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Abstract

The topic of 'mass and gauge’ in QCD is taken up implying that d espite much effort
since early 'beginnings’ there remain analytically unsolv ed questions. The work covered
Is unfinished and concentrates on the renewed analysis of som e of these questions.
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1 - Conditions of enveloping local gauge invariance, integr ability of field strengths from connections and
boundary values in eventual conflict with lattice QCD

Connections and associated field strengths pertaining to a | ocal, compact and semi-simple gauge group
g ( — SU3. for QCD ) shall be called complete, if extendable to the full ring of re presentations of

potential matter fields , irrespective of the actual presenc e of such fields in the full gauge theory . The

requirement of continuity with respect to space time deriva tives shall apply to classical configurations,
as substrate of path integrals.
Let a general irreducible unitary representation of G of dimension dim ( D ) be denoted D with
" (D(g))og €D :ia,B=1,--,dim(D) ; ge€g
(D(g9))ap = D(9)
Thenthe Lie (D) associated connection is represented by the connection one form
1 _
(WD(D)) = Wi(z) (dr (D)) 5 da*
Wi(z):rea ; r=1,--,dim(G)

(WO (D)), — WO(D) — W (]y)
(dr (D)) g — dr(D) — dp=—db ; r =1, dimg
The antihermitian matrices  d - ineq. 2 formabasisof Lie (D) . —



Lie (D) is aligned with the adjoint representation Lie ( G ) as explained below, but is conceived in
an apparently simpler context all by itself through the expo nential mapping and its inverse

D(g)D(h) =D(g.-h) ;5 D(g)DT(9) = N gim (D) x dim (D)

(3)

D(g) - D ; Det(D) =1
The unimodularity of the matrices D follows from the require ment that G be semi-simple , i.e. be a direct
product of simple factor groups, none of which contain any co ntinuous normal subgroups .
The exponential mapping associates the linear space of anti hermitian matrices = Lze ( D ) with the
set of representation matrices { D} = D
(4) (W) — © € Lie(D) ; &t = -B

D=expw ; W=w"dyr , w" :real ; »=1,---,dimgG

The precise definition of the matrix valued quantity @ introduced in eq. 4'is given in eq. 6 below.

The exponential mapping Lie (D) — D as defined in eq. 4 is embedded into the one parameter
abelian subgroup of D as represented restrictingto D by associating first the adjoint representation
and then also D with the 'notion of motion’

w—Tw ; T:real — D(T;w) =exp(TW)

(5)
D(ti1+ 12;w) =D(11;w)D(72;w) = D(72;w)D(71;w) —>J



Interpreting the variable 7 as representing the time development of the group element g € Ga
differential eq. follows fromeq. 5 | |

d D(drt;w) — 9

— D(1;w) = D(t;w)=wD(7;w)

dTt dTr

dr—0
D(dt;w) — 9 d

©) — _ D(t;w)| =08=w"d, € Lie(D)
dt dt

Ww=w(D)=D((0;w) ; =

drordt

The relations in egs. 4 - 6/ define the real coordinates w " and antihermitian base matrices  d - — both

independent of 7 - the latter forming the matrix valued structure @ (D), identified for shortness of

notation with  Lie ( D) . The solution to the differential equation in eq. 6 with init  ial condition
D(0;w) = 9§ isgivenineq. 5.

o
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1 a - Derivations from continuous coordinate transformatio n groups representing G , fibre manifolds

and irreducible submanifolds at the origin of conditions on complete connections

This section shall contain a most concise r  ésum € of those notions inherent to the mathematics
underlying compact semi-simple Lie groups as is necessary t o infer conditions on field theoretical
connections as announced in points 3) and 4) of the introduct ion, whereby most derivations are omitted.
A minimum of historical and textbook references shall be giv en here [11-1951-1961] - [14-1963] .

The results presented below are based on my treatment in ref. [15-2010] .

3 a-1 - general fibres — irreducible ones ~ homogenous spaces [13-1962]

A general fibre manifold F (called B in ref. [15-2010] ) with structure group G s required to allow a
continuous representation of G by coordinate transformations of F — F . The set of these
coordinate transformations shall be denoted T]: = { U a To;a € G } p=

qb:(qbl,---,qu) . F = dim(F) : coordinateson F
(7) Tod = (p;a) ; I =9I (¢, - ¢Fial, -, a)
73 =1,---, F ; G =dmg
with suitable continuity / differentiability requirement s for the functions w(qb; a) definedineq, 7. —

o

-
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The group property of 7 £ then translates to, by the assciative property of coordinat e transformations

Ty (Tad) = (TpTaeg) d; TpyTa = Ty with ba = b.a : group e g
(8) multiplication

in coordinates: ¢ (Y (¢;a) ;b)) =Y (dp;b.a) ; v, 0 € F;b,a G

The group transformation properties on G enter implicitely into the 7 & ones, as shown in eq. 8 |

(9) ba:@(b,a/) : @I/:@I/(b17bG,a[1’,a/G)
v p— 1 y o o , G
We use the symbol @ (instead of c¢)to denote the G functions @ “, Y = 1, ---, G determining
multiplication on G in order to freely use the symbols a, b, ¢, --- forgroup elements € G .
We display here the eligibility of G as a special fiber manifold using left multiplication first, r enaming the

fiber variable h and the variables a, b, c --- for T € Tg
Ty, - T € Tgrp — Toh =@ (a; h)

(10) Ty (Tah) = (T Ta)h =@ (b; @ (a; h))
@(b;@(a;h))=b.@(a;h) =b.(a.h) =(b.a).h

o o



Clearly the choice JF = ( is singled out, since there exists in this case, independent ly of the left
multiplication transfomation group — T g [ - also the right multiplicationone— 7 g r with the
associations

TR—>T€’TgR—>Tah=@(h;a_1)

Ty (Tah) = (ToTa)h =@ (@ (h;at);b71)

(11)
@ (@ (h;at);07)y=@ (h;a"t). bt
= (ha7 ). bt =h.(b.a)"!
Requiring an inversion symmetry on the tangent spaces of JF —following ref. [13-1962] — allows to

identify the irreducible parts of the fibre manifolds on whic h 7 £ acts transitively to the (right or left -)

coset spaces
(12) F — Firr — G/H ; 'H : Liesubgroupof G

With the identification F — F ;- ineq. 12land choosing right cosets for definitensess
T r becomes

F>¢=h~hhrVhre HCG
(13)

TfaTa,TgLaT;:Taqb:(T;h)wa.h.hRVhReH -



rrhe classification of fibre manifolds according to cosets g / ‘H as specified in eq. 12 allows a —‘
graduation of fiores F :
regularity conditions for connections as described ineq. 2 | compatible with F1 = G / H 1 are not
less restrictive than relative to Fo =G / H o for H1 C "H 2 .We denote this graduation as

(1) (1) _
(14) Wgi (D)= Wg (D) for F1 = F2 = H1C Ho
At this stage the connection 1-forms are still defined for a gi ven matrix representation  Lze ( D ) . The
direct anchoring of connections to the fibre manifolds J as considered in this subsection will be

defined after its conclusion .

While H o = { q } — i.e. consisting only of the unit element of G —is strictly speaking not a Lie
(sub)group of G , we adjoin the group G as the maximal fibre manifold, with both tranformation group S
’Tg . and T g R , as defined in egs. 9 411 .| Accordingly we adjoin as unique disc rete subgroup

Ho = {9} tothe setof genuine Lie subgroups | J (H ) . Then eq. 14 takes the form

1 1
(15) Fmae =G 3 F=6G/H — w(D)=w®(p)v F
This subsection (1 a-1 ) serves to define the selection of fibre manifolds and among the m the maximal

one according to egs. 12 - 15 characterizing complete connec  tion as introduced in egs. 1 £2 | |

o |
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1 b - Ordered differentials : Killing fields on the group fibre m anifold G with transformation group(s)
Tg L(R) and as derivations on associated induced representations

1 b-1 - adjoint representation from infinitesimal group coor dinates and the Lie algebra

Coordinates of group elements of G in the sense of a classical manifold shall be denoted with the same

symbol as the group elements as such.

(16) g_>_/\/[|gN heg—>h:(h7/):(h1,...7hG)’M

The suffix \ M in eq. 16]signals that h as coordinates on M are not unique. It shall be suppressed for
simplicity with exceptions granted to avoid confusion .

The unitelements e — T (= ) —-with T° € 7 arbitrary — have the property

(17) e.a =a.e=a < TqTe=TTq =T4q(Va)

It is no loss of generality to assign the neutral element e the coordinates in G

(18) 62(61,---,€G);e’/:O,yzlj...7G

The infinitesimal neighbourhood of e forms the substrate of tangent space at e . Here we anchor the
exponential mapping discussed with respect to a finite dimen sional linear representation

D(G) — Lie(D) definedinegs. 3-6in  Lie (G) —

o |
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with the substitutions

w=(w")EG — drw€G|,y;drw — Tg;, € T (arbitrary )
TdTw_ﬂ

(19) — &}:&}(T(l)):wyll/ X 1967(1)
dT

~ A~

dr—0
In eq. 19 we have introduced two notions

1) T(l) . the set of differential quotients of transformations T, € ’Tg :

2) MW (h): h € G | o :thetangentspacesof M at h € G.

All differential operations on the ordered fibre manifolds a dmitted as described in subsection 1 a-11in
particular on the group manifold itself are allowed by the co ndition of differentiablity — once for
T(yand J,, M (1) (h') —imposed 'eo ipso’ on fibres and Lie groups .

With the definitions given in egs. 16- 19/we set out next to find t he adjoint representation . —

o |

-p. 12



10

The finite adjoint matrix representation denoted A arises directly from the group tranformations on
g =M

de = a.dTtw.a

/

dec = dr (w (a;w))

/ /

20) w Y(a,w) = Ad(a)” ,w* ; ¥V, p=1,-,G - w = Ad(a)w

Ad(b)Ad(a) = Ad(b.a)|y 5 A={Umeg Ad(a)}

_1‘/\4 :

The real matrices Ad ( h ) depend on the coordinates chosen on M and are for general choices not

unitary, i.e. not orthogonal , but depend continuously on th e coordinates A . The condition that G be

semi-simple implies

(21) Det Ad(h) =1 VYh € G
At this point we extend the order of differentials to 2 which a llows to introduce the Lie algebra .
To this end we use the exponential mapping for the operator va lued quantities defined on the second line

of eq. 19 ordering them as a pair

We associate an initially finite 'time like’ quantity 71 with & (1) and a first order differential  d 7o with
W (2)

-p. 13
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and consider the equivalence exponential mapping and the di fferential equation with respect to T1,

valid for finite 71

Q(71) =exp(T100)) (T+dT2B(2)) exp(—710 1))

d
(23) _ @(7‘1) = eXp(Tla(l))de [@(1)),@(2)] eXp(—Tla(l))
dT1q
LW, Be] =0me -8

In eq. 23 the operator valued commutator [&3 (1) > w (2) } naturally appears .
Next we let also 71 become infinitesimal 71 — d 71 and expand Q ( dTq ) up to second order in
the differentials d7y; k = 1,2

\

( e 2
(24) (ﬂ—l—d’rlw(l)—l—% (dr1) w(21)> X
Q(dr) = < X(ﬂ#—dTQ@(Q))X =
X(ﬂ—dﬁ&}(l)—i—%(dﬁ)QG(Ql))

T+

d’Tl dTQ [@(1),@(2)}

\ /

The absence ofaterm (dTl )2 on the right hand side of eq. 24 is due to the exponential mappi ng. —

-p. 14
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It follows that the finite commutator [@ (1) > W (2) } upon the combined exponential mapping, defined
in eq. 25 below, generates a commuting one parameter family o f transformations . by the semi-simple

condition on G a one parameter commutative subgroup of g
T(Q‘}):Th(@)zexp (19 [@(1),@(2)}) ; h(ﬁ)EQVﬁ with
h(191—|—192)Zh(ﬁl).h(ﬁz)Zh(ﬁz).h(ﬁl)

(25)

The Lie algebra relation follows, first on the level of all tra nsformation groups 7 £ defined in section 1 a

G, B@] = whywp [TeTo] o To 1o € Tay eai

|
(26) o~ . =
[I o 1o ] =f oo Ix
fXQJ = —fxag :  structure constants of G ; X, 0y, o = 1, cee G
Clearly, in order to implement the operator relations on the level of ’Tg L (R) 0 the coordinate

multiplication as given by the functions @ ( b; a ) = b.a for b,a € G asdefinedineq. 9 at least

twofold partial differentiability of @ is necessary . —

o |
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This further becomes threefold partial differentiability to safeguard the operator Jacobi identity a
necessary condition to ensure regular convergence of neste d exponential mappings of all allowed

transformation groups 7 &
To, [T5,T5]] + (aBy = 7aB8) + (aBy — fya) = 0 ¥ a,B,7
@) Tl T o gt T, [ =0
[an = (£a)7,

With the matrix substitutions (£ o )(77 — €&a ;3 %, a,~y =1, -+, G therelation on the

second line of eq. 27 c¢an be cast into the form
o -~ -~ -~
(28) ([ﬁa,ﬁﬁ}:fXaBQ.X) , ~ [[oé,[g}:fxaﬁfx < eg. 26

AN

The equivalence relationineq. 28 | £ o, ~ I o allows to reconstruct the adjoint representation A

defined in egs. 20 4 21 by the finite dimensional exponential ma ppings
(Ad(h(T;w)) =exp (Tw®Ea))? ., 5 h(7;w) €G
(29) h(ti+72;w) =h(7T15w) . h(72,w)

w € tangentspaceof G ate
| o

-p. 16
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Coordinates on G , for compact, semi-simple G can be chosen such, that all finite dimensional

representations D ( g ) are unitary, unimodular as shown (e.g. ) inrefs. [11-1951-1  961], [15-2010] .

From the present (sub-) perspective we then infer fromeq. 29 | |

h=h(r;w)— Ad(h) (Ad(h))T = §gug —
(goz)’y@ = - (504)67 ; (504)75 = f’yozﬁ

(30)

In eq. 30 " denotes matrix transposition.

The identifications in the relations on the second line of eq. 30/justify the substitutions — after unitarity of

all finite dimensional representations of G is achieved —

(31) (fa)vgﬁ(fa)yg and fﬁyag_)f'yozﬁ
With the substitutions defined in eq. 31 we rewrite eq. 30 | |
(£a)fyﬁ:_(€a)ﬁfy — f’)/OéB: _fﬁOé’y
(32)
— f’yﬁoz

The commutator definition in eq. 26 yields the second relatio n for the structure constants in eq. 32/, |

As a consequence of the two independent antisymmetry condit ions for the structure constants

the latter are totally antisymmetric with respect to their t hree indices .

-

—

-p. 17
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Recapitulation of characteristics of the Lie algebra and ad joint representation

15

(egs.B0-32) —‘

The orthogonal, adapted adjoint representation is rewritt en in 3 equations below, using the (standard)

symbols or definitions

(€a)qyp = (ad(a))vg = frap

ad(w) = wlad(y) ; w = (wl L wG) € tangent space of G at e
(33) B =wl, ; &€ T (1) relative to general 7 ¢ as defined in eq. 19
D:d(w) =w?®d € Lie(D) dy — d ) fromeq. 2.
d(w) =(d(w)),, ; ms=1,---,dim (D)
Lie algebra relations depend for all representations on the universal structure constants of g
[ad (a), ad(g) | = fapyady) o [d@) d@)] = faprd(y
(34) [favfﬁ}:faﬁva

o

J ap~ : totally antisymmetric with respectto a3 7y

-p.18
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Respective exponential mapping on the adjoint representat ion A, on a general finite dimensional
unitary representation D as well as on all operator valued transformation group repre sentation 7 g
determine on G a commuting one parameter family of group elements h ( T, W ) € g

( ) ( 3

A exp (tad(w)) = Ad(h(7;w))

§ D p h(t;w)«—  exp (7d(w)) = D (h(T;w)) ¢
(35) R

\ Tg J \ eXp(Tu}) — Th(T;w) J

h(t1 + 172;w) =h(T1;w).h(72; w)

The construction of this family—  h (7; w) € G —indicatedas h (7 ; w) <« ineq. 35corresponds
to a system of G first order differential equations with respe ctto 7T, subject of the subsection 1 b-2
below .

We recall that up to this point threefold partial differenti ability is required as regularity condition on the
group transformation functons  (b.a)” = @Y (bl L bC i al aG) .

This ends the present subsection (1 b-1).

o |

-p. 19
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1 b - Killing fields on the group fibre manifold G with transformation group(s) ’Tg L(R) — continued

An excellent exposition can be found in ref. [10-1941-1986]
Here we follow the thread laid out in ref. [15-2010] starting from eqgs. 9 | 10 defining the action of
T, € ’Tg 7, on the group manifold G , repeated below

T ETQL 3 a’7h:(a’y)7(hy) ; V:17"'7G€g -

Toh =a.h =@ (a;h) «— (a.h)” =@" (aX; h?)
(36)
Tb(Tah):(TbTa)h:@(b;@(a;h))
@(b;@(a;h))=b.@(a;h) =b.(a.h) =(b.a).h
The differential quotient in eq. 19 for ’T(l) (7T g ) defines left multiplication Killing fields on g
w=(w")eg§g — dTWEQ\M;dTu} — Tagrw € Tg L
TdTw_ﬂ R R
(37) — =0 (T) =w’ly, ; Io€ Ty (Tgr)
dTt

d™—0

O — w € Lie(G)] (o)

| (Toh) ™ = (u(y)* (h) = dac@X(ash)],_q -

-p.20
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We use up to second order differentials as given in eq. 22 in th e left multiplication order
a9 @(k):(wV)(k)IAy,kzl,Q; TQET(l)(TgL)
d7-2w(2) = d7'2 (wy)(Q) — dTlC{J(l) = dTl (w”)(l)
The last relation in eq. 36 then becomes , upon identifying th e first order differentials
b <~ db;a < da
@ (b;@(a;h))=b.@(a;h) —b=drawp ; a =driw()
(b.a.h)” =@” (drs (w<2>)5 he 4 dTiwd) (ugg (h)7)
(39) )
(x

+ dew(Q)

:hV—I—(dle(l)—i—dTQw(g)) (X)( )

+ (dredriwl ol ) ul, (h) 8ggu’(x)(§)‘£:h

—

o |
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We rewrite the last relation in eq. 39 to render the structure of sequential differential orders, denoted
[.]19.1....» upto second order more transparent
(bNdb:dTQW(Q))B , (awda:dle(l))a ; 670431,..,7(;

(b.a.h)” =(b.a.h)g +(b.a.h)] +(b.a.h)g + ---

(bah)g = hVY
(40) ) y
(b.a.h)l = (dle(l) —|—d7'2w(2)) u’(/x)(h)
(b.a.h)y = dradri (we)” (way)® LY 5, (h)
Lyﬁa(h>:(U(a))gage(U(g))V(€>‘€:h
It follows from eq. 40 that the zeroth and first orders of ( b.a.h ) ¥ are symmetric under the exchange

W (2) <> w (1) .Whereas the second order is not .

We further note the relation

XVQBZaig(u(ﬁ))y(g)‘g:h:aggaﬁﬂ@y(g) T X8
(41) e

L XVQB:XVQB(h> —>J

-p. 22
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From eq. 40 we infer the Lie algebra relation for Tg1L

LY 5, (h) =LY 5(h) =75, (v (h))” —
@2  (u(e)(€))°%0ce (u (£))" = (@ = B) = fypa (u@)(€))”
upon the substitutions:  h — £ ; ffyﬁa — [ ~Ba

We assume that coordinates on G are adapted such that the structure constants allow the subs titution
f v Ba fwga in eq. 42 and become totally antisymmetric — as discussed in s ubsection 1 b-1
previously ( egs. 30-32)).

The induced representation [12-1953] operating on a collec  tion of functions ¢ ( £ ) £ e g

relative to 7 g 7, shall be denoted B 7 g ;, and the transformations forming the induced
representationas B 1,

> T > Tgr, «— Toa€Tgr ;5 a,£ €6 —
> Top (&) = @(a~t.€) ; with the multiplication

> T, (> Tap) (§)=¢ (a1 b71.&) =¢ ((b.a) 1.&) =p Ty 4p (&)

(43) — >Tb ’Ta:>Tb.a
n - |

-p.23




21

Then , using eq. 37 to define

(44) :@(PT(U(PTQL)):WVTV; f@ EPT(l)(>TQL)

w
we obtain I , as a derivation with respect to the Killing fields pertaining to 7 g r multiplied with —1

AN AN

o = — (u(e)(€>)yai” ) [TOHTB} = fapy Iy

[To T5] = [ (wiw)? (960 (ug)”) ~ (a = 8) ] 0

In eq. 45 the derivation operators are implied to act from the left on a function ( & ) , Which is

(45)

suppressed for simplification of notation .

The expression in brackets in the last relation in eq. 45 agre es with the one derived with respect to
’Tg I, givenin eq. verifying the universal nature of the struct ure constants .

The collection of functions ¢ ( £ ) is understood to form the Hilbert space over the left and righ t
invariant Haar measure [7-1933] with respectto  7g 1, & R

{U, @)} ~H(9) = L2[9: (dp) Haar (§))]
(46) allowing both induced representations : » 7grand » TgR

L — R : U (o) = U (p) With (v(g)(ﬁ))y = — 8a9@’/(£,a)|a:0

Ineq. 46 v (o) denote the Killing vector fields pertaining to ’Tg R - —

—-p. 24
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Invariance of the Haar measure [7-1933] with respect to ’Tg L& R

(47) (d:UJ)Haar(g) — (d,u)Haa'r(aﬂg) — (d:u)Haar(§°b) , a, b e€g

sets the stage for the operators 1T’y € » 7 g 1, & R tobecome unitary onesin 7 as defined in
eq. 46 and in turn through the invere exponential mapping usi ng eq. 44 and the definitions in eq. 35 |

Th(T;w) = ©Xp (7_@) €EP®» TgroRr

(48) @:WVTV ; TV€>T(1)(>TQLOTR)—>
T, T;; = 914 ; f,/ = —A,]j ., with T : self adjoint conjugationin  H

In eq. 48 self adjoint conjugation refers to the hermitian sc alar productin  "H

o) <,soeH:<<,so>=/<du>HW<£>[<*<£>s@<5>]

AN

Distinguishing explicitely 1, r and T, r , I, 1, and f,, r as defined for the induced respective

representations in  H , eq. 48lis extended below to include their Lie algebra relati ons

TheT), =ThrT p =99 ; Tor=-1),; 1,

RZ—IT
[Tax.Tox] = fapyTyx s K =LR; [Tar. Tgr] =

(50)

In egs. 43 - 50 the properties of the induced representations , denoted P ’Tg L & R ,relevant for the

following are made explicit.

-

~_|
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The apparent digression from the derivation of the differen tial equations determining the abelian one
parameter subgroups as shown in eq. 35/in subsection 1 b-1 serves to make intrinsic use of the theorem
by Peter and Weyl [6-1927] , which holds precisely for the ind uced representations p ’Tg L& R -
Now these representations were constructed with the regula r representation of finite groups as
guideline, the latter yielding in a clear deductive way to a ¢ omplete reduction involving all irreducible

linear representations of the finite group g finite IN question with the dimension of the group beeing

equal to the multiplicity of its appearances within the regu lar representation. So a similar construction

was sought and found for compact semi-simple Lie groups, ind eed analogous to the regular
representation in what the theorem of Peter and Weyl asserts : the reprentations P> ’Tg L& R.for G
a compact semi-simple Lie group can be fully reduced with res pect to finite dimensional irreducible
representations, if each simple factor subgroup and in this way all such representations are recovered
with each representation appearing with a multiplicity equ al to its dimension , allowing both Tg 1 and

T g R to be represented — commuting according to eq. 50 | |
This property is thus characteristic or self consistent for complete connections within the ordered
sequence of fibre manifolds considered here, as discussed in subsection 1a-1,to which we will return in

the next section .
1 b-2 — construction of one parameter abelian subgroups on g

We return to the construction of one parameter abelian subgr oups of G using the transformation group

T g 1. to be specific , using the notions introduced in egs. 35 and|37 . [ —

-p. 26
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The exponential mapping induced by the left multiplication operators 1T € Tg .

O =wly,; ©,1,€Tq (Tgr) —
(51)

exp (TwW)e= h(7;w) € G with e = unitelement € G
defines a set of one parameter abelian subgroups of G with the initial condition
52) h(r;w)|,—0 =€

which involves higher order differentials than third for th e group multiplication functions as specified in

eqs. 9 and 10|
(53) (b.a)l/:@l/ (bl,-“bG;al,---,aG)

Using the first order differentials ( egs. 39 ) we infer the system of differential equations
d

— hV (T w) = w?

dT [
E

ae @Y a,h(7,w)|a:0]
(Q) (h(T; w))]

hY(T =0;w) =0(«< e)

(54) — w @

u Y(0(+—e)) =6

o) (93/ ;

Ineq.54 [ Dqe@” (a,&)|,_o] = u (o) (&) denote the Killing vector fieldson G generated
by the first order differentials ’T(l) (7T g 1) asdefined in egs. 36 and following . —
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We rewrite the differential equation ( eq. 54() suppressing t he argument w of the one parameter family

coordinates h " ( T, W ) , Which plays a parametric important role, for simplicity of notation

hY(t,w) — hY (1) —

(55) d d
—— hV(r) =wluy,’ (h(7)) ; —— h¥(0) =w’ ; h¥(0) =0
(o)
dTt dTt
Conversely let h"” (7') satisfy the differential equations and initial conditions ineq. 5.

Then we consider the function associated with the groupprod ~ uct p (7, ¢) ~ (h(7).h(9))
p?(7,9) =@" (h(7); h(9)) —

=@" (drw;p(7,7))

G6) | p¥ (7 +d7, )
=dTw? u(Q)’/ (p(7,9))

_py(7-719> X
=dTw? Uiy (h(7)) Oax@” (a; h‘(’&))‘a:h(T)

—

o |
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Eq. [56 gives rise to the differential equationsfor ~ p" (7, 49) (= (h(7).h(9))")
d
(57) qr p (7-779) =w?® U(Q) (p(T719>>
—we u X (h(7)) Bax @ (a3 h(0))]ain(r) —
d
py(0719) :wQu(Q)V(h(ﬁ)) ; p(07'l9):h('l9)
dT

We compare differential equations and initial conditions f or p¥ ( T, 0 ) in eq. 57 \with the ones for

gv (7,9) =h"(r+9)

d
qy(Taﬁ) = w?® U(Q)V(Q(Taﬁ))
(58) dT
d
qy(0719) — wQ u(Q)V(h(’&)) ; Q(0719):h(19)
dT
which are both identical . It follows —

o |
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by the uniqueness of solutions to a system of first order diffe rential equations subject to the same initial

conditions
59 p(1,9) =q(7,9) = h(7).h(9)=h(7T+7)
in the domain of validity of solutions to egs. 55 -58 .[
From the structure of all one parameter families h"Y (7; w) and the first order differentsal equations

they satisfy — egs. 55 - 59 — at least for small values of 7 it follows that first in the neighbourhood of the
unit element group elements can be uniquely parametrized by the tangent vectors
w = (w Lo w G ) and using these 'normal’ coordinates the convolution funct ions
@Y (wy;w) = (h(w (1)) -h(w) ) once threefold differentiability is assumed —
become (real -) analytic functions of the special tangent ve ctor variables w (1) » W (2) through the
exponential mapping

@YV (wa)y;we) =
(60)

Z G a_n | a X
mi - M 0% IEERNY ¢ :O ml,---’mG ; nl,...’nG

1 m G mc 1 n1 a ng . .
X (w (1)) o (W (1)) (W (2)) T (w (2)) : convergent in a neighbourhood of e

From here G emerges as its universal covering group .

This ends the present subsection (1 b-2 ) andsection (1b).
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- N

1 c - Complete connections : regularity conditions from the f ull collection of fibre manifolds
as defined in subsection (1a-1)

With the complete structure of analytic coordinates and the property of universal covering group with
respect to 'path homotopy’ of semisimple compact Lie groups G fully specified

insections (la), (1b) andsubsections (1b-1), (1b-2)

and the selction of graded fibre manifolds in subsection (1a1)
we return to the properties of complete connections , introd uced at the beginning of section 1. The
words used in modern mathematics to describe complete conne ctions are : connections regular for the
complete ring of representations of G [18-1968] .
In the following G shall be generically a compact simple Lie group, specificall y SU3. and D a

general irreducible representation of g

compact simpe Lie group
(61) SU 3 . specifically

‘R = complete ring generated by finite dimenional, unitary , irre ducible representations of G

Following the notation of eqs. 1 -6 | -
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we denote by Lie (D) abasis of antihermtian  dim (D) X dim (D) matrices satisfying the Lie

algebra commutation relations pertaining to D
(dr (D)) — dr(D) — dy=—df ; r=1,-,dimG € Lie(D)
real, totally antisymmetric
(62) [dp,dg] = fpgrdr : [pegr =
structure constants of G
a,B =1,---,dim (D)

Now lets assume the situation as defined in eq. 51 | where the on e parameter subgroup

h ( T, W ) € G was constructed through the exponential mapping

G=wrl, ; 0,1, € Ty (Tgr) 5 |To,Ta| = frar Ir
(63)
— exp (7TW)e=h(7;w) € G with e = unitelement € G

of which the tangent vectorateis w = (wl y ottt o, W G ) , as shown again in eq. 63 , with the
transformation group 7 g 1, , i.e. left multiplication on G . Then the finite transformation matrix

D (h(7;w)) € D is obtained through the exponential mapping
(64) D(h(t;w)) =exp (7tw"™d,) € DYV DeER

This anchors the meaning of egs. 3 + 6 as is necessary to analyz e complete connections , next . —

-p. 32



30

1 c-1 — Complete connections in detalil

At this stage we come back to the connection one form as defined in eq. 2, expanding on the regularity
conditions implied by the adopted complete fibre manifolds — in subsection 1 a-1 — as they give rise to
the complete ring of representations Up = R, defined in eq.

(W (D)) 5 = Wi(x) (d (D)) 5 dat
1

Wi(z):rea ; r=1,-+,G =dim(G)

(65) (WH(D)) 5 — a,8=1,,D =dim(D)
wm(p)y - W (|5) ; De R (unrestricted )
(dr (D)) yy — dr(D) — d, € Lie(D)
The brackets around  p specifying the chosen representation forming the connecti on 1-form
w (1) (| D ) in egs. 2 and 65 shall indicate that this suffix may be suppress ed in the following for
simplicity of notation.
The argument x and the differentials dx * ; * =0,1,2,3 referto 1 + 3 dimensional uncurved

space-time as base-space of the connection 1-form . Eventua lly the base space can be continued to its

Euclidean version . The conditions in eq. 65 define a complete classical connection together with its

regularity conditions . —
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In order to maintain exact local gauge invariance , imposed h ere, complete connections are understood

to form a collection of such, denoted C

— (1) .
(66) C = U W (W ) complete connections
invariant under local gauge transformations to which we tur n next.

Let F' ( x ) be a classical field quantity — with arbitrary spin, untouche d by charge like gauges —

transforming according to the local irreducible represent aton Q(x) € D(G)

(67)
Fo - F =QuFsg; Q€D

In eq. 67 and subsequently we use matrix notation and also sup press the local argument x , whenever

clarity of notation allows .
Thenthe (D adapted ) covariant derivative 1-form is determined from the relatio ns, derivatives meant

toacton F, F ¢ from the left
dztd,30y = dz*Ypxpdy = 0

(68) Q: DL =g+ w@ 5 D@ = 91+ WD it
DL Y = DU F =DM (Q-1 )

In eq. 68 the usual derivative symbol  d is replaced by O to distinguish it from the matrices d . —
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hrom eq. 68 the inhomogeneous transformation law for connec tions follows —‘
(69) welh =qg(o+wl)ag-t =qgpWqg-!
Performing the inverse of the exponential mapping or equiva lently for infinitesimal {2 — 9 we obtain
70 S, W = — (8w—|— [W(l),w]) in components  —

Dealing with complete connections, the common factor d » can be projected out and eq. 70 becomes

—(SWW/: = 0er + fr,«quﬁwq = (8M57~q -+ (Wﬁd)rq) w9

= W (adp)rq : (adp)rq = frpg

(71)
(Wit)

rq

Inturn if we identify w” (xz) ~ F, € Ad(G) as afield quantity transforming under the adjoint
representation of G the right hand side of the first relation in eq. 71 represents i ts covariant derivative

for a given connection WV (1) with respect to this representation . The above local appare nt reduction

of both gauge connections and field strengths , to allow their full characterization through the adjoint
representation is in particular for complete connections i ncorrect, as a consequence of nonlocal gauge
co- and invariance emerging through finite distance paralle | transport, as discussed in the next

subsection (1 c¢-2 ) . Here we continue defining local field strengths . —
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D(G) as —‘

From a complete connection relative to the irreducible loca | gauge group representation
defined in egs. 65 (- 71 ) the "D associated field strengths obtain through the two form

W (D) - w® =osw @ 4 (W(l))2
(W @)

wi) =0, W —a,w + [wib wib

=5 Wi (dr)ggdat Ada? 5 dy € Lie(D) —

(72)

. . components of field strengths
w®(p)y=B® (D) ; W/, =B, _
independent of D

In the last relation in eq. 72 we have identified the curvature two form and its D — independent

components with the letter B for field strengths pertaining t o charge like gauges. dx* A dx”
denotes the antisymmetric de Rham wedge product for (2) — (k) — forms [19-1931].
We note the local, covariant gauge transformation properti esof F (2) following from eqs. 69 and 72 |

w5 weld) = (a+ W(l)) O -1 — QD(l)Q—1|D .
(73)
B2 — B2@ =@~ ; Q(z) €D

o -
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The Bianchi identity, only local consequence of a system of | ocal connections and field strengths

In a system as specified in the (sub-) title above one identity follows, generalising the homogeneous

Maxwell equations in QED

B () — 83(2)+[W(1)7B(2)”D = 0
e, | LEWO) WO e [w o, (aw )]
G w (W@, (w)?]

— B@ (D) - wW® =ow® 4 (wW®)?

The ( Bianchi - ) identity in eq. 74 holds independently of whe ther other matter fields, e.g. ¢q, g are

included with finite masses or not . However the identity only holds if F' (2) ( D ) actually derives from

connections , and furthermore if allowed connections do sat isfy regularity conditions, here those

appropriate for complete such .

This ends subsection 1 c-1 and we turn towards nonlocal properties of complete connect ions in the next

subsection 1 c-2.

o
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1 c-2 — Parallel transport with complete connections

Here | follow the outline in ref. [20-2004] 7.
We first establish the relation of notation between ref. [20- 2004], Appendix A.3 op.cit.: hep-ph/0405032v1,

pp. 42 - 52, eqs. 93 - 127, to the present work : subsection 1 c-1, eqgs. 65 - [74].
In ref. [20-2004] only the adjoint representation is discus sed which implies

present work ref. [20-2004]

D = Ad(G) | ABC — qpr

%fA:rB:pC:q = frpqg = (adp)rq

(75) (Wu) aer B=qg = (Wﬁd)rq = W/} (adp)
Vp(z,D=p) = -W[(z)
X(z,B=r)=F"(x)

Fruj(z, D=r) =W/, ()

2 nref. [20-2004] | called instead of 'complete connections over the complete ring generate by

finite dimenional, unitary , irreducible representations o f G as defined here in eq. 61 :|
'universal bundle’ . However the notion of 'universal bundl e’ in the mathematical literature
Is reserved for another structure. | thank Martin Luscher, for pointing this error out to me .

It applies to my nomenclature , not to the derivations . —

—p. 38



36

The identifications in eq. 75 shall suffice here, they allow to deduce all further such. —‘
We return to general complete connections based on a given re presentation D ( g ) as specified in

subsection 1c-1.

Parallel transport — a priori along a general curve C' —inthe base space B = { x } — leads to the

path ordered exponential integral of a given connection 1-f orm denoted W (1)( x ) ’ D(G) as

defined in eq. 65 out of the collection  C of complete connections (eq. 66 ) denoted U = U,g € D

0 (s € ) =pew (~[ WO(@)) ~ (U(2,0.0)) 0 € D(G)
C
(76)C:C{§} : T =x(s) ; T >s2>0; s : pathparameter
T(s=7)=z ; T(s=0) =y
In eq. 76 P denotes matrix ordering along the path C since W (1) is matrix valued
(77) (W(l)(D))aﬁ:W[;(E)(dr(D))aﬁ dz M
However since we consider here classical configurations the quantities W;; (E) are commuting for

arbitrary x . We will only use straight line curves C , which would leave lo cal field variables commuting

only for space like straight line paths , except for the deriv ation of the differential equation for

U(x,C,y) ,which would also be true for noncommuting field variables, n ext . o
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Frhe differential equation derives from the parallel transp ort and has its roots in expanding on the —‘
meaning of eq. 70. We do not explicitely do so here . We assume t hat the general path C , as specified by
the functions = # ( S ) (eq. 76l) , which respect all regularity conditions and are kn own functions also
beyond the specific boundary value T described in eq. 76 .

Thenitfollowsfor 7 — 7 + dT

U— U(T1)
d
U(T) +dr . U:(ﬂ—dTv“(T)W;;(y(T))dr)U —
(78) _ . )
d vVH = —— TH (1)
d—U(T)Z—(V“Wu)(T)U(T), dr
' Wy = W/idy = Wy (1) |

The regularity conditions imposed on complete connections go over —
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C
to the quantities U ( T ) — U ( r «<— vy ) if and only if all paths are chosen to respect these

conditions forming a network, i.e. the functions x ( S ) are chosen accordingly, e.g. to be real analytic
functions or n-fold differentiable ones of the argument s .

If two paths (C'1 and C'o can be joined without reduction of imposed regularity condi tions individually
to a combined path (241 then the associated unitary operators can be combined and ob ey the

composition law

C
(79) U(x2@x1>U<mlc<;ly>:U<x2 &t y)

in a natural way. The best known case, whereby parallel trans port is called holonomy ( whence applied to
afield F'P aty)foraclosedpath * — T ¢png = V.

But we leave the paths open and consider a local gauge transfo rmation as defined in eq. 69 |

) WM (z)=0Q(z) (0 +WH(z)) Q" (z)=0DWa""(z)

Then it follows

(81) ‘ |
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The vertical relation in eq. 81 is repeated below

U (x e y;WQ(l)) — Q(z)U (q; <l y;W<1>) Q-1 (y)

(82)
WM (2) =Q(z) (0. + w ) (z)) Q71 (z) = QDM Q-1 (2)
Q(z),Q(y),Q2(z) € D(G) V D and V complete W (1) |D
The relation on the first line of eq. 82 demonstrates that comp lete connections — by splitting the
arguments of €2 (x ) from Q (y ) forall D (G ) —allow to reconstruct the full global structure of g.
Hence they do not admit singularities at finite discrete norm al subgroups of G a (semi-) simple compact

group , as e.g. thecenter Z 3 of SU3 ..

The eventual conflicts with regularity conditions respecte d in lattice formulations of QCD are based on
the properties derived for complete connections, maintain ing associated extended gauge invariance, in
sections 1 a - 3 ¢ and are the subject of the next section 1 d .

This concludes subsection 1 c-2 and section1c.

o |
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1 d - Complete connections , regularity conditions in potent lal conflict with lattice QCD —
selected specific points

We shall enumerate specific points below

1) the Bianchi identity ( here defined in eq. 7@) repeated below
BB = §B@ [W(l),B(Q)} |D = 0
OvBoo + [ W, Bool
+05Bro + [We, B, de? Ndx? Ndzx?

o

+8QBO'I/+[WO'7BI/Q] o

(83)

B®) = %B,ngac“’ Ndx? Ndxz®

W W
B = B, (dr) s € Lie(D)
B,U«VQ a3 B,ZI/Q
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1) (continued)

From eq. 83 we infer

2 eMe (9, Boo + (W, Bos]) =0 ; Brv = 5 €127 B og

(84)
L 9, BrY & [W,,,EW} -0 V D(G)

It is worth noting that for the time-space signatures (+ — ——) aswellas (— + +-+) and

independent of the sign of &£ 9123 = 1 we have contrary to d=4 Euclidean space

~
~

(85) gHYOT = —¢€voe — Buw = — B

The structure of eq. 75 implies that the Bianchi identity is i ndeed an identity, provided the field
strengths are derived from a connection , and complete conne ctions then imply regularity
conditions for all Lie algebra valued such associated with a ny one out of all representations

D ( g ) , hot to be obstructed by singular connections for which the i dentity may be violated
minimally in one singular point . It is this regularity featu re, which is at least not clearly satisfied in
lattice QCD or versions thereof e.g. without quark flavors. ®

o

a

I am indepted to Uwe-Jens Wiese for his patience and many disc ussions, in which he brought
up the question as to fulfilment of Bianchi identities in latt ice QCD..

|
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2) complete connections and boundary conditions for finite t ime At =0 =1 / T thermal

path integrals with respect to gauge bosons
Subsection 1 c-2 is conceived particularly to assess the boundary condition S between two

spacelike parallel planes with constant time each, in the re st system of a thermal equilibrium
ensemble, setapartby At = 8 =1 / T with T' denoting the temperature, and at finite but
asymptotically large space volume V' . The Gibbs potential is then associated with the generating

functional for fixed intensive variables B, Xa = aB; g : chemical potentials
Z(B) Ha , V) 2|\/—>c>o tr (eXp [_BH + Zb XbNb])

with xXoq = pra/T 5 Z ~e9V 5 g=9g(B,Xa) = PBp

(86)

Ineq. 86 H, Ng;a = 1,---,n f1 denote the conserved operators for energy and net charges
respectively , and p the pressure .

Just in order to keep most simple, precise and correct notion s, the number of exactly conserved
charges in the absence of all electroweak interactions and | eptons and scalar elementary fields ,
for m gy of quarks (and antiquarks) with nondegenrate and nonzero ma ssesisequalto 7 ¢ .
A formally equivalent way to calculate / as defined in eq. 86 is to use imaginary time and
perform a path integral weighted as  exp (— S 3 ) using the Euclidean form of the time rstricted

action in the associated Euclidean field theory . An excellen t expos é of thermodynamic notions in

the environment N
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of local fields can be found in ref. [21-2002] .

Now we go back to subsection 1 c-2 and recall eq. 82 below

U (x e y;Wsm)) — Q(2)U (x < y;W(1)> Q-1 (y)

W () (e (0. - W (2)) QN () = 2DW a1 (2)

Q(z),2(y), Q(xz) € D(G) V D and V complete W(l)‘D

The relation on the first line of eqgs. 82/, 87/demonstrates that complete connections — by splitting the
argumentsof 2 (x ) from Q (y ) forall D (G ) —allow to reconstruct the full global structure of g.
Hence ensuing regularity conditions, based on the properti es derived for complete connections,
maintaining associated extended gauge invariance can only tolerate periodic connections modulo gauge
transformations , from the space time points « = (0, %) — « + At = (At, X)

Wz +At) =W (z)=0Q (0 + WD) Q-1(z)
(88)

for a suitably general set of gauge transformations Q(x) € anyD(G)
W € (1) s defined in eq. 69 .| The generalized boundary conditions in e g. 88 maintain periodicity of

(fully) gauge invariant local quantities . —
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Furthermore the quantity U (:I: + At x; W (1) ) transforms under a local gauge

tranformation as

C
U(:I:—I—Atgx;W(l)) —
& q;;WQ(l)) —

= Q(x+ At)U (a;—i—At £ ac;W(l)) Q-1 (x)

U (ac + At
(89)

with Q(x + At) # Q(x) forgeneral allowed gauge transformations

As a consequence what is known as the trace of the Polyakov loo p

TrU (:I:—I— At & x;WQ(1)> =

(90) :TrQ—l(:c)(Q(:c+At)U(:p+At£x;W(1)>)
£ TrU (x Ny W<1>)
IS not gauge invariant within the conditions imposed by comp lete connections .
The consequences from eqgs. 88 - 90 are in conflict with the cond itions imposed on lattice QCD applied to

the thermodynamical environment .
Specific non-complete fiber spaces ( not all manifolds ) were d efined and discussed in ref. [22-1991] .

The general option therein can be adapted to complete connec tions , notwithstanding the alternative
conjectures suggested by the authors . This ends section 1 d a nd all of chapter 1.
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2 - Outlook

1) Gauge boson pair condensation
Some time ago | set out to study the consequences of gauge boso n pair condensation as a
coherence phenomenon of pairs and eventual multiples of gau ge bosons in QCD [23-2010] ,
[24-1979] . This involved also collaborations with Harald F ritzsch, Luzi Bergamin, Wolfgang Ochs
and Sonia Kabana . With the latter we investigate the phase st ructure of QCD especially at
vanishing chemical potentials [25-2010] and thereby the re  levance of respecting regularity

conditions reveals an eventual disagreement with results o f thermal studies in lattice QCD .
2) The study presented here contains recent results as chara cteristic for ‘complete connections’ .

3) This part of the discussion is more or less final, but there i S some way to go to an analytical

derivation of the phases of QCD .

— Thank you —
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