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ABSTRACT

In the present contribution we extend our previous work by considering the coset space
dimensional reduction of higher-dimensional Einstein—Yang-Mills theories including scalar
fluctuations as well as Kaluza—Klein excitations of the compactification metric and we de-
scribe the gravity-modified rules for the reduction of non-abelian gauge theories.



1 Introduction

In the last four decades we have witnessed a revival of interest in Kaluza—Klein theories,
triggered by the realization [1] that non-abelian gauge groups appear naturally when one
assumes that the unification takes place in higher dimensions. More specifically, one typically
considers a total space-time manifold that can be written as a direct product M” = M* x B,
where B is a Riemannian space with a non-abelian isometry group S. The dimensional
reduction of this theory leads to gravity coupled to a Yang—Mills theory with a gauge group
containing S and scalars in four dimensions. The main advantage of this scenario is the
geometrical unification of gravity with the other interactions and the natural emergence of
the observed non-abelian gauge symmetries. However, there are problems in the Kaluza-
Klein framework.

The most serious obstacle in obtaining a realistic model of the low-energy interactions is
that it is impossible to obtain chiral fermions in four dimensions [2]. Fortunately, there is a
very interesting resolution to this problem resulting when one adds Yang—Mills fields to the
original gravity action. These gauge fields can be responsible for a non-trivial background
configuration which could provide chiral fermions to the four-dimensional theory according
to the Atiyah-Hizebruch theorem [4]. Moreover, the system admits a stable classical ground
state of the required form and the relevant mechanism is known as spontaneous compactifica-
tion [3]. Thus one is led to introduce Yang—Mills fields in higher dimensions. This approach
is further justified by other popular unification schemes such as supergravity and heterotic
string theory [5].

Gauge fields in the higher-dimensional theory are also welcome from another point of
view, since they can provide a potential unification of the low-energy gauge interactions as
well as of gauge and Higgs fields. Concerning the latter we should recall that the celebrated
Standard Model (SM) of Elementary Particle Physics, which had so far outstanding successes
in all its confrontations with experimental results, has also obvious limitations due to the
presence of a plethora of free parameters mostly related to the ad-hoc introduction of the
Higgs and Yukawa sectors in the theory. The Coset Space Dimensional Reduction (CSDR)
[6, 7, 8] was suggesting from the beginning that a unification of the gauge and Higgs sectors
can be achieved using higher dimensions. In the CSDR one assumes that the form of space-
time is MP = M* x S/R with S/R being a homogeneous space (obtained as the quotient
of the Lie group S by the Lie subgroup R). Then a gauge theory with gauge group G
defined on MP can be dimensionally reduced to M* in an elegant way using the symmetries
of S/R. In particular, the resulting four-dimensional gauge group is a subgroup of G. The
four-dimensional gauge and Higgs fields are simply the surviving components of the gauge
fields of the pure higher-dimensional gauge theory.



Similarly, when fermions are introduced [9] the four-dimensional Yukawa and gauge in-
teractions of fermions find also a unified description in the gauge interactions of the higher-
dimensional theory. The last step in this unified description in high dimensions is to relate
the gauge and fermion fields that have been introduced. A simple way to achieve that is
by demanding that the higher-dimensional gauge theory is N/ = 1 supersymmetric, which
requires that the gauge and fermion fields are members of the same vector supermultiplet.
A very welcome additional input is that heterotic string theory suggests the dimension and
the gauge group of the higher dimensional supersymmetric theory [5]. Moreover, ref. [10]
showed that coset spaces with nearly-Kahler geometry yield supersymmetric solutions of
heterotic strings in the presence of fluxes and condensates. Therefore, the CSDR might be
an appropriate reduction scheme for such compactifications.

The fact that the SM is a chiral theory leads us to consider D-dimensional supersymmetric
gauge theories with D = 4n+2 [4, 8], which include the ten dimensions suggested by heterotic
strings [5]. Concerning supersymmetry, the nature of the four-dimensional theory depends
on the nature of the corresponding compact space used to reduce the higher-dimensional
theory. Specifically, the reduction over CY spaces leads to supersymmetric theories [5] in
four dimensions, the reduction over symmetric coset spaces leads to non-supersymmetric
theories, while a reduction over non-symmetric ones leads to softly broken supersymmetric
theories [11].

In the present paper, continuing our recent work on the CSDR of the bosonic part of
a higher-dimensional Einstein—Yang-Mills theory [12], we apply the CSDR to the gravity
sector and describe explicitly the low-energy effective theory. We emphasize that the latter
is characterized by a potential for the metric moduli. Furthermore, we revisit the CSDR of
gauge theories taking into account the contribution of the dynamical (non-frozen) gravity

background and write down the resulting modified constraints and effective action.

2 Geometry of Coset spaces

To describe the geometry of coset spaces we rely on refs. [14, 15]. In the present section
we collect the definitions and results that are useful for our discussion. On a coset S/R the
Maurer-Cartan 1-form is defined by e(y) = L™!(y)dL, where L(y®) is a coset representative
and a = 1...dimS/R. Tt is the analogue of the left-invariant forms defined on group

manifolds and its values are in Lie(S), the Lie algebra of S, i.e. it can be expanded as

e(y) = €' Qa = "Qu + €'Qs, (2.1)



where A is a group index, a is a coset index and i is an R-index. e? is the coframe and ¢ is

the R-connection. The exterior derivative of the Maurer-Cartan 1-form is

1
de? = —§fABCeB AeC. (2.2)

Eq. (2.2) can be expanded as
a 1 a b c a b i
de :—§f pel Ne— fh e’ Ne,
i Lo oo Lo 5k
de:—if ab® /\e—if ke Nev. (2.3)
The commutation relations obeyed by the generators of S are
[Qian] = fij k@ka

[QiaQa] = fz‘abea
[Qa, @] = [ Qe+ fu' Qi (2.4)

We assume (for reasons analyzed in detail in ref. [14]) that the coset is reductive, i.e. f;, I =
0. The normalizer N(R) of R in S is defined as follows

N={s€S, sRs'cCR} (2.5)

Since R is normal in N(R) the quotient N(R)/R is a group. The generators @), split into
two sets Qa, Qz with Q; forming a group which is isomorphic to N(R)/R. Then the Lie

algebra of S decomposes as
S=R+ K+ L,

with
[K,K|CK, [K,R|=0, [K,L|cL, [L,RlcL, [L,L]=L+R. (2.6)

Accordingly, the commutation relations (2.4) split as
Qe @il = f3°Qe [@uQa) =0, [QaQal = £’ s,
Qi Qal = [ia"Qp  [Qa, Q5 = [3°Qc + f3' Qi (2.7)

Eq. (2.3) is then further decomposed to

. 1 . - .
de* = —if“ Béeb A €ec,
_ 1. 5 - b
de® = —§f‘ll—)éeb/\ec— f“i)éeb/\ec— f“,—)ieb/\el7
, 1 .. = I 4
det = =5 f' e’ Nt S f e At (238)
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An S-invariant metric on S/R is

9o (y) = darel(y)e(y). (2.9)

Using the metric (2.9) the following useful identities can be proved

e? A #qe® = §%voly, (2.10)
e® A €?) A xq(ef A e?) = §%voly, 2.11
cd
(e Neb Ae) Axgled Aef Nel) = 5§é’;vold. (2.12)

where *; is the Hodge duality operator on a d-dimensional coset. The Killing vectors asso-

ciated with the left-isometry group S are
K4 = Dfe, (2.13)

where € is the inverse vielbein and D% (s) is a matrix in the adjoint representation of S.
The coset S/R also posses a right-isometry group which is N(R)/R. The relevant Killing

vectors are
K& = e (2.14)

where @ = 1...dimN(R)/R and €f is the inverse vielbein.

3 The Coset Space Dimensional Reduction

In the present section we present a brief reminder of the Coset Space Dimensional Reduction
scheme. The CSDR of a multidimensional gauge field A on a coset S /R is a truncation

described by a generalized invariance condition
LyrA=DW;, (3.1)

where W} is a parameter of a gauge transformation associated with the Killing vector X; of
S/R. The relevant invariance condition for the reduction of the metric is

Lxigun = 0. (3.2)
The generalized invariance condition
LxiA=ixidA+dixiA=DW; = dW; + [A, W], (3.3)
together with the consistency condition
[Lxr1,Lxs] = Lix1 x, (3.4)
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impose constraints on the gauge field. The detailed analysis of the constraints (3.3) and
(3.4), given in refs.[7, 8], provides us with the four-dimensional unconstrained fields as well
as with the gauge invariance that remains in the theory after dimensional reduction.
Instead, we may use the following ansatz for the gauge fields, which was shown in [12] to
be equivalent to the CSDR ansatz and it is similar to the Scherk-Schwartz reduction ansatz:

Al(z,y) = Al(x) + Xl (x, y)dy”, (3.5)

where

Xa(z,y) = dh(x)es (y). (3.6)
The objects ¢4(x), which take values in the Lie algebra of G, are coordinate scalars in four
dimensions and they can be identified with Higgs fields.

4 Gravity and CSDR

Usually one studies higher-dimensional gauge theories and constructs four-dimensional uni-
fied models, in a frozen gravity background, i.e., the internal metric is of the form (2.9).
In this section we search for gravity backgrounds consistent with CSDR in the sense of
eq. (3.2) but including fluctuations of the metric [17, 18, 19, 20]. We begin by examining a
D-dimensional Einstein—Yang-Mills Lagrangian

A 1 A A ~
[,:R*D]_—§TTF(2)/\*DF(2)—)\(D) xp 1, (41)

where F@) = dA(l) + 121(1) A /Al(l) is a gauge field with values in the Lie algebra of a group G,
R is the curvature scalar and 5\( p) is the cosmological constant in D-dimensions. A general

ansatz for the metric is
dstp) = dstyy + hag(z,y)(dy™ — A%(z,9))(dy” — A%(z,y)), (4.2)
where A“ is the Kaluza-Klein gauge field
A%(z,y) = AI(:E)K(C})(y), Al(z) = Ai(x)dx“, (4.3)

and Kp(y) = Kg)(y)ay% are at most the dimS + dim(N(R)/R) Killing vectors of the coset
S/R or an appropriate subset. A well known problem with coset reductions is that we cannot
consistently allow Kaluza—Klein gauge fields from the full isometry group S of the coset S/R

to survive.



According to refs [21], [16] the correct ansatz leading to a consistent truncation of the
theory is to consider Kaluza-Klein gauge fields belonging to the N(R)/R part of the isometry
group S/R

A (2, y) = A (2) K% (y)- (4.4)

Now in the ansatz (4.2) we have

0 = e (dy® — Ab(x) K4 (y)) = et — A%(z), (4.5)

given that
K =67, (4.6)

with f(g being the Killing vectors of the right isometries N(R)/R. The rest of the 1-forms
are
n*=e" e =ele (4.7)

For n% we find that
a a a  gb é o Loa p é
Dn® = dn +fgé./4b/\77 :—f—éf Bénb/\n, (4.8)
where JF? is the field strength of the Kaluza—Klein gauge field AP defined by
~ A 1 A B N
Fr=dA 4 5 f" AN AT (4.9)
Now the metric ansatz for a general S-invariant metric takes the form
dé%D) - e2a¢(1)nmnemen + €2B¢(x)7ab(x)77a77ba (4.10)
from which we read the vielbeins (the notation is close to that one used in ref. [13]):
e =™, " = P00 (x)n’, (4.11)

with
Yea(T) = 8p®% () DY (7). (4.12)

® is a matrix of unit determinant so there exists a set (®~1)% of fields satisfying

(@6 (@) Ved = ap- (4.13)

a

Next we calculate the exterior derivatives of the vielbeins

dé™ = —w™ NE" — ae *0,¢e™ A", (4.14)



o 1 1
dé® = — [y Ne" + €7Dy, " + BeT 0O pemt — SelPTEVOF et — o [ e, (4.15)

where
e’ =e"Neb,  Fo, = PLFD (4.16)

ay mn’

and

~aib = (Dg(@_l)g cid’ Dbn ¢ = ((I)_l)bCan)acv
“be = DU (@) (@7, ef (4.17)

Subsequently we compute the spin connections

1

Orm = Wanm - 56“’2‘“)‘]5}"“ €+ e (0N — O, (4.18)

1
@ma = —€ " Prape® — Be 00" + 56(5’2a)¢famlél, (4.19)
d}ab - _fiabei + 6_O“bC?mabém + e_ﬁd)écabéc) (420)

where
~ 1 rc b ra
C'cab = §(f ab + f ac f bc)’

1
Py = = (271D @2 + (2715 D, 0],

[ \V)

Qmab = §[<®71>2Dm®g - ((I)il)gqu)gL
Dp®4 = 0,08 — f¢ A @, (4.21)
It is well-known that the curvature scalar of the gravitational Lagrangian can be written

as
Rxp1l=0,p5Axp(e®AéP), (4.22)

where A = m,a and ©4p are the curvature 2-forms calculated from egs. (4.18), (4.19) and
(4.20). Then the Lagrangian is reduced to four dimensions provided we impose the following

constraints
) i ;INL el =0,
—Co fo + Co.fs — Cofe =0. (4.23)

The constraints (4.23) can be shown to be satisfied using the Jacobi identities and the

invariance of the metric.



Finally, we can write down the reduced Lagrangian in the form

L = glotds (e’%“ﬁR x1—e 2% Py APy — 362([52&)@% x FO N FP
+ e 2((3a+ dB)? — (3a® + dB*)) x do A do

1 — cd_ef ra ab rc a ic
Ze 2ﬂ¢(7ab’7 d/y ff cefbdf + 27 bf dafdcb + 462/8‘15/7 bfiacfb ) * 1+ )\D * 1) (424)

In order to obtain the correct kinetic terms in four dimensions we should choose

d 20
_ _ 2o 42
@ s P d (4.25)

To the set of the imposed constraints we should add that the condition that ® is a matrix of
unit determinant and that the structure constants of S are traceless and fully antisymmetric.
The final form of the reduced Lagrangian is

1 . ;o1
L=Rx1— %Py AP, — 562(5“")‘757&5 * FONFP — . do Ndop —V(9), (4.26)
where the potential for the metric moduli fields reads

1 ,
V= 162(a75)¢<70b70d76fface bdf + 2,}/116 Cda dcb + 4€2ﬁ¢7abfiacfgc - 4€2ﬂ¢)\D) * 1. (427)

Note that the first two terms in eq. (4.27) have a non-zero contribution only in the case of

non-symmetric coset spaces.

5 Reduction of the Gauge Sector: Gravity Modifica-
tion of the CSDR Rules

In this section we reduce the Yang—Mills Lagrangian in the presence of fluctuating gravity.

The ansatz for the higher dimensional gauge field is
Al = AT 1 ¢l (5.1)
where
Mo=et — A%, =l pi=el=elel

and T is a gauge group index. Calculating the field strength

. aas 1 J
F=dA"+ o f" ;AT N AR, (5.2)

we find .
Pl = (F" = F¢3) + Doy A = S Fagn™ An”, (5.3)



where F@ is the KK gauge field and

~ - 1 - ~ ~
FI - dAI + §f1 jRAJ /\ AK, (54)
with
Fle - fCAB¢é - fI jf(¢,{1¢§a (5-5)
and
D¢'y = do’y + fC 5 AP0 + f! jngJéb,{x(- (5.6)

To reduce the higher dimensional Yang-Mills Lagrangian we dualize eq. (5.3) to
sp P! = sy (BT — FA¢L) Avolg+ e 5wy D!y Nt — 562&¢—25¢Fj3voz4/\*d(ﬁf*/\ﬁB), (5.7)

and insert everything in

1 A .
L= —§TT’F VAN *DF-

The result is

1 - - - . 1 - -
L = —ie*M(Ff — FepI) A sy (FT — Fp) Avoly — 56’25¢D¢£ A kDL A TN xgiP
1 4 o
+ Z€2a¢_4B¢FABFCD"UOl4 N 77A A 773 A *d(nc VAN ’I]D), (58)
where
ne = (&N, ni=el(d i’ (5.9)

To reduce eq. (5.8) we must impose the constraints
I _ I _ pl _
Do =0, Fj= Iy =0, (5.10)

and
Dés = F,y = Fyp = Fai = 0. (5.11)

The first set is the usual CSDR constraints described in detail at various places (e.g.[12]).
We concentrate on the gravity-induced second set. From the condition

thb = f° &I;Cbg - [%@g}f =0,

we conclude that ¢, are the generators of an N(R)/R subgroup of H (remember that R
has no N(R)/R subgroup and H is the centralizer of the embedding of R on G, the higher
dimensional gauge group). We conclude also that

ool = f1 s olok. (5.12)



Given the condition (5.12) the constraint ngg = 0 yields (¢g is constant)
I J K gb I J K _
I ity A+ 1 5A ¢ = 0. (5.13)

Eq. (5.13) determines the gauge field belonging to the N(R)/R part of H in terms of the
Kaluza—Klein gauge fields
I pb,Td
A= A¢;. (5.14)

Calculating the corresponding field strength we find
- e 1. . .- -
Pl =dA%! + 5% AT A Aol = Feol. (5.15)

This is exactly the term subtracted from F Iip eq. (5.3), thus leaving a surviving gauge

group K obtained from the decompositions
GDORxH

and
H > (N(R)/R) x K.

The constraint

Fai = [¢a, 9] =0
is satisfied trivially while the representations in which the scalars ¢; belong are determined
by

Fg = fE ag% - [%7%] =0, (5-16)
Fa = fc ai¢é - [¢&>¢z] = 0. (5-17)

These constraints are solved by considering the following decompositions of S and G

S > Rx(N(R)/R),
adS = adR—i—adN(R)/R—i—Z(n,ni) (5.18)

and

G > Rx(N(R)/R) x K,
adG = (adR,1,1)+ (1,adN(R)/R,1) + (1,1,adK) + > (l,ms, k). (5.19)

As in the pure Yang—Mills case there is a k; multiplet of scalar fields surviving when (r;, n;) =
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Collecting the various terms we obtain the Lagrangian

1 : 7 1 T F ; 1 e
L= —5672“¢F1A*4F1/\vold— 56’2ﬁ¢7“bD¢£/\*4D¢£/\vold+Z62a¢’45¢’y“c'ybdFagFégvol4/\vold,
(5.20)

with gauge group K and scalars in specific representations of K subject to the potential

1 — ac . bd
Vot = _ze(w B0 e B g . (5.21)

6 Conclusions

We have studied higher-dimensional Einstein—Yang—-Mills theories and examined their Coset
Space Dimensional Reduction using an approach similar to that of ref. [13] and combined
with the method of Coset Space Dimensional Reduction of gauge theories introduced in
ref. [7]. We found that the expected four-dimensional gauge theory coming from CSDR
considerations with frozen metric is indeed enhanced by the Kaluza-Klein modes of the
metric. However, the emergence of the full isometry of the coset as a part of the four-
dimensional gauge group is not permitted. In addition, we showed how the four-dimensional
potential is modified from the new scalar fields in the case of non-symmetric coset spaces.

Ref. [10] uncovered supersymmetric vacua of heterotic supergravity (with fluxes and
condensates) of the form M, 3xS/R, with S/ R being a homogeneous nearly-Kéahler manifold.
It would be interesting to perform explicitly the reduction on these manifolds using the
scheme developed in this work and compare it with the approach of [24] for reduction on
SU(3) structure manifolds.
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