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Abstract. In this article we present explicit formulae for g-integration on quantum spaces which could
be of particular importance in physics, i.e., g-deformed Minkowski space and g-deformed Euclidean space
in three or four dimensions. Furthermore, our formulae can be regarded as a generalization of Jackson’s
g-integral to three or four dimensions and provide a new possibility for an integration over the whole space

being invariant under translations and rotations.

1 Introduction

The history of the natural sciences shows us that revolu-
tionary changes in our understanding of physical phenom-
ena have often been accompanied by new developments in
mathematics. Newtonian mechanics is one famous example
for such a situation in physics, as its general formulation
would not have been possible without the ideas of differen-
tial calculus. Due to this fact one may believe that a new
theory giving a more detailed description of nature has to
be based on a modified version of traditional mathematics.

Quantum spaces, which are defined as co-module al-
gebras of quantum groups and which can be interpreted
as deformations of ordinary co-ordinate algebras [1], could
provide a proper framework for developing such a modifi-
cation [2,3]. For our purposes it is sufficient to consider a
quantum space as an algebra A, of a formal power series
in the non-commuting co-ordinates X7, Xs, ..., X,:

A, =Cl[X1,...X,]] /T, (1)
where Z denotes the ideal generated by the relations of the
non-commuting co-ordinates.

The algebra A, satisfies the Poincaré-Birkhoff-Witt
property, i.e. the dimension of the subspace of homoge-
neous polynomials should be the same as for the commut-
ing co-ordinates. This property is the deeper reason why
the monomials of normal ordering X7 X5 ... X,, constitute
a basis of A,. In particular, we can establish a vector space
isomorphism between A, and the commutative algebra 4
generated by ordinary co-ordinates x1,xs, ..., ZTn:

W A—s A, 2)

i1 7 _ i1 7
Wzl .oayr) = X7 X

This vector space isomorphism can be extended to an alge-
bra isomorphism introducing a non-commutative product

a
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in A, the so-called x-product [4,5]. This product is defined
by the relation

W(f*xg)=W(f) W(g), (3)

where f and g are formal power series in A. In [6] we have
calculated the x-product for quantum spaces which could
be of particular importance in physics, i.e. g-deformed
Minkowski space and g-deformed Euclidean space in three
or four dimensions.

Additionally, for each of these quantum spaces there
exists a symmetry algebra [7,8] and a covariant differential
calculus [9] which can provide an action upon the quantum
spaces under consideration. By means of the relation

W(hve f):=hoW(f), heH, [feA, (4)
we are also able to introduce an action upon the corre-
sponding commutative algebra. In our previous work [10]
we have presented explicit formulae for such representa-
tions.

In the following it is our aim to derive some sort of
g-integration on commutative algebras which are, via the
algebra isomorphism W, related to ¢g-deformed Minkowski
space or g-deformed Euclidean space in three and four
dimensions. In some sense our considerations can be sup-
posed to be a generalization of the celebrated Jackson in-
tegral [11] to higher dimensions. To this end we will start
with introducing new elements which are formally inverse
to the partial derivatives of the given covariant differen-
tial calculi. Such an extension of the algebra of partial
derivatives will lead to additional commutation relations.
Finally, the representations of the partial derivatives given
in [10] will aid us in identifying these new elements with
particular solutions to some ¢-difference equations. In this
way, we can interpret our results as a method to discretize
classical integrals of more than one dimension.

Furthermore, we will see that we have to distinguish
between left and right integrals. For both types formulae
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for integration by parts can be derived. It is also possi-
ble to define volume integrals which are invariant under
translations or the action of symmetry generators if sur-
face terms are neglected. Surprisingly, these integrals obey
a rather simple structure, as the single integrations for the
different directions become independent from each other
if we integrate over the entire space.

2 g-Deformed Euclidean space
in three dimensions

From [12] we know that the partial derivatives 9+, 8%, 9~
satisfy the same relations as the quantum space coordi-
nates X1, X3, X~. Thus we have

838+ — q2a—i-a37
0=0T =070 + \0%)?, (5)

070 = ¢*0°0™,

where A = ¢ — ¢~ ! and ¢ > 1. Now, we would like to ex-

tend the algebra of partial derivatives by inverse elements,
such that

at@r)t=(at) ot =1,
0 = (0% =1, (6)
() L= (0) o =1.

It can easily be shown that these relations imply the for-
mulae

()710% = 200 ()1, 9}0H) T = ¢ 2(0") 1,
(07)710° = q 2% 07) ", 9 (0%) = ¢ 2P o,
(7)1t = 0% (07) " — g AO)2O) 2, (7)

070" = (%) 707 — MO (0"

In addition, we can also find the following identities:

@)~ =g*(0") (@), (8)
@)1 @) =) O7)

(8—)—1<a+)—1 — Z)\i [M]q“! <|:—11:| )
i=0 q*
. (0+)_(i+1)(83)2i(8_)_(i+1).

From the commutation relations between symmetry gen-
erators and partial derivatives [12] we find the expressions

L+(3+)71 —_ (6+)71L+, (9)
L+(83)_1 _ (83)—1L+ + (]_16-;-(83*)_27__%7
LHO7) ™ = (07) L g P 07) P

L) = @)L
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L@ = (@) = @) P
L= (1) = (0") 'L — ¢ 407) 202,

T7HOT) =g 720N T, (11)
THOT) T = 0) R,
7)) = (@),
A2 (@Y = P(0N) AT, A=4,3. (12)
Applying the substitutions
ot =91, (M= (MY, A=4+3 (13)

to all expressions presented so far we get the corresponding
relations of the second differential calculus (generated by
the conjugated partial derivatives 94 [12]).
In [10] it was shown that according to
A A A

0* o F = ((0_0) + Os0))) F (14)
the representations of our partial derivatives can be di-
vided into a classical part and corrections vanishing in the
undeformed limit ¢ — 1. Thus, seeking a solution to the

equation
> F=Ff (15)

for given f it is reasonable to consider the following ex-
pression:

1

F=(""of= 16
CRNS T’ (16)
_ 1
(0=0)) (14 (00) " (012
— 1 . 1 f

L+ (9(20) " (in0y)  (O(_g))

S (@) @] @)

k=0

To apply this formula, we need to identify the contribu-
tions 8(}:0) and 8é>0) the representations of our partial
derivatives consist of. However, their explicit form can be

read off quite easily from the results in [10]. Hence we have

(Of—o))f = —aD f(g?z?), (17)
(Dm0 f = D f(@*a™),
Qo)) f = —a "D f
and
Ofs0)f = —arat (D) f, (18)

(=0 f =0,
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(8(_i>0))f =0.

Furthermore, it is easily seen that the inverse operators

(9(i—g)) " are given by
Ofeoy) " f = —a (D) flg%?), (19)
(Ofico) ™1 f = (D)~ fg™a™),
(0_0)"'f = —a(D2) S,

where D,’;‘a and (D;ﬁz )~1 denote Jackson derivatives and
Jackson integrals, respectively. Inserting these expressions
into formula (16) we can represent the inverse counterparts

of the partial derivatives in the form

(07) "o f = —q(Dh)7S, (20)
(@) e f = (Dg) " flg2a™),
@) 1s f = _q—1z A)F il k+1)|: (Dq—4)—1(D22)2}k

(D) (g R,

Repeating the identical steps as before, we can also find
solutions to the equations

IBF = f, (21)
Fao* = f,
Fad4 = 7,

where the explicit form of the action of our partial deriva-
tives is again taken from [10]. However, in [10] it was
also shown that the different representations of our par-
tial derivatives can be transformed into each other by a
straightforward application of so-called crossing symme-
tries. Due to this fact the solutions to (21) are easily ob-
tained from (20), if we apply the transformations

05 1s 1 el (5755, (22)
0% 1o f 1N (@) 5,

which concretely mean that the expressions on the right
and left hand side are related to each other by the substi-
tutions!

et =T, ¢ttt At o AT (23)
D% — DT, (DL — (DF.)~
In the same way we have
FA@F)TH S —Y@T) 1B S, (24)
FA@°) I 0@ e,

1 For the notation see Appendix A, please
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fa0*)7 S — @) e f,
e,

which symbolizes a transition described by the substitu-
tions

(25)
Fa(@) ™ ES —q00%)"

¥ = 2%, DL —» DL, (Dz)"' = (DF)7!, A —af.
(26)
Next, we would like to have a closer look at the question
in which sense the operator (04)~! inverse to the operator
04 is. First of all, we require that all lower limits of Jackson
integrals appearing in the representations of (04)~! are set
equal to zero. In this case one can easily verify the identities

D [ 115 | = 1, (27)
(D) DA 15 = 115
leading to
0oy (@) 15| = 1, (28)

’EA IA
(8{2:0))718(?:0) f|b = f|0

It is important to realize that in the above formulae the
coordinates giving the upper limits of integration have to
be labeled by different indices than the corresponding op-
erators (8{2:0))_1. Let us now introduce the operator

. A
CAf = =(0i=0) ™ Ois0)) Flo (29)
With the identities (14), (16) and (28) one can then com-
pute that
@)ty !0 (30)
Z (LCA _ o Z (CYA k
k=0 k=1
B oo . B zA
=[= et =0 =Y (CH* " =0)|
k=1

where the limits of the integration intervals always refer to

the Jackson integrals in the expressions of (94)~1 or C4.
In addition to this one readily checks that
:L’A
o4 @M A5 | = 5, (31)

as the representations of (94)~! have been determined in
such a way that they give solutions to (15).

As a next step we wish to present formulae for integra-
tion by parts. Before doing this let us collect some notation
that will be used in the following. In the case of right and
left derivatives we use the abbreviations

Hf=0"f,
oRf = faoA,

(32)
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o f =045 f, (33)
(':)ﬁf =fq 4.
Likewise for right and left integrals we abbreviate
@Y =M e f, (34)
@R f = fah),
@M =Y "s S, (35)
(0" f=Fa(@h)7
Furthermore, we set
15" =7 - fat =0 =3 (Y fat =0 . (36)

0
k=1

Now, we are in a position to write down rules for inte-
gration by parts. In complete analogy to the classical case
these rules can be derived from the Leibniz rules of the
corresponding partial derivatives [10]. In this way we get

@) @ N *glei (37)
= fxgliizo = (07 (A2 T2 )« 00g| |
()5 (@21 * gl (38)
= Frglliay — O (A2 g
=M@ (ALY ) worg|
@)L (O ) *al- (39)
= frgllio = O (AP wotg
—ONH@N (L ) oty
S ENALON) (AP ) ropg|
and
O DN *g| (40)

= Frglli_o = O (A2 bt

a

(O°)" (i) *g (41)

z3=0

= fxgllg — (0P (ATV2f) % 0Fg

a

x3=0

“ MO (AL x|
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a

@)L (O f*g

zt=0

(42)

= fxglliy — () (A2 %00 g

at+=0
—g M (OO AT L ) R B

_q—2)\2/\+(a )El (/1_1/2T1/2<L_)2f)*é£rg

a

=0
In the case of right integrals, however, we have to consider
Leibniz rules for right derivatives [10]. Hence, we have

(O7)R"f* Orgli g (43)

= fxg|%_y — (07)g (O f) * (A~1/271/2)

zt=0

(83)1;1f * 6%9“;3:0

= fxglaog — (@)1 (RS) * (A71/2)

a

z3=0
a

)
z3=0

FMG (RO ) * (A2 LT g)

(OF)R"F* 99l

= xglli—o = (@R @) * (472771 %)

a

(45)

a

z—=0

+qT M (OF)RH (O] S) + (ALY g)

z—=0

a

=ML (0N (O f) * (ATV2TH2(LF)%g)

x— =0
and

05"+ dtg| (46)

a

— (RO f) * (A2 2g)

=fxg ||;f:0

)
z— =0

(O")'7* kol (47)

a

— ()R (ORS) * (4'29)

= frgllie, o

a

()R O 1) * (AV27H2Lg)

)
z3=0

(07 )2'f * O] (48)

0

a

=[*gllg+=0 — (5‘);{1(55{]0) K (AY2771/2g)

zt=0

N (07)g" (ORS) * (AL g)

a
zt=0
a

— AL @)RHOE )+ (A2 A(L7)%)

zt=0 '

We want to close this section by discussing a method
for integration over the entire space. For this purpose we
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could define

[avi=e@y@) e ter @)
L

for a 3-dimensional volume integral. But this is not the
only possibility for defining a global integration, as the
operators (04)71, A = 4,3, do not mutually commute.
However, for functions vanishing at infinity one can show
by inserting the representations of (20) that the following
identities hold:

@) @) o) e s (50)
= ¢ 407) 1) (0") b f +S.T.
= ¢72(0%) " (07) " (0") " b f +S.T.
= @) @) 0) e ST,
— g 2(07) 7 (01) () o f 4+ ST
= ¢72(0%)"1(07)" ()b f +S.T.

where S.T. stands for neglected surface terms. In the same
manner we can also find as an explicit formula for calcu-
lating volume integrals

O OH 0 ) e f (51)
= (85:0))_1(6%:0))_1(6&:0))_1 > f+O.T.
=g (D) (D) (DL T (g et g %) + ST

if again surface terms are dropped. Using the crossing sym-

metries (22), (24) and (25) it immediately follows that

O @) ) e T () ) 6 s g
(52)

and

f2@N)THO) o) T ES (07)TH@Y) O B L,
(53)

£ @)@ ES (097100 0 e

where (04)~1 G

From a dlrect calculatlon using the representations
in [10] and applying them to the last expressions of (51)
one can also verify that our volume integrals are invari-
ant under both translations and rotations. This means, in
explicit form, that we have

8A|>/quVf:/quVaADf:g(aA)/quVf:Q
(54)
LiD/quVf:/quVLibf:s(Li)/quszo,

TD/quVf:/quVTszs(T)/quVf:/quVf,

where we have used as a shorthand notation

/L 4Vi=@) @) 0 ) e s (55)
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Javr=rae e e
/ 4,V f=(0)1(0) (@) 6,

L

/R 4,V = fa(@ ) (0@

In the same way one can check invariance under right rep-
resentations, hence

(/quVf) aaA:/quVfaaAzg(aA)/quszo,

(56)

</L aldl ) at* = [ayiart =< [avs-o
(i) faser—a [
= /quVf.

Because of the crossing symmetries these identities carry
over to all of the other volume integrals. However, one has
to notice that in the case of conjugated integrals translation
invariance now reads

A /£ I/ QA _ HA 1 £ —
B D/quVf_/quva >f=e(d )/quVf—O,
(57)

(Aquf><aA:/ququaA:E(aA>/quVf:O7

ot /quVf = /Rdﬁé/*ﬁf — <(0") /R 4,V f =0,
</R V] ) o= /quvf 49" = (0% /R 4,V =0.

3 g-Deformed Euclidean space
in four dimensions

The 4-dimensional Euclidean space can be treated in very
much the same way as the 3-dimensional one. Therefore
we will restrict ourselves to stating the results only. Again,
we start with the commutation relations [15]

9'9? = q9%9', 9'0° =q0°0", 0%0* = q9'9?,  (58)
0t = q00%, 0%0° =007, 9'0' = 0'0* + \*D°,
where A = g — ¢! with ¢ > 1, and introduce elements

(0H~ 1, i=1,...,4, by
'Ot =)o =1, i=1,...,4.

Now, the additional commutation relations become

(62)7181 :qal(a2)71 82(81)71 q(81)7182’
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(0%)710" = g (0%) 1, (0" = g(0") 10",
(017102 = g82(8Y)1, 94921 = (8%) 18",
(04)710° = q@*(0")71, 9(0%) 7 = q(0*) 710",
(09710 = 01 (0Y) ! — ¢PAPH(0Y) 2,
PO = (0110t @)
(0%) 102 = 02(0%)", 9%(0%) ' = (9%) 1.
Furthermore, we obtain identities of the form
@)~ =q71(0) 719
(@)~ =g (@) O
(@) =g (@)D
@)Y =)D
(@)1 ") " =)0
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. (al)—(i-‘rl) (62)i(83)i(84)_(i+1).

(59)

(60)

Next, the commutation relations with the symmetry gen-

erators read

L+(81) 1
LE(@o*)™!
L @)
Lf(oh™!
Lyoh)™!
LI (0%
L3 (@)
LT (oM™
Ly (o)™
Ly (0%~
Ly (0%~
Ly (o™
Ly (0"~
Ly (0*)*
Ly (0%~
Ly (o)~
K1(81)71

=q ') 'L +q”

=q(8*)'LT,

= (0L -

=q(0")'LT,

0Ly — ¢ (9%) %0,
q(9°)'L3,
q(0")'L3,
=q '(0) 7Ly,
= 4(0?) 7 L + 40" (97) ",
=q 1(8°)7'Ly,
_ q(34)71L1_ o q3a3(84)72
g (0" Ly,
g (0% Ly,
q(0*) 'Ly +¢*9"(8%)72,
q(0") 'Ly — ¢*0%(8Y) 7,

O + a7 (0) 2,

1(81)_282,

71(83)72647

(61)

(62)

(63)

(64)

(65)

K1(62)71 — q71(82)71K1’

Ki(8%)7! = q(0°) Ky,
K (09 “Lh 1k,
K>(00) 7 = q(0") ' Ko, (66)
K5(0%)7! = q(9%) ' Ko,
K2(8%) 1 = ¢ 1(0%) Ky,
KoMt = ¢ 1 (0Y) K.
Applying the substitutions
o =0, () = (@)Y, i=1,....4, (67)

we get the corresponding relations for the second differen-
tial calculus spanned by the conjugated derivatives.

With the representations in [10] the same reasonings
we have already applied to the 3-dimensional Euclidean
space lead immediately to the expressions

@) ' f = qz ~kik+1) (D3_2)*1D§_2D§_2r
(Dy-2) " f(g* 2, g ), (68)

(0*) e f = (D3) 7 flgat),

(0*) ' > f = (D)7 flgzh),

@) f =g (Dy-2) 7

In complete analogy to the 3-dimensional case we have the
transformation

i — il

@) s f e () s f, i =5—1i, (69)
whose explicit form is given by the substitutions
S A L S L (70)

i i i \—1 i\ —1
Dya = Doy (Dga)™ = (Dg—a) ™.

For the relationship between right and left integrals we
now have

fa@)7! (") e f, (71)
Fa@)- m MO s S,
which symbolizes that we have to apply the substitutions
ol -2, Do —Dl., (DL)™'— (DL)™!
A —al (72)

Next, we would like to present the formulae for integra-
tion by parts. For left integrals belonging to the differential
calculus with unhatted derivatives we find

@Y OLN) *glnar, (73)
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= frglicg — OV APKPEY ) wokg| L @GN x|, (80)
a _ a _ (Ad\—1/ 4—1/27-1/27-1/2 aq |®
(32)51(8ff)*g|$3:0 (74) fxgllzizo — (97, (A K"Ky " f)x0Lg pieo
_ @ L a2\—1y 41/2 —1/2 7-1/2 5 1@ Now we come to the corresponding formulae for right in-
= Ixglas—0 — (07 (A, 77K, f) < Ohg 25—=0 tegrals which in the case of the differential calculus with
1212 1) o unhatted derivatives read
g\ ()Y (AVRRYP R *81‘ :
PO (0")"f * Dol (81)
_ a
(83)51(8]%]0) *g|22:0 (75) =f*g ||gc4:0
a
" 3 _ a o 81 —1 81f % A71/2K—1/2K_1/29 ,
_ f*ng?:O . (83)L1(/11/2K11/2K2 1/2f)*ai’jg o ( )R ( R ) ( 1 2 ) 2ie0
—a) () APE PR L ) ok, (0°)r' [ *BRo sy (82)
= frxgllzs=o
O OLf) * gl (76) _ _ - a
' = . — ()R O * (ATPEE )|
= Fgline — O AVPKTPR P ) xotg) 22141 a2 g2
) v A (O (ORS) * (A2 K, P LT g)|
oA (OO AR, L ) s 0
. a (0°)r"f * FRal,a (83)
X @) AR LE ) s 3Rl L
@ =0 = f*g ||J;2=0
- 1/2 ;-1/2 e o
+q2)\2 (84)L1(A1/2K1/ K2/ L;FL;f) *8igL1:O. _ (83)§1(6§f) . (A_1/2K;1/2K21/29) .
z2=0
For the second differential calculus with hatted derivatives 3\ 1,01 1/23-1/27-1/2 74 |4
one can compute likewise A (@)r (Orf) + (4 Ky UKy Ly g) 22=0
~ A~ a a
CORIGEY CONNCORI Y (34)
A JORNTO a - - 1/24-1/2 |
= Frglicg — OV AT R P x| =l - (05! ORS) * (AP K 2K )|

TN O AT PR L D < B
N AR PR Ly D B

~ ~ a
g7 (OO AT PR LT Ly ) g

0" @GN+, (79)

= frgly — O HATYK K P )« B2

a
z3=0

—qTN @) AR Py )5 Bl

(OO *g|

. (79)

= [rglltacy — (O AR )« Oy

a
z2=0

—aT N @) AR ) s Bl

N ORGP EPRY L)

a

A (OYRHOES) * (A V2K PR LY g)

z1=0
A (OO S) x (472K K P LT L g)

a
z1=0

In the same manner we get for the second differential cal-
culus with unhatted derivatives

(0" f ko (85)

= f*9llga=0

— (OVRYORS) * (AVPK P K g)

z4=0

a

— X (ORNGR ) * (AR LT g)

x4=0
— X (RN ORS) * (A KPR 2L g)

a
z4=0

A2 (YRR * (A2 KKy PLT Ly g)

a
)
z4=0
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()R FxORa| , (86)
= frg ey

— (0RO > (AR )|

X ()R O )« (AVPKTP R Ly g)|
()RR , (87)
= frgltcy — @R ORS) * (APET K, )|

N ORHORN) * WPEYPE, L)

(0YR"f Okg| (88)
= frg i,

— YR OR) * WPETPE )

Finally, we would like to present the relations concern-
ing our method for integration over the whole space. If
surface terms are neglected, we can again state the iden-
tities

@H~ M@~ @*) e

= (@)@ M"Y (89)
=q(@") 719" (@) @)
=q(@")7H(@*) (@) ")
=q(9*)71(@") 1 @)H)!
=q(@)7H ")) M)
=¢*(9*)7 (0" 7H@*) (M)
=@~ eH N @*) oY)
=¢* (") 1(8*) 1) (9!
=¢*(@") (@%@ (97!
=q' @)@~ @)~ eh) ™
=¢"(0") 718" N !
= ¢® x remaining combinations.

Let us note that the quantities (§)~ ,i=1,...,4, obey
the same relations. Since the results of the various volume
integrals in (89) differ by normalization factors only, we can
restrict attention to one of the above expressions. Thus,
for performing the integration over the whole space it is
sufficient to consider the following formula:

G e A R
= ¢"(Dg-2) "1 (Dg-2) (Do) " (Dg-2) ™

q—2

(90)
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'f(qlev qx27 qxg)

It is quite clear that the transformations (69) and (71)
carry over into our formulae for volume integrals. Hence,

(67107 (@) (@) e f (91)
U 0@ (67) 70 6 g
and
[2(0")710) 1@ 1@ (92)
5 (@)1 (071 @) @) B L,
fa@) @) @) @) (93)

jod!

5 (0171 T T T e

where (9%)~1 = —¢*(d")~. With the same reasoning ap-
plied to g-deformed Euclidean space in three dimensions we
can immediately verify rotation and translation invariance
of our 4-dimensional volume integrals. Using the notation

[avi=@)7 @) e e ss (o
v =re@) 7o) e e
[ Vi = @)@ @)@ e
[ ar=ra@) @@ e
we can explicitly write
aig/L/quVf—/L/quvaiw

=¢(9%) /L/R d,Vf=0,

(95)

L >/ dVf= dVLY o f
L/R L/R
=e(L7) d,Vf=0,

L/R

KjD quf:/ quKij
L/R L/R

= s(Kj)/L/quVf = /L/quVf,

5%/ quf:/ d,Vo'v f
L/R L/R

=¢(d%) /L/R d,Vf=0,

(96)
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Lyv> d,Vf=

L/R L/R

= g(LjE) /L/R d,Vf=0,

Kjl>/ quf:/ quKij
L/R L/R

dVLy > f

:é-(Kj)/ avi= [ 4vf
L/R L/R
and
(/ quf> aaiz/ d,V fao’ (97)
L/R L/R
=£(0") d,Vf=0,
L/R
( quf><1LjE:/ dVfaLy
L/R L/R
:E(L;t)/ d,Vf=0,
L/R
(/ quf><1Kj=/ dVfaK;
L/R L/R
d,Vf= d,Vf,
L/R L/R
(/ quf> qéi:/ d,Vf<d (98)
L/R L/R
=£(0") d,Vf=0,

L/R

dVf|<aLy= | dVfaLy
L/R L/R

=e(L) /L/R d,Vf=0,

(/ quf> <1Kj :/ qufQKj
L/R L/R

:g(Kj)/ ivi= | 47
L/R L/R

4 g-Deformed Minkowski-space

In principle all considerations of the previous two sections
pertain equally to g-deformed Minkowski space [12, 16—
18]2, apart from the fact that the results now entail a more

2 For a different version of g-deformed Minkowski space see
also [19]
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involved structure. The partial derivatives of g-deformed
Minkowski space satisfy the relations

or® = 9%0", e {0,+,3/0},  (99)
6_83/0 — q283/08_,
9to3/0 — (1—233/05+7

0~9t —ate™ = N0%°0%/° + 8°9°/9),

with A = ¢—¢ ! and ¢ > 1. As usual, we introduce inverse
elements (0*)~1, u € {0,+,3/0}, by

@) tor =0 () =1, pe{0,+,3/0}. (100)

From these requirements we get the relations
")t = (0719, ne{o,+,3/0},
(8%/0)~1g% = ¢F29%(9%/0)~1
(9F)"193/0 = ¢£29%/0(9%)~1
o~ (o)™
= (@) "0 -
(@) 'o*
— 0% (07)

(101)

g N0

2(q7283/0 + 80)63/0,

1 _ q72/\83/0(q7283/0 —|—60)(87)72.

Furthermore, we have

@)t = (07T pe{0,+,3/0},
(aS/O)—l(ai)—l _ i2(8+)_1(83/0)_1, (102)
010" = 3 A (] (Ll} )

=0 q—2

. k
. Z (*(]6) i(i+-2k) |:Z:| Z 4j>\+
k=i =0

. (8+)p7(i+1) (83/0)2j (Sq)k p(ao’ 83/0)(87 )pf(i+1)’
where Sy, is a polynomial of degree 2(k — p) with its
explicit form presented in Appendix A.

Next, we come to the commutation relations involving
the Lorentz generators [17,20,21]. Explicitly, they are given
by

(@)~ = (97T, (103)
T+(83/0) 1 (83/0) 1T+—q1/2)\i/2((93/0)_28+,
THO") " = (0") 7T,
THO )t =g 0) T
7q71/2)\}r/2(37)72(33/0+q7230),
T=(0% = (") 'T (104)
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T*(aS/O)fl _ (83/0)’1T’ . (]71/2)\EF/2(63/0)72877
T (@0) 7 =g o) T
(@) = 0) T
_q1/2)\1+/2(8+)—2<83/0_’_q280)7
7207 = ()7 (105)
(83/0) 1 (83/0)_1 3
T3(8+)71 — q4(a+)71 3
’7'3(8_)_1 _ q—4(a—)—17_3,
T2(a3/0 1 q(a3/0)—1T2’ (106)

T2(8+ 1 q_1(8+)_1T2,

)
)

T*(07) " = q(@7) 1T — g PPN P00 A,
)

TQ(aS —1 — (T2 > (83)71)7_1 + (0_2 > (63)71)T2’
51(33/0) 1 (]71(63/0)71517 (107)
SH o)t =qN07) s,
( +) 1 q(8+)7151 +q71/2)\;1/2(8+)7283/002’
SHO) = (8Te(8°) He? + (71 (0°) 7)Y,
7_1(63/0)—1 _ q—l(aB/O)—l 1 (108)
PO = a07) ',
Tl(aJr)fl _ 71(8+)71 1
+q*1/2/\;1/2)\2(6+)7233/0T2
THOP) T = (7 (8%) T Hr A28t (97) DT,
02(83/0)71 _ q(83/0)71 2 (109)
a?(9F) 7 = q(8%)1o?
207) =g (07) ot
_q1/2/\;1/2/\2(67)7283/051’
o?(0°) 7 = (0% > (8°) 7o + N2 (T? > (8°)71) ST,
where we have to insert the actions
2o (0% =q782 Z ¢’ao) (K_1) qukﬂ) (110)

>

0<i+j<k

(Sg)k—i (0, 83/0)(80+2q2ﬂ+1)\ 183/0) 2(k+1)(8 Y

)\gJ':l/Q (f) (8+)j+1(aq(q2j83/0))i
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> (0°)" Fon®BEY

_3/2261 o)
> Ai‘”(’j)(a+>j<aq<q2fai”/0>>i

0<itj<k

. (Sq)kfi,j (807 83/0)(80 + 2q2j+1)\;183/0)_2(k+1)(8_)j+1,

e (0% =4 (qPa0)* (KoY

(112)
k=0
¥ (D)@ oy

0<i+j<k

. (Sq)krfi,j (aO7 83/0)(80 + 2q2j+1)\1183/0)—2k—1(a—)j’

o (0% =q7" i(w%)h (K_1){5Y, (113)
k=0
> M (’j)(a+>f<aq1<q2ja3/°>>i

0<i+j<k
(S)—ini (0°,0%79)(0° + 2¢%—INT1OP/0) "1 (97)d

with

)\2
»
Note that these expressions have been formulated by using
the abbreviations and conventions listed in Appendix A.
Applying the substitutions

o=, ()= ()7,

ap = — (114)

w € {0,+,3/0},
(115)
to the formulae (99)—(113) yields the corresponding iden-
tities for the differential calculus of the hatted derivatives.
As in the Euclidean case the representations of the
partial derivatives of g-deformed Minkowski space split
into two parts [10]. Hence

B P — ((a(l o)+ (ag;>0))) F, pe{0,+,3/0}.
(116)
Now, we can follow the same lines as in the previous sec-
tions. Thus, solutions to the difference equations

oM>F=f pe{0,+3/0} (117)
are given by
F=0""'>f (118)
e [ e | W
k=0
e {0,+,3/0}.

The operators we have to insert in (118) for evaluating can
in explicit terms be written as

O Tt flat, a0, a8, w7 = (D3 )" f(g %),
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Ofizo)i @522 7) = (D), (119) +iaﬁ > {(M+)§,j(x)(Tf)§f
(é$:0))£1f($+7333/07fﬂ?’aw_) = —q '(Dp)  flg g, k=1 0sitjsk

A )
(oo f 2,20 2%, 27) = (DS/O) Lf(g_=®) + QM(M_)ﬁj(x)(Tzo)éf}
and _ 2i Z Oéi“

(O 2o f (@t 20, 2, ) (120) o
YD (ML @)(T)E S
= Zaﬂr Z M_) ,J( )(T3) /s i=0 j=0 0<u<i+j
=1 0<i+j<I 3 o
+i+
(Ogof (@t a0 2% ™) (121) shtse
k+1 1
Ay i D> Y (M @)y
= +\k 7 1,7, \Z 4 /u
- A+ ; 0<zz+;<l{ M )M(g)(TI )jf 1=0 j=0 0<u<i+j ’
- - L7t okl
+q (M )’i](x)(Tz );f}’ ! 0§/§<oo !
. ko141
(Ofagyuf (@™ 2%, 270 a7) (122) SUSTOST R TR,
1=0 j=0 0<u<i+j
— At (DD 1) f(gsa?) e
q g where for the purpose of abbreviation we have used the
i Z { operators [10]
k —\k +i
- q ay (M )i,j@)(T1 )_]f i r )
k=1 o<iti<h (T*0)5f = [ (O¥0)if zaﬂoﬂsxo](q%x?}/o)’ (124)
MM (@) (T3 )3 } o |
A (Tli);f = (O;)if|x3—>x0+x3/0 :| (q2(j+l)x3/0)ﬂ (125)
k+1 B
— 45— Z ay . ro. .
)Ur Oski<oo (T2 );f = L (02 )if|a:3—>w0+x3/“ ] (qzng/o%
)i @ (T f oy 0
;]ZOO<UZ<H_J ]7 (Tl );f = (O ) f‘m3_>y+_ q >\+ (02) f|x3_>q2y+
- >, oft (g7 a%?), (126)
At 0<k+I<oco oni 0 0
kolr1 <T2 )Jf = |: (O3>if’m3~>zo+:c3/0 + <O4>if’m3~>q2y_:|
Y e @@k, (i
=0 7=0 0<u<i+j B
(T??)ﬁ’lf - L (Qtl))k,lﬂzzs_,zo_,_ms/o } (q2ux3/0)
(5?i>0))Lf(x+, 230 2 27) (123) .
/\ (Tf)ﬁylf = L (Qg)k,lfb:s_mo_i_ws/o } (q2ux3/0)
= —¢*~—¢"x D, (D} ) (@2, gy %) .
A (TE)5'f = [ (@D)kat sy oo | (@),
_QQ%x+D(j_2D32q7f )
N ()5 = [ (OD)if |y, | (@2%°), (127)
3/0 h+ P— 2 3 )
—q—2"" DD f(q7q-27) ST
)\+ q q (T;_)jf = I (O;—)z‘f|w3ﬁy+ :| (q 1-3/0)
A2 -
3 +..3/0 )+ (H3/0 3 3
@5 @ DE (D D ) a+w?) (TS = [ @Dkaf Lo goro | (2 2),
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(TS = [ @)kt | sgosgvo | (@2¥/°).

The operators O} and Q, u € {0 +,3/0}, as well as the
and (M+-)bm o have already been

defined in [10]. Their explicit form is once again listed in
Appendix A. In addition, we have set

polynomials (M*)! .

0

X
2
>\+
B_Q+A+,
)\xS/O
=1+ 2=
q+ N, 23’
2:t1
yr =2 + g z%/0
Ay

It is also important to note that the formulae (119)-(122)
hold for functions only which do not explicitly depend on
2. Due to this fact we have to apply the substitution

a0 — 2 — 23/0 (128)

to each function the operators in (119)—(122) shall act on.

The corresponding formulae for the second differential
calculus can in the usual way be obtained from the above
results by the transformations

+ < F
@H) s f “EHT(9F) e f, (129)
e F R
(@) 'ef EHT (@) e S,
+ < ;
(0Y0) 1B EHT (M0 e
symbolizing a transition via the substitutions
ot 2T, ¢t ¢ At - AT, (130)
D% — DI, (DL — (D)~

Furthermore, one has to realize that the transformations
in (129) change the normal ordering. This is in complete
analogy to the situation for the representations of the par-
tial derivatives in [10]. The relationship between left and
right integrals is now given by

Fa(@) TS YY) e f, (131)
f< (83/0)71 w<“<—>_—> 74(33/0)71 va

fa@*)7 S — 0 e f,

Fa@) 1 ES ) ts (132)
Fa@0) 1 ES @0 s f,

Fa@5) 1S o) s g

where the symbol 25 has the same meaning as in Sect. 2.
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Now we want to deal with the rules for integration by
parts which in the case of left integrals turn out to be

@) @0 ) x| | (133)
= Frglliay — @O (A« 00
+q1/2)\1/2)\(83/0) (A1/2( ) 1/251f)* agg’mg .
@) @ N *aly (134)
= fxglls-—o — @D AVEE) T2 )« of gl
+q3/2>\11/2/\(5+)gl(/11/2T2f)* 33/09‘ B
(G R (135)

= frglltizo — @)L APENPE ) w0 gl
+q AT A2S )+ gl
+)\2(67)£1(A1/2(7_3)71/2T751f)* 3f9|i+:0

— AN AT g SN )

3/0 |
* 0 ngr:0

)

(@))% 9]0, (136)
=[x g|ts0m0 — (OO (AY26% F) % g s,
PN (AT () ) % O g s

—q 7 ATEN(0) T () AT + g™ )

*8;59]

23/0=0
AT APORT T + q(rh = 02)) )

* BE/Og

23/0=0

In a similar way we get for the conjugated left integrals
the identities

@G Nxa| (137)
= fxgllzs—o
_ (53/0)51(/1_1/2(73)_1/202f) « éi/og
x3=0
2N EAOYO) (AT ) % égg!ﬂ:o
0L O fxg o (138)
= [*glliscy — @) AT ) x Opg|
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+ 1/2)\—1/2/\(37)—1(A71/2(7_3)71/251f) N—1/9— —~1/2 1/2 2
a5 ) —O)R B (AT )
*53/Oga 3/241/2 1790 172/ 3y=1/201 |*
DR P =@ PALENOT)R R S) + (AT TS )|
(O @O g (139)  —@AOR' GRS * (AT TS >I+ .
N . _1/2y—1/2 —\—1/93/0
= Frglli-co = 0NN AT 2 ) Bfg| TN ) O
) o Y (A-123-172051 _ o=yl ’
g ANPAG AT PTR() 2 ) x B A
Hg AT AT T ATV () V(T 0% 4 T ) (O0)R S+ (OR9) sy (144)
x0i%) — Fxgllty — @R ORN * (A2
—PN@N AT ) * by g AN O )+ (47 TR
I —q"PATPNO)R B )
@) @~ (140) .
- « (A7/2(gS" — 7T 7)g)
£ |3ang = @)A1« D o
=J*G||g3/0—0 — L * 370 _ _ ]
/=0 AR (BRS)
—1/2y—1/2y 30\—1/ 4—1/2 @1 + a
ta A TA@)L (A 5 8 g 23/0=0 *A71/2(>\2T2T7 +q(c® —11))g 28/0—0
1/2y—1/2y (A0\—1/ 1—1/2 1 2
+q"/ AT (4 / (Tt =T%)f) Analogous formulae hold for the conjugated right integrals
5= a as we can write
* Lgx3/0:() A3/0\—1 /0 ¢
—1(A0\=1¢ g—1/2( 3\—1/2 (@R f * (0 9) 5—o (145)
—AL(@) L (A7) o
) ~ a _ a A3/0\—1743/0 AL/2 1/2.1
(ONTHSY 4 g (3 — o2))f) « al?:/o oy fxglgs—o — (077)r (9 "g) > ( (r)2r 9) #5920
— g APAOYOR O )+ (AR AT
In the case of right integrals the rules for integration by =0’
parts take the form "
O )R F*OR9)| | (146)
(005 1+ 09| (141) e a
#3=0 = [*gllgreo — (0 )Rl(aRf)* (Al/QUQQ) 0
— Jxglltacy = @R L (A 2a%g)| 1724 A1 A
0 R “R -0 —q1/2)\+1/2)\(8 )Rl(aé/of) (/11/25'1 )x+ .
g PALNG O )+ (4728
()% f*(ﬁfig)x - (147)
O+ B39, _, (142) o
B = frglltco — @R GRN) * (079
= frglla o — @NRNON * (AR s
— gAMD" )
3/2)\71/2 o+ 83/0
—q + ( ) ( f) a
w (AT 4 g1 3T2)g)
* (A—1/2(T3>1/2T29) e z—=0
o = R ORN G ) * (APTAT )
T —0
O)Rf* PRy (143)
= f*gllz+=0 (D)5 * (%)

oy (148)



294

(A/2(%) 1 20%) |

z3/0=0

(ORf) *

—q3/2A11/2A(3°)‘1(5+f)

= Fxg|| %00 — ()R

7‘((/11/2(7_) 1/251 )

23/0=0
AN (O )

% (A1/2(7_3)71/2(q7_ T 2T+) )

£3/0=0
—a ARG )

a

* (AI/Q(T3)1/2(q—1)\ZSlT+ + (7_3)—10,2 _ 7_2)9)

x3/0=0 '

What remains is to deal with the integration over the
entire g-Minkowski space. In this case it is sufficient to
consider the classical contributions in formula (118), as all
of the other terms depending on A lead to surface terms
vanishing at infinity, if we require

Jdimf(z) = pe {0,+,3/0},
lim (2%)™ <a)mf(:1:) =0, Vn,m e N. (149)
23— doo ox3
Thus, we can write
@)1 @) O @) e f (150)

= (01z0) O =) T (D) T O T ST
= (DY) (Dp)H(DE) T (D2 2) ')

q
(¢ %2t ¢ %23 +S.T.

where S.T. stands for neglected surface terms. The above
relations follow from the same reasonings we have already
applied to the Euclidean spaces. Unfortunately, the com-
plexity of our results makes this a rather laborious task.
The different possibilities for composition of the single in-
tegrals are now related to each other by the following iden-
tities:

(0 I A Rl I R Il (151)
=q H(07) @Y THOT) M) e
=q 2(0%0)7H07)THOT) ) e S
=q 2% OF) o)) e s
=q 2(07) " ON) @) T e
=q 2(07)7HO) @) M) e

As we are used to, integrals over the whole space and
their conjugated versions depend on each other by the
transformation rules

(019" N T e f

o)~ (152)

H. Wachter: g-Integration on quantum spaces

o T
q /q —\— _ 1~
F@0) 0T TN T

If we want to have integrals over the whole space which
are built up by composition of right integrals we can apply
the rules

fa @) o)) O (153)
E5 @710 e f,
RO ) (154)
@) NN T O) T e

where (0*)71 = —q“l(é“)_1

Finally, let us come to formulae expressing right and left
invariance of our integrals over the whole space. For this
task we shall find it convenient to introduce the following
notation:

/ 4,V f = (8°)HO) 1 (07) "L (@Y 15 .
L
(155)
/ dV = fa(0%°) 1 (07) 1 (01) 1 (8°) !
R

[ Vi = @)@ @)@ e,

L

[ aivi =@y o) @h e
R

Right and left invariance can then be written as

ot d,Vf = d,VO*5S f = e(0") d,V f
L/R L/R L/R
=0, (156)
Tl>/ quf:/ quTDf:é?(T)/ d,V f
L/R L/R L/R
=0,
Kl>/ dVf= quKDfZE(K)/ .V f
L/R L/R L/R
= / d,V f,
L/R

</ quf><18“/ qufqa“:s(a“)/ d,V'f
L/R L/R L/R

=0, (157)
( quf> T =
L/R

dVfaT =eT) | dV¥f
L/R L/R

:O7
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dVfaK =e(K) A,V f
L/R L/R

< quf> <K =
L/R
:/ d.V f,
L/R

where T' and K denote Lorentz generators from one of
the following two sets:
T e {T*, S, 17},

K e {3 7% 0%} (158

=

Anlogous identities hold for the conjugated integrals.

5 Remarks

In the past several attempts have been made to introduce
the notion of integration on quantum spaces [22-26]. How-
ever, our way of introducing integration is much more in
the spirit of [27], where integration has also been consid-
ered as an inverse of g-differentiation. While in [27] the al-
gebraic point of view dominates, our integration formulae
are directly derived by inversion of g-difference operators.
Thus, this method of integration represents nothing else
than a generalization of Jackson’s celebrated g-integral to
higher dimensions.

Let us end with a few comments on some typical fea-
tures of our integrals. Their expressions are affected by
the non-commutative structure of the underlying quantum
spaces in two ways. First of all, integration can always be
reduced to a process of summation. Additionally, there is
a correction term for each order of A\ vanishing in the un-
deformed limit (¢ = 1). These new terms result from the
finite boundaries of integration and are responsible for the
fact that integral operators referring to different directions
do not commute. However, if we integrate over the whole
space, the single integrals the volume integral is composed
of become independent from each other and can then be
expressed by Jackson integrals, only.

One important problem which is still open at the mo-
ment concerns the question of integrability. It can easily
be seen that for polynomials the series representing our
integrals terminates. Thus, we can say that polynomials
are always integrable. For all other functions which do not
vary too rapidly compared to A it seems to be resonable
to assume that the correction terms become small enough
to constitute a convergent series.

A Notation

On the notation presently nine remarks will be made.
(1) The g-number is defined by [13]

ac

a,c e C. (159)

=T
For m € N, we can introduce the g-factorial by setting

Fllge! = (1) e (2] -

[[m]ga s
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[0]] ! = 1.

There is also a g-analogue of the usual binomial coefficients,
the so-called g-binomial coefficients defined by the formula

[a] _ leflga [l = 1ga - [[a —m+ 1]
- [[m]] e ’

(160)

o (161)

where o« € C, m € N.
(2) Note that in functions only such variables are explicitly
displayed as are affected by a scaling. For example, we write

flg*z™) fl@Pat 2% 7).

(3) Arguments enclosed in parentheses refer to the first
object on their left. For example, we have

DL f(¢*x%) = D5 (f(d*x™))

instead of (162)

(163)

or

DE(DLS +Dpf)(@a™) = DS (DL S + Dpf)a*a™)] .
(164)

However, the symbol |,_,, applies to the whole expression

on its left side reaching up to the next opening bracket or

=+ sign.

(4) The Jackson derivative referring to the coordinate x4

is defined by

f(a?) = flga?)
(1—q)at
where f may depend on other coordinates as well. Higher

Jackson derivatives are obtained by applying the above
operator Dj;‘a several times:

Djuf = , (165)

(DA)' f:= DADA ... DA f.
—_————

i times

(166)

(5) For a > 0, ¢ > 1 and 24
Jackson integral is

> 0, the definition of the

1f| —(1=¢%) ) (g *a™) (g~ a?),
k=1
W =~ =0 D (¢t fg™Fat),
k=0
(167)
(D)7 = =) Dl ) ),
k=0
(D)™ =(1=q") (¢ f(q" ™).
k=1

For a >0, ¢ > 1 and 24 < 0, we set

oo
1f|xA 17(] Z —ak A 7ak:1,A)7
k=1
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oo

DAY = (1= ¢ Y (@™ a4 f(g™ ), (168)
k=0
(Dg-a) | =—(=q") > () fg k),
k=0
D) === Y (g ().

e
Il
-

Note that the formulae (167) and (168) also yield expres-
sions for g-integrals over any other interval [13].
(6) Additionally, we need operators of the following form:

n T

)
4 AW' (169)

(7) Calculations for g-deformed Minkowski space show that
it is reasonable to give the following repeatedly appearing
polynomials a name of their own:

(Sq)ij(a®,a*)

s B LY a0y,
= Y p1=0p2=0 pi—;=01=0
1, ifj=i,
ag(x°,2%/%) = —qz3/%(qa®/° + X\ 20), (170)
(M*)f(z) = (M)} (20,2t 250, 27)
= (]:) N % (ag w1 (¢¥x3/0)) (zt27) (Sy)k—j, (22, z3/9),
(M) () = <M+*>f;;,u<x°,x+,x3/°7x*>
= () )retarar et
(aq 1( 2u 3/0)) (SQ)i-i-j,u(xO’xg/o)-

(8) In [10] we have introduced the quantities (Ka)gfffj,';(’l’fl),
k; € N, a;, a0 € R. We also refer to [10] for a review of their
explicit calculation. These quantities can be used to define
new operators by setting

(k1y-skl) m—kq—...—
D(k11~:-~,]€l)z" — {(K )ah ;U«Ll k1 kla (171)

0, ifn<ki+...+k,

Especially, in the case of g-deformed Minkowski space we
need the operators

: k.l

(D} )P = DY, (172)
3 \k,l — (kD)

(Dz,q) =Dy us q2y_ /oo
3 VKl — y(kili,g)

(DS"J)M = Dy+/z3,q2y+/m37y7/z3,q2y7/xa’

where
2¢% 5

yo = ya(a®,2%0) =20+ T a0 (173)

+
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Notice that these operators have to act upon the coordi-
nate z3, only.

(9) In Sect. 4 the representations of (9*) 1, u € {,0,3/0},
have been formulated by using the operators

(0%0).f = (D3 ¥ f(gPa™), (174)
(O )ef =2~ (D3 )M HF f(Pa), (175)
(03 f = a®°DL(D3 ) fgPah),

(09)if = DO (D} )r f (176)

_ q?’)\;l )\2x+x3/0Dq+2 DZ)Z{O(Diq)k,kﬂﬁ
(O9)if =z~ (DY -

Okt = qut DL(DS )Py,

1)k’k+1D;2f(q2:E3/O),

(ODxf = 2*°DL(D} 1) D, f,

QN f = (2°

+AT A (q + M)

+q N (D I S (177)

3/0 3 \kk+1
Tt/ D;;(D&q)l,lJrl f
— q3/\11)\2x+x3/0(aﬁ0 + ¢ Az%/0)

+ 3 \k+1,k+1

DL(Ds )i )

k+1,k+1
(Qg)k,lf = (Ds,q)z,;rﬂ - f;

(@raf =a (DS L f

—q2)\11)\2x+x3/0DqE (Dg,q)kﬂ’kﬂf,

141,141
(ON)kf = (D} ;-)"* D, f, (178)
(O+)kf — gt 3/0(D3 )k,k—O—lf,

QD )kaf = (g +A)at (D3 ) r (179)

— et (2% + q—l/\x3)(D§,q)ﬁf+1f+1f,
k+1,k+1
(Q;)k,lf = x+(D§,q)l+1,l+l I
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