250 km2 are described.
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1. Introduction

It is of special interest to know the origin of the highest energy
cosmic rays; are they Galactic or extragalactic?

The origin of cosmic rays of energy lower than 1010 GeV is still far
from conclusion. Nevertheless, the reason for studying the higher energy
region is that the problem of propagation of cosmic rays becomes simpler, the
higher the primary energy is. This is because cosmic rays of energy higher
than 1010 GeV cannot be confined in the Galaxy by the CGalactic magnetjc field
of 3 FG' if they are protons. Futhermore, the possible astronomical objects
which can be considered to be able to accelerate the cosmic rays up to 101
GeV are limited and hence anisotropy of their arrival direction may be
expected.

In this report, some important aspects of the propagation of cosmic rays
are briefly discussed and the data from recent measurements on the primary
energy spectrum, arrival direction and mass composition are summarized.
Finally a surface array of area over 20 kme under construction in Akeno and a

plan of huge array of over 250 km2, currently under discussion are described.

& A few important remarks on ultara high energy cosmic rays
There are some excellent reports on the origin and propagation of ultra
high energy cosmic rays(l)—(a). A recent reviews by Hillas(‘ﬂ will be helpful
in understanding the problem of acceleration of these cosmic rays. Here a few
important remarks are given.
(i)  Size of accelerating regions(B}(A)
In order to accelerate a particle in a statistical acceleration process,
the size L of the accelerating region containing the magnetic field B(in
microgauss) must be much larger than twice the gyroradius(rL) of the particle.
L»2 rg = 2 EIB/ZB
Bx L»2 EIB/Z (in }‘G x kpc),

8

where E is energy of the particle of charge Ze in unit of 101 ev. A

18 ,
gimilar limit i= also obtained in the case of one-shot acceleration. In Fig.l
is shown a plot of L vs B for several astronomical objects. It is seen that

all objects below the line are excluded from being the sources.
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(1ii) Propagation in the Galactic space

The gyroradii of protons and iron nuclei in a uniform magnetic field of
8 rG are tabulated in Table 1 for various energies. It is known that there is
a strong interaction between the charged particle and the magnetic field only
when the inhomogeneties in the galactic magnetic field are on the same scale
as the gyroradius of the charpged particles. Since rg for protons of 107 Gev
is of the order of the scale of the hale and much greater than the scale of
the magnetic irregularities, they can not be confined in the Galaxy. Actually

5 (
Karakula et al< ! (&)

and Osbone et al calculated the trajectories of particles
in the galactic magnetic field by taking into account the magnetic
irregularities in the disc and showed that protons above 109 CeV are
anisotoropic. Ewen if we take into account the magnetic field in the halo of
about 1fG on the scale of 2—3kpc14uj, the situation may not change for ]OLG

GeV protons.

(ii1) Propagation in the intergalactic space

As is well known, the particles with energy of Ymc2 ( 7 is the Lorentz
factor) produce pions by interaction with the 2.7°K primordial radiation (f
the energy of photon Fg(l+cosB) exceeds the threshold energy about 140 MeV.
The density of the photon is AOO/cm3 and photon energy & at the upper part of

°

the Planck distribution is about 10~ eV. Attenuation length for protons in

(7)

the 2.7k radiation field calculated by Giler et al is shown in Fig.2. It

is understood that a sudden decrease of the flux is expected above 5leLO GeV,
if the cosmic rays are extragalactic, and the spectral shape above iOliGeV may
be modified from the production spectrum even when they are produced in the
Virgo cluster of galaxies. In Fig.3 is shown the predicted spectrum(73 in
which the Virgo cluster is the sole source of particles and the particles
diffuse outwards under the influence of randomly directed intergalactic

magnetic field.

3 Summary of recent measurements on ultra high energy cosmic rays
3.1. Primary energy spectrum

In Fig.4 are compared the detector arrangements of large air shower
experiments in the world: Volcano Ranch{s), SUGAR(Q), Haverah Park(lo>,

Yakutsk(ll) and Akeno(l2). In Table 2, important parameters of these

=179 -

experiments such as locations, kinds of detectors, exposure time in kn2 year,

number of events detected up to 1983, etc. are listed. Though the SUGAR
experiment, located in the southern hemisphere, covered the largest area, it
was already shut down in 1979. Also the detector spacing is so large that the

il . . o]
threshold energy for the whole array is a few times 1Ul GeV.

It should be nmoted that the largest sites under operation, Yakutsk and
Haverah Park, are situated at the 62°N and 54°N latitude and the Galactic
center can not be observed by them. 1In Fig.5 is shown the differential enerpy
spectrum of primary cosmic ray measured by the groups listed in Table 2. The
vertical axis is multiplied by FOZ'S in order to see the spectral shape in
detail. The spectrum by the Akeno group is converted from the electron and

the muon size spectrum based on the methods which are considered to be
(13)

insensitive to either mass composition or hadronic interaction model
(16)

This spectrum smocthly joins the spectra obtzined by the Proton satellite

(14) 5)

and the Haverah Park and Yakutskfl groups. The results from the

SUGAR(]7) experiment are alsc plotted in the same figure. Here the SUCAR
spectrum is converted from their muon size spectrum after normalizing their
muon energy to 1 GeV and using the conversion factor EO=1.2xJG]7(|\I/A/L06}1'I5
in eV. The differences among the groups are less than 30% in energy. By
admitting the ambiguity of a factor of 1.5 in energy estimation, we can draw
the following conclusions

(i) The slope of the spectrum changes around (la;2)x2010 GeV from 3.0 to
245

(ii1) This change of spectral shape is observed both in northern and sou:rern
hemispheres.

(iii) The existence of the spectrumn cutoff above 5xlO10 GeV does not seem to
be established.

(iv) There are certainly several showers whose energies exceed 1011 eV and

hence the spectrum should be explored to the higher energies.

32 Arrival direction

In Fig.6 is shown the ratio of the observed to the expected number of
showers as a function of Galactic latitude for ten energy bins reported by the
Haverah Park gr‘oup,”8| The expected one is calculated under the assumption
of isotropic distribution. The gradient of the least square fitted straight

line in the figure is plotted in Fig.7 as a function of primary energy. It is
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remarkable that the sign of gradient changes above 1010 GeV, suggesting that
those cosmic rays come from higher Galactic latitude. The Haverah Park group
interpreted these results, together with the change of the slope in the energy
spectrum, as .evidence that the origin of the highest energy ~osmic rays is
(9 oy otted
in the same figure, does not show such tendency above 1010 GeV, though they

extragalactic. However, a similar analysis by the Yakutsk group

agree with the Haverah Park results below 1010 GeV. It is also noted that the
SUGAR experiment which can not observe the center of the Virgo Cluster shows a
similar flattening of the energy spectrum.

In order to see the arrival direction of the largest showers above 1010
GeV, their arrival direction are plotted in Fig.8(a), (b), and (c) from the
three groups separately. The distribution from the Haverah Park group(la)
seems to show an enhanced flux in the direction of the Galactic pole, while
that from Yakutsk(ZO) in the Galactic plane. The results from SUGAR(Zl),
which is located in the southern hemisphere, are not inconsistent with
isotropic distribution.

The arrival directions of 82 showers of energies larger than dxlolo GeV
are plotted all together in equatorial coordinates(Fig.9). Here the points

a GeV

from the SUGAR experiment are for showers of energy larger than 2x10
according to their energy assignment. It should be noted that the exposure
time is uniform only in the same declination band. Nevertheless, it is clear
from the figure that the directions are not concentrated in the Galactic
plane, which is expected if these are protons and produced near supernocva or
new born pulsars in the Galaxy.

Conclusicns are summarized as follows :
(i) The change of arrival direction distribution and hence origin at around
1010 GeV is suggested by the Haverah Park group, but not yet conclusive.
(ii) The possible origin of 1010 GeV showers from the center of Virge Cluster
suggested by the Haverah Park group is not yet confirmed by other groups. The
arrival direction from both the Yakutsk group and the SUGAR experiment are not
inconsistent with isotropic distribution and the energy spectrum from SUGAR
shows a similar change of slope at 10lo GeV as observed in the northern

hemisphere.
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33 Mass composition

Informatian on mass composition is ineviatable to determine the origin
of the cosmic rays around the energy concerned. Determination of mass
composition by indirect method is most difficult.

Mass composition of primary cosmic rays is measured up to lO5 GeV
directly by emulsion chambers flown in baloons(zz). Above 105 GeV, the method
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 observation of
one or two obsevables, which are related not only to the mass composition but
also to the characteristics of hadronic interactions.

One of the best methods to estimate the composition in the EAS energy
region is to measure the starting point distribution of the EAS. This
distribution reflects the collision mean free path of various species of
primaries. The Fly's Eye(23) is primarily intended to measure this
distribution by observing the fluorescent light from EAS., However, since the

- : 0.06
inelastic cross—section of p-Air collision increases wth energy as 290 E0

)(24), the resolution required for the determination of mass

mb (EO in TeV

composition is less than 10 g/cm2 which can not be achieved by the present

Fly's Eye (more than 50 g/cmg). Improvement of the resolution of the Fly's
(25)

Eye is under planning and this kind of experiment at high altitude by a
large g telelscope of fine resolution is proposed by Tanahashi.(zs)

The next approach is to investigate the relation between the depth of
the shower maximum(tmax) and its fluctuation. As illustated schematically in
Fig.10, the average tmax is at higher level for heavier primaries than for
proton primaries and the fluctuation in tmax( G’(tmax)) for heavy primaries is
smaller than for proton primaries.

In Fig.1l1l, the values of Cf(tmax) are plotted aga:}nst the associggid
values of tmax' The curves represent the predictions by Chantler et al
for different proportions of iron and protons in the primary composition on
the basis of a two-component approximation. FEach curve corresponds to
different interaction models. Open and closed circles correspond to the
values when the primaries are 100% iron and 100% protons, respectively. The

(27)

large cross is from the Cereﬁkov experiments by Chantler et al The large

oopen square and the shaded square are the measurements from Akeno and the
(28), respectively. At Akeno, the tma is obtained by Cerenkov

X
v 5
telescope(zg) and G'(tmax) from both the C measurements and the indirect

Fly's Eye
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(30)

method using the age parameter distribution for a fixed muon size h”
(31)
developed by Coy et ai‘a". The triangle is the summary of the world survey
of measurements of t and O (t ) at the Cosmic Ray Conference at
[ aofax max
Bangalore in 1983'°°’. The results suggest a large fraction of proton

; 8 ’ . . ; 10
primaries at around 10~ GeV, irrespective of interaction models. For 10

GeV, the data is limited to the estimates of O'(t x) determined from the
ma
fluctuation study of various observables. The results are summarized in
(32)

Fig.12 together with those at lower energies The solid and dotted lines

are calculated by Walker and Watson;33p for pure proton and pure iron primary,
respectively. There seems no change of composition up to LDLD GeV.

Another method to estimate the primary composition Trom the ground based
parameters is to use the fluctuation of number ¢f muons in a shower. If we
assume the superposition mede! in nucleus-Air collision, the number of muons

induced by the proton and the nucleus A are

b
N).(p) = C EO
b  1-b
Nr(A) = @ EO A .
@»(A) is larger than Nf(p) by a factor of Al_b, where b is related to the

multiplicity in p-Air collision and less than 1.0, Therefore

log ”»(A) = log ¢ + (1-b) log A + b log Eo
If {AY changes with Eo’ the value Q»(A) changes resulting in change of the
slope in log Q» vs. log Eo relation.

Fluctuations in NV for a given energy EO is also sensitive toc mass
composition, since not only the Np depends on A, but also its dispersion
decreases with A. The observed dispersion for a mixed composition is
expressed by(aa)

0’2= iwi 612 + Zwi <logN/4..>i2 = <long‘)2,
where Wi and G‘i represent the intensity (3 wizl) and the dispersion in logN/¢
of ith component, respectively. The variance consists of two parts, one due
to fluctuations(the first term), the other due to the width of <logﬁ,~> of
each component.(See the general formulation and the detailed discussiocn by
Linsley(34)).

Actually we can not analyse the Ep distribution for a given energy, but
for a given electron size(Ne). Furthermore, the experimental error in
determination of %M is not far smaller than G; even in the case of Akeno

experiment which has the largest muon detectors in the world.
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In Fig.l4(a) and (b) are shown the results of the Akeno cxpcrimunL(gs],
logwu vs logN and the Jngﬁﬁ, distribution for a fixed N . Curves are the
€ e

accepted combinations of primary compositicns shown in Fig.13 and hadronic
interactions among many other combinations which can be excluded. In cases A
and B, scaling of production spectrum of secodary particles is assumed at x >
0.05 and multiplicity at central region increases as (ln SW?. In case of C,
fireball model similar to CKP is assumed. In all cases, the cross-section of
p-Air collision increases with energy as ZQQED'OE mb(E in TeV

There are many other observables such as the pulse shape of arrival time

- (36) : .

of muons , the longitudinal development curves of electrons and
(35)(36)

s )

muo

(35 )

’

frequency attenuation length of the showers for a fixed N
etc., All these quantities must be consistently used to distinguish betw:en
the effects of mass composition and hadronic interactions. This analysis is
now in progress.

4. Plan of the giant air shower observation in Japan

In order to clarify the ambiguities stated in the preceding sections, a
plan for a huge array of over 250 km2 is currently under discussion. The main
geals of this experiment are as follows.
(5] To increase the total observed number of showers above 109 GeV world
wide by an order of magnitude and to establish their arrival direction
distributions.
{i1) To extend the primary energy spectrum above 1011 GeV.
(iii) To investigate the existence of cutoff in the primary spectrum above 5 x
1010 GeV in a direction where candidates of possible sources can not be found
within 30 Mpc.
(iy) To investigate whether there is a change of characteristics of EAS at
1077 GeV, where the shape of the primary spectrum changes. If there is any
change, it may be related to the change of composition around this energy.
(v) To calibrate the new detection method of giant air showers, in order to
extend the primary spectrum above 10ll GeV.
{vi] To calibrate the response of detectors used in other experiments in
order to analyse the data with the same energy scale and hence to increase the

total rnumber of events in the world.
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The detector arrangement under consideration is shown in Fig.15. The
area of each electron detector is 2.25 m2 and the detectors will be located at
about 1 km separation. Muon detectors of area about 20-30 m2 will also be
arranged ot about 2 km separation. The solid large and small circles indicate
the areas within which the detectors would record by more than one or ten

(6] i
particles, respectively, when an EAS of larger than 10l GeV fell. The dotted

circle shows the case of muons for 1 particle larger than 1 GeV. The accuracy
of the size estimation and arrival direction would be 20-40% and 30,

etk oo Ko JEPIg . 11 (38)
respectively, for 10 GeV and less for 10 GeV .

The whole area is divided into four sections, each of which is called a
"Branch". The details of "Akeno Branch', part of which is now under
construction, are illustrated in Fig.16. Each detector is connected to the
next one with two optical fiber cables successively on a string as shown in
Fig.17. Each string is controlled by the central CPU through the master
CPU(MPC). One cable is used for the control of each slave unit(DCU) and the
other for transmission of data from the detector to the center. The details

L7} and Teshima‘as).

will be described in the reports by Ohoka

The main reasons for using optical fiber are (i) to avoid the radio
noise from lightning which often causes serious damage to electronics in Akeno
in summer and (ii) to get a timing signal of better quality than can be
obtained by coaxial cable. The optical fiber cable is hung on the electricity
poles or the utility poles of the Telegraph and Telephone Corporation.

Besides electron and muon density, measurements of arrival time profile
of electrons and muons are also planned. Recently, Linsley(ag} proposed that
the time dispersion of the shower front is a function of core distance and
hence by making use of pulse width information as well as pulse height
information of arrival time of electrons, the size of large showers can be
estimated. 1If both dispersions of arrival time and density are small enough,
this method is applicable to extend the effective area as shown by solid
circles in Fig.16. The pulse width information from muon arrival time
distribution is expected to measure the stage of the longitudinal development
of the shower.

In Fig.4 is shown our plan of expansion of array. Area surrounded by
the solid line will be in operation this year. The dotted area is the plan of
the whole "Akeno Branch'". The chain area is the planned array of the first

. 2
stage covering 75 km~. The 250 km2 array covers the whole area of Fip.4.
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Fig.1. Size, and estimated magnetic field strength,

of several sites of relativislic particle acceleration. Objects
Lelow the diagonal line cannol accelerate particles to 1029 eV,
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Fig.4. Detector arrangement of large air shower array. Netails of

Akeno array are described in Section 4.
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Fig.8(a) An equal area plot of (b)  An equal exposure plot of 145
41 events(E 24x1019 eV, § 200) events (E= 1019 eV) recorded at
recorded at Volcano Ranch(x) and Yakutsk. (Krasilnikov et al.(20))

Haverah Park(o). (Astley et al(18))

9

(c) The arrival directions of air showers with energy E > 101 eV
and zenith angle < 60° as observed by S.U.G.A.R. (Equatorial coordinates;
Aitoff equal area projection) (« E > 4 x1019 eV; A 4x1019 ev > E >
2<1019 ev, 0 2 x10197ev > E > 1x1019 ev). (Horton et al(21))
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POINT SOURCE OF VERY HIGH ENERGY GAMMA RAY

T. KIFUNE

Institute for Cosmic Ray Research
University of Tokyo

Tanashi, Tokyo, 188 Japan

ABSTRACT

Recent experiments show the positive evidences of point sources of very
high energy gamma rays above 1012eV.IIn the energy region of 1015‘16ev, the
most reliable evidences are found on Cys X-3 among the reported sources.

A brief review of the experimental works on the source is introduced. The
emission mechanism of very high energy gamma ray in Cyg X-8 is also discussed.
Intensive fluxes of cosmic ray proton at the source can explain the observed
value of the gamma ray flux. This indicates the possibility that the high

energy cosmic ray particles are originated at the point source of very high

energy gamma ray.
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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 region larger than 1015eV, some positive
evidences from Cyg X-3 has been reported by observing extensive air showers
(EAS).

Presented in this report are a brief review of the experimental studies
to detect gamma ray above 10]29V from Cyg X-3. The clarification of production
mechanism of the gamma ray will be very important in understanding the dynamics

of pulsar and jts close binary system and in identifying the origin of cosmic

ray particles.

2. Detection of energetic gamma ray

The gamma ray from a point source is identified essentially by detecting
an excess flux from the narrow areaof the sky including the source. The
backgrounds from charged particles of cosmic ray are serious in the ultra
high energy region, which is quite a different situation from what is in the
lower energy region like X-ray. The signal to noise ratio is, therefore,
determined by the angular resolution of the experimental apparatus., Another
difference is in that the detection must be ground-based because of the very
small value of the flux.

In the energy region of TeV, the gamma ray (together with the backgrounds
of charged particle cosmic ray) is detected on the ground by observing
cherenkov light emitted high in the atmosphere through the cascade showers
initiated by the primary particles. The other components of the cascade except
the cherenkov light are attenuated in the atmosphere and do not reach the
observation level. The direct detection of the electron-photon cascade at the
observation level becomes available above the primary energy as large as
lulSeV, which is nothing but the detection of EAS.

For an example, the characteristics of the apparatus for TeV gamma ray at
Dugway in Utah by Durham University group are shown as follows : The field of
view is 1.7° FWHM and parabolic mirrors of 1.5 m diameter are used together
with 5" phototubes. Twelve mirrors are set within the range of about 100 m.
The mirror telescopes automatically trace the source under the control of a
compﬁter. The effective area of detection is about 3)(104 m2 and the threshold

enerpy is about 2 TeV.
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There have been several positive reports for Cyg X-3 from different
groups 1)'2)’3), which will not be shown in this article. In their works the
jdentification of the point source ¢f gamma ray has been confirmed by detecting
the synchronized signal with the periodical intensity variation in X-ray signal
from the source. This technics of discriminating the signal is utilized in the

search in the higher energy region.

3, Observation in the region of 1015ev

There have been two reports, Samorsky and Stamm(1983) of Kiel UniversityA)
and Lloyd-Evans et al.(1983) of Haverah Park groupS), claiming the afirmative
detection of gamma ray signals in the energy rangc of 1015ev. The detection
is by observing EAS from the source direction. The signals are overnumbered
by the isotropic incidences of charged particle backgrounds even in the small
field of view around the source. The observed events in the field of view are
plotted versus the phase of X-ray variation. A considerable portion of the
total data appears concentrated in one phase bin and the period which gives
the strongest concentration coincidemmss with the one predicted by the X-ray
variation.

The number of observed events is plotted as & function of the phase of
X-ray variation in Fig.l and Fig.2 in the case of Kiel and Haverah Park data,
respectively. The period is about 4.8 hours and phase = O corresponds to the
time of the minimum intensity of X-ray. The angular resolution of the apparatus
is about 2 and 5 degree in each group, respectively. Fig.2a, 2c and 2d cor-
respond to the calculation of phase using slightly different values of X-ray
period. The X-ray period obtained at the most recent observatxonS) produces a
peak around about 0.3 phase (Fig.2a) consistent with the result in Fig.l.

The both data of two groups in EAS are accumulated for a long time more than
three years. A slight change in 4.8 hours period results in a considerable
change of phase during the cource of time.

~13 -2 -
cm sec 3 around 1015ev. this value of

The observed flux is about 10
flux gives a very flat spectrum when combined with the data in lower energies.
The index of power of the integral spectrum would be even flatter than -1.

The flux is given as an average over all the phase bins. The peak value of the
periodical variation can be much larger and the spectrum might be much flatter.

The spectrum at the source position may be even flatter and of more

intense if the distance to Cyg X-3 is as far as 10 Kpc as is taken usually.
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Because the gamma ray can interact with the universal microwave background of

2.7°K to be converted into positron and electron pair. The threshold of the
=25 2
cm

15
a4 little above the threshold. The attenuation length is about 10 Kpc at 10" "eV.

process is about 1014 eV and the cross section has a maximum of about 10

The intensity of the gamma ray flux from Cyg X-3 is shown in Fig.3. The
logarithm of the integral spectrum is in the vertical axis in the unit of
cm sec“1 and the logarithm of energy (in eV) in the horizontal axis. The
diamond mark and closed circle represent EAS data from Kiel and Haverah Park,
respectively.

The data obtained at EAS Array at Akeno is now under way of analysis and
are not shown in the present report. The preliminary results do not show a
strong positive evidence at most, which may indicate a transient nature of
gamma ray in the ultra high energy region. The data at Akenc cover the most
recent time of observation. The Akeno Array has an advantage in identifying
gamma ray from the backgrounds of the ordinary showers by observing muon
number in EAS with a better accuracy. If this information of muon number is
taken into consideration, the Akeno data give somewhat lower upper limits

than the other data in EAS,

4, Emission mechanism

The gamma ray emission below MeV region together with the periodical
features is well understood with the so called cocoon model by Milgrom and
Pines7). The model explains the sharper dependences of signal upon the orbital
phase of the birary system for the higher energy of gamma ray. 4.8 hours is
taken as the period of orbital motion of the close binary system of a rapid
rotating pulsar and a nondegenerate companion. The system is assumed surrounded
by a shell of gas of radius lOlacm. The hydrogen column density is taken as
2%10% Yo through the shell,

The high energy gamma ray in TeV region can be explained by Stepanions)
and Apparaog with synchrotron radiation and/or inverse Compton processes by
energetic electrons. Stepanion has assumed the existence of energetic electrons
as high as lOlSeV. Apparao has obtained the estimated value of number of
energetic electrons larger than 150 MeV as 6X1046 at the source region within
1012cm. These models must assume an existence of electrons of higher energies
to explain the gamma rays of 1015ev.

An alternative model is the production of gamma ray through nuclear

interaction of proton. Vestrand and E1chler10) have calculated the gamma



flux through the decay of neutral pi-mesons, which are produced in the inter-
actions between cosmic ray proton and the surrcunding matter of the binary
system. This model, however, leads to the spectrum of gamma ray as steep as
the spectrum of the parent proton.

A flatter energy spectrum of gamma ray can be obtained with a model in
which the energetic gamma rays are produced by the decay of neutral pions
created in the photo-nuclear interactions of proton with the ambient number
of photons in the energy region of X-ray to soft gamma ray.

The number of photons, n(k), is described by a power law as a function
of photon energy k as n(k)dk = a k_ddk, where ol is about -2 for k greater than
100 eV and tends to O below 100 eV. The flux of proton is also approximated
by a power law N(E)dE = b E'_P dE, where E is the energy of proton and % is
about 2.9 when observed at the earth. The probability that the nuclear inter-
action takes place is given by the product of cross section of pion photo-
production and the 'luminocity' of photon and proten beams. Although the
photon energy depends upon the pion energy and the kinematics of each decay,
let us take a simple view that the decayed photons carry a half of pion energy
and are emittea into 90° relative to the initial beam direction in the center
of mass system. With this approximation and near the threshold, we can estimate
the energy of final gamma ray K~E/10 almost independent of k. The spectrum

of gamma ray is given by

£(K)aK =SdkdE o abk S P

If we approximate the cross section as a constant, the above eguation is
easily integrated in k above the threshold to give

f(K)dK ~ dK g =Pl .

The index of power of gamma ray spectrum is thus given as d~—%-—l, which is
flatter than than proton spectrum and consistent with the observatior. It is
due to the fact that the number of target photons above the threshold increases
with the increasing proton energy, which corresponds to the increasing eneryy
of the final gamma ray. More careful treatments give essentially the same

results.

4, Discussions

By comparing the result of photo-production process with the observed
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value, we can estimate the absolute intensity of cosmic ray proton at the
source. The normalization of photon number, a, is determined by multiplying

the flux of X-ray observed at the earth by (D/Ro)z, where D is the distance

to the source Cyg X-3 and Ro is the characteristic dimension of X-ray emission,
about 1012 cm., The calculated value of n(k > 1KeV) is about 1046, which is as
large as the one used by Apparaog) who has calculated the flux of energetic
electron to explain TeV gamma ray by inverse Compton process.

With the above number of target photons the cosmic ray proton is calculated
at the source as intense as 1022times of the flux observed at the esarth, which
is about 10.10 cm”2 str—1 sec—l. This flux at the source is comparable with
the flux of electron extrapolated from 1 GeV region to the considered high
energy region, when the electron flux estimated for Crab Nebula or for Cyg X-3
is applied.

The phase of maximum flux in the lower energy region than TeV is about

2) 3) 11)

0.6 of 4.8 hours period . On the other hand, the phase in 1015eV is

around 0.3. This may suggest that the production mechanism changes from 1012
to 1015ev energy region., It is quite necessary to accumulate more reliable
and detailed data in EAS energy region.

It is also very interesting to know if the flat spectrum of gamma ray
is affected as a dip by the interaction with 2.7°K radiation around 1015ev,
as a function of distance to the various sources of very high energy gamua ray.
The universality of the microwave radiation can be checked in the Galactic

scale.
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I. Introduction

In recent 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 such as the grand unification in which 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 B-decay theory originated
from E. Fermi based on the neutrino hypothesis proposed by
W. Pauli, many attempts have been méde 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-zerc mass near the end-point of the energy
spectrum of 3H B~decay as shown in Fig. 1. The reason tritium
is used as the B-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.

Thus as listed in Table 1, tritium has been used in most
of the experiments, except for that of Beck“%n which 22Na was
used as the B+—decay source and which therefore measured the
electron neutrino mass, nﬁt the electron anti-neutrino. mass.
ITEP group presented their results in 19801%%d 19831%%ereafter
we refer to them as 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 presented 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 hereaftei referred to simply as the
neutrino mass mv) with the accuracy of < 20 eV using the
traditional way of B-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
achiéving 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 (Amv) from the

viewpoint of the integrated S/N ratio. Let us define AR as:

fpx “(E)lmv# g 4

nel -
IAE n(E)fIIl -0 dE
v
2
23 D [¢})
2 (AE)

Where n(E) is the B-spectrum and the integration is carried

out over the energy interval of AE up to the end-point
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energy (E"*). Aas AR 1s a difference of the integrated
B-spectra in the cases of mv# O and o, = 0, the upper mass
limit we could set is obtained by estimating how accurately
we can measure AR. Here, a (an inverse of the integrated

S/N ratio) is defined as:

BG
a = —
Ng
Ngo ~ag 0pg(E) dE
NB =IAE nB (E) dE

where nEG(E) and nB(E) are the background and B-spectra,

respectively. By solving Eq. (1), Amv can be expressed as:

bo =/2Trl (1+2u)_1/4§AE / NBlM (2)
where n is the number of standard deviations of AR from the
zero. Fig. 2 shows the relations between NB (total number of
events) and a to achieve the upper limit value of Amv with
n=3 standard deviation in the case of AE = 100 eV. It has
to be kept in mind that.in the above calculation the energy
resolution, which relates proportionally to Amv, is not taken
into account.

Secondly, let us see the mass sensitivity Amu from the
viewpoint of the differential S/N ratio. This will show the
reason why the error bars of Kurie spectrum in ITEP-83 is %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 B-particle
and Fermi function (F) have almost constant numbers, the

% e
behaviour of error bars of Kurie spectrum (v¥n(E) / p~ F) can

be estimated by looking at those of vn(E). It can be written as:
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1 n_.(E)

1/2

/RE = O (12 )
2 n,(E)
B
1 2 a
= O 1+ (5 N2 (3)
2 3 ¢

where €=(Emax—E)/AE. Fig 3(a) shows the behaviours of /ETET
in the case of AE = 100 eV. With smaller « value, 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
is defined to be the energy of EmaX-E* at nBG(E*) = nB(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 Amv =5 eV:

104 - 10S

it

Ng

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 futurey including
ITEP-83. Table 2 is a list of the experiments originally
presented by Shaevitle)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 B-particle, while 8) — 11) are the
new types of experiments using the atomic 3H or the solid
molecular "H 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 4m was used as seen in Fig 4. This 47 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 (CSH11N02) compound with the specific activity
of 58 Ci/mmol and the thickness of NZug/cmz. The B-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 ITEP-80, which resulted in the mass sensitivity of
20 eV from the viewpoint of the differential $/N 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.

S) Higher statistics.

ITEP-83 employed the electrostatic scanning method
keeping the magnetic field at a constant value. With varying
applied electric potential, g-particle was accelerated or
decelerated so that the g-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 g-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 several final
states: Valine molecule, 3H molecule, 3H atom, and 3H nucleus.
They obtained the neutrino mass o, = 33.0 13 1.1 eV as the
weighted mean value for the results of xz fit and the end-point
energy E"®* = 18575 eV at a 95% confidence level. They
concluded that it was possible to set a model independent lower
limit for the neutrino mass:

o > 20 eV
Stockholm (Bergkvist)7)

Fig. 5 shows the T¢¥2Z spectrometer used in 1972 by
Bergkvist's experiment which was the pioneering work in this
field. Many ideas for most of other proceeding experiments

are based on his magnificient works. It is heard that he

will use 3H labelled valine compound as same as that used by ITEP.

Chalk River (Graham et al.)

Their 7¥2 air-core magnetic spectrometer with the central
orbital radius of 100 cm is the largest B-spectrometer in the
world. Thus the best instruméntal_energy resolution is
expected among experiments 1) - 6). Tritiated titanium is
being manufactured as the working source.

Ziirich (Kiundig et al.)ls)

They are in the process of constructing a B-spectrometer
using a magnetic spectrometer similar to that of ITEP and a
retarding electrostatic field surrounding the source. In
principle, by retarding the B-particle energy with the
electric potential opposite to ITEP method, a large improvement
on the energy resolution could be attained. For instance, if
" 4+ 18 kV is applied on a source, B-particle emmitted from
the source has the energy of E - 18 keV. While the intrinsic
energy resolution AE/E of the magnetic spectrometer is not
affected by applying the electric potential. Then, absolute
energy resolution AE is improﬁed by a factor of “E/(E-18 keV).
They accelerate B-particle once again up “20 keV near the
focal plane of the spectrometer so that it has enough energy

to penetrate the detector window.
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Peking (Sun Hun-Cheg et al.)16)

w2 iron B-spectrometer with the central radius of 40 cm
is used in combination with a single wire proportional counter
on the focal point. Their source is a 3H labelled Oestriadol
compound. They measured the intrinsic spectrometer resolution
of 20 eV with a standard source, and then began the first
measurement of 3H B-spectrum with 1 mCi/cm2 source.

Institute for Nuclear Study (INS)

See next sectiom.

U.C. Berkeley (Heller et al.)

We guess that the principle of this measurement may be
the same with that of the experiment by J.J. Simpson}O)While
this method is free from the atomic interplay problem by
detecting sum of B-particle energy and X-ray energy released
at the transition to the ground state from the excited one
of 3He, the achievable energy resolution can not be high
enough.

Rockfeller, Fermilab & L1l (Fackler et al.)

We know only a scheme of their experiment shown in Fig. 6}3)

It seems that they use the pure frozen 3H2 with very high
activity so that the complex atomic interplay problem arose

from the 3H labelled compound can be simplified. This scheme
uses the electric field for selecting and focusing the B-particle
with very high accuracy.

0.5.U. (Boyd et al.)

We have no information.

LAMPF (Bowles et al.)

17) 3H

As seen in Fig. 7, 2 will be dissociated to 3H atom by
shaking with microwave so that the atomic interplay problem
becomes the simplest. The B-particle may be trapped by the
magnetic field of a superconducting magnet so as to enhance

the transmission to the B-spectrometer. 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 the same way with ITEP-83.
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 experiment is to measure the neutrino
mass with the sensitivity of 5 - 7 eV.

INS double focusing m/2 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 = &,
ii) field stability = 5 x lO_S/day, iii) measurable energy
range = 0.2 keV - 4 MeV and iv) maximum momentum resolution
so far obtained = 0.013% for 137Cs (662 keV). Also, it has
a wide momentum acceptance of 4% so that by setting 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 ~100 or more. Realization of the
above approach depends only on the successful development
of a position sensitive g-dectector with high position
resolution. TIn addition to the spectrographic 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 shown 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 ordimary
measurement with a single trip-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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suppression is substantially important to achieve the high
mass—-sensitivity. This background arises mainly from 3H
contamination on the spectrometer wall, according to ITEP
experience. The way of suppression in many experiments is
based on the different properties between 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 them can be
rejected by putting masks along its long flight path.

2) The discrimination on the pulse height distribution
in the B-detector also rejects the background. Especially,
the acceleration scheme as used in ITEP-83 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 ewvaporation rate of
3H labelled compound from the source in vacuum by cooling
down to “-100 °C. At this temperature, the evaporation rate

5 _ lO—7 compared to that

could be reduced by an order of 10~
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 the non-equipotential method.

v =S
Evaporation rate of "H Source

3H labelled compound with the specific activity of
2200 Ci/mmol and with the thickness of a few molecular layers
is mounted on the resistive plate. These several sources
were set in a vacuum chamber shown in Fig. 9 which was
evacuated to the pressure of ~107® torr. H sources and
a calibration source of 14C were mounted on a rotatory table
and the yield of the B-particle from the source was continously
monitored by a scintillation counter. Inner wall of the chamber

was surrounded by Al foil on which some part of the evaporated



3H compound was attached. Also, the activity of the evacuated
gas was monitored. With this set-up, the following observations
were obtained:

1) At the room temperature, the accumulated activity
on the Al foil for "1 day was V1% of the source activity.

2) At the temperature of “-100 °C, the g-yield
monitored over 10 days is as shown in Fig. 10. Data does not
show any decreasing trend related with time within the
detection accuracy of 22z,

3) After 10 days of measurement, the accumulated
activity on the Al foil was measured. Activity integrated
over the surface area of the chamber was W10—4 of the source
activity (3 mCi).

4) Same measurements with 2) and 3), but done with
various time durations, and same results with 2) and 3)
were obtained as shown in Fig. 11.

5) Exhausted gas from pumping system was accumulated,
and their activities were measured. For "10 days accumulation,
0.2 x lO—A 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 test system,
it takes 10 - 20 minutes for cooling down the source 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 W10_4 from 1). Then, it can be
reasonably concluded that the measured activity accumulated
for 10 days is dominated by the evaporation in the above-
mentioned cooling process. Therefore, the accumulated activity
at -100 °C might be much smaller than 10_4 and the ratio of the
evaporation rates between -100 °C and room temperature might
be <<107.

The a-value discussed earlier, an indicator of the
background contribution, will be, with a rough and not very

reliable estimaté, smaller than 0.002 in the case that the
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evaporation rate is less than 10 ~ of the source activity.

Test of the non-equipotential method

For this test, 62.5 keV g-particle (88.0 keV - K line)
) long

from r ‘Cd was used as a mono-energetic source. Five
sources with the area of 0.5 x 20 nmz were made by electrically
depositing on thin Ag foils. The momentum resolution of each
source was measured by the magnetic field scanning method and was
obtained to be 0.03 - 0.04%. These five sources were placed

on a plane, as illustrated in Fig. 8(b), with distance of 46 mm
between the sources and were surrounded by the electrodes for
applying non-equipotential. A position sensitive single-wire
proportional counter!8) was used as a f-detector which had the
position resolution of ~1.3 mm in this energy region. Thus, at
this time, the spectrographic detection made the overall

momer tum resolution of 0.06% for 62.5 keV B-particle.

Firstly, B-spectrum was measured with no electric potentiaf
applied. Fig. 12(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 spectra.

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 mm.

Further test with higher resolution is in progress.

V. Summary

Since ITEP-80, many experiments with new interesting ideas
for the measurement of the electron (anti-) neutrino mass have
been and are currently proceeding in the world. And their
results are eagerly awaited in the field of the -elementary
particle physics, astrophysics and cosmonology to confirm that

the neutrino has the mass of a few tens of eV as ITEP reported.
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Fig. 14 is an expected Kurie spectrum obtained by a

stimulation with the condition of:
4
N =10
B

0.01

1)

AE (energy resolution) = 5 eV

which our experiment is aiming to achieve.

- 223 -

(1)
2)
3)
4)
(5)
(6)
7)
(8)
9

(10)

(11)

(12)

(13)

(14)

(15)

(16)

an

(18)

References

L.M.Langer and R.J.D.Moffat, Phys. Rev. 88(1952)689.
D.R.Hamilton, W.P.Alford and L.Gross, Phys. Rev. 92(1953)1521.
L.Friedman and L.Smith, Phys. Rev. 115(1959)2214.

E.Beck and H.Daniel, Zeit. Phys. 216(1968)229.

R.C.Salgo and H.H.Staub, Nucl. Phys. A138(1969)417.

R.Daris and C.St-Pierre, Nucl. Phys. A138(1969)545.
K.E.Bergkvist, Nucl. Phys. B39(1972)317.

B.Rode and H.Daniel, Lett. Nuov. Cim. 5(1972)139.

E.T.Tretyakov et al., Proceedings of the International Neutrino
Conference, Aachen 1976.

J.J.Simpson, Proceedings of the International Neutrino Conference
1980 : Phys. Rev. D23(1981)649.

V.A.Lyubimov et al., Phys. Lett. 94B(1980)266.

S.Boris et al., Talk presented at the International Europhysics
Conference on High Energy Physics, Brighton 1983.

Shaevitz, Talk presented at the International Symposium on Lepton
and Photon Interactions at High Energies, Cornell University 1983.
PR-P-134, -136 and -137, Progress Report Physics Division,

Chalk River Nuclear Laboratories.

W.Kundig et al., SIN Annual Report.

M.Fujioka, private comminucation.

Proceedings of the Neutrino Mass Mini-conference and Workshop,
Telemark, Wisconsin, Oct. 2-4, 1980.

Y.Fujita, H.Kawakami and M.Hosoda, Nucl. Inst. & Meth. 196(1982)271.



Table

Table 2 : A list of the currently proceeding experiments.

Fig.l

Fig.2

Fig.3(
Fig.3(
Fig.4
Fig.5

Fig.6

Fig.7

Fig.8(

Table Captions

1

: A list of the electron anti-neutrino mass measurements

so far performed.

13)

originally presented by Shaevitz

Figure Captions

a):
b):

a):

Fig.8(b):

Fig.9

Fig.10

Fig.1ll

Kurie plot for the 3H B-decay. E™*218.6 keV is applied.
Relation between Nb and o for setting the upper mass limit of
Amv with 3 standard deviation in the case of oo 0.
Behaviour of error bars in the Kurie spectrum.

Mass sensitivity from view-point of differential S/N ratio.
A sectional plan of ITEP iron-free toroidal spectrometer.

A schema of the Bergkvist's spectrometer.

A conceptual figure of Rockfeller, Fermilab & L1l experiment
cited from ref.13.

A conception of LAMPF experiment cited from ref.17.

A schema of the spectrographic detection.

A schema of the non-equipotential method.

: The detection system used for the measurement of the

: Accumulated activities on the Al foil for various time durations

" 3
evaporation rate of “H source.

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, were set under the condition of

10~6 torr and - 100 °C.

of the measurement.
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This table was

Fig.12(a)

Fig.12(b)

Fig.13

Fig.l4

: The spectrographically measured spectra for 5

long sources

without the electric potential. One horizontal channel
corresponds to Ap/p = 0.0025%.

The spectra obtained by the optimum potential applied.

: Dotted histogram is the spectrum summed 5 individual spectra

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 NB & 104, a = 0.01 and

the energy resolution = 5 eV. Horizontal axis shows

AE - EOFF - (B-particle energy).
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Table 2

MEASUREMENTS OF Ge MASS

EXPERIMENT SOURCE RESOLUTICN SENSITIVITY
) , 1) 1TEP-83 §o oo o .
UPPER LIMIT ON CONFIDENCE REFERENCE (8ocis et al.) H in valine 20 eV 20 eV
2
MASS (eV/c") (%) .
: 2 ?;:Stzji:t) 3H in valine 25 eV > 19 eV
< 250 LANGER 1952(1) B
. 3) Chalk River Triciated
< 500 HAMILTON ]953(2) (Graham et al.) titanium 10 ¥ 2 ¥
< 550 FRIEDMAN 1958(3) £) ety
* i : 5 eV > 10 eV
< 4100 67 BECK 1968(4) L A
: < 9 :
< 200 90 SALGO ]969(5) 5 i;tingun—Cheng et :l.; nsais 4l &l
s B 2 DARILS 1965(6) 6) INS 20 1abelled 5 ev 5-7 eV
compound
< 60 90 BERGKVIST 1972(7)
us 3
< 86 30 RODE 1972(8) 7) U.C.Berkeley H in
(Heller e: al.) semiconductor L00. ¥ > 30 eV
< 35 90 TRETYAKOV 1976(9)
. 8) Rock-FNAL-LLL Solid 3 .
< 70 95 SIMPSON 1979(10) (Fackler et al.) molecular "H 1-2 eV > 4 eV
M < 1 1
14<M <46 99 LYUBIMOQV 980(11) 9) ?gi;ﬁ'et " - s 10 ai
> 20 39 BORIS 1983(12)
- 10) LAMPF .3
* v, MASS MEASUREMENT USING 22Na (Bowles et al,) Atomic "H 40 o # 1wy
11) IBM vy 3
Table 1 (Clark et al.) salig B &Y
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Measurement of the Mass of the Electron Neutrino

1
using Electron Capture in 63Ho

Shinjiro Yasumi

National Laboratory for High Energy Physics (KEK)

Oho-machi, Tsukuba-gun, Ibaraki-ken, 305, Japan

This experiment is being done by the following collaboration;

KEK: S. Yasumi, F. Ochiai, M. Ando, H. Maezawa, H. Kitamura

Osaka University: M. Maruyama

Tohoku University: M. Fujioka, K. Ishii, T. Shinozuka, K.
Omori, G. Izawa, M. Yagi, K. Masumoto

University of Tsukuba: K. Shima

Kyoto University: T. Mukoyama, Y. Inagaki

T.1,T,: H. Taketani

INS: 1I. Sugai

University of Tokyo: A. Masuda.

Sera,

2.

Our m_—studies are now well going on along the lines as described in my
Ve
. 1) i 2 A
talk at the Brighton Conference . We already obtained the relationship
- 163 M
and the Q-value of Ho using the value of T3/2 and the nuclear

163

; 163.1.2) o .
matrix element relevant to the transition Ho - Dy*2=/, We are now trying

between m

to improve the precision on m s as determined from the Q-value by reducing
experimental uncertainties both in the total number measurement for 163Ho atoms
in a source and in the MX-ray intensity measurement. For that we are measuring
the total number of 163Ho atoms in a source using the Isotope Dilution Mass
SpectromchyB) as well as the PIXE method. Further, in order to remove the
uncertainty in the thickness of a beryllium window of a Si(Li) detector used to
measure MX-rays from 163Hn, a windowless Si(l.i) detector has been purchased
from HORIBA Company Ltd. With this device we have succeeded in obtaining a
very beautiful MX-ray spectrum from a 163Ho source as shown in Fig. 1.

If the Q-value of l63Ho is determined independently, m . can be obtained
from the mvp-Q relation mentioned above.

On the other hand, in order to determine both L and the Q-value simulta-
neously, we are doing studies on the M shell of the dysprosium atom using mono-
chromatic photons from the 2.5 GeV Electron Storage Ring in our Photon Factory.A)

The experimental setup is schematieally shown in Fig. 2. Undulator
radiations from BL-2 line of the storage ring are monochromated through a
double reflection monochromator made of a beryl crystal and impinge upon a Dy
target. Incident photon beams are monitored with a photon detector. We use
beams with five different energies, Ea’ Eb, EC, Ed and EQ where Ea>EM1>Eb>EHZ>

E >E PR SE . >E SE and E_.(i=1n5) stands for the binding energy of Mi
& M4 e Mi

M377d M5°
subshell as indicat;d in Fig. 3. The energy widths of these photon beams are
a few ¢V and sharp enough to remain distinct from each subshell level. WMX-rays
emitted by dysprosium atoms excited by the incident photon beams, are measured
with two Si{Li) detectors, one of which is set in the direction of the polari-
zation of photon beams (horizonal) and the other is set at an angle of 90° to
the direction of the polarization of photon beams (vertical) as shown in Fig.
%, If S(Eu) denotes MX-ray fluorescence 72§ftrum from Dy atoms excited by
monochromatic photons having an energy Bauis represented by the following

equation;

S(E“) = Nm-?uj(ﬁﬂ)-fi (i = 1v5) (@D)]


http:Neutri.no

where
(i : MX-ray spectrum in the case where there is one vacancy in M,L
subshell only,
oi(Eu) : photo electric cross section of Ni subshell for a

photon of an energy of E_,
{5 3
N: total number of incident photons per second,
X

m: number of dysprosium atoms in a target per cm .

Rewriting equation (1) in detail, we have

E ) = Nmio. (E of 4a 2 oF do- o et o - of
S(La‘ o Jk}a) 1 Z(La) r2+"5LL3) ) L‘u(La) L4 _,(T ) 5§72

3
S(Eih) = Nm{ ogizb)-fz+o3(£b)-f3a~‘4(r.%>-:'“+z,)(§b)-f\,
S(Ec) = Nm{ :B(EC)-f3+~L(EC)-f“+15(ﬁc)-f5}
S(E;) = Nmf 0, (Eg)+f 40, (E)-T )

S(EL‘) = Nm{ OS(Ee)-f51

A typical raw data of S(Ea) recently obtained by us is shown in Fig. 4, where
= ol J {

E 2.13 KeV. We measure five spectra, S(Ea), S(Eb), S(Ec)’ S(Ed) and S(Ee),
changing the energy of an incident photon beam.

1f Ui(Ea) is known, one can obtain fi(i=5%l) by turns using the above five
equations. f1 and f2 in Fig. 3 are theoretical spectra which were calculated
by T. Mukoyama.s)

“3Ho 163

If Sp stands for a photon spectrum from Ho where number of photons
per atom per second is plotted as a function of an energy of photons, as shown
in Fig. 3,

then we have

“Ho 1 d
g, W, at [£; Ny +Ey Ny
=2 (£ en, 4 en ]
de 1t ™2
B R 7
1 dc 2 dt
16310
.S, le-fl + xMz-f2 (2)

wherea

Nﬁ_lizl,?): number of vacancies produced in M. subshell in the
e . 163, £iC.163; :
decay o =¥ Dy,
'HLK‘_J‘}): = 1 Na .
. 163 ;
Neo 3 EOtul number of Ho atoms in a source,
\NI(if],:): partial Mi-capture decay constant.
’ 163Ho
Equation (2) tells us thar when we reconstruct Sj & using spectra f, and
r
f,, these coefficients of :l and f, correspond 1”| and AN‘ respect ive
- - 1l L
Alternative way to get Ay and A2 is in the fuilowinu’vhiﬁi is based on
the fact that peak 1 in Fig. 3 comes from HJ subshell only and peak 2 in Fig.
comes from M, and M, subshells:
B! 2 163y
If intensities of peak 1 and peak 2 in SP 70 denote Il and I, respec-
tively as shown in Fig. 3, we have
+p ML _ doMl _
SRS W T
M1 dnM1 M2 _
[I, =By x =391 & By = Xy (3)
Ml M1 Fo3y,
where Pl and T, stand for counterparts in fl for peaks 1 and 2 in SE
12 163Ho .
raspectively, and sz stands for a counterpart in f2 for peak 2 in Sp o in
Fig. 3. On the other hand A and AMZ are expressed as
} 2 2 -12
AMl = 2.7%(Q-2.047) Y (Q-2.047) e x10 per atom per sec.,
AMZ = 0.13%(Q-1.841)"7(Q-1. 841) -m, x rika per atom per sec. (4)

where LA and Q are given in KeV.

Using %,,, and },,, as detormined experimentally (equaiions (2) and (3)),

Ml M2
both m_e and the Q-value can be obtained from equations (4).

Finally we summarize several ways to determine m x using electron capture

in ]63Ho in ¥ig. 5. It seems similar ways to these are also applicable to

other electron capturing nuclides.
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Dy + monochromatic photons (2.1 3keV)
from BL-2, PF-KEK

( Run No. DI111604-HA)

Fiag. 4

- 248 -

Isotope -Dilution
PIXE MASS
Spectrometry
T?stgl No. of Photon Spectrum
Ho atoms
y
— e ———— A%
Build-upf=—y
Rate of i
63
'*>py Fluorescence |
Yield
, J
- ¢—<—1 Decay Rate
[
Ti/2 = lez -
y
- monochro
4 Dy + X-ray !
- (KEK: PF)
|mNT ‘ dny , dn
- d¥
Nuclear m,. ¥s. Q-Relation “_—El__)\_T_ZI’
Reaction s '
: |mnf
Measurement IBEC
of i ‘
Q-value an
i ‘ '
N-capture 1 |
vs. M-capture Mye — Q Mye




Present Status of the Solar Neutrino Problem

Naoki Itoh

Department of Physics, Sophia University
Kioi-cho, Chiyoda-ku, Tokyo, ]02 Japan

ABSTRACT

The present status of the solar neutrino problem is critically
reviewed. It is suggested that further measurements of the low-energy
)7

. v 3 4 ;
nuclear cross sections, the controversial "He( He,y) Be cross section

in particular, should be made before taking up more exotic explanations.
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Nuclear Physics in the Solar Neutrino Problem

Kunio Nagatani*

Institute for Nuclear Study, University of Tokyo

Tanashi, Tokyo 188, Japan

1) Deceased.
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It is with great sorrow that we have to announce the death of Professor
Kunio Nagatani, on 18th of March 1984, at the age of 48, in a tragic
accident. He gave a very lucid talk, unfortunately his last, at this
Workshop. There is no manuscript for this Proceedings, and therefore we
have attempted to collect the transparencies that he presented. It is
naturally impossible to reconstruct his actual talk that so fascinated the
audience. Nevertheless, we hope that this material will help to keép his

memory alive for the participants of the Workshop and others who know him.

M. Fukugita
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The following figures are omitted:

i. What is saex? 7

Fig.2
P ) . Fig.3
) B liewe wpove cheihs 2hnll be vaile e
Figs. 4a, 4b

;") Af{v )J r/m“ec,/“’:f = = Figs. 5, 5a, 6a
f ¢ 2O

Figs. 7, 8, 9

RN

e Cr SCemE mew l.‘ICM e
! Fig. 11, 12

‘F-.! 2'(1 ??. Fig. 13
Figs. 14, l4a

Figs. 26, 27

For general references, see:
J. N. Bahcall and R. Davis, Jr., An Account of the Development of the
Solar Neutrino Problem, Contribution to the Festschrift for Willy Fowler;
J. N. Bahcall, W. F. Huebner, S. H. Lubow, P. D. Parker and R. K. Ulrich,

Rev. Mod. Phys, 54, 767 (1982).
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. within our store of observational informaticn about stars,
only the ¢chlorine:37 expepiment is clearly incongistent with
the standard theory Of stellar evolution. It is the only place
where we don't ses a way out of observational difficulties

", "We knaow more about Eﬁe sun than any other star. Because it
-1s so close, we can measure its mass, radius, age, surface
composion, and.-luminosity much better:than for any other star.
Also the sun is in the static main sequence stage where the
calculations arc the simplest, and most reliabple. ' So the sun is
the eagiest and the best determined case for stellar

evolution. It 1s a sericus embarrassment that the theoretlcal :

answer doesn't-come out right." ] RS

We believe that the nuclear synthesis in star is quite well
understood. In the sun, most of the energy comes from the very
initigl stage of the whole chain of the synthesis where four
protons are converted into an alpha, so called proton-proton
(p-p) chain. Therefore,. the study of the solar neutrinos boils
down to investigating the p-p chain reactions, in particular
their cross sections at very low energles, Here again we-
notice that if we are not able to determipne these simple
reaction rates, we can not be credible for any other p:ocesses

‘Fig. 1
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TABLE V. Indlvidual ft values and cross sections for 'B neu-
trinos incident on *1cl. The ft values are from measurements
by Sextro, Gough, and Cerny (1974) of ¥'Ca decay ratlos.

Excitation energy Tay o4
(MeV) (1o’s/ft)* [Eq. 17)]  A° (10 *cm?)
0.0 0.794 397 0.872 596
N 1.41 0.826 272 0.857 418
\\ 2.30 1.351 176.5 0.833 429
AT NN Y 3.53 1.471 135 0.820 354
3.84 1.919 120 0.809 405
4,40 0.752 ‘96 0.803 126
4,50 1.449 92 0.800 231
4.66 0.908 86 0.798 135
v ] W " 4.95 1.923 75.5 0.790 249
4.98 50.0 74.5 0.790 6,3
5.12 6,711 70 0.788 799
5.32 1.408 64 0.785 153
5.45 0.769 60 0.782 78
6.02 1.667 45 0.773 126

1Taken from Sextro, Gough, and Cerny (1974).

®See Eqs. (24) and (34).

TABLE IV, Varlous estimates of the 'B solar neutrino cross section on *'Cl..

2

Model C) data Agsumption - (1 U‘%cmz)

A Sﬁextr'o et al. (1974) log ft=3.30 analog 1.05
I; ‘:u.tro el al, (1974) log ft=3.256 analog (a minimum) 1,11
2 .;mvo et al. (1974) 2.1% decay to E,=6.5 MeV 1.10

Poskanzer et al. (1966) 18% decay to the 1,41 MeV state 1.05
I; Poskanzer af al, (1966) 18% decay to the 2.80 MeV state 1:09

Poskanzer et al. (1966) Al1.4 MeV)/A(2.8 MeV)=2.42 1.06
G Poskanzer et al. (1966). A(1.4 MeV)/A(2.8 MeV)=0.18° 1.08

*Haxton and Donnelly (1877).
“Lanford and Wildenthal (1972).
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Q=+26.731 MeV

|.442 MeV E,=0.25 MeV

DZ+H!—=He>+y 5.423 MeV
a) HeS+HedS=He*+2H'. [2.859 MeV
b) He’+He =Eel+y 1.587 MeV
bl)  Belre —=Li'+v 0.862 MeV E,=0.862 MeV
Li’+H! =2He%. 17.347 MeV
b2)  Bel+H!—B8+y 0.135 MeV
B8 =g +a +y 15.079 MeV E, = 7.4 MeV

BeS*=2He?.  2.995 Mev
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FIG. 7. Total cross section for the "Be(p,y)*B reaction as a
function of the center of mass energy. The dashed curve is the
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dot curve is the resonant cross section using the parameters dis-
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the measurements of the 'Be(p,y)'B reaction. The two values
for the present measurement are for the two independent

methods used to determine the "Be areal density.
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TABLE I. Results of reactions "'Ga(p,n)"Ge and
SEN1(p, n)*8Culg.s.). :

Final state (da/ds1) §Rye ' log f1?
E, (MeV), J" (mb/sr) (p,n) g* decay
"Ge(0.0, 1/27) 0.153 4.676° 4.375°¢
(075, 5/27)  0.145 4.69 e
(0.500, 3/2°) ° 0.036 _ 5.31 .er
8Cu(0.0, 1%) 0.325 4.36 4.83

24 log ft value is connected to the GT matrix element
B(GT) through ft = 6163.4/(g,/g,)*B(GT) (for this con-
stant, see Ref. 14), the ratio of the axlal to vector
coupling constants being 1.250 (Ref. 15).

®B(GT; p,n), which is also the GT matrix element
for neutrino absorption, is related to B(GT; B8*), the
GT matrix element for inverse B+ decay, through
B(GT;p,n) =1(2J,+1)/(2J+1)| B(GT;B*), where J; and
Js are the sping of the initial and final states for the
(p,n) reaction, respectively.

©Taken from Ref. 16.

Fig. 25
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THE INSTITUTE FOR ADVANCED STUDY
PRINCETON, NEW JERSEY 08540

Telephone 609-734-8000

SCHOOL. OF NATURAL SCIENCES

December 3, 1980

Dr. K. Nagateni

Texas A & M University
Cyclotron Institute

College Station, Texas T78L3
Dear Ken:

Thanks for your letter and the enclosed preprint. It is an
excellent job.

What about getting a new 7Be(p,y)®B measurement done? Its
badly needed after so many years.

Best regards,

ohn . Bahcall.

JNB:1u
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Scenarios of CGalaxy Formation*

Humitaka SATO

Research Institute for Fundamental Physics

Kyoto University, Kyoto 606

Abstract
Two different approaches to galaxy formation is contrasted:
One is the primordial scenario based on particle physics and the

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
to ‘the Planck era of 10 T%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.1 For example, we had not a definite image about the

state of matter before 10—4sec, in which hadrons overlap each

other, and the further trace before the nucleosynthesis era had

been blocked by this hadron barrier.2)

Overcoming this hadron barrier by QCD, 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

CUT era of 10_355ec, only because nothing has been known to block

3)

astronomical

5)

it. They have discussed baryon number synthesis,
4)

roles of relic particles, clustering of massive neutrinos,
magnetic monopoles ana so forth. They are still concerned mainly
with the origin of matter, which would be still the realm of the
particle physics or 1its colony.

However, encouraged by the success of the inflation

6} the theorists working these subjects have started to

scenario,
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 enérmous. 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 dark matter
— favorite menus of particle cosmology —

What is the major observational facts for our problem of
galaxy formation? First of all, the galaxies and their system are
decoupled dynamically from the universal cosmic expansion and
their distribution is almost uniform in the scales larger than
100Mpc. In the transient scale between the clumpy and the uniform
scales, the cluster-void structure, which is called "large scale

7)

structure" recently, has become more evident. Further, the

density correlation function takes a power low form such as

7-1‘7 not only for the galaxy-galaxy but also for
supercluster—supercluster.8) The dark matter, firstly found in
clusters of éalaxies, has been detected more clearly in the halos
of spiral galaxies and, possibly, also in the dwarf galaxies, the

companions of our galaxy.g)

Then, the average density of matter
clustered with sizes less than 100Mpc is estimated as Q=0.1~0.3,
which is larger than the baryon density from the nucleosynthesis
but smaller than (=1 predicted by the new inflation scenario.

The above facts are favorite 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 gquasars,

the background radiation in X-ray and NIR, the extrem 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
gquestion "who is your ancestor?" that "he was a coacervate in some
muddy shore". But, what the particle cosmology is trying to do
about the galaxy formation is just this sort of answer. Such an
attitude comes from the theoretical prejudice that we have known
all the components necessary for this subject and the problem is
merely how to cook them. Sometime, this sort of innocent boldness
is very effective and should not be laughed away. Historically,
the big bang cosmology was this case.

The astronomical approach tries to answer in more moderate
manner. One seeks to find what is a pregalactic objects which
generates galaxy. You may criticize it saying that the
pregalactic object needs further pre-pre-galactic object and such
an answer is not final. But, in this approach, they are seeking
new components which might be indispensable for galaxy formation.
They look to be polite enough not to regard themselves as they
have known all the components already, but, in other sense, they
are bold enough to introduce any new objects which are not
forbidden by the present observation.

We call this approach as "pregalactic scenario" and the
previous one of the particle cosmology as "primordial scenario”.
Recent works in this direction is the isothermal fluctuation

scenario, the population III starslo)

11)

and the explosion dominated
universe. 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 restriction?

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, Sgr 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 increase the number of parameter within the
particle physics but not in the universe model.

In the pregalactic scenario, the angular fluctuation of the
microwave background is not directly related to the density
fluctuation which had generated the pregalactic objects. We have
much freedom to to do in the smaller sizes less than the angular
resolution. This objects, however, might generate the additional
background radiation in other wave bands and would affect the
thermal history of the extragalactic medium. In this respect, the
clouds observed by multiple Ly-o 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" effect where the inhomogeneous
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radiation has been isotropized by random scattering.

4. What 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 cosmic expansion rate.

The filter process introduces the critical length scale
determined by microscopic 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

2
x = (ct) 2 %E— for collisionless particle with mass m
T=mc 0
and
1/2 TDec
A = {ctl) ——— for nucleonic matter,
T=T T
Dec 0

where 1=(neoTh)~1 is mean free path for Thomson scattering and
TDec =4000K is the decoupling temperature. It has been pointed
out that these lengthes ma§ explain the characteristic size of the
large scale structure. However, we should keep in mind also
another possibility that it is derived from 60 and the cosmic age

t0 as
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where Zop 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 worthwhile 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 pregalactic objects is
the isothermal density fluctuation, this belongs 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.lz)
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 examplé of the "pancaking" and

is a complementary view of the same process.lB)

The expansion of
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.ll)
In terms of the explosion picture, the void is a "clean bomb",
which explodes at the nonlinear epock and with energy of

Mcz(x/ct)z. Because of a rapid expansion in the void, the light

traversed it suffers the larger redshift.l4)

7. The first star
Whatever the dark matter consists of, the nucleonic component
should evolve to ordinary stars. When was the first star 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 of stars: the previous

4 15)

estimation gave a large mass like M 10 Mo’ but the recent

estimation has derived a low mass like 0.1 Mo’ adding the

molecular formation process of a triple collision.ls)
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If the first stars were a low mass star, they would have
continued to shine untill now. However, since the number of low
mass stars aré limited observationally by the background
radiation, théy could not be the main part of the dark matter. 1If
the first stars were formed at =z mlO2 with mass of lOzMo, they
would generate the near infrared background which might have been

17 The accretion to the black

observed by the rocket observation.
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 normal. These informations will give an
important clue to consider the first star formation and the mixing

7)

of the synthesized elements.1 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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Galaxy Formation Theory and Large Scale Structure

in the Universe

S. Ikeuchi
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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.
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§1. Introduction

Till the end of '70s, two theories of galaxy formation are competetive: one
is the fragmentation theory, which has been mainly developed by Zeldovich and
his collaboratorsl), and the other is the clustering theory, which has been

studied by the western groupz). Both theories have fatal difficulties. 1In 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 2 5, the amplitude of density perturbation must be

ARy 1078, 58
On the other hand, the fluctuation of micro-wave background radiation is limited

toa) AT/T < 10'4, which gives the upper limit to the density perturbation of

nucleonic matter

b AT
=3
4 T

<3x 1072, (2)

Then, if p = pb’ the above two conditions (1) and (2) contradict with each

other. The latter clustering theory failed to predict and reproduce the
honeycomb structure of galaxy distribution 1in the universe4)'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 two 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. At present, the
galaxy formation theioy 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 Contrast in a Neutrino Dominated Universe

1 of conditions (1) and (2) in the adiabatic

To avoid the contra

theory, it is natural to assume p % pb. That is, the gravitating mass (p) is
not the nucleonic mass oy (hereafter, we refer baryons). This assumption is
supported from the following two facts. One is that the neutrinos may have a
finite mass7) such as 10 ~ 30 eV, If it is true, the mass density of the
universe is almost occupied by neutrinos, neutrino dominated universe. In order
to form the astrophysical objects (galaxies) before 1 + z > 5, the density
perturbation of neutrinos must satisfy the condition (1), while that of baryons
satisfies only the condition (2). The apparent contradiction is resoclved.

The other is that the missing mass increases with the mass of astronomical
objects. This fact indicates that the missing mass seems to be uniformly
distributed and it dominates the gravity of baryons.

Then, we assume: (i) the mass densities of neutrinos and baryons are,
respectively, Qv = 0.9 and Qb=0.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 treated by hydrodynamics.

In reality, at the decoupling epoch 1 + z4 = 103, the radial Lagrangian
coordinate of neutrinos is perturbed as

rv,i = r\),i,o(l * év,i)' (3)

and its corresponding perturbed velocity becomes

v .= . +26 ).
v, 1 Hi rv,l,O & v,l) (4)
; ; : 8)
The functional form of perturbation is taken as
€ ro .
2 L v 0
cos’ [ (—r2el yg atr , <R,
2 R . v,1,0 V5.3
8. = v, i
v, i
(5)
0 at r > R
v,1,0 v, 1
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From the mass conservation condition within the radius R v
v, i

we can obtain the initial density distribution p .. In the above, the fact
Vi o ’ e

hat ¢} qee i o 1
that the missing mass is due to neutrinos appears as the size of perturbation

= T I -1
Fo,i T 3750 Mtz e, (7)

where m  is e neutri i i ified
5 the neutrino mass in eV. It is to be notified-that after the cosmic
expansion the size of this neutrino perturbation becomes egual to that of a void

at present,

Rv(O) = vai (1 +2z.) =12.5 (30 eV/mv) Mpc. (8)

Starting from the above initial condition, we investigate the evolution of
density perturbations of baryons and neutrinos. 1In Figure 1, the density
distributions of baryons (solid lines) and neutrinos (dotted lines) are
illustrated in the comoving coordinate for several stages in the case of the
initial amplitude €= 0.07 of Eq. (5). During the epoch 1 + z = 103 " 50, the
baryons are dragged by the gravitational force of neutrinos. At the stage,

1 + z = 20, both density distributions become almost equal to each other. At
the stage 1 + z = 11, the shell crossing of neutrinos occurs. In order to see
this shell crossing in detailsg), we show the radial distributions of expansion
velocity V, its deviation from the Hubble law (V/Hr - 1) and the gravitational
force IGMr/rZ’ in Figs. 2 and 3.

At the stage 1 + z = 25, it is recognized that the reversal of velocity
distribution near the dense shell occurs. Due to the strong gravitational force
at the shell, the expansion is decelerated just outside the shell. oOn the other
hand, inside the shell the matter overtakes the shell. as a result, the

dense shell becomes more concentrated. Meanwhile, the neutrinos of inner region

- 290 -



can go ahead of those of outer region., This is the shell crossing.

After the first shell crossing, neutrinos do experience the shell crossing
several times as is seen in Fig. 1 (¢). On the other band, baryons can not pass
through each other. When neutrinos make shell ¢rossings, the baryons are
enforced to collide violently from the rear-end and their kinetic energy is
dissipated to increase the baryon temperature guickly. In Fig. 4, we illustrate
the time variations of temperature T(rm) at the radius rm ., where the baryon
density is maximum pb,max' and the neutrino density at there, as well as T(rm)
for the case e, = 0.03.

It is interesting that the baryons can be heated up naturally at the epoch
1 + z = 10 without any energy injection mechanisms. As the second point, we can

claim that after the shell crossing the baryon density p always exceeds the

b,max
neutrino one nv(rm). This means that it is possible for baryons to exceed
neutrinos locally.

As is seen in Figs. 1l(b) and (é), a very thin layer of baryons and a fairly
thick layer of neutrinos are formed after the shell crossing. This shell
will ultimately fragment to pieces. Here, according to Ost:ikér and Cowie (1981)
we estimate the mass of a fragment, which is gravitationally unstable. A

pancake cut out of the shell, with radius a, has a kinetic, gravitatiomal and

internal energy per unit mass, which are, respectively, written as

i
_ 1 a 2 w2 _ _ 3 T
B = = R VA E, = -«raG I and B = — T , 9)

where Zt is the total surface mass density and EI is the surface internal eneray.
If the total specific energy E = EK + EG + EI is negative, this pancake is
unstable and the shell can fragment into many pancakes. The condition E < 0 is

generally satisfied at the range a, € @ e a, and the energy becomes minimum at

2 2
3. 2= K1GL Rs / vs N (10)

- 291 -

The characteristic masses of this pancake are

calculated as

(11)

=
<

]

=

o

-
Z

I

)

o
= I

-1
U

where L and I are the surface mass density of neutrinos and bazyoxxS. In
v b
v masses n 11 s ]— a (L + L ). As
Figure 5, we plOtted the masse M’ and Mb as we as M 1 1

is seen, if we take the size of the present void Rv(o) = 10 Mpc, the mass of a

1y 12 ey
fragment is in the range M =M + o= 7 % 107 to 1.1 x 107" M,. Also, it 1s

to be noticed that £his characteristic mass does nat depend upon the epoch of

shell fragmentation.

In Figure 6, we illustrate the shell crossing epoch 1 + — and the

density ratio of the void to the average pb,c(O) A nb{O) versus the initial

amplitude of perturbation €y The case with ﬂv(o) = 0.1 and Hb(O) = 0.05 is

also added for comparison. As is seen, the following simple relations are

obtained
6 =0.9, 2= 0.1)
v
£ p (o) € -1.4
N b2 = Y .
= = =2 % 10 ( ) (12a)
L% Zcross i 0.1 1 oblﬂ) 0.1 A
. =0, ﬁb = 0.05)
€ Phs ™ e 3:10
4 b,o =2 N .
Lez, .=10 0"1 pRu®, e =B A W gy ) .
' o (12b)
the

1f the epoch of galaxy formation is later than the shell crossing time,
condition for the galaxy formation z > 4 gives the severe lower limit to the
» -2
amplitude £ 2 3.2 x 10 7.
Summing up the above resuits, we may conclude that if we consider the

neutrino mass is in the order of 20 % 30 eV the neutrino perturbation with the

amplitude € 2 5.03 can well explain (i) the size of a void, (ii) the mass of a
¥ .

supercluster of galaxies, (iii) the mass of a galaxy and (iv) the missing mass.
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§3. Hierarchical Explosicn Scheme
1)

This unfamiliar name of a galaxy formation theory is recently named1 but
its fundamental idea were presented several years agolo)'IZ). In the above
neutrino dominated universe, the fluctuations of adiabatic form (= isentropic)
are presupposed. In this case, the minimum non-dissipated mass is "™ 101 M . On
the other hand, another possible form of fluctuations is isothermal. Even before
the decoupling era, the isothermal perturbation does not affect the microwave
background radiation. This isothermal perturbation can rapidly grow after the
decoupling at the Jeans mass region MJ 47 106 M@. The western clustering theory
propeses that these 106 M@ objects might form galaxies by their mutual
gravitational clustering. This idea is completely denied by the discovery of
the honeycomb structure.

However, it does not mean the first object in the universe was not the
106 Mo object. We can suppose the following different scenario of galaxy
formation. The lO6 M@ object would fragment to massive stars after collapse.
The lifetime of these massive stars is as short as v 3 x lO6 yr and they explode
as supernovae at their final stage of evolution. As a whole, the energy of
lO55 * 26 ergs is ejected and it induces the shock wave in the ambient medium.

With expanding the shock wave, the cooling processes (Compton cooling at
z > 10 and radiative cooling at z < 10) become efficient at the shock front, so
that the dense cooled shell is formed. Even if the cooling processes are not
efficient, the matter is swept and concentrated to the shock front in the
Einstein - de Sitter universelS).

By examining the energy of a fragment of the shell, like Eg.(9), the most

probable mass M, of the objects which can be expected after the shell

2

fragmentation is estimated. If this mass M2 is greater than the mass of the

first object Ml = 106 M@. we may say the mass scale is amplified by explosions.

As same as the first objects, we may expect these second objects also

- 293 -

fragment to many stars, which explode as a whole to make shock waves. The total
rass MS 1 swept to the shock front around the first object can make the second
’

objects about n7 = Ms l/’ M2 (= 300 v 3000). This brings more viclent explosions

by a factor of n_ x =
1y a o r2 (M2 / MJ) (Ms,l / Mll.

Similar to the above, the third objects will be formed by the fragmentation
of the dense shell at the shock front. If the mass of the fragment M3 is higher
than MZ' we can expect the above process to repeat. In this way, after several
generations of objects, formed and exploded, galaxies would be formed as the
n-th generation cbjects. Therefore, we name this model as Hierarchical
Explosion Scheme {HES)ll).

HES becomes invalid, when either of following two conditions is not
satisfied. One is the amplification condition, M > M > M veee M I

n n-1 n-2 1
this condition is not satisfied, we can not make galaxies from a smaller
(106 Mml first object. The other is the fragmentation condition, E = EK + EG +
EI < 0. If the explosion energy is too high or the ambient gas density is too
low, the energy of any fragment is always positive, and the shell can not be
gravitationally unstable.

After the galaxies are formed at z = 5, the latter condition can not be
satisfied, because of too rarefied ambient density or overlappings of shock
waves. As a result, the HES stops.

Generally speaking, the void of galaxies corresponds to the cavity of a
shock wave, and if it is A 20 Mpc the explosion energy of ~ lO61 ergs must be
supplied, The formation of void and surrounding ridge of galaxies by the energy
injection of this order just corresponds to the formation of density fluctuation
with amplitude 0.05 at the decoupling epoch. That is, from the viewpoint of

formation of a void and cluster of galaxies the above two secnarios completely

agree with each other.
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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 galaxies. Here, we summarize
the problems which are not resolved until now.
(a) Adiabatic Theory in a Neutrino Dominated Universe

l'he most important and unclarified problem is whether the density
fluctuations 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 finite and several times of collisions are necessary. Therefore, a large

e and a relatively high amplitude 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
condition, the minimum mass above which the clumps can survive is determined
(Silk mass). It is necessary to treat accurately these photon-baryon
interactions in the expanding and decoupling era.

In the next step, two- and three-dimensional calculations considering both
the collisionless and collisional particles are necessary. At present, the
usual N-body calculations can not succeed in reproducing the epoch of galaxy
formation and the observed correlation function at the same time. The auther
believes that the hydrodynamical treatment for the formation process of galaxies
is necessitated.

(b) Hierarchical Explosion Scheme

The most fatal problem of this model is "not fully examined in discussing

the details". Especially, the following problems should be urgently made

clarified. (i) How- many generations are necessary to make galaxies successfully?
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In that case, is the universe covered by shock waves? (ii) Whether or not is
the uniwverse poluted by heavy elements more than pop. II stars due to these
hierarchical explosions? And (iii) at the same time does a huge energy input
deform the blackbody spectrum of microwave background radiation?

In addition to the above problems, it is necessary to make simulations of
galaxy formation and formation of large scale structures in an expanding
universe. Different froﬁ the N-body simulations, we may have other constraints

to our scenario.

The auther would like to thank Mr. M. Umemura for his collaboration of the

first half of this paper.
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Inflacionary Universe Model

Katsuhiko Satg

Department of Physies, Faculty of Science

University of Tokyo, Tokyo 113 Japan

ABSTRACT

Recent studies of Inflationary universe model is revieved. In § 1

essential idea and the merits are introduced, In § 2 details of the

original inflationary model and its difficulties are shown. In § 3

. ‘ the new
inflationary model

which Linde and Albrecht et al proposed in order to avoid
the difficulties of the original inflationary model
are reviewed,

. and the new versions
the final section § 4 is devoted to remarks.
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§ 1 First order phase transition and inflationary universe model

1) Expomnential Expansion

About three years ago, an universe model was proposed ,independently, by
the present speakerl)'a)and Guth®») | In this model the universe expands
exponentially in a period of phase transition if the CUT phase transition is
of strongly first order(see ,for examp]e.reviewse)'7)L This model is now
called Inflationary universe model,which is named by Guth skillfully.As shown
in Fig.1.1.1, the vacuum stays at the symmetric state ¢ =0 for a while even
if the cosmic temperature decreases to lower than the critical temperature.
This false vacuum ¢ =0 decays into the stable vacuum ¢0 by quantum
fluctuations or by thermal fluctuwations, Obvicusly if the potential barrier
between two vacua ¢ =0 and @0 is high and the transition time-scale is much
longer than that of cosmic expansion, the energy density of the vacuum
becomes dominant and changes the expansion law of the universe, because the
radiation energy density decreases with cosmic expansion, but the vacuum
energy density P, is a constant.

If we assume that our universe is homogeneous and isotropic, the metric

takes the form

ds? = —dt? + R(t) (d X2 X% aud , (1.1.D)

+1 j;closed universe
for k= 0 ;flat universe
-1 jopen universe .

Then time evolution of a cosmic scale factor of the universe R(t) is
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described by the following equation
2/p2 2 _
RE/RT + k/RS = 8TG(p, +p.(£))/3 , (1.1.2)

where a dot denotes time differentiation and p , is the energy density of the

false vacuum. The radiation energy density or(t) is given by
_ 2 b
Qr(t) = Nb m < T*t)/30, (1.1.3)

where Ny 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;
2 = @81 Go,/3)712 (1.1.4)

and a non dimension numerical factor which represents the "'size" of the

universe;
b= o (t) Réu)/p, 2% (1.1.5)

which remains constant when the universe evolve adiabatically. Then

Eq.(1.1.2) is revwritten as

X2/2 +V(x) = -k/2 (<E) , (1.1.6)

where x= R(t)/ 9 and a dot denotes differentiation with respect to normalized
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time t=t/%. The potential

V(x) = -(x% 4b x2)/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
bL/2 sinh(2t/2) for k=0,
(R(t)/ 1)%=¢ k/2 + (b-1/6)1/2 sinh(2t/4) for k40 ,b>1/4, (1.1.8)

k/2 + exp(2t/ %) for k&0 ,b= 1/4,

K/2 +  (1/4-b)12cosh(2t/ ¢ ) for k%0 ,b<l/4,

This is the solution that the universe can expand infinitely. The second

type solution is

1/2 fork=+1 , b=1/4
(R(E)/ 2 )2=\(1- exp(=2t/ 9))/2 for k=+1 , b=1/4 (1.1.9)

1172 ~(1/4-b)1/2 cosh(2t/ 2) for k=+1 , b<l/d

This is the solution that the universe has a maximum scale factor which is
less than £ /2. Obviously, this type of solution can only exist for
k=+1(see,Fig.1.1.2). It seems, therefore, hard to take the second type
solution as a realistic present universe model, because the length i is an

order of 10-26¢€m if we take a plausible value as for the vacuum energy

density Dv:(1015GeV)4. Even if we take the first type solution, the
situation is very different according whether b<l/4 or b>1/4. In the limit
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b>>1/4 or the case k=0, the Eq.(1.1.8) reduces to

b1/ v/ )2 eccn )2 (1.1.102)
R(t)= b4 sinnl/2(2t/ ) =

p1/4=1/2 oyp(e/ 2 s> 272 (1.1.10b)

independently of the value of k. As seen from Eq.(l.1.10a), the universe
expands as tl/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 /2, however, the universe begins to expand exponentially because the vacuum
energy density 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 v 1/R, so the time-temperature relation can be written as
T =T, N V4 sinn 1/ 202t/4 ) , (1.1.11)
where T, is defined by the relation

n2 T 430 = 0, . (1.1.12)

v

Evidently ,T, may be interpreted as the temperature equivalent of the vacuum
energy density if this were transformed into massless, spin zero boson
radiation.

When the phase transition finishes, the energy density between two vacua (the
false and the true vacua) p, is released and the universe is strongly heated

up if the energy is thermalized. Then, the temperature immediately after the

phase transition T, is given as
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- a2y yL/boy ~1/4
T,=(30 p,/ 7N~/ *=N, Ty- (1.1.13)

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(tp) ( 2(t-tg)/ 2+1)1/2

= b1/4 exp(tf/ ) (& t)l/2 Jfor tHee>n (1.1.14)
where ty is the termination time of the phase transition.

2) Horizon Problem

One of the most important differences between the standard model and the
8)

inflation model is the size of a particle horizon, which is defined as
t
' '
ry(t)= R(t) j dt /R(t ) (1.2.1)

o}

This is the maximum radius of a region in which causal relations can nwist at
the cosmic time t. In the standard model (R’bt1/2), the horizon is rH(t)=2t
and very small compared with the scale factor of the universe in the early
universe., This means most of the regions of the universe have never been in
causal relation in spite of the homogeneity of the universe. On the other

hand, the horizon in the inflation model, which is calculated as

- 308 -



F(cos“l(exp(—t/i LZ‘I/Z)sinh1/2(2t/ L) stdltg
ry(t)= (1.2.2)

PO /2,272y exp(te/2) (/22 4 2t sty

can become very large, where F(+,+) is the elliptic integral of the first
kind and the value F(m /2,{1/2) is about 1.85. As shown in Fig.1.2.1, the
particle horizon also increases exponentially as the scale factor increases,
and becomes very larger than that of the standard big bang model (SBBM). 4s
is well known from the observation of the cosmic background radiation, the
universe is surprisingly homogeneous and isotropic. This fact suggests that
a homogenizing process had worked in the very early universe. In the SEBM,
however, this process could never work in principle, because the particle
horizon is very small compared with the size of the universe at and before
the recombination time. 1In this review, we define the size of the universe
r(t) at cosmic time t as the proper length of the region which we know

observationally at present, i.e,,
r(t)= tg R(t)/R(tg) =R(t)/(R(tg)Hy), (1.2.3)

where t  is the present cosmic age and HO is the Hubble constant. If we
assume that the universe expands as R oc t" (n=1/2 for radiation dominant

universe, i.e., t<te , n=2/3 for matter dominant universe, i.e,, t>t

q eq’Feq
being the time when the universe becomes matter- dominant.) the ratio of the

particle horizon to the size of the universe is calculated from Eq.(1.2.1)

and Eq.(1.2.3) as
TH(EN/R(E)= 2egm1/3 p SB1/2 o ar, se) Bcese 12

- 10—2(t/teq)1/2 Jfor £ty (1.2.4)
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This shows that a region which could be causally related by that time t
becomes smaller and smaller as we go back to the early universe. The
question why the universe was very homogeneous over such scales which were
completely causally unrelated is called horizon problem. Obviously this
difficulties is removed in the present inflation model, because the horizon
can become very large. If we assume that the finishing time tgy is later than
the cosmic time 622, the regions which were in the particle horizon and were
homogenized by some causal processes before phase transition t= ¢ /2, can
expand as large as the size of the universe which we know now observationally
( ~1/Hy) (see, Fig.l.2.1 and Eq.(1.2.2))

3) Ceneration of seeds of galaxies

Although the universe is very homogeneous in the very large scale (>100Mpc),
there exist large scale inhomogeneities, i.e., galaxies, cluster of galaxies
and super cluster of galaxies. According to conventional theories of galaxy
formation,g) these large scale structure were formed by the growth of the
density fluctuation which existed already in the early universe. [t is now
generally accepted that the amplitude of the density fluctuations with the
masses of galaxies or cluster of galaxies must be an order of 10_3, f.e

Sp / p 10"3, when the wave length of the fluctuations is equal to the
particle horizon. This means that the fluctuations whose wave length is
larger than the horizon must be formed in the early universe. llow these
density fluctuations were formed? Zeldovich?) investigated in detail whether
density fluctuations whose wave length are larger than the particle horizon
are generated by causal processes (the enmergy and momentum are conserved) or
not. He showed that even if the fluctuations are formed, the spectrum of the
fluctuations is W'7/6, which is too steep to explain the origin of large
scale structure in the standard big bang model,where M is the mass of the
fluctuation. This is because the creation of fluctuations from homogeneous
state is strongly limited by the existence of the particle horizon, i.e., in
order to create a large scale in homogeneity, the energy or momentum must be
transferred over the horizon. 1t is obvious that this difficulty is removed

in the inflation model, because whole universe which we now observe was in
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the particle horizon before or at the phase transition i.e., t< 2/2. We may,
therefore, conclude that global homogeneity and the large scale
inhomogeneities could be formed at this time from the view point of
causality, in principle. Of course, in order to construct a scenario of the
generation and growth of fluctuations, we must investigate the physical
processes before or at the phase transition in detail. It seems, however,

very possible that fluctuations were formed by GUT phase transition.?)
4) Monopolc problem

Magnetic monopoles are relic of the cosmological phase transition which is
predicted by GUTs. As discussed by Kibble, a monopole is formed at a
point which is surrounded by four domains if the winding number is
nonvanishing( see, Fig.1.4.1). Kibble estimated the number of monopoles

roduced by the cosmological phase transition as
p ¥ I

n= pg/d (1.4.1)

where pg (nv1/8) is the group theoretical probability that the winding number
is non vanishing (unity) and d. is the radius of the domains or the coherent
length of the Higgs field. This coherent length could become infinite and no
monopoles were formed if the universe cools infinitely slowly keeping the
thermal equilibrium. Because the universe expands and cools very rapidly in
the early universe,monopoles which are topological defects of vacuum are
formed abundantly as lattice defects are formed in crystal when melted
material is cooled very rapidly.Now we take the particle horizon dy in the

SBBM  as for this domain radius ,
ag(D)= 2t =(45/ 73 W1/ 2a /12, (14.2)

Then the monopole /entropy ratio just after the phase transition is given by
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r(to)= pgln 2/2)( w 8/45)Y 4T /m )3,
v (To/my)3 ~ 10712 (1,4.3)

where we assumed pG=1/8 , N=100 and T_= 1015 Gev. Because the particle
horizon is the upper limit of the radius of domains, Eq(l.4.3) gives the
lower limit of the monopole/entropy ratio. As pointed out by Preskilllo)
this value is extremely larger than the upper limit obtained from the energy
density of the present universe ,i.e. m nM(tO) <0 ,where m(“'10168ev) is
the monopole mass and ny(tpy) is the number density of monopoles at present
universe and the upper limit of the energy density p( is about 4x10'29g/cm3
This overproduction of monopoles in the universe is called as monopole
problem.

Obviously, inflation model, in which the particle horizon is very longer than
that in the SBBM, give a possible solution to the monopole problemll)_lzh
If we take Eq.(1.2.2) as for the particle horizon and the temperature after
the phase transition Ta (Eq.(1.1.13)) instead of the critical temperature T,

the monopole/entropy ratio is given by approximately
r(te) = (Tv/mp) 3 exp(-3 tg/ &) i (1.4.4)

in stead of Eq.(1.4.3). If we takes tf>62 ¢, which value is necessary to
explain the horizon problem, and TV=1015GeV, the monopole/entropy ratio is
10790, This results suggests that the monopole problem can be solved from

the horizon discussion in principle(but see, § 2-3)).
5) Flatness problem

In spite of many efforts to determine the curvature of the present
universe from the observation of deacceleration parameter qg or the cosmic
energy density parameter Q (= p,/ 0.), it is unclear whether our universe has
8)

negative, positive or zero curvature This is because our universe is very

flat and the curvature radius is greater than the Hubble length Ho'l. 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=0
exactly, this problem is nonsense. 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 characteristic scale
of the Einstein equation for a radiation-dominated universe is the Planck

length or the Planck time m -1,

P
should be the Planck length or the Planck time. Why the universe is greater

This means the natural scale of the universe

than the Planck length mp_1 by a factor mp/HO~1062 ? This extremely large
number should be explained physically. Now we show more in detail. Let's

rewrite the Einstein equation as follows,
2 _pg2p2 . 2
RE = HyP Rp™ ((A-pp/ o )+ P/ P )R/RY) (1.5.1)

where the scale factor R(t) is made to represents the spatial curvature

radius of the universe for k=0. The critical density at the Planck era Pep

P
Hp=(R/R)R:RP . For making the problem clear, let's discuss the case of

is defined as DCP=3HZP/8TTG , where H_ is the Hubble constant at Rsz,i.e.,

closed unive i.e., 0 .
u rse, i.e p> pcp

model the scale factor has a maximum, which is given by

As is well known, in the closed universe

B = ® g s-l/2 (1.5.2)
where

§ =(p_=-p_)/0»

p cp {1.5:3)

P

The first point is that as for the scale factor at the Planck era R, ws must

P
take a extremely large value compared with the characteristic length of
Einstein equation mp"l: In the SBBM, R is calculated as
N -1 -
Rp= (To/Tp) Ry > To/THg =(Tg/Hg) m, 1010300 71 (1.5.4)
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from the ratio of the cosmic temperatures of present universe T, V3K to

the Planck era Tp N LI where the present scale factor R is greater than

the Hubble distance Ho"]. Generally speaking, the size of a physical system
should be of the order of the characteristic length of the basic equation
which describes the system. From this point of view, the ratio 1030 in

Eq.(1.5.4) is extremely large number and should be explained the reason. The

-1/2

second point is that the value of § should be greater than 1032 in order

thet the universe becomes larger than the Hubble length Ho_l'Rmax >HO‘1, i.e.,

§Y2 Ry SR > T/(HGRY) > T, /(HGToRo)

=T, /Ty = m,/Tp= 1032 . (1.5.5)

This means that very fine tuning for the cosmic energy density p P is

necessary, i.e., ¢ = ( p_- DC)/ DP<10_6Z’, in order to explain the present

P
size of the universe, even if we admit the unnatural large initial scale

30 -1
factor Rp>10 LT

order of the Planck time. 1In order to solve the flatness problem, therefore,

Otherwise the universe collapse within a time of the

we must explain these two points. It should be noticed that these two points
have not been clearly discussed separately,

The explanation of the flatness problem for the open universe (k=-1) is
also essentially the same as the above, but is more complicate.

We can now easily understand that the flatness problem is solved (but
partially )in the inflation modelq). Because the universe expands
exponentially, the non-dimensional large number can be easily introduced by
the exponential factor exp(tf/ 2) in this model (see Eq.(1.1.10) or
Fq.(1.1.14)). It should be noticed, however, the flatness problem cannot be
solved completely hy inflation model with the GUT-scales energy, 1015%Gev for
the closed universe model., TIf the universe which starts at the Planck era
with the size of Planck length R_=m -1 collapses before GUT phase transition,

PP
the inflation mechanism cannot work. In order for the universe to survive


http:Eq.(1.1.l4
http:Eq.(l.l.lO

until GUT-temperature, fine-tuning on the density at Planck era is necessary.

From Eq.(1.5.2), we obtain the condition
-2 -16
P = RyfRpay)? < (Zmp™ =107° . (1.5.6)
52 Details of vinal inflition model and its difficulties

1) Nucleation of bubbles and progress of the phase transition

As discussed by Coleman13), the first order phase transition is triggered by
nucleation of bubbles of true vacuum, This first-order phase transition
{nishes whon all the space is covered by bubbles (see Fig.( 2.1.1)).
let r be the volume fraction of bubbles (true vacuum). Then the fraction

at the cosmic time t is given by

t
r(t) = Jp(t') CREED/R(ENS V(e t) de' (2.1.1)
0

where p(t') is the nucleation rate of bubbles per unit time and unit volume
in the false vacuum ( $=0) at the cosmic time t'. The volume of a bubble at

the cosmic time t, which has been created at t' is

t
V(t',t)= 4 TRI(L)] (1-r')) X Z(t',£")(d X (t',t"")/de")de" (2.1.2)
tl
where
Y
x(t'hte') = dt /R(t) (2.1.3)
o
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Here we have assumed that a bubble expands spherically at the velocity of
light and the increase in the volume of a bubble is depressed by the factor
(1-r(t")) due to the overlapping of bubbles. The solution of this integral

equation (2.1.1) is given byh)'6)

t
u(t)=1-r(t)= exp(-ypwm?'(t')(a m/3)( | de"/R(e")3 de (2.1.4)
0 t?

where u(t) is the volume fraction of false vacuum. Nucleations of bubhles of
a stable vacuum are induced by two factors, one is the thermal fluctuations
and the other is the quantum fluctuations. These factors give very different
types of nucleation rates, and we therefore, in the following, discuss them
separately in order to make clear the characteristic properties of the
progress of the phase transition.

The nucleation rate p by thermal fluctuations is essentially the same as
the probability of bubble formations in a boiling liquid, which is given as
pvexp [-S3(T)/T]. The factor S3(T) is the free energy of an O(3) symmetric
bubble,14) which is given as S3(T)=16 Wa3/3€ 2 if we take a thin wall
approximation, i.e, the radius of a bubble is much greater Lhan the
thickness of the wall, where a is the surface energy per unit area and ¢ is
the energy density difference between two vacua. The nucleation rate p(T)
has a sharp peak at T_' which is less than T., but close to T.. The
nucleation rate by quantum fluctuation is given as p ~ exp(—Sa), where S, is
the action of an O0(4) symmetric bubble. If we take a thin wall
approximation, the factor S, is given as S;=27 n2a4/2 €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

equationz)

p(t)= v pe ™3 6(t-ty) + ug2Th 8 (toty) (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
Vop and v Q are, respectively, nucleation rates of thermal and quantum
fluctuations normalized by the characteristic scale % . 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)= up(t) ug(t) 1 (2.1.6)
where
up(t)= exp(-(4 1/3) v (1 exp(~(t-ty)/ 2))3) 2.1.7)
and
ug(t)= exp(-(4 7/3) Va(t-t )/ 2 ) . (2.1.8)

We assumed that the ignition time of nucleation ty is later than the

characteristic cosmic time ¥ /2, i.e., ty> 2/2, and (t—tN)>>)\

2) Percolation of bubbles and fractal structure of vacuum

Now we discuss how phase transition finishes in the universe ,using the
results of preceding subsections

Eq.(2.1.7) shows that uT(t= w)=exp(=4 7 ‘11,/3). This means that the volume
fraction of bubbles r(t) (=1-u(t)) stops increasing in spite that bubbles
expand at light velocity. This is because that the event horizon evists in

the de Sitter universe (exponentially expanding universe)., From Eq.(2.1.3),

~ 34 =

the radius of a bubble in comoving coordinate stops increasing in spite of
the light speed expansion because the bubble expansion cannot catch up the

cosmic expansion;

X (t,ty) = G—l(exp(—tN/ 2 )-exp(-t/ %)) ~ a-l exp(—tN/ 2) (2.2.1)

too

15), infinite networks of linked

According to theories of percolation
bubbles are formed when r(t) becomes greater than a critical value pc(wOJD
and when u(t) becomes less than Pe the infinite networks of the false vacuum
disappear, i.e., the size of all the false vacuum regions becomes finite and

are surrounded by bubbles. As shown in the papersl6)'22%

the regions

become black holes or wormholes and drop out of our universe if we take into
account the effects of general relativity. We, therefore, may consider that
the first order phase transition finishes effectively when u(t) becomes less
than p., i.e., u(tf)zpc ~ 0.3. The present result shows that the phase
transition never terminates by the bubbles nucleated by thermal fluctuations,

if the nucleation rate v is smaller than a critical value,

vp® ==(3/41m) 1n p. = 0.29 (2.2.2)

Although nucleation rate by quantum fluctuations is very small compared with
that by thermal fluctuations, the volume fraction u(t) decreases steadily by
bubbles created continuously by quantum fluctuations as shown by Eq.(2.1.8) .
The size of bubbles in comoving cocrdinate ,however,becomes smaller and
smaller when the bubbles nucleate later and later as shown by Eg.(2.2.1) . no
more conventional percolation theories, in which the size of bubbles is

23) , the critical

fixed, can be applied. As discussed by Guth and Weinberg
value for percolation p. increases with decreasing nucleation rate v and

no percolating network of linked hubbles is formed eventually if Vg £ 10-6

It seems that the universe takes fractal structurezaxdisplayed in
Fig(2.2.1)(Kodama et alzs)),i.euin spite of the bubble fraction r
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=0.99999....., no infinite network exists and the structure is self similar
with 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 equalbor greater than
the critical value vTC in order for the phase transition to terminate. On
the other hand ,nucleation rate must be small in order for sufficient
inflation, ntherwise the phase transition terminate gquickly and it becomes
very hard to get sufficient inflation time to explain the horizon and
flatness problems. In order for these two condition to be satisfied, very
fine tuning on nucleation rate , VTC ESIRVEN §;vTC (I+ ¢ ), 6 <1, is

necessary.

3) Difficulties of original model

As shown in § 1, the inflation model gave a plausible solution for many
cosmological problems which could notksolved in the SBBM. But many
difficulties were found in the first-order phase transition model (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 subsections, in a period of the first
order phase transition, the universe is very bumpy and its spacetime
structure becomes very complicate. Of course if all the black holes and
wormholes evaporate away quickly, the universe can go back to homogeneous

state. Sasaki et al.zz) and Kodama et al, 25)

investigated in this scenario
that seeds of galaxies (density fluctuations) can be induced 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, vy and v Q are necessary
in order to explain the global homogeneity of the universe and the adequate
amplitude of the density fluctuation for galaxy formation, otherwise, the
universe remains at bumpy state or the phase transition never terminates and

the vacuum takes fractal structure. These consequences conflict with the
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present observations of the universe
ii) Monopole problem

In the first order phase transition model, a monopole are formed at a
point surroundedby bubbles,because a bubble is a cohierent domain in this
model. In .1, we calculated the monopole/entropy ratio assuming the domain
radius is the particle horizon length. This gives, obviously, a very lower
estimate to the monopole/entropy ratio. If very large number of bubbles are
continuously nucleated by quantum nucleations (see Fig.(2.2.1)), monopoles
are also created abundantly. It should be also noticed that monopoles are
produced as magnetic black holes or magnetic wormholes in the strongly first

20)'21). As we have shown, the false vacuum region

order phase transition
surrounded by bubbles becomes a black hole or a wormhole, which is the same

position where a monopole is created. Therefore, usual monopoles

20) 21)

remain after the evaporation of (hese holes. Sato and Izawa and Sato
investigated the monopole production in the first order phase transition and
showed that it is very hard to suppress the over production of monopoles

without unnatural fine tunings on thermal and gquantum nucleation rates.

iii) Problem of the thermalization of the energy released by the phase

transition

In the preceding sections, it was assumed that the energy released by
the phase transition is thermalized and the universe is heated up by this

latent heat.As discussed by Coleman,13)

the energy goes to the kinetic energy
of bubble walls at first, It is expected that this kinetic energy is
thermalized when bubbles collide with each other. Hawking, Moss and
SLewnrt,ZG) and Wu27) investigated the collision of bubbles and the energy
dissipation by computing the evolution of Higgs field classically. They
showed that dissipation of the kinetic energy is hard, in particular, when

28)

the size of two colliding bubbles are very different. Sawyer and

Kodamazg)

investigated the particle creation in a bubble as a thermalization
process and showed that sufficient particles are not produced. At present no

plausible thermalization process is not found

~ 320 -



§ 3 New Inflation model
1) Idea and Coleman-Weinberg potential

In order to avoid these difficulties, LindeSO) and Albrecht and
Steinhardt3D) proposed a new version of inflationary universe scenario. This

model is based on the Coleman-Weinberg potential, which is given by

V(o,T) =m2(T ¢ 2 + B ¢*In(s/0)2-1/2) + Bg“/2 (3.1.1)

where n(T)=C T2 and B=5625g[“/1021+ 72, C and g being a constant of an order
of unity and the gauge coupling constant, respectively, In this potential
the adjoint Higgs field, ,, has been reexpressed as ¢ (1,1,1,-3/2,-3/2),
The characteristic properties of this potential are, first, that the
potential barrier between ¢ =0 and & = ¢ is made by a thermal effect, i.e.,
mz(ft)=(f T2, and, second, that the potential between ¢ =0 and ¢ = 5 is very
flat, as shown in Fig.(3.1.1). In this model, bubbles are nucleated at the
temperature T<< ¢. The vacuum expectation value of Higgs filed in the
bubbles is, however, very small ¢ ;<< 0 because of the small height of the

4

potential barrier v ~ C TA<<0 . Albrecht and Steinhardt31) claim that

bubbles or domains \:ioéjh nonvanishing Higgs field ¢ i(<<0) are formed rather
by spinodal decomposition not by nucleation of bubbles.In any way the
essential difference to the original model is that bubbles have almost the
same vacuum energy density as that of the symmetric state ¢ =0. This means
that bubbles also expand exponentially. The exponential expansion continues
until Higgs field rolls over until ¢ = 7, where the vacuum energy density is
vanishing. The roll over time is estimated from the equation of motion of

‘iings field,

¢ +43H¢ + V' =0 (3.1.:2)
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where GUT-Hubble constani is defined as

H= 2 ~1 (8 wgv(0)/3)"1/2=(4 Mg Bo4y3)"L/2 | (3.1.3)

-
If the motion of ¢ 1is friction-dominated, i.e., 3H»=-V', the characteristic

rime for roll over is estimated as

T=(4/9); ™~ Mo /vy ~ H/T,? (3.1.4)

where T; is the cosmic temperature when bubbles created. As has been
discussed in 8 1, the horizon- and the flatness problems are solved if the
duration time of the exponential expansion, T, is longer than 62 2 because a
bubble with the size of ¢ (n 10'26cm) is stretched to ¢ exp(t / £)~10cm
when the phase transition finishes. The present size of this region is
longer than the Hubble length Ho'l. In this new scenario, therefore, we are
now living in a bubble. Obviously no monopole problem ouxists, because
monopoles are out of our universe which we know observationally, even if
they have formed. Albrecht et 31.32) demonstrated that the universe will be
reheated almost to the GUT temperature T~ ¢ also, by introducing a
phenomenological viscosity term l'x; in the equation of motion (3.1.2),
provided T >H.

2) Gravitational effects on phase transition

In the new inflation model, a gravitational effect on the nucleation of
bubble becomes very important because the radius of a critical bubble becomes
comparable to the characteristic length of the de Sitter universe 2(=H_1).
In order to obtain a critical bubble solution, we must calculate the

Euclidean Einstein equation33) :
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R = 1+ 871G RY( ¢'% -V)/3 ; (3.2.1)
simultaneously with Euclidean equation of motion of Higgs field,

o +3®R/R) ¢ -dv/de =0 (3.2.2)

where we have assumed the metric
ds?= 4 &2 4R%(g)d0?2 (3.2.3)

and a dash ' is the derivative with respect to £ .In this metric, & is the
radial coordinate and d3! is the element of length on a unit three sphere; R
is the Euclidean analogue of the Robértson-Walker scale factor. In the new
inflation model, however, the adequate approximate solution of FEq.(3.2,1) is

obtained independent of Eq.(3.2.2) as34)
R(E) =H "1 sin(H £), (0 < £ <n/H) (3.2.4)

because the energy density everywhere remains roughly constant, fi.e.,
¢'2<<V( ¢)vV(0). Then the equation of motion for Higgs fields is given by
1"
® +3Hcot(HE)D' —dV/d o =0 . (3.2.5)
The Euclidean action S, is given by
/4

S4= 27 2/H3; d€ (sin3HE)(§ 2, +V(,)-Bo 4/2) (3.2.6)
0
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where ¢( &) 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 original paper; ¢,'(0)=0and ¢ b(H/ ¢ )=0. As
Jensen and Steinhardty‘) and Albrecht et al35) claimed, the adequate boundary
condition is ¢ '(0)= ¢ '(m /H)=0. Equation of motion for Higgs field
Eq.(3.2.5) corresponds to the mechanical equation for a particle moving in a
potential minus V and subject to a somewhat peculiar viscous damping force
with Stokes's-low coefficient proportional to cot(H £), if we interpret ¢ as
a particle position and & as time. In Fig.(3.2.1), two typical bounce
solutions for case i) H<<m and ii) H >>m are shown. Because the oscillation
frequency at ¢ = ¢top"‘ =(—d2‘-’/d=rl 2)1/2 is of the order of m, the Case i)
corresponds to the limit that the de Sitter time #1 is much longer the
oscillation time, In this case, the bounce solution reduces to that given by
Coleman originally, because the gravitational effect is negligible. This is
easily understood that equation of motion (3.2.5) reduces to the original
onesl3) in the limit of H+0. On the other hand, Case ii) corresponds to
the strong limit of the gravitational effect. Because the bounce time 7 /H
is much smaller than the oscillation time, the movement of particle is
strongly limited near the bottom of the minus potential (-V), ¢ ™ “i'top‘

This means that the vacuum expectation value in a hubble is almost equal
to ¢top'

that the only Euclidean solution which can give a meaningful tunneling

?e
where the potential V has a maximum. Hawking and ."103336) claimed

probability is the homogeneous solution @ (£ )= ¢ top for 0K E< 7w /H, and the

action is

S, = (3/ 8 GI/V(O) ~1/V(¢ (o)) . (3.2.7)

p

This is obviously the limiting case H>>m. Evolution of bubbles or Higgs
field is essentially the same as that of the preceding discussion, except the
initial value of Higgs field is almost equal to ¢ top T1f the time for
rolling over is sufficiently long, the size of a bubble can becomes larger

than the Hubble length Ho"l at present.
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3) Dynamical evolution of Higgs field in SU(5) model

In most of the investigation until now it has been assumed that the
vacuum expectation value of the Higgs field evolves directly to the
SU(3)xSU(2)xU(1) direction from the start of rolling down. Recently,

v 4l)

however, some people have pointed out37 that the Higgs field goes

toward SU(4)xU(1) state, which may give rise to serious difficulties in the
41)

new inflationary scenario. Sato and Kodama investigated this point in
more detail by examining the evolution of a Higgs field I belonging to
the adjoint representation of SU(5) in the full 24-dimensional space by
numerical simulation and to elucidate whether the new inflatiomary scenario
is consistent with cosmological observations or not.

In practical computations, however, it is not necessary to calculate the
evolution of the full 24 components directly. Tt is quite natural to assume

13)) j.e., ¢ =0, just

that the time derivative of the Higgs field vanishes,
when the Higgs field acquires non-vanishing classical expectation values in
the first stage of the phase transition, Then the Higgs field ¢ represented
by an arbitrary 5x5 hermitian traceless matrix can be diagonalized in each
coherent region by a global gauge transformation, keeping b =0, The equation
of motion of the Higgs field guarantees that ¢ remains diagonal in the
course of its evolution if ¢ is diagonal and 5 =0 at the start, Thus in the
calculation of evolution we can restrict the form of the Higgs field without

loss of generality as

b =diag[ b, ¢, ¢g, &y, ¢s5] (3.3.1)
5
with the constraint Tr o= Y ¢ i=0_
i=]
In this representation iz Coleman-Weinberg potential with the one-loop

correction by the gauge boson (the Higgs boson contriburion to the one-loop

correction is not included) is given by42)
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3g4 7 .
V()= [Cf ¢4 -——(Z ¢,2)%)
2 -1 30 iz
256T h
5 v i~ ¢j 1
+OI(0, - 'bj)“[ In( ———— ) - —)], (3.3.2)
u
i,j= 2

where C is an arbitrary parameter of this potential and p is a
renormalization parameter related to the vacuum expectation value of the
Higgs field at the SU(3)xSU(2)xU(1) minimum point ¢ =a x diag[1,1,1,-3/2,-
3/2](¢'~4.5x101ﬁGeV) as W =50 /2, The effect of temperature on the
potential is neglected because the inflation begins after the cosmic
temperature becomes less than the GUT temperature (ﬁlOlAGeV) and the
essential fate of the Higgs field is determined before the universe is heated
up again to the GUT temperature.
5
Because of the traceless condition Z D=0, five
i=1

components of the Higgs field @ i=1,2,~-5, are not independent. This

= B
makes the numerical computation complicated if we calculate the time
evolution of these components directly. In order for the convenience of
numerical computation, we introduce the following four components fields

which are completely independent each other,

4
bi= @ 4+I ¢ J./(I+ [5). (i=1,2,3,4) (3.3.3)
j=1

In Fig.3.3.1, contours of the potential on a plane (x= 3y 1 =3v,=

3 03, y=14) are displayed for the case of the potential parameter C=1. On
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this plane there are two SU(3)xSU(2)xU(1l) 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 =2xist for C<15, and these minima become global
minima for C(—lSln(l.S).38)

The equation of motion for the fields j are given by

Yy +3RRY; + YV Yy +Cugluglvy =0, (3.3.4)

i

where a viscosity term C is introduced in order to convert the

vis [¥il¥ 1
energy of the Hipgs field into thermal energy. The scale factor of the

universe R is calculated by the expansion equation of the universe

.

®/R)? =876 p, + ~ )/ 3 (3.3 5)

(
where we have assumed that the universe is spatially flat, which is adequate
in the early universe even if it is not flat exactly. The change of

radiation energy density and the energy density of the Higgs field 04

p
r
are described, respectively, by

4
d( o, RY)/de = T coy. vl g uy% R4, (3.3.6)
1=1
and
1y
Pp =—Zy g + V. (3.3.7)
2 i=1
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The initial value of the Higgs field has four degrees of

freedom : one is the norm of Higgs field || ¥ =(Z ¢ 2)1/2
4 i=1

(32 _ij2)1/2 and the others are the direction of the vector
31

(i, Y9, V3, ¥4) in the four dimensional Y space. In the present
investigation we take ¢ = w | 0= 8)(10_6 as the initial value of || |l ,
which is about 0.2H, where H=(87 GV(O)/3)1/2. In order to parametrise the
initial direction of § we utili:e three angles O, and f. © represents
the deviation angle from the SU(4)xU(1) direction Y= ¥y= U= ¥,(50) on the
plane § 1= ¢2= Vg as shown in Fig334{ and O and 8 represent the deviation
angles off this plans. Though we do not limit the range of « essentially,
we restrict 6 and 8 in the very narrow range [9| <10_4 and II‘ <10_4
for the convenience of the analysis of the numerical computation as a first
step.

In Fig.3.3.2a 3.3.2c, some results of numerical computation for the
case of the potential parameter C=1 are shown. As demonstrated in these
figures, the Higgs field goes to the SU(4)xU(1) direction U)l= Vo= '~3=94>0

at first Independent of the values of viscosity parameter C and the

vi
initial angle O, provided that -0.29 "< ©<0.,21m, This is ot:jiously a
natural consequence of the fact that the potential has the steepest gradient
along this direction where the norm ||y | is smal 138) (see Fig.3.3.1). 1In
Fig.3.3.3, the dependence of the degree of inflation on the initial angle g
is shown. Here we define the degree D as the ratio of the cosmic scale
factors, D=R2/Rl. where Rl is the value when the inflation begins, i.e., when
the vacuum energy density becomes greater than that of the radiation, and Ry
is the value when the Higgs field arrives near the SU(4)xU(1l) minimum. Note
that inflation begins again when the Higgs field settles down at an
SU(4)xU(1) state because of the remaining vacuum energy density. Of course
this inflation 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 o,
but almost independent of the potential parameter C and the viscosity
<0.1. The evolution after the arrival to

parameter C provided that C

vis vis
this minimum, of course, depends on the value of C, ;..
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Generally speaking, the Higgs field settles down in a very direct way to
the SU(4)xU(1) minimum after short time oscillation independent of the angle

o provided that C >1 as ig illustrated in Fig.3.3.2a. For the smaller

vis
values of the viscosity parameter C

however, it can depart from this

vis?
local minimum and further evolve to an SU(3)xSU(2)xU(1) minimum state . As
shown in Fig.3.3.2b (Cvis=10_2 and o =0.217 ), the Higgs field evo
nearest SU(3)xSU(2)xU(1l) state via the SU(4)xU(1l) state

this state after oscillation around it. Note that, however, details of the

lves to the

and settles down to

evolution of the Higgs field are different for the different initial angles

even if the value of the viscosity parameter C is the same. For example,

vis
if we take a=-0.1m" , the Higgs field settles down to the SU(4)xU(1l) state
after large amplitude oscillations. When we take the smaller values for
Cvis’
around a lot of SU(3)xSU(2)xU(1) states and SU(4)xU(1l) states. After a few

the Higgs field begins to circulate in this (x,y)-plane and wanders

time circulations, the Higgs field goes out from this plane and begins to
wander around more numbers of SU(3)xSU(2)xU(1) and SU(4)xU(1) states in the
four dimensional space of the Higgs field. This result suggests that the
eventual state of the Higgs field is changed greatly 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 summari-ed in the plane

of the initial angle o and the viscosity parameter C As has been

vis®
discussed, final states of the Higgs field depend on the value of the
viscosity parameter C

if C

vig Strongly. The final state is an SU(4)xU(1) minimum
vig 18 greater than a critical value. Although the critical value
depends on the initial angle o as shown in Fig.3.3.4, we may conclude that

the final state is SU(4)xU(1) if C >1O_2. This state is, however, unstable

vis
if we take into account the quantum tunnelling effect. Although the Higgs

field can reach a nearby SU(3)xSU(2)xU(1) state by this tunnelling, the same

difficulties as appeared in the original inflatint Fr-mmrio” it

arise

because this phase transition is of first order, i.e., large scale

inhomogeneity is created by bubbles formed by this phase transition as
pointed out by Breit, Gupta and 1{1;m1¢s.38)

When we take the value of the viscosity parameter in therange 2:-{10—3

<C-,.j5<10—2' the Higgs field can settle down to the nearest SU(3)xSU(2)xU(1)

state steadily without traveling to other SU(3)xSU(2)xU(1) or SU(4)xU(1)

In this case, the inflation scenario works well with no trouble as

states.
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has been investigated by many people.

On the other hand, if we take values Cvis<2x10~3, the Higgs field
travels around a lot of mininum states as illustrated in Fig.i3J-.Eventual
states to which the Higgs field settles down are changed by fluctuations of
initial values of the Higgs field. This result strongly suggests that a
coherent region, wihich is formed by nucleation of bubbles or spinodal
decomposition in the early stage | ¢ || <H, will be fragmented into many
SU(3)xSU(2)xU(1) and SU(4)xU(1) states by the fluctuations of the Higgs field
associated with the initial state. Even if the classical fluctuations of the
Higgs field are extremely small, the quantum ones might fragment the original

38) Thus this result

coherent region into small pieces of different state.
sugpests that large scale inhomogeneities also appear for the too small
values of C,;, which conflict with present observation.

Sato and Kodamaz‘l) 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=1), does not change
qualitatively for the other values of C in this range except that the

critical value of the viscosity parameter C , which decides whether the

vis
final state is SU(4)xU(1l) or not, depends more sensitively on the initial

angle o . We have also carried out the simulation by using the viscosity of

the form C instead of T, 4 |u‘)i| wl The results were

vis HHVIlLWy
essentially the same both qualitatively and quantitatively except for the
small change of the critical value of C ;..

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 conflict with

observations arise. Recently Abbott et a1.42) 43)

and Hosoya and Sakagami
estimated the strength of viscosity. At present, it is hard to determine
whether the value of viscosity lies in the range adequate for the new

inflationary scenario or not, hecause the result of Abbott et al. is very

qualictative and the viscosity obtained by Hosoya and Sakagami is a thermal
viscogity, In order to make clear whether a consistent scenario can be
constructed or not, more precise evaluation of viscosity is necessary.

4) Primordal Inflation and Chaotic Inflation


http:state.38
http:Zacks.38
http:Fig.3.3.2b
http:Fig.3.3.2a

New Inflationary universe model, which is proposed in order to avoid
difficulties of the original models, however, has also some problems to be
solved: 1) As discussed in preceding sections initial value of Higgs field
¢ ; must be lower than Hawking temperature Ty = H/2 1 in order for sufficient

44),45)

inflation, If the Hawking temperature is the amplitude of the quantum
fluctuations in the de Sitter universe,the universe cannot cools lower than
[} and the initial value should be greater than or equal to Ty. Actually
many people discussed the possibility that the phase transition begins at

46)’50X These two conditions conflicts each

T=Ty from various points of view
other. ii) Hawking and many people observed that quantum fluctuations in
the Higgs field during the roll over stage may give rise to classical

inhomogeneities on large scales.SI)_SA)

The amplitude of density
perturbations when the wave length is equal to the particle horizon, was

estimated as

(6p /o) ~ BY2¢ 101/ 2))3/2 (3.4.1)

where B=5625g4/1024ﬂ'N 0.1 (see Eq.(3.1.1)) and L is the wave length at the
finishing time of the inflation. If we take Lv1023% for a scale of cluster
of galaxies, the value of 6P / P is about 50, which conflict with the
homogeneity observed by the microwave background radiation. iii) Generally
gpeaking, Higgs potential V(Eq.(3.1.1)) may have nonvanishing mass term p 22
at T=0. For Coleman-Weinberg model, the coefficient of the quadratic term
u2/2 is set equal to zero and the Higgs mass is mcw=2.7x1014GeV. Now, let
the Higgs mass for the nonvanishing quadratic term be my and define Ay =
(mHz—mcwz)/mcwz. As claimed by Albrecht and Steinhardt,35) the value of Ay
must be extremely small AH<<1O'6 in order for sufficient inflation to occur,
This means very fine tuning on the Higgs mass is necessary for the new
inflation scenario to solve the flatness and the horizon problems.

Recently, the CERN group 55) proposed an alternative version of the new
inflationary model in order to avoid these problems on the basis of super
symmetry GUTs, In this scenario, first, inflation (exponential expansion of
the universe) is induced by a phase transition of a hypothetical scalar

field, which they named infla ton. This phase transition occurs at the
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temperature higher than GUT-scale 1013G9V. but lower than the Planck scale
1OIQGEV. Second, SU(5) symmetry is broken at the temperature T ;T
;15(2.109Gev> being the strong coupling limit of SU(5) gauge interaction,
which is much lower than the breaking scale 1015gev. They claim all the
difficulties are solved without fine tuning of parameters in the
theory.Although this model is very interesting,it is to be noticed that the
inflanton introduced newly in this model has nothing 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 peop1e56)'59). Albrecht et a156) pointed out that the
reheating of the universe is hard in a plausible super GUT.

Recently, Linde®0)

also proposed a new interesting model, which he named
chaotic inflation model., In this model, no more exists the concept of phase
transition, which was essential in the original inflation model, but a simple

scalar field with the very flat potential
V() = A/h ot Lacc, (3.4.2)

is introduced. At the Planckian era, T %1019GeV, it is believed that the
universe was chaotic because of quantum and thermal fluctuations. One may
expect that the field ¢ may take any value between —mp/ A 1/4 and mp/k 1/4 4,
different regions of space, so that V(¢ )= 2d 4/4 <mp4. Now we consider a

domain with the size of mp_1

or greater, in which the scalar field is
almost constant. It is expected that such domains exist abundantly in the
open (infinite) universe at the Planck time. Because the thermal energy and
the energy connected with the inhomogeneity of the field rapidly decrease
during the expansion of the universe, the potential energy density V(¢ )
becomes dominant, and the domain becomes exponential expanding with the scale
factor Raexp(Ht), where H=(8 mV( ¢)/mP2)1/2, As the result of this
expansion, the universe becomes divided into many exponentially large domains
it

L . . ; g T
containing an almost homogeneous field ¢ . It is obvious, that'the initial

value is sufficiently larger than mp_1 and the time for rolling over to ¢ =0
is sufficiently longer than mp—l, these domains can become greater than the

Hubble length Ho—l at present as discussed in the subsection 1). 1In this
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scenario however, the space time between the universes (domains) would be
extremely curved and the universes would be causally disconnected each other,
Note that this scenario is quite similar to the idea of multiproduction of

19)

universes by first order phase transition.
§ 4 Summary and conclusion

In the present paper, we have reviewed the inflationary universe
scenario which seems to give a plausible answer to the fundamental
cosmological problems discussed in §81. 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 consistent
scenario with no difficulties and no conflicts with observations can be
constructed in the primordial inflation modelSS), it seems that the
necessity of the existence of hypothetical field infla ton is not definite

130)—31) seems to be

from particle physics. Although the new inflation mode
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 W and Z bosons in CERN,
it seems not easy to remove difficulties discussed in § 3-4. Chaotic

inflation modeléo)

is daring and interesting model in spite of its
simplicity. In this theory, no more concept of spontaneous symmetry breaking
or phase transition, by which present gauge theories could succeed, is
necessary but a simple scalar field with shallow and flat potential is only
necessary. But there is no definite reason of the existence of such field
from particle physics.

There remain , however, important problems to be solved in all the
inflation models, One is on the thermalization mechanism of the vacuum
energy density which induced the exponential expansion of the universe, In

the discussion §3, viscosity term C pz is introduced phenomenologically

vis
in order to convert the released energy into thermal energy. At present, no
reliable theory exist to give this viscosity. If there were not sufficiently
strong viscosity, the energy of scalar field is absorbed by the expansion of
the universe and the universe is not heated up. In this case, it becomes
hard to explain not only baryon number asymmetry, but also the 3K microwave

background radiation.

T'he bhiggest and the most fundamental problem in the inflation model may

be why the cosmological term or the vacuum energy density at the present
universe js almost vanishing., As is well knpwn, the vacuum energy density is
strongly limited from the observations of the Hubble constant and the
deacceleration parameter as p \,O<10_12:‘:1 This implies that when the
universe was created as a fire ball, the value of the cosmological constant
had been adjust to cancel the present value V( o), Although it has been
pointed out that super symmetry GUT may account for this prohlem, it has not
yet become clear.

[n spite of the existence of difficulties and unsolved problems, it is

very clear that inflation stage (exponential expanding era) is inevitable to
explain the two fundamental problems i.e., the horizon problem and the
flatness problem. In order to make clear how this inflation cccurs, mere
careful and precise investigations along the border line between particle

physics and cosmology would be necessary.
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Figure Captions

Fig.1.1.1:The schematic diagram of the effective potential ofHiggs field in

first order phase transition model.

Fig.1.1.2:The Einstein equation for the expansion of the universe corresponds

to the mechanical equation for a particle moving in the potential

V(x) if we interpret x as a particle position .

Fig.l.2.1:Evolutions of the particle horizon and the cosmic scale factor in

the inflationary universe model.For comparison,those of the
standard big bang model(SBBM) also are displayed.[f the finishing

time of the phase transition is about sixty, te >60%the particle

horizon at present becomes greater than the Hubble length Ho“l "

1028 cn and the homogeneity of the universe may be explained.

Fig.l.4.1:A monopole is formed:}a point surrounded by domains if the winding

LB«
&

number is nonvanishing.

2.1.1:Progress of the first order phase transition.In the early stage,

bubbles are isolated each other(a).With increasing volume fraction
of bubbles, they begin to overlap(b),and eventually all the false

vacuum regions are surrounded by bubhles(c).

Fig.2,2.1:Fractal structure of the universe when quantum nucleation rate is

very small,

Fig.3.1.1:The Coleman-Weinberg potential at finite temperature. A small

potential barrier is formed by thermal effect.The gradient at

¢ << 0 is very small.

£2.3.2.1:Two typical bounce solutions: Case i)The oscillation time at

¢ b top is very shorter than the de Sitter time = /H,i.e.,H<<m.
Case ii) The opposite case H>>m. In the second case,gravitational

effects become essential.

Fig.3.3.1:Contour map of the Coleman-Weinberg potential for the case (=1 is

displayed on the plane (x= 3 p1= 30»2=31113,y=~.;. &). On this plane,
there exist four SU(4)xU(1) minima (x) and two SU(3)xSU(2)xU(1)
minima ( »). In this plane, o =0 means SU(4)xU(l) direction, a =-
0.29 7 SU(3)xSU(2)xU(1) direction and o =0.2lyr the direction
vertical to the SU(3)xSU(2)xU(l) direction, Numerical computation

is carried out in the range -0.29 n< a<0.217 .

Fig.3.3.2a:Time evolution of the Higgs field for the case C=1,C,; =0.1 and

a=0.17 is projected on the same plane as shown in Fig.3.2.1.

Fig.3.3.2b:Same as I‘ig.}ﬂzgjbut for the case (=1, C,;=0.01 and o =-0.27.

Fig.3.3.2¢:Same as Fig.3.3.2a, but for the case C=1, ('v;,;=O.U(J] and o =0.27 ,

Fig
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Fig.

Fig

.3.3,3:The dependence of the degree of inflation on the initial angle @ .

olute wvalue of the Higgs field is assumed to be

A

v 25012 g 10-6 -
* ¥y ) =8x10 T -

3.3 4:Sunmary of Final states of the Higgs Tield In the time evolut lan

calculdtions.
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Problems 1in the Perturbation Analysis of a Universe

Nnminated by a Coherent Scalar Field

Misao SASAKI

Department of Physics, Kyoto University, Kyoto 606

ABSTRACT
The temporal bahavior of density fluctuations in a universe dominated
by a coherent scalar field is investigated. Our analysis strongly indicates
that the coherent nature of the scalar field restrains the growth of density
inhomogeneities. This ralses a serious problem against a cosmological model

which 1s dominated by a ccoheremt scalar field such as the invisible axion.
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1. Introduction

It has been suggested that the axion which 1s introduced to solve the
strong CP problem might be the dominant matter in the present unjverse.l)
It has been further suggested recentlw that the axion fluctuations in an
axion dorinated universe mihgt be the seeds of structures in the universe.z)
The scenario of an axion dominated universe is roughly as follows:l)
The spontaneous breakdown of global U(l)PQ symmetry at a temperature thA
produces a massless Nambu-Goldstone boson called the axion which is defined
by QP=fAe where £ is the U(I)PQ angle. Especially when fA is much greater
than the Weinberg-Salam scale AEW‘ it 1s called the invisible axion and in
the present scenario fAi,IO GeV is assumed. When the temperature drops
to AE‘A' the axion begins to acquire its mass due to QCD instanton effects
and at T=A

it settles down to the zero temperature value m, ~ f,cmm/fA
~ 1071012

Qcp s
GPV/fA) eV. Then the coherent energy of the axion behaves as

X
B ”(Al;,,) my a0 < a3, (1.1)
where a 1is the cosmic scale factor. Therefore, it behaves as the energy
density of a non-relativistic dust matter and eventually dominates the energy
density of the universe.

Naively, since the energy density of the axion field behaves as that
of a dust matter, one may think that its perturbation is gravitationally
unstable for every wavelength. However, it should be noted that this naive
extrapolation neglects the coherent nature of the axion field completelv.
Hence let us consider whether the coherent nature is important or not.

When the U(I)PQ

would attain some finite expectation value which would be coherent over at

breaks down spontaneously, the angle 6 (modulo 2R1)

least the horizon size of the universe, tos which is just the cosmic time
of that epoch. This means the axion field, CP=1’AB . is realized classically
and its energy momentum tensor contributes to the right hand side of the
Einstein eguations directly. Now since & should be regarded as a classical
field at the horizon scale, its spatial fluctuations on scales S.")tD should
be also regarded as real classical fluctuations. Therefore when we perform
the perturhation analysis by Fourjer transforming the fluctuations, the
Fourier amplitudes (P; (where k 1s the comoving wavenumber) for k,"a(tO)< tal
are classically meaningful (observable) quantities by themselves. This is
in contrast with the case when the field 1s highly incoherent and its Fourier

amplitudes themselves cannot be well-defined classically. Thus in the
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present case, Fourier amplitudes (Pi should be added '"coherently" to describe
the spatial dependence of (P even though their phases maf be quite random.
This happens often in cosmological perturbation theories in which fluctuation
scales of interests are so large that each perturbation directly reacts to

the evolution of the universe in the region the perturbation is present.

2. Coherent scalar field and 1ts fluctuations

In this section, we briefly review several properties of a coherent
scalar field and give some hazlc ideas which will be used later when dis—
cussing the growth of perturhations of the field. For simplicity, we con-
sider a free scalar field.

A quantum scalar field operator is represented by

A dz{ o . +A+¢ ‘-_[:) ) e—[i';—
P = (21:)3/‘(%’&"&) 0.5 T 5 (2.1)

where A.: and 3+§ are the annihilation and creation operators, respectively,

and fﬁ'(t) is the normalized positive frequency function. A coherent state

is defined bv the cundition that it is an eigen state of a
A

2 lolYy = dpldR Y, . B

where o[l-(‘ is a complex number. A general state which has certain coherence

is now represented by a density matirx

e = [ PG T lday <dylddz | (2.3)
where {dEIY denotes the set of all amplitudes df(\' The weight function
P( {dg}) is not positive definite due to the over-completeness of the states

3
ESHE ) However, it can be interpreted as a probability distribution

function when amplitudes of the field are large or frequencies of the field
are low enough. Then the expectation value CPETr(P(P?) behaves as a clas-
sical field and the correlation function G(x. y)':‘Tr(P?;‘(x)ﬁz(y)) reduces
to that of the classical field Y. 1In the case of the axion, since the
expectation value of the axion field is probably homogeneous enough over
the horizon scale with large amplitudes QDNfA at the time of the spontaneous
U(l)PQ breaking, we may regard it to be a classical field with a strong
coherence when considering the fluctuations on scales larger than the horizon.
Now let us consider a classical field whose low frequency amplitudes
are appreciably large. Its Fourier decomposition has the same form as Eq.

(2.1) except that EQ is replaced by a complex number AQETT(F‘;—E) and 3+k

by Kl-(a. Therefore the Fourier amplitude (p]: is given by

- 35k -

3 - = (2.4)
Pa= Agsatd +Ap e
Although the spaiiel ovevige of P is determined by the k=0 amplitude alone

in the strict sense, in cosmological problems it is more meaningful to define
the spatial average of QD over a scale L which is comparable to or.greater
than the present horizon size of the universe. Denoting such an average

by § . it is given by

_ 4 3
¢ = VjvdXCPCI)

&L
LLQ (27()3/& CPE‘ bl

where \1=L3 (L 1s a comoving coordinate length for the cosmological case).

(245)

Thus the spatial average is determined by the sprectum of the low frequency
amplitudes (pl—(a (kL< 1). Note that if & wvaries little when L is varied
(which we expect in the cosmological case), Cpl-:ac k—3 for small k. This gives

4)

the so-called Zel'dovich spectrum on large scales kL<1. Now with a fixed
L, the background average and the perturbations on scales kL>1 (but not

for so large k that the classical picture breaks down) of the energy momentum
tensor are given by

_T_)AD :TMV[§,§]

Be (2.6a)

Tz =27 L%, P27, (2.60)
where TN[‘P.(P] is the value of the bilinear energy momentum tensor operated
on a free scalar field (P As noted above Eq,(2.6a) would give the Zel'dovich
spectrum on large scales by itself if L is to be varied and if the universe
is dominated by some other matter such as radiation.!‘) However when the
energy density of the universe is dominated by the scalar field, one must
define the background energy density somehow. Then it is more relevant to
regard Eq.(2.6a) as the background by fixing 1 and consider fluctuations
only on scales swaller than L which is given by Eq.(2.6b). Thus, in parti-
cular, the density perturbations are directly (linearly) relat::d to the

fluctuating field amplitudes (PI?‘
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3. Temporal behavior of density perturbations
Now we 1nvestigate the temporal behavior of demsity perturbations in a
universe dominated by a coherent scalar field. For definiteness we consider
the case of the invisible axion with its symmetry breaking scale fAﬁ10lzCe‘»'-
The background universe is assumed to be spatially homogeneous and flat;
ds®= - dt™ ol dx* .
(3.1)
The background field § obeys the field equation given by
©IIME + MG =0, (3.2)
where H=a/a and m is the mass of the axion. Since we are interested in the
axion dominated stage of the universe, we assume m to be constant with time

(m’klO—SeV). Now assuming m»»H Eq.(3.2) can be solved approximately to yield

032 ]
3 () 8, ammt

where iO is the amplitude of @ at a=a,. Note that for T <A

(3.3)

Qen* the in-
equality m»H is well satisfied. Then the background energy momentum tensor
takes a perfect fluid form with the energy density @ and the pressure P

given by
3 (3.4a)

(3.4b)
;Fhus if one averages € and P over a time scale » m—1 one finds (PP« a_3
and {P)=0, which is the same as the case of a dust-like fluid. This led
some people to conclude that the Jeans length for the axion density perturba-
tions is zero, i.e., the axion 1s gravitationally unstable for perturbations
at any wavelength.i)
However we should remember that the behavior of perturbations depend

essentially on the '

'sound velocity" of the background which is defined by
the ratio of the time derivative of P and that of €. P/ . but not P/P .

From Eqs. (3.2) and (3.4) we have

é =-3H il i (3.5a)
b - _'l_ ’W\l . s
P 3He 2 ¢¢ (3 5n)

Therefore the square of the ''sound velocity" is given by
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2
c;z%=!+3,_§ e I ot -
which is clearly different from the value of P/e . Although there appears
the singularities due to the function tan mt in Eq.(3.6), they should not
be the real ones. It disappears if one takes account of the presence of
some other fluid like components such as radiation in the universe., however
small their contribution to the energy density of the universe is. So, we
assume Ci to be regular in reality.

We have shown in the previous section that density fluctuations of the
axion field in the axion dominated stage are represented by Eaq (2.6b). Then
combining it with the Einstein equation, one obtains the time evolution
equation for Q>i or equivalently for S(Jﬁ' This has been done in a gauge-
invariant way in Ref. 5). With a slight change of notations and variables

it takes the form

‘. . z
SeazchHHE + (E-Tw@) § =0,

(3.7)
where K =87G and f= (’aBEm with ;‘m being the density contrast &€/¢
measured on the so-called comoving hypersurfaces.é) In the present case,
since the amplitude of Pa3 is approximately constant with time, f represents
the amplitude of density contrast directly except for the small but rapidly
oscillating part. Note that if the coefficient in front of (k/a)2 were Ci
instead of unity, Eq.(3.7) would be exactly the same as the equation govern-

ing perturbations of a usual fluid.G)

If this were so and if C§=0. we would
obtain the result which is exactly equivalent to the case of a dust-like
fluid. However, the fact that we actually have the equation that differs
completely from the dust-like fluid case indicates that we have a different
answer,

Now let us investigate the temporal behavior of f. Since we are
interested in cosmological density fluctuations we consider perturbations
with wavenumber (k/a)z« m2 only. Note that for the invisible axion of mass
of order 10—5 eV, this corresponds to wavelengths Sy lem. For wavelengths
of order lcm or less, the classical picture breaks down. We approach the
problem in two different ways whose results are seemingly contradictory to
each other. llovever there exists i1 possible resolution to this contradiction
which will be discussed at the end of this section.

The first approach is to assume that the rapidly oscillating parts of

Ci. P and P at time scales of m_1 are inessential to the hehavior of f over



-1

an expansion time H °, Then we may take the temporal average of the copef-

e ;
ficients in Eq.(3.7) for f. Since <C;>2i. {Py=a - and < P>=0, we ohtain

FascHv i+ (E-2<evdf =0
*lae 7 3 =0, (3.8)

Thus the critically stable wavenumber is given by

% s JBery = Betiy , (3.9)

where we have used the Friedmann equation H‘)=¥rc,f,‘ in the latter equality.
This implies the .Jeans length of order H_l (i,e. the horizon scale), which
is analogous to the case of a relativistic fluid, The difference is that
in the present case the effective sound velocity is equal to the light
veloclity, while for a relativistic [luid it is l/ﬁ- times smaller. The
growth rate of f for (k/a)z« H2 can be easily estimated. Noting <H)=2/3t

we obtain

i
2 =
fa 0o 73 mET—— a 0306,
(3.10)
However when the wavelength comes inside the horizon, f commeces a damped

oscillation given by
-2 -
o cos ((RadHT)
f- i (3.11)
This implies that no density fluctuations in the axion field can survive.
95
The second approach is to take account of the oscillatory parts of L.‘;,
P and P but consider the behavior of f only over 2 time interval of order

m_l. Then we may neglect the effect of expansion and Eq.(3.7) becomes

. - 2

5 +amfammt ¢ +<(§) - x<py cos*mt ) f =0 | (3.12)

where a and <P are assumed to be constant with time. Except for the
.

presence of tan mt in front of f, this equation takes the same form as the

7)

well-known Mathieu equation which is a Schrddinger type equation with a
periodic potential. Therefore we expect there are certain unstahle modes
similar to the case of the Mathieu equation. As noted before, the singulari-
ties of tan mt in front of E must be artificial. Hence we should regard f
to be a sufficiently smooth and regular function. Then Eq.(3.12) can be
analyzed by a method similar to the one employed in analyzing the Mathieu
equation?) (1.e. expanding f in terms of relevant periodic functions). In

the present case, since we are considering the behavior of f over a time

- 2 2
interval of order m 1. in addition to the assumptions (k/a)2<< m~ and H2<< m

b ) 2
we should assume (k/a)“>»H"; otherwise the expansion effect cannot be
neglected. Under these assumptions, Kodama and T have found that the first

8)

critically stable mode is given hy;

(%—L)i: &mH (3.13)
and for k< kc‘l f becomes unstable. Although there are many other critically
stable modes at higher wavenumbers., they appear at wavenumbers of order m;
hence quantum effects become essential for them and our classical picture
is not applicable.

Compared with the result of the first approach, the value of kc1 is
24?/_%1‘ (>»1) times greater than kc of Eq.(3.9). Thus the results seem to be
contradictory. However, we must remember that Eq.(3.12) is derived by neg-
lecting the expansion effect and therefore correct only for a time interval
of at ,Zn'l. Although we have not succeeded to obtain the growth rate of
unstable modes for k«kcl due to the complexity of Eq.(3.12), a preliminary
analysis indicates that it has the form exp ( ¥mt) when &=p(H/m) with some
positive constant p. By extrapolating this result to a time interval of
order B, we would have

t ’ P

oo exp([PHAL ) e O | 15

However at this time scale, the expansion effect becomes important and in
particular the coefficient 5H in front of E in Eq.(3.7) (where (2+3 Cz)ll‘:SH
+2m tan mt) cannot be neglected. If this is taken into account, it will

induce an adiabatic damping of f of the form

$ o« o f (g >0> | (3.15)

Therefore the total growth rate of f will be given by f=« a(p—q) and if we
can prove the inequality p¢q, the contradiction disappears. Although I have
not yet proved this conjecture, it is plausible that the first approach is
qualitatively correct. This conjecture is supported by another example which

will be discussed in the next section.

4, Gravitationally bound system of a coherent scalar field

In the previous section we have investigated the bhehavior of linear
perturbations which indicates that density perturbations of a coherent scalar
field cannot grow. In this section, we consider whether the non-linearity

of gravity can make a coherent scalar field to form a gravitationally bound
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http:Eq.(3.l2

system.

The possibility of a star composed of a scalar boson was discussed hy
Ruffini and .”ont;zm}a.g) They considered a quantum scalar field 4; coupled
to the classical gravity through the Einstein equation of the form

R Ty 2 T ”I:",:l"df7 ,

(4.1)
where G“, is the Einstein tensor, : : denotes the normal ordering operator
and (%> is the lowest energy state of a static spherical star they locked
for. Because of the staticity and spherical symmetry, C; is expanded as
AR 5 ~lEmst

¢ ‘E,n { Comzm Pong (MO Yo, (8,02 €7 5™ +l\.C.}) 4.2)
where gni - is the annihilation operator of a (n, £ , m)-quantum. Then they
assumed that 1Y) is a perfectly incoherent state composed of (n=1, { =0)-
quanta, i.e.,

4y = \r‘% (B 10>

! (4.3)

Perfect incoherence is apparent since this is an eigen state of the number
operator so that the phase is completely undetermined. Then with a given
N, Eq.(4.1) becomes an ¢isen value equation for Elo with (Plo(r) being an
eigen function. Ruffini and Bonazzola found a non-vanishing eigen value
for E10 as one naturally expects.

Now let us consider if a perfectly coherent field can form a static
spherical star. Then by replacing 1%) of Eg.(4.3) by the coherent state
Loy

[ 7= @p (- X Qe ) 107

(4.4)

it is easy to write down the Einstein equation corresponding to Eg.(4.1).
Then the resulting equation has the same form as the one considered by
Ruffini and Bonazzola if one sets £10=O and regard CPlo(r) as the colierent
field @ (r). This implies that a coherent scalar field cannot bound by
itself unless the coherence is effectively destroyed by some mechanism.
However for a super weakly interacting field such as the invisible axion,

there seems to be no such mechanism.

5. Summary
We have investigated the behavior of density perturbations in a universe

dominated by a coherent scalar field. The linear analysis indicates that

density fluctuations cannot grow inside the horizon, while the consideration
on a gravitationally hound system of a coherent scalar field leads us to

conclude that a coherent scalar field cannot hound gravitationally by itself.
The growth of density perturbations on scales greater than ”~1 is not really
dynamical as discussed by Bardceu.e) Therefore we conclude that in a universe
dominated by a coherent scalar field, no density inhomogencities can be

induced by fluctuations in the coherent scalar field.
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Comments on the Chaotic Inflation

[l1deo Kodama
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113 Tokyo, Japan

ABSTRACT

Some aspects of ilic chwotic inflation scensrio proposed by ) inde are
discussed. Espcecially the two problems, whether sufficient reheating of the
universe occurs and whetier the large scale inhomogenieties produced by
quantum fluctustion of the inflation field are small enough, are studied in
detail, It is shown that rather strong constraints on the model parameters
should be satisficd in order that the chaotic inflation scenario is a viable

one.
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§ 1. Introduction

The inflationary universe scenario was born as a natural consequence of
the application of the grand unified gauge theories (GU'Ts) to the very early
stage of the universe [1]. Since the original version of the scenario based
on the stronply first-order phase transition was shown not to work well [2],
a revised version based on the Coleman-Weinberg symmetry breaking mechanism
was soon proposed [3]. Though it looked like a very promising one, the
detailed investigation has revealed that this new inflationary universe
scenario also has some serious difficulties as well as various fascinating
features. The main difficulties are summarized as follows:(see [4] for a
detailed account)

1) Extreme fine tuning of the parameters of the theory is necessary so as
for a sufficient inflation to be achieved [5],[6].

2) Even with an appropriate fine tuning it i< not guaranteed that the
desired symmetry breaking pattern of the gauge group is rcalized
since the effective potential of the symmetrv breaking field ( the
Higgs field) has very complex structure., If the desired pattern is
not realized, too strong large scale inhomogeneities or too large
number of monopoles may be produced by the GUT phase transition [7]-[9].

3) Quantum fluctuations of Higgs fields enlarged and amplified by the
rapid expansion of the universe in the inflation stage may produce
too strong large scale density irregularities to be consistent with
the observation of the anisotropy in the cosmic microwave radiation

and the large scale structure of the present universe [10]-[12].

Though these difficulties are quite serious, the inflationary universe
scenario is too fascinating to be abandoned. The difficulties essentially
come from the use of GUTs, whereas the fascinating features are brought about
by the mere existence of the rapidly expanding stage in the early universe.
With these points in mind some people proposed to separate the inflation from
GUTs and constructed so-called primordial inflation scenarios [13]-[15]. The
liberation from GUTs automatically resolves the difficulty 2) and also
relaxes the difficulty 3) because the self-coupling constant of the scalar
field which brings about the inflation is no longer constrained by the gauge
coupling constant. The term "primordial' comes from that the inflational
stage appears around the Planck time in these scenarios. This primordialness

of the inflation resolves the difficulty 1), Linde's chaotic inflation
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scenario is one which exhibits the essential features of the primordial
inflation scenario most clearly [16]. In this paper we examine whether
Linde's scenario is a viable one or not as a model of our universe by
studying the time evolution of the universe taking into account the reheating
process and estimating the amplitude of the density fluctuations produced

during the inflation stage.
§ 2. Chaotic Inflation Scenario

Let ¢ be a singlet scalar field witha self interaction given by a
potential V( ¢ ) which produces the inflation stage. Then ¢ follows the time

evolution equation
$ + 30 ¢+ V'(¢) =0, (1)

where a dot denotes the differentiation by time and a prime the one by ¢. H

is the expansion rate of the universe given by
@/a) = 2= BTG/ p, + 05 O (2)

where p  is the energy density of matter other than the ¢ field and p y is
the energy density of ¢ field given by

g = (/)32 + V(¢) . €)
Let m=m( ¢ ) be the curvature of the potential V(¢ ):
m? = [viced . “

If H>m, then a simple argument shows that the characteristic time scale of
change of ¢ is given by Atn H/mz. Within this time scale py remains
nearly constant, hence if HAt is sufficiently larger than unity, ¢ field

gives rise to the inflation, This condition is written as
HAt ~ (H/m)? > 1. (5)

Thus if the potential is sufficiently flat, the inflation occurs.
Noticing this point, Linde proposed the following simple primordial

inflation scenario [16]. Let V( ¢) be given by
Vo= (/@30 Y (acc D) (6)

At the Planck time tpl when the quantum effect on the gravitational field

becomes negligible it is matural to assume that the ¢ field is in a chaotic
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state and the average energy density of the ¢ field is about the Planck
energy density 'Opl' Then the ¢ field has fluctuations of order ¢O=
mpl/ )‘l/b >> mpl' Since the characteristic time scale of the change of ¢,
H/m( ¢)2 " mpl/ Ao 2

¢ ficld can be treated as a classical field. Hence the universe is divided

> 1/ 1/2mp1, is much larger than the Planck time, the

randomly into domains in each of which the ¢ field is coherent and takes a
uniforn expectation value between - ¢4 and ¢ 5 and it is most probable that
¢ =0( ¢y)(see Fig.1). The typical size L of this coherent domain is
estimated by assuming that the average kinetic energy and the average

potential energy of the ¢ field is nearly equal, namely (Butb )2’\» mplaz
2 -1/4
L ~ ¢/mp1 n (1/mp1)xA . (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 ¢ is
very long and each domain begins inflation as time goes on(see Fig.2). The

typical inflation rate is now given by
1/2
exp(HAt) ~ exp(am /9A7%) . (8)

Hence 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 resolved. The most charming point of Linde's
scenario consists in that no metastable state of the inflation field is
required.

Though Linde's scenario is very simple and attractive, two 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 reheated up to a temperature high enough for the
sufficient baryosynthesis to occur. In the remainder of this paper I

investigate the latter problem in some detail.

5 3. Reheating in Linde's Scenario

In this paper it is assumed that the reheating process is phenomeno-
logically described by adding a viscosity term of form fvis:_ Y|ml&; with
a dimensionless constant vy to the right hand side of Eq.(l1) and a
corresponding source term to the energy conservation equation. Hence the

fundamental equations are given by
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s+ a3=-C3a+vlel 3, (9
(3/a)2 = B2 = o+ (1/2)$ 2+ (/) X 9", (10)
bp = 4B o+ Y[0|62 (11)

Throughout this paper the units c=4 =8 #G/3=1 are used. Further it is

assumed that P, = P, =(1/2) P (™ (8 1/3)2/2) initially at t=tg( ~epq),
hence ¢ (2 pg/ A )1;“—;.

In the stage o4 > by, £qs.(9)-(11) have the following four

characteristic time scales:
cosmic expansion : T 1oy« (1/2) A 1/2¢ 2 (12)

viscosity T e = y|e] : (13)

. l__ A0
dyn 30 +Y 10|

2
) 1
s B -1 _ Yo _ 2
reheating Y T reh = S [;}2 = {— -TTi— Tdyn -

Especially the dynamics of the ¢ field is governed by the former three time

dynamical and a1/2 [¢] . (14)

(15)

scales. According to which is the shortest, three stages are generally

possible:the one in which T, is the shortest and $ is negligible, the one

Xp
in which ;4 is the shortest and again ¢ is negligible, and finally the
one in which 1 dyn is the shortest and 4 is no longer negligible, Depending

on the values of ), y and o0 three combinations of these stages occur

actually, We consider them separately.

In this case the viscosity dominates the field dynamics and ¢ term is

negligible throughout until the reheating time ty. Hence during tp<t<ty the

solutions of Egs.(9)-(10) for ¢ and the cosmic scale factor a are expressed
as
-1 -1
¢ =[At/y + 9q )77, (16)
a/.eo = exply (2q- ¢ )/2 kl’lz 15 (17)

Putting these expressions into Eq.(11), we obtain the following estimate for

0 p:
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P, = r-'JI,O(a/aO)_4
+ A exp(2y o /[ Al/2) ff 0 Bexp(-2y4 /Ay
0

3/2
= X gf, (18)
2y
The rehcating timc is determined by the condition p .= p¢‘ . From Eqgs.(16)-
(18) the values of various quancities at the reheating time (represented by

the suffix *) are estisnted as

b 2y 22078, (19)
o= 2 Uiy, (20)
Pae™ Poy. ™ 223748, (21)
ax/ag = exp(y ¢ o/2 a1/2 (22)

After the rcheating time ¢ is still described by J.q.(16), and its modulus
changes approximatcly in inverse proportion to iime. As a consequence 04

4, while 0 decreases i+ proportion to t’z.

decreases i« proportion to t~
The temporal behavior of the cosmic scale factor and the encrgy densiiics are

schematicn11ly shown in Fips.3-a and 3-b.

(11) ¢g> Y/AM251

In this case two stages appear beflore reheating: first the cosmic
expansion dominated stage and second the viscosity dominated stage. In the
first stage the adiabatic damping term balances with the potential force term

in Eq.(9) and ¢ is given by
o = pgexpl-(22 1/2/3)e]. (23)

Substituting this expression into Egs.(10) and (11), we obtain the fol lowing

approximate expressions for the cosmic scale factor and the radiation energy

density:
alag = exp[(3/8)(0 o2 - ¢ D], (24)
atayi 173 -
b, = (A 2yg . (23)
This stage terminates at the time Ly when - . = Texpr The values of various
quantities at t; is give as
ty = (32212 1A Y2 g5/, (26)

- 364 -


http:potcnti.al

o1 = WAl (27)

™ (2/9)72, (28)
By = YI2A, (29)
aj/ag = expl(3/8) 892 (1-Cy /o1 1/D)2)]. (30)

After t; the viscosity term balances with the potential force. Hence the
behavior of various quantities are the same as in the case (i) and the
expressions for them are obtained by simply replacing the suffix O by 1 and
the time t by t-ty. The energy densities and the cosmic scale factor at the

reheating time ty are given as follows:
Pyk = Po* = 4)\3/‘(4 (31)
axlag = expl[(3/8) ¢02 + YZ/SA e (32)

The temporal behavior of the cosmic scale factor and the energy densities in

this case are shown in Figs.4-a and 4-b.

(iii) g >>1> v/ Al/z

In this case the viscosity term does not play an important role until
the reheating time. Hence the viscosity dominated stage does not appear, but

instead the oscillatory stage during which is the shortest appears. The

Tdyn
first stage is the cosmic expansion dominated stage and the behavior of the

various quantities in this stage are given by the same expressions as in the

case (ii). This stage terminates at the time ty when The

T exp™ Tdyn®
values at this time are given as

ty = (3/211/2)1n 4, 33
0, = 1, (34)
Py = 2yl (35)
Py o= A /4, (36)
ay/a; = exp[(3/8) ¢ %1 (37)

After tp neither the viscosity term nor the adiabatic damping term can
balances with the potential force term, hence the second time derivative term

can not be neglected any longer in Eq.(9). Therefore the time evolution of
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¢ 1is determined by
§ + 26320, (38)

he solution of this equation is well approximated by

¢ = f(hen(E(e)A V2ery)| 21/3), (39)
where
f(t)

(3 &3 %(ery) + 1 17V2, (40)

o is the average of the function [sn(x| 2_1/2)cn(x] 2_]/2)dn(x | 2_1/2)]2 and
sn(x | k), cn(x] k) and dn(x | k) are the Jacobi's elliptical functions of
modulus k. Substituting this expression into Eqs.(10) and (11), we obtain
the following approximate expressions for the cosmic scale factor and the

radiation energy density:

a/az & f‘l/3a i (41)
2B 1/2 ,¢3

& o A f P 42

Pr® 2 g Y (42)

where B8 is the average of snz(x)l cn(x) | dnz(x). As time goes on g,
decreases slower than p b and at some time ty they become equal. The values

of various quantities at this reheating time is given by

ty -ty * M3ay >, (43)
o=y /212, (44)
ag/ag = [ Ay Y]l/u s (45)
B = Pgx = Y4/an. (46)

The total inflation rate is give by

aslag = expl (3/8) dg% + (1/30)1n(x 12/ y)], (47)

el0]
The temporal behaviors of the cosmic scale factor and the energy densities |
are shown in Figs.5-a and 5-b.

Now we summarize the results. The first interesting feature of the
reheating process in Linde's inflation scenaric is that the radiation energy
density decreases monotonically through almost ﬁll'of the stage. This
behavior is to be contrasted with that in the ordinary GUT inflation scenario
in which the radiation energy density decreases first in the adiabatic stage

but begins to increase in the late stage when the reheating process becomes

- 366 -



important. The second point to be noted is the dependcnce .of ihe radiation
energy density at the reheating time, p.x, on the viscosity coefficient y
From Eqs.(21),(31) and (46) o, % is given by

A3y for v/ al/251,
prx = 1 (48)
yé/x for v/Ax1/2a

1/2,

It is easy to see that o s becomes maximum when y = A Hence the large

viscosity does not always imply the large reheating temperature.
§ 4, Amplitude of Density Fluctuations

We normalize the cosmic scale factor as ax=1 in this section. Let ty be
the time when the proper size of the region with a comoving scale 1/k
coincides with the Hubble horizon size 1/H. Then as shown by some people the
amplitude of the density fluctuation with comoving scale 1/k generated from

the quantum fluctuation of the ¢ field is given by
8 N Y% at tery, (49)

when the fluctuation reenters the horizon [10]. From this formula and the
temporal behavior of H and ¢ found in 8 3, the amplitude and the spectrum of
the density fluctuation are estimated as follows:

(1) y/AM2s g1
ko= (eA2/2y)6 Lexpl-( y6 /4x)1/2). (50)
(11) oo > v/ 2251
For (3/2)aY2 55 | > (4/9) 32
= (/2 A V228,730 V22 e (3/8)(28 /34 1/2)213), (1)
and for 4 A/y < &, < 4v3/9)
ko= (23727292 (y 6 7 Mexpl-(1/2)(y § ./ M2 (52)
(1ii) ¢ > 1> Y/A 1/2
For (3/2)A1/2¢ /256 5 2172
ko= (1/2)( A/ y DO 312055 /3 A1/2y2/3

x expl(3/8) (1-(268 /3 A 1/2)2/3y7 (53)
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and for 3v/2a < &, < A1/2
k = (l/2)>\-1/2Y 1/30. (3a/2)—(1/3a—2)5k—(1/3d —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
8, = (log kHM, (55)

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
following three conditions should be satisfied at least [15]: sufficient
inflation, appropriate reheating and not too large density fluctuations

Since the radiation energy density decreases in proportion to a'4, the

proper scale of a region with a fixed comoving scale is written as

Le = Co/o /%L (56)
Hence the first condition is expressed as

Lho(a*/ao> >>( Or,pr/ Qr:\k)Lh* 3 (57>

where Ly 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(ax/ap) >> 60-(1/4)1n( px/4 pp)
+inl(4 0 )71/ 4Lg7hLy, | /3000Mp0)).  (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]. Unfortunately, however, there exists no satisfactory such mechanism.
What can be said from the arguments made by various people so far[12],[13] is
that the reheating temperature Tx should be probably larger than 109 GeV at

least. This condition is expressed by px as

- 368 -




o w/b pg < 1070, (59

We can not say any definite thing about the upper bound on Ty in general.
However, if the conventional GUTs is correct, the reheating temperature should
be low enough for the symmetry breaking of the grand unified group not to be

restored after the reheating. This condition is expressed as T=z<1013(ic\‘ or
P w/b oy > 10716, (60)

Finally from the observation of the microwave cosmic radiation and the

result of the galaxy formation theories, the third condition is written as
6 v 0(107) for L.~ 100Mpc. (61)

The constraints on the values of the self-coupling constant A and the

viscosity coefficient 7 are summarized in Fig.0.
§ 6. Discussion and Conclusion

From Fig.6 one sees that there is a parameter region in which all the
three conditions mentioned in § 5, namely sufficient inflation, sufficient
reheating and appropriate density fluctuations, are satisfied even il a
natural constraint y < A is further imposed. Therefore Linde's chaotic
inflation scenario can be a viable one, although the allowed parameter region
is rather narrow and the corresponding coupling constant is very small: A &
o2,

Finally I should make some comments. The first point is the possibility
of constructing a realistic elementary particle model which leads naturally
to lLinde's chaotic inflation scenario. Probably the most promising model is
the one based on the supergravity theory since the allowed self-coupling of
the inflation field is extremely weak [13]. However, there occurs a very
serious problem in a model based on supergravity. In the supergravity theory

the interaction of a scalar field ¢ is determined by a superpotential W( &)
W( ¢‘)= 1‘3[ aO + I (an/(:“l' n ]1 (62)

where a, are dimensionless constants. The interaction potential V(¢ ) is

expressed by W( #) as

V(o) = expClo| Z2)0 [ Dyl 2-3/2) | W] 2, (63)
where

D,W = 3, W+ o7 (64)
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Due to the appearance of the exponential factor V( ¢ ) begins to increase very
rapidly as |¢| becomes greater than unity if W( ¢ ) is a polynomial of
iinite degree. Hence even if there exists an appropriate superpotential
yielding a potential which is flat for sufficiently large 4] , one must
take iunto account the contributions from very high degree terms in
calculation.

The second point is concerned with the behavior of the temperature in
the inflation stage. Recently some people argued that even if the
conventional GUT phase transition occurs, in the primordial inflation
scenario, it does not give rise to such difficulties as plagued the inflation
scenario based on GUTs because the GUT phase transition occurs in the very
early phase of the inflation stage due to the rapid decrease ol vremperature
there. This argument does not hold in the Linde type scenario since the
temperature decreases monotonically due to the viscosity eflect throughout
the inflationary stage from tp1 £O L. This result seems to hold also in
other primordial inflation scenarios as long as the reheating process is
expressed by the viscosity term as is considered in this paper. Thus unless
a model is constructed in which the reheating process is switched on only
after a sufficient inflation has occurred, the primordial inflation scenario
can not be liberated from the difficulties that plagued the CUT inflation

scenario.
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Figure Captions

Fig.l

Fig.2

Fig.3

Fig.4

Schematic diagram to show that it is most probable for ¢ to take a
value of O( @0). If the axis of the potential energy is divided
into intervals of equal length, the length of the corresponding
interval in the ¢ axis decreases as the modulus of ¢ increases.
Hence if the values of V 1in each domain distribute randomly, it is
most probable for the modulus of ¢ to take the largest value.
Schematic diagram il lustrating the inflationary expansion of
domains in the chaotic inflation scenario. A little fraction of
the domains (represented by shading) may recollapse within a time
scale of O(Lpl), whereas the most of them suffer inflation and
become extremely large and flat.

Fig.3a shows typical temporal behaviors of the energy densities of
the radiation and the ¢ field for the case (i)( A =10'& and y =1),
and Fig.3b shows those of the cosmic scale factor and the Hubble
horizon size for the same case. In Fig.3b the values on the
vertical axis is for the cosmic scale factor a, and the scale for
il is different.

The temporal behaviors of the same quantities as in Fig.3 for the
case (ii)( 1=]O—A and W’=5x10'2). The power in a parenthesis on
the vertical axis of Fig.4b is for nl.

The temporal behaviors of the same quantities as in Fig.4 for the
case (iii) ( A=107% and Y =10_ﬁl

The allowed region in the parameter plain of A and y. The two
dashed lines represent the boundaries of the three cases and the
dash and dot line represents the line on which ¥ = A /(4p 0)1/2
The shaded regions are forbidden by the requirements of sufficient
inflation and appropriate reheating, If the requirement on the
amplitudes of density fluctuations is imposed, the allowed region
is restricted to the region between the two curves corresponding to
§=10"% and & =10"2, Probably the allowed region is further

restricted te below the dash and dot line.
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Proton Decay in Supersymmetric Models

N. Sakai
Department of Physics, Tokyo Institute of Technology
Oh-okayama, Meguro, Tokyo 152, Japan

ABSTRACT

Supersymmetric unified models and their implications to proton decay are
reviewed. Particular emphasis is given to grand unified models embedded in
the N=1 supergravity. Dimension-five operators generally give dominant
contributions in supersymmetric models, In the supergravity model with "the
hidden sector" as the source of supersymmetry breaking, each dimension-five

operator is found to accompany AB # 0 four-scalar interactions. The Higos

fermion exchange for loop diagrams at low energies can be as important as the

gauge fermion exchange, if the associated Yukawa coupling is significant as
suggested by the radiatively induced SU(2) X u(l) breaking mechanism.

» ¥ O+ . 6
Experimental bound for p * K'lI' gives the lower bound of the order of IOlL

GeV for the mass of the barvon-number violating Higgs particle.
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Electroweak interactions at present accelerator energies are beautifully
described by the SU(2) X U(l) gauge model([l]. The most dramatic confirmation
has been obtained by the recent discovery of W and Z bosons at the CERN Ep
collider([2]. It is now an experimentally established fact that nature has a mass
scale Mw of order 100 GeV. 1In order to truely unify the electroweak interaction
with QCD of strong interactions, grand unified theories necessarily predict an

enormous mass scale MGU where the three gauge coupling constants merge into a

T
single one[3]. Even if one does not accept the premises of the grand unification,
one certainly believes in the existence of the mass scale Mpl for gravitational
interactions. Apart from the possibility of relying upon the uncalculable non-—
perturbative effects, the only possibility to explain the enormous ratio between
Mw and MGUT (ox Mpl) from symmetry reasons seems to be supersymmetric models[4,5].
Namely the supersymmetry together with chiral symmetry can protect the Higgs
scalars from acquiring the huge mass of order MGUT (or Mpl)'

An extensive search to construct a realistic supersymmetric unified theory
has been performed in last two or three vears[6]. One of the most attractive
class of models are the grand unified models embedded in the N = 1 super-
gravity[7-17]. In these models, supersymmetry is broken by vacuum expectation
values of scalar fields in a "hidden sector", and the effect of the breaking is
transmitted to ordinary matter ("the observable sector") only through gravity.
Low eneray effective theories of these models contain terms which break super-
symmetry explicitly and softly. These terms, although numerous, are systemati-
cally given by only a few parameters derivable from supergravity and the hidden
sector. Besides the incorporation of gravity, this control of supersymmetry
breaking is the most attractive feature of the models. Extensive phenomenoclogi-
cal analyses suggest that relatively large mass (about 100 GeV or so) for top
quark or higher generation fermion may be needed to induce SU(2) X U(1l) breaking
radiatively(14,17,18]

Proton decay should offer the most spectacular and important information on
the grand unification. In supersymmetric models, AB # 0 operators with dimension-
five were found[19,20). They contribute to nucleon decay through one-loop
diagram, which were explicitly evaluated for the SU(5) model[21-23). On the
other hand, a model-independent operator analysis showed that there are AB # 0
four-scalar interactions if the scale of supersymmetry breaking is intermediate
hetween MN and MGUT[Zd]. They contribute to nucleon decay through two-loop
diagrams and can be as important as the dimension-five operators. Since the

supergravity model with the hidden sector also reguires an intermediate
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scale for supersymmetry breaking, one expects the existence of the AE # 0 four-
scala} interactions.

We have examined the proton decay in the supergravity model in detail in
ref, 25, There we have found that each dimension-five operator accompanies the
AB # 0 four-scalar interaction with a definite ratioc. The ratio is determined
by the parameters which characterize the explicit soft breaking and are derivable
from supergravity and the hidden sector. 1In evaluating loop diagrams for nucleon
decay, we need to take account of Higgs fermion exchange, since the top quark or
higher generation fermions may have relatively large Yukawa coupling in order to
induce SG(2) x U(l) breaking radiatively. The supergravity model also predicts
a left-right transition term in scalar quark (and lepton) propagators as a soft
breaking of supersymmetry. This term affects the chirality structure of the
loop diagrams for nucleon decay, which is crucial for supersymmetric models.

In ref. 25 nucleon decay operators and loop diagrams are explicitly evaluated
using SU{(5) as the grand unification group in the supergravity model, in order
to obtain a maximal predictive power. We find that most of the new features in
the supergravity model are suppressed either by the specific Higgs coupling
structure of SU(5) and/or symmetry associated with identical particles.
A possible exception is the Higgs fermion exchange diagram, Depending on the
magnitude of the Kobayashi-Maskawa angles[26], the diagram can dominate over the
usual gauge fermion exchange diagrams, if the mass of the top gquark or higher
generation fermions are 100 GeV or larger. It has been noted that in super-
symmetric models, p > K+3T and n > KoﬁT are the dominant decay modes of nucleon
and p -* K0u+ is most promising for observation, whereas the pion modes p -+ ﬂoe+
or p -+ nou+ are too small to be observed([21-23]. The Irvine-Michigan-Brookhaven
collaboration recently gave a stringent experimental bound on the partial proton

decay rate ['(p + K0u+) into the final state K0p+[27]
1/rip + %" > 2.0 x 10™ years. (1)

With reasonable estimates for the Kobayashi-Maskawa angles and for other theoreti-
cal uncertainties, we obtain, from the experimental bound, a lower bound of the

mass of the superheavy Higgs particle which mediates proton decay

M > 1016 GeV. (2)

"
An improvement of factor 2-3 can be obtained if one uses more recent data from
the experiment at Kamioka [28].

A more complete account of proton decay in the supergravity model can be

found in ref, 25.
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Mass of Superpartmers 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.
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In this talk, I discuss the soft-breaking mass parameters to obtain mass
relations of superpartners in the [ramework of the supersymmetric grand
unified models based on spontaneously broken N=1 supergravity coupled with
matter.l) The renormalization effects are taken into account by means of the
renormalization group equations.z)

The low energy parameters including the soft-breaking masses are
calculated by the renormalization group equations in the effective SU(3)cx
SU(2)«U(1) supersymmetric gauge theory with boundary conditions at .i= MX
given by N=1 supergravity. The boundary conditions are parametrized as
followsl);

(mass of squarks and sleptons) = m3/2 N

(mass of gauginos) = MO ,

(mass of Higgsino) = m s

(cubic scalar coupling) = Am3/2 (Yukawa coupling) ,
I S S S

17 %2 TP T My

m2 = Bm

3 3/2

where mf, mi and m§ are defined as soft-breaking mass parameters for Higgs

scalars by

t gt 2 t t
L o= «;47,243 4" —’%4’1?1 - My (§ 9, * 4’1‘#;),

2
In order for Higgs scalars to have desired vacuum expectation values, mI, mg
and mg should satisfy the following conditions at L(= MWB);
2 2 p 2. 2.2 4
) hmy > 2wyl Tyly & My o
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2 2
2 ~-mptm, 5 .
= — 1 -wm -w
MZ PPy Iy W
2m;
sin2f) = ——<-i—7-
m“ + my
> 0 (m2 < mz)
1 2
cos28 f 2 2
< 0 (ml > mz) .

In case where the top-quark Yukawa coupling is much larger than others, cos2t-
is negative.
Neglecting all Yukawa couplings, we can represent the masses cf sleptons

and squarks as follows;

e S 2 2 .
m (va) = oy, t+ (J.73M0 + 0.50M;cos2: ,
3o 2 2 2 .
m (eL) =m3, + 0.73M0 - 0.27H2c052\ s
n?(p ) = mt,, + 2.70M° - 0.35Mcos2!
PL m3/2 . 0 . ZCUS |
2,0, 2 . 2 .
w (Bp) = my, * 2.62M) - 0.15M;cos2¢ ,
m2(R.) = m2,, + 2.70M% + 0.42M2cos2:
nL = m3/2 . 0 . Zcos 3
D D 2 2 )
o (nR) = m3/2 + 2.61M0 + 0.08H2c052

In these representations, the second terms are caused by the renormalization

effects and the third terms by the SU(2)xU(l) breaking effects.
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In Figs. 1 and 2, the allowed region for masses of the lightest charged
gauge-Higgs fermion and scalar electron (éR), respectively, are shown as

functions of m These calculations are made within the following region of

3/2°

parameter space;

m, = 3040 GeV , Al <3,

/oy, <1, B = (A%+1)/(a-1) ,

22
my *myy, > | Boymy o) -

The last inequality is the vacuum stability condition at u = MX. From these
figures, we can conclude that one of Qharged gauge-Hipggs fermions is lighter
than scalar electrons if m(éR) is larger than about B0 GeV.

More detailed discussion on the low energy parameters are given in ref,

4).
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On Kaluza-Klein Theories

Yasunori Fujii
Institute of Physics

University of Tokyp, Komaha
Meguro-ku, Tokyo 153

Abstract
An introductory review is given on Kaluza-Klein theories with an emphasis

on the notion of spontaneous compactification. Some future problems are also

discussed.
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§1. Introduction

The Kaluza-Klein theory [1], a theory of gravitation in higher dimensions
part of which are compactified, is almost as old as its mother theory,
Einstein's general relativity theory. After more than half a century of
hibernation, it is now being rediscovered. The Kaluza—Kelin theory in 1920's
was one of many ambitious attempts to unify gravitation and electromagnetism
into a geometrical theory of spacetime.

In spite of its truly ingenious idea it, like the other unified field
theories to which Eipstein himgelf devoted vigorous efforts, has failed to
receive full recognition as a successful physical theory. Most probably this
was due to the fact that the electromagnetic field with which gravity was
intended to unify seemed to be an unlikely representative of the real matter
system which appeared much more complicated. It was only a decade or so ago
that the gauge principle, enriched with the nonabelian extension finally
surfaced as the underlying theory, elucidating the basic interactions probably
over the whole range of physical phenomena. The [undamental physical laws
now appear much simpler than they used to, suggesting that the time is ripe to
try again a geometrical wvnification.

The move also picked up momentum because the advent of Grand Unified
Theories extended the energy scale of physical interest to as high as 10':—1017

17GeV to make the

GeV, which is close enough to the Planck mass of ~10
contact with gravity something beyond a mere speculation.

The strongest motivation of higher-dimensional theories has come,
however, from the remarkable work of Cremmer and Julia [2] who showed that the
attractive theory of N=8 extended supergravity can be formulated by
dimensionally reducing the theory of simple supergravity in 11 dimensicns. In
what follows I try to give an introductory review of the modern versions of
the Kaluza-Klein theories.

The basic idea of Kaluza-Klein theories [3-6] is that our 4-dimensional
spacetime is part of a larger spacetime in D=4+n dimensions; the n-dimensional
part is a compact manifold which is too small to be observed directly but
manifests itself as internal space on which internal symmetry tansformations
of elementary particles act. (n=1 in Kaluza's original theary).

In what is now called a pure Kaluza-Klein theory one starts with the
Einstein theory in D-dimensional spacetime and derives a unified theory of

Einstein gravity and other gauge theories, both in 4 dimensions. The process

- 389 -


http:representati.ve

in which D-dimensional spacetime is split into 4-dimensional spacetime and
n-dimensional internal space is called dimensional reducticn. In the most
naive approach one may impose this splitting by fiat. In a more elabarate and
plausible approach, however, one expects that this splitting occurs as a
physical process; remember that spacetime geometry is a dynamical entity in
the general theory of relativity,

To be more specific, let us ask what the "ground state," or the vacuum of
D-dimensional spacetime My is. One of the obvious candidates is M]f,
D-dimensional flat Minkowski spacetime which is maximally symmetric. It might
happen, however, that a direct product MgzX My is the true ground state where
M4‘is 4-dimensional spacetime, most hopefully flat Mq?, while MTlis some
compact space in n dimensions. This product space is less symmetric than MI?.
As is well known in other areas of physics, a less symmetric state could be

a pround state if some symmetries are broken spontanecusly. For this reason,
the occurrence of MxMy is often called a spontaneous compactification [7-16].

Unfortunately this notion of spontanecus compactification has never been
formulated at the same level of rigor as other examples of spontaneous
symmetry breaking; questions like how Nambu-Goldstone bosons result in
apparent breaking of symmetries or how Higgs bosons supply nonzero masses to
some gauge fields, are yet to be answered. As of now the only necessary
condition for spontanecus compactification to take place is that M XM, is a
classical solution of the Einstein equation in D dimensions. (Of course, Mx?
is a trivial classical solution if the D-dimensional cousmological constant is
absent.)

In §2 we explain how the Einstein theory in D dimensions is dimensionally
reduced to the Einstein-Yang-Mills theory plus some scalar fields in 4
dimensions. We choose a specific example in which Mp is an n-dimensional
sphere o Important relations are derived among the Planck mass, the gauge
coupling constant and the radius of S". We also show that the classical
solution of the scalar field which represents the radius of s™ is unstable in
this pure Kaluza-Klein theary.

The following §3 discusses the above mentioned stability in the theories
which include an antisymmetric tensar field. We thereby deviate from the
spirit of the original Kaluza theory. As was shown by Cremmer and Julia [2],
however, the rank-3 antisymmetric tensor field is an essential ingredient in
the supergravity theory in 11 dimensions, which gives N=8 supergravity in 4

dimensions,
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The final Section 4 contains discussions on future problems. Three
appendices will serve as an easy access to some of the technicalities, In
Appendix A we give part of the explicit calculations illustrating how
dimensianal reduction is formulated. Appendix B shows how the number of
physical degrees of freedom is counted for a massless antisymmetric tensor
field. Appendix C contains a brief account of the relevance of the

Kaluza-Klein approach to the extended supergravity theory of N=8.

§2. Pure Kaluza-Klein Theory in D=4+n dimensians

Let us consider the Einstein theory in D=44n dimensions. The coordinates
-~
are denoted by x*, with f£=0,1, ... ,D-1. The tangent space metric is diag
(=++ ... +); we assume that there is only one time coordinate [£1]. The

Einstein-Hilbert action is given by
)
T =ja°x:zb=jaz>x 5 <&,
2% (2.1)

where ﬁb is the D-dimensional curvature scalar constructed from the metric gP;
with its determinant €, and R%the gravitational constant in D dimensions.

We now assume, without asking why for the moment, that the coordinates x?
with ﬁ:: 4,5, «ve ,D-1 are compactified. It is convenient to introduce the
notation,

xt (p=0,172,3)
g-L 5 (w =12, "‘)'n)

for dimensional reduction Mh-akﬂ%x My. Examples of compact manifolds include
T™ (n-torus), S™ (n-shere), CR(complex projective space), or their prodicts
[t2]. A coordinate y® may be chosen to be a dimensionless angular variable.
Correspondingly, the cemponents g#“ and gﬂp are given dimension of length and
length squared, respectively.

For the sake of i1llustration we choose the example of Sn, an n-dimenional
sphere for My. We are going to show that the following metric (and the
inverse metric) gives a classical solutian of the D-dimensional Einstein

equation: {(zero-mass ansatz)
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L PRI e An,B 2 ~me2 - v
¢ ﬂrv-\'e‘f‘ Qﬂﬁrﬂy ed fﬂpﬁ: iD':WJ——_":TZE[R4+¢m 1,{,1’3.,,"—"{”1("“"2-)7“@,-%&/

e 45 A 2%, 4 e E T T Fh ’FB""] , oo
$ "t —ed™ &’: ARH where nRa and R, are the curvriture scalars in 4 and n dimensions, respectively.
§p3 s For §° of unit radius we find
~e$_“§:ﬁav ¢27’NF+@Z$-“£;§3PAAAAB; ’ o R == m(n—1), (2.4b)
where Alsa
T:u = a,ﬂf —‘guﬂrﬁ —e s ﬁr‘s ﬁ‘)d 2 (2.5a)
gw‘(x): 4—dimensional metric which describes Einstein gravity.
Yap(Y).: Standard metric on S™ of unit radius. ‘ " -
¢(x): Scalar field in 4 dimensions giving the inverse radius of S™. Ty, = afﬂ“¢’ {2:357
Also 9—5V(x) ={¢(x), where Lis given by the stationary value éoof g = M(gl_-/) ’ g = M(Yu’g) B

#’(X): L=¢7", if it exists.

) Foios i S R = A aine , inteprating (Z2.4a) over
f:(}'): Killing vector. A =1, ... ,K, with K the number of parameters of The 4-dimensional Lagrangian may be cbtained by integrating (
<
a group g which acts on My. In the case of S‘", we have Sﬁ= Mp=5. We use
: SC so that K = nln 7 : (v) = o f —
. SO(n+1)/S0(n), so that K = n(n+l)/2. Also I}éy) = ydpf,,fa s fd";;JT — Q. — 2 AETo e
A'A (x): Massless vector field which turns out to be a Yang-Mills field in -
4 dimensions. The index K is lowered or raised in terms of 8w OF where U, is the volume of M,. For S we have
its i IS Y, nja+
its inverse g Qo = 2T +/2/ r’(%“‘é‘) . (2.6L)
e: Gauge coupling constant.

We can also verify

m
jd"} T Tae = & Sap Lm . (2.6c)

By using these results we obtain

Notice that gr“‘: ;"g"v# L3 the reason we have applied a Weyl rescaling will

become clear shortly. The Killing vectors satisfy the conditions

Ve¥ap + %Gan =0, (2.3a)
:f., =S j‘f’na ID
¥ (9 ¥5) — & (2%4) = ¥c £Shs>

(2.3b) [ 1 1 n
= ‘—g Rl'_ — = g 5,6 8,8
where ECAB is the structure constant of g, and 2x® z .
T -2 A Qv
) 5 )]

Ep = %p kgt (2.3¢c) ed FovF Ve § (2.72)

Instead of showing directly that the above metric (2.2) solves the where
Einstein equation, we substitute (2.2) into the acrion (2.1) obtaining the & (%) = 1 fm(m+2) Lﬁg , (2.7b)
4-dimensional action which describes the system of Einstein gravity and the ye 2
Yang-Mills field together with the scalar field. After a series of lengthy Vi$) — ﬂ’" 0 B =49 ‘#m*;_ (2.70)
and complicated calculations (see Appendix A) we fipally obtain - PR ’ -
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In deriving (2.7) we have chosen
A2 2

W o= wiuy,, (2.8)

in order to arrive at the correct Einstein-lHilbert action (l/Enf)R4 in 4

dimensions.

The advantage of applying Weyl rescaling in (2.2) is now obvious. Had we
not applied this conformal transformation, the Ry term would have been
multiplied by ¢" coming from4E3§. This implies the presence of mixing between
¢ and the scalar component of the gravitational field. Only after removing
this mixing by means of Weyl rescaling, can aone discuss stability of the ¢
field based solely on V(f), disregarding the R* term.

Some important remarks are in order. The coefficient ¢ of §y 4 and §H%in
(2.2) reappears in the second term of the Yang-Mills field strength (2.5a),
thus allowing the interpretation of e as the gauge coupling constnat. In
other words the coefficient in (2.2) is uniquely determined in this way, Due
to this determination, the Yang-Mills term (the last term) of (2.4a) carries
the coefficient —e‘lz/a. Combining (2.6) and (2.8), we obtain the coefficient
—(n/K)(1/26}) (e™¥/4) in front of the third (FF) term in (2.7a). We should
adjust this coefficient to be equal to -1/4 so that the field AAA has the
correct normalization for ¢(x)—a-1—f, i.e.a:(x) —1. It thus follows that e

must obey the condition

e = FE

(2.92|)

which can also be put inte the form
ﬁ = ZIt‘X_VQAIK/% 3 X
(2.9b)

—37
where o= e /470 and l*=)1/J8ﬂ = 1.61x 10 " cm = Planck length. Since K/n 21

and £ <1077, we find

L2 Ly

We thus see that the "size"

of compactified space should be of the order of,
or slightly larger than the Planck length, which is extremely small compared
with any other physical length scale.

The field 6(x) defined by (2.7h) is a canonical scalar field; V() coming
from the curvature scalar of S™ is its "potential.” As one finds fram
(2.7¢), however, the potential V(¢) is negative without & minimum, allowing no

stationary classical solution for ¢(x), except for the meaningless value
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¢ =0, i.e. the infinitely large radius. For this reasen, the pure Kaluza-
Klein theory fails to admit a solution of spontanecus compactificatieon, except
for D=5, n =1 far which V($) vanishes. We come back later to this
question of stability of the scalar field solution.

As ancther unique feature of the Kaluza-Klein theories, we show that the
Yang-Mills gauge transformation is part of general coordinate transformations
in D dimensions.

Consider a coordinate transformation

x}’:___)x’;‘ =xﬁ+§?“’
with
g p—
5P =p,
o
T = - Eﬁ(xd {;‘(5).

(2.10)
This is an x-dependent isometry transformation in internal space, The Lie
derivative of the metric is given generally by
A 3N 2 Ty A~ 5y ~
Sedpe = = (251550 — (550%) 53 — 57 (93%20). v i
We apply this to

~ -2
3)‘ﬁ = e¢ Eﬁﬂ Arﬁ ’
with ;Agiven above. On the left-hand side we have
~ . -2 A
&*Zf? = e.¢ Eﬁp B*ﬁ" -

(Notice that the Killing vector itself remains unchanged under isometry
transformations.) On the right-hand side of (2.11) we use (2.3) obtaining
finally
S A,f = <! 9),.6" + Fhpa €B H,F .
(2.12)
This is precisely the Yang-Mills local gauge transformation which is now

endowed with a geometrical meaning in higher—dimensional Spacetime.

§3. Classical stability of the size of internal space

As we saw in the preceeding sectian, the potential of the scalar field
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(¢ or &) expressing the radius of s™ has no minimum. This represents a
Iailure of the idea of spontaneous compactification, which requires the
existence of a classical solution giving a finite size to internal space. In
the exceptional case of 5 dimensions or D dimensions with T™ as internal
space, the classical potential is zero everywhere. Then possible quantum
effects might be important. The one-loop calculations indicate that internpal
space would collapse to the size of the Planck length [18][£3].

In more general cases, however, something must be done perhaps at the
c¢lassical level, It hes been proposed to introduce additional gauge fields in
D dimensions to start with [7,9]. This is certainly a deviation from the
spirit of Kaluza whose main purpose was to derive the 4—dimensional gauge
field (the Maxwell field) from the S5-dimensional Einstein theory with nothing
else added. To some extent, however, it might be justifiable to sacrifice
simplicity in order to give a high priority to the realization of spontaneous
compactification.

One could alsu argue that confining oneself to the radius of intermal
space is far from being sufficient: the configuration of internal space must
be stable against every possible fluctuation, But we simply emphasize that
stability of the radius mode is a necessary condition.

It is alse true that we should be prepared for the possibility that the
true ground state is provided by a configuration other than a sphere. But
perhaps the most troublesome is the fact that no one knows exactly what one
should show to establish spontaneous compactification. With all these
reservations in mind, we pursue in the following the question of classical
stability of the radius mode of the sphere S™ assumed for internal space
[14,16]. The essential ingredients of the foregoing proposals of additional
gauge fields are shown in a most typical way in the models having a totally
antisymmetric tensor field with a vacuum expectation value which carries some
topological charge.

Consider a totally antisymmetric tensor field hg,...f,. of rank r in D
dimensions. The field strength is a generalized curl, also totally

antisymmetric and of rank r+l: [f4]

Arom Fyas <Y+4) EF‘|”F‘L"";}\’41]
= P AR By — R AL e, e
4 (L .
A s FallByps = Pras (3.1
Examples:
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Fro = 9phc —Bohg,

Faed = BpAps — dpApt + 25 Apt .
(3.2)

The field strength is invariant under an abelian gauge transformation,

Ap - fo ™ Ap et Pep Ady - A3 © (%,3)
where the gauge function A&, .-fy., is again totally antisymmetric. Obviously
this gauge field is a generalization of the Maxwell field.

We then assume that the fundamental action in D dimensions is, apart from

the possible matter term, a generalized Einstein-Maxwell action:

— > ] LA —_— f N ~ p\""ﬁ\'-v-!
1 _fd M~ [ﬁa’?’ L oent P T ] (3.4)

»
where the tensor indices of the gauge field are raised or lowered by gapor

gﬂ? From this action one derives the Einstein eqution and the generalized

Maxwell eqution:

22 1 - Fa--fr
“*Gpo = 3 Fra-—p o
( §,\A 'F;\ ? 311 “"irq-l
Z Crap] TFY TR e > (3.9)
1 -5 F‘F!"‘ﬁv —
= el =3 F ) 0. (3.50)

: : A -
Since we are here mainly interested in the vacuum, we drop Ar(x), which
has no vacuum expectation value in 4 dimensions, in (2.2), hence choosing the
ansatz

~

F"g. O

<o)
>

<
I

o & (3.6)

A special situation occurs if r = n-1 [9,14]. Then the field strength
FF «ifiy €aN have the following nonzero vacuum expectation value:
1
% -Fot1-~-n(“ = F 7 €ty -mlm s

other components = O, (3.7)

where £ is a constant while Gu‘n‘d”= 0, %1 is the Levi-Civita symbol in n

5 n - 5
dimensions, so that F, .. is a tensor on Ss™ It is crucial to observe that
s

— 397 -



http:sacrifi.ce

the ansatz (3.7) salves the generalized Maxwell equatiaon (3.5b). (Notice
i e 1T 4}“(;/‘];)@"%‘"‘"*\“/?3 - 11'\#"“(7 [~g so that F’E Fon o f,!z“r#:mx
-g which is independent of y%.)

The vacuum expectation value (3.7) contributes
2 2N
“"j‘zj— 4’ >

r

to the second term in the square brackets in (3.4). Combining this with (-8
given above, and rearranging the result in the form of (2.7a), we obtain the
potential
vy =~ Lam-né™ 4o, $2477
2x? z (3.8)
The additional second term is pasitive and has a higher power 3n than the
first term arising from S”. Consequently V(#) has a (global) minimum at ¢ =,

given by

+Dz_ﬂ‘l —] —15 “f_zl—z —?4‘;—2— (m=1)(m+ ).
Yo "

By identifying %; with [_’ introduced in (2.2), we obtain a relation expressing
£ in terms of f: 5
(n=)(m+2) [ &m
£ 3F S ' (3.9)
In this way we arrive at a necessary cendition for spontaneous
compactification to be realized.

Most crucial in the above model is the nonzero value of the constant f in
(3.7). One may naturally ask the guestion what the origin of this constant
is. It may come from the matter interaction which we have neglected. Or it
may have a cosmological origin, as is suggested from the observation that the
minimum of the potential which depends on £2 gives an effective cosmological
constant in 4 dimensions. Totr the moment, we simply point out that the

2 ; : ; .
nonzero £ allows an interpretation in terms of a "monopale charge.”" [9,14]

One imagines (n+l)-dimensional Euclidean space in which §° is embedded.
The radial component of the dual of F  __,_ may be defined by
o, L )
~ -
Fe = 4

n Jy

" . =y < . =
which is fr  according to (3.7). Hence its surface integral gives

[ds [Ty F" o= £,

oy~ oly
€ F«,...am 5

which implies that the monopole charpge [ is inside the sphere. It is
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interesting to point out that all the previously proposed models [7,9]
resulting in stability of the size of internal space share the common property
of having charges of topological nature.

Another interesting possibility was discovered by Freund and Rubin [8] in
connection with supergravity in 1! dimensions. As will be explained briefly
in Appendix C, the supergravity theory in 11 dimensions cantains the graviton,
the gravitine and an antisymmetric tensor field of rank 3. The corresponding
field strength is then of rank 4. Then, in contrast to (3.7), the field
strength may have & vacuum expectation value in 4—dimensional spacetime rather

than in internal space:

FHW\‘ = F£J-3 é;au)r)

other components = 0, (3.10)

where €pvio = 0, %1 is a tensor density, f a constant. This ansatz is
possible precisely because the theory contains a rank-3 tensor field and hence
a field strength of rank 4; the number 4 has no immediate connection with
dimensionality of spacetime at the beginning. In this sense it can he said
that the theory of supergravity in 11 dimensions explains why our spacetime is
4-dimensional.

Establishing classical stability of the solution based on the ansatz
(3.10) requires some care, as will be discussed below [14,16]). 1f one allows
the x-dependence in E“ﬂ as in (3.6), the first expression of (3.10) must be

modified to give

~3
—wa)\e" = Q¢ nJ ~g Cpvae

(3.11a)
where Q is a true constant. In fact one derives
5 5 ot Ase = ThA ‘ = !l
'Fl"\”‘c_ = 9" --. 9" ! .Fr,/,/)\’q—’ = P gre.- 3= Fptvials’
~ o ' . ~—-m (
=Qé I IT e = QP T3 S (3.11b)
and then
3 V3 nd %
N N A =
 am = vao
= (TQJY et N
(3:4a)

which is x-independent. One sees why ¢ is necessary in (3.11a) in order to
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solve (3.5b). One then computes the contribution from the second term of

(3.4)(r=3):
~JF L Fane P = S U FR R @ e

— 4 4m 2 ¥3n

=$LP[aR ¢ . (3.12a)
The overall plus sign arises because eﬂuAre““°'= -4 1 <0 due to the presence
of one time component. If one naively interprets (3.12a) as giving a

potential
— e
~altfF 1 V7,

then one would obtain
n 2 3N
Vi) = —L " 0.@ 7. £3L,126)

In contrast to the second term of (3.8), this potential is negative. The
total potential, the sum of the first term of (3.8) and (3.12b), is hence
negative, having no minimum. A more careful analysis shows, however, that the
sign in (3.12b) should be reversed in the correct treatment.

One in fact finds that the Einstein equation in D dimensions contains the
¢ field equation which with (3.11) inserted results in what one would expect
from the potential of the opposite sign of (3.12b). This complication arises
obviously through the process of eliminating the auxiliary f[ield A, ., which
has no physical degree of freedom in 4 dimensions (see (B.15)).

In general situations in which one has an auxiliary field, one can
proceed via two routes., In one of the routes cne first derives the field
equations by varying the Lagrangian considering all the fields as independent.
Then the equation for the would-be auxiliary field can be used to express
this field in terms of other independent fields., This result is then
substituted into the equations of the independent fields, There is no
ambiguity in these processes. In the alternative route, the relation which
expresses the auxiliary field in terms of the independent fields is
substituted back to the Lagrangian from which the field equations finally
follow. There are many known examples in which the above two Toutes lead to
the same end result for the field equations of the independent fields. In our
present calculation, however, we encounter an exception, A detailed
investigation has been given in ref. 16. See also ref. 15 for a somewhat

different approach. Here we simply illustrate how subtle the calculations
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are,

Suppose we vary (3.12a) with respect to A,,,. We obtain

— 1 = Ve
SI‘FF = _—F'[:; FH SF’.W\S' > (3.13a)
which, on using (3.11c), is put into
n P‘V‘\"
e = "‘117{1 Q.7 e SFuvae (3.13b)

This is a 4-divergence if one regards it as a variation with respect to Apwxi
SF;«\A« - D’.X‘A“‘ - «v. . If one further uses (3.11la) for SF”V)‘. , however, one

obtains
5l = "R S(/~1F77),

which is no longer a 4-divergence, hence giving a nonzero value when it is

(3.13¢)

integrated over spacetime.

This observation shows that the variation FAr,) should not vanish on the
spacetime boundary. This is indeed true because the sclution (3.11a) gives
the derivative of A,y in terms of &. The field A itself is expressed as
an integral of ;: The same applies also to their variations. It thus follows
that JA#V, fails to vanish on some part of the boundary, at t = +09, say,
even if it is chosen to vanish at t = - ©, with S@vanishing at t = foa.

In order to be ahle te carry out the usual method of variation, one must
add an extra term whose variation on the boundary cancels the contribution

from (3.13b). As one finds, the required term is given by

o VAS
fA == -%' 9/, (‘J -3 ﬂv,\r) . (3.14)
This is a 4-divergence so that no contribution occurs if it is varied with
respect to AFV)regarded as independent. If one performs the differentiation

aﬁand uses (3.5b), one obtains
o~ r{V}\T
In = —1; /~3 FaasF , (3.15a)
which is further put into
n 2 — 3
I, = QS ¢, 5, 150

on substituting from (3.11)(cf.(3.12a)). As one sees this would give a
potential which is -2 times (3.12b). By adding this contributicn to (3.12b)

one finally obtains the correct potential
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V= 40 . (3.16)
The total potential is now given by
Vi) = — f—;m(’““)‘*“ﬂ—k%l“ﬂsz#’gn, S
which has an absolute minimum at ¢, = 1_1, where
{ = [(T\—f)(‘?\+?_) I;‘;—;
3QE HENm : (3.17v)

It is interesting to notice that the additional term Xjin the form of
= ol I BT
Lo = 5 1'QIY € Fuae (3.18)
as obtained by using (3.11lc) in (3.15a), is such that the ansatz (3.11b) can
be obtained as a field eguation [20,21]:
by
0 = ~—— [second verm of (3.4) (with r=3) + (3.18) ]
EFuvas
__ i<_" pvas om ye"‘"\r)_
= — 37 { 3 F 2mad
The value of the potential (3.17a) at the minimum is obviously negative:
(n=0?
w2l

with f given by (3.17b). This implies that, if there is no intrinsic

V(gD = —

cosmological term in D dimensions as in ll-dimensional supergravity, then
4-dimensional spacetime is anti-de Sitter spacetime with a negative effective
cosmological constant. Furthermore, the value of this cosmological constant
is huge ——- of the order ofl;_*. This is about 120 orders too large compared
with the observed upper limit in the present universe. There might be an
intrinsic D-dimensional cosmological constant [f5] or a contribution from
quantum effects [£6], It is still trus that one needs an extremely fine
tuning of the order of 120 to have a realistic theory. This is perhaps the
most formidable difficulty of this type of unified theory [f7]. We come back
again to this problem in the next section.

We have examined two types of solution for which the antisymmetric tensor
field has a vacuum expectation value either on S™or in 4-dimensional
spacetime. Another solution is also known to exist for which the rank-3
antisymmetric tensor field has vacuum expectation values both in 4-dimensional
spacetime and on s? [12]. The vacuum expectation value on 57 is also related

to parallelizable torsion, the existence of which is a unique feature of s7.
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The magnitude of this torsion field occurs as asnother scalar field in 4
dimensions,

To these modes, the radius of S7 and the magnitude of parallelizable
torsion (as well as the magnitude of squashing of 57), one can apply basically
the same technique in terms of the potential [14-16][£8). One of the
advantages of computing the potential is that one can discuss stability
against any disturbance, Unfortunately, however, this method has been applied
only to a limited class of modes. More general classes of modes can be
analyzed only by linearizing equations and using a harmonic expansion on M,
and hence restricting oneself to the discussion of small perturbations. For
the details of this type of analysis on S7, interested readers should consult
1=

refs. 11,13, in which mass spectra of Ot, fields are obtained. IL was

shown that no tachyonic modes appear in the background of anti-de Sitter
spacetime,

At this point we add a remark on a massless field in anti-de Sitter
spacetime, Anti-de Sitter (or de Sitter) spacetime is a constant—curvature
spacetime with R =4A, where the cosmological constant A is negative (or
positive). It is known that these spacetimes can be transformed to flat
Minkowski spacetime quby a series of conformal transformations [25,26]. On
the other hand, qujs the only spacetime which provides a sound basis for
defining a massless field.

Combining these two observations, one concludes that the theory of a
massless field in anti-de Sitter (or de Sitter) spacetime can be obtained by a
conformally invariant theory which reduces to a massless theory in MAP. For

¥

a spinless field in 4 dimensions one thus arrives at
{ v
7 = /53 (—-TZ—G’ZR — L g afrravo—>,

which is invariant under conformal transformations

(3.19)

Sy = %, 6 — 8o,

with an aribtrary spacetime function Q(x).

The Lagrangian (3.19) certainly describes a massless field for R = 0.
For B = const. # 0, however, the first term of (3.19) acts as a mass term.
For this reason, a massless field in anti-de Sitter (or de Sitter) spacetime

is said to have an effective mass squared

m% = R/t = (?_/3)/\.
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This is already negative in anti-de Sitter spacetime. But the critical
value below which the particle would behave as a tachyon is still smaller,
(9/8)(R/6), as was shown by Breitenlohner and Freedmann [27] who took a
peculiar property of anti-de Sitter spacetime fully dinto account. It is
remarkable that this critical value coincides with the loweat eigenvalue of
the Casimir operator of the anti-de Sitter group S0(3,2) [25]. It is also
noticed that some of the scalar modes on S hit precisely this critical value
[13]. (Absence of tachyonic fields is shown in ref. 13 by verifying that no
modes have mass squared below this critical value.)

The modes corresponding to the S? radius and the amount of parallelizable
torsion obtained above are massive of the order of the Planck mass. Such
super-heavy modes are not very interesting at the moment unless they are
tachyonic. In fact they are not, On S" there are a number of massless scalar
modes in the above sense [11,13]. It is yet to be seen if they can be good
candidates for realistic lliggs scalars of the masses of the order of GeV,

which could be viewed as massless compared with the Planck mass.

§4, Discussion

I have surveyed some of the key elements of the Kaluza-Klein theories,
showing how promising they appear as attempts toward a peometrical unification
of particle physics and gravitation. Although I have not covered all the
related topics, 1 now turn to discussing problems we face.

First of all, we still do net know what the true ground state of
D-dimensional spacetime is. We even do not know precisely how we can
determine that. Putting aside this question of principle for the moment, we
must also determine what internal space should be chosen to dervie the
internal symmetries which have been established for particles in the energy
region below 100 GeV.

In this connection we reiterate that the basic energy scale of Kaluza-
Klein theories is supplied by the Planck mass which is more than 17 orders
higher than energy scales we are familiar with in ordinary particle physics.
Particles of ordinary mass scales should be regarded as massless in the first
approximation in this approach. Masses of order less than 100 GeV could be
due to small violation of certain invariance principles of Kaluza-Klein

theories.
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The zero-mass atisatz (2.2) results in massless Yang-Mills fields for any
types of internal space assumed. Mass spectra of scalar fields are, however,
more complicated. Only for some specific examples of internal space, €.g.
round SV. massless scalar fields have been shown to emerge [11,13]. In a
sense we are still far away from what Cho and Freund dreamed [4]: Kaluza—Klein
theories would yield Nambu-Goldstone-Higgs bosons on the same footing as
gauge fields.

The situation is even worse with fermions. Suppose cne introduce{;ﬁhj

massless fermions in D dimensions. A Dirac (or Majorana) field has 2
[p/a)-2

components. This object then describes 2 of 4-component spinor fields
in 4 dimensions. The Dirac operator ¥ would split inta @, +¥%,; the second
part made of gamma matrices, derivatives and spin connections in n dimensions
would give a mass term in 4 dimensions. It is known (the Lichnerowicz theorem
[28]) that the mass squared arising in this way is proportional to the
curvature scalar of internal space. It is then natural that the fermion mass
would be of the arder of the Planck mass unless a special zero mude exists.
It was shown that massless fermions arise from ll-dimensional supergravity
with the round S7 for internal space [10,11], due to the N=8 supersymmetry
which remains in 4 dimensions. It is not clear, however, if these fermions
stay massless after the supersymmetry is hroken.

The question of the presence of fermion zero modes is alse related to the
question if chiral fermions emerge in 4 dimensions [29]. Chirality can be
defined only in even dimensions because the equivalent of 7~ does not exist in
odd dimensions. Basically for this reason one cannot expect chiral fermions
in 4 dimensions starting from Kaluza-Klein theories of odd D, if the only
interaction of the fermions is gravitational. In Cremmer and Julia's theory
of 1l-dimensional supergravity, chiral fermions nevertheless occur becasue the
interaction which includes the terms of the antisymmetric tensor field
singles out one of the chiralities. Unfortunately the gauge field of the
"hidden symmetry" SU(8) is no longer an elementary field, and the complete
dynamical implementation of the idea of composite gauge fields has never been
worked out [f9].

Tt was also shown [29] that no chiral fermions appear if D = 4m because
fermions of both chiralities occur in internal space of 4(m-1) dimensions.
Only by starting from D = 4m+2, can one evade this type of "no-go theorem."
Tt is still necessary to introduce an additional gauge field, as was

demonstrated in the 10-dimensional theories including an abelian (vector)
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gauge field [31][f10].

Another area in which the Kaluza-Klein theories may have interesting
consequences is cosmology. Since the size of internal space is given by the
spacetime dependent scalar field, one can expect that the size of internal
space may have changed as the universe has evolved. More specifically, the
radius b(t) = ¢ 'of 8™ would behave as a function of the cosmic time t, just
like the cosmological scale factor a(t) in the Robertson-Walker metric. One
can even try a conjecture that our universe and internal space might have
started (probably at the Planck time) with more or less the same size, but
thereafter the former has expanded while the latter has contracted or stayed
nearly the same, hence explaining why internal space is so small compared with
the size of the universe at the present time.

Kasner-type solutions have been analyzed in this context [33,34]. It has
turned out that, taking the effect of particle creation into account, the
growth of the desired asymmetry with time is rather unlikely; its decay is
more likely [34]. This tendency, however, may be counter—balanced by the
"Casimir effect" due to quantum loop effects which can favor smaller internal
space [18]. Other effects due to the temperature, for example, should also be
studied [35].

The possibility of time variation of the gravitational constant has also
been discussed [36]. This can be anticipated rather naturally because the
ansatz (2.2) without Weyl rescaling easily leads to a scalar-tensor theory;
the R, term in (2.4a) would have been multiplied by $". The effective
gravitational constant %% would be proportional to 4~mvbm(t).

One must excercise care, however, when one investigates whether the
gravitational constnat changes with time. As was emphasized by Dirac [37],
possible time variability of the gravitaticnal constant can he detected by

easurine g
measuring g

ravitational phenomena using atomic clocks. Notice that the masses
of elementary particles, specifically of the electron, fix the fundamental
time scale of atomic clocks. The effect could be due to possible different
time dependences of the gravitational constant and the particle masses.

From this point of view, one must know how particle masses depend on
time, or spacetime coordinates, before one can discuss the problem. 1In the
conformal frame in which the gravitational constant is a true constant after
Weyl rescaling as in (2.4a), time dependence of particle masses would imply a
time variability of the gravitational constant [fl11]. As was pointed out, we

are still not in a position to calculate the masses of ordinary light
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elementary particles. In this sense it seems premature to try to understand
Dirac's Large Numbers hypothesis from the point of view of Kaluza-Klein
theories.

Discussing possible time variation of the gauge coupling constant is also
interesting. As was emphasized before, the gauge coupling constant e
occuring in (2.5a) is a true constant; one cannot allow e to depend on
Spacetime coardinates through ¢ without viclating gauge invariance. In spite
of this the observed gauge coupling constant may vary for a different reason.

In our analysis in §2, we normalized the gauge potential assuming that
the ¢ field takes its stationary value " For varying ¢ before it reaches 1_1
we cannot normalize A,ﬁ in a strict sense. We reasonably assume, however,
that ¢ changes so slowly that it can be considered as a constant for any
microscopic processes. In this approximate sense we rescale Aff by
multiplying it by ‘;ﬁu’ taken to be a constant: APA—‘)@“{&"A“ ,» so that the FF
term of (2.72) recovers the correct normalization factor -1/4 for 3:$ 3.
Applying this rescaling to (2.5a) implies a rescaling e — TV
Consequently, the fine structure constant & changes in effect as the radius
raised to the power -(n+2). The reported high accuracy of the constancy of
[39] hence tells us that the size of internal space has stayed unchanged to
the same accuracy for the considerable part of the cosmological past.

The final question is on the size of the cosmological constant. Many of
the classical solutions discovered so far result in 4-dimensional spacetime
having an extremely large cosmological constant. Setting aside a more serious
question, if any of these solutions is a true ground state, it is quite clear
that we are desparately far from reality. Une can conceive at least two ways
out: either re-adjusting the cosmological constant or interpreting the
thoery as applicable only in some early epoch of the universe.

In the first way, one needs a fine tuning of parameters, classical or
quantum, to an incredible accuracy. One notices too that the 1l-dimensional
supergravity theory admits no such freedom. 1In any case one must confess
ignorance.

The second way, on the other hand, may sound like seeking a sanctuary,
Nevertheless, like in the inflationary scenario [40], one hopes to obtain a
deep insight intc fascinating interplays between cosmology and particle
physics. Then comes the crucial question: can one discover in the framework
of Kaluza-Klein theories a mechanism which causes a cosmological transition to

qu from a spacetime of (perhaps negatively) large curvature?
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Appendix A. Some chails of deriving Eq. (2.4a) [5,41]

Computations are simpler if one uses the vielbein instead of the metric

tensor directly,

R
The vieblein b;" gives a coordinate basis in the local Lorentz frame such
that
~ A ~ oA - o
950 = Nas Lp" bp = g AjA,
(A.1)

~
wsv EOT

where the local Lorentz frame is labelled by the latin indices (a, n,

D-dimensiconal; m, n, ... for 4-dimensional; a, b, ... for n-dimensional

coordinates, respectively) which are raised or lowered by the Minkowski metric
2 ol )

Maa=""" = diag(—++ ... +). The inverse vielbein EQ” is introduced so that
~ A7 A ] S A 5 _ AS
4aFApT =357, ApTARY = Ip. (A.2)
It gives the inverse metric by
A -~ ~ A
A ARR A D2 D _ o g ALD
o= AT g P b = 44 s
g " " (4.3)
It is easy to derive
5 =8 = at (2:7),
! S (A.4)

The zero-mass ansatz (2.2) can be reproduced by

. A & £, ed” Eahl
7 = ,
O e >
" Foler —eF pat
4" = 5
© #ed (4.5)
where brﬁ(x) is the purely 4-dimensional vierbein giving g, = béﬁb,n. whereas
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el is the purely n-dimensional vielbein giving #,= el Cg . We also use
AR (x) = h“f(x)A,f(x) and ﬂf(y) = e (y) ¥4 (y). Given the metric, the
vielbein is unique only up to a local Lorentz transformation. We have
exploited this arbitrariness to put ?;” = Ea“ = 0, which simplifies
computations considerably.

The Ricei rotation coefficient is defined by

o g g Bae o = B
k —_— L:‘P‘A'RV_A;‘J‘A” )35,6;," 2,0 > (A.(})

~ ~ A A . "AA ~
Aza g _"%,(C,Z.:;”‘C,;,ai*'c,a,,az =-Ana, 1, (a.7)
which gives the Einstein-Hilbert action (2.1) in the form
-~ A~ A n-\j‘
e PP 2 LR s ARER LR ARG,
E ‘f"' e z@lu"“*»‘ﬂ ThALT T (A.8)

By substituting (A.5) into (A.6) one obtains

~

~ 1/
CLJM\M = ¢ : [ C’l)mfn + T)__ (’,1}'71\%'“_,’1}%?7")] 2

~ ~ _-m—1

CGL)Y'\“ _ — eQ ¢ .F.Am\'n sﬁ&’
Cl,oﬂv\ =0 >

~ -n/z ~ /2

C.I&A“\ :-? é“"l’gk—e¢

>

AR e (54 epz-*'fﬁﬁ % €ue),

Conat =0,

Ceas = b Cens, (A.9)
where

B, =2 "B =234 ¢,

Flom = 25427 Fhw. (A.10)

. fk ¢ ey sl i ot
The Ricci rotation coefficient cp 18 purely 4-dimensional and derived from
5

& < o 3 - A O
b;“, while Ceag 18 purely n-dimensional and derived from e >
2

Substitution of (A.9) further into (A.7) yields

A ~ /2

Ay =8 " (Ao s~ (o= Tendn) ] >
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~—-n=1

Amma = —$fe¢ Fli¥aa,

) ~
A(\n“\'\ == T Afnn,m >

~ /2
ﬁmm‘L = —¢ é,,‘"lp\,l,)

/

Bosm=-1 an [Eﬂﬁ(e‘,‘j‘aFe&&— €2 85 bus )t (€ pa— e s ) UEF J ,

A
P’M,c_ e ¢AA1~,C- (A.11)

These are finally substituted into (A.8) to give (2.4a), where one uses
€ —
~Apam 2 AmEm AN A AT = Ry

— Pag cABY® + At 4 A% = R,

up to surface terms which are dropped.

Appendix B. A simplified counting of the physical degrees of freedom of a

massless totally antisymmetric tensor field

For a massless totally antisymmetric tensor field A in

Ha Hr
D-dimensional flat spacetime, the classical Lagrangian is piven by
L — 4 1 F FHr - HReat
o 2 (van)! Hi~"Heoy > (B.l)
where
FH,~--r<f+q = (T+1)atﬂtﬁf‘z"'Hr+<] ° (B.2)
In this Appendix we suppress hats on the indices which are raised or lowered

with the aid of ﬂw,: '1"‘": diag(~++ ... +). The field equation derived from
(B.1) has no inverse, thus requiring to add a gauge fixing term. The total

Lagrangian is then given by

== __ L 1 #1 "" Rrer
L 2 (rany! F“P"HYM
— -1 A Ha--- Hv
£ T G 6 . B.3)
where of is a gauge parameter, and
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WK
Creome = 2 App v - (B.4)
The Euler-Lagrange equation yields
5, FfHi-Hr PN SN Sl ol R
r + ©. (B.5)
Applying 2, to this equation one ohtains
1
-1 CHY ~ Hq--- Ky D __
o 9H1B C =0,
which can be put into
IOk Y — o 5.5
This, with a finite o, allows cne to impuse a subsidiary condition
Ha--- Ry 0 —
G > =o0, (B.7)

for the physical state |», where (+) means a positive frequency part.

Eq.(B.5) can also be put into the form
Dﬁl*‘"'}“’ . C1_°L~I)BEP‘1G}‘1“'/*Y] —
The choice &= 1 is particularly convenient because (B.5) then simplifies to

<~ My

M i
gA =P (B.8)
The corresponding Lagrangian is
T - _‘L 1_ Y pgHa - K
Ls Z 3 im0 : (B.9)

In this Fermi gauge, the Hamiltonian in the momentum representation is
simply given by
1 Hivy HvVe At
. (Y A ue (R a R
! Ikl 2 i e B (B.10a)

which can be written as

Hik) =

Hik) = 2 (k|
et o 2

where the sum is taken over independent combinations of the antisymmetrized

- 2
Cim~—»w¥ gy (9 Qe (R (B.10b)
indices. The symbol €g, .. 4. is -1 if 0 is included among p,..-p., while it
is 41 otherwise, as dictated from K™ .. q¥v¥r,

The indices may be split into g= 0, p=1 for the direction of k, and
#=2, ... ,D-1 for the perpendicular directions. For these transverse

components we use letters p, q, ... . One then obtains
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H (kY = [k{§2 (—Uo,f___ Cory... ~ 8 Bigga,.

P2}

+
F O g Bapy Qg Gpy s ) . (B.11)

The same kind of splitting is also applied to the subsidiary condition
(B.7). One first finds that G®!? 7®) %= 0 yields nothing, because G°'®""" (k)
vanishes trivially due to k? = 0:

GO lRY = k. atPTT (kY = 0.

0PRE y .

Consider next G One obtains

GOPE (k) = ik &P k) = [kl &OPYT (),
The above condition therefore gives

0T > =0,
or

Qiop-.. (D> =0,
(B.12)

The same result follows also from G1ﬁ£“A«)l> = 0. Finally one observes
GPV T k) = i(koa®® T 4 e 0"
= ifk| a4,
The condition G727~ &)l> = 0 hence gives

QfP T R> = AP (R,
or
Qop--- (R)[> = —Cap.. ()| > -
(B.13)
One can now apply these conditions to the physical matrix element
<[H(k)[>. The first term in (B.1l) drops out because of (B.12), while the
second and third terms cancel due to (B.13) and its hermitian conjugate. One
is thus left only with the transverse components:
CIHGD > = lhlig_fwn... (k) Qpq... CRY[D>. _—
The number of the independent combinations fpq ...} is clearly )-§v7

which is the number of physical degrees of freedom:
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T = Cw = (B.15)

Appendix C. Relation between N=8 supergravity in 4 dimensions and simple

supergravity in 11 dimensions

Generators of simple supersymmetry are provided by a Majorana spinor S
whose 4 components are Grassmann numbers. For massless fields in 4
dimensions, one constructs a helicity-raising operator S, and a helicity-
lovering operator S_ which have nonzero norms. Given a helicity eigenstate

JA>, these operators act like

Stl2> = ll =5 >
Since S+1= NSf
x=L>).

Extended supersymmetries are characterized by N such spinorial gencrators

= 0, one obtains a supersymmetric doublet ({a%, [A+LD>) or ([ad,

S;:(a =1, ... ,N). Given a state [A», the result of applying k of S_'s is

Sah - g_ll1 S_A' [->\> = ‘,‘{—%h>{a

17 A}
Since S_?cwith different ay anticommute, one obtains ,Cy states with the
helicity A- k/2. The minimum helicity arrived at in this way is A- N/2.

[f N 29, the helicity values in a supcrsymmetric multiplet would span a
range N/2 2 9/2, which implies the occurrencc of fields with spin greater than
S5/2. Accepting the common view that no consistent interacting field theory
can be constructed for spins beyond 2, the highest possible value of N is 8.

The simplest supersymmetric multiplet of N=8 supersymmetry is the one
which contains the spin 2 graviton. This is the multiplet of N=8
supergravity. According to the binomial coefficients for the lowver spin
states mentioned above, one finds the following spin content: 1 graviton(2+),
8 gravitinos(3/2), 28 vectors(17), 56 spinors(1/2) and 70 scalars(0%).

Cremmer and Julia discovered that the above spin content is precisely the
same as what 1s obtained by dimensionally reducing simple (N=1) supergravity
in 11 dimensions. They first demonstrated that ll-dimensional sﬁpergravity
contains one graviton (described by the metric gﬁg or the elfbein B;:), one
gravitino (a Rarita-Schwinger field 479) and an antisymmetric tensor field of

rank 3. The necessity of introducing the last type of field is understood on
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the basis of matching the physical degrees of freedom of bosons and fermions.

Consider %ﬁg-in D dimensions. This symmetric tensor has D(D+1)/2
components to start with. One subtracts D, the number of gauge
transformations, corresponding to general coordinate transformations. One
further subtracts another D, the number of gauge-fixing conditions, e.g.
gﬁ(12§'§%9) = 0. For the physical degrees of freedom, one is thus left with
D(D-3)/2, which is 2 for D = &4, and 44 for D = 11,

We next turn to ¢¢. Each spinor field has znnhg components, Hence a

. . ; Co,
Ma jorana vectorial spinor has Dx2 R components. A local supersymmetry

2 r 2 A g 2 /e
transformation is a gauge transformation with a spinorial parameter € of 2 e
components. This number should be subtracted. Two gauge-fixing conditions

cp/2]

must be imposed: ;pl}'F= r;:}-‘;‘\z 0. These represent 2x2 conditions.

327 Now recall that Y

Subtracting these also, one is left with (D-3
obeys a first-order differential equation, but each dynamical degree of
freedom corresponds to a harmonic oscillator which obeys a second-order
equation. For this reason the above number is divided by 2, giving [(D-3)/2)
KZLmh]for the physical degrees of freedom of the gravitino. This equals 2 for
D=4, and 128 for D = 11.

One has thus 128 - 44 = 84 for the excess of fermionic degrees of freedoum
for D = 11. The number 84 turns out to be ,_,Cz=9Cs for the physical
degrees of freedom of a massless antisymmetric tensor field of rank 3 ,
according to (B.15). With this matching, Cremmer and Julia explicitly
constructed the action of simple supergravity in 11 dimensions.

We finally outline how this theory gives the same field content as what
one expects from N=8 supergravity in 4 dimensions. Among the components of
%Fg. the purely 4-dimensional part 8 uv describes 1 graviton as usual. The
off-diagonal part E%a'represents 7 vector fields, while the remaining ﬁap
gives 7x8/2 = 28 scalar fields.

The components of the totally antisymmetric tensor field Aﬁ;i are also
split into four classes: Ava’ Aky“, A”‘F’ and A“pf. The first one has no
physical degrees of freedom, as is suggested by the meaningless result ,Cj3
from (B.15). The second class gives 7 antisymmetric tensor fields of rank 2.
Each has the degree of freedom ,C, = 1, corresponding to a scalar field.
Altogether one has 7 scalar fields. The third class provides ,C, = 21 vector
fields, while the last class represents ,C3 = 35 spinless fields in 4
dimensions. Summing up, one obtains 1 graviton, 7421 = 28 vector fields and

2847435 = 70 spinless fields, in agreement with the number obtained from N=8
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supergravity in 4 dimensions.

The same type of analysis leads to agreement also for the fermion fields.

Footnotes

fl One may wonder if spacetime of n+l time coordinates, i.e. SO(3,n+1) for
tangent space, will also do. One can construct n-dimensional compact
internal space exclusively out of the timelike coordinates. 4 negative
curvature scalar R, is not unacceptable. One cannot accept, however,
that the Yang-Mills field is a ghost; the sign of the last term of (2.4a)
comes out wrong.

£2  Wich D=11, Cremmer and Julia chose T7, resulting only in abelian gauge
symmetries. As a candidate giving nonabelian symmetries, S’ has been a
target of intensive studies [10-13]. Witten pointed out [17], on the
other hand, that n=7 is a minimum dimensionality to realize SU(3)xSU(2)
*U(1) parametrized on Claiszxs‘, vhere 4-dimensional CPyp is homogeneous
space SU(3)/SU(2)XU(1), while 8% = S0(3)/80(2) = SU(2)/U(1).

f3  Possible semiclassical instability was alsc discussed [19].

f4  The coefficient (r+l) has been so chosen that each independent term
occurs only once on the far-right-hand side,

£5  This is the point of view in ref. 9, for example.

f6  See, for example, ref. 22.

£7  An entirely different approach was suggested by Hawking [23].

£8 TFor applications to more general cases, see ref. 24.
f9  See, however, refs, 30.

£f10 For other attempts, see refs. 32.

f11 For more details

. see refs. 38 and papers cited therein,
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Quantum Effects in Generalized Kaluza-Klein Theories

Osamu Yasuda

Department of Physics, University of Tokyo

Bunkyo-ku, Tokyo 113, Japan

ABSTRACT
One-loop effective potential is evaluated in Kaluza-Klein
theories of topology M4x Tn, treating the divergences carefully.
It is shown that some of the physical circumferences of ™

shrink to sizes on the order of the Planck length.

%) This work was done in collaboration with T.Inami(RIFP,Kyoto Univ.).
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We shall consider here the gravitational Casimir effect in
Kaluza-Klein theories. In Kaluza-Klein theories the sizes of the
extra space are expected to be of the order of the Planck length K.
This is because gauge coupling constants are glven by the ratio
of the Planck length ¥ to the sizes of the extra space and this
factor should be of order unity if Kaluza-Klein theories contain
grand unified theories at «ll. Hence the question arises
Why are the sizes of the extra space so small?

Recently Appelquist and Chodosl)

have argued in five-dimensional
Kaluza-Klein theory that the circumference of the extra space
contracts to a size on the order of the Planck length K due to
the gravitational Casimir effect. Here we investigate the quantum
effects in Kaluza-Klein theories compactified on th Tn, where
MA and T" are a four-dimensional Minkowski space-time and an
n-dimensional torus, respectively. The quantum effects in these
models turn out to be matural extension of that of Appelquist and
Chodos.

We consider the Einstein action in D(=4+n)-dimensions

T = fex(any o = C0"R

o 4 L T
0<% < 21 R« (thl,"'-q), Q,,I:TT(:TI!\;\

which leads to the Einstein equation

N o

R MN Gun =0 (MoN= T, =, 00 .
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The metric ;MN for.Max ks
G = B diag (1,1, 1,~1, 97, -+, 47)

with

is a solution of the Einstein eq., where ¢a(a=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 La = 2ﬂ¢aRa and we take La as a field
variable hereafter.

We decompose the metric ByuN into the background metric and

the fluctuation field

QHN: %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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D+2

7 = [DL(-9)% Gu) DBy DCWD (=) TV
112 o
xexp igd41gdng\§&;1 [‘%?2‘ R + % BBy gn
+1CE) B, (BN RN B RY ) - (-8 T A'CH ]

with

ANy = 8% 930t (-1 In + O(Rm)

where o and B are gauge parameters, EM and CN are the Faddeev-Popov
ghost associated with the gauge fixing of general covariance.
Since Z is a sourceless partition function, Z is independent of

gauges, Therefore we can put 0=B=1 which diagonalizes mass matrix

D-4)/4D
g( )/ g

of gravity. Performing integration over BM’

+ _
g(D 2)/4DgM (up to two and higher loops)

MN® CN and

SDBH €XP(—gd°I% BMBNéMN) = dot[ éT/E} ,
S DL g%gRHN] exp ‘SdDI RHK%HNQKL(_D);{NL
_ dﬂ[‘SrL[wB—M]'dQI_1/Z[ §\2—4>(D+1y (——[:])M‘:-_Q]

|l
&
AR
0
[]
B
L

1|
=
alo
I
£
N
o
&
[
o
N
T
L]
L
il
[
o0
!
N
=
CS%
O
" ]
—

we finally obtain
_p(b-3)

7wt (-0) ¥ ]

- 421 -



with no factor of det g 3).

Now we evaluate the one-loop effective potential.

Sd“x\/eff = %‘3) tr n(-0)
— D(b- 3) g a*k Z: }ﬂ1[§§ p“ Sy 22 44(” )]

4 (2T[)4 rlq %=1

Using Schwinger's proper time formulation with a cutoff A, we have

o !
St (0)= (. Eotre
4

where vol4 = qux and I' denotes all summation over n_ except
n1=...=nn=0. The divergence of the first term can be renormalized
by the cosmological counter term I,

o n v DY
LT = (-3)1/2 (TI2nR«) A = B
‘«4-‘O|4 "‘A o=1

:1
—
(\})
>~

Note that this renormalization of cosmological constant can be

carried out with &) which is independent of field variables,
This feature is important, since we shall compare the free energy
ez ot .
at different field variables. In general tr e has the asymptoti
4)

expansion as t > +0

Substituting this serles into the formula of proper time formulation,

we get
4

o n ) = GAY +C APPR +Ca AP RR +

vO l

D

eor deh R R+ (Fiite

pr2

In the present case, only the first and the last term survive,

n y ; . ; ;
for M x T has vanishing curvature. Field-independent renormalization

mentioned above is, therefore, possible only for manifolds with
vanishing curvature. We note in passing that the topology of

3) in QED is M3x Sl and that this manifold also

the Casimir effect
has vanishing curvature.

Now suppose that the physical circumference of each Sl
shrinks (or expands) due to the Casimir force in the same way as
that of QED, 'Then we obtain the conclusion as follows.

In five dimensions we get the same eflective potential as that
of Appelquist and Chodosl) and the circumference of the extra space
Sl shrinks to a size on the order of the Planck length where the
parameter of perturbation becomes of order unity and perturbation

ceases to be reliable.

In six dimensions the effective potential is given by

~ /
\/ P s E; o ol
& = N EC ) = 2 2 V3
e e (@l e lg ) .
whose form is depicted in FIG.1 and FI1G.2. The behavior of L1
and L, c¢an be traced by the analopy of the trajectory of a small
ball moving in the potential UefffFfG.J). By this analogy we arrive

at the following conclusion. The circumference which has the smaller



initial value shrinks to a size on the order of the Planck length,
while another circumfereunce reaches a certain size much larger
than the Planck length unless the two initial values are almost
the same,

In general dimensions the conclusion is derived immediately.
The circumferences which have the smallest initial value shrink
to a size on the order of the Planck length, while the other
circumferences remain of sizes much larger than the Planck length.
This fact follows from the observation in mechanics that the force
—Eveff/BLa is predominantly in the direction of axes which have
the smallest initial value of La. The conclusion can be summarized

schematically in the following way.

Ly =Ly,
Ii<L *"':‘—imm L= = Lo

Thesq 1
=

|
Eoas e o others = others| itial
<L, ==Ly,

(initial) (final)

For further details, see ref.6).
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Vet ‘t,] 00

b FIG.2

A birdt's-eye view of the effective potential VeFf as

a function of two circumferences Ll and LZ.

FIG.1a

L2
10t
I
5
1
Ly
FIG.3
Trajectories of a ball moving due to the force Fa =
—sveff/an {o = 1,2) for various initial value of La'
Veff

FIG.1b

The effective potential Vergg @S @ function of L,:

a) along the direction L2

= Ll' b) along the line L2 = Loy

(Throughout all figures we use the unit in which x = 1.)
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Stability of Selutions in Kaluza-Klein Theory

Ma

atment of Physics
Osaka University

Toyonaka 560, Japan

Abstract

ated solutions to

In a generalized Kaluza-Klein theory, we have invest
the Einstein equation including matter fields in the background geometry
M, xSyxSy. There are solutions compactified to M,x5yx5y due to quantum
fluctuation of matter fields in one-loop level. we also calculated the gauge

coupling constant of SO(N), which is the isometry group of Sy.

*) This talk is based on the works courried out in collaboration with

K. Kikkawa, T. Kubota and S. Sawada, Osaka University.
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can provide a possible or 1 of gauge

gives a geometrical interpretation of the gauge symmetry under

is a 4+N dimensional one and the extra N-

the é_JSSlL'"![J‘I i\\ll; t

dimensional space The geometrical interpretation provides a

possibility of the unification of gravi and gauge thearies.

Some models provide compact extraspces instead of noncomapct 4-

dimensions as a result of the equation of metion., It is said to be

spontaneous compactification.

One example of the compa fication is the Freund—Rulzinz) solution in an

11-dimensional super gravity, where the compactification occurs in classical

3 pointed out a possible

level. On the other hand Appelquist and Chodos
quantum compactification in 4+1 dimensional Kaluza-Klein model. Along this
line Candelas and l\'uir.bv:rgz‘) showed the spontaneous compactification by

treating matter fields treated in the quantum one-loop level but the

gravitational fields in calssic

In order to make the t} istic, the gauge symmetries induced
fram the extra dimensions should contain SU(3)xSU(2)xU(1) as a subgroup in
the isometry groups of extra |.".e1ni."old5.5; The manifolds can be generally
complicated , but the simplest one is CP:szxSl. For this reascn, it is very
important to consider whether the spontaneous compactification is possible in
the case that the extra space is direct products of some number of symmetry
spaces, We consider in this paper an extension of Candelas-Weinberg model,

i.e. the intermal space is a direct product of two symmetry spaces instead of

a single space as in Candelas-Weinerg.

2 Geometrical Interpretation of Cauge SYmmetry

We consider 4+N dimensional space with coordinates xYand yn
representing a four dimensional space M, and an N-dimensional compact
manifold Gy, respectively. [(xA) = (xM,y")]. Suppose that the metric tensor

of the 4+N dimensional space has the following form, (Kaluza-Klein ansatz)

£ ERCHINCENE

AB
( » )= b m
BT onteorty g™ ) ,

(2.1)

n 5 5 5
where Z( (y) is a Killing vector on Gy
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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S 4 4N
S=-Tgns S d"xd%y -8 Ragn + A)
CACN T SR

where Ry y is the scalar curvature in 4+N dimensions and ,ﬁa is the effective

Lagrangian in four dimensions. The ansatz (2.1) gives

i
L, = Tewn ngyJ-EN [ Ry(x) + Ry(y) + A
b F Ban) 30 F"OELE, L gra (08 (0],

where

a o v

o £ ol
Foo = Ay -3A0 - a4 ,

ycpl

%

The structure constant Cd{:is defined by the commutator of the operators of

Killing vectors,

[309m 30901 =-C "33, -

This shows that the symmetry of the gauge fields 1is of the isometory group

of Gy. The correct normalization of the gravitational constant is

1 l _
167G = 161G ngS’J g(y) . (2.2)

and the canonical normalization condition of the gauge fields are given by

[ 55 Fon 20 3005)
Sd‘\"y B(y)

= 161(@5,,,. (2.3)

These conditions determines the gauge coupling constant with matter
fields. In this type theory, the gauge covariant derivative is induced from
the geometrical one.

If we define the charge by the coefficient of A)‘din the covariant
derivative, then its magnitude is fixed through (2.3).6) To see this, we

rewrite the norm of the Killing vectore as the following,

2422,
o~ A n 1 POICCIC T, B ge“es e!y) o
Bam(¥) 3,7 (¥) ;ﬂ (y)e*el = e ' (2.4)

where g, is the unit charge and N, is the degree of degeneracy of the

representation with which the coordinate system [ y™ ] of Gy 1is constructed.
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The s(e,yo) is circumference of the envelope which is produced by the Killing
vector field e"‘}'dn(y) corresponding to the isometry transformation
exp[ime“tu"(l)], where e is a fixed arbitrary vector normalized to I.
Substituting (2.4) into (2.3), one obtains the relation between the charge

and the scale of the extraspace manifold,

2,2
N ~ p
1= CINTET g‘; ?6 p ngy B(v)s?(e, )/ ng,\' g(y) . (2.5)

The Kaluza-Klein theory gives Einstein-Yang-Mills theory, under the
assumption that the extra space GN is compact. The scale of Gy must have the
order of Planck length, in order to make the theory consistent with the
observation, for instance, to make the magnitude of gauge coupling constant

of order 1.

3. Effective Action on a Curved Space

Consider now induced components of gravity and Yang-Mills action by
quantum fluctuation of mater fields. The one-loop effective action of scalar

and fermion fields is given by
Seff = —%—ln det (D+m2)/’fu2 - 11ln det (ié—m);'

where we have inserted the mass-dimensional constant /K for the purpose of
treating dimensionless logarithm.
The S-function regularization is convenient to treat the effective

>

action.”) Let Sy and 3¢ be generalized = -function respectively of the

operators i:1+rn2 and V?z—mz, and the effective action is given by
Sopp = ~=np( S0+ (IR +En(SH(O)+ $L(0)1n A2
eff = 2nh‘3h 47 Sb" et +7_ ; S‘.‘J+SI‘ ! nl“ 4 4

where ny and ng are the number of bosens and fermions respectively.

The generalized §-function of operator K is defined as the folows;
-s »—5 C.4 =S
'5(s)=Zh_l = €7 K7 )d xf-g <x|k75|x> )
= P

where b 's are eigenvalues of the operator K. Using the heat kernel

representation, one obtains the ¥ -function,
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n
i 1 A )
= —— \d i ide(ig)5-3 e-inft %5
39 TR T S x J-3(x) gol B1E)3 e F(x,x;it)

where F is assumed to be given by the expansion series,

oY
F(x,y;it) = ), ak(x,y)(it)k
k=0
The coefficients a, should consist of covariant quantities. (e.8. R,ep 5 F;f

and these covariant derivatives.,) They are expressed as the follows, for the

operator [J +m%

ao(x,x) = 1 5
al(x,x) = é R ,
az(x,x) = - 1% q2 FF + ... 5

for the operator ¢2—m2,

ao(x,x) = 1 )
ay(x,%) = —ﬁiR 1,
= 1q2
az(x,x) = 24 FF 1 + .... "

where 1 denotes 4x4 identity matrix.

Finally we obtain the effective action of matter fields,

[

4 4 D) 4 e
Sepr = §d*x/EL + %Sd *F2 ¥ -3lecde gd xJ 8 Fpu Fyy s
1

where
L =-nb%‘{2(1n%—§—%) + nfﬁﬁé(ln%’f—; -%),
E =—nb£—2 (1njf; 1)+ an%i— (lnl%é - 1) ,3.0)
ggDe=—an:{vz ln—%z— - ng —1:%22— ln—;]f; .

This effective action is induced by massive matter fields in four
dimensions. In the Kaluza-Klein theory, dimensional reduction produces an
infinite set of massive multiplets in four dimensions. Hence sum over the

masses and charges of’multiplets makes the induced effective action from the
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matter parts in higher dimensional Kaluza-Klein theory.g)

This induced Einstein-Yang-Mills effective action from matter loop cor-

rection changes the normalization condition (2.2) and (2.5), respectively, to

1 1 1
= %dNy‘/—g_ +T2E ,

16G | 16T
1= m ngy,IE(y)s (e,y)/ JdNyJ’g'(y) + Dgge’

where G is the gravitational constant in 4 dimensions.

4. Field Equation and Stability

We consider the theory of gravity having a M,xGyxGy background geometry

with a number of massless matter fields. The Einstein field equation is
RAB_ %( gAB +/\ ) = —m(TAB>
where g,p is metric tensor given by
[ T 'T'“U O
[ 0 gnm j

RAB is a Ricci tensor, and <T*By is an energy-momentum tensor of matter

fields ; "<>" denotes the vacuum expectation value. By Belinfante method,

<My s given by

sI 2
<TAB> eff ,
58 -8 (4.1)
g = det(gyp) )
where Ieff is effective action defined by
exp(iIeff) = S@? eiS[@] s
(4.2)
Ipge = Sd“deyszJ—_g Lagr

The field equation can be separated into the parts of subspaces M,,Sy and Sy
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R, + 4Ry + 4Ry + 4N = 16TGT,

H

MR, + (N-2)Ry + NRy + NA = 16TLGTy . (4.3)

MR, + MRy + (L’-l»?)RM + MA 16 -GTy
where Ry,Ry,Ry are scalar curvatures, respectively, of subspaces M, Gy and
Gy »and T,,Ty and Ty are traces of energy-momentum tensors in each subspace.

Using (4.1) and (4.2), one obtains

q nmsgnm eff
5 =2e g <y>6~gd”y gn(y) L ,
e ™77 sy ¥ ek

where gN(y) is the determinant of the metric of the subspace Gy. Integration

of both sides by y with gN(y) gives

1
Ty =

g B2 SdNydMZ Lege
(v gy oW

In obtaining above equations, we used the following properties: a tensor with
two indices T in maximal symmetric spaces (eg. SN,CPN) can be written as
Tnm(x)=Agnm(x) ( A is independent of x) .

For Ta ,in a noncompact flat space MA’ we get

Ty = & Legs

The scalar curvatures Ry and Ry are expressed as

1}

Ry

_.—J,;g— ,

a
RM=—._?2M- .
M

where the constants ay and ay are determined by the topology of Gy and Gy.
Let M, be a flat Minkowski space, then

R[‘ = O .
The field equations (4.3) become the algebraic ones with respect to the
variables fi and fM. If we choose the dynamical variables ?N and K=—$M—as
N
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independent parameters then the equations provide

agMic 2~ ay(N4b)

f = 3 (4.4a)
sl + ay
_ i i 1/2
K = { ;8 (L+N+£)GI(R ) / gd‘\‘yd“zm ﬁM} , (b.4)
N
ay 2+N+M
N~ sz 44N+ £ ’
where
2y = \aNyaMz L
f‘* (R) = yarz Leff ’
N (4.4b)

Hh
I}

kj—Kln J(%) .

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
GJRy <o (4.5)

where ¥ is the solution of (4.4).
In order to study the stability of solutions against small perturbations
of PN and SDM, it is enough to consider the total effective potential
I = gd[“x(—v

total total) ’

_ 1 N+M, f~ 1 & ~
Viotal = 161G Sd ¥ Jg[ R+ AT+ Vm[g] ,

where R and Vm[g] are given by

Fey -

\ M
Vilgl = (k)L (4.6)
I
K = fM /fN

On subtituting (4.6) into V one obtains

total!
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. 1
1 Neid, = an ay

v = —+1 _ \a¥ly J e T A Y I PR

total 16 LG g 8 [ ‘X‘J j)M fN

In order to evaluate the diviation of Vtotal from the value at N and M?

let us introduce parameters X,y

fN = fN(1+x) §
fM = Fm(l*'Y) ’

where " ~ " denotes the solutions of (4.4). Use of the equation of motion
gives
J(K) 2 _F
Vegpal == > —%ﬁl [(N4+M+2) (N+M+4)x“ + 2(M f)(N+/PE+2)xy
- J(x)
=2 2
+ (M=£)(2M-3)-M(M-1)+ ¥ — ]
(M-£)( )-M( )
+ OG22,
where FN’ K and f denotes the solutions of (4.4).
Hence the local stability of solutions requires
7 2 sl Q! N N+M+2 [ ?2 + N-3M-12 & 2M(N+4) . (4.7)
J(k)  N4M+4 N+M+2 N+M+12

The asymptotic behaviour of Vi .1 tells us the condition of global
stability.
i) If §y is fixed and § -> O, the dominat term of V, . ,q is

_?'2 O
N

Then the stability condition is
J(x) <O for k => 0 F (4.8)

ii) If Py is fixed and £y -> 0, the dominant term of Vi ,. .7 is

- —51—2' J) .
N
Then the stability condition is

J(k) < 0 ~ for k > W . ’ (4.9)
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i11) If fy is fixed and fy -> 00

r eM .
'EJPHA f_".. Jeo

8 2
Viprar < [ NeMe2 - (%)Z(HNM) + TN&'TW—( NCOUREE

where

Ty = lim J()/ KM
Kb

v
The positivity of the right-hand side for .PN>0 requires

I (2+ N+M )
L - -M f+N+4 2

> _ . 4,10
( J(&) ) r ¢ N+M+4 ( )

iv) If §y -> and §y is fixed

2J°N+4F>M

% ! Ty
Viotal =< [ N+'+2 - (T:)Z(M—f) ¥ PM§+N+H SN I
} e

where

Jo = lim J(w) / kN4
k=20

v
In order that the right-hand side is positive for PM>0

d (2e- 1)
0 —~ N+4 M-f A
( J(&) )k ( N+M+4 ) : (4.11)

If the solutions of (4.4) satisfy these all conditions, the model has a

stable compactified solution, with both § and Fy being finite.

5. One-loop Effective Action of Matter Fields

We now calculate the effective action induced by matters on the back-
ground geometry M;xSonxSoy,q. It can be performed by sum over the mass
multiplets of the expression (3.1). The mass spectra for scalar and fermion

are respectively,

M£9)2 = Ly k(eN-1) + L5 g2 )
B i5)

2
MUD2 L L G oLy e 2152
5 5 2
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and the degeneracies are

0 _ Coaan-n s 1 . 9
Pk By PEe T CeArD 222

p(1/2) _ géaMe2 [ (ka2) M(a2Mel) 1
H T (2R Ok

where fﬂ and fz are the radii of Syy and SZM+1 respectively.

The renormalization term to gauge coupling constants can be also
obtained by summing over the mass and charge multiplets. All we need are the

mean squared charge, that is
“? % _ 5 (02 —_—_
q = 7 Q'g’y/ (multipicity) = L otr t*) /(multipliciry) .
m,e , e
Scalar and fermion multiplets on Sy respectively have the mean squared

charge;

A

5553‘ = g2 Q(a+N-1)/[N(Ns1) /2],
2
Ay = 2% 122 + N + N /BY/INGND) /2]

The infinite sum

§§[Spin)(s) = 3 D(suin)[ Ml((sz_nin) ]—23

k‘ﬂ ]:{iﬂ !
SésPih)(S) = kz{‘ﬂ_ D}(jfin)q%spin)[ M{(?zin) ]_2S »

are regularized by the analytic continuation in §.

These summations are converted to complex integrals by the Sommerfeld-
Watson transformation., In the case of scalar, singularities of the integrand
in the region of Re x > 0 requires carefull treatment of the contor
deformation and the phase of the integrand. The analytic continuation in S
is the same of the Beta fuction. These techniques make the sum finite, The

finite expressions of Sﬁp) can be written as

0) - 4sin(1s) 2s
SHPe T(2N) (M) 51

Mis+l M -
- n 2n+] 2n+1
( >2 2, GDeppls- 2l 1me) i MM 1

L
21 T k(%)) oo PP 1,
k=ko+l

k
M, 2s £0 I 2_(y_3y2
+ 2(-D" 48 R 2 k(R5=(2)7) wov (K5-(N-2)7) I

25 K¢ D, 5
-2 B9 we?h?) ... B3 1,
k:N—z
+ (vanishing terms as s -> integers) |,
where

’

r?ﬂn 9 224-1
I = P‘J.dx (23?2 oo P-HH 2 2x2198 tan(n 1)

o
Cay y2(y2 2o (M-1)2) [y2( ¢H) 278 i
Iy = | dy y*(y™) oo (MDD =15 —— '
Jyit et 1]
k
1 gwd 2( 2 l) (,2 (-.1 1 2) s —\2 =5, 1
3= iy P coe (Y HM-1)) [y=+(y)“] = ,
i 2,.2 2 2 R e
Iy = \dy y“(y"=1) .o (p*=(M=-1))[(y])"-y*]"° cot(ny) .
=4

o= T3 22+ Yy £V

i = w [K-( Pan?)l/2

o= K [(flwz-k2]1/2

e é’,} y2e, = Y220 o (R
and kg is the maximum half integer less than fivn. The other T -functions
‘S;&I"Z)(s), 3'80)(5). and Sg”z)(s) can be written as similar expressions.

With these finite sum, the effective action and the renormalization

terms are expressed as the follows,

J(K) n 7
Cii ﬁy[ng)(-z) + (32 + npdH3{0-2) |

e’ /1/2 2
= —1()—“_7[’5"51 M2y & (8/2 & 1n )Sl,gl/z_)(_z) ]



E ’
?‘_ % _T;TET[S’S'O)(-I) + 1+ WnpH30c1) ]
1

n % /
- [P0 + A mp S )

o
8D = 27300 +3{00) 1mpl ]

i =(1/2) (1/2) 3
+T2—Tfa_r{>q (0) + S4/4(0) 1np* ] .

6. Results and Discussion

We calculated the Z-functions ‘é;)(s), 3:)(:), Sj:(s) and $§J(S) numer-—
ically, and obtained J(x), E and De' The results of calculation of -J(x) are
schematically presented in Fig., 1. for bosons and fermions.

The solutions are not stable, if the matter field is eather bosan or
fermion. However, in some types of the extra spaces, appropriet fermion-bosecn
ratio nf/nb makes them stable, The stable solutions are presented in the
Table (1). These satisfy the all conditions to be stable. The scales of the
extraspces are as small as in the case that the space is M4xSN type

manifold.®)

So there must be much many matters to get reasconably small
values for the pgauge couplings.

We have found also some solutions that give the same order scale of
extraspaces as the Planck length by a little number of matters in the cases
of M;xSgxSq and M,x5;gxS5. Although these are locally stabe, they are not
globally stable,

It looks like that this type model which makes balance between the
curvatures of extraspces and the quantum fluctuations of matters, always need
enormous number fo matter fields.

After this calculation of the effective action was made, we found that a
contribution from the Pauli interaction term of fermion was missing, which
exists in the fermion action in 4~dimensions when reduced from the higher
dimensions in Kaluza-Klein theory. Hence our conclusions may be modified if
the term makes large contributions to the renormalizations of gauge coupling

constants, These contributions are now being investigated.
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Table

Fig. 1.

Table Caption

1. The values of parameters of the stable solutions a boson

field when the fermion-boson ratic is fixed, The items with an

asterisk are propoticnal to the number of boson fields.

Figure Caption
The contribution to -J(K) due to each boson (upper graph)
and fermion (bottom graph) in the case of MyxSonxSopm,1- The dashed
line corresponds to J = 0. The behaviour of fermion contribution
is the same for the case of N =2, 4, 6, 8 and 10, The matter part
of the effective potential -J( K)/(‘91)4 is geven by superposing
the upper and bottomgraphs weighted by ny and ng, respectively,

External
w slyst slysb slxs8 slxs!0
solutions

{ Sohere = o

ng/ny 247 1.41 1.06 1.41

X 0.381 0.459 0.39 0.367

£ .00 | 1.00 1.00 1.00

J *| A -3 -1 ~32.3

!

E Y| o267 455 | 677 | 8.68 |
f2166 *| 416 | 66l | 9.4 1.4
Dso(anel) | 2.03 428 | 7.82 1.2 |
Ugdoansny' | 233 123 | 806 | 114
Dsocamez)y | 369 0.7 | 4.7 :‘—as.v—‘
Uedoamez)” | 37.6 40.7 44.8 50.0

*) x1074
Table 1.
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Fermions in a Modified Kaluza-Klein Model

T. Maehara, T. Muta, J. Saito and K. Shimizu
Department of Physics
Hiroshima University

Hiroshima 730

The difficulty of introducing 1light fermions in the Kaluza-
Klein scheme has been occasionally emphasized by many authors:
the mass operator M which arises from the kinetic term in extra
dimensions satisfies the relation M2 o i where ﬁ is the curvature
scalar of the extra space.J) Thus all the fermions in 4 dimen-
sions acquire masses of order of the Planck mass Mpo if the extra
space is compactified with simple topology for which R > 0.

Several ways out of the difficulty have been known: 1) In
ll-dimensional supergravity, spin-1/2 fields aprcar as 4-dimen-
sional subcomponents of the Rarita-Schwinger field by the dimen-
sional reduction and do not suffer from the above difficulty.

2) It is possible to introduce an extra matter gauge field so
that the relation M2 « R is modified and some zero-mass modes

3)

may be obtained. 3) By introducing torsion on the extra space

one may obtain massless modes.6)
In the present paper we look for yet another possibility out
of the fermion mass problem in the Kaluza-Klein scheme. For

this purpose we consider the problem of introducing fermions in

1,2,3)

a modified Kaluza-Klein model recently proposed by Rubakov and

Shaposhnikov.

7} In this model the metric tensor e in D

)

*
dimensions is, after compactification, identified with the 4-

dimensional metric glw

with the factor O(XQ) which may depend on

extra variables x° (g=4, 5, ...., D-1),

where gauge fields are assumed to be absent for simplicity.

The Dirac equation for fermions in this model takes the form,

AMA

Gy = 0 (2)

According to Eq. (1) the vielbein éﬁ satisfies the following

* %

relations,

Hence operator ?MQM in Eq. {(2) reduces to

**)

Capital Latin letters L, M, N, ... run from 0 to D-1, Greek
letters X, u, v, from 0 to 3 and small Latin letters %,
m, n, from 4 to D-1.

Early Latin and Greek letters refer to the local Lorentz

frame.
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~AMa 1 u ~m> §
Y v = == %9t ¥y - (4)
M = u m
Substituting Eg. (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= -ive Yy (5)
We square the mass operator (5) to have the following form,
u = 0(% -7, - G007, - (6)

In the model under consideration the factor ¢ is not an

arbitrary function of x2 but is constrained by equations arising

from the D-dimensional Einstein equation,

1. A
Ry = 29meR = MGy + oy o (7
where A is the cosmological constant in D dimensions and fMN the

D-dimensional energy-momentum tensor of the matter field | with
coupling strength c. The cosmological constant A was introduced
in the original paper by Rubakov and Shaposhnikov7) for the
purpose of obtaining a small effective 4-dimensional cosmological
constant Ap+ In Eg.(7) the constant c¢ is suppcsed to be small

and the term cTMN may be neglected as the first approximation.
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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 equaticn with

: . e . 1
the effective cosmological constant AP. The extra-dimensiona

part of Eg.(7) reduces to the equation

2~ 1 >~ _ 1 . , 8
oo = T5-2"%mnt 520 L7n0) o(vmo)(ynO)} (8)

and the definition of AP places a constraint on o,

47
(1"7.0) + 2(0"0) (7,00 = Fog - 2hp - (9)
From Egs.(8) and (9) we obtain
= 8-D 4 _ i ~mM ~ . (10)
R = 2 g5h - Shp 5 (¥ o) (V00

g

If the extra space is compactified to the size of the Planck

length and R is of order MPE, then A is of order MEE as long as
g is of the normal size.

If ¢ and §mo are extremely small, the eigenvalues of M2 may
also be very smell, and we have effectively light fermions. Let
us examine whether there is such a solution to Egs. (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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Gy = =1, , 95 = -f(8) ., g =a(B) (11)

where we set x4 = rp and x5 = r¢ with r the length scale and

0<p <mi 0<d¢ < 2r. In this case Egs. (8), and (9) reduce to
2
£(p) « (32 (12)
o d
2 2 2
d"o 1 do o, _
a? + E(% + 5o r AP 0 (13)

As noted in Ref.7, Eg.(13) may be rewritten in the form familiar

in the classical mechanics:

2
d z aU
=i (14)
ag’ g
with 2z = 05/4 and
Ulz) = 1572,,6/5,4/5 _ 10 Ap) .
16 ER

The shape of the "potential™ U(z) depends on the sign of A and

A If A < 0, we do not have "stable" solutions except for the

p
one restricted to the region near z=0 for AP<O. If />0, there are
"stable" solutions both for AP < 0 and Ap> 0.

We examine whether there is a solution to Eg. (14) which has

S2 symmetry, i.e.,

£(8) = sin’e . (16)
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Substituting Eqg. (16) into Eg. (12) we have
_ 2
g (6) = o0(0) cos™® , (17)
where the constant ¢(0) is to be determined later. We insert

o(p) of Eg.(17) in Eqg. (14) and see whether this form of solutions

is allowed. We then find that the solution (17) is allowed if
2
g(0) = —/—— 3 r’hA = 10 . (18)

Let us see what consequence may be obtained on the mass
operator sqguared (6) with the above solution. For the solution

(17) with Eg. (18), the curvature scalar R for the extré@imensional

space reads
R = '§ . (19)
Substituting Egs. (17) and (19) into Eg.(6) we obtain

bt
3/51

2 1.2 5 2 _~m-
M —2AP(—§cos B-37C0S 07 7 -

; .~4~-n~
7 singcosty 'y ¢ ). (20)

Obviously the mass operator squared given by Eqg. (20) is of order
P which is extremely small experimentally, and so the eigenvalues

.2 -
of M” should be negligibly small. Thus we have light fermions in

this solution.
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Unfortunately, however, the 52 symmetry which our solution
enjoys does not marifest itself in the 4-dimensional space
because the factor ¢ relating GMN to th does depend on the extra
variable . Hence we can not utilize spherical harmonics on 52
to expand fermion fields Q(XM). At any rate all the eigenmcdes
of Eg.(20) have their mass oforder/ﬁ{zand thus we have prolifer-
ation of light fermions. This conclusion seems to reflect the
fact that the size of the extra space in our solution, even
though it is of order of the Planck length, is not practically
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-Shapcshnikov 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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Composite Quasi Nambu-Gouldstone Fermiocns

T.Yanagida

Physics Depertment, College of General Education
Tohoku University, Sendai 980

Recentry there has been a growing interest in composite modei§_8§
quarks and leptons based on supersymmetric confining forces.

The reason for this interest is that the supersymmetry provides

us with new kinds of dynamical possibilities to generate massless
composite fermions; namely Nambu-Goldstone fermions arising from

the spontanecus breakdown of the supersymmetryl or quasi Nambu-
Goldstone fermions which are fermion superpartners of Nambu-Gold-
stone bosons. In this talk we will concentrate on the latter case.

If a global symmetry G in the theory is broken down to some
subgroup H -for instance by preon condensation~ , then there will
necessarily appear massless fermion boundstates as superpartners of
Nambu-Goldstone bosons (called quasi Nambu-Goldstone fermions) as
long as the supersymmetry is kept unbroken. It seems quite natural
that such massless particles are not only Nambu-Goldstone ones but
also composite objects of underlying preons.

Howewver, it seems likely that the quasi Nambu-Goldstone (N-G)
fermions become massive when the supersymmetry breaking is turmed
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 dymamical constraints.3,7)
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Especially if the coset space G/H itself is a Kdhler manifold, 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 fermions may be identified with the usual
quarks and leptons if the H contains the standard gauge group
SU(3)¢xSU(2)1xU(l). In this talk, we will show some examples
where the quasi N-G fermions have precisely required SU(3)¢xSU(2)yx
U(l) quantum numbers for the observed quarks and leptons. This
talk is basically a brief review of the recent works in collabora-
tion with Buchmiiller and Pecceid:%

Our first example is based on a U(6) global symmetry since
the Kihler manifold U(6)/U(4)xU(2) is known to be the smallest
coset space3v6) accommodating the 8 left-handed quarks and leptons
of one generation as the quasi N-G fermions. The simplest way to
realize the global U(6) symmetry in a preon model is to assume &
preon chiralmultiplets y* (i =1%6) that transform as the funda-
mental representation of a hypercolor gauge group Gyg. Here o is
the hypercolor index. The minimal candidate for anomaly iree
gauge groups with this type of matter fields is SU(2) and thus we
choose Gyg =SU(2).

4)

Let us now discuss some details of this preon model. The

total symmetry group is
G = SU(2)Hc x U(6) x U(l)R y

where the last U(l)R represents R-invariance. The standard strong
and electroweak gauge group, SU(3):xSU(2)1xU(1l), will be embedded
into the U(6). Therefore, the U(6) is the approximate global
symmetry which is realized only when all gauge coupling constants
of the flavour groups are taken to be zero.

What is the symmetry breaking pattern ? The simplest
hypercolor-invariant composite operator constructed from the
preon multiplets xé is given by

- i3 _.3
EaB(XuXB Xy

S i
4 Xg)

which transforms as the antisymmetric 15 of U(6). If the ¢1J has

the vacuum expectation values, the following two breaking patterns

are possible:
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(a) U(6) + U(4)xSU(2)
(b) U(6) + SP(6) .

The case (b) is not interesting since the SU(3)xsu(2)1xU(1)
gauge group can not be embedded in SP(6). We will, therefore,
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 additiomally in the
case of (b).

Before proceeding further, we would like to remark that the
breaking U(6) »U(4)xSU(2) is the only one allowed in the comple-
mentary picture of this model. Our preon model contains scalar
fields (the first components of xé) in the fundamental representa-—
tion of the hypercolor group. It is believed in such theories
that there is no phase transition betwesn the confining and Higgs
phases.t ° If it is the case, certain features of a confining
theory may be analyzed by studying the comple i s picture.

We have found that there exist only one ggs phase which
corresponds to the symmetry breaking U(6) =U(4)xSU(2), in the
complementary picture of our model.

Corresponding to the spontaneous breakdown of U(&) - U(4)x

SU(2), we have 9 Nambu-Goldstome chiral multiplets ¢**(a =14,
i=5,6) and ¢ =4-° which transform as (4 2) and (1 1) under the
unbroken U(4)xSU(2). It is easy to check that the fermion
components of 2% have precisely the required quantum numbers
with respect to the SU(3)cxSU(2)xU(1) for the usual 8§ lefr-
handed quarks and leptons of one generation and ¢ is called as
"novino". Here we have identified the unbroken SU(4) with the
Pati-Salam like one and obviously the SU(2) with the weak gauge

group.

It is gratifying that our breaking patter is perfectly

consistent with the 'tHooft's anomaly matching conditioms.

All chiral anomalies of the unmbroken groups U(4)xSU(2)xU(l)y at
the preon level are completely saturated with only the quasi N-G
fermions 31 and y. Therefore, we do not need any additional
passless chiralmultiplets other than the Nambu-Goldstone modes.
The masslessness of the quasi N-G fermions is guaranteed here by
the Nambu-Goldstone nature of their scalar superpartners and also
by the unbroken chiral symmetry. This double protection is
important to keep the quasi N-G fermions massless even after the
supersymmetry breaking.s) (See Ref.(4) for the detailed argument
on the anomaly-matching.)

The residual interactions of the quasi Nambu-Goldstone gsrminns
are identificable with the weak interactions in this wmodels. Thus
the weak bosons observed at CERN may not be fundamental gauge parti-
cles but rather boundstates of preons like rho-mesons in QCD.
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The straightforward wa

G y of includi i ;
quarks and leptons is to re thc-uding composite right-handed

place the hypercolor SU(2)He by

i imilarlv to the vi )
53. r:¢mll,f;1 to the previous case, the global s
;uzihrsuéjb‘f.broken down to [U(4)xSU(2) 1%, which produces 16
juarks if leptons as the quasi NG fermions. However
this*;;d:lto ;;u?e t&e breakdown of the electroweak s;mmetr in
bound—rc;.. 'ijde ?dgﬁanqther preon field x’B =(2 2). - 3yb d
chir—:'lr:uJ.Et-:s]_F: =X3X"xg! (i=5,6) may play a role of the Pio ¢
2 ip ets respensible for the SU(2)1xU(1) breaki Fa
need, however, dlrcgg Tukawa couplings of the 8o ga
effective ones of Hij ar tha bound—sfate levelpreon X

ymmetry U(6)xU(6)

it is very

a
8 to generate

In this point the i
i t e 1s a more natural
' g _ 1 model, thougt
t:Onszf,?YHEMICS 1s more puzzling to us. The moée‘ ishg Eﬁz =il
Ejﬁ lmg?‘ hyp?rcolorvgroup, where the matter field; xx “azL ’gn
L=1v6) are 4 and 4% of the SU(4)ye- The comple . e e
of this model suggescs the breakin b s ™

A Lo g of the global
L(“)XLKOA4-U(u)xu(_)LxU(2)R, which cor:es:oﬁds 0 o te be

2-Lody condensation in thoer parEtutor Bt g to the following
Y,
X x“, = v "
0
A small

Supersymmetry breaking wi

csun iy Eidlon 4 g will trigger the furt

;mtﬁ] Er;dncqwﬂ of the unbroken Symmetry, U(2?~xU(2) . :;he; .
nduced by, for instance, 2-body : s R» Which is
Fhgeett = g == oody fchlOn—fermjon .
ba¥’g —VG}. The breaking patcern condansation

v
U(6) xu(6) -+ u(s) XU(Z)L xU(2)
Y R
> U(4) xU(2)
nay be the desirable one for

) constructin i
although whether such a break ting a realistic model,

. ing does occur or not is not
obvious at all.

_ The effective Yukawa couplings (quark-lepton masses) are
simply given by the 'tHooft planer diagram, However
we are still far away from being able to explain the '
spectrum gf quarks and leptons even within one generation, bec
for example, no other Symmetry survives at all than th; ;u e e
SU(3)cxy(l)em in therquarkjlepton wass matrices. Who befiege
§uch a c?mpllCate breaking starting with the U(6)=xu(e) ? no §U(3
1nt:Iact}ons he%p us ? In any way a more elaborate stuéy on this)c
?;ﬁmizi ;zszzg?lred toward the challenging calculation of the

observed mass
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