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1. Introduction

1.1. Invariant differential operators play very
important role in the description of physical sym-
metries - starting from the early occurrences in the
Maxwell, d’Allembert, Dirac, equations, to the lat-
est applications of (super-)differential and difference
operators in conformal field theory, supergravity and
string theory and their deformations. Thus, it is im-
portant for the applications in physics to study sys-
tematically such operators and, in particular, their
deformations in the setting of quantum groups.

The approach to this problem used here relies
on the following classical considerations. Consider
a semisimple Lie group G and two representations
T, T’ acting in the representation spaces C, C’, which
may be Hilbert, Fréchet, etc. An intertwining op-
erator 7 for these two representations is a contin-
uous linear map

T:C—CC (1.1)
such that

ToT(g) = T'(g9)oT, VYged (1.2)



Such equations exist also for more general sym-
metries. However, if G is semisimple (even reduc-
tive) then there exists canonical ways for the con-
struction of all intertwining operators and thus, of
the G - invariant equations. These operators are of
two types - differential and integral. Here we are
interested in the invariant differential operators.

1.2. We shall apply a procedure [D] which
is rather algebraic and can be generalized almost
straightforwardly to quantum groups. We sketch
this procedure illustrating the general notions with
the conformal group SU(2,2).

Let G be a real semisimple Lie group. Let G

be the Lie algebra of G. We shall use the so-called
Bruhat decompositions of ¢

G = NToMao AN~ (1.3)

(considered as direct sum of linear spaces), where A
is a noncompact abelian subalgebra, M (a reductive
Lie algebra) is the centralizer of A in G (mod A),
and N, N7, resp., are nilpotent subalgebras form-
ing the positive, negative, resp., root spaces of the
restricted root system (G, A).



For the conformal group the subalgebras N,
M, A, N* may be chosen to be the subalgebras
of translations, Lorentz transformations, dilatations,
special conformal transformations, resp.

Note that P* = N* o M @ A in (1.3) are
subalgebras of G, the so-called parabolic subalge-
bras. When dimA = 1 then P* are maximal
conjugate parabolic subalgebras. In the conformal
case P71 is called the Weyl algebra (comprising the
Poincaré algebra and the dilatations).

Let us now introduce the corresponding sub-
groups of G. Let K denote the maximal compact
subgroup of G, and let I denote the Lie algebra of
K. Then we have the simply connected subgroups
A = exp(A), N* = exp(N*). Further, M is the
centralizer of A in G (mod A). (M has the structure
M = MyM,, where M, is a finite group, M, is re-
ductive with the same Lie algebra M as M.) Then
P* = MAN7T are called parabolic subgroups of G.

The importance of the parabolic subgroups
comes from the fact that the representations induced
from them generate all (admissible) irreducible rep-
resentations of G [La,KZ].

Let P = MAN be an arbitrary parabolic sub-
group, (P = Pt*, N=Nt,or P=P , N =N~



is specified by convenience). Let p fix a finite-
dimensional representation D* of M on a space V), .
Let v be a character of A, v € A*.

We call the induced representation
x = Ind% (1 ® v ®1) an elementary representa-
tion of GG.

Consider the space of functions

Cy ={FeC>™(G,V,) |

(1.4)
F(gman) = ). D (m™1)F(g)}
where g € G, m € M, a =exp(H) € A, H € A,
n € N. The special property of the functions of C,
is called right covariance.
Then the elementary representation (ER) 7% acts
in C, as the left regular representation (LRR), by:

(TX(9)F)(¢") = Flg~'d), 9.9 €G (L5

An important ingredient in our considerations
are the highest/lowest weight representations of G<.
These can be realized as (factor-modules of) Verma
modules V* over G% where A € (H®)*, H%is
a Cartan subalgebra of G% weight A = A(y) is
determined uniquely from y [D].



We recall that a Verma module is a highest
weight module VA with highest weight L, such that
VA 2 U(G%)v, where vy is the highest weight vec-
tor, U(G?) is the universal enveloping algebra of GZ.

Generically, Verma modules are irreducible, how-
ever, we shall be mostly interested in the reducible
ones since these are relevant for the construction
of invariant differential operators. We recall the

Bernstein-Gel’fand-Gel’fand criterion according to
which the Verma module V* is reducible iff

(A+p,B) = m (1.6)

holds for some 8 € AT, m € IN, where AT denotes
the positive roots of the root system (G% HY?), p is
half the sum of the positive roots A™.

Whenever (1.6) is fulfilled there exists [Dix] in
VA a unique vector vg, called singular vector, such
that v, # vy and it has the properties of a highest
weight vector with shifted weight A — mg :

Xv, = (A=mB)(X)-v,, X eH? (1.7a)
Xv, = 0, Xegt (1.7b)

The general structure of a singular vector is [D]:

vs = Puapg(Xy,..., X, )vo (1.8)



where P, 3 is a homogeneous polynomial in its vari-
ables of degrees mk;, where k; € Z, come from the
decomposition of g into simple roots: 5 = > k;ay,
a; € Ag, the system of simple roots, X ; are the
root vectors for —a;, «; are the simple roots, ¢ =
rank G¢ .

It is obvious that (1.8) satisfies (1.7a), while
conditions (1.7b) fix the coeflicients of P,,3 up to
an overall multiplicative nonzero constant.

Now we are in a position to define the differ-
ential intertwining operators, corresponding to the
singular vectors.

Let the signature x of an ER be such that
the corresponding A = A, satisfies (1.6) for some
B3 € AT and some m € IN. Then there exists an
intertwining differential operator [D]

~ ~

Dmg . CX — CX’ (19)
where X' is such that A" = A/, = A —m@.
The important fact is that (1.9) is explicitly
given by [D]

A

Dumpp(9) = Pup(Xi,.... X )elg)  (1.10)

where P,,3 is the same polynomial as in (1.8) and
X, denotes the right action.



One important simplification is that in order to
check the intertwining properties of the operator in
(1.10) it is enough to work with the infinitesimal
versions of (1.4) and (1.5), i.e., work with represen-
tations of the Lie algebra. Thus, also in the quantum
group setting we work with representations of quan-
tum algebras.



2. The matrix quantum group GL,(n) and
the dual quantum algebra

Let us consider an n X m quantum matrix
M with non-commuting matrix elements a;;, 1 <
i,7 < n. The matrix quantum group A, = GL4(n),
q € @, is generated by the matrix elements a;; with
the following commutation relations [Ma] (A = q —

¢ )

QieQi; = qaijaiy , €>] (2.1a)
akjQi; = qa;jag; , k>1 (2.10)
akiQie = QiGkj , kK>1, 0> (2.1¢)
QijQke = Qkeli; — ANGiQk;, k> 1, £ > j(2.1d)

Considered as a bialgebra, it has the following co-
multiplication d 4 and counit e 4 :

(SA(CLZ'j) = Zaik@)akj, €A(a7;j) = 52‘]‘ (2.2)
k=1

This algebra has determinant D given by:

D = Z e(p) a1,p(1) - - - An,p(n) =

pESH,

Z €(p> Ap(1),1+--Ap(n),n

pES,

(2.3)



where summations are over all permutations p of

{1,...,n} and the quantum signature is:
ep) = [ (¢ (2.4)
i<k
p(3)>p(k)

The determinant obeys:

5u(D) = D@D, e4D) = 1,

(2.5)
a;k D =D a;k

Further, if D # 0 one extends the algebra by an
element D~! which obeys:

DD ' = D7'D = 14 (2.6)

Then one can introduce the antipode in GL,(n)
which is omitted for the lack of time.

Next we introduce a basis of GL,(n) which con-
sists of monomials

fr - = (ag)™* ... (an,n_l)mn,n—l >
X (all)el ce (ann)gn X

X (an_l,n)"”—l’” e (alg)”” ,

(2.7)



where m, ¢, denote the sets {m;}, {li;}, {n},
resp., m;, Lij, n;; € Z+ and we use the so-called nor-
mal ordering of the elements a;; .

The dual algebra of GL,(n) is U, = U,(sl(n))®
U,(Z), where U,(Z) is central in U,. We denote
the Chevalley generators of sl(n) by H;, X;—L, i =
1,...,n—1. Then we take for the ’Chevalley’ gener-
ators of U = U,(sl(n)) : k; = ¢7i/2 k1 = q= /2,
Xz.i, 1 =1,...,n—1, with the following algebra re-

lations:

kiky = kiki, kik;' = ki'k; = 1y,

kiXE = 79Xk

(X XT] = 0 (k7 — ki) /A

(XF) XxF - RILXEXEXE + XF(xF) = 0
i—jl=1

X5 X5 =0, |i—jl#1
(2.8)

where ¢;; is the Cartan matrix of sl(n), and coal-



gebra relations :
ou(ky) = kF @k

u(XE) = Xk + ke X"
culki) = 1, eu(X;) =0
ki) = k7, (X)) = —¢t X7
where k+ = ki, k; = k_l. Further, we denote the
generator of Z by 'H and the generators of U,(Z) by
k=qH/2 k- 1—q—H/2 kk—1 = k=g = 1u The
generators k, k~! commute with the generators of U,

and their coalgebra relations are as those of any k;.
The bilinear form giving the duality between

U, and A, is given by [D]:

(2.9)

(ki) aje) = 650 ¢4 %i+1)/2 (210a)
(X", aje) = 0je1.40 (2.100)
(X, , a0) = 0j—1.00i (2.10c¢)

(k,aj) = 6 q? (2.10d)

The pairing between arbitrary elements of U, and f
follows then from the properties of the duality pair-
ing. The pairing (2.10) is standardly supplemented
with

(v, 1a,) = e, (2.11)



3. Representations of U, and U

We begin by defining two actions of the dual
algebra U, on the basis (2.7) of A,.

First we introduce the left reqular representa-
tton of U, for which in the ¢ = 1 case we need the
infinitesimal version of :

Y)M = Y 'M, YM € GL(n) (3.1)

Explicitly, we define the action of U, on A, as
follows (cf. also (1.5)):

m(y) ae = (F(wy) M), =
— Z F(Vgl(y))ij Aje = Z (W) as; ) age

J J
(3.2)
where y denotes the generators of U, and ) (y) is
the antipode action for ¢ = 1.

In order to derive the action of w(y) on ar-
bitrary elements of the basis (2.7), we use the
twisted derivation rule consistent with the coproduct
and the representation structure, namely, we take:

T(y)e = m(dy (¥))(p®1), where &, = oody,

g



is the opposite coproduct, (o is the permutation op-
erator). Thus, we have:

(ki) = w(ki)p-m(k;i)Y (3.3a)
(X ey = m(X ) mlk;y Dy +
(3.3)
+ w(ki)p - m(X; )
m(k)py = w(k)p - n(k)y (3.3¢)

Analogously, we introduce the right action for
which in the classical case one needs the infinitesimal
counterpart of :

(Y)Y M = MY, Y,M € GL(n) (3.4)

Thus, we define the right action of U, as follows:
TrR(Y) aiw = (MF(?J))M — Z Aij F(y)je —
J

=2 ay {y, )

J
(3.5)
where y denotes the generators of U,



The twisted derivation rule is now given by
Tr(Y)eY = Tr(0u, (y)) (e ® ), ie.,

Tr(ki)p = mr(ki)e - Tr(Ki)Y (3.6a)
TR(X) et = mR(X ) - mr(k)Y +
(3.6b)
+ mr(k; e TR(X)Y
Tr(k)ey = mr(k)e - Tr(K)Y , (3.6¢)

Let us now introduce the elements ¢ as formal
power series of the basis (2.7):

Y = Hm,2,n fm,é,ﬁ (3.7)
m b, nEZ

As in the classical case the left and right actions
commute, and as in [D] we shall use the right covari-
ance to reduce the left regular representation. In
particular, we require the right action to mimic prop-
erties of a highest weight module, i.e., annihilation
by the raising generators Xj and scalar action by
the (exponents of the) Cartan operators k;, k. How-
ever, first we have to make a change of basis using
the g-analogue of the classical Gauss decomposition.



For this we have to suppose that the principal minor
determinants of M :

Dy = Y €(p) arp) - Gmpim) =

= Z e(p) ap1),1---pim)ym » MM
PESm

(3.8)

are invertible; note that D,, =D, D, _1 = A,...
Further, for the ordered sets I = {i; < --- <.}
and J = {j1 < -+ < j.}, let §§ be the r-minor
determinant with respect to rows I and columns J

such that

§§ — Z 6(:0) Qipygr " Qiprydn (3'9)

pESy

Note that &/ = D; . Then we have (¢,7,¢ =
l,...,n):

Qip = E YiiDjiZje ,
J

el =14 =1
Yij = &5 "D, (3.10)



~

Yij=0tfor: <y, Zjgy=01forj>"{ Dy=1y4,.
Then f/z-j, 1 > 7, may be regarded as a g-analogue of
local coordinates of the ¢ - deformed flag manifold
GL(n)/DZ, while Zj;;, j < £, may be regarded as
a g-analogue of local coordinates of the ¢ - deformed
flag manifold Y D\GL(n).

Clearly, we can replace the basis (2.7) of A, with
a basis in terms of Yy, ¢ > ¢, Dy, Z;p, © < £. (Note
that Y, = Z;; = 1 A,-) Thus, we consider formal

power series:
95 — Z /L,Zm n (}721)7%21 I (Yn,n—l)mn’n_l X
m ’FLEZ+

x (D)% .. (D))" (Zpy )™t (1)

(3.11)
Now, let us impose right covariance with respect

to X ,L+ :
rR(X) ¢ = 0 (3.12)

This is fulfilled automatically for D; and f/jg , but
not for Zj;,, which simply means that our functions

~

¢ do not depend on Z;,. Thus, the functions



obeying (3.12) are:

~

p = Z He,m, (Ya1)™2 ... (Y, n—1)™mm 1 X
ICZ , mEZ,

x (D7) ... (Dy)*n
(3.13)

Next, we impose right covariance with respect

to k’z,k’ .

(ki)
(k)

g @ (3.14q)

%
% "% (3.14b)

TR
TR

As a consequence we obtain that the powers of D; in
(3.13) are fixed: ¢; =1, for i <m, Y0 jl; = 7.
This means that r;,r € Z and that there is no
summation in ¢;, also ¢, = (7 — Z;”:_ll jri)/n =7

Thus, the reduced functions obeying (3.12) and
(3.14) are:

~

95 — Z Jir (}721)(”121 ce (Yn’n_l)mn’n_l X
T?LEZ+
x (D)™ ... (Dp_1)™ 1 (Dy)"
(3.15)



Next we derive the U, - action 7 on ¢ .
First, we notice that U acts trivially on D,, = D :

(XD = 0, wnk) D = D  (3.16)
Then we note:
n(k) D; = ¢ 72Dy, w(k)Yy = Y (3.17)
from which follows:

n(k) e = ¢?¢ (3.18)

Thus, the action of ¢/ involves only the parameters
ri, © < n, while the action of U,(Z) involves only
the parameter 7. Thus we can consistently also
from the representation theory point of view restrict
to the matrix quantum group SL,(n), i.e., we set:

D = D' = 14, (3.19)

Then the dual algebra is U = U,(sl(n)). This is
justified as in the ¢ = 1 case [D] since for our con-
siderations only the semisimple part of the algebra
is important. (This would not be possible for the
multiparameter deformation of GL(n) since there D
is not central. Nevertheless, we expect most of the



essential features of our approach to be preserved
since the dual algebra can be transformed as a com-
mutation algebra to the one-parameter U,, with the
extra parameters entering only the co-algebra struc-
ture [D].)

Thus, the reduced functions for the U action
are:

p(Y,D) = Z Hm (1721)m21 ...(?n,n_l)mnm—l X
meEZ,

x (D)™ ...(Dp_q)™ ' = (3.20a)
— (V) (D)™ ... (Dp1)™*  (3.200)

where Y, D denote the variables f/il, 1 >0, D1 < n.
From (3.20) it is clear that the parameters
r; indeed characterize the representation of .
Furthermore, we can introduce the restricted
functions @(Y) by the formula which is prompted
in (3.200) :

P(Y) = ¢(Y,Dj=14,) =
= S i (Fa)™ (T (3:21)

m€Z+

We have defined the representations @ for
ri € Z. However, notice that we can consider



the restricted functions @(Y) for arbitrary complex
r;. We shall make these extension from now on,
since this gives the same set of representations for
U,(sl(n)) asin the case ¢ = 1.

For the more compact exposition of the repre-
sentation formulae we shall need below also the fol-
lowing operators (corresponding to each Yj,) :

jﬁ 90 Z Hm jﬁ fm (322&)
m€Z+

Tio (V) = Y pm Tje fn (3.220)
MEZ +

Migfm = (Yar)™ .. (Y;)™e L x
(3.23a)

~

X ... (Yn,n_l)mn’n_l
Tio fa = ¢ [ (3.23b)
fm = (Y21)m21 Ces (?n’n_l)mn’n_l (3230)
Using this we define the ¢-difference operators by:

L 1 .~ N
Die V) = 5 M;' (Tie—15") @(¥) (3:24)

from which follows:

A

Dj¢ fm =

— [mje]q (?21)m21 o jf)mﬂ_l e (Yn,n—l)mn’n_l
(3.25)



A

Of course, for ¢ — 1 we have Dj, — 0y,, = 0/0Y}y.
(Note that the above operators for different variables
commute, i.e., with these we have actually passed to
commuting variables.)



4. The case of U,(sl(4))

Here we consider in more detail the case n = 4.
It is convenient (also for the comparison with the
q = 1 case) to make the following change of variables:

Y34 Ya1 — qY21Yss , Yy = Yy — qYo1Yio
Yor = —qYa1, Yiz = qYis
Y, = Y. for (ij) = (32),(42)

(4.1)
For the commutation properties we have:
YiYij = q' 7YY
(4.2a)
4>1>0>75>1
YijYi; = ql_dﬂyz'jykj
(4.20)

A>k>i>j>1
Yi1Ys0 = Y35Yy1 + A\Y31Yyo (4.2¢)
YiYjpi = YpYu, (1) =(23),(32) , (4.2d)

YeiVij = q' 283V — (—1)°8 AYy; (4.26)
2e
4>k>i>j>1



(each of (4.2a,b, e) has four cases).

Note that for ¢ a phase (|g| = 1) the ¢ - de-
formed flag manifold in the Y coordinates is invari-
ant under the anti-linear anti-involution w acting
as:

w(Yje) = Ys_p5-; (4.3)

Thus it can be considered as a ¢ - deformed flag
manifold of the quantum group SU,(2,2).

The restricted functions for the U action are

(cf. (3.21)):

p(Y) = Z Wijkemn Pijkemn
0,5k, lom,nEZ
Gijkemn = (Ya1)" (Ya1)? (Ya2)® (Yar)® (Yag)™ (Yaz)"
(4.4)

Recall that we consider the representations
= for arbitrary complex r; and we know from the
general analysis of [D] that whenever some m; =
ri+1or my; =m; +---+my, (i < j)is a positive
integer the representations are reducible and there
exist invariant subspaces. We give now two simple
examples.



Let mi = r;1 +1 € IN. Then it is clear that
functions ¢ with  pikemn = 0 if ¢ > m; form an
invariant subspace since:

A

WF(XIF) @rl,jkﬁmn —

(j+m—~£—2—k)/2 []C]

— g q @rl,j—l—l,k—l,ﬁmn +

|+l —k—2— 2 ~
+ CI(‘H m)/ [m]q Qprl,jk,ﬁ—l—l,m—l,n

(4.5)
and all other actions either preserve or lower the in-
dex ¢. The same is true for the functions ¢. In
particular, for r; = 0 the functions in the invariant
subspace do not depend on the variable Y5;.

Analogously if mg =1r3+1 € IN the functions
© with  pijkemn = 0 if n > mg form an invariant
subspace. In particular, for r3 = 0 the functions in
the invariant subspace do not depend on the variable
Y43.

It will be convenient to use also the following
notation for the coordinates of the flag manifold:



5. Intertwining operators

The general prescription for finding the inter-
twining operators is as in the classical case (cf. also
[D]). In order to apply this procedure we need the ex-
plicit action of mr(X, ) on our functions. We have:

TR(XT ) Pijhtmn

1—j—k—f—m+(r1—1)/2 [Z] @7“1—2,7“24—1,7“3_'_ (51&)

= —q q¥i—1,jktmn

+ q(r1—1)/2 [Tl]q 95:;1;27;7;? 1o

TR(X2) Pijhemn

2k+L+m—n+(ra—1)/2 [ 1 ~r1t+1l,re—2,r3+1

= (q ]]q Pit1,j—1,klmn +

k+l4+m—n+(ro—3)/2 ~r1+1,7r9—2,r3+1
+ g [k]q 1,k—1,4mn +

k—j7+2m—n+(ra—3)/2 ~r1+1,72—2,r3+1
+q" It Hr2=3)/ [€]q907;-1|-1,jk,2£—1,731,n+1+ (5.10)

m—n—+(re—>5)/2 ~r1+1,r2—2,7r3+1
+ g [mlq ijkl,m—1n+1

2m—n-+(r.—3)/2 ~r1+1,72—2,r3+1
— q (r2=3)/ A [k]q [ﬁ]q Spi,j—l—l,k—l,ﬁ—1,7n,n—|-1 +

+ a2 [ra]g @iy Zos



TR(X3 ) Pijhtmn

~r1,72+1,73—2

n+(r3—1)/2 [n]q Spijkﬁm,n—l + (51C)

= g
+ q(T3—1)/2 [T3]q 95:71];;27;:;3 234

where we have labelled the functions also with the
representation parameters rs. As in the classical case
[D] the right action is taking out from the represen-
tation space Cr, and while some of the terms are
functions from other representation spaces (depend-
ing on which X is acting), there are terms involving
the Z;, variables which do not belong to any of our
representation spaces. The terms with Z;, vanish ex-
actly when ry € Z, and we take (mr(X;))™ [D],
ms =1rs + 1.

The explicit expressions for two of these opera-
tors are:

(WR(Xl_))ml @ml ,M2,M3

ijkfmn
S
(5.2)
(TR(X3 )™ Cijktmn =
_ ,m3(i—ms3/2) [n]q' ~m1,Mm23,—1MM3 (53)
— 4 1jkfm,n—ms

[n o mS]q!



We also use g-difference operators (using nota-
tion (3.22), (3.24), (4.6)):

I = —¢m V2D T, (T,T.TWT,) ™t , (5.4a)
I, = q(r2—3)/2 (q M£ D. T, + D, +

A A A

+ Mg M, D, (T, T,) ' T, +

+ ¢~ M, Dy (T.Tw)™" — (5.4b)

AN A

Iy = ¢==Y2D, T, (5.4c)
and we note (for ms; € IN):
[+ = I = (nr(X7)™  (5.5)

Let us consider now the intertwinig operators
corresponding to the two non-simple non-highest
roots aro, aog which are realized when mqys € IV,
mog € IN, resp. In these cases the intertwining op-
erators (up to an overall multiplicative constant) are



given by :

7= > ap (mr(X;7)"F x
k=0
S EN o L e o) L
m=my, (i) = (12),(23).
. = (-1 ¢ milg m
k=0,....m, a#0
or equivalently, by :
o= 3 d (w7
k=0
< (ra(XO)™ (ra(x ) 00
m =My , (i) = (12), (23),
a = (—1)F o [mj]q m

where we are using the explicit formulae for singular
vectors, cf. [D].



Let us illustrate the resulting intertwining oper-
ators in the cases mi2 = 1, mag = 1. We have (after
a suitable renormalization) :

1 _
‘[12‘7”1-|-7“2=—1 -

_|_

1
123’7“2—|-7“3=—1 -

1] TrR(XT) TR(XS) +
1+ 1]y TrR(Xy ) TR(X]) =

71]4 LI, + 1 + 1], Ir I,
(5.7)

3l TrR(X3) TR(XS) +
3+ 1]y Tr(Xy ) TR(X3) =

r3lg Is I + [r3+ 1), Iz I3
(5.8)



6. q- Minkowski space-time and q - Maxwell
equations hierarchy from q - conformal in-
variance

6.1. We start with the ¢ = 1 situation and
we first write the Maxwell equations in an indexless
formulation, trading the indices for two conjugate
variables z, z. This formulation has two advantages.

First, it is very simple, and in fact, just with the
introduction of an additional parameter, we can de-
scribe a whole infinite hierarchy of equations, which
we call the Maxwell hierarchy .

Second, we can easily identify the variables z, z
and the four Minkowski coordinates with the six lo-
cal coordinates of a flag manifold of SU(2,2), or of
SL(4) with the appropriate conjugation. Thus, one
may look at this as a nice example of unifying inter-
nal and external degrees of freedom.

Next we give the ¢ - analogs using the U,(sl(4))
apparatus of Sections 4 and 5. Thus, we use ¢ -
Minkowski coordinates as part of the appropriate
q - deformed flag manifold. Using the correspond-
ing representations and intertwiners of U, (sl(4)) we
can finally write down the infinite hierarchy of ¢q -
Maxwell equations.



6.2. It is well known that Maxwell equations
oMF, = J,, 0F, =0 (6.1)
or, equivalently

by = Jo, OoEkx — ckhoemOcHy = Ji

(6.2)
oH, = 0, OyHi+ ciomOeE,, = 0

where Ep = Fro, Hr = (1/2)eremFom, can be
rewritten in the following manner:

OFE = Jo, OoF ticumOFE = Jp (6.3)

where

FF = By +iH, (6.4)

Not so well known is the fact that the eight
equations in (6.3) can be rewritten as two conjugate
scalar equations in the following way:



where
IT™ =20, +0, —

— % (Zz8+ + 20, + 205 + 8_)(72

(6.6a)

I_ 2284_—'—8@ —

_ %(Zz&r 420, + 20, + a_)az

(6.60)

T+ = x9 Lt x3 (6.70)
Jqa

0r =0/0xy, 0, =0/0v, 0z =030/0v,(6.7b)

FH(z2) = 22(F +iFy)) —

(6.8a)
—2zF5 — (B —iFy)
F~(2) =z°(F] —iFy) —
(6.8D)
—2ZF; — (F] +iFy)
J(Z, Z) = ZZ(J() + Jg) + E(Jl — iJQ)‘l‘
(6.8¢)

+ Z(Jl + ’iJQ) + (Jo — Jg)



where we continue to suppress the x,,, resp., 4+, v, v,
dependence in F' and J. (The conjugation mentioned
above is standard and in our terms it is: I «— I,
FT(2) «— F~(2).)

It is easy to recover (6.3) from (6.5) - just note
that both sides of each equation are first order poly-
nomials in each of the two variables z and Zz, then
comparing the independent terms in (6.5) one gets
at once (6.3).

Writing the Maxwell equations in the simple
form (6.5) has also important conceptual meaning.
The point is that each of the two scalar operators
It, I~ isindeed a single object, namely it is an inter-
twiner of the conformal group, while the individual
components in (6.1) - (6.3) do not have this interpre-
tation. This is also the simplest way to see that the
Maxwell equations are conformally invariant, since
this is equivalent to the intertwining property.

Let us be more explicit. The physically rele-
vant representations 7TX of the 4-dimensional con-
formal algebra su(2,2) may be labelled by x =
[n1,n9;d|, where ni, no are non-negative integers fix-
ing finite-dimensional irreducible representations of
the Lorentz subalgebra, (the dimension being (n; +
1)(ne + 1)), and d is the conformal dimension (or



energy). (In the literature these Lorentz represen-
tations are labelled also by (j1,j2) = (n1/2,n2/2).)
Then the intertwining properties of the operators in
(6.6) are given by:

IT . Ct—CY, IToTt = T1"

(6.9)
I=:CT—C°, T"oT™ = T%1I"
where 7% =TX", a=0,4,—, C*=CX" are the
representation spaces, and the signatures are given
explicitly by:

Xt=12,0;2], x”=100,22], x"=][1,1;3]
(6.10)
as anticipated. Indeed, (ni,n2) = (1,1) is the
four-dimensional Lorentz representation, (carried by
J, above), and (ni,n2) = (2,0),(0,2) are the
two conjugate three-dimensional Lorentz represen-
tations, (carried by F: above), while the conformal
dimensions are the canonical dimensions of a current
(d = 3), and of the Maxwell field (d = 2). We see
that the variables z,z are related to the spin prop-
erties and we shall call them ’spin variables’. [In
general, a Lorentz spin-tensor G(z, Z) with signature
(n1,n2) is a polynomial in z, Z of order ny, ns, resp.]
We can illustrate the above occurrence with the
following diagrams of intertwining operators:



9, o

3 (Ao

Fig. 1. Simplest example of diagram with conformal invariant operators
(arrows are differential operators, dashed arrows are integral operators)

O, = % , A, electromagnetic potential, d,¢ = Ag
F electromagnetic field, 0OpAy = OhA, — 0, A\ = F/(\)u

J, electromagnetic current, OMFy, = J), 9*J, = @°

superscript 0’ indicates that the mapping is not onto



0, o

Y

X0 =y — — Fy Ly =X

Fig. 2. More precise showing of the simplest example,

using also notations from the text above



pUn prn

dy dy

N A+

pUn pUNn

"— "+
APVn Apun
Fig. 3.  The general classification of invariant differential operators valid for
so(4,2), so(5,1) and so(3,3) = sl(4,R).
p,v,n are three natural numbers, the shown simplest case is when p=v=n=1,
dy is a linear differential operator of order v, similarly dY’, dy, df



From the last figure we can derive the fact that
the Maxwell equations (6.9), (6.10) are part of an
infinite hierarchy of couples of first order invariant
equations (that would be obtained for p = n = 1).
Explicitly, instead of (6.9), (6.10) we have [D]

It . Cf —CY, ItoTS = TYoIf

I; :C, —CY, I;oT, = TYolI;

v v

(6.11)

where T = TXv (CJ = CXv, and the signatures
are:

X, =v+1Lv—-12, x,=r—-1Lv+12
Xy =3, velN

(6.12)

while instead of (6.5) we have:
IT Ff(z,2) = J,(z72) (6.13a)
I F (z,2) =J,(22%) (6.13b)

where
1
- ”‘; (204 +0,) -

) (6.14a)

_ 5(228++zﬁv+28@+8_)8z L veEN



_ v+l N
o f (222 +01) (6.14D)

_ 5(2z0++z&,+2&7+8_)85 L veEN

while Ff (2,2), F,(z,Z2), J,(z, %), are polynomials
in z,z of degrees (v+1,v—1), (v—1,v+1), (v,v),
resp., as explained above.

Remark: If we want to use the notation with indices
as in (6.1), then F(z,z) and F, (2,Z) correspond

to Fiu.a4,...,a,_, Which is antisymmetric in the in-

—1
dices A, u, symmetric in aq,...,qa,_1, and traceless
in every pair of indices, while J,(z, Z) corresponds to
Juaq,...,a,_, Which is symmetric and traceless in ev-
ery pair of indices. Note, however, that the analogs
of (6.1) would be much more complicated if one
wants to write explicitly all components. The cru-
cial advantage of (6.13) is that the operators I* are
given just by a slight generalization of I+ =1 1i &

We shall call the hierarchy of equations (6.13)
the Maxwell hierarchy . The Maxwell equations

are the zero member of this hierarchy.



To proceed further we rewrite (6.14) in the fol-
lowing form:

((1/ VL — (v + 2)1211) (6.150)

(NSNS NN

((1/ V) sls — (v + 2)1213) (6.15b)

Il = 83 ) IQ = Zz(%r—l—z@v—l—ic%—l—a_ y Ig = ag
(6.16)

We note in passing that group-theoretically the op-
erators I, correspond to the three simple roots of the
root system of sl(4), while the operators I* corre-
spond to the two non-simple non-highest roots [D].
This is the form that we generalize for the g -
deformed case. In fact, we can write at once the gen-
eral form of the intertwining operators which follows

from (5.7), (5.8) (cf. also (5.4)) :

A

qI+ = ([V —|— 1]qj1j2 — [l/ —|— 2]qf2]1>

1

. (6.17)

=5 ([u 1) fals — [+ 2]q1213)

It is our task (using the previous Sections) to
make this form explicit by introducing the appropri-
ate variables and functions.



6.3. The variables x4+,v,v,2,Z have definite
group-theoretical meaning, namely, they are six lo-
cal coordinates on the flag manifold YV = SL(4)/B,
where B is the Borel subgroup of SL(4) consisting of
all upper diagonal matrices. Under the natural con-
jugation (cf. also below) this is also a flag manifold
of the conformal group SU(2,2).

We know from Sections 3. and 4. what are
the properties of the non-commutative coordinates
on the ¢ - deformed SL(4) flag manifold. We make
the following identification (compare with (4.6)) :

To=w=Yqy , T_=uU=Y3

(6.18a)
v=x=Y31, UV=Y=Yyo
Zzg—Ygl, ZZUZY43 (618b)

for the g-Minkowski space-time coordinates and for
the spin coordinates, which we denote as their classi-
cal counterparts. Thus, we obtain for the commuta-
tion rules of the ¢g-Minkowski space-time coordinates

(cf. (4.2)) :

rLv = qilvxi, TV = qﬂz—)xi

(6.19)

TLT_ —XT_Ty = AUV, VU = VU



As expected, relations (6.19) coincide with the
commutation relations between the translation gen-
erators P, of the g-conformal algebra |D].

It is also easy to notice that these relations are
as the GL,(2) commutation relations [Mal, if we
identify our coordinates with the standard a,b,c,d
generators of GL,(2) as follows:

M = (Z Z) - (xg :E”_) (6.20)

Thus, the ¢-Minkowski length is defined as the
GL,(2) g-determinant :

l, = dety M = ad—qbc = xzix_—qvv (6.21)

and hence it commutes with the g-Minkowski coor-

dinates. It has the correct classical limit £,—; =
2 _ =2
xrg5 — T°.

We know from (4.3) that for ¢ phase (|¢| = 1)

the commutation relations (6.19) are preserved by

an anti-linear anti-involution w acting as :
wre) = x4, w) = 0 (6.22)

from which follows also that w({,) = ¢, .



The commutation rules of the spin variables
Z,z between themselves, with the g-Minkowski co-
ordinates and with the ¢-Minkowski length are (cf.

(4.2)) :

Zz = zZ
Tz = q_lzx+, T_Z = QZT_ — AV

1 _ _
vz = ( zv_, v_z = qzv—l)\$+ (6.23)
Zry = qr4zZ, Zx_ = q x_Z+ A0
Zv = q_lvi+)\x+, ZU0 = qUZ
iy = byz, Zlg = L2

Certainly, the commutation relations (6.23) are also
preserved (for g phase) by the conjugation w which
acts (cf. (4.3)) by: w(z) = Z. Thus, with this con-
jugation ), becomes a flag manifold of SU,(2,2).

We know the normally ordered basis of the ¢ -
deformed flag manifold ), considered as an asso-
ciative algebra :

Dijktmn = ARl xﬂ vz, g,k lmon € Zy
(6.24)
Let us denote by Z, Z, and M, the associative
algebras with unity generated by z, z, and x4+, v, v,



resp. These three algebras are subalgebras of ),
and we notice the following structure of Y, :

V, & ZeaM,»Z (6.25)

where A& B denotes the tensor product of A and B
with A acting on B.

We introduce now the representation spaces
CX | x =[n1,n9;d| . The elements of CX | which
we shall call (abusing the notion) functions, are poly-
nomials in 2,z of degrees nq,ns, resp., and formal
power series in the ¢ - Minkowski variables. (In the
general U,(sl(n)) situation the signatures n;,no are
complex numbers and the functions are formal power
series in z,z too, cf. (3.21)b.) Namely, these func-
tions are given by:

Prins(Y) =Y B Pigkemn (6.26)

i)jaka‘e)manez+
1<ni, n<ng

where Y denotes the set of the six coordinates on
YV, . Thus the analogs of X, J,, cf. (6.13), are :

unJr — 951/+1,V—1(Y)7 un_ — @v—l,v+1(Y)

qu/ — @V,V(Y)
(6.27)



Next, analogously to the operators Mjg, T,
Dje, from (3.22), (3.23), (3.24), we introduce oper-

ators M., T., D.. We use these to write down
explicitly the operators ,IF in (6.17). We have:

2
q A
Jr = o v+ 1 (C]DvT—+

+ M. Dy (T,T,)" T@) T2 (T, T.)"! —

| o .
- Sa! (q M, D, T + D+

+ M, M: Dy (T,T4) ' Ty +

(6.28a)

+ q_l Mg ﬁqj (T_T+)_1 —

— A M, M; D_ ZA)Jr (T—T+)_1 Tﬂ) D. T, (Tng)_l



_ q 1 A _
Ay = Sy (a7 Do (12T3) " +

+ M. Dy (T,T.)" Ty —

— M,U ]5_ T)—i- (T_T_|_)_1 T@ ) 1 T_|_ T@ Tg +

1 A oA .
(LY N (6.250)

+ M, M; Dy (T,Ty)" ' Ty +
—l— q_l Mg ]51—) (T_T_|_)_1 —

~AM, M.D_ D, (T_T,)" T@) D. T T, T,

With this the final result for the q - Maxwell
hierarchy of equations is (cf. (6.27)) :

qujr szjL :qJV

(6.29)
oy oF, = qlu
We stress that the g-Maxwell hierarchy of equa-
tions is a nontrivial deformation since the opera-
tors I from (6.28) contain terms proportional
to A\=¢q—q ! that vanish when ¢ — 1.
Equations (6.29) appear on the next diagram:



— ) ) +
1v1 ! Alyl

dy dy

1— I+ ~
A f ANy = gy

+
qu

-~ A= I+ ~ +
&, =N, 7 7 N = G F,

Fig. 4.  The special case p =n =1 containing the Maxwell hierarchy

Thank you for your attention !



