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I. INTRODUCTION

To my mind there is no question but that the revival of the Kaluza- Klein
proposal (first made 65 years ago) represents the most exciting idea inftroduced
intc particle physics after supersymmetry and supergravity. Its importance
lies, not so much in the electro-nuclear-gravity unification: it is rather that
this proposal provides the only way In which the mysterious internal symmetries

of particle physics can be given a physical meaning.

In this brief and condensed re-count, I discuss (1) The role of Kaluza-
Klein cosmelogy as & window on extra dimensions: (2} Achieving of spontaneous
compactification, with perturbative stability (no tachyomns); (3) Realistic electro-
nuelear-gravity models, either for quarks and leptons or for preons; {4} Chirality
of Termions and (5) Prospects of Super-Kaluza-Kiein (SKK).

II. NECESSITY OF INTRODUCING BOSONIC MATTER FOR SPONTANEOUS CLASSICAL
COMPACTTFICATION AND SUPER-KALUZA-KLEIN (SSK) THEORIES

Minimal (end according to Weinberg, "conservative") K-K theory in d-dim.

s s . _ .
is given by L LEinstein I"f.’er:m'.c:uns .

With this Legrangisn, since Ry, = TMN(m) + gMN(T+A)/(2—d) and since

<y > = 0, compactification criteria of Eq.(A.1) of the Appendix (C. g 0, C, > 0)
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cannct be met (except for Cl =0=2¢,, i,e. Minkowski x (Sl x Sl x Sl x o)

compactification with no non-Abelian symmetries). Thus we need BITHER

(1) Dynemical compactification through Fermi condensstes <{y > # 0; OR

(2) Redistively induced compactification, i.e. computation of the effective action

radiatively. Exsmples are, for odd 4d (dimensionally—regularized), finite one-loop

comoutation of EMN with internal fermion lines, by Candelas and Weinberg [1] and
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with internal gravitional lines, by Sarmadi ' [®a] arnd by Chodes  © [3],0R

{3) Classical compactification, i.e. introduce extira bosonic matier fields, e.g.

{ ) : . . x
{a) vector fields Ay (b1 or (b) antisymmetric fields & w1 ar (o)
scalar fields, e.p. nop-linear o-model [7,8].

One methed to reduce arbitrariness of introducing sueh basic matter
fields -~ 1s to ~onsider ungauged or gauged supergravity *tneorics whieh from

theilr very construction contain fields of the type A a. The ideal

I AT"{NP
"~K theory would, therefore, be Super-Kaluza-Klein - 8KK - {i.e. ex-ended super-

fravity for d g 11), without extra matter multiplets. A secora (in general nor-
super-symmetric) method is to think of 2 stages of & theory which starts with

in D dimensions. With the fermlons tresent omne may

L. Lt
Einstein LFermi a
imagine that a radiative compactification [1] to d-dimensions M~ x G/H has
been achieved,where dim G/H = D ~ d. At this stage a consistent effective
Lagrangian may emerge in (the lower) d-dimensions, which contains mas-leazs fields

only with f i ~di i
¥ Lt ctein {in d-dimensicns) plus LYM
coupled fermions.

{bzsed on ) plus minimally

With either approach adopted, to illustrate the further problems of

i - IS, o
compactification, stability and ch1ra11ty,1n7€%quel we consider effective theories

with L= Leo boin * oy * Lprs {i.e. minimally gauged spin 1/2 fermions) * A
which will be fine-tuned to give Minkowski compactification {in general one Pinds
-1 =2 :

2
A G Ta T ovaGT). But before this, consider the cosmclogical aspects of KK.

III. KALUZA-~KLEIN COSMOLOGY AS A WINDOW ON HIGHER DIMENSIONS

The best tests of K-K ideas (at present) appear to come from very early

universe cosmology:

(1} Variastion with time of the fine structure constant o  and
the Newtonian constant G

W. Marciano {91 hes given the following empirical limits on variation

of & and Gs

6/6 <1 x 207 yrs—l {Astrophysics)
a/a <1 x 10737 yrs—l (Geochemical }
12 -1

dfa <L x 107°° yrs {Laboratory; Astrophysics)

#) These off-shell computations of effective action are necessarily gaouge dependent;

even the Binimum of the potential appears to be so.Rundjibar-Daemi ard Sarmadi [21]
working inthe light-cone gauge,(with no menifest Lorenty-invariance) obtained no

compactification up te d=21. Chodos [3] working in a relativistic gauge showed that
the theory has tachyons. Tgnoring their contribution he finds compactificetion

(CE > Q) for &=17. {Sarmedi has confirmed the results of Chodos [2a].) Clearly we
do not yet know if this problem (of gauge dependence} is a fundamental problem

or an avoidable technicality, (see in this connection Ref.[pn].
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a-k {where G is

In general,in KX theories a (MKK) = k G/a® and G = G/a
the constant which oeccurs in the Lagrangian for d-dimensions); thus
afa (M) = {2-a) a/a if k = 0.

{near) constaney of G and & (more precisely of a{0), which is related to ,

If future experiments uphold this, the

“(Myw} through renormalization group relations) may be traced to & 5 0.

!

C

1S

(2} liear constancy of the internal radius (4 =

Uo wosmelogical saliations of KK eauatlens exist - whicl after a certain
epoch - ar equivalently below a certain temperature - give a {near constant)
internal vadius a(t) with the external (4 space-time) radius R(t} of the

standard Friedmann-Robertson-Walker type”

The answer appears to be, yes. Randjbar-Daemi, Salam and Strathdee [10]

{hereafter referred to s RSS) find & = O, Rg(t) = t(to—t) 8% exact solutions
of ¥K equations, for temperatures T < %; with a scalar-matter one-loop potential.
The stability of this type of solution has been (positively) examined by Bailin,
love and Vayosakis [11]. Earlier, Ramond{12]had motivated a similar result \
for Zeldovich Cosmology (p = pl. Subsequently a number of cenfigurations

of matter density, (including SKK) have been shown to lead to A= 0 [13].

£3) Infilation from collapse of &®h integral dimensions

A beautiful idea of motivating inflation in a KK context from the

collapse of the internal dimensions has been suggested by seversl

authors {lh,ll]. Three mechanisms have been considered. One idea

is to assume that the total entropy in a co-moving volume remains constant) i.e.
n o oB-2)/3 4(1-8)/3

[{eN]

Thus s modest decrease in 8 {the internal radius) anu iun

28

temperature, T, may produce a large increase in R {by a factor of <~ 10° or

more}if 4 is large % 100. How exactly the decrease in "a" comes sbout is a \
dynamical question as is the reheating of the universe close to the original tempera-
ture. Shafi and Wetterich [1h){in & different spproach) use non-minimal d-dimensicnal
R2 terms); they show that & causal domain of the early universe gets
trapped in & de-Sitter phase long enough for sufficlent inflation to occur.
Yoshimura[14], in = still different approach, ceonsiders the possibility, in

KK context, that the universe may bounce in a closed model, and it may eventually,
after some cycles of expansion and contraction, be driven inte a nearly flat
universe, In each cycle, presumably there asre some kind of dissipative processes
and entropy produced in each cycle may accumulate. Yoshimure sheows that higher
dimensional gravity quantum effects may provide the source mechanism, (see, however,

Maeda, Bludman, Guth and Sher [15]).

b



(L) Problem of dark remnants of the XK spectrum

Kelb and Slansky[16]have raised the problem of dark remnants of the KK
spectrum; the problem is particularly severe in some KK models, e.g. the unrealistic
d=5, where the KK spectrum consists of charged massive particles =

5, P & p { kg - O MPlanck)
vhich cannot decay into the lowest {zerc mass} excitations {gravitons, photons,
Brans-Dicke scalars). Thus if, at present, nKK:: nY, then MKK must not exceed

Any stable
Even so,

2% 100 ev, if the universe is not t© be swamped by the KX density.
KK particles must therefore annihilate with their antiparticles.
Xolb ang Slansky,with reasconable assumptions, estimate that MKK must be less
than 10~ GeV. The preblem is similar to the monopole abundance problem, only
much worse. KOl® and Slansky suggest & number of ways out; e.g. (1) the
internal radius a ~ L may have been larger than 10 (GeV)—l at early times,

(see Ref.[17])shrinking later to its present value v z

: (2) Alterna-

K . Planck
tively, the present entropy may have been created after compactification (see

Koikawa and Yoshimura {14], who suggest & damped oscillation mechanism around
-1

AP 40 .
compactified "a "of M 10  sec which can produce energetic particles which

later thermalize). In any case, this mystery (of the missing stable KK spectrum)

will place important restrietions on the type of accepteble KK theory.

(s) Magnetic monopoles in higher dimensions

Finally, several authors [18] have considered the problem of magnetic
monopoles in KK theory. For example, Ezawa and Iwasaki [18] ghow that for
d=5 +the Hamiltonian is hermitean - suggesting that the Rubakov-Callan effect

mey not oceur in d=5.

IV. RESTRICTIONS ON DIMENSIONALITY OF SPACE-TIME (a) AND ON MODFLS
OF ELECTRO-NUCLEAR-GRAVITY

Restriction from ancmalies

(1) Anomalies lead to a breskdown of gauge invariance, and thereby to break-
downy of unitarity. They must be exorcised irrespective of the issue of
renormalization. This has important bearings on the possible value of dimensic-

nality parameter 4d ‘and on ﬁossible models of electro-nuclear-gravity.

(2) Since Weyl-fermions exist only for even d, odd d theories are anomaly
free.
(3} Three types of anomalies are known (a) Pure gauge (non-Abelian or U(1l);

(b) Mixed gauge and gravitational and (c) Pure gravitational.

Types {a) and (b} are well known from d=4 and exist for all even d.

4
Type {c},pure gravitational snomalies were first discovered by Alvarez-Gaume

-5~

and Witten [19]. They may be of Einstein or Lorentz varieties{20]; the equivalence
of these two types has recently been shown by Bardeen and Fuminol21]. These
anomalies exist for a4 = 2,6,10,.... graphs with internsl self-dual anti-

symmetric tensor fields also being anomaslous.

. a,b
(W) A1l enomalies are proportional to Sym- Trace (A A waf) (p=adse 1,
d/2 - 1,...) where A's are the appropriate internal symmetry matrices. Right
fermions anomalize oppositely to left fermions, likewise for self-dual and anti-

self=-dual tensors.

{5} Ciearly for 4 = 2,6,10,... there is no hope of anomaly safe groups {(p=d/2+1
even). For d = 4,8,... however, there do exist safe groups for non-Abelian gauge
anomalies: e.g. 5U(2); Gy5 FysEes Egs 50{2q+1), q > 2;(sSplq), so{2q), g 2 L, g

even) and (splq), 50(2¢), q odd, if 4/2 ggq - 3}). Ee is anomaly free for

d=4 (see Rer.[22]). (Note 50{10) is not safe for d&=8.)

(6) Mixtures of left and right antisymmetric representations of spin-1/2
fermions for SU{N) groups have been examined by Frampton and Kephart[23] for
possible anomaly cancellations. For each N, there are 1/2 (N - d/2 - 1}
independent combinations of anti-symmetric representations of SU(N), (e.g.

6L + EL + 1op + lER +20; is ancmely-free for SU{6) for d=6) ; these

mixtures are most simply classified in terms of representations of super-algebras
SU(N/M} with M satisfying N - /2 - 1 z M [2ka]. Since %‘(N -d/2-1) 21,
this places a lower limit, ¥ 3 6 for d=6 ({this excludes SU(5}); N 27T for

d=8 &and W 3 8 for &=10, for this class of totally antisymmetric representations.

(7 For d=6, Alvarez-Gaumd and Witten [19] show thet a mixture of one "spin 3/2".
21"spin 1/2%nd 8 seif-dual tensors gives a gravitational anomaly-free theory.

For d=10, there is one unigue snomaly free theory, the N=2, chiral d=10
Super-Kaluze-Klein theory. For d > 10, there is no possibility of cancelling
the gravitational anomaly with any mixtureéof 3/2,1/2 and & miltiptets [24b]. In
view of these ancmalies restrictions, even considered as Yang-Milis + gravity
theories, higher dimensions place strong restricticns on types of viable theories.

We examine this in ¥,

V. COMPACTIFICATION, STABILITY AND CHIRALITY FROM MINIMAL GAUGING

Minimally coupled gauge vector fields in higher dimension (SKK) theories
are favourable for compactification, stability and chirality, after descent ta
d=h.
(1) Percacci and Randjbar-Daemi [25] have shown that a theory with GYH = H and
L= LEinstein + IYM + A (considered either as an approximation to SKK or arising as

N
Leff from a still higher—dimensional KK) compactifies on (Minkowski) x G/H with

-
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<A > =1L {y)dL(y} g Vhere Wy) is a map from O/ dinto G : LT an

R38 [26]and Schellenkeig {27]
have shown that for GYM &=H, the compactified theory Is perturbatively stable
(tachyon-free). If, however, GYM 2H, stebility depends on the type of
embedding of H in G

is the spin connecticn for'gymmetric spaces G/H.

™
(2) Even if we start in higher {evern) dimensions with left (or right) Weyl
fermions, descent to lower 4a, in general , would produce vector-like theories.
However, with minimal gauging on ybackgrounds of the PR type (on account of
their topological properties) can give rise to chiral fermions in d=b (R8s,

in preparation). In Tables T, II and III we examine this for d = 6,8,10.

(3) The final gauge-symmetry is G x G' where G'& Gyyr  Ome will obtain
different types of models depending, for example, on whether it is G or G' which

is identified with the electro-nuclear or with the family symmetry.

To summarize, d=8 (with instanton compactification) is the safest dimension
[33a,33b,34a,350]).
with families of S0{10) with an appropriste GYM {see [33],[34],[26] and [37]).

A realistic model can be built (with three SU(5) families) or

The gauge group GYM is restricted by anomaly, stability and chirality

considerations, but is otherwise arbitrary, In the next section we consider

Super-Kaluza-Klein models for restricting this arbitrariness.

VI. ELECTRO-NUCLEAR-GRAVITY MODELS FROM SUPER-KALUZA-KLEINH {SKK} THEORIES
The models considered fall inte two classes:

{1) Quark-lepton models: here the emergence of at least 3 familiesg of
massless quarks and leptons after compactification te d=L4 and fermion

chirality present twoe of the outstanding problems.
(2) Preonic models.

Quark~lepton models

0f the two inequivalent pure supergravity maximal models, 1.e. d=11.
=1 end d=10, N=2 chiral, the guark-lepton content of neither one appearfts resolve
the first problem.: GQuarks and leptons, if fundamental obiects, must therefore
be introduced in SKK as extra "matter”. This, together with chirality

considerations appear to limit the choices to the following cases:

(1) 4=10, B=1; with quarks and leptons in (the adjoint representation
of a Yang-Mills) vector multiplet. This model cannot be compactified to d=b,

unless radiative corrections produce a desidered compactifying potential [36] .
The Yang-Mills group of choice is Ey - the only group with the remarkable
properties that (1) its adjoint representation is alse the fundamental, (2) By

can descend to SU(5) through the chain By > E, +-E6 +80{10} ~ su{3) {371.

_7-
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(2) d=8, N=1 with quarks and leptons again in the N=1 vector multiplet;

an SU{2} gauged version of d=8, N=2 theory {deseending from d=11, w=1) has
recently been constructed [38].

The theory can be compactified to d=b in various ways{with or without instantons)
A1l compactifications lead to (Ads)h‘ Chirel fermions may emerge when
composite gauging of & further SU(2) x U(1)} (present in the theory) is taken

into account. Whether chirality will survive the compactification to a=k,

still needs to be examined.

(3} Gauged chiral d=6, N=2 with monopole compactificaticn [39,b0,51].
Notwithstanding the presence of anomalies this offers the best medel, at
present, for quark and lepton matter. The model starts with chiral super-
gravity, plus N=2 hyper-multiplets, {content: spin 1/2 and zero, only). Why
hyper-multiplets are to be introduced in a pure SKK content is of course not
clear. However, once they are introduced, they are not arbitrary. These
hyper-multiplets must be non-linear (s/R) thler—quaternionic according to a
result of Bagger and Witten [42]; that is S/R canonly take the forms shown in

Tabkle IV with the fermionic content displayed according to the representation

of R. TNotefall fermions are singlets of 5p{(l}. Nishinc and Sezgin [39] have
shown that super-symmetric minimel gauging can be carried out For all the
stebility groups R (or any subgroups thereof). We are thus dealing in d=6

with N=2, chiral supergravity, with chiral fermions of a specific content,

minimally gauged.

The next tggk  is of compactifying from d =6 to d = k. Since we nre

dealing with a gauged Yang-Mills theory, a U{l) subgroup of 3Sp(1) or

of the remainder of R, should give rise to chiral monopole gauging. Except

for the case when R = SU(n) x U{1} x Sp(l), where the monopole can be

embedded in

(Table I).
su(n,2}

su{N) x Ul2) x spll)

an explieit U{1) factor.

the U(1) factor of R, all other cases of embedding are unstable

To remedy this, one may either (A) concentrate nn

or (B) gauge only a subgroup of R which contains
For type (a) theories, consider WN=16; the final
symmetry group of the effective theory will be SU(16) x U{1) x ap(1) SUKK(2)
where the last SUKK(Q) comes from the Kaluza-¥lein side and can serve as the
family group - the number of families equals the monopole charge \n\ =2q + 1,
where q labels the SUKK(E) representation. Each femily is a 16-fold of
8U{16).  An example of Type (B) thecry is ET/SO(12J x 9pl(l), where only the
£0{10} x U(1) subgroup of S0(12) is gauged.
is  280{10) x U{1) x ~pis) ¥ aU
4

Here the final gauge symmetry

KK(?), where again the SUKK(E) ig the Kaluza-
¥lein family group, witk |n! = 2q + 1 families, each family containing a

16-rold or 50(10) [b1]. A second example is the case of ESJET x Sp(1), where

S0{10) x U{1} x U{1) subgroup of F, 1is gauged. Tn this case the 56
Majorana-Weyl decomprses to the i + . + lu + 1t Weyl representation of H0{10]).
8-



Anomalies

All these theories are gravitationally anomalous i d=6, except for
the case of EB/E7 x 8p{1}; this is provided that the partial gauging is
carried out only for the SU{3) x sU(2) x U{1) x [UG(1}] subgroup of *ET x Spll).
{(This is to ensure that the gauge grour has no more than 16 parameters ', which
15 what is needed in the Alvarez-Gaumé - Witten anomaly cancellation condition (121,
given that the hyperfermions are in the {Weyl) gz of ET.) None of the models
is free of geuge anomalies (at least a2 U(1) znomaly survives even for d=k).

The anomaly problem is the most urgent to be solved for all such models.

To summarize d=6, W=2 provides the best candidate TKK electro-nuclear-

gravity for quarks and leptons. Its characterizations are:

(1) In ds6, the model starts with chirel fermions; chirality is preserved
for d=L after monopole compactification.

{2 The theory compactifies on a Minkowski manifeld; this is the only known

theory with this property.

(3) The theory possesses two length scales; one related to Flanck length,
the other related to the expectation value of a scalar field in & manifestly
Lorentz-invariant formulation of the theory.

(43 For the Maxwell-Einstein truncation of this theory, the monopole charge
equals unity. For this theory N=2 supersymmetry breaks down to ¥=1 L40l.
(Compare this with N=2 supergravities in d=4, which have been shown not to

break to W=1 [431).

Preonic SKK

Following Cremmer and Juliaill],one may compactify d=11, F=1 on
(aes)* x (sh7.
The SU{B) chiral symmetry led to the originsal preonic model of Ellis,Gaillard,

This theory exhibits chiral gSU{(8) composite gauge symmetry.

Maiani and Zumino [L5].

Althoiigh Witten made the seminal remark that 4dim G/H = 7, for

G/H = g%%%; : E?iﬁ)xxﬁgé%) 3 1.e. SU{3) x SU(2) x U(1) may arise naturally

for ¢ = 847 = 11, d4'Auris, Castellani and Fre' and RSS have confirmed that quarks

and leptons quentum numbers cannot be described within the compactification
AdS x G/H of 4&=11 SKX.
Thus d=11, SKK can only be used for preons.

This is additional to the difficulty with chirality.

The recent compactification of d=11, N=1 on (Ads)h x ST [6,46] gives
rise to a gauged (vector-like) $S0(8) symmetry (%=8) in L dimensions; however

*)  Another gravitationally anomaly-free l6-parameter subgroup iz SU(4) x U(1)

which may be relevant Tor preonic medels, where the 56 (Majorana-Weyl of E7)
L 4
goes to 1 + & + B' + 15 Weyl.
L . ~~

G

the fermions can still be classed in terms of a glebal, chirsl SU(8). Recently,
Duff, Kon and Nilsson [47] have considered the squashed T-sphere compactification
whnieh hes S0(5) x S0(3) {N=0) symmetry [LE&].

now breaks to SU{5) x 8U(3) x U{1}.

They believe that SU(8) chiral
This leads them to consider a new preonic
model, where it is shown that 4 families of'é* + }3 (bound) massless fermions

belonging to SU(5] mey be motivated.

VII. CONCLUDING REMARK

From this variety of attempts, the optimist may conclude that with rauged

Super-Kaluza-Klein we may be at a stage when an acceptable electro-nuclear rravity

model may emerge in not too distant s future. The pessimist ~ and the phenomenologist

living in four dimensions - will of course point out that we are departing from
the unadulterated ¥K ethlie, 1f quarks and leptons are to be allowed in, as
supplementary matter, however restricted. The lure of XX, at present, is aesthetic

tut this may change not too distantly.

=10~



Appendix I

NOTATTON

Notation {A) 4 space-time dimensions (—+++ +++,..).

(Hen}-Abelian gauge symmetries G

emerge from spontanecus compactification

4 a-h L

M f B 3 M7 is b-space-time manifold (labels X,» 2= 0,1,2,3) and

d= .

B = coset manifold G/ (labels ¥, = 1,2,3.... d-b = din. /9 = gim. ¢ - Qim. H}.
{B) Spenteneously compactified backeround {vacuum) metric;

&g =
4R, > =
LYy

(sab(xﬁ, gw(y)>

Cl <gab> s C1 = 0 for Riced flat €.g. Minkowski; ¢, < 0 for AdS

1
2 . .
Cg <:guvj7 » CE > Q, C, = constant/a” (a is the "radius”
associated vilh
internal space}.

L . :
M' = Minkowski or A4S (rather than de Sitter) guarantees that energy E > QO

a-4
, il.e.

and

supertheories can be formulated; C2 > 0 guarantees compactness of B

discrete spectrum and a compact gauge group ¢ (gee Ref.(49])).

(c) Spectrum

Harmonically expand gll fields on GHy &= <¢ >+ ¢quantum (501,
d(x,y) = ZE:: ¢n(x) Yn(y); ¢n(x) are the physical fields in Y-dimension and
M2Yn = mann (MQ is adifferentisl operator on G/H).

mn‘s are the masses

in the KX spectrum (including zerc masses) in d=h. Effective Lagrangian
in d=4 is obtained by integrating over V-
(p) Zero mass Yang-Mills fields corresponding to & have a coupling

0% G/a2, G = Newtonian constant.
mixing).

{The precise proportionality depends on

=11~

(A.1)
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TABLE CAPTIONS
Monopole compactifications of d = 6 Ksluza-Klein theories.

Instanton induced compactification of d = 8 Kaluza-Klein theories.
Anomaly free representations of S0(1k) will give a realistic

one-family 80(20) electro-nuclear-gravity [30] or three families,

e.g. take anomaly free BSU{1l) representation: {h}L + [3]R + [2]R + [1]R
{or 8U(9) representation = [3]L + 9[1]R) vhere [k] is an anti-
symmetric representation of order x [3Lkal., Tn the case of

50(5) x SO(N-3)} 1low energy symmetry, there exists a massless scalar
{5,N=3) which may be used to break the symmetries using the Coleman-

Weinberg mechanism.

d = 10 The Witten model [35] Gy, = ¢(16) with fermions in the
anomaly-free representation: (+L,-R) where (L,R)}) specify
tangent space 0(1,q) chirslity and +,- refer to Weyl decomposition
of 0(16) representations. This weuld be a fine model with no
massless antifamilies of S0{10), BRSS show, however, that this
model contains tachyons and is unstable [30].

Guaternionic Kanler maniivsus.

Status of SKK theoriles. Chiral theories are indicated by *.

Mll denobes d-dimensional Minkowski space. In the fourth column
gauging refers to vector fields of the supergravity multiplet.
Whenever matter Yang-Mills multiplet exists {see first column) it
can be coupled to the supergravity multiplet non-minimelly

(i.e. Paull type coupling).
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TABLE T

TABLE TII

il -
d=¢ onopole compactification G/H = SE = _'L-fi('% <h>=1 ldLTF
GYM Stability of embedding of | Low Energy # of chiral| References
U(1) into GYM Sym. of fermions
Leffective
u(1) Stable sU(2)xu{1} fni=2otl
g rep. of [28,29]
su(a)
Stable only 1f under
So(m SU(2)xul1)x
¥ £ ; 50{N) » 50(B-2)x0(2) we xSO(;—2) ) {27,30,31)
have N > (N_2)0+11/2+1ﬂ1
sU(N)/z Stable
i) .
N2
(32,26]
- su{3) A = 1/2d¢(cosb¥1)
8- Z % diag.(1/3,1/3,-2/3)
e.g. SU(N),
5p(N),5pin(N) perturbatively unstable {27,2€]
or excep-—
tional groups
TEELETI
d=8 Instanton compactification G/H = Sll = sa(5)
° u{z) x su(2
GYM Embedding of instanton Low energy # chiral fermions References
{(instanton number k=1) symmetry
sU(2) Stable 80(5) {ncte (2-3)q(q+1)(29+1)
8U.,,(2) is [33a,33b]
™
broken}
A1) Stable [30,34b]
groups
so(mw) Lxh top corner of the S0(5)xSU(2)x | Starting with chiral
HxN matrix for SO(N) % SO0(N-1) rep. of 30(1,7)xS0(NW),
massless fermion rep. {30}
is (1,1,20/(2-1) or
80(5)xSU(2)xS0(N-4)
after compactification
SO(N} 3x3 top corner 80(5)x50(N-3)| massless rep. after
compactification is f3c]
Im/2]
(1,2 }
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Tmbed, <A > G/H # chiral families Remarks
= spin-connection of S0(10)
16 x 16 matrix S6 2 families # family = Buler
characteristic of
G/H (Witten)
% x sh b families
© 52 X 32 X 52 8 femilies
0(6) o . ie
i CP(3) 4 families No anti-families
33 x 53 0 families
TABLE IV

S/R

Fermionic content (R rep.)

ET/SO(JE) x Sp(1)

ESIET x 8p(1)

E/8U(6) x sp{1)

Fy/9p(3) x 8p(1)

G,/8p(1) x sp(3)
80(n,4)/50(n) x 50{3) x 8p(1)
Sp{n,1}/sp(n} x Sp(1)

SU(n,2)/sU0{n) x Sp(1} x U(1)

v (32,1)
(56,1)
(20,1)
{14,1)
(4,1)
{n,2,1)
(2n,1)

{n+n,1,q}
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TABLE V

Dim. N Degrees Gauging Gauge Compactification Anomaly { References
of freedom group free
a=11 =1 128 ) - ags x (80,37 WP, Yes [51)
=2 128 N - ags(er”,cp? x 52,...} Yes {se]
#=2 128 No - M8 x Tear grop, Yes [53]
(AdS) 5 x K
d=10
*N=1+ 6l No - ? No [54]
matter
N=2 128 ? 7 ?
=9
N=1+ 56 No - 7
matter [55]
N=2 128 Yes su(2) AdS x (Sh,CPQ,...) Yes (38]
=8
N=1+ L8 o - 9 Yes
matter
H=k 128 - ? ” Yes [56]
3=7 n=b 128 Yes se{p,q) A4S x (SB,HB) [57]
p+g=5
N=2+ 40 ves | su(2) Ads x 1 [57]
matter
=8 128 ? ° v Yes [58]
*N=8 128 ? " ? No
a=6 Neh+ 32 Yes su(z) . Yes [59]
matter
*= - » [60]
mgtlégr 32 To ? Yes
Y 2
=2+ 16 Yes | su(2) M xs No Lo, b1,51
matter {or (1)) [39,40,41,61]
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