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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

Zenro HIOKI

/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


http:troduct.i.on
http:studi.es

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.

~ 25 -



http:direct.on

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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- 34 -

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.

- 52 -

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

- 69 -

.| . 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 -


http:repla.eJ

1.

2.

3.

1.

8.

V.A. Rubakov, Pis'ma Zh Exsp. Teor. Fiz, 33 (1981) 658 [JETP Lett. 33 (1981)
644]; Nucl. Phys. B203 (1982) 3il.

C.G. Callan, Phys. Rev. D25 (1982) 2141; ibid. D26 (1982) 2058; Nucl. Phys.
B212 (1983) 391.

A. Sen, Phys. Rev, D28 (1983) 876,

C.G. Callan and S.R. Das, Phys. Rev. Lett. 51 (1983) 1155.

V.A. Rubakov and M.S. Serebryakov, Nucl. Phys. B218 (1983) 240.

Y. Kazama, Prog. Theor. Phys. 70 (1983) 1166.

Y. Kazama and A. Sen, preprint Fermilab—Pub-83/58-THY.

7Z.F. Ezawa and A, Iwazaki, Z. Phys. C20 (1983) 333.

T. Yoneya, preprint UT-Komaba 83-3.

T.M. Yan, preprint CLNS 83/563.

J. Arafune and M. Fukugita, Phys. Rev. Lett. 30 (1983) 1901.

K. Seo, Phys. Lett. 126B (1983) 201.

B. Grossman, G. Lazarides and A.I. Sanda, preprint RUB3/B/47.

A.P. Balachandran and J. Schechter, preprint SU-4222-260 (1983).

S. Dawson and A.N. Schellekens, preprint Fermilab-Pub-83/43-THY.

T.F. Walsh, P. Weisz, and T.T. Wu, preprint DESY 83-022.

F.A. Bais, J. Ellis, D.V. Nanopoulos, and K.A. Olive, preprint TH. 3383-CERN.
W. Coldstein and M. Soldate, preprint SLAC-PUB-3240 (1983) .

G. 't Hooft, Nucl. Phys. B79 (1974) 276, A.M. Polyakov, JETF¥ Lett. 20 (1974)
194.

Y. Kazama, C.N. Yang, and A.S. Goldhaber, Phys. Rev. DI5 (1977) 2287,

A.S. Goldhaber, Phys. Rev. D16 (1977) 2287.

H. Yamagishi, Phys. Rev. D27 (1983) 2383; ibid. D28 (1983) 977.

B. Jancovici, Phys. Rev. 187 (1969) 2275, W. Tsai and A. Yildiz, Phys. Rev.
D8 (1973) 3446, V.N. Baier, V.M. Katkov and V.M. Strakhovenko, Sov. Phys.
JETP 40 (1975) 1415. M. Kobayashi and M. Sakamoto, Prog. Theor. Phys. 70
(1983) 1375.

K. Itoh and Y. Kazama, to be reported.

- 73 -

2 b c W K
Qe g 245 £ ¥ B T,
dy -1/3 -2/3 0 -1/2 1/3 1/3 1/2 olit
¥ 1 0
ef 0 1/2 1 0 -1/2 in
o 2/3 1/3
7L 2 - i -1/2 =-1/3 -1/3 1/2 out
Uy 2/3 1/3 | 1/2 1/3 /3 | -1/2 i
dae -1/3 -2/3 0 0 <303 1/3 1/2 i
2 1 0
ey 0 0 2 0 -1/2 | out
n -2/3 -1/3 1 : |
35 0 -4/3 =1/3 1/2 in
|
1]
Uig 2/3 1/3 1 0 4/3 1/3 | -1/2 J aut

(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.

= 74 =

3

is the




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.
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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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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.

- 100 -


http:COMOr.ly

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 '.
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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-
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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.
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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.
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Fig.6.
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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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