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Abstract

We consider the dimensional reduction of a gravitational field g in a multidimensional universe endowed with a simple action of
a compact Lie group. It is known that when the group preserves g, this dimensional reduction leads in particular to scalar fields that
correspond to an invariant metric on each orbit. We show that the action functionals of those fields (obtained from the reduction of
Einstein’s action) exhibit, in the hyperbolic case, polynomials of several variables having a degree less or equal to 6.
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1. Introduction

In the usual gauge theories, Higgs fields appear at the classical level as scalar fields ¢, whose dynamics are
prescribed by a fourth-degree polynomial potential

V(g) = cte(|¢p|* — a*)?

at least when we are in front of a spontaneous symmetry breaking mechanism that will generate mass for the gauge
particles.

At first sight, such Higgs potentials seem to be put in by hand, while it would be interesting to have a geometrical
understanding of their origin. The approach considered here is that of dimensional reduction theories, behind which
the central idea is the existence of a simple and symmetric field theory in a higher-dimensional universe, leading
through a process of dimensional reduction, to the field theories we see in our four-dimensional space—time.

A first step in this direction is to search for multidimensional theories that would give, by dimensional reduction,
field theories containing Higgs-like scalar fields.

A well-known solution for this problem is to take a symmetric Yang—Mills theory on a multidimensional universe.
Under appropriate conditions, the dimensional reduction of such a theory, studied first by Manton (cf. [1,2]), gives a
Yang—Mills theory with Higgs fields exhibiting a symmetry-breaking potential like the one above.
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Actually, studies made by Jadczyk, Coquereaux and Pilch (cf. [3-5]) showed the following: if one wants to perform
the dimensional reduction of a symmetric Yang—Mills field in a sufficiently general setting, then the natural object
to reduce is not a symmetric Yang—Mills field alone, but an appropriate combination of two fields: a symmetric
Yang—Mills field + a symmetric gravity field.

They also showed that the best way to get such an appropriate combination is to consider that the multidimensional
universe in which these two symmetric fields live is itself the result of the dimensional reduction of another universe
with even more dimensions, and by adding a constant field to the symmetric couple, we can get all the fields from a
single and very symmetric gravitational field on the universe with the highest dimension. In this sector, we are in front
of Kaluza—Klein theories, as they have been extended by Richard Kerner (cf. [6,7]) to the case where the compactified
extra dimensions are those of a non-necessarily abelian Lie group.

Thus, the four-dimensional theory containing Higgs-like scalar fields seems to come in fact from the dimensional
reduction of a symmetric gravity field. But those ¢ fields which exhibit a fourth-degree polynomial potential are not
the only fields one obtains from the reduction of the very symmetric gravitational theory above. There are other fields
also, in particular scalar fields with different dynamics.

In fact, starting from the above particular “big” universe, with the particular very symmetric gravitational field,
we have the choice between two ways of reducing (cf. [5]): either we make a first partial reduction to get the less
symmetric couple, and then reduce this last one to get our four-dimensional theory with Higgs fields, or we make
directly a complete dimensional reduction of the symmetric gravity field in the big universe, which gives in particular
Higgs fields on space—time, that we’ll have to distinguish from other scalar fields obtained.

These two methods seem equivalent, which implies that the intermediate level could be omitted! In other words, if
one is seeking for a more fundamental and geometrical understanding of the nature of the Higgs fields, this is to be
found in the dimensional reduction of a gravitational theory.

This idea is supported also by the work of Maspfuhl, who has showed in the first part of [8] that in the presence
of a coistropic constraint, one can get the phase space of particles in gravitational, Yang—Mills and Higgs fields, by
starting from a certain class of Hamiltonians defined on a general Poisson manifold.

In Section 2, we will give a short recap on dimensional reduction of symmetric gravity, with a focus on the scalar
fields obtained from such a reduction that are interpreted as collections of invariant metrics on homogeneous spaces,
and are known to have a rather different behavior than the usual Higgs fields. Therefore, we will propose in Section 3 a
definition of Higgs-like scalar fields, by distinguishing components of the general scalar fields on which we recover a
positive polynomial potential. We study then the Yang—Mills term and the kinetic term of the reduced theory. Finally,
we study in Section 4 a model with SU (5)/U (1) as compactified space, leading to an abelian gauge theory having a
torus as gauge group.

2. Dimensional reduction of symmetric gravitational fields
2.1. The dimensional reduction theorem

Coquereaux and Jadzcyk performed the dimensional reduction of symmetric gravitational fields in the general
context of fiber bundles with homogeneous fibers (cf. [9]), and the short recap we present in this first part is directly
inspired from their work.

One starts with a manifold U, on which a compact Lie group G is acting on the right. Let M the quotient manifold
of U by the action of G. One chooses then some point uq in U, and let H be the stabilizer of uo under G. The action
of G is supposed to be regular (or simple) in the following sense: every stabilizer under G is conjugated to H. By the
orbit theorem, which states the elementary fact that each orbit uG is diffeomorphic to G /stab(u), we deduce that all
the orbits are in fact diffeomorphic to the same homogeneous space which is G/ H. Therefore, U can be realized as a
fiber bundle over M, the fibers being homogeneous spaces for the group G, copies of the typical fiber G/H.

We would like to see the fiber bundle (U, M, G/H) as associated to some principal fiber bundle. For this, we
introduce the normalizer N(H) of H is G. Notice that since we started with a right action of G on U, G/H is the
space of right cosets Ha, and thus G/ H is equipped with a right action of G. So G does not act naturally on G/H on
the left. But if we take the normalizer N (H), then N (H) acts of course on G/H on the right, but it also acts naturally
on G/H on the left! Indeed, all one has to do is to set n(Ha) = Hna and then one gets a left action of N(H) on
G/H, and since (nh)(Ha) = n(Ha), we see that N(H)|H acts also on G/ H, on the left. On the other hand, the right
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action of G on U induces a right action of N(H) on U. Let Q be the submanifold of U whose points have exactly H
as stabilizer. It’s easy to see then that Q is invariant under the right action of N(H): indeed, forq € Q andn € N(H),
stab(gn) = n~'stab(q)n = n~'Hn = H, so gn € Q. Notice also that g(nh) = gh’'n = gn, so here also, we get an
action of N(H)|H, but this time on Q and on the right. The difference between the right-action of N(H) on Q, and
that of N(H)|H, is that the latter is free. Therefore, Q is realized as a principal fiber bundle on M, with N(H)|H
as structure group. Now, using the left action of N(H)|H on G/H, we may construct the associated fiber bundle
O XN H G/H, and it’s not hard to see that (g, Ha)N (H)|H > qa is an isomorphism from Q xy )y G/H to
U.

Now we get to the infinitesimal level. Let g denote the Lie algebra of G, and h that of H. The group G being
compact, it is possible to choose a scalar product (, ) on g that is invariant by the adjoint representation of G. Let us
call m the orthogonal complement of h in g. Since H acts on fj and the scalar product is in particular Ad(H )-invariant,
it is clear that we get then a reductive decomposition g = h & m, Ad(H)m C m (reductive simply means that
the subspace m is invariant under the restriction to H of the adjoint representation). Thus, we have a representation
Adlnl} : H — GL(m) that will be important in the following. We also introduce a vector space that is going to play
a significant role:

Let S{’ (m) denote the vector space of all Ad(H)-invariant symmetric bilinear forms on m. In other terms,
S3'(m) = (f € Sym*(m*)/'Ad, (f) = f ¥h € H}.

We shall endow this vector space with a representation of the group N(H)|H: first, notice that m, being the
orthogonal complement of f in g for our Ad(G)-invariant scalar product on g, is not only Ad(H )-invariant, but also
Ad(N (H))-invariant (since N (H) acts on h and the scalar product is in particular Ad(N (H))-invariant). Thus, N (H)
acts on m, and therefore, it acts on the space of symmetric bilinear form on m. Actually, it’s easy to check that the
subspace Sf (m) is invariant under N(H), and that this representation induces a representation p of N(H)|H on
$3'(m), given by ppa)(f) ="Ad__, (f).

Now, starting from a G-invariant metric g on U, we can construct a triple of fields (y, «, f), that can be considered
locally as defined on M.

. At each point u in U, g(u) is a scalar product on the tangent space 7, U. If we call Z, the orthogonal complement
of the vertical subspace V, (U) at u, we get a horizontal distribution on the fiber bundle (U, M, G/H), that is, a
connection « on the principal fiber bundle (Q, M, N(H)|H).

. Next, the connection « provides an isomorphism at each point # between the horizontal space Z,, and the tangent
space TxyM of M atx = mw(u) (w : U —> M being the bundle’s projection). This isomorphism allows us to project
the scalar product g(u)z, x z, to a scalar product y (x) on T, M. Hence, we get a metric y on M.

. Finally, for x € M, let f; denote the pull-back of g by the canonical injection of the fiber Uy in U. Then, for
each x € M, f, is a G-invariant metric on the fiber U,. Therefore, for each ¢ € Q, it defines on T, U, a scalar
product fy(g) which is invariant by the isotropy representation of H. If we pull-back fy(g) by the H-equivariant
isomorphism from m to 7, U, defined by the choice of g, we get an Ad(H )-invariant scalar product f(g) on m.
Hence, we have an N(H)|H-equivariant map f : Q —> Sf (m), that we shall call a Thiry scalar field.

Thus, we have the following dimensional reduction theorem, proven in [9]:

Theorem 2.1 (Coquereaux and Jadczyk). The preceding construction defines a one-to-one correspondence between
the set of G-invariant metrics on U, and the set of triples (y, o, f), where:

e Y is a metric on the base manifold M,
e « is a connection form on the principal fiber bundle (Q, M, N(H)|H),
o f isascalar field on Q taking values in SZH (m) (equivariant for the group N(H)|H ).

2.2. The potential for the Thiry scalar field

It is possible to perform now the dimensional reduction of the action density. On the multidimensional universe,
we have a pure gravity theory; therefore we can write the Einstein—Hilbert action. The constraint of G-invariance of
the metric field implies that the Lagrangian of the multidimensional theory does not depend on the internal variables,
but only the space—time variables. Therefore, one can integrate over the internal space to get the reduced action
density on the base manifold. What we obtain is of course an Einstein—Yang—Mills theory interacting with scalar field
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f. In general, we have a kinetic term for the Thiry scalar field f, when it interacts with the gauge field. We also
get a potential term, that we are going to study carefully here, leaving the Yang—Mills term and the kinetic term to
Section 3.4.

The potential appearing in the reduced action is a real-valued function V defined on the open set SQH *1(m) made of
positive definite elements of S;’ (m). In fact, V can be more generally defined on the open subset of all non-degenerate
elements of SZH (m), but we shall restrict ourselves to the positive definite case.

It is well known (cf. [10] for example) that S;’ **(m) is in one-to-one correspondence with the set of all G-invariant
metrics on the homogeneous space G/H.

As one might expect, the potential obtained by dimensional reduction is then the opposite of the scalar curvature
functional of G/H restricted to the set of G-invariant metrics.

There are several ways to compute the scalar curvature of a riemannian homogeneous space (cf. for example [10-
13]) but most of them give the expression after having chosen a fixed G-invariant metric and an orthonormal basis on
the tangent space at the origin. Here, we are rather interested in the scalar curvature functional, so we would like the
dependence on the metric to be explicit. The formula we present here is an intrinsic version of that of [9].

Let us introduce some notations first. We denote by ad : g —> gl(g) the adjoint representation of g. For any
X € m, let ad(X) be the endomorphism of m defined by: ad(X) = mm o ad(X) o t;m, Where ty : m —> g and
Tm : g —> mare the canonical injection and projection respectively. Now for any bilinear form b on m, we denote
by b :m —> m* the linear map canonically associated to b (that is: b(X)(Y) = b(X,Y) for any X, Y € m). With
these notations, the potential V : SH *t*(m) — Ris given by:

1 ooy a1 .y - A
V()= qu(f o D)+ su(f o By +u(f 0 D)

where D, B and DY are the bilinear forms on m defined by:

DX,Y) =tr(f ' o'ad(X) o f 0 ad(Y))

B(X,Y) =tr(ad(X) o ad(Y))

DY(X, Y) = tr(mrmo ad(¥Y) o tgy 0 7p 0 ad(X) o trn).
The first term of V will be of interest to us, so we will begin by expressing it in a different way. Let £(m)
denote the space of endomorphisms of m. Each f € SZH *tF(m) defines a scalar product on £(m) given by:
(u,v)pr = tr(f_1 o'u of ov). If ﬁ : L(m) — L(m)* denotes the isomorphism associated to (, ) 7¢, then we get a
scalar product on the space £(m, £(m)) of linear maps from m to £(m) by setting: (o, B) 7y = tr(f_l ola oﬁ o f).
(That (, ) rr and (, ) srr are positive definite symmetric bilinear forms is not difficult to prove.) Using the preceding
definitions, we can write:

D(X,Y) = tr(f ' o’ad(X) o f oad(Y))
(ad(X), ad(Y)) r
="ad((,) ;) (X,Y)

so D ="'ad oﬁ o ad, therefore

tr(fA*1 o b) = tr(ffl otadoﬁ o ad)
= (ad, ad)fff.

Thus, we have

1 A1 A 1 2
(™ e D) = Jlladly,

which proves the positivity of this term.

It is convenient to write the representation p of the gauge group N(H)|H on the vector space Sf’ (m) in terms of
the linear maps f : m —> m*: p,,(f) = lAdn—l of o Ad,-1

When we will study the kinetic term, we will need the expression of the covariant derivative corresponding to the
connection « and acting on the Sf (m)-valued Thiry scalar fields. Therefore, we need to write also the infinitesimal
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version of p, that is, the representation o’ of the Lie algebra &€ = n(h)|h on S{’ (m). It is easy to check that this last one
is given by: ,o (f) —(’adA of)=(fo ad ;) for every A € n(h).

Proposition 2.2. The potential V is invariant under the representation of the gauge group N(H)|H.

Proof. We begin with the first term of V': tr( f 1o lA)f)

D, X Y) = (o ()" o'ad(X) 0 py(f) 0 ad(¥))
= tr((Ad_,of 0 Ad,~1)"" o’ad(X) 0'Ad _, of 0 Ad,-1 0 ad(Y))
= tr(Ad, o f ' o'Ad, 0'ad(X) o ‘Ad_, of o Ad, -1 0ad(Y))
= tr(f ' o’(Ad,-1 0ad(X) 0 Ad,) o f o (Ad,-1 0 ad(Y) o Ad,))
= tr(f " o', (X) o foan(¥))
if we set o, (X) = Adn 1 oad(X) o Ad, forall X € m.
So Dp[ H = ', off o oy,. Therefore,
wpp (N~ 0D, (7)) = tr(Adyo f7' 0'Ad, o'a, o fF 0 an)
= tr(f ' o' (an 0 Ady) o ff 0 (atn 0 Ady)).
But forall X,Y e m,
an 0 Ady (X)(Y) = an(Ad, (X)) (Y)
= Ad,-1 0 ad(Ad, (X)) o Ad,(Y)
= Ad,-1(ad(Ad, (X)) (Ad, (Y)))
= Ad,-1 ([Ad,(X), Ady ()]
= Ad,-1 0 Ad, ([X, Y]m)
= [X,Y]m
= ad(X)(Y).
Therefore,
tr(pay () D, m) tr(f ' o’ad o ff o ad)
=t(f'oDy).
The invariance of the two other terms follows from the invariance of the Killing form. [J

We saw that V is, up to a sign, the scalar curvature functional of a homogeneous space. This function has no reason
to have a fixed sign. There are many examples (cf. [13,9]) in which this potential is not bounded from below. At this
level, one may wonder if it is possible to construct a physical theory out of such a potential.

In order to recover a more realistic pattern for the potential, we shall try to distinguish certain directions in the
space Sf (m) of the scalar fields, on which we might have a positive polynomial potential, closer to that of the Higgs
fields.

3. Recovering scalar fields with polynomial potential
3.1. Introduction

Let us consider the vector space S{’ (m). There are at least two interesting ways to decompose it. First, we may
start by finding the decomposition of m into irreducible representations of the group H:

m=@mi

with Ad(H)m; C m;, and the m;’s are irreducible.
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Associated to this decomposition, one then writes a decomposition of S{’ (m), which allows for example the
calculation of the dimension of Sfl (m).

Another natural decomposition of Sf (m) is the one in terms of irreducible representations of N (H)|H. It would
seem interesting to look at some N (H)|H -invariant subspace of Sf (m), constructed out of Ad(H)-invariant factors
in the decomposition m = @m;. In particular models of symmetric gauge fields dimensional reduction, we find Higgs
fields as intertwining operators between two representative spaces, so this suggests we look at fields of the following
type: Ad(H)-equivariant maps ¢ : m; —> m; coming from the fields f € SZH (m).

3.2. Decomposition of SzH (m)

Let us study the following situation: we fix two Ad(N (H))-invariant vector subspaces m; and mj in m, getting
what we shall call an Ad(N (H))-invariant splitting: m = m; @ my. We denote by L7 (my, my) the space of Ad(H)-
equivariant linear maps from m; to m,. Then, we can state the lemma on which all our following results will lie:

Lemma 3.1. There is a one-to-one correspondence between the space SzH (m) and the direct product L7 (my, mp) x
S (my) x S§ (my).
It is given in matrix form by:
_(h+Tpke ¢k
(¢,h,k)|—>f_< ke 3 .

Proof. (1) Taking f € SZH (m), we set:

L= —prl‘:fl , where pr™ is the orthogonal projector on m; for the Euclidean structure defined by f.

VXL Y emy, (X, Y = (X + ¢(X0), Y+ ¢(Y).

. k = ﬁmzxmz.

Forall X = X1+ Xoand Y = Y1+ 1> (X1, Y1 € my, X2, Y2 € mp), letting X = (X1 +¢(X1)) + (—¢(X1) + X2)
and Y = (Y1 +¢(Y1)) + (—¢ (Y1) + Y2), we compute f (X, Y) and obtain:

FX,Y) =h(X1, Y1)+ k(@(X1), 9(Y1)) — k(9(X1), Y2) — k(@ (Y1), X2) + k(X2, 12).
(2) Conversely, let (¢, i, k) € L7 (my, my) x S (my) x S4 (my). Itis not difficult to see that if we define f € Si (m)
by the preceding formula, then:
o= —prln‘:f], where pr'™2 is the orthogonal projector on m, for the Euclidean structure defined by f.
VX1 Y emy, k(X Y) = f(X 4+ @ (XD, Y+ (X)),
k= fimyxm,. O

Remark 3.2. The space of Higgs fields that we obtained seems to depend on the choice of the decomposition of m
into m; and my. In fact, we can expect to see a natural justification of this choice in the context of a supersymmetric
extension of this model.

It is easy to check the following:

(1) f is positive definite if and only if 4 and k are positive definite.

(2) The assumption of Ad(N (H))-invariance for m; and m; implies the existence of a representation of N(H)|H on
S{I (mp), on Sf (m»), and also on £ (m, my). Denoting by AdD (resp. Ad(Z)) the representation of N(H) on
my (resp. on my), and by adV (resp. ad® ) the representation of n(fh) on m; (resp. on my), the representations on
the fields spaces are given by:

~ 1 ~ 1
Py ="Ad", 0 o Ad',
2~ 2 ~ 2
P k) ="Ad?, o ko Ad®)
1
po@) = AdP o p o Ad'D,.
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We define the corresponding representations 1’ = (p')’ of the Lie algebra £ = n(h)|h: For every Ace n(h),
_(h) = —(’adg) oh)—(ho ad%l))

1

[

2N @ A p )
n'p k) = —(ad o k) — (koad})

0

[

105, @) = @d 0 9) — (@ oad ().

3.3. The potential for the scalar field ¢

For A and k fixed in SZH **(my) and Sf ** (my) respectively, let us compute the potential V in terms of ¢. Here we
denote by V the real-valued function defined on £7 (m, my) by:

V(g) = %tr(f‘l oD)+ %tr(f—l o B+ tr(f o DY)

where f is given by:
f:tn'loflonl + (¢ om —nz)olzo(gbor[l — M)
We will need to split ad(X) in terms of m; and my, so we define:
ad;(X) =mjoad(X) ot € L(my)
adp(X) =moad(X) oty € L(my, my)
ady|(X) =m oad(X) oty € L(my, my)
ady(X) = mpoad(X) oty € L(m)).

With the notations that we will introduce below, we are going to prove the following theorem:

Theorem 3.3. 1. The potential for the scalar field ¢ is a polynomial of degree at most 6 in ¢, whose sixth-degree term
is positive and is given by:

1
VO@) = Jllpad (@)l

Besides, V© = 0 if and only if the third-degree condition is satisfied for every ¢: {¢ o adi2(p(X))op =0VX €
m 1}.

2. If V©® = 0, the potential V(¢) becomes a polynomial of degree at most 4 in ¢, whose fourth-degree term is
positive and is given by:

1 1
V() = 2 1#2d11(@®) —adn(9)¢ + dadig |7, + Z||adu<¢>¢>||ihh

1 1
+ 7 192d12(@) lgi + 7 I $adiad .

Besides, V® = 0 if and only if the quadratic conditions are satisfied for every ¢:
¢ad1(9(X)) —adn(@(X))¢ + padipg =0 VX emy

©) adpp(¢(X))p =0 VX e mg
padp(d(X)) =0 VX e my
¢ading =0 VX € my.

We begin by computing the first term %tr( f =16 D). Forall X,Y € m, we have:

flotad(X)o foad(Y) = [(t1 +120¢)oh ™ o'ty +120¢) +1n ok olty] 0 ad(X)
o['m ohom +'(¢pom —m)oko(pom —m) oady).
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We can already see from this expression that for each X, Y € m, D(X, Y), which is the trace of the above expression,
is a polynomial of degree at most 4 in ¢. The fourth-degree term in D(X, Y) is:
DW(X,Y) =tr(popohtolpo't,olad(X) o'm o dpokopom oad(Y))

= tr(¢ oh™! ot(ﬁottzo[ad(X) otnl olpo k ogpomoad(Y) o)
=tr(poh olpolad,(X)o'pokogoadn(Y))
=tw(h ™ o'po’ad,(X) o pokogoadi(Y)oe).

On the other hand, f ~1 is a polynomial of degree 2 in ¢, whose second-degree term is 13 o ¢ o hlo! ¢o tL2.

We deduce therefore that the potential V is a polynomial of degree at most 6 in ¢, whose sixth-degree term is:

1 A N
y©® (P) = Ztr(tz opo hlo ) ottz OD(4))

1 A R
= é_ltr(¢ ohlolpo ‘, oD® 0 1,)

1. R

Ztr(h_l olg ott2 oD® 6150 ®)
1 - .

= Ztr(h_l o PO (¢))

where we have set P© (¢) ='¢po’1,0D® 015 0 ¢.
Thus, we have:

VO (p) = ;Ltr(fl_l o PO (g)).

Here also, it is possible to write V© (¢) in a more synthetic way. For this, we make use of the scalar products 4 and
k to define the following scalar products:

On L(my, mp) : (u, Ve = tr(h™ o 'uo k ov) = hk(u)(v)
On L(my) : (u, v)pn = tr(h " o 'uo hov) = hh(u) ()
On L(m2) : (u, Ve = trk ™  o'uo k ov) = kk(u)(v)
which we use to define again the following scalar products:
On L(my, L(my, m2)) : (o, Bk = tr(h " o' 0 hk o B)
On L(my, £(m)) : (o, Bypmn = tr(h " o'ao hh o B)
On L(my, £(m2)) : (o, Bhnkk = tr(h ™" o ‘a0 kk o B)
On L(my, L(my, m2)) : (o, Blknk = tr(k~' oo hk o B)
On L(my, £L(my)) : {ot, Blinn = ek~ o'a 0 hh o B)
On L(my, £(m2)) : (o, Bk = tr(k~' o' o kk o B).
Using the preceding definitions, we can write:
PO@)(X,Y) = tr(h™" o'¢po'ad),(¢(X)) o'¢ ok o p oadia(¢(¥)) o ¢)
= (poadp(¢p(X)) od, poada(@(Y)) o Pk
= "(¢ad12(®)d) () ) (X, Y)
where ¢ad|,(¢)¢ denotes the element of L(m;, L(m, my)) which associates ¢ o adj2(¢ (X)) o ¢ to each X € m;.
Thus, P© (¢) = (¢adi2($)¢) o hk o (¢adi2($)¢), therefore
(A" o PO (¢)) = tr(h ™" o' (padi2(9)@) o hk o (padi2()$))
= (pad12(P)d, pad2(d)P) nik-
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Thus, we have

1
VOg) = JlIgadia @)l

which proves the positivity of this term.
Moreover, if we denote by I"® the set of zeroes of V©, we see immediately that:

' ={¢e £ (m, m)/¢oadin(@(X))op=0VYX € m}.

Thus, we have a condition of the third-degree in ¢, and if this condition is verified for every ¢ that is, if ro =
LH (m, my), then V© = 0.

Because of the positivity of %tr( f =16 D), V cannot be of degree 5, therefore it becomes a polynomial of degree 4
at most, whose quartic terms can be computed in a similar manner to give:

@) 1 2 1 2 1 2 1 2
V¥(¢) = Zl|¢adll(¢) —adx(¢)¢ + gadiad Iy + Z||adl2(¢)¢||hhh + Z||¢ad12(¢)||hkk + Z|l¢ad12¢||khk

which proves the positivity of V®.

Moreover, if we denote by I @ the set of zeroes of V¥, we see immediately that I’ @ is the set of the elements ¢
in £H (m;, my) that satisfy the quadratic conditions (C).

If these conditions are verified for every ¢ that is, if Ir'® = H (my, myp), then v@ =,

Because of the positivity of JTtr( f ~15 D), V cannot be of degree 3, therefore it becomes a polynomial of degree 2

at most. It is also possible to compute the quadratic terms that appear in %tr( f =16 D), which are necessarily positive,
but to get all the quadratic contributions in V, one has to include also the quadratic terms coming from %tr( f 15 B)
and tr( f =165 DY), and these have no reason to be of fixed sign.

Proposition 3.4. If the elements h and k, fixed respectively in SZH tt(my) and Sf 1 (my), are chosen Ad(N (H))-
invariant, then the potential V (¢) is invariant under the action of the group N (H)|H.

Proof. The proof is similar to that of Proposition 2.2. [J

Let us take the special case in which m, is a Lie algebra. This case covers the known situations in which we
have Higgs fields as equivariant maps between two representation spaces. If m; is a Lie algebra, then ad;, vanishes
identically, and therefore V() (¢) is zero. But in this case, we can verify that V) (¢) will also be zero. Thus, we are
left with a quartic potential which is exactly what we have in the known situations.

3.4. The Yang—Mills term and the kinetic term

As outlined in the first paragraph of Section 2.2, the Lagrangian of the multidimensional G-invariant gravity theory
reduces, after integration on the internal variables, to the Lagrangian of an Einstein—Yang—Mills theory coupled to a
scalar field f. We will begin by writing an intrinsic expression of this reduced Lagrangian, and then explain the
notations used while investigating each term

Ly, a, [Hx)==V(y)x) - V{2(q) + K(f(g) —V(f(g) whereq € Qx

where V stands for “potential” and K for “kinetic”. Explicitly,

1 - 1 A
,C()/, o, f)(x) = pM()/)(x) — EHQ(Q)”;((IWW)];((]) + 5”Df(CI)||)27(q)f(q)f*(q) + pG/H(f(CI))

where p means “scalar curvature functional”. The term pG,g(f(g)) is the opposite of the potential for the Thiry
scalar field f, and has already been discussed in Sections 2.2 and 3.3. py(y)(x) is the Lagrangian of the gravity
sector in M, and we’ll have nothing more to say about it. The remainder of this section will be devoted to the two
middle terms.

e The Yang-Mills term V (2(¢)) = 3[12(q)|?

77 @) f(@)
{2 denotes the curvature two-form Do of the connection «. Let € be the Lie algebra of the gauge group N (H)|H.

Then (2(q) is a £-valued antisymmetric bilinear form on 7; O, and by horizontality of {2, we can consider only its
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restriction to the horizontal subspace Z, = Kera(g). We denote by 2(q) - Z, — L(Z,,¥) the linear map
canonically associated to 2(q)|z X2 Let y(gq) be the scalar product on Z, obtained by horizontal lift of y (x),

and y(q) : Z; — Z;; the linear map canonically associated to y (g). Finally, let f (g) be the restriction to £ of

f(g),and f(q) : ¢ —> ¢* the linear map canonically associated to f(@).
Similarly to what we have done when expressing the potential of the scalar fields, we introduce the scalar
product:

On L(Zg, ©) : {14, V)5 7oy = 0T (@) 0" w0 f () 0v) = ¥(@) [ @) w)(v)

which we use to define again the following scalar product:

On L(Zg, £(Zg, ©) 4, By 300 fiay =TT @) o' 0 ¥ (@) F(g) 0 ).

Now we have introduced all the notations that give sense to the expression:

7@7@)f(q)
but let us write it also in the expanded way:

1 -
V(2(q) = Enmq)u2

1 - _
V(@) = (2@, 2D); )50 (o)

1 B} I
Etr(?(q)_1 0'2(q) oy (q) f(q) o 2(q))

- Leti@ o D
—Er(y(q) o D)

where D =02(q) o y(¢q) f(q) o £2(¢) is a linear map from Z, to Z;“, to which is associated the following bilinear
form on Z,:

D(X,Y) ="2(q)( 7@7@) XY
= (2@ X)," 2D )50, 7o)
= tr(7(q) "' o' 2(q)(X) o f(q) 0 2(q)(Y))

forevery X, Y € Z,.

Our next purpose is to expand this Yang—Mills term with respect to our decomposition of f in terms of 4, k, ¢.
For this, we set ¢y = ¢Nm;and & = €N my,sothat ¢ = ¢, P €. Let 71y : ¢ —> & and 71 : € —> £ be the
corresponding projectors. We define:

. P(g) = —pr‘%1 , where pr{?2 is the orthogonal projector on €, for the Euclidean structure defined by f (q).

VX1 Y1 € b h(@) (X1, Y1) = F(@) (X1 + ¢(@)(X1). Y1 + ¢(g) (YD)
k= fiexe ) )
so that h(g) € S2(¥1), k(q) € S2(€2), d(q) € L(¥, £2), and:

f(@) ="7,0h(g) o1 +'(¢(g) o 1 — 72) 0 k(q) 0 ($(q) 0 71 — 7).
Finally, we set:
21(q)(X) =710 R(q)(X) € L(Zg, b))
D (q)(X) =720 R(q)(X) € L(Zy. b).
With all these definitions, we have:
DX, Y) = tu((q)"" o' 2,(g)(X) 0 h(q) o i (q)(¥))
=+ (q) " o' 2,(q)(X) 0 k(g) o a(q)(Y))
= +tr(7(q) " o' 2,(q)(X) o' d(q) 0 k(g) 0 d(q) o 1 (g)(Y))
= —t(7(q) " o' 2,(@)(X) o'd(q) 0 k(g) 0 (g)(V))
= —tr(7(@) " o' 2,(q)(X) 0 k(g) 0 (q) o 21(q)(Y)).
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We can state now the following theorem:

Theorem 3.5. If the trivial representation of H lies completely either in m| or in my, then there is no direct
coupling between the scalar fields ¢ and the Yang—Mills strength (2, and we have:

[ 2 [ 2
V@) = 10D ;i T 212D 500

Proof. It is not difficult to see that € carries the trivial representation of H (cf. [9] for example). The assumption of
the theorem implies then that at least one of the two subspaces £; and &, is zero. Therefore, we have L(£1, £;) = 0.
We deduce then that in the last expression of D(X, Y), we have q_ﬁ = 0, and therefore we are left only with the first
two terms. [

The kinetic term K (f(¢)) = 11D f () [

We shall follow the same steps as for the Yang—Mills term. D f* denotes the covariant derivative of f, therefore
D f(q) is a linear map from 7, Q to S%I (m). By horizontality of D f, we can consider only the restriction of D f(q)

to the horizontal subspace Z,, and in fact we shall work with D f Q) :Zy — L (m, m*). For every X € Zg, we
have:

Df(@)(X) = df (@) (X) + plygyx)(f (@)
= df (@) (X) = ("ad, ) x) o f (@) = (F(q) © adu(g)x))

(see the remark before Proposition 2.2). y (¢) has been defined in the previous paragraph.
In the same spirit, we introduce the following scalar product:

On L (m, m*) 1 (u, v} pg)r7q) = r(F (@) o 'uo’ f(g) " ov) = £(q) f*q)w)(w)

which we use to define again the following scalar product:
On L(Zg, L7 (m,m*) : (&, B3 o)1 @) F* () = tr(7(q) " o'aof(q) f*(q) o B)

(f(mq) : L (m, m*) — L (m, m*)* is the isomorphism canonically associated to (, YF@) £ (@)-
Now we have introduced all the notations that give sense to the expression:

1 A
K(f@) = 5I1PF @5 1) o)

but let us write it also in the expanded way:

1 . .
K(f(g) E(Df(q), D@ f@) f* @)

1 A —_— A
Etr(?(q)‘l o'D f(q) o (@) f*(q) o Df(q))

lt(‘( )" 'o E)
Zryq [e}

where E = 'D f(q) o f(mq) o Df(q) is a linear map from Z, to Z;‘, to which is associated the following
bilinear form on Z;:

"D @) fg) @)X, Y)
= ("D f(@X),"D F (@) fa) @)
= t(f(q) " o'D f(g)(X) o' f(g) o DF(g)(Y))

forevery X,Y € Z,.
Again, our next purpose is to expand this kinetic term with respect to our decomposition of f in terms of 4, k,
¢. For this, we recall that:

f@) =", 0h(q)om +"(¢p(q) o —m2) 0 k(g) o (¢p(q) o7 — 7m2)

E(X,Y)
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and
f@O ' = +nop@)oh@ ol +1no¢@)+aokig@) o

and we write ’ f (q)_l. Then, we compute the covariant derivatives D f (¢)(Y) and 'D f (g)(X) with the usual
Leibnitz rule for products, getting the sum of nine terms. Notice for example that:

D('m, oh(q) o m1)(X)
='m0 dfz(q)(X) om — (tada(q)(x) om0 fz(q) om) —(m o fz(q) o7y 0 ady(g)(x))
=m0 dh(g)(X) omr) — (m, o’adél()q)(x) o h(g) o) — (myo h(g) o adt(xl()q)(x) omy)
'y 0 [dh(g)(X) — (adl) ) 0 h(g) — (h(g) oadl) | )0
= "7, 0 Dh(g)(X) o 7

where Dh (g) is naturally defined by:
Dh(g)(X) = di(g)(X) — (‘ady | 1, 0 h(@) — (h(q) o ady ) v)
= dh(9)(X) + nyg)x) (R (@)
Similarly,
D( 7,0 k(q) o m2)(X) = "7, 0 Dik(q)(X) o 2
where Dk (g) is naturally defined by:
Dk(g)(X) = dk(g)(X) = (ad |y, 0 k(@) — (k(q) 0 adiy) 1))
= dk(@)(X) + 15 ) k(@)
As for D¢ (q), it is naturally defined by:
D (g)(X) = dp(q)(X) + 1)) (D (@)
= d(q)(X) + (ade ) ) 0 $(@) — ((q) 0 adl) x))-

Finally, we replace in the expression of E(X, Y) and expand! The long calculation gives a large number of terms,
between which we discover happily an equally large number of cancellations, and we are left finally with the terms:

Do (q) ”%(q)h(q)k(q) + four terms depending on Dk
Thus, we can state the following result:
Theorem 3.6. If, in the decomposition of f in terms of h, k, ¢, the matter field k is taken constant, then the kinetic
. . L1 2

term of the scalar field ¢ is proportional to the natural term: 5|D¢(q) ”h(q)h(q)k(q)'

This result agrees with that of [5], where the field k was taken constant: the same kinetic term is obtained for ¢.

We conclude this section by checking the gauge invariance of the theory:
Proposition 3.7. If we freeze the scalar fields h : Q —> Sf (mp) and k : Q — SZH (mp) by taking them
constant, the value of each being AA(N (H))-invariant and positive definite, and if the trivial representation of H

lies completely either in m or in my, then the Lagrangian L(y, «, ¢) is invariant under the action of the group
g= C}?JO(HMH(Q, N(H)|H) of gauge transformations.

Proof. We already mentioned the invariance of the potential V (¢) in Proposition 3.4. The gravity sector in M brings
no problem. We are left with the Yang—Mills term of Theorem 3.5 and the natural kinetic term of Theorem 3.6. And
these are easily checked to be invariant when a gauge transformation n : Q — N(H)|H acts on all the fields. [

4. Example with G = SU(5), H ~U (1) and N(H)|H ~ T3

We begin by setting some notations that we are going to use in the following.
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e For each n € N*, T" denotes the n-dimensional torus U (1) x --- x U(1).
e For each p € Z, C, denotes the vector space C endowed with the irreducible representation of U (1) labeled by

the integer p.

U (1) is embedded in SU (5) by the following injective homomorphism of Lie groups:
A:U() — SU(S) defined by:

e 0 0 o0 0

0 &2 o0 o0 0
=10 o & o o
0 0 0 &% o0

0 0 0 0 e

—

We set H = A(U(1)). The normalizer of H in G is then:

0 0 0 0
0 €2 o0 o0 0

N(H) = 0 0 €% o 0 :01,0,,05,05 € RY ~ T
0 0 0 ¢ 0

0 0 0 0 6—1(91+92+93+94)

First, we study the adjoint action of H on g = su(5). Let h = r(e?) € H, and

iyin =221 z13 214 215
221 iy -3 224 225

A=|-213 z32 1y33 —Z43 235 € s5u(5).
—Z14 —Z224 243 lyas 245

—Z215 —225 —235 —2z45 —i(y11 +y22 + 33 + yaa)

Then:
L p 3 4
iy —e 197 e 120713 e 30714 ellfz;5
0= 2 i2
¢’z iyn — %z ey e 225
hA]’l71 — _6120213 619232 iy33 —6_10243 61130235
ez —e 2794 243 1y44 14245

—e Mzs —eTWzs —e 755 —e T, —i(yir + v + 33 + yae)
We deduce the decomposition of g = su(5) under the adjoint action of H:

11 1 =2 -2 -3 11 12 13 14
g=hOm=hHBEtRL Bl OBRI3BLPl14D 5D ls5D 35D l4s

where:
[ ]
i 0 0 0 0
0 2060 O 0 0
h= 0 0 136 O 0 ;0 e Ry ~Lie(H) ~u(l) ~iR
0 O 0 i40 0
0 O 0 0 —ilo@
[ ]

0
0
:x1, %2, x3 € RY ~ Lie(N(H)|H) ~ Lie(T?) ~ R3.

0 0 —i(x;+x2+x3)
0 0 0

(g
Il
cococok
=
=
w
o
cocococo
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. Z
Forl <j <k <S5, [jkz{(—Z );ZGC}:C.

Forl <k < j <5, [-ik:{(z _Z);zeC}:C
(in the last two matrices, z is the (j, k)-entry and —Z is the (k, j)-entry).

h and ¢ carry the trivial representation of H, and for 1 < j <k <5, [;)k ~C,.
Second, we study the adjoint action of N(H) on g = su(5). Noticing that N (H) =~ T4 is nothing but the natural
maximal torus of su(5), we see immediately that the decomposition of g under N (H) reads:
(-1,1,0,00  (0,—1,1,0) (0,0,—1,1) (1,0,—1,0)  (0,1,0,—1)  (1,0,0,—1)
g=hbdm=0HBtd b1 & L & b & Iz & Ik & 4
2,1,1,1) @1,2,1,1) (@1,1,2,1) (1,1,1,2)
® s & bs & bs @& s
(P1.p2,P3,P4)
where lik =~ (C carrying the irreducible representation of T* labeled by the element (p1, p2, p3, pa) € Z*.
Let us define the two following subspaces of g:

1 1 -2
m =D b1 ®lhhdls
301 -2 11 12 13 14

my =l @lyz B hsPlisDhsDhls®ls.

It is clear that m; and m; are Ad(N (H))-invariant complementary subspaces of m, and thus we have an Ad(N (H))-
invariant splitting m = m; @ my. We deduce a space of Higgs fields:

" 11 2 2
L7 (my, mo) = L(Ix1 @ 132, l43) @ L(113, [4)

It is not difficult to see that dim £ (m, my) = 6 (on R).
A natural basis for the vector space m is given by the following matrices:

i 00 00 0000 O 000 0 0
000 0 0| foio oo (o000 o0

000 0 of. o oo o ol.]o 0 i 0 0| (basisfor#):
000 —i of] looo - o] looo —io
00000 \oo0o0o090 \oo0oo0 00

forl <j <k<5, ajk=<_1 1), bjk=<i ‘) (basis for ().

forl <k <j<S5, ajk=<1 _1>, b,-k=<i ‘) (basis for ().

(In ajk, 11is the (j, k)-entry and —1 is the (k, j)-entry, etc.)
Let ¢ € £H (my, my). In fact, ¢ is completely determined by its restriction (also denoted by ¢):

1 = 1 -2
L1 ®Ldlz — li3Ply.

1 1 -2 1 -2
We set [| = b1 @[30 @ [13, [ = l43 ® o4, and define the six real numbers @21, Y21, @32, ¥32, 13, Y13 by:

¢ (az1) = ¢21a43 + Y21b43 (and ¢ (b21) = —Y21043 + @21b43)

¢ (az2) = @32a43 + Y32bs3 (and ¢ (b32) = —V32a43 + @32b43)
¢ (a13) = p13a24 + Y13b24 (and ¢ (b13) = —Y13a24 + @13b24).
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The real numbers @21, Y21, ©32, ¥32, @13, Y13 constitute the six components of the Higgs field ¢ in the bases of m;
and m, defined above.

We shall need the three complex components of ¢, defined by:

d21 = @21 + iV, 32 = g3 + i, $13 = @21 + 113,
0 -z21 ziz3 0 O
221 0 -z; 0 0
fA=|—-2z13 232 0 0 0] el
0 0 0 00
0 0 0 0 0
0 0 0 0 0
0 0 0 13213 0
theng(A) =10 0 0 —¢1221 — ¢z 0| b
0 —¢13213 $21221 + P32232 0 0
0 0 0 0 0

Let us study the representation of N(H)|H on £ (I1, I). For this, we first look at the representation of N(H) on
LA, b):

Given
“ 0 0 0 0
0 ¢ 0 0 0
P=]10 0 &% 0 0 € N(H),
0 0 0 e% 0
0 0 0 0 efi(91+92+93+94)
we have
0 _ei(79]+92)221 ei(791+93)Z13 0 0
e—i('—91+9z)221 . 0 —ei(_92+93)232 0 0
Adp_|(A)=P*1AP= _e—l(—0|+03)z]3 e—l(—02+03)z32 0 0 0
0 0 0 0 0
0 0 0 00
0O 0 0O 0 o
0 0 0 o O
and Adpo¢oAdp-1(A)=]0 0 0 —B O
0 -a B 0 0
0O 0 0O 0 O

with o = ei(92—94—91 +93)¢13Z13 and /3 — e—i(93—94—91 +92)¢21Z21 4 e_i(03_04_02+93)¢32232-

This shows that ¢13, ¢21 and ¢3p transform respectively according to the representations (—1, 1,1, —1),
(1, =1, =1, 1) and (0, 1, =2, 1) of T* ~ N(H).

Now we turn to the action of N(H)|H. First, we define an homomorphism of Lie groups f : N(H) — G by
setting:

el(401=04) 0 0 0 0

0 el(301=03) 0 0 0

f(P) = 0 0 el(201=02) 0 0
0 0 0 e—i(90] —0y—03—6y) 0

0 0 0 0 1



1230 M. Egeileh / Journal of Geometry and Physics 57 (2007) 1215-1237

Next, we set:
e 0 0 0 0
0 e 0 0 0
K = 0 0 ¢ 0 0]:x1,x2,x3€R
0 0 0 e 11 +x2+x3) 0
0 0 0 0 1

It is not difficult to seethat Ker f = H and Imf = K. Therefore, we have a surjective homomorphism that we also
denote by f, and this f : N(H) — K induces an isomorphism f: N(H)|H — K. Thus, N(H)|H ~ K ~ T3.

Now if p : N(H) — GL(LY(l1, 1)) is the representation previously computed (o (P)(¢) = Adp o ¢ o Adp-1),
we define 5 : K — GL(L (11, 1)) the following way: for each Q € K, let 5(Q) = p(P), where P is any element
of N(H) such that f(P) = Q. For example, one can take:

et 0 0 0 0
0 ) 0 0 0
Pp=|o0 0 elGa—x) 0
0 0 0 el 0

0 0 0 0 e 1Oni—xn—x)

We have previously shown that the Higgs field ¢ transforms under the action of P € N(H) according to:

i(—91+92+93—94)¢m
(61 —6,—03 +94)¢21

$13 — e

¢ —> e
i(0,—205+6,

$3 —> el (02—263+ 4)¢32'

We deduce that ¢ transforms under the action of Q € K according to:

p13 —> 1RG5
o1 —> e?(*xl+x2+x3)¢21
b3 —> el(—X1+2xz—X3)¢32.

Thus, ¢13, ¢21 and ¢3; belong respectively to the representations (1, —1,—1), (—1,1,1) and (—1,2,—1) of
T3 ~ N(H)|H.

The sixth degree term of the potential of the scalar field ¢ is proportional to the squared norm of the tensor
¢ad(2(¢)¢, which can be identified with the bilinear map By : [} x [[ —> [ defined by: Bs(X,X') =
¢ (m1lp(X), p(XD).

Let
0 —-z21 z1i3 0 O 0 Zy oz 000
221 0 —Zx 0 0 B 0 =7 0 0
X=|-Zi3 z 0 0 0| and X' =|-Z)35 2 0 0 0|el.
0 0 0 0 0 0 0 0 0 0
0 0 0 0 O 0 0 0 0 O
Then:
0 O 0 0 O
0 0 y 00
mlp(X),¢(XH=|0 -y 0 0 O
o 0 0 00
o 0 0 0 O

where y = ¢13213($2125; + $3225,) — $132]53(P21221 + $32232).
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We deduce that:
0 0 0 0 0
0 0 0 . 0 0
By(X, X)=10 0 0 ¢y 0
00 —¢y 0 O
0 0 0 0 0
with

N N / / N /

Oy = ¢302013213(92125 + $3223,) — P32013213(P21221 + P32232)
= $301302121325 + 3201303221325, — $P2P13¢21213221 — 3201332213232
= ¢¢13021(21325 — 213221) + P32013032(21325 — 213232)-

Thus, By can be identified with the antisymmetric complex bilinear form (also denoted by By):
B¢ : [1 X [1 — C

defined by: By(X, X') = dnd13¢21(21325; — 2j3221) + $32613032(21325, — 2j3232). 1 is isomorphic to the three-
dimensional complex vector space C3. If we set (e1, ez, e3) = (az1, azz, ai3), then (e;)1<;<3 is a basis of [;, and By
is completely determined by the 3 complex numbers By (e;, ), 1 <i < j < 3.Itis easy to check that:

By(azi,az) =0
By (az1, a13) = ¢32013¢21
By (azz, ai3) = ¢p3n¢13¢32.

Finally, we need to define the Ad(N (H))-invariant scalar products & and k on [; and [, respectively, and use them to
compute the squared norm of the tensor ¢adj»(¢)¢. We consider the natural Ad(SU (5))-invariant scalar product on
su(5) defined by: (A, B) = —%tr(AB) for every A, B € su(5). Then, h and k are defined to be the restrictions of (, )
to [1 x [1 and [ x I, respectively. Then we take the restriction of k to [43 and obtain the canonical scalar product on
C ~ ly3.

Thus, we have in this model: V(¢) o< [32013¢21 > + [d32¢13¢32*.

5. Conclusion

In the context of Kaluza—Klein theory with, as internal spaces, copies of a homogeneous space G/H, we defined a
new type of scalar field as intertwining operators between two Ad(N (H))-invariant complementary subspaces of the
orthogonal complement of § in g for a fixed bi-invariant metric on G.

We studied the potential of those scalar fields and found it to be a polynomial of the sixth degree at most, bounded
from below when it was exactly of degree 6 or 4. And we found the necessary and sufficient conditions in which the
degree is 6 or 4.

We investigated an eventual coupling of the scalar fields with the Yang—Mills strength, and found that there is no
such direct coupling if we choose the two complementary subspaces in such a way that all the trivial representation is
contained in only one of them. We also computed the kinetic term of the scalar fields and found a natural result. An
example leading to an abelian gauge theory was given.

Our scalar fields exhibit therefore properties that are very close to those of the physical Higgs fields, and they have
been constructed in a natural way, by looking at hyperbolic directions in the space of Thiry scalar fields, this last one
appearing whenever one takes a gravitational theory with some symmetry.

It would seem interesting to carry further the study of the potential of such “canonical Higgs fields”, looking for
example at the corresponding symmetry breaking schemes, and seeking what happens at the quantum level. Soliton-
like solutions may also appear in the BPS limit, and the introduction of supersymmetry could also be relevant to make
contact with certain types of dualities.

This work is being extended to the supersymmetric level, where we can expect to find a more natural origin of our
canonical Higgs fields (free from an arbitrary choice of the splitting), arising from supergravity theories.
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Appendix. Example with G = SU(n), H ~ U(1) and N(H)|H =~ T"~2

We begin by setting some notation that we are going to use in the following.

e For each n € N*, T" denotes the n-dimensional torus U (1) x --- x U(1).

e For each p € Z, C, denotes the vector space C endowed with the irreducible representation of U (1) labeled by
the integer p.

e For 1 < j, k < n, Ej; denotes the n x n matrix whose all entries are zero except the (j, k)-entry which is equal to
1.

U (1) is embedded in SU (n) by the following injective homomorphism of Lie groups: A, : U(1) — SU(n)
defined by:

om 1 (%) = diag(el™?, elm=D0 Gitm=200 oitm—=200 e—i(n—l)[m—(n—Z)%]B)
where m and [ are integers. We set H = A, 1 (U (1)).
We shall focus on the interesting case [ # 0. Here,

N(H) = {diag(e!", ..., el%1 e iO++0-0)y. 9, 6, | eR}.

Therefore, N (H) ~ T"~L. '
First, we study the adjoint action of H on g = su(n). Let h = Ay, 1) e H and A = [z jk] € su(n). We have to
compute hAh~! = [! k] which is facilitated by the fact that 4 is a diagonal matrix:

eForl <j<n-—1,z7 =m0z, e=itn=(=DD0 Therefore zjj = zj; (which is true also for j = n), so
the diagonal elements of A are not changed.

eForl <j<k=<n-—1, Z?k = elm=(j=Dho —im=(k=1D — gik=jlo

Zjk€ jk-

. . : I . i1
e Forl < ] <n—1landk =n, Z?n — e1(mf(j7l)l)GZjnefl(nf1)[m7(1172)§]9 — el[nmf(n273n+2])zlﬂzjn
We deduce the decomposition of g = su(n) under the adjoint action of H:

n—2n—(r+1)

g—h@m_h@eea@ ED ,,+r@@
i=

where:

l
h = {diag <im9, im —0)0,im — 216, ...,i(m — (n — 2)D)O, —i(n — 1) |:m —(n— 2)§i| 9) ;0 € R}
~ Lie(H) ~u(l) ~ iR

¢ = {diag(ixy, ..., ixp—2, —i(x; + -+ + x,-2),0); X1, ..., xp—2 € R} ~ R*2

ik ={zEjxk —2Exj;z€ C}=C (j <k)
(andm =t @ P;_ @n . G j+r © B2 i)

b and & carry the tr1v1al representatlon of H and:

efor2<r+l1<n-landl<j<n—(@+1,1 1, ~Cy
eforl<s<n-—1,[,~C

nm—(n2—3n+2s) % :

Second, we study the adjoint action of N (H) on g = su(n). Noticing that N (H) ~ T"~! is nothing but the natural
maximal torus of su(n), we see immediately that the decomposition of g under N (H) reads:
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n—1
g=hom=hate P HLoPl.
s=1

1<j<k<n—1

where:

o [;; >~ C carrying the irreducible representation of T"~ I labeled by the element (0, ...,1,...,—1,...,0) € /i
1 being in the jth place, —1 in the kth place, and O in the » — 3 remaining places.

e [;, >~ C carrying the irreducible representation of T"~! labeled by the element (1, ...,2,...,1,...,1) e Z""!,2

being in the sth place, and 1 in the n — 2 remaining places.
Let us define the two following subspaces of g:

n—-3n—(r+2)

_EEB@ @ ]j+r
j=1
m2=[1,n71@@n 1—rn— 1@@[”1

r=1

b)

It is clear that m; and m; are Ad(N (H))-invariant complementary subspaces of m, and thus we have an Ad(N (H))-
invariant splitting m = my @ my. We deduce a space of Higgs fields:

n—3 n—(r+2)
EH(ml, my) = @E ( @ [j,j+rv [nlr,nl> .
r=1 j=1
The dimension of £ (m, m,) can be easily computed:

n—3
dimﬁH(ml,mz) = ZZ[n —(r+2)]1=m—-2)1n—23).

r=

—_

A natural basis for the vector space m is given by the following matrices:

i(Ejj — Eyp—1n-1), 1= j=<n—2basisfort).
ajk = Ejp — Ej and b =i(Ejx + Exj), 1= j <k <n (basis for [j;).

This basis is adapted to our decompositions, since the vectors:

(Ejj —Ey1n-1),1<j=<n-—2ajj,andbj;,forl <r <n-3and1 < j <n— (r+2)form a basis of
the subspace my, and the vectors:

ain—1,b1n—1,an-1—rpn—1and by_1_,,—1 for 1 <r <n — 3, ay, and by, for 1 < s < n — 1 form a basis of the
subspace m;.

Let ¢ € L7 (my, my). We have ¢ (i (Ej; — En—1,4—1)) = 0.

We define the real numbers ¢; jir, ¥ jirforl <r <n—3and1 < j<n— (r+2)by:

é(aj jtr) = @j j+ran—1—rn—1 + ¥j j+rbp—1-r.n—1

¢(bj,j+r) = _wj,j+ran—1—r,n—l + (pj,j+rbn—l—r,n—l-
The ¢; j+, and ¥ j4, constitute the (n —2)(n — 3) components of the Higgs field ¢ in the bases of m; and m, defined
above.

Third, we study the representation of N(H)|H on £¥(m;, m;). For this, we first look at the representation of
N(H) on £ (m, my):

Given P = diag(e?, ..., e%1 e i@ +0h-1)y ¢ N(H), and A = [zjx] € mj, we begin by computing
Adp-1(A) = P lAP = [ij_l ], which again is facilitated because P is diagonal.
eForl <j<n-—1, zf’fl =e" efzue Jj. Therefore zf{l = z;; (which is true also for j = n), so the diagonal

elements of A are not changed.
. ~1 _i6; i (=6
e Forl < Jj< k<n-—2, ka =e 19,ijel(9k — el 9/+9k)zjk-
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Then, we compute Adp o ¢ o Adp-1(A). Writing

n—2 n—=3n—(r+2)
A= iji(Ejj —Ep10-1) + Z Z (X, jaraj jrr + i j4rbj jtr)
j=1 =1 j=1

and noting that xjxajr + yjxbjk = zjrEjx — Zjk Exj if zjx = xjr + 1y x, we see that:

n—2 n=3n—(r+2)
Adp-i(A) = Y xji(Ej; = Enon-)+ ) Y (@002, 5 By — e OO0 5 B )
= =1 j=1

and we deduce, letting ¢ j = @i + iV ji, that:

n—3 /n—(r+2) )
#(Adp-1(A)) = Z ( Z el(—9j+9j+r)¢j’j+rzj’j+rEnil7r’n7]

r=1 \ j=1

n—(r+2)
—1 _0 0 - -
- Z e N0 G i Z i ar Enctnei—r | -
Jj=1

Finally,

n—3 [n—(r+2)
AdP ((p(AdP—l (A))) — Z < Z el(@n—lfr,nfl—91171_9j+9j+r)¢j’j+rzjyj+rEn_l_r’n_l
r=1 j=1
n—(r+2 _
—_ Z e_l(gn_l_r’n_l_en_l_0j+0j+r)¢j,j+rzj,j+rEn—l,n—l—r) X
j=1
We define the homomorphism of Lie groups f : N(H) — G by:

F(P) = diag(ell1==20 =001 GilA=)01=62] o=iln=2)(A=(r=1) 55)01 = Or+6,-D] 1)

for each P = diag(e!', ..., elfn-1 =101+ 401y ¢ N(H).

We see that Kerf = H, and if we set K = {diag(e™, ..., "2, et +0-2) 1) x; . x,_o € R}, then
K = Imf, and we obtain a surjective homomorphism that we also denote by f. Thus, f : N(H) — K
induces an isomorphism f : N(H)|H — K. It is easy now to explicit the action of N(H)|H on L7 (my, my):
ifp: N(H — GL(LH (my, my)) is the representation previously computed (o(P)(¢) = Adp o ¢ o Adp-1), we
define 5 : K —> GL(LY (my, my)) the following way: for each Q = diag(e™, ..., eMn-2 e" it +u-2) 1) ¢ K,
let p(Q) = p(P), where P is any element of N(H) such that f(P) = Q. For example, one can take P =
diag(e™, l=m—xal  Gli=m=3))m—x] o=it=2)x o=il=2 11 g )xi—Gat+x-2)])

We have shown that the Higgs field ¢ transform under the action of P = diag(eigl, .., et e_i(91+”'+9"*1)) IS
N (H) according to:

i(0p—1—pn—1—60n—1—0;+6;
¢j,j+r > e( n—1—-r,n—1 n—1 J ']+r)¢j,j+r'

Using the relations:
l

0; = <l - (- 1)—>x1 —xp—j (forj=>2)
" .

) [
Ojtr = (1 - +r- 1)_) X1 = Xn—j—r
m

l
On—1-r = <1 —(n—r— 2)—) X1 — Xr41
m

Op—1 = (1 —(n— 2)%) X1 —x1 (= —(n— 2)%x1) .
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We derive the transformation rules of ¢ under the action of Q = diag(eixl, ..., el emiltetan) 1):
B jr —> SN TIHTI T g L (for = 2).

Our final task is the computation of the Higgs potential of this model. For this, we shall need first some structure
constants which are given by the following lemma:

Lemma A.1. (0) [Ejka Ej’k’] = (Skj’Ejk’ — Sk’jEj’k
(D [ajk, ajwl = drjrajw — Sk jajx — Siwajj — 8jjaww
2 lajk, bji]l = Skjrbjir — S jbjrk + Sgirbjjr — 8 by
) [bjk, ajir] = Skjrbjkr — Sk jbji — Srirbjjr + 8 b
@) bk, bji]l = =jrajp + S jajy — Sprajyr — 8jjragk.
Proof. (0) follows immediately by expressing the matrix product of Ej; and E /i in terms of Kronecker symbols.
For (1),
lajk, ajur] = [Ejx — Exj, Ejir — Ep jr]
= [Ejk, Ejiw] — [Ejk, Ex j)] — [Ekj, Eji] + [Exj, Epj]
= (Sk]/Ejk/ — sk/jEj/k — Skk/Ejj/ —|— 8]’]Ek/k — Sjlekk/ + Sk’kE]/j —|— 8]](/Ek]’ — (Sj/kEk’]
= Skj/ajk/ — Sk/jaj/k - (Skk/ajj/ — 5.,~j/akk/.
The computations are similar for (2), (3) and (4). O
Next, we have to find the components of the tensor ¢adiz(¢)¢, which can be viewed as the bilinear map

By : my x m; —> my defined by: By(X,Y) = ¢(mi[¢(X), ¢(Y)]). Thus, we need to express the components
of Bg(aj jir,aj jryr)s Bypaj, jir, bj jr4r), etc. in the corresponding basis of my

(@ (aj,j+r), Plaj, jrr)]
= [(pj,jJrranflfr,nfl + 1,//j,j+rbnflfr,nfla @i j+r' Gn—1—r" ,n—1 + wj/,j/+r’bn7]7r/,n71]
= Q) j+rj . j +r (ar’Oan—l—r,n—l - ar()an—l—r’,n—l —ap—1—rn—1—r" — 8rr’an—l,n—l)
+ (Pj,j+r'(pj/,j’+r’ ((Sr’Obn—l—r,n—l - 8r0bn—1—r’,n—l + bn—l—r,n—l—r/ - 6rr’bn—l,n—l)
+ 1pj,jJrr(oj’,j’+r’ (Sr’Obnflfr,nfl - Sr()bn—l—r’,n—l - bn—l—r,n—l—r’ + (Srr/bnfl,nfl)
+ wj,jJrrI/Ij/,j’+r’(_5r/0an717r,n71 + 3:0an—1-r' n—1 = n—1—rn—1—r" — S’ An—1,n—1)-

In particular, noticing that aj; = —ay; (which implies a;; = 0) and that b j; = by;, we have:

[daj,jrr). d(aj ;)] =20 jrr V) jrbu—1—rin—1 = 2V jur V) jr@n-1—rn—1 ifr #0

(B (aj ), @@y jrom)l = =2 j@jr jrirbut—rn—t1 + 20 j¥jr jrarrtni—p a1 ifr #0
[p(aj.j), p(aj j)] =0

[P(aj j+r)s Py jrsr)] = (@) jtr Vi jrtr — Vi jtr @i jr4r) On—1—rn—1—r — bn—1,n—1) ifr #0

[¢(a,/,j+r)a ¢(aj’,j’+r’)] = —Qj, j+r@j, i’ +r'An—1—rn—1—r' + Dj,j+r wj’,j’+r’bn—1—r,n—l—r’
- wj,j-kr(pj’,j’—&-r’bn—l—r,n—l—r’ - Ipj,j+rwj’,j’+r’an—1—r,n—l—r’
ifr #0, 7' #0andr #£r'.

Ifl<r—r <n—-3andl<n—1-—r<n—(@—r +2)thena,_j_y—1— € myand by_|_py—1— € MJ.
Therefore,

mi([p(aj, j+r), d(aj jrir)D) = (=@ jtr@j, jrar — Wi jtr ¥, jrar)n—1—rn—1—1'
+ (§0j,j+rwj’,j/+r/ - 1ﬂj,j+r(/)j’,j/-l-r/)bn—l—r,n—l—r’-
Using the fact that:

(p(an—l—r,n—l—r’) = On—1—r,n—1—r'An—1—(r—r'),n—1 + 1aﬁn—l—r,n—l—r’bn—l—(r—r’),n—l
¢(bn—1—r,n—1—r’) = _wn—l—r,n—]—r/an—l—(r—r/),n—l + ‘pn—l—r,n—l—r’bn—l—(r—r’),n—l
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we deduce:

B¢(aj7j+r, aj’,j’+r’) = (_wj,j-H‘(pj’,j’+r’§0n—1—r,n—1—r - wj,j+rwj’,j’+r’(pn—l—r,n—l—r’
- (pj,j+r'(pj’,j’—i-r’wn—l—r,n—l—r’ + 1aﬁj,j+r§0j’,j’+r’wn—l—r,n—l—r’)an—1—(}'—r’),n—l
+ (_(pj,j+r(pj/,j/+r’Wn—l—r,n—l—r’ - wj,j+rwj/,j/-'rr’wn—l—r,n—l—r’
Qi j+r Vi jar Cn——rn—1=r' = Vj j+r @i, j4r Yn—1—rn—1—rbn—1-G—r)n—1-

Completely analogous calculations lead to:

B¢(aj,j+rv bj’,j”rr’) = ((pj,j-H‘wj’,j’+r’§0n717r,n717r’ - llfj,j+r§0j’,j’+r’(pn7lfr,nflfr’
= Qi j+r @i Vn—1—rmn—1—r = Vj jtr Vi j+r' Yn—1—rn—1—r Van—1-(r—r").n—1
+ ((pj,j+rlzfj/,j/—i-r’wn—l—r,n—l—r’ - wj,j+r(pj/,j/+r’wn—l—r,n—l—r’
+ P, j+r®j, j'+r' Pn—1—r,n—1—r' + ij,j-ﬁ—r w.j’,j’ﬂ—r/(pn—l—r,n—l—r’)bn—l—(r—r’),n—l

B(b(bj,]”r“ aj’,j/+r’) = (I/Ij,j+r‘pj’,j/+r/(ﬂn717r,n717r/ - (pj,j+rwj/,j/+r/¢n717r‘n717r’
+ wj,j+rWj/,j’—i-r’Wn—l—r,n—l—r/ + §0j,j+r(pj’,j’+r/¢n—1—r,n—]—r/)an—l—(r—r/),n—l
+ (wj,j—i-r@j’,j’—i-r’wn—l—r,n—l—r’ - (pj,j-i-rWj’,j/+r’wn—l—r,n—l—r’
- Wj.,j-l-rgoj’,j’-l—r’ﬁon—l—r,n—l—r’ - Q/,j-&-r‘pj’,j’—&-r’(pn—l—r,n—l—r’)bn—l—(r—r’),n—l
By bjjrrs bjrjrer) = (Wjjar Wi, jrar Pnat—rin—1=r’ = @, j4r @', j'+r' Cn—1—rn—1—r"
+ 1//j,j-‘rr(l’j’,j’+r’lpn—l—r,n—l—r’ - (pjsj+rwj’,j’+r/Wn—l—r,n—l—r/)an—l—(r—r/),n—l
+ (_Wj,j+rwj’,j’+r’ Yn_1l—rn—1—p' — ‘pj,j+r(pj’,j’+r"(//n—l—r,n—l—r’
- Ipj,j+r§0j’,j’+r’§0n—l—r,n—l—r’ + @i, j+r 1ﬁj’,j’—&-r’gon—l—r,n—l—r’)bn—1—(r—r’),n—1 .

Finally, we need to define the Ad(N (H))-invariant scalar products 2 and k on m; and m; respectively, and use them
to compute the squared norm of the tensor ¢adjz(¢p)¢. We consider the natural Ad(SU (n))-invariant scalar product
on su(n) defined by: (A, B) = —%tr(AB) for every A, B € su(n). Then, h and k are defined to be the restrictions of
(,) tom; x m; and my x my respectively.

Lemma A.2. The aj; and b constitute an orthonormal family in su(n), i.e.

(D) {ajk, ajr) = 8j Sk
(2 {ajr, bjur) =0
3) bjk, a,/k/) 0
@) bjk, bjir) =88k

Proof. First, notice that tr(E ;) = &;; and that the ajx, bj; are only defined for j < k. We prove only (1), the
calculations being similar for (2), (3) and (4)

ajrajy = (Ejr — Exj)(Ejp — Epjr)
= EjxEjw — Ejkbrj — EjEjie + ExjEr
= Skj’E]k’ — Skk’E]]’ — ajj/Ekk’ + Sjk/Ek]/

1
(@jr, ajr) = _ztr(ajkaj’k’)
1
= =5 @kjrdjk = S 8jj = 8jjr Ok + 8k dj1)
= 8jjbk. U
h and k are thus represented by the identity matrices in the corresponding bases of m; and my, and the sixth-degree
term of the Higgs potential VO (p) = %||¢ad12(¢)¢ ”%hk reads in this model:
1
V(G) (¢) = Z Z{(_wj,j+r(pj/,j/+r/(pn7lfr,nflfr - wj,jJrrI/Ij/,j/+r"pn717r,nflfr’

2
_(pj,j-l-rwj/,j’—i-r’lz/n—]—r,n—l—r’ + wj,j-l-r(pj’,j’-i-r’Wn—]—r,n—l—r’)
+ (_‘pj,j+r(ﬂj/,j’+r/l[fn7]7r,n717r/ - llfj,j+r1//j/,j’+r/wnflfr,nfl7r/

2
+ (pj,j+rij/,j’—i-r’(on—l—r,n—l—r/ - wj,j-l-r(pj’,j’-l-r/Wn—]—r,n—l—r/)
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X ((/)j,j+rwj’,j’+r’(pn—l—r,n—l—r’ - Wj,j+r(pj’,j’+r’§0n—l—r,n—l—r’
- (pj,j+r§0j/,j/+r’wnflfr,nflfr’ - wj,j+rI/fj/,j/+r’¢n717r,n717r’)2
+ (¢j,j+r¢j’,j’+r’Wn—l—r,n—l—r’ - 1pj,j+r§0j’,j’+r’Wn—l—r,n—l—r’
Q) jtr @i i P —rn =+ Vi eV e Pnt 1)
X (W j+r @)t j4r' Pn—t—rin—1—r" — Pj j+r V)t j4+r' Pn—1—rin—1—r'
UtV e Yt -t —r @@y e Yn 1)
+ W j+r @)+ Vn—1—rn—1—r = Qj, j+r Vi’ j4r Yn—1—rn—1—r'
- wj,j—t-r@j’,j’—&-r’(pn—l—r,n—l—r’ - on,j-‘:—l’(pj’,j’+r’§0n—l—r,n—l—r’)2
X (Wj,j+rwj’,j’+r’§0n—l—r,n—l—r’ — @i j+r P i+ Pn—1—rn—1—r
+ wj,j—&-r(pj’,j’—&-r’wn—l—r,n—l—r’ - gﬂj,j+i’ij’,j’—&-r’wn—l—r,n—l—r’)2
+ (_wj,j-krlﬁj’,j’+r’¢n—l—r,n—l—r’ - ¢j,j+r(pj’,j’+r’"ﬂn—l—r,n—l—r’

2
- wj,j-kr(pj’,j’—&-r’(pn—l—r,n—l—r’ + (pj,j+rWj’,j’+r’(pn—l—r,n—l—r’) }

l1<r<n-3

I1<j<n—(r+2)

l1<r' <n-3

1<j<n—(0"+2)
l<r—r'<n-3

l<n—1—-r<n—(@r-r+2)
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