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Computing the #-exact Seiberg-Witten map for arbitrary gauge groups
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We discuss how to obtain §-exact Seiberg-Witten maps by expanding in the gauge coupling constant or,
equivalently, in the number of ordinary gauge fields. We do so for arbitrary compact gauge groups in
arbitrary unitary representations. For gauge and matter fields, we fully work out #-exact nonhybrid
Seiberg-Witten maps up to order three in the number of ordinary gauge fields.
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I. INTRODUCTION

A dozen years ago, a formalism was put forward—the
enveloping-algebra formalism—which can be used to con-
struct noncommutative gauge theories that are deforma-
tions of ordinary theories with simple gauge groups in
arbitrary unitary representations [ 1-3]. No other formalism
is known that does this generic job. The chief feature of the
formalism at hand—see Ref. [4] for a review—is that both
noncommutative gauge fields and infinitesimal noncom-
mutative gauge transformations take values on the univer-
sal enveloping algebra of the corresponding Lie algebra,
and are defined in terms of the ordinary fields by the
appropriate Seiberg-Witten maps. The construction of a
noncommutative generalization—called the noncommuta-
tive Standard Model—of the Standard Model demands the
use of the enveloping-algebra formalism if no new parti-
cles are introduced (for noncommutative generalizations of
the Standard Model outside the enveloping-algebra formal-
ism see Refs. [5-7]). The noncommutative Standard Model
was introduced in Ref. [8]. The formulation of noncommu-
tative deformations of the ordinary SO(10) and Eg grand
unified models also requires, at present, the use of the
enveloping formalism, as has been done in Refs. [9,10]—
see, however, Ref. [11] for an alternative formulation of
SU(5) noncommutative grand unified models.

By considering the Seiberg-Witten map as a formal
power series in the noncommutativity matrix parameter
6#7, a fair amount of phenomenological consequences,
which might be tested against the data from the LHC,
have been drawn from the noncommutative Standard
Model: Refs. [12-16], to quote only a few (the reader may
wish to find further information in Ref. [17]). Besides,
renormalizability [18-23], anomaly freedom [24,25], and
existence of classical solutions [26-28] are other issues
which have been studied for noncommutative gauge theo-
ries formulated within the enveloping-algebra formalism by
expanding in powers of 8+7.

Given a noncommutative theory defined by means of
enveloping-algebra formalism, the expansion in powers of
67 of the Seiberg-Witten map leads to Green’s functions
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that are power series in 8*”. These Green’s functions, in
turn, yield physical predictions which can be truly trusted
only if the energy is well below the noncommutativity
energy scale Ayc. Indeed, one should be prepared to accept
that when the momenta are well above Ayc the rapidly
oscillating Moyal exponentials, which tell us that the fields
are propagating in a noncommutative space, partially mod-
ify—rendering UV finite some otherwise UV divergent
contributions—the UV behavior of the theory and connect
it with the deep IR region. This is of course the famous
noncommutative UV/IR mixing [29] which is known to
occur in noncommutative U(N) theories and which can be
thought as a consequence of these noncommutative theories
being the low-energy limit of the appropriate open string
theories, where the former also occurs [30,31]. Of course,
this UV/IR mixing cannot be exhibited at any finite order in
expansion in powers of *”. Hence, to study the UV/IR
mixing phenomenon in noncommutative gauge theories
defined within the enveloping-algebra formalism, one has
to use expressions for Seiberg-Witten maps that are exact in
6#7, although they may be power series in some other
parameter: the coupling constants being a first choice if
the noncommutative Green’s functions are to be defined—
keeping an eye on phenomenological applications—by us-
ing standard Feynman-diagram techniques. It is advisable to
stress that the enveloping-algebra formalism rests on the
existence of the Seiberg-Witten map, not on the existence of
this map as a power series expansion in 8+,

Let us mention that it has not been shown yet whether
noncommutative gauge theories defined by means of the
enveloping-algebra formalism may find accommodation
within string theory —F theory [32] may help us in doing
so—and that our experience with noncommutative U(N)
gauge theories shows that the UV/IR mixing phenomenon
has to be dealt with if these noncommutative are to have a
stringy derivation.

The authors of Ref. [33] were the first to show, in the
U(1) case with fermions in the adjoint, that if the 6#
dependence of the Seiberg-Witten is handled in an exact
way, then there is an UV/IR mixing phenomenon in the
noncommutative theory defined within the enveloping-
algebra formalism. Then, the analysis of the UV/IR mixing
was extended [34] to fermions in the fundamental coupled
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to U(1) gauge fields. Recently, the UV/IR mixing that
occurs in the one-loop propagator of adjoint fermions
coupled to U(1) fields and its very interesting implications
on neutrino physics have been deeply analyzed in
Refs. [35-38].

And yet, up to the best of my knowledge, there is no
discussion in the literature on how to obtain systematically
f-exact Seiberg-Witten maps for the gauge of arbitrary
gauge groups in an arbitrary unitary representation. We
shall present in this paper such a discussion and compute
explicitly the #-exact Seiberg-Witten map for an arbitrary
gauge field, and for matter fields as well, up to order three
in the number of ordinary gauge fields. This whole con-
tribution is needed to work out—we shall not carry out this
lengthy computation in this paper—the one-loop vacuum
polarization of the gauge fields, which contains informa-
tion about the physical phenomena that are consequences
of the UV/IR mixing [39]. Let us finally point out that we
shall take as a starting point of our computations the
Seiberg-Witten map equations that arise when the problem
of constructing the Seiberg-Witten map is formulated as a
cohomology problem [40-42] (see also [43]).

The layout of this paper is as follows. In Sec. II, we put
forward our procedure for constructing systematically the
0-exact Seiberg-Witten map for the gauge field of an
arbitrary gauge group in an arbitrary unitary representation
and give the equations that are to be solved by expanding in
the gauge coupling constant or in the number of gauge
fields. In Sec. III, we give the #-exact Seiberg-Witten map
for a general gauge field up to order three in the number of
fields. The construction, by expanding in the gauge cou-
pling constant, of #-exact Seiberg-Witten maps for matter
fields is discussed in Sec. IV, where also explicit expres-
sions are given up to order three in the number of ordinary
gauge fields. In Sec. V we list some pressing open prob-
lems which demand the results presented in this paper to be
used as a starting point. In the Appendix we give the very
involved value of a certain function which gives the order
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three—in the number of gauge fields—contribution to the
f-exact Seiberg-Witten map for matter fields.

II. THE 6-EXACT SEIBERG-WITTEN MAP
EQUATIONS AND THEIR SOLUTION

Let the Moyal product, %x;, of two functions, f; and f>,
be defined as follows:

d*p
Q2m)*
d*q

. Wfl(p)fz(q)e_"%(ﬁl\q)e—,-(p+q)x)

(f1 *n f2)(x) =

where p A g = 60p,q;. f, and f, are the Fourier trans-
forms of f and f,, respectively. Let a,, denote the ordinary
gauge field of an arbitrary compact simple gauge group in a
arbitrary unitary representation—the case of nonsemisimple
Lie groups requires a trivial generalization of the formulas
below. Let A ,[a,; h6] stand for the noncommutative gauge
field which is the image of a, under a given Seiberg-Witten
map. It has been shown in Refs. [40-42] that suchan A , can
be constructed by solving the following problem:

dA

b=

1 ..
ﬁ Zalj{Ai’ a/A/” + Fjlu'}*hA/-L[aP; he]lh:() = 84y,

@2.1)

with F,,, = d,A, —d,A, +i[A,, A, ], and g being the
Yang-Mills coupling constant. Instead of solving the pre-
vious problem by expanding in powers of 26", we shall look
for a solution to it that is a power expansion in g:

Aula, h0] =Y g"A[a,; ho] (2.2)

n=1

Substituting (2.2) in (2.1), one obtains an infinite number of
coupled equations which read

1 1. 1 1
=2 6{A", 9,4}, + an{A@ 9,4}, — Zev{Aﬁz), 9,AV ), — Z0!/{,45", 9,AP,

1
dAy 0
dh
dA? 1 1 1 0
= 2 0A, 5,40, — 2 0AD, 3,40,
dAy)
dh 20 T P00

i
+ 3 0A 1A AL b

A" 1 . . )
d;; =§01,/ Z {AE 1)’8,/“4%12)}*/7_101] Z {Agml)’%"‘ﬁm}*h

m;+my=n

i
+ 0" >

my+my+ms=n

{Agml)’ [A(]mZ), Aflin3)]*/7}*,,r v n>3.

m;+my=n

(2.3)
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The initial condition A, [a,; h6],—o = ga,, leads to

Ag)[ap;heﬂh:o =a,

and Agf)[ap;hﬁ]lh:o =0,
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Vn>l1. 2.4)

Integratlng with respect to h both sides of the equations in (2.3) and imposing next the initial conditions in (2.4), one gets

AM [a,; h6]in terms ofA [ap,hé’] ,n—1:

AWla,;h0]l=a,, Y h,

2]

A(Q)[ap,hﬂ] / dl( lj{A(l) 9 A(l)}* elj{A(l) 9 A(l)}*’),

2]

AD[a,:h6]— / dt( 6iiAD, 0. AP a, 101}, +~ O’J{A(z)[ap,tﬁ] Ay

1
—~ Z0‘/{,452)[%;t9], 9,4V},

U{A“) 0, A ay; 10Tk, + eu{Am [A<-”,A£P]*,}*,’)"“

AW[a,:h6]= f dz(—eff
g P 0 2 my+my=n

i
+ 40" >

my+my+msz=n

A" s a shorthand for Ag"“)[a 3 10], whenever s = 1,2, 3
and o = i, j, u. The functions displayed in (2.5) give the
f-exact Seiberg-Witten map as an expansion in the Yang-
Mills coupling constant or, equivalently, as an expansion in
the number of ordinary gauge ﬁelds—A( [a,: h6] being
the contrlbutlon containing n fields a, Closed explicit
forms for A [ap,hﬁ] n=23..., can be worked out
by Fourier transformlng the ordmary gauge field. The
exponential phase factors characteristic of noncommuta-
tive space-time that give rise to UV/IR mixing will thus be
clearly exhibited.

Let G = G; X - -+ X Gy be a compact nonsemisimple
gauge group, G; belng a simple compact group if
i=1,...,s and an Abelian group if i=s+1,...,N.
Then, the results presented in (2.5) also hold for G if
ga, is replaced with the whole ordinary gauge field, v,
defined [25] as follows:

Z gk(a(k))a(T(k))a + Z g a(l)T(l)
k=1 I=s+1

(2.6)

{(T®)a, 7O} with a=1,...,dimG, for every k=
1,...,s, stand for the generators of the gauge group G in
a given unitary irreducible representation. Of course, the
matrix elements /J of these generators are always of the
form

(T(k));‘J = (T(k))flm 8
_ . () _ I
k=1,...,8 T3} =28;; "8,Y"

[=s+1,...,N.

Z {Agml)’ F) 'AZnZ)}*, _ _0!/

{Af»m')y [AE‘mZ)’A%B)]*,}*,)v V>3

Z {Agm]), a,U«Aﬁ'mZ)}*z

my+tmy=n

(2.5)

III. WORKING OUT 6-EXACT CLOSED
EXPRESSIONS UP TO THREE GAUGE FIELDS

In this section we shall show how to use the results in
(2.5) to generate #-exact closed expressions in terms of the
gauge fields in momentum space. We think that these
expressions will be most useful in the study, by using
Feynman-diagram techniques, of the #-exact properties
of noncommutative field theories defined within the
enveloping-algebra formalism.

Let {T“} denote the generators of the compact gauge
group in an arbitrary unitary representation. {79} are
Hermitian and satisfy [T¢, T°] = if*°T¢. Let a%(p)T*
be the Fourier transform of the ordinary gauge field a, (x):

d* P _.
a,(x) = [We Paf (p)T°.
Then, after some computations, one obtains the following

f-exact expression for A(2)[a ;hf]in (2.5):

d* P1 d* P2
Qm) em*¢

X AP[(p1, w1, ar), (P2 wa, a); h6]
X ale (p 1 )af’«zz (Pz),

Aﬁf)[a,,; ho](x) = e~ ipitpa)x

where
Af)[(pl, w1, ay), (P2, o, ay); ho]
= _ 61}(2172/8#1 5#2 _ P2M5f” 5;_42)

e~ BPirp

eAPAP —
— 7T 7]
Pi1A D2

<[
P1ADP2
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Let us move on to compute Aﬁf) [a,;h6]in (2.5). Lengthy computations yield the following #-exact result:

d4P1 d4l72 d4P3 e
Qm)* Qm)* 2m)*

Ala,;h0)(x) =

where

Ag)[(l?b w1, ar), (pa, o, @), (P, 3, a3); h6]

~ilpn +p2+p3)x{&9)[(l’1, w1, ar), (pa, o, az), (ps, w3, az);sh8lal, (py)agz (pr)aii,(ps)},

= PPL(p1, 1), (P2 w2, (p3, 13); ONTOTETS(pys o, p3s b, 6) + TRTSTHN—pys pa, p3s b, 6))
+ QW[ 1, o, w3 OUTOTTEF(pys py, p3s b, 6) + TRTTYF(=py; pa, pss b, 6))

and

PLL(p1, 1), (P2 12), (p3, 123); 6] = %0’70"’{[4(1)3152‘25,’»‘3 + pud{?8i%) = 2(ps — pa)i6; 81" 1p; 8%
+ [4(p316;2 600 + pu6i281°) — 2(p3 — p2) 8,261 1(pay + p3); 61"
—[2(p318;7 81" + pudi?8;°) — (p3 — p2)i8;° 817 1p1,. 67"
—[2(p318;° 8 + p2ud?8,7) — (p3s — p2);8287°1(p2 + p3) 67},

1 ..
Q[ o, 0] = =5 09(511 817617 — 81152877

In the previous equation,

(3.1)

I(p1; p2r P33 h, 0) =
P2 AP3

1 [ e~ BPIADIFPIAPIFP2ADY) |

PIAD,tPIAPs+ P APy prA(py+ p3)

e~ APt ps) 1]

e~ BPIADIF PIAPSTPIADS) — ]

F(p1; p2. P33 h, 6) =

PIADPy+ PLADPy+ Py Aps
I(=p1s 2 p3:h, 0) = W(pys po p3: b O, o)

F(=pi1: P2 p3sh, 0) = F(pys po. p3s b O], —— -

IV. COMPUTING THE 60-EXACT
SEIBERG-WITTEN MAPS FOR
MATTER FIELDS

The method that we have presented in the previous
sections can be successfully applied to the case of matter
fields. We shall deal with the nonhybrid (i.e., standard)
Seibeg-Witten maps only, but it will become clear that the
procedure can also be applied to the hybrid [44] case.

Let W denote a noncommutative matter field (either a
boson or a fermion) which changes under a mutative
Becchi-Rouet-Stora (BRS) transformation, syc, character-
ized by the noncommutative ghost A as follows: sV =
—iA %, V. Let ¢ denote the ordinary matter field
whose image under the Seiberg-Witten map is V. Under
the ordinary BRS operator, s, ¢ transforms thus sy =
—iA, where A = X9T9, {T%} are the generators of an
arbitrary compact Lie group in an arbitrary unitary

representation. Then, as shown in Ref. [42], a nonhybrid
Seiberg-Witten map from ¢ to W = W[a,, /; hf] can be
obtained by solving the problem

dv

1
= _0YUA. %, 9.V
dh 2 074 %n 9,

i ..
+ Zel}Ai *h Al *h \I’[ap, l/f,ha]lh:() = l// (41)

Let us consider for the time being that the ordinary
gauge group is simple and introduce the following expan-
sion of W[a,, ;hf] in terms of the gauge coupling
constant g:
Wa,, ¢:h6] =D g"V[a,, :h6] 4.2)
n=0

Then substituting (2.2) and (4.2) in the differential equa-
tion in (4.1), one obtains
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4y 0
an
dvW 1 g
an 20T 0, %0,
dv® I .. (1) 1 I .. ®)) 0 T (1) (1) 0
- = 50747 0,90 + 50747 %, 9, PO + 70747 % A7 % o,
av® 1 1. 1. P
dh - EQUAE-S) *h OJ‘I’(O) + EQIJA?) *h 8]\1',(1) + EGUAEI) *h 8Jq,(2) + %G’JAEZ) *h A;l) *h \II(O)
+ 4—:01'~"A§1) oy AP x, WO + iaifAE‘) e AL o, WO,
v 1 P
=07 3 A 0,00 + Loii > A e AV e, W),V >3, (4.3)
dh 2 m;+my=n 4 my;+my+tmsz=n

The initial condition W[a,, ; h0]|,—y = ¥ leads to

VOla,; h0ll—g = & and V[a,, ¢;h6ll—g =0, ¥ n>0. (4.4)
Integration over & of both sides of (4.3) and the initial conditions in (4.4) yield the following solution to (4.1):
VOLa,, yr;h6]= i,
WW[a,, y;h6]= /0 " dt(%aifAE” *,0 ,qf@)),
V[a,, ;h6]= ]Oh dt(%GUAE” *, 0,V [10] + %GifAfz)[te] *,0, WO + iei/Aﬁl) * AV *, \If(o)),
VO[a,, y;ho]= fo " dt(%eifA?)[za] *, 0,00 + %GU‘A?)[:&] *, 0, WO[16]+ %9%5” *,0;WO[16]

+ ﬁeffA?)[ta] o A, WO + iaifAﬁl) * AP [16]%, O + EBUA?) * AV x, ‘If(l)[tﬁ]), ..
W a,, ;h]= fo " dr(%aff +Z A01pa W[ 6] +£0f~i ) Z+ Ag"’l)[za]DAﬁ.’”z)[m]DWﬁ)[za]), Y n>3.
my+my=n my +my+my=n
(4.5)

Aﬁi") is given in (2.5).

We have worked out \P(l)[ap, i ho], ‘If(z)[ap, Y, 6], and \I’(3)[ap, ;6] in terms of the Fourier transforms of the
ordinary fields a, and . Our results run thus:

d4P1 d4p2

(2m)* (2m)*

‘I’X)[ap, Y h0](x) :f e~ tPIX(IMW(py, 1, ay), pashO)Eal, (p1) ¥ 5(py),

d'p, d'p, d*ps _, a 0
‘I’f)[ap, W;h6](x) = ,[(277-)14 (277)24 (277_)346 Pt ptr){(IMP(py, i1, a1), (pas 2, @2), p3:hO)5aid, (pr)aiz, (p2) ¥ s(p3)},

d*p, d*p, d*p; d*p 4
\P(3) Ui ho — 1 2 3 4 —i(p+patpstpax
wlap UROI = | s Gt o

X{IMO[(py, w1, ay), (po, to, a2), (3, i3, a3), pashOD5asl (p)asz (p2)ai, (p3) ¥s(pa)}, (4.6)

where
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(IMD[(py, py, a1), pa; hODE = (T4)E01 6% p,;

(IMP(py, w1, ar), (pa, 2, @), p3; hODE = (T T)5{6764 571 81 (p, + ps);p3
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e BPIAPY

P1 A D2
1

P2 A Pp3

e~ BPIAPEPIAPIEP2AD) — ]
X

e~ BpiNpatps) — ] ]

PIADP2+PIAPs+PaADPy prA(pyt p3)

. ,
+ Eeljekl[z(Pzzafltst‘ + pudi? 6Lt — (py — p1)i6y' 617 1ps;

1
P1AD>

e~ BpIADP FPIAPSFPIADY)
X

e Bpi+p)Aps 1]

PIAP, T PIAPs+ P APy (Pt p2) Aps

1

— _01’]’6#1372

2

IM(3)[(p1r M1, al)? (pZ’ M2, a2)’ (p3’ M3, 613), P4 ha])g in
(4.6) is defined by a very involved expression that we
have committed to the Appendix.

As in the gauge field case, let G = G| X - - -Gy be a
compact nonsemisimple gauge group, G; being a simple
compact group if i =1,...,s and an Abelian group if
i=s+1,...,N. Then, the results presented in (4.5) and
(4.6) also hold for G, if ga, is replaced with the whole
ordinary gauge field, v, as defined in (2.6).

Finally, if we have a matter field, Y, transforming under
the adjoint, i.e.,

sneY = —i[A, Y]*/,y
one may use the equation

X ALY+ OAA Y], ()
to obtain an #-exact Seiberg-Witten map giving Y, as done
for the matter field ¥ above. Notice that the equation in
(4.7) can be obtained from (2.1) by setting Ag = Y and
considering time independent fields in a five-dimensional
space-time with space-space noncommutativity only. We
have worked out up to order two in the number of ordinary
gauge fields the 6-exact Seiberg-Witten map that is a
solution to the equation in (4.7). The results that one
obtains are far more involved than the ones we have al-
ready given here, so we shall report on them elsewhere.

V. FUTURE DIRECTIONS

Furnished with the expressions given in Secs. III and IV,
one may compute the one-loop propagators of gauge fields
and matter fields for arbitrary compact gauge groups in
arbitrary unitary representations and obtain the precise mo-
mentum structure of the noncommutative UV/IR mixing.
This is, of course, a very lengthy computation, and this is
why we have not tackled it here. Further, the results pre-
sented in Sec. IV will be needed to work out the gauge
anomaly equations when the noncommutative gauge theory
is defined by using #-exact Seiberg-Witten maps. Notice

e~ BPIADIFPIAPIFP2ADY) — | ]}

PIADPy T PIAPs T P2AD;

[

that the calculations and discussion given in Refs. [24,25]
rest on the Seiberg-Witten map being defined as a formal
power series in *” and, certainly, the UV/IR behavior of
the theories so defined is not the same as the UV/IR behavior
of the corresponding theories defined by means of 6-exact
Seiberg-Witten maps. Hence, it is a must to repeat the
analysis and computations carried out in Refs. [24,25]
when #-exact Seiberg-Witten maps are used. Finally, after
obtaining by using cohomological techniques an equation
analogous to (4.1) for the case of hybrid Seiberg-Witten
maps, it would be advisable to work out explicit expressions
like the ones computed in this paper. Of course, it is not
difficult to make an educated guess and state that a hybrid
(see [44], for its definition) Seiberg-Witten map is furnished
by the solution to
dd 1

. i ..
E_EHUAi *h E)JCI) +Z(9”A,~ *hA] *h (I)

1 .. i ..
+§0U(")J® */1 Bi _Zauq) *h Bj */’L Bi
- %GUA, */’l (I)*h B],

®la,, b, ¢:h0]l—g = &,

where A; and B; denote, respectively, the gauge fields
acting from the left and from the right on the matter field
®. Under noncommutative BRS transformations @ would
transform as follows:

SNCCI) = _lA *h b+ P *h Q,

where SNCA/L = BMA + i[Al“ A]*h’ SNcB’u = GMQ +
l.[B,u, Q]*h’ SNCA = —jA *h A, and SNCQ = —iQ) *h Q.

skc® =0,
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APPENDIX

In this Appendix we define IM®[(py, w1, ay), (pa, 2, @), (P3, 3, @3), paz K% in (4.6). We shall first introduce a
number of momentum dependent functions:

S(p1 P2 P3P 0) =D 1 AP; = (1 + P2t p3) Aps+ paAps+ pi Alpa+ py),

i<j

O(p1, P2, P3, P2, 0) = (p1 + P2+ P3) Aps+ paAps— pir A(pa + p3),

L( h,6) 1 e~ BE(PLpapapat) 1 omB(PiTPatpI)APs ]
1(P1, P2, P3, Pash, 0) = [ _ ]
PiA(p2+ p3) + paApsL Z(py, pa P34 6) (p1 +patp3)Aps
L, ( h,6) 1 e—i's_’@)(m,pz,mmﬁ) —1 e_i%(p]+p2+p3)/\p4 -1
2(P1, P2, 3, P43 h, 0) = [ _ ]
_pl/\(p2+p3)+p2/\P3 ®(P1’p2yp3,p4,9) (p1+p2+p3)/\p4
K, ( h,6) L( ) 1 e~ Bl(p1+ P2t pIAPstpIA(P+p)] — 1
1(P1, P2, P3, P43 h, 0) = { 1(p1, P2, P33 h, 0) — [
P2 A P3 PiA (P2 +p3)L(p1+ p2t+ p3)Aps+ piApy+ p3)

e~ APt p3)Apy — 1]}
(pr+ P2t p3)Apy AN

1
N {”—2(191,1’?2, p3h,6) +
P3

1 [ e Bl TPt p3)Aps—piA(pa+p3)D) ]

Ko(p1, P2y D3y P43 h, 0) =
P2 PiA(p2+ p3)L(p1 + P2+ p3) Aps— pr A(pa+ p3)

e~ B+t p3)Aps — 1]}
(pr+p2tpa)Apy AN
1 I:eiéi(m,pz,pzymﬂ) —1 e*i%[PI/\PZ‘L(P]+1”2)/\(F3+1’4)] —1
PiAP)(P3Ap)L 2(p1, P2 P3 Ps0) P AP+ (P + P2) A(ps + pa)

e MPsAPa+ (D1 +PIAPsTP)] — | B+ PIAP3TPY) — 1]
i

— +
P3APs+ (pr+p)A(p3s+ps)  (p1+ p2) Aps + pa)

5(p1, P2, 3. P43 . 6) =(

(AD)

1 e BEPLPLPapad) — | omBPIAPITPIPY) — |
Ky(p1, P2, P3 P43 1, 6) [ -

P3 /\P4{P2/\P3 +(p2+p3) Apsl 2(p1, P2 P3P 0)  piA(p2+ p3+ pa) ]
1 [ e~ BLPIAp2+ 3 p)+p2A(ps+pa)] — e~ BPAP2 Pyt py) — 1]}

2N+ p)Lpi Apat+ p3+pa) +paA(ps+ps)  piA(pat+ps+pl) IV

1 { 1 I:ei%z(m,pz,ps,mﬂ) —1 e BPiNpatp3tpl) — 1]

KS(pl’pZ’p3)p4;h:0)= —
P2AP3+ (P24 p3) Apsl 2(p1, P2 p3Pa8)  PrA(P2+ Py T pa)

1 [ e8P AP+ p3tp) +(p2tp3)Aps] — | e~ PP+ p3Tps) — 1]}
(P2t P3) ApsLp i AP+ p3+p) + (P2t p3)Aps piA(pa+ps+tps)
1 [ei%E(pl,pz,m,mﬂ) —1 e BPiApa+patpy) — 1]
PoAP3 T (p2+ p)Apsl 2(p1,popapsd)  piA(p2+p3tps) L
o~ B2(pLpapapad) — 1 o~ (Pt PIAPstp)+PsAp] | :I
piAP2L 2(p1p2p3pa0)  (pr+p)A(p3s+pa) +p3sApyd
'e—i§2(p1,pz,133,174»0) —1 e—lg[Pl/\(P2+P3+P4)+(P2+P3)/\P4] -1 ]
P2ADPsL 2(p1,p2p3pa0)  PiA(p2t+p3tpa)+(pat p3)Apsd

Mo~ 52(p1papapat) — e~ Bl AP+ P+ P+ paA(psTpa)] — ]

P3APsL 2(p1, P2 3P 0)  pPLA(P2+ p3t pa) + paA(p3+ pa)

D2 A P3

Ke(P1, P2, P3, Pash, 0) =

7(p1, P2, P3, P43 h, 0) =

Ks(p1, P2, P3, Pash, 0) =

Ko(p1, P2» P3, P43, 0) = (A2)

Bearing in mind the definitions in (3.1), (Al), and (A2), we are finally ready to give IM(3)[(p1,,u1,al),
(P2, M2, @2), (P3, 3, a3), pa; hO))E in (4.6):

065010-7
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(IMO[(py, w1, ay), (pa, o, @), (3, 3, az), pash6)f
=(T* T“ZT“»*)Q{@’""M”[PQ)[(M, w1), (P2, w2), (3, 13): 01K, (1, P2, P53, Pash, 6)

+ @f(g)[ﬂl’ o, 33014 (py, P2, p3, pash, ) + PS{:’)[(P& w3), (P 1), (P2, 12); 0165 (p3, p1, P2y P41, 6)

.. 1
+ QW[ 13, 1, 123 015(p3, P, pa, Pash, 6)]+ 9”9'""9“[5([93 +pa)[2(py 8y 877 + p1y 8,7 81)
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—(p2— P1)i6; " 812180 pan&3(P1, P2, P3. Pash, 0) + 811612 8,7 (P2 + p3 + pa) j(P3 + Pa)uPua(p1, P2, D3, P41, 0)

1
+ 55,”1 (P2t P3+ Pa)jPanl2(p31652 80 + P2 81°) — (p3 — P2) w6, 2817 1Ks(p1, pay P, P43 9)]

1 .. 1 ..
- 59”91(15,”1 812617 (p2 + p3 + pa) K6(p1, P2. P53 P43 h, 6) — 19”9’(1[[2(1721551 812 + py,6,764)
—(p2= p1)i6; 812187 K1 (p1, P2, p3, pash, 0) + 81 [2(p3,677 87 + p2y 6572 817)

—(p3— p2);6;261° 1K (p1, P2y P3, pash, 6) + 2681 5f25f3p41"’§9(191y D2, D3, Pash, 9)]}.
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