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Abstract. The method of Abelian decomposition proposed by Faddeev and Niemi is used to derive the
low-energy effective lagrangian of G> gauge theory. The G2 algebra is studied. The commutation relations
among the generators of the G5 algebra are established, based on the framework of its regular maximal

subalgebra, an SU(3) algebra.

It is well-known that a Yang-Mills gauge theory at high
energy describes weakly interacting massless gluons and
can be solved perturbatively thanks to asymptotic free-
dom. At low energy, the theory becomes strongly cou-
pled and the method of perturbation fails. Some non-
perturbative techniques have to be developed to tackle
this problem. A quantitative explanation of the problem
is as follows. At low energy, the Yang—Mills gauge theory
exhibits color confinement due to the dual Meissner effect.
The dynamics of this effect will take place when the gauge
theory is Abelian projected to its maximal Abelian sub-
group [1,2]. Consequently, the spectrum of the low-energy
theory would possess massive composites of gauge fields
such as glueballs.

A systematic method of Abelian decomposition that is
used to parameterize the four-dimensional SU(2) Yang—
Mills connection was proposed by Faddeev and Niemi [3]!.
In the decomposition, the parameterized connection con-
tains a set of new variables, which is appropriate for de-
scribing the theory in the infrared limit. It is shown that,
at a certain low-energy phase, the decomposed theory be-
comes the so-called Faddeev—Skyrme model. This model
is known to support topological solutions that can be re-
garded as candidates for glueballs [3,5]. The topological
aspects of the Abelian decomposed model are investigated
in detail in [6]. Moreover, the Hamiltonian structure of the
Faddeev—Skyrme model has been studied and is found to
coincide with a symmetrical top rotating in the SU(2)
space [7]. The generalization of the Abelian decomposi-
tion method to the SU(N) Yang—Mills theory is reported
in [8,9]. Similarly, the method is also extended to the gen-
eral cases of SO(N) and Sp(2N) Yang-Mills theories [10].

In the present letter, the G2 algebra is examined sys-
tematically. The generators are classified based on its reg-
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! Faddeev and Niemi have also proposed a modified method
of Abelian decomposition for SU(2) Yang—Mills theory. In this
decomposition, the duality of electric and magnetic variables
is explicitly realized [4]

ular maximal subalgebra, an SU(3) algebra. The commu-
tation relations and structure constants of the Gy alge-
bra are established using the same SU(3) symmetry. Af-
ter discussion of the Ga group, we focus our attention on
the Abelian decomposition for the four-dimensional Gs
Yang—Mills theory. Twelve gauge covariant one-forms that
determine a basis of roots for the G5 algebra are con-
structed. Using these covariant one-forms and other dual
variables, the G5 gauge connection is completely Abelian
decomposed via the Faddeev—Niemi method. Hence, the
low-energy effective lagrangian of the G5 Yang—Mills the-
ory can be derived straightforwardly.

The rank of the exceptional Lie group Gs is 2 and its
Lie algebra contains 14 generators. Let us denote them
by T4 for a =1 to 14. On the root-vector diagram, these
14 generators are divided into three categories: two null
roots, six longer roots and six shorter roots. All together,
they form a highly symmetrical diagram, the customary
“Star of David.” The regular maximal subalgebra of G is
an SU(3) algebra. It is not difficult to see that under the
action of SU(3), the 14 generators transform like 8 3@ 3.
Based on this fact, we further denote the 14 generators of
the G group as follows: the commuting Cartan subalgebra
by T; for ¢ = 3 and 8, the longer roots by 7T, and the
shorter roots by t,, where the subscripts a in both cases
take values in the set (1,2,4,5,6,7).

Obviously, under such an arrangement the combined
generators Ty = (T}, T,) generate the SU(3) algebra. That
is,

[Ta,Tp] =1fapcTc. (1)

Here, the fapc (A, B,C =1 to 8) are the standard SU(3)
structure constants in the Gell-Mann basis and are anti-
symmetric with respect to interchange of any two indices.
Furthermore, from the multiplication law of the SU(3)
generators,

1 .
TyTp = 3 dag + (fapc +dasc)Tc|, (2)

1
2



148

we define two sets of matrices (Fa)zo = —ifapc and
(Da)pe = dapc. Then the following identities can be
verified:

Fi;D; —D; F; =0, (3)
FiDj+ F; Di — diji, Fi, = 0, (4)

where the subscripts (4, j, k = 3, 8) are those in the Cartan
subalgebra.

In order to establish the other commutation relations
neatly among the generators T, = (T}, Ty, t,), we have to
deal with the shorter roots t, appropriately. We notice
that with the Cartan generator T3 (Tg) on the root-vector
diagram representing the symmetrical axis for the longer
roots, the other generator Ty (—T5) would serve in a sim-
ilar role for the shorter root system. This simple observa-
tion enables us to determine the rest of the commutation
relations. They are

1
(T3 ta] :_ﬁeijfjabtba (5)
2i i .
[ta7tb]:ﬁfabctc"‘rﬁfabieijTj+lgabcTc; (6)
[taaTb] = _igacb te, (7)
where €;; is the Levi-Civita tensor with e3g = —eg3 = 1.

In the above equations, (5), (6) and (7), we introduce
one more structure constant g,p., in addition to the SU(3)
counterparts fqpe and fup;. The gape are antisymmetric
with respect to interchange of the first two indices, that

iS, gbac = —9gabe- The non-zero constants are listed below:
gar = 1/2,  gis6 = —1/2,
gira = —1/2, gie5s = —1/2,
gaas = —1/2,  gas7 = —1/2,
ga6a = 1/2,  gars = —1/2, (8)
gas2 = 1/2, gam1 =1/2,
gs61 = 1/2, gs7a = —1/2.

It is stressed that both structure constants, f.p. and gape,
have non-vanishing elements with the same subscript la-
bels. There are various relations among the structure con-
stants. For example, we have the summation identities

Ycda Gedb = 5ab and fcda Gedb = 0. (9)

We also list some of the relations derivable from the Jacobi
identities below

fabd Gede — facd Jbde + fbcd Yade = 0,

V'3 Gaba facj €ji + Gade fodi — Gvde fadi = O,

1
% €ij fabj fice + Gabd fede + Gade Gvde — Gvde Gade = 0.

(10)

Let us briefly restate what we have shown regarding
the G5 algebra. The 14 generators (T, for a = 1,---,14)
of the G5 group are classified into three parts: T3, T,, and
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to- These generators satisfy the commutation relations (1),
(5), (6) and (7), and are normalized to

(11)

As a result, a generic Gy Lie-algebra element v has an
expansion in terms of the generators as follows: v = v* T; +
v Ty + 0% .

Now, we are readily to generalize the method of Abelian
decomposition for the G5 Yang—Mills connection one-form

T (TLT5) = 4 us.

A=Ay dor = (AL T+ ALT, + Agt,) dov. (12)
Following the decomposition procedures presented in [9,
10], we first conjugate the elements of the Cartan subalge-
bra T; by a generic element g € G5 to generate Lie-algebra
valued vector fields:

mi=gTig ", (13)

where ¢ = 3,8. The fields m; depend on 12 independent
variables, since they remain invariant if g transforms by
g — gh, for h belongs to the U(1)? subgroup of Gs.

We then want to parameterize the connection one-form
A using the fields m; defined in (13). According to Cho’s
prescription [11], the connection one-form (12) admits this
decomposition:

A=C'm; + % [dm;, m;] + (covariant part), (14)
where C? for i = 1,2 are Abelian connection one-forms. In
the decomposition (14), the first two terms by construc-
tion preserve the full G5 gauge characteristics. Hence, the
variables appearing in the (covariant part) must transform
covariantly under a G5 gauge transformation.

As a matter of fact, the decomposition formula (14)
can further be simplified into a more elucidated expression
[9]. The simplification procedure is shown below. If we
introduce the Maurer—Cartan one-form

1
R=<g'dg

= R'T, + R*T, + R°t,, (15)
where g € G, then the equation (14) can be rewritten
using (13) as
1

A=gAg'+<dgg™". (16)
Here, the field A is another G5 connection one-form that
is gauge equivalent to the original one-form A (14). Ex-
plicitly, it takes the form

A= (C'-~R)T; - 2Rty + (CP),

= (1)

where (C.P.) = g~ ! (covariant part)g.

Note that the (C.P.) space coincides with the orbit
G>/U(1)2, and its local basis is spanned by 12 indepen-
dent gauge covariant Lie-algebra valued one-forms. In ad-
dition, these covariant one-forms need to be orthogonal to
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the Cartan subalgebra T;. To be more specific, we notice
that the commutator [R,T;] is a gauge covariant one-form
and is also orthogonal to the Cartan generator 7}, because
Tr ([R,T;]T;) = 0. Thus, the commutator [R,T;] can be
regarded as a part of the basis states of the (C.P.) space.
Once a covariant one-form that determines a part of the
basis states is found, the entire basis states can be deter-
mined by applying the adjoint action

8t = [v,T;] (18)

to that covariant one-form successively. v is an arbitrary
Lie-algebra valued element.

What are the 12 covariant Lie-algebra valued one-forms
that span the root G2/U(1)2? It is found that these covari-
ant one-forms have much nicer expressions if we purposely
separate the commutator,

1 -
% R¢;j (Fj)avto,

into two independent one-forms, denoted by X; and z;,

Xi =R (Fi)an T, (20)

[R,T;] = R (Fi)ar T — (19)

1 -
T = 7 R%€;; (Fj)avts -
Then, as mentioned in the above paragraphs, the use of the
adjoint action (18) respectively on the X; and z; should
render the entire basis states for the (C.P.) space. After
some computations, we find that [9]

(21)

X =Zi;, (22)
§%Z;; = % (6ir Xj + 61 X;)
_i (diji digom — digt dijm — djki diim) Xom
—i (diji Vi + dirt Yij + djr Yii) (23)
Yy = djw Zi — dira Zj1, (24)
and
;= 2z, (25)
5’“2”- = % (Oix zj + 0k 4)
—% (diji digm — ikt dijm — it diim) © (26)
—% (diji €tm Ymk + dikt €1m Ymj + djki €1m Ymi)

§Fyii = djrt €im Zim — dikt €m Zjm (27)

where (3) and (4) have been used. Besides X; and x;, there
are four extra one-forms Z;;, Y”7 25, and y;; in the above
equations. Their explicit expressions are

Zij = R* (F; Fj)ap Tv, (28)
Yii=R*(FiD; — F;Di)ar Tp (29)
1 - - .
zij = 3 B (Fu Fi)av o, (30)
1 oo
Yij = ——= R*(Fx D1 — Fi Di)av tv (31)
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where we define (F;)ap = €i5(Fj)ap and (D;)ap=€ij(D;)ab-

The outcome is that we get two independent subsets
of Lie-algebra valued one-forms (X;, Z;;,Y;;) and (x5, 25,
yij)- Each of these separately forms a closed subalgebra
under the adjoint action (18). These one-forms possess
definite properties under the SO(2) symmetry. For exam-
ple, the one-forms X; and x; yield the SO(2) vector repre-
sentation, Z;; and z;; the SO(2) symmetric tensor repre-
sentation, and Y;; and y;; the SO(2) antisymmetric tensor
representation, i.e., the scalar representation. Accordingly,
the number of independent components carried by the first
set of one-forms (X;, Z;;,Y;;) is 6, whereas the number
carried by the second set (z;, 2i;, yi;) is also 6. The sum
of independent one-forms in these two sets is 12, which
matches the dimension of the space G/U(1)?. Thus, the
one-forms (x;, z;j,y:;) and (X;, Z;;,Y;;) can be used to
parameterize the basis states of the (C.P.) space. Conse-
quently, T;, (24, zi5, yi;) and (X, Z;;,Y;;) all together yield
a complete set of basis states for the G2 Lie algebra.

To proceed to the complete decomposition of the Go
connection (17), we need appropriate dual variables that
appear as coefficients to the one-forms (z;, zi;, yi;) and
(Xi, Zij,Yi;). We observe that the Yang-Mills connection

A in (17) is a Go Lie-algebra valued one-form and trans-

forms in the scalar representation of the SO(2) symme-
try. So, to form invariant combinations, the dual variables
must be the Lie-algebra valued zero-forms and transform
in the same SO(2) representations as the associated co-
variant one-forms. Let us denote the dual variables by
(¢",4%) and (¢, %"). Then the G gauge field A, (17)
admits this Abelian decomposed expression:

A, =ALT, + Aty + AT,
=(C.-R)T,

oy (59 28,) B B o005
+ RZ (QSU(Fz fj)ab + Wm(fl Dj)ab) Tb 5

with (F; Fi)ap = 0qp. Here & and ¢/ are dual to the one-
forms Z;; and z;;, respectively. W is dual to the one-forms
X; and Y}, and similarly ¥ is dual to the z; and y;;. Both
duals, Q/” and 1%, decompose respectively into a vector
and an antisymmetric tensor under SO(2) symmetry. It
is noted that the Abelian decomposed gauge field (32)
contains the correct number of independent variables, and
can be used for describing the G gauge theory in the
infrared limit.

Using (32), the Go field strength tensor under the
Abelian projection reads

Fuw = 0,4,
(G

1 ~a ~b
+ﬁ fiav€i A, A | T,

—9,A, —i[A,A)

% a Ab
— Ry, + fian Ay, A,,) dij
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~a

(Dy)ae AL 2

- V3

~ ~a ~a ~b
- (Du)acAM + fabcAu Ay

—Yach (AZ A - 4, AZ) te

+ (Dp>acAg - (Du)acéz + fabc Az AI;

~a ~b
+gabcA#Ay TC? (33)

where A7, and AZ are given in (32). In addition, we denote
Ci, = 9,Ci — 9,01 and R, = 8,Ri, — ,R.,. The U(1)
covariant derivatives in (33) are defined as

(D,u)ab = a,u dab + fiab (CZL - RL) )

- 1 ) )
(Du)ab = au dab — ﬁ fiab €35 (O;JA o Rﬁ) :

Therefore, the low-energy effective lagrangian of the
G5 gauge theory is ready to be written down if we sub-
stitute the decomposed field strength tensor (33) into the
Yang-Mills theory, Lo, = (1/2¢%) Tr(F,, F,.). Here, g
is the Yang-Mills coupling constant. The resultant low-
energy lagrangian will become a non-renormalizable the-
ory involving various fields, such as C’;, Ry, Ui i ete.
However, we shall not present this lagrangian in any de-
tail. Instead, we are interested in a particular low-energy
phase of this non-renormalizable lagrangian. To this aim,
let us consider the dynamical fields RL, R}, and R} liv-
ing in the classical field backgrounds (C) = 0, ($") =
(i) = (4¥) = 0, and (¢") = (2/3) §;;. Then these clas-
sical fields can be properly integrated out with the con-
ditions (9,870, ®*) ~ (0,¥99,W'*) ~ (0,0Y0,¢'F) ~
(0, 0,9™*) ~ g,,,. After performing the field integra-
tion, the theory takes the form

(34)

~ o~ 1 . .2
2 pa pa 2 pa pa T 7
Lg, = M? R} R +m® R} R, + i (0uR;, —OuR])",

(35)
where M and m are some constants with the dimension
of a mass. The model (35) indeed represents the G5 gen-
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eralization of the original Faddeev—Skyrme model and is
believed to be relevant to the infrared limit of the Ga
Yang-Mills theory. It would be interesting to understand
the detailed structure of the model.

In conclusion, we have systematically studied the G,
algebra based on the structure of its regular maximal
subalgebra, an SU(3) algebra. The structure constants
of the (G2 algebra are established neatly using the same
SU(3) symmetry. We have also derived the low-energy
lagrangian of the G5 gauge theory using the Abelian de-
composition method proposed by Faddeev and Niemi. The
low-energy theory is shown to be the G5 generalization of
the Faddeev-Skyrme model.
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