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ERRATUM AND ADDENDUM

The depth of the South African mine was 3000 metres (mot 300

metres).

Professor F. Reines has kindly pointed out (private communication)
that his detectors were indeed highly =sensitive for stopping
muons with energies down to 15-20 MeV, and also to any pions which
may have came from proton -+ 1 + U > e decay chain. In fact he
has reasons to believe that the six (not five)lmuon events ob-
served in his experiment may, by no means, be rejected out of
hand, so far as proton decay is concerned. He is currently pre-

paring a note on a re-analysis of these events.

The suggestion for the % — 4 — e experiment {using Professor

Zatsepyn's scintillator) originsted with F. Reines.
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ABSTRACT

Corresponding to the two knowm types of gauge theories - Yang-Mills
with spin-one mediating particles and Einstein-Weyl with spin-two medisting
particles - 1t is speculated that two distinct gauge unifications of the basic
forces appesr to be taking place. One is the familiar Yang-Mills unification
of weak and electromagnetic forces with the strong. The second is the less
familiar gauge unification of gravitation with spin-two tensor—dominated
aspects of strong interactions. It is proposed thet there are strongly
interacting spin-two strong gravitons obeying Einstein's equatioms, and their
existence gives a clue o anlunderstanding of the (partial) confinement of
quarks, as well as of the concept of hadronic temperature, through the use of
Schwarzschild de-Sitter-like partially confining solitonic solutions of the
strong gravity Einstein equation.

MIRAMARE - TRIESTE
January 1977

* Lecture delivered at Professor R.E. Marshak's 60th Birthday Celebrations,
New York, 21 January 1977.

I. INTRODUCTION

The presently accessible range of physical phencmena appears to be

governed by the four familiar types of basic forces, mediasted either by spin-

one or spin-two quanta.

Table I
H - -
i Spin of Effective Associated
Force mediating coupling, characteristic
quanta strength mess
b TR T
EM 1 4 »107°
- - 2
weak 171" Gy = 107 Gev > 10° Gev
- -2
strong ) 1~ {gluons}, 2t GS = 1 GeV 1 CeV
-3 -2 19
gravitational et Gy =107 Gey 1017 gev

*)

Tensor dominance 1 with its relationship to gpmeron Physzics is & signsl
of the role of Sfin—two mediating particles in strong interactions. The dual
model theories 2 of strong interactions (appasrently} need both open-

string (zero slope limit = Yang-Mills spin-one Fheory) as well as closed-
string (zero slope 1imit =2 Einstein spin-two theory) sectors in order to

ensure a consistent, unitary and renormalizable formulation.

The spins of the medisting quenta, spin-one for weak, ¥M and strong
forces, and spin~two for strong and gravitatlonal forees appear to correspond
to two of the deepest and the most elegent thecretical structures based on
the gauge principle, that we know of. These are {Table II):
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Table IT
: Spin of
Gauge thecry | mediating Gauge theory Generglization
quanta
1) Mexwell 1 Internal symmetry group |(by Yang-Millg-Shaw)to any|
{Weyr) U{1) corresponding to internal symmetry group
electrie charge for example SU{n) or
conservation chiral SUL(n) x SUR(n)
2) Einstein ] 2 Group of general co=-
ordin&te transformations;
linking up with the
r notion of spece-time
curvature
3) Weyi 2 A rederivation snd gener~((by Isham, Salam and
alizaetion of Einstein's |[Strathdee 3) to any (in-
theory, gauging the rela~ ternal symmetry containing)
tivistlic spin group generalization of SL(Q,CL
SL(2,0); linking up with |for example SL(6,C)
space-time torsion of emphasising relativistic
Carten marriage of spin-group
{sL{2,C)) and internal
symuetry SU(3)
i
4) Esch one of the sbove gauge theories can be extended by "grading” the

appropriate Lie algebra, i.e. by adding on anti-commuting charges. For

example,Maxwell's spin-one gauge boson may be augumented with a spin—%

gauge fermion
spinag gauge fermion {supergravity theory!) 3

); or Einstein's spin-two gauge boson augumented with a

In this manner, a gauging

of graded Lie structures remowves the final dirtinction between "matter"

(conventionelly fermicns) and (medisting) quants (conventionaily bosens).

All fundamental fields in this view are gauge fields.

T shall later have

occasion to refer to supergravity when discussing possible renormalizabiiity

of gravity theory.

Now while the theme of a Yang-Mills unification of weak, EM as well
as strong forces (motivated by the shared characteristic of all these forces
being medisted by spin-one gauge particles)has been fairly well emphasised,
comparatively less attention has been paid to the spin-two characteristic of
the strong force, its resemblances to gravity and the possible unification

of these two forces using Einstein-Weyl gauge ideas. It 1s my principal

purpose to motivete such & unification,though in the first part of the lecture

I shall alsc briefly review the spin-one unification aspects of weak, EM and
strong interactions. Tentatively then, I shall be proposing a

tetrahedral inter~relation of fundamentsl forces with the strong force
playing a pivotal role on account of their medimtion both through spin-one

a3 well as through spin-two quanta.

e - Gravitftion T~ N
/ RS
’ (2) \
/ \

/ spin-two \

/ \
21 Ao
T Strong (2*) v
’I Strong (17) \l
/ «oo" \i.‘%‘ \
l' ) q’o |
- spin-one ,

Wealk(1,17) == — EM((17)
—r ) B LS S

Before entering into detsils, let me give & summary of the points

T wish to make in respect of the linkages represenited by this tetrahedron.

1. Geuge unification of week and EM forces

A) Prediction and verification of the existence of neutral currents
implies that such & (gauge) unification is likely with the minizmal
gauge group SU(2) x u{1).

B) The charecteristic mass (energy) beyond which the distinetion between

these two forces may be expected to disappear lies beyond 102 GeV.

e




Q The gauge unification together with the comparative rarity of AS =1
veak trapmitions makes the existence of charm almest compulsive.

.

D} The most direct test of gauge ideas will of course be the
+
productlion of W  particles and the weak partner to the photon (Zo) -
hopefully in the decsde of the 1980's. hd
E) Semidirect tests of the linkage between weak and electromagnetic

interactions are the symmetry restoration effects in

weak interactions which could be produced by using strong external
electric and magnetic fields 6). For example,it bas been suggested
that the Cabibbo angle may be expected to be switched off in
reactions like

95

K™ + Mo 93

-+ Wb + n
A

K+ 4 s S 4

(aoc that the A-hyperon lifetime is very considerably enhanced) in the
nuclear environment provided by R’b93 ard Ar35 agsuming that the
internal electromagnetic fields inside these nuclei are stronger than
the critical trensition fields.

2. Gauge unification of strong with weak and M forees
The next hypothesized linkasge is the proposed spin-ome medlated gauge

unifieation of strong forces with the wesk and the EM. Clearly the most
important signal of such & unification will be the disappearance of the

distinction between leptonms and quarks. This must happen; the question is

beyond what characteristic energy?

7 have guggested & theory of quark-lepton unification based

Patl and I
on the idea that the twelve guarks (carrying four flavours and three colours)
combine with the four known leptons in & multiplet of an SU(h)rlavour x
su(h)colou: internsl symmetry group. (The fourth colour is the lepton
colour '.1ilac.) The gquarks, ultimately indistinguishable from leptons,
must in this model carry integer charges. A spin-one gauging of this -
theory (flavour as well as colour charges) yields an estimate of the

charscteristic energy at which the quark-lepton unification should start

becoming directly manifest. We estimate this energy ¥ 10° Gev

(other gnﬁge theoriasta, mr!l.cing with frectionally charged quarks, which are
fication . 1

permenently confined, estimate/energies much higher, beyond 10 ? GeV). Each

one of our quarks can decsy into a lepton (plus pioms or kaons or a lepton-
anti-lepton pair) ' with a lifetime around 10713
Likewise the proton - the three—quark composite - must decay

secs for quarks of mess ==L Gev.

5

9 1,30

inte three leptons (plus plona) with a lifetime of the order of ll'J2 -10
years. (Al these lifetime estimates are correlated with the estimate of the

cheracteristic energy. If the characteristic energy is higher than ZLO5 GeV, the
proton will live longer.)
But besides the pessibility of proton decay as a signal of quark-

lepton unification, there are other indirect signals in the model. These
relste to (1) 0,/0; in eN, uN, {2) dileptonic events in VN and (3) and

asymmetric preduction of leptoms versus anti-leptons in N-N collisions.

3. Clues on unification of gravity and strong interactions

The S-matrix physiclsta.with the postulate of tensor dominance in
strong interactions and the hypothesis of the Pomeron lying on = spin<two tra-
Jectory, have ealways believed in the important rocle of spin-two mesoms in
strong interaction physice. The dual model physicists have likewise dis-
covered that they must utilize both the open-string (zero slope limit =
Yang-Mills spin-omne gsuge theory) &s well as the closed-string (zero slope
limit = Einstein theory) sectors in their search for a conzistent theory of
strong interactions. (Previously, the higher dimensions needed for dusl models
and the symmetries arising from them were identified with flavour quantum
numbers; recently there has been some shift towards identifying these as
azsocisted with eolour. )}

From a gauge theory point of view, one can go further. Let us a#sume
that strong interactions are mediated by a strongly interscting spin-two
object (generically called f meson: not to be confused with the spin-two
particle at ]__290 MeV) obeying an Einstein eguation with the Iiewton:l.a.n censtant
Gy & 10737 gev? replaced by the strong constant GS 21 BeV'2 . We further
assume that quarks interact with the f mesons, their normal gravitational
interactions being mediated by a (generally covariant} f-g mixing term (the
field gw(x) describing normal weak gravity). This mixzing term also

gives mass to the f meson.

This simple versicn of a two-temsor f-g theory was formilsted
by Ishaem, Salam and Strathdee and independently by Wees and Zumino B).
this early formulation f-guanta were assumed to interact directly with

In

hadrons and g-quanta to interact directly with leptona. Clearly with quark-
lepton unification ideas expressed sbove, this simple version of the theory
with T and g tensors so sharpiy distinguished will need revising. This can be
done but I shall not be econcerned with this aspect of the theory I «:Z3 lecture
nor with the very difficult problem of reconciling within ope structure magni-

tudes &3 diverse as GN and GS . Rather,my majJor and humbler concern is

-6-



to show how the postulate of an Einstein equation for the strong gravity field

f = with all the connotations of space-time curvature and torsion being im-
portant in strong interactions - manifests itself in physical phenomena, part-

icularly in the limit that the f'-g mixing term is neglected.

The claim is that there are two immediate menifestations of this
Einstein gauge formulation of strong gravity.
1} Weak gravity possesses classiesl solitonic solutioms of

Schwarzschild end Kerr-Newman type which trap and confine
particles. Likewise strong gravity possesses solitonie soluticns

(representing hadrons). which confine (quarks) at least on the
classical level.

2) Quentum-mechanically Hawking

solutions of (weak) gravity are not black holes from which nothing

9)

has recently shown that the solitonie
can eseape. He shows that (scme of) these sclitonic solutions
represent black bodles, radiating all species of partlcles with =
thermal spectrum. The exeiting aspect of Hawking'awork is that the
temperature comes to be defined in terms of the parsmeters of the
Einsteiﬁ}eejé_uationa and their solitonic solutions. Specifically
temperature is proportional to the inverse of (4% times) Schwarzschild

redius.

In strong gravity, for hadrons, we shall see that the strong Schwarzschild
radii are of the same order as the Compton radli of hadrons. Taking Hawking's ideas
over, one can define a temperature (Ref.1h} in hedronic physics in terms of radii
of appropriate hadronic sclitons,which controls the thermal emission of

particles in(for example) "N or NN collisions.

With this intreduction, I shall divide the lecture into two parts:

Part I
is concerned with the Yang-Mills unificetion of strong, wesk snd EM
interactions., I shall describe the model of Pati and myself and speak of its

predictions in respect of

i) Proton and quark decays;

ii) Manifestations of spin-one strongly interacting colour
gluons.

Part IT
is concerned with the use of the spin-two Einstein-Weyl equation for strong

gravity. We shall seek for clues to a partial confinement of gquarks in the

context. of the solitonic solutions uf the strong gravity equation and also

-

use Hawking's ideas to give a precise meaning to the concept ofﬁadrcinic
10
3

temperature. Part I is & summary of work reported elsewhere, Part II
deseribes some new work, particularly on the possibility of confinement of

querks using strong-gravity ideas,

g =

II. PART I

YANG-MILLS GAUGE UNIFICATION OF STRONG, WEAK
AND ELECTROMAGNETIC INTERACTIONS

All material in this Part is described in detail in the Aachen
Lecture {1976} by Pati and myself. I shall give a brief sum-
mary emphasising the gauge unification aspects.

Conference 10)

A, The scheme and the fermion-number

We work congervatively with twelve quarks and four leptons. (If

further quark flavours and further leptons (colours) are discovered, our

il

fundasmental internal symmetry group and the corresponding representations
or their number will grow but nothing basic changes.) %

The gquark-lepton unification hypothesis is implemented by postulating
that all matter belongs to the following fundamental fermionie multiplet

isti t L ox b i
consisting of the representation of the basic group SU(h)f‘lavDur x
su(k) colour
P P P Vo *oup |
n n n e~ + down
F o= _ Flavours
X X A u +  gtrange :
1
-
[ c c \Jp charm t

Lol $o
red yellow blue 1lilac

&—— colours ——>

We define {an unconventional) baryonic number for quarks (B = 1) and a leptonic
nmber L = L% + LY = 1 for leptons. The fermion-number F for all the

sixteen particles equals F =1 =B + Le + Ll'I . Note that only the total
fermion—number F has any aebsolute significance: none of the individual

e

numbers B , L or Ll’l are significant in terms of conservation for the

whole multiplet.

x Su{k}] ¥

colour
We make a choice which essigns the following charges to querks

The electric charge operator is a sum of SU(h)lflavour
generators.

and leptons:

%) For example, heavy leptons + b quarks,if substantiated,may need SU(S)lfla.vour x

sU(S)'colm.u" -8-

-



=1 4} 9 -1

Q =
1 a0 0
o] 1 1 0
2/3 2/3 2/3 0 -2/3 1/3 1/3 o0
Q= gy O - -1/3 -1/3 1/3 =1 . -2/3 /3 1/3 o0
-1/3 -1/3 -1/3 -1 -8/3 1/3 13 o
2/3 2/3 2/3 o -2/3 1/3 1/3 o

Note that with this assignment, leptons with fermicn-number F = 1 (the same
as quarks} are gbsolutely defined as cbjects carrying zero (\Je ,\Ju) and negative

charges {e”,u ).

B. The s Eln-one Y a!lE-MlllS gaug E ) 1 ! 2 1 3
ing of SU( L | X SU h : The
Qgsuc ggdel colour

We gauge flavour for weak and EM intermctions and su(h)lcolou.r for

strong and EM forces. The important point is that the photon has partners both in
the flavour and the colour sectom corresponding to the split of charge Q

1 ' :
nto Q’ﬂavour * 4
the form:

colour The gauging scheme may thus be represented in

EM (electromagnetism)

suU(2)x U} SuUid)|
flavour

colour

with EM cccupying the pivotal position. In detail the flavour gauges give
V;’R,ZD and the flavour piece of the photon. The cglour gauges give (1) an
octet of strong colour vector gluons (V; ’ V-;E’ Vg;,o . 'ﬁ, Vo) which couple
quarks with quarks, (2} a triplet (plus an anti-triplet) of exotics ng s
x;z . XI;E " which couple quarks with leptons and a {3) singlet s¥ which
couples with the current (B-3L). Among the eight colour gluons is the rather

gpecial cbject TJJ - the colour partner of the thoton,

We give masses to all these gauge particles {except the photon)
through the standard Higgs-Kibble spontanecus symmetry-breaking mechenism.
This mass-giving mechanism also mixes the wesk wi,"s with the actet V's
and the triplet X's, so that the final unification scheme locks like this:

-9=

tlavour gauges colour gauges
—/EM\ strong

weak
.0 '
w',Z octet of Vs , p
\ triplet of _Xs /
\ i 0
singlet S y;
N /
\ /
N Ve
~ ~ -~
~ -
S - e — - -
i \

*
Higgs-Kibble particles mixing W 's with
V's, X's and SO and leading to weak decays

of quarks and gluons.

To link up with the concept of characteristic energy beyond which the
distinction between quarkse and leptons should disappear, it is the masses of

the exctics that determine this charecteristic energy.

To summarize: the Higgs-Kibble mechenism leads to:
i) The photon as made up of flavour and colour pieces;

+ +
ii) Mixes V  with W + lesding to decays of the octet of strong
+
giuons V, VO,...;
+ +
iii) Mixes the exctics X with W - leading to well-defined gquark -

and in turn to proton decays.

C. Mass scales

There is a natursl mass scale for masses of the exoties. It is
provided by the rate of the gecay K+ e + U . From present rarity of this
mode, we infer that Ty glO5 GeV. This in turn determines {within the model)

the lifetime of

i) & quark for decays into a lepton + (pilons or lepton-anti-lepton
pair),

i1} preton-decay lifetime.
Alternatively we could have fixed my through any one of the three
inputs (1} K + e + y, {2) quark + lepton transition rate,
(3) _proton + three. lepton transition rate, the other two processes
providing a test for the ideas underlying the model.

-10-



While we have this natural mass scale for the exotic nesses,
regretfully there is no natural mass scale for the masses of the quarks or

the strong (octet of) gluons. These masges could lie in either of the three

ranges:

(1) 1light £ 2 Gev  (the charmed quark is presumebly 1.5 GeV heavier},
(2) medium - between 2 GeV to T GeV (SLAC range),

(3) heavy - PEP-Petra range of energies.

It is important to stress that these are masses of quarks and gluons
outside the nucleonic enviromment. Inside such an eviromment, with its high
hadronic matter density and hadro-static pressure, the expectation wvalue of
the appropriste Higgs fields can have made & transition to zero. Thus quarks
end gluons could be very light ( £ 300 MeV) inside the nucleonic envircnment -
as the parton medel appears to suggest - while they are heavy cutside. This
difference of effective masses inside and outside - first discovered by
Archimedes in the context of hydrostatic pressure - would cause a partisl
confinement of quarks and gluons in the sense that the tunnelling probability
of their crossing threugh the hadronlc surface and penetrating the mass
barrier is depressed. In all subsequent remarks, I shall accept this partial
confinement as a fact of quark dynamics {exact confinement being the limit
when the quark-gluon mass ocutside is  infinite).

D. Production and decays of guarks and proton decays

Free quarks may be produced in the following reactions for example:
+ - -
1) e +e + g+7

2) \J+N+u+q_R+q¥+qB

disscciation of the
N+N+N+qR+qY+q_B nucleon

For quark decays,there are impertant selecticn rules in the simplest (basic)
version of the model which I summarize.

1) Assuming fermion-number F conservation, AF = 0 (but AB # 0, AL % 0,
F=3B+L) e quark can go into a lepton but not an anti-leptcn. The gquark-
anti-lepton transition requires AF = 2. We have sgsumed in the simplest
version of our model that this decay mode ‘ is suppressed compared with
the AF = 0 decay mode. (If this restriction is relaxed {as wouid for exsmple
be the case in a supersymmetric version of the model), g+ % , g+ g (and
even AF = 4 transitions qq-+T3) may become competitive with q + & (AF = 0).}

-]]l=

23 The simplest (basic) model further strongly restricts the types of quark
decays allowed. The yellow and blue quarks are sharply distinguished from
the red quarks in that the former (yellow and blue) go predominantly intc
neutrinos snd not charged leptons. Thus

qY,B oV * piens \Ju + X + picns
q_R ~ e + pions » M+ K+ picns

+ and also e + V+V , U+ v+

The lifetimes{varying as m;B) range between 10-12 to 10-11' secs (or shorter)

for light to medium guark masses.

3) Since quarks are presumably point partigles sc far as electromagnetism
is concerned, one is tempted to ascribe the Perl (u,e) events at SLAC to

decays of red quarks of mass =1.95 GeV
+ - - .
e + e +q_R+qB+e+u+neutr1nos

Note that quarks resemble heavy leptons in that they are not absorbed in
ordinary matter; +their only distinction from heavy leptons lies in their

scattering (nuclesr versus pure electromagnetic) characteristies.

4) So far as nucleon digsociatien in vN and NN ccllisicns is concerned,

it is importan%t to remark that whereas partial confinement will make
dissociation amplitude (tunnelling through the mass barrier) small, the net
mass from final gquark decays will mainly reside in the neutrinos which yellow
and blue quarks decsy inte. The red querks in their decays will however
contribute to dileptons in VN collisions. Finally, in NN collisions, we
expect the nucleon dissociation mechanism to give a sizeable . Q;%—l;lffm—n
asymmetry beyond the dissociation threshold. This is assuming that AF =0 ,
AF # 2 selection rulea hold (or, more accurately, assuming that the two baryon~
number violating amplitudes AF = 0 and AF =2 giving g+ & and g+ %
trapsitions, respectively, are not of the same ma.gnitude).

5) Prgton decay: The most characteristic prediction of the model is
proton instability which {with AF = 0) is a triple violation of baryon-lepton
number AB = -AL = 3 . It is this high degree of forbiddenness (effective
constant Gg ;\._-;10“2.r where GB is the effective quark-lepton transition constant
-,3,10-9 computed within the model assuming my = 105 GeV) which ia responsible

for the inordinately long life of the proton. The predominant decay mode is:

=12~

=



+
Proton + 3v + T Ar =0

The most recent reported experiment on proton decay is that of Relnes and co-

workers 1) performed in 1967 (and re-snalysed in 1974) {in a South African

+
mine 300 metres deep; a signal of flve possible events proton + | was recorded,

setting a lower 1limit of 1030 years on lifetime), In the basic model (AF = 0)

+
this particulsar decay mcde {proton + U+ L) can only proceed with muons pre-

dominantly carrying a rather small fraction of proton rest energy (EU < 150 MeV).

The experiment was rather less sensitive to these. ‘9 To study the predominant
+

decay 3v + T , there 13 a propesal by Zatsepyn to use a 100 ton scintillator

to detect the following chain from decays of protons in the scintillator

itself:

* + +
Proton — ™ — U — e

¥ ¥

3v v Y
A geochemical experiment similar to that used for double B decay

has been suggested by Peter Rosen 12) .
ah,SGKr
£

Thia consists of exemining for

rare—gss isotopes 22NE, 38Ar ) 132}(e occluded in ancient ores.

The sensitivity of Rosen's suggested experiment (private communciation) has
gone up recently to proton life estimates as high as 103h years with the
discovery of e new dye-laser besed technique by G.35. Hurst, M.G. Neyfeh

and_J.P. Youne which detects one etom in an environment of 1019.

(Applied
Phys. Letters, 1 March 1977.)

E. The gluon story

There are eight strong coloured gluons 1° responsible for (part of)
the strong force " in all models of gauge unification of strong, EM and weak
interactiona. In the so-called standard QUD model with fractionally charged
quarks, SU(S)'colou.r
gluons - electrically neutral - are massless. To keep them invisible the
Dogma of complete confinement has been formulated which asserts that they
as well as the quarks are permenently confined - in fact all colour will

symmebry is assumed to be an examct symmetry, and all

for ever confine.

*9 Even though the discussion above has stressed AF = 0 transitions, it is
important to remark that one can extend the basic model such that AF =2 ,
g+ % ,q+T end AF =14 , qg » Qg transitions are also allowed. In such a
case proton + u+ + ,”0

to T + 3w (AF = 0).

(AF = 4} would be a possible decay channel, in addition

-13-

In our model, described above, gluons are intager-—charged and massive
and they must be produced in ali types of collisions (though "partial” confine-
ment due to the Archimedes effect ani the need to penetrate the surface barrier
of hadrons mey depress their production cross~section at present energies).

In this context, besides any dynemicel berrier fectors, there is also en exact
thecrem due to Roy and Rajasekaran and Pati and Sala.rril3) which states that
in a gauge theory,lepto—production experiments (eN,u¥) are ineffective in

produeing colour. More precisely in all such experiments the production rate
colour . . .
of Flavons 1S governed by & kinemetic gauge factoer
2 42
Wl :
2 2 14 £
lq I + mU j qul + @

where iz the mass of the photon's partner in the gluon octet and
|q_2]l/2 is the momentum transfer.

The decey modes of the colour gluons are characteristic:

+ +
1) Charged members of the octet VI;(Y’ V_RB go into

_>(Vee) : (\Juu) : hadrons

around -15
inte the ratio 1:1:3 with lifetimes‘lo segs s providing ancther socurce of
+
dileptons in v+ N> u+ vV + X besides charm. Also in semileptonic
(u,e}

+ +
decays of V° , one does not expect single production of K's (V = Kev, Kpv
but + Kkev , KXuv , ete.) sinece the gluons are SU(3)|flavour singlets. This
would distinguish such decays from charm decays.

2) Finally the meutral gluon (partner to the photon} U - expected to
be produced in e+e_ collisions = would exhibit the following characteristic
decays:
m, =1 to 2 GeV mU::hGeV
Uretee 2 to 5 keV 2 to 5 keV
+ -
+u o+ u 2 to 5 keV 2 to 5 geV
' 1
+mry , by, n'y 1 - 3 MeV 55 -1 Mev
- 3m, 5w, pw , KK L_ 5 mev L 1 Mev
L] > L] 5 10
1 1 1 1
+ 3w, bLmw, én T -3 MeV o - & MeV
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On the basis of the e + e width of SLAC structures between 4 and T GeV

(barring the region 3.1 to 3,2 GeV - communicetion from Professcor M. Barnett)

it has been suggested that the gluon is either light {< 2 GeV} or heavy (>T7 GeV}

80 that. its mass lies either in the Frascati-Orsay-Novosibirsk or the Pep-Petrs
regions (though this conclusion does not teke into account possible mixing of

other colour states with gluons).
3} Indirect tests of integer-charged partially confined gluon theory
consist of the following:

i} Ve expect GL/UT $+ 0 on account of a contribution from gluons.
It can be sghownt that in & geauge theory, this gluon contribution to
UL/UT scales in x .

11) We expect & rise from colour brightening and giluon production in

_OG/U\J' and (1’)\_j over and above the purely quark contribution and likewise

for the ratic in neutrino experiments for o
Preliminary experimentsl indications ¢f such rises have been
conventionally intepreted as signifying the existence of right-
handed currents and new quark flavours. OQur medel interprets these
ag due to colour brightening. For details see Ref.1l0.

Summary
To summarize the signals for the Yang-Mills geuge unification of

strong, week and EM intersctions in sccordance with cur ideas, these are:
&) Proton decay into three leptons (plus pions);

B} Production and decays of quarks in wN, UN and NN collisions.
lepton :
In the latter experiments we expect anti-Tepton ratio tg
deviate significantly from unity above the nucleon disscceiation
threshold, provided either one of the ‘ransitions q + £ (AF = 0}
or g+ & {AF = 2) dominates over the other;

e)

In i
el and VN experiments v:rL/rJTryE 0 and should scale in x .

In vH , TN experiments we expect rises in Uv/ciu N <Y>
and in the ratio of neutral/charged cyrrent cross-sections,
due to colour brightening. These rises should eventually cease
when the suppression factor for colour takes over (depending on

the mass of the neutral vector gluon m ),
u
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neutral currents/ochs.rged currents’

PART I1I

SPIN-TWO ASPECTS OF STRONG FORCES, STRONG GRAVITY AND. POSSIBLE
ORIGIN OF (PARTIAL) CONFINEMENT AND HADRONIC TEMPERATURE

I. INTRCDUCTICHN

Sinece I shall be speaking about {partial} confinement in this part
of the talk, let us restate the present dilemmas of strong interaction
quark physics in this respect.

1) The parton model gives a pleture of essentially free quarks and
gluons existing inside hadrons. This (at first surprising) feature of quark

dynemics however has snalogles elsewhere in physies. For example electrons

in metals behave esgentislly as free particles notwithatanding the relatively

strong electric potentisls inside. Likewise in the theory of nuclear
matter - particularly when cne attempts to reconcile shell and collective
particle pictures of nucleonic interactions -there are dynamical dilemmas of
a similer sort. In quark dynamies the "free" behaviour of quarks and gluons
has been (brilliantly)escribed to asymptotic freedom of quark gluon forces,
i.,e. the statement {true of non-sbelian Yang-Mills spin-one theories, end
as we shall see, possibly also of strong gravity) that the closer the guarks
and gluons ¢ome, the weaker the effective strength of the force with which

they influence each other. {Parenthetically it must be remarked that contrary

to a general climate of opinicn and belief in the subject, the gluon or Higgs

masses need not affect the issue of esymptotic freedom.)

2) The second significant fact abeout quarks and gluons is the Archimedes

effect. Quarks and glucns - sccording tc the parton model - are light inside

a hadronic environment and heavy outside. There is partial confinement if the mass
outside is finite; exact confinement if it is infinite. Since (primeval) fraction-

ally charged quarks appear excluded as physical entities (from experiments with

deep sea-bed oysters and moon-dust), such quarks,if they do exist, must be
permanently confined. For integer-charge guarks (particularly if they decay

fast into leptons} there is no known experimental fact which would argue for

their permenent - as distinguished from their partial - confinement. *
magnetic
If "colour" and ;monopalarity are related to each other (a5 has been surmised),

and if magnetic monopeles and the related gluons have masses in the ratio a_l

('t Hooft's theorem),quarks (carrying monopclarity) may be heavier than 200 GeV,

even for the light gluon case. Awful prospect for experimentation!

—16=
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Now what is the origin of exact confinement, if such indeed is the
resl physlcs of the situation. A truly vast amount of intellectual effort
hag gone into theoreticaelly achieving what I shall call the Tokemak-like
confinement of colour (quarks and gluonms) using the agency of (non-Abelian)
spin-one gluon theories. And one must admit that the basic idea is truly

seductive. Assume that the stromg colour gauge group SU(S)’ represents

an exact symmetry of nature, so that the colour gluons (elec;:;:aufm neutral

in & fractionally charged quark theory) are massless producing long-range
forces. Assume that the infra-red effects accompanying

such massless gluons are so singular for colour carryipg initial or final states

that an infinitely rising long-range potenmtial of the type V = kr or Ar2

builds up for coloured states. In such an event, coloured qusrks and gluons
will be permanently confined inside coclour singlet hadromic states. Partlcle
physics ~ on the experimental level - would come to an end, withim cur
generation, for never shall the quark {or the gluon) state be accessible for
direct experimentation. In favour of such a rising potential may alsc be
adduced the well-known fact that such potentials would also facilitate
theoretically the emkrgence of riaing Regge trajectories.

So much for the conjecture. Now the first hope of carrying this
exact confinement conjecture to a proof lay in examining the infra-red
behaviour of non-ebelian Yang-Mills theories in perturbation theory
(the infra-rea siavery hypothesis Unhappily . it is
by now ccnclusively known that so far as perturbation caleuraticns are con-
cerned, the {infra-red) behaviour for non-sbelian Yang-Mills colour dynamics
(QCD) is noc more singuwlar than for the familiar abelisn gauge theory of quantum
electrodynamics (QED). In any perturbation calculation {or for any summation of
perturbation diagrams to a given order) there seems no hope of uncovering
infra-red slavery or the origin of exact confinement if any. One could still
retain the hope that non-perturbative spprosches would succeed where perturbation
theory failed in providing an Iinfinitely rising potential cof the {ype kr or
Ar2 . Numerous attempts have in fact been mede in this direction but

withcut conspicucus success.

I wish to suggest that rather than look further along the directicm
of spln-one {Tokemak-like) confinement one may attempt to exploit the confining
properties of an Einstein-llke spin-two equation. Classieslly, Schwarzschild
and Kerr-Newman solutions of wsuch equations, trap and confine only
too well,gj.ving also expressions for the surfaces of confinement in temms of
the parsmeters of the theory. The hope {recently realized by Hawking) is
that quantum mechanics may temper this inexorsble trapping, this inexorable
confinement to give just the right degree of partial confinement when cone

-17-

works with strong gravity, where the typicel (strong) gravitationsl scale of

gsizes accords with hadronie Compton wavelengths and quantum effects are

particularly relewvant. One will still need the spin-one colour aspects of

strong interaction physies, but they will be needed more to provide saturation

(i.e. why three quarks form a partially confined bound system but nct two querks),
rather than to provide the origin of confinement. It is relevant to remark

that there have been remarkable advances made gince 19T4 in Field Theory in

curved spaces since Hawking first announced his quantum-mechanical results.

Some of the techniques developed are extremely powerful sa I shall briefly
indicate. I feel a personal tinge of regret that few of the advences have

come from the community of particle physicists, who have by and large unfortunately
ignored these ideas. (See the Teview by C.J. Ishaem, Ref.15.)

I1. THE f-g TWO TERSOR THEORY OF STRONG AND WEAK GRAVITATION

Tc motivate the discussion, consider the sinrplgst version of a unified
( geuge)theory of strong and gravitaticonal interactions ). V_\'e start with two
tensors £V (x) and g"lv(x) and postulate the Lagrangian:

ST RO R T Xy Lpgirer (2.0)

-2
R(#) and R(g) sare the Einstein Lagrangisn expressiond, Gg ~1 GeV ~ ,

n -37 ~2
G, ~ 10 GeV © 3 ifg

N is a mixing Lagrangian of the form:

o2 (W - @) (PN - 8 (e ) (2.2)

epBav T ZeaBuv

end is designed to give a mass (m ) to the strong graviton. Ignoring for

the present the aubtleties of qu.ark-lepton unificetion, xmatte gives a quark -f
direct interaction of effective strength GS and & lepton -g direct inter-
action of strength GN .

Now one can show at least in a linear approximstion (£ ~1+ ,ﬂ;‘ ¢r N
g~1 +,\/""1 ¢> ) that the two fields f a.nd g mix and the equationa of
motion describe one messless and one massipve‘physlcalfquantm assoclated with
each of the two fields g and f . More precisely, the poyeical Tielda bear
& close resemblance to the photon and its partner, the 20 in the unified

M and week gauge theory apprpach. Thus
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The true W W
1 1 1 AL 3 C

massless —H = =5 g t— £ = & A (photon) =5 =+ —
field 7 G Gy wv G W £ &

1 1 1 1 1 1

= = E— 4 L R

G GN GS e2 Sg Sg
The true
wessive = (£ -g,) +> = ey - EH, .
rield Lo

However since GS

the true graviton esnd the f field the strongly interecting f meson.

> GN . to all intents and purposes, the g field represents

Note that the theory as formulated here is fully generally coveriant.
But so far as the f meson is concerned, we are interested in the flat sgpace-
time 1imit of the g field {(Gy = 0} with

1
1 - =1
~
By & Ny 4
o -1
In this limit
_ .2 KA KA Uy uv
Loy =mp (£57 =0 (7 - n®) (g ny e gy M) (2.3)
and the f equation of moticn reads:
i = 2 (f.
R (£) - 51, R=5mn SN {fen) nuu) . (2.1)

0 Ideally the f-g mixing term should parallel & Higgs-Kibble type of spontaneous
symmetry-breaking term and ought to possess a form which ensures that (1) there

are no further spin-zerc or spin-one ghosts or tachyons lurking among the

redundant components of the f-g fielda; (2) the propagator for the f meson

is soft and singularity free in the limit m, —»0. We believe these require-

ments can be met by postulating a somewhat more elaborate unified mgdelfuhich be-
sldes spin-twa)objects also contains {a physical) Yang-Mills spin-one field Jh).
Here, however, we do not consider sucha modificetion of the simple Pauli-Fierz-—
like f-g mixing term [given above }. o) sggflfgi(.ion to these problems 14) relies on a
dynamical symmetry-bresking mechanism - a solutionnone too satisfying for cal~

culaticnel purposes,
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III. SOLITONIC SOLUTIQNS WHEN me = Q AND THE CONCEFT OF HADRONIC TEMPERATURE

Some of the exact sclitonic solutions of Eq.{(2.4) are well known
end given in all texts on Relativity Theory when m, = 0 . These soluticns
are the (1) Schwarzschild scliton representing the strong gravitational
field of &n object of wass M ; (2) The Kerr solution representing the f

field of an object of mass M and spin J ; (3} Kerr-Newman solution of the

Maxwell-Einstein set of equations representing the f and EM fields of an object
of mazs M, spin J and electric charge §. This last can presumably be generalized
for any internal gauge symmetry group, e.g. SU{2), where for QE one eubstitues
the quedratic Cesimir cperator e?;? = e2I {I +1) (e2 is the square of the
coupling of the spin-one Yang-Mills gluons).
In pure classical theory,some of these solutions possess (more than
one) horizens. These horizons have the trapping property; in general any
perticle erossing the horizons 1is captured.The horizons es a rule act like cne-
way membranes. For the simplest {afd perhaps not quite typical) case of the 7]
Sehwarzschild horizon, a particle which once gets inside the horlzen cannot i?
escape and is permanently confined (more accurately it falls into the singularity
st r = 0, like the pre-Bohr electron which inexorably fell into the nucleus).

For the Schwarzschild solution, = QMGS; while for the other solitonic

Rhorizon
solutions there are inner as well as outer horizons with the singularity

at r = 0 acting repulsively or attractively depending on the parameters of

the solution. Correspondingly, there are a vast number of subtle cases with

orbits trepped between these inner and outer horizcna.

When the simplest of quantum-theoretic effects are taken into accoint
(Hawking 197L) these "black-hole" solitons turn  into "plack-body"
solitons: all species of particles tumnel out and are radiated with a i*
thermal black-body spectrum represented {for the Schwarzschild case) by the

formula:

Intensity ec (exp E/KT :l)hl [—l Bose particles ]

+1 Fermi particles

with the temperature related to the radius of the horizon

1 -
kT - Puorizon - ° s Ysoliton

The confinement is no longer complete.
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Let us summarize Hawking's results for am SU(2)} Yang-Mills plus
f-gravity theory 1in the limit m, - G . The solitons carry s mass M, spin
J and T~epin T and the solutions fall into three categories:

1) Q-Lj;;—:"l-+Gse21(.‘1+1)<C—Sl\412

Hawking temperature {s given by the expression
amkT = Lr (R ~ GM) st R

GgM + -/G:MZ - JI+1) - GSMQI(I +1) &2

where

-]
1]

and

'} o GS

>
"

,:EGSM2 - &2 1(141) + EJGSQM{‘ T GSMEI(I+1)E2']

is the area of the event horizon. I would like to suggest that such solitons
represent fire-balls or clusters which are assumed to form(for example in NN
or T¥ ¢ollisions Jand which in thermodynamic theories of such collisions are

asgumed to radiste hadrons of all species with a thermel spectrum.

2] If & Reggewlike relation between spins and masses holds, i.e.
.J_LQM%;)_ + 65 ef (141} = o

there does exist an outer horizon at R = G M, but the Hewking tempersture

3
is zerc and there is no thermal radiation. We are here dealing presumsbly

with normgl hadrons - composite (solitonie) cbjects. Note that if the internal

symmetry is SU(3)]colour , the colour sipglet states are in general lower in
mass than eolour non-singlets.

3} if ﬂfizﬂ + Gg 2 I{T+1) > Gg ¥ , there is no horizon and the

Havking temperature cannot be defined. Such solutions are called npeked
singularities; these may correspond te true elementary partieles {quarks,
gluone, etc. with corresponding fields appearing in the basic Lagrangian).

To get a feel for the numbers Invelved consider some recent data of
Bartke et _sl. from Aachen {Nucl. Phys. December 1976) which gives a thermal

3 E
fit i—% — eXp k—?[:" - l] for Tr+p + m + anything with m referring to
dp

2m, 31 clusters or I, w, p particles. Apparently data ranging c\)ver seven

decades (l{lo to 107) can be fitted with onef&g:gpgrature parameter kT ~ 120 MeV,
e

Similar (and even more extensive) date has beeny by Hagedorn, Carnegie,
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1h)
and others by essuming. that clusters or fireballs of mass w1.5 MeV are formed in

badronie collisions and theze then decay thermally. (Hagedorn hes a fine
natural E >
explanation for th.e/ appearance of the parameter E = Pt + m rather then

t
= 2 2 .
E= NP +m® 1n the collisions.)
Can we . ldentify the Hagedorn temperature with the Eawking
temperature for clusters in strong gravity?! In Hawking's picture

-1 _
(b} ™ = Booliten
It is & reasonable assumption that the radius of the horizon (Rsonton)must
t d the .2,
not excee e Compton wavelength of the soclitonic cluster, i.e EGSMsoliton
B 1
= or M ~ alma « To estimate the strong
soliton solitonic cluster --rJEGS
gravity coﬁstén‘t 8., write GS = % and assume that m, lies on the Pomeron
m,
2
trajectory (tensor dominance) %ﬁP(t) x1.1 *.2t. This gives m, A b5 GeVz,

. 1 -2
With oés = 1, we obtaln G ~ 1.5 GeV °, 1.e. M =1.9 GeV and

spliton
kT ~ 120 MeV.

One mey alsc estimate the lifetime of such a cluster from Hawking's
formulae. The cluster disappears since it loses mass through thermal

radiation. Thus

dRsoliton - ETr2
dt 15

in
G-S(kT) ZUE >
where o iz the absorption cross-section by the black scliton of an incident
hadron of spin s . Assuming Zcrs is of the order of conventionsl hadrcnic
cross~section, we obtain

~ (38ue?)"L 5
width ~ (384n") Rsmliton

r G

g O
& 300 MeV Gy ® 67 MeV .

These crude estimates are presented only in order to demonstrate that {as mey
be expected) the orders of magnitude in strong gravity theory are in the
correct range of magnitudes in hadronic physics.
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Now the concept of temperature in hadronic physics is nothing new.
What after all is so special about Hawking's work, that we should buy the
whole guperstructure connected with as complicated an edifice as

Einstein's equation,in order to comprehend temperature?

The answer to this question at the pregent level of understanding
really lies in the deeply satisfying end aesthetic (I was going to say
sbasolute) guaiity of Hewking's work and the revolution it has brought about
in the study of field theoriles in curved spaces. Hawking and others had
earlier given a number of {controversisl) derivations of the tempefature
concept a5 assocliated with the exact solutions of the gravitational equations.
However perhaps the most elegant is the following derivetion due to Hawking,
Hartle and Gibbons 1°),

We wish to show that the propagator of a spin-zero particle placed
in an externa) gravitationsl field due to a Schwarzschild black hole of mass
M exhibits a temperature dependence, with the temperature glven by
(bmer) ™t = By =26 M .

First note the well-known lemma thet quite generally a thermal
propagator at temperature T is periodic in time co-ordinate with a pericd
given by i(kT)—l . We shall now show that the propagator for a spin-zero
field (of mess m) placed in the Schwarzschild background possesses a

periodicity in time. The steps are the following:
1) We wlsh to sclve

O=¢%v5

(O-2°) Klx,x") = -8(x,x") 6

where gub is the Schwarzschild field possessing a horizon and (& singularity
of the type ;:%ﬁa } at r = 2MG in the conventional Schwarzschild co-ordinates.

2) To avcid this singularity and for manifold completion we use,

ag is well known, the Kruskal co-crdinates.

3) There is still the singularity at r = 0 , To circumvent this,
one may use the euclidicity ansatz, i.e. complexify the co-ordinstes. (This

is the essential and brillient remark of Hawking, Hartle and Gibbons.)

%) But Lrrespective of this singularity, to solve the Klein-Gerdon
the
equation sbove for the propagstor OQZSpin-zero field, we need to specify the

boundary conditions - we choose to do this on the complex analytic horizon

rather than directly specify the boundary conditions at the null infinity -

as a flat space particle physicist (with his naive idess about positive, negative
frequency splits) may have felt tempted to do.

03

5] We now note that the pericdicity properties of Kruskal co—
ordirates give z pericdieity in static time of the Kelin-Gordon propagator.

To gee this write the Kruskal transformation (in the appropriate region)

v oa - [-1 +.ar75]1/2 J(r-t) /e
1/2
v o= (-1 * ETE] olrrti/ G

Clearly there is the periodicity Imt = g;ﬁa , i.e. the Klein-Gordon propagator
must be a thermal propagator with temperature

_ 1 _ 1
KT = Gy = EﬂRS
Im t

F XXX
X XX

X X x

Re t

X X X

X X X
s X X X

Singularities of the propagator in t-plane.

6} Boulware 16) in & related investigation obtained no thermal
radiation of the Hawking type from a primordial black hole. His propagstor
exhibited no periocdicity, because the boundary conditions he prescribed for
it did not guarantee analyticity on the horizon. The general consensus
(subseribed to by Boulware himself) principally on the grounds of elegance
I believe, is that the Hawking-Hartle boundery cconditions are the

correct ones - certainly for a collapsing black hole. Since experiments
in wesk gravity are impossible, the cnly hope of experimental verification of
these ideas lies with strong gravity - if it can be shown to have relevance

to strong experimental phenomena.

) e
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IV. EXACT SOLUTIONS OF f-GRAVITY EQUATION, m, # 0 ;3 POSSTBLE ~~HFTWEITNT

So far we have assumed the I mass to be zero mr = 0 , Does such a

soft non-singular limit exist? If it does, in what way are the results of the
1ast secticn altered? Since m, 2 1 GeV , it is clear that o, % 0 effects
are physically quite important.

Strathdee and I ha.valT) recently attempted to find spheriesally
symmstyic classical solutioms of the strong gravity equation (with gu" - nw)
and =, 4 0, Our results are the following: There are two types of
:I.nequivalent solutions: writing r dxndx =C dt2 - 2patdr - A dr2 -

B(ag® + s1n°8 d¢ } we obtain

Type I (long-range solution) Type I3 (Yukewa-like solution)
3-2/31-"e D= 0. One can show that
A+ C=2/3+ 3f24 L ,B,C¥0 but not yet
.mirz computed. We do. however know
A= 2/3+ 3/2 A{rﬂ’- + %A?/E that for large r the solutions
. exhibit & behaviour-like
D= B /ﬂ - AC
exp(-mr)
Here A snd M are two
a:bitru'jr parameters cf the solution .

We belleve that Type II Yukawa-like soluticn - the one we have not yet been
able to obtain exactly - is physically the more important and possibly
represents the case of partlal confinement. But the (exact) long-range
solution (Type I) - a surprise to us, since we expected (with a massive .f-field
all solutions to be of Type II - is interesting in its own right and I wish

t0 examine this. In the limit m, =50 , this reduces to the Schwarzachild
solution, To see this, consider cC({r):

- 222
olr) = -,}a[a.-z-;ﬁi%A”] )
vhere in order that D is real, aither
(1) M>0,8>0,0<4<bp Attractive ro-term
. (2) Mm<o,tM<co, A>bh/9 Repulsive ro-term .

Clearly when m, + 0 , we recover the Schwarzaschild solution when M > 0,
For m, 0 we n.v- a solution of the Schwarzschild-de-Sitter type (with
two hor:lzcms) vhen M, &% 5> 0 and snti-Schvarzschild-anti-de-Sitter type
{with no horizon) when M , <o,

w25

A still further generalizaticn can be achieved = and this hes been

studied by Isham (unpublished), so far as the relative signs of -::-L.- and re

terms are concerned. This is achieved by a simple modification of the
original f-g mixing term [umltiply the expression {2.1) by the zerc welight

a-1)
factor [%r ] The new function C{r} equsals E [1 - 2—M + Ar ]

2
n a
where A = §!— [%] ['—i + [% - ] [%- - 8—]] . Clearly the parameter "a¥ gan

be so chosen that A has a positive or a nega.tive sign,

To summarize, the long-range solution or the f-gravity equation can be
written in the form:

3r afax’s QA - p(r)) dt2-24/p(p+u) dtdr =

1
2 Tuv l+d

- (1+a+p) &) - Paf

vhere p(r) = ﬁ- Aya , >0 and M and A can take all four sequences

of signs [(}l A>0), M, A<0) ,(.‘4>'0,A<0).(N<0,A>0)].

We now wish to study clsasical orbits of particles in the fegravity
field and show that for a sultable sequence of signs of M asnd A such
orbits exhibit (classical)confinemant. (The following analyais is due to
Strathdee.)

An effective Lagrapglan for the orbits is glven by:

. H
.Z- R F 32 vhere = % and T is a proper-time-like

parameter. (It is not quite proper time since we cammot impose the condition
3 TRAY)
nF % = comstant = 1.)

Owing to apherical symmetry, no generality is lost on taking 6 = W2 , §e 0,
There are three non-trivial first integrals

.l‘_-‘ S vraEa(1-pit- fplp+a) ¢
!.’rz{i

and £ itself. On eliminating t and ', the latter reduces to

222 ’
i.e. £ a2
vhere V(r) = 301 -p) 3X + 13/:%)
= 20 -, AP 52+ 220 .
Ve a,r; ‘;ntit‘.\.ed to designate V!(r) »s the effective potential, since
T= = -

=26~



"For given £ and 2, there are four classes of orbits distinguished by
the signs of M and A . (Note, however, that the sign of 7 iz not

a priord fixed; it could be postivie, zero or negative.) The following cases
are of interest:

(1) L>0,¥>0

"?fbits of particles A>0

Schwarzschild-anti-
de-3itter ‘one horizon)

(2) &>0,M<0

A>0
\V; anti-Schwaerzschild-
anti-de-Sitter (no
horizon)
—

] r

For both these cases, the classical orbits are confined, and .'\r2 acts like
a (repulsive) confining potential. (For the first case the particles msy
eventually be captured by the r = 0 singularity; for the second case the
singularity at r = 0 is repulsive and there is true confinement. A
repulsive r = 0 singularity may also be expected for an f-gravity gener-

alization of the extreme Kerr-Newman-like soluticn.)

GQuite clearly, the classicel analysis above is at best indicative and
one must solve the equations for Klein-Gorden and Dirae propagators in the

packground provided by the f-gravity solitonic sclutions with the appropriste

boundary cenditicns. The new art particle-theorists must acquire is to learn

how to circumvent singularities by complexification or similar techniques
and how to specify boundary conditions. The analysis is incomplete also im
respect of our not having considered solitonic solutions carrying spin and

SU(S)colour
study saturation properties of our sclutions. And, finally, as conjectured

. The neglect of colour almest certainly implies that we cannot

before, we believe that these long-range solutions of the f-gravity equations,

confining exsctly as they might, are likely to be less physigally relevant than

%} For "potential in case {2) sbove, colour would be needed to provide the

neceagsary sttractive force.
—27~

. . . . . . 2 ~mer
the Yukawa-like partially-confining solutions which may have the form Ar e .

and which have not yet been worked out. Tais is because we dc expect the quantia
of f gravity (colour singlets) to propagete with a Yukawa propagator when r gets
large
V. PREJUDICE AGAINST THE SPIN-TWO EINSTEIN EQUATION

What we c¢laim te have shown in the last two sections is that solitonie

solutions of f-gravity plus Yang-Mills SU{3}| equations are likely to

colour
represent normal hadrons. (The f-gravity solutions we have discussed sre
all singular at r = 0; in other words there is a matter singulsrity - quark

field or whatever carrying mass,spin and SU(3)| quentum numbers - present

colour
at the origin.) By considering classical orbits of test particles in the
background provided by these solutions, we have shown that a test particle =

an anti-quark for example - is likely to be confined. At any rate this test

. . . PR . *
particle experiences an infinitely steep rising "potential" of the type )

Ar™ . Since we have not taken colour or spin intoc account, we have not seen
saturation effects at work (i.e. why three quarks bind but two do not). We

hope also that when we are sble to obtain Type II (Yukawa-like) solutions

we msy be able to motivate partial confinement (i.e. with "potentials" of

=mor
the type Arfe T ). *9
These first resuits appesr so encouraging that one wonders why
particle theorists fight shy of using this most gloricus of field equations -

the equation of Einstein- for their own purposes. There are perhaps three

reascns for this.

1) Lack of familiarity and the unfortunate impression that this equation
cannot be studied without using the language of geodesics and (twisting) light
cones, In this respect one welcomes the work of Hawking, Boulware and others
emphaslising firstly that the noticn of particle orbits ideally suits Feynman's
path irtegral fermulation of quantum theory and secondly that after all when

one is solving for propagators,the main battle is the specification of boundary
conditions and the main technique, the avoiding of singularities of potentials
(1ike ;:%ﬂ? through complexification and analytic continuation . There are ideas s¢,
deeply ingrained in the up-bringing of particle physicists that I have every hope
that the situation in this regard will soon change. In fact the situetion has

¥) If the test partiele is a quark {(just like the particle producing the f
field Jone should at the classical level consider corbits of two black holes in
each other's field. The laws of black hole dypamice and particularly the
law that in their collision and coalescencethe surface area of black holes
never decreases, msy provide Interesting clues to the dynamics of clusters
and fire-bails,

) In a very crude sense, exchange of a spin-two quantum is equivalent to an

exchange of two spin-one gquanta. Thus crudely, exchange of two gluons confines,

while an exchange of one gluon saturates.
~2B-
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already changed. The instanton sclutions of Yang-Mills theory in Minkowski space
are the snalogues of black holes in f-gravity, firstly from the physical point

of view (in that both solutions represent loss of information about guantum

number objects trapped inside them) and also from the mathematicel point of

view (in that both solutions lose their singularities when cne uses a euclidicity

ansatz). In faet black hole solitons may well be called gravitational instantons.

2) The second resson why we have fought shy of this theory is related

to the fact that the perturbation solutions of the Finstein eguatian appear
to be hopelessly non-rencrmalizsble. Likewise the high-energy behaviour of
the perturbetion sclution appears to violate all the sacred theorems of Field
Theory, like Froissart boundedness.

3 And finelly, sncther aspect of this lack of remormalizahility is that

there appears no way to see if theory is asymptotically free or not.

To tske the lest point first, I believe gravity is indeed asymptotically
free, This has been suggested by Fradkin and Vilkovisky 18) s Who consider
the one-loop radistive corrections to Einstein's theory

2
g . =23 L i
counter terms 967\'2. JM‘E Rlg) ¢ 'x

2
. fn L L 1 v o1 2
+ A Sz = L
161r2 I d'x 2 {20 RLN R + 25 R .

{They show that there is no cosmological vounter term contrary to common

b G,
! : -1 23 °F .2 ;
= - — w that the renormalized
belief.) Defining Zore loop {1 5 2 L°| they sho
newtonian constant GNR bears to the unrenormslized constant the relation
G, = —---—Gy___
2
NR 1 - 3 L2
GéT
Here B 18 the wltra-violet cut-off. . Thus 2 > 1 = a statement

one loop
characteristic of asymptotically free field theories.

This is admittedly Jjust & one-loop argument. One has now to set up
Callen-Symanzik-like equations (if one can) to show that an approrpriate
renormalization (%) can be defined for all orders and that it always exceeds
unity. This Fradkin and Vilkovisky claim to have done. But irrespective

of their detailed considerations, I believe their result for the following

reason.

Consider gravity for what it is - a non-polynomial Lagrangian theory

and parameterize g]'N in the non-polynomigl form:

g]'m = (exp ¢ ¢)‘N 2= 81TGN

¢ is a 4 x b gymmetric
matrix of ten fields.
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{This parameterization implies we are not permitting det g to vanish.)

Then the two-point propagator

2 Y = (lexp k0™ (exp k)™)
2 N UM,PK

= (exp KC(oo1)PVPE o [exp - K—B]
X

1 .
Now EMV exhibits the invariance K + ik , ¢ + 3 ¢ , or in terms of the

propagator

K+ AK, <¢¢v>+ }-2— <¢|¢> , i.e. in effect x2 - l2x2
A

In other worda as X + Q {i.,e. as x2 + 0, or equivalently as we appreoach
ultra-violet energies) the effective coupling |c2 + 0 . And this is Just
the hall-mark of asymptotie freedom.

To come back to the iasue of high-energy behaviour, presumsbly
here we must borrow the techniques of the dual model physicist, who with
his closed string sector incorporates into his formalism essentialy what are
reggeized solutions of Einstein's equation and thereby secures acceptable
high-energy behaviour for the S-matrix elements. (As remarked before he needs
also the open string {Yang-Mills) sector for this renormalizebility to take
effect.) There iz also hope from extended supergravity*%heories that the
mass shell S-matrix elements in these theories may prove renormalizsble
efter all.

But even if such a hope fails, T feel {regretfully) that there has not
beealzlﬁjéﬁgigtanding of the work done by Isham, Strathdee and m;grsg_:u:,in reapect
of the regularizing role of Einstein's gravity theory. Following Landau,
Klein, Pauli, de-Witt, Khriplovitch, Deser and cthers, we attempted to prove
the conjecture made by these authors that gravity realistically regularizes all
infinities inecluding 1ts own. We claeim to have demonstrated this conjecture
using Efimov-Fradkin non-polynomisl techniques. BSpecifically we-computed the
self-mass of an electron in a Dirac-Maxwell-Einstein theory and showed that to
the lowest order in o this egquals
% ~ o:|log Gmmi!
The conventional logarithmic infinity of the Dirac-Maxwell theory is recovered
ir GN is set egqual to zero. (Numerically ]log GNm§| + 105 soc that 62]3 =1
is approximately equivalent to the relation «flog Gngl 1), €

%) In my view, if "supergravity” has izmediate physical applications, these must
relate to strong supergravity.
#%3 5 similar relation has been derived by H. Terazawa, XK. Akama, Y. Chikashige and

T. Matsuki (see report of Terazaws's lecture given at the Marshek Symposium,
City College, 1977). ~30-



Now, 1in general, non-polynomial field theory techniques are
ambiguous and ohe must use a principsl value prescription in defining certein
integrala. This has been the main stumhling block in a general acceptance of
non~polynomial techniques. The paper, at whose neglect, I do feel sore, 1s the
last paper in our series snd entitled "Is quantum gravity awbiguity-free?" 19)
In this we proved what we consider is s most crucial theofei. By considering the
complete expression for the two-polnt function, we proved:/there is one non-~polynomiasl
theory where the (principal value) ambiguities of other non-polynomial theories
$imply de not occur - and this theory is gravity. Gravity escapes this blight
because it has the distinction of belng a geuge theory. (And for this "geuge"reason
we also cottJectured that though our exact result is for the two-point funetion,
it is likely te hold also for the n-point function.) l

1 wouwld like your indulgence to show
You the main idea of the proof briefly. Write as before guu = (exp K¢)uv s
guv = {exp ~K¢)uv , where LEinstein has the form =—> ggg og 9g . It is
well ‘“nown that in créer to define the propagators in the theory, one must
5dd e gauge-fixing term to seEinstein end make computations with étEinstein +
étgaugeufixing term ° We choose a special type of gauge - the conformal gauge -~

which gives for the free $ propegator the expression:

free free 1
<:¢ )1 -2 {nxu M ¥ Ny M~ 2e Ny nuv] D(x)

Here D(x) is the free scalar field propegator and ¢ is the gauge parameter.
As in every gauge theory, the final mass shell S-matrix elements are expected
to be independent of the gauge parameter {c).
¥ow Ashmore and Delbourgo have computed the non-perturbative expresaion
Y8 complete
for the two-point function (g% (x), g (0))+ snd given its/-expression. I
shall not write it down; our interest lies in its asymptotic behaviour, when

2
x ~» 0 . This looks like the following:

GO 2 E]av B8 L oS BY ] [] exp[_;_?; D(l_c)]

Using the euclidean ansatz this has the form: exp{Kz(lwc) 15} . The origin
R

of the ambliguity which besets non-polynomial theories in general can now be

made manifest. When R +0 (and if no gauge constant ¢ is present) exp KZ/R2 + +m .
complex
In order to define this propagator one must go to thg{K plane, continue te

2
negative k~, i.e. consider non-hermitian Hemiltonians {with K- < 0) {so that
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exp Kz/RE +> 0 ag r + 0) and then continue back to the physical value K2 > oL I
is this continuation in K2 which introduces the principal value smbiguity in

expressions like log KE which occur in the theory.

But nof so in gravity theory: Here the gauge parameter ¢ comes to

our rescue. By Wworking with gauges where ¢ » 1, the effective parsmeter Kiff =
K2{l—c) can always be teken negative. And since at the end of the calculation,
cn the mass shell, the theory must be independent ¢f ¢ , this particular

choice of ¢ »1 for calculational purposes i1s of no consequence. There I1s never
an ambiguity in this theory.

To cenclude, we claim, that the gauge invariance of gravity theory
permits us to use smbiguity-free non-polynomial techniques and thereby secure
& realistic regularization in gravity modified field theories *) with the
newtonian constant GN providing a realistic cut-off. To conelude this
defence of the Einstein struecture, I believe that there simply has not been
enough work done to explore the deep questions posed by this most elegant
of theories. And in this regard, one wishes to understand both the one
tensor suv(x) theory as well as the two (or many) tensor theories (containing
Suv(x) as well as  #%(x)) for all the problems posed in this seetion. The
structure and the invariances of the two-tensor theory are very different
from the invariance of the one-tensor theory and we need a deeper understanding

¢f the new problems which arise in this regard.

Surmary

I have tried to meke a case for using both the Einstein-Weyl spin-two
as well as the Yang-Mills spin-one gauge structure for deseribing strong inter-
asctions. By emphasising both spin-one =nd spin-two amspects of this force, I

hope we can achieve a unification of this force, on the ocne

hand with grevity theory and on the other with EM and wesk interactiocns. The
gquestion arises: can these two structures {(Einstein's and Yang—Mills) them-
selves be subsumed into cne single structure. On the formal level this may
be possible using the ideas of extended supergravity theory or slternatively
using & formelism developed by Isham, Strathdee and myself which works with
a gauge theory of groups of the type SL{6,C) or SL{(8,C) *x SL{8,C) where some
of the redundant components of the (l6-component) vierbein Lua are used 1o
describe spin-one fields in addition to the spin-two flelds. In either
case (besides the space-time curveture asscciated with the Einstein strucuucre)
it is the idea nf space~time torsion - allied with internal symmetries -
which appearsto play a fundamental role in giving & unified deseription of

physical phenomena.

*)  We must still examine whether the mixed f-g theory permits of an imposition

of two separate conformal gauges of the type we used in the proof sbove.
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And this brings us up against the final question we must ask. For how
mich longer can we treat internal symmetries as something decreed from the
cutside. To my mind there is no problem deeper or more urgent of consideration
then an attempt to comprehend the nature of internal symmetries and their
associated charges - the flavours, the colours and the like from a deeper
fundemental principle. At .the present time we are treating the flavour (or the
colour) charges as pre~Copernican epi-cycles - new ones to bhe invoked, and
added on when the old set fails to please and satisfy. We need to know the
deeper significance of these charges, just as Einstein understood the deeper
significance of the gravitational charge through the concept of space-time curvature.

Since Einstein's example is the only successful exsmple in physics
ol comprehending the nature of a charge, one's first thought is to seek the
significance of flavours and colours within the ideas cf extended
curvature, extended torsion or the topological concepts associated with
space~time and its possible extensions into higher dimensions (both boscnie
gnd fermionic). (The fermicnic extension embodied in the notion of super-
space has probaebly the edge so far as extensions of the space-time concept
are concerned, As Freund has argued, for fermionic dimensions one may not
have to worry about the problems of physicsl measurements. Alternatively

33

one may have to associate & size of the order of Planck length (10"~ cms) with
these new (bosonic) dimensions, as argued & long time ago by Kaluza and Klein
and recently by Scherk, Cremmer and Schwarz.)

Te go back t¢ Einstein's comprehension of gravitational charge in
terms of space-time curvature, let us recall that Einstein was much Impressed
by the empirically determined equality of gravitational charge with inertial
mass, He postulated from this the strong equivalence principle which adserted
that all forms of (binding) energy (nuclear, EM, weak or gravitational}
contribute equally tc gravitational as well es %o the inertial mass. As
opposed to this prineiple, there was advocated, particulerly by 3rans and
Dicke the so—called weak eguivalence principle which maintasined fhis equality
as holding for nuclear, EM and wesk forms of energy but not corpletely for

the gravitationsl,

It is good to remind ourselves of the recent tests to discriminate
between the strong and the wesk equivalenece prineiples. The point is that
for lahorstory sized obJects the ratio of the gravitetionsl binding energy

1023 . Since the best tests of the egui-

to the total energy iz = 1 :
valence principle (Braginsky and Panov (1971)) achieve an scecuracy no

greater then one part in 1012 , one needed planet-sized objects (e.g. the earth
with its ratiojéravitational binding energyto total energy = 4.6 x 10_10) to
differentiate between the strong and the weak equivalence principles. The

test would consist of measuring departures from Kepler's Law,of equilibrium

distances of the earth snd the moon from the sun. As you are sware, the

-33

out . .
tess was carriedsrecently by two groups (Shapirc et al and Dicke et al) and
reported in Fhys. Rev. Letters of 15th March 1976. Tt consisted of echo .
delays of laser signals sent from the earth and reflected from the moon. The

experiment - accurate to luner-laser ranging measurements of *30 cms, - has
wmequivocally supported Einstein. The wesk equivalence prineciple appears to

be untenable.

I wish to draw two morals from this. ¥First, a conceptually deeper
theory - & theory of more universal applicability - scores even at the
quentitative level. Second, Einstein, in formulating his theory,gensralized
the single-component field theory of gravity +to  the
theory of a ten-component field gUV . Instead of &  one-component
gravitational charge, he (profligately) Introduced =a tén—component
entity (the stress temsor). He was not afraid of inventing myrisds of
components, myriads of (gravitational) charges because he knev the deeper
principle behind his construet. For me the moral is clear; HNature iz not
economical of structures - only of principles of universal applicability.
The biclogist has long comprehended this; we, in physies, must not lose

sight of this truth.
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