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For a complete description of the physical properties of low-energy QCD, it might be advanta-
geous to first reformulate QCD in terms of gauge-invariant dynamical variables, before applying
any approximation schemes. Using a canonical transformation of the dynamical variables, which
Abelianises the non-Abelian Gauss-law constraints to be implemented, such a reformulation can
be achieved for QCD. The exact implementation of the Gauss laws reduces the colored spin-1
gluons and spin-1/2 quarks to unconstrained colorless spin-0, spin-1, spin-2 and spin-3 glueball
fields and colorless Rarita-Schwinger fields respectively. The obtained physical Hamiltonian can
then be rewritten into a form, which separates the rotational from the scalar degrees of freedom,
and admits a systematic strong-coupling expansion in powers of A = g3, equivalent to an
expansion in the number of spatial derivatives. The leading-order term in this expansion corre-
sponds to non-interacting hybrid-glueballs, whose low-lying masses can be calculated with high
accuracy by solving the Schrodinger-equation of the Dirac-Yang-Mills quantum mechanics of
spatially constant physical fields (at the moment only for the 2-color case). Due to the presence
of classical zero-energy valleys of the chromomagnetic potential for two arbitrarily large classical
glueball fields (the unconstrained analogs of the well-known constant Abelian fields), practically
all glueball excitation energy is expected to go into the increase of the strengths of these two
fields. Higher-order terms in A lead to interactions between the hybrid-glueballs and can be taken
into account systematically using perturbation theory in 4.
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1. Introduction

The QCD action
LAY /d4 [ —Fg F*Y + (iy* Dy — m) l[/} (1.1)
is invariant under the SU (3) gauge transformations U [@(x)] = exp(i®,T,/2)
vOR) =Ulo)] y(x), A% (x)%/2=Ulo)] (Aau (x)7a/2+ ;aﬂ) U wx)]. (1.2)

Introducing the chromoelectric Ef' = F and chromomagnetic B} = %8,' ik j‘}( and noting that the

momenta conjugate to the spatial A,; are I1,; = —E,;, one obtains the canonical Hamiltonian
Hc —/d3x EE(?, + 233, (A) — 8Aai jia(W) + W (%0; + m) W — gAao (Di(A) apEpi — pa(W)) |, (1.3)
with the covariant derivative D;(A)qp = 04p0; — &fupcAci in the adjoint representation.
Exploiting the time dependence of the gauge transformations () to put (see e.g. [M])
Ap=0, a=1,..,8 (Weyl gauge), (1.4)
and quantising the dynamical variables A,;, —Eg;, Wqr and Y, in the Schrodinger functional ap-
proach by imposing equal-time (anti-) commutation relations (CR) , e.g. —E,; = —id/dA,;, the
physical states @ have to satisfy both the Schrodinger equation and the Gauss laws
Ho = [ [2E§, + 2351 (A] = Adi Jia(W) + ¥ (v0; +m) y | & = ED, (15)
G,(x)® = [Di(A)wpEpi — pa(W)| =0, a=1,..,8. (1.6)

The Gauss law operators G, are the generators of the residual time independent gauge transforma-
tions in (), satisfying [G,(x),H]| = 0 and [G,(x),Gp(y)] = ifupcGe(x) S (x —y).
Furthermore, H commutes with the angular momentum operators

Ji = / dx [—€&jkAajEa + Zi(W) + orbital parts| , i=1,2,3. (1.7)
The matrix element of an operator O is given in the Cartesian form

(@/(0[®) e [ dAay dy & (4,7, y) OPA VW) . (1.8)

The spectrum of Equ.(I’3)-(CH) for the case of Yang-Mills quantum mechanics of spatially
constant gluon fields, has been found in [2] for SU(2) and in [B] for SU (3), in the context of a weak

2/3_ using the variational approach with gauge-invariant wave-functionals

coupling expansion in g
automatically satisfying (ICH). The corresponding unconstrained approach, a description in terms
of gauge-invariant dynamical variables via an exact implementation of the Gaws laws, has been
considered by many authors (o.a. [0],[#]-[Id], and references therein) to obtain a non-perturbative
description of QCD at low energy, as an alternative to lattice QCD.

I shall first discuss in Section 2 the unphysical, but technically much simpler case of 2-colors,

and then show in Section 3 how the results can be generalised to SU(3).
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2. Unconstrained Hamiltonian formulation of 2-color QCD

2.1 Canonical transformation to adapted coordinates

Point transformation from the A,;, W to a new set of adapted coordinates, the 3 angles g; of
an orthogonal matrix O(gq), the 6 elements of a pos. definite symmetric 3 x 3 matrix S, and new l/ll’3

1 / /
Aai (q7S) = Oak (q) Ski - %gabc (0 (q) 81'0T (q))bc y Ya (C], v ) = UaB (Q) V’ﬁ ) (21)

where the orthogonal O(g) and the unitary U (g) are related via Ou(q) = 5Tr (U~ (q)7.U (q) ).
Equ. (E) is the generalisation of the (unique) polar decomposition of A and corresponds to

Xi(A) = &jAj =0 (7symmetric gauge”). 2.2)
Preserving the CR, we obtain the old canonical momenta in terms of the new variables
_Eai(QvSJ’)P) = Oak (Q) Pki + Skil*D];] (S) (Q;,I (Q)pj +ps(V/) +Dn(S)sumn):| . (23)

In terms of the new canonical variables the Gauss law constraints are Abelianised,

5
G.® = O0ul(q);' (9)pi®=0 < 5.2=0 (Abelianisation), (2.4)
qi

and the angular momenta become

Ji— / 3 [~ 28 1SmjPuk + (W) + pi(y') + orbital parts] . 2.5)

Equ.(Z3) identifies the g; with the gauge angles and S and v’ as the physical fields. Furthermore,
from Equ.(Z3) follows that the S are colorless spin-0 and spin-2 glueball fields, and the ¥’ colorless
reduced quark fields of spin-0 and spin-1. Hence the gauge reduction corresponds to the conversion
"color — spin". The obtained unusual spin-statistics relation is specific to SU(2).

2.2 Physical quantum Hamiltonian

According to the general scheme [M], the correctly ordered physical quantum Hamiltonian in
terms of the physical variables Sj (x) and the canonically conjugate Py (x) = —id/dSx(x) reads [B]

H(S,Py=y 7 [@x P FRict 5 [ @ [BUS) = Su jul W)+ 7 s+ m) '
=[x [ @5{ (DS il +paW)) (%) 5
xaD2S)lyb) (Db +(¥)) )}, 26)
with the Faddeev-Popov (FP) operator
"Dii(S) = €aniDi(S)mi = €wi0; — &(Su — SutrS), 2.7
and the Jacobian ¢ = det|*D|. The matrix element of a physical operator O is given by

wiorw) « [ [, TI[esmavxayo] £ ¥ s ¥, vI0¥is ¥ v). @8

The inverse of the FP operator and hence the physical Hamiltonian can be expanded in the number

of spatial derivatives, equivalent to a strong coupling expansion in A = g~2/3.
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2.3 Coarse-graining and strong coupling expansion of the physical Hamiltonian in A = g—2/3

Introducing an UV cutoff a by considering an infinite spatial lattice of granulas G(n,a) at
x = an (n € Z*) and averaged variables

1
— /G . dx S(x) , (2.9)

S(m) := e

and discretised spatial derivatives, the expansion of the Hamiltonian in 2 = g~2/3 can be written

2/3
A+ Y 1 422 <Z 75" +Z7/y(‘9‘9#)> +0(A%)
a B y

g-8%_ (2.10)

The "free" Hamiltonian Hy = (g%/3/a) /# + Hy = ¥ H(?M(n) is the sum of the Hamiltonians of
Dirac-Yang-Mills quantum mechanics of constant fields in each box, and the interaction terms
(9) y(4) leading to interactions between the granulas.

2.4 Zeroth-order: Dirac-Yang-Mills Quantum mechanics of spatially constant fields

Transforming to the intrinsic system of the symmetric tensor S, with Jacobian sin 8 [T ;(¢; — ¢;),

S =R (a0, B,7) diag(91,02,03) R, B.7),  WiR=RLU v =9% Q1D

the "free" Hamiltonian in each box (volume V') takes the form [H]

g2/3 o 3, e
HM (wﬁo” o +Y vé”wé)> +he.

1
_V‘/3 +-m

HO+ P + € 5

. (2.12)

i=1

with the glueball part .7#°C, the minimal-coupling .#”, and the Coulomb-potential-type part .7#°¢

lcychc 82 2 ¢ (b
G__ ) 2 Yj k
" _%Z-k( FE ¢2(¢la¢l )+ 6 ke +¢f¢">’(213)
! NOBEVOMNNE S <N G
—5(¢1+¢z+¢3)(NL )43 L0 (o0 (N -RY). 2.14)
cycllc jQ‘l‘ﬁl)
2.15
UZk % ToR (2.15)
and the total spin Ji=Rij(x) &, [Ji,H|=0. (2.16)

The matrix elements become
(®|01®2) = [dassin By | 4914945 (97 ~03) (05 —05) (03— 01) [avayeioe,.

The Lh.s. of Fig.1 shows the 0" energy spectrum of the lowest pure-gluon (G) and quark-gluon
(QG) cases for one quark-flavor which can be calculated with high accuracy using the variational
approach. The energies of the quark-gluon ground state and the sigma-antisigma excitation are
lower than that of the lowest pure-gluon state. This is due to a large negative contribution from
(#P), in addition to the large positive (7#9), while (#€) ~ 0 (see [H] for details).

Furthermore, as a consequence of the zero-energy valleys “¢; =@, = 0, ¢3 arbitrary” of the
classical magnetic potential B> = ¢22 ¢32 + ¢32 ¢12 + ¢)12¢22, practically all glueball excitation-energy
results from an increase of expectation value of the "constant Abelian field" ¢; as shown for the
pure-gluon case on the r.h.s. of Fig.1 (see [@] for details).
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Figure 1: L.h.s.: Lowest energy levels for the pure-gluon (G) and the quark-gluon case (QG) for 2-colors
and one quark flavor. The energies of the quark-gluon ground state and the sigma-antisigma excitation are
lower than that of the lowest pure-gluon state. R.h.s. (for pure-gluon case and setting V = 1): (¢3) is raising
with increasing excitation, whereas (@) and (¢,) are practically constant, independent of whether spin-0
(dark boxes) or spin-2 states (open circles).

2.5 Perturbation theory in A and coupling constant renormalisation in the IR

Including the interactions ¥’ (@) y(4) using 1st and 2nd order perturbation theory in A = g~2/3
give the result [B] (for pure-gluon case and only including spin-0 fields in a first approximation)

2/3

Ef, = 48 14.1167+29.894A2 + 0(A%)], (2.17)
a
(0)+ 2 3 g% a .o 27242
E\” (k) —Ef. = [ 2270+ 135112 + 6(A%)] S +0488 5k + 0((a%K)), (2.18)
8

for the energy of the interacting glueball vacuum and the spectrum of the interacting spin-0 glueball.
Lorentz invariance demands E = VM? + k% ~ M + ﬁ k?, which is violated in this 1st approxima-
tion by a factor of 2. In order to get a Lorentz invariant result, J = L+ S states should be considered
including also spin-2 states and the general (99),
Independence of the physical glueball mass
2/3

M= gOT o+ 2.19)
of box size a, one obtains
—4/3
d 3 U+tcg
1(80) = a—-gola) = Egoiﬁm (2.20)
4 H—cgy

which vanishes for gg = 0 (pert. fixed point) or gg/ R /1 (IR fixed point, if ¢ < 0). Forc¢ >0
2
M M
forc>0: g3/3(Ma):T£+ <2i> —ﬁ , a>ac:=2\/cu/M  (2.21)
My (incomplete) result cgo) / ,ul(o) = 5.95 suggests, that no IR fixed points exist. critical coupling
g5lc = 14.52 and a. ~ 1.4 fm for M ~ 1.6 GeV.
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3. Symmetric gauge for SU(3)

Using the idea of minimal embedding of su(2) in su(3) by Kihlberg and Marnelius [H]

000 001 0—-i0
T =A=|00—i T i=—A5 = 000 i=A=|i 00
0i O —i00 000
000 001 010
Tui=A=|001 Ts:=A=|(000 =M =(100
010 100 000
1 00 1 10 0
T7 2:)L3: 0-10 T8 ::lg: 01 0 (3.1)
000 V3100 -2

such that the corresponding non-trivial non-vanishing structure constants, [%, %] = icabc%, have at

least one index € {1,2,3}, the symmetric gauge, Equ.(Z2), can be generalised to SU(3) [B, ],

8
%a(A) = };

3
Y caidri=0, a=1,..,8 (’symmetric gauge” for SU(3)). (3.2)
1i=1

Carrying out the coordinate transformation [[]

~

~ 1
Ak (¢I1 ) --;%;S) = 0 (q) Sak — @Cabc (0(9) 30" (q)),., Val(qi,-q3.¥") = Uy () ‘lfgs

Six pos. def.

St X3+Ws3 Wo X,-w |’ CaiSik = 0 (3.3)

Xo—W, X1+W Wo
By —lw, ?H-%Wz W3
~Bw -1y, Bw-ly, 1

(S,-k> B Wo X3—W;  X+W,
Sak

an unconstrained Hamiltonian formulation of QCD can be obtained. The existence and uniqueness
of (B3) can be investigated by solving the 16 equs.

SiiSaj = AaiAaj (6 €qus.) A dyySaiSySek = dancAaiApjAck (10 equs.) (3.4)

for the 16 components of S in terms of 24 given components A.

Analysing the Gauss law operators and the unconstrained angular momentum operators in
terms of the new variables in analogy to the 2-color case, it can be shown that the original con-
strained 24 colored spin-1 gluon fields A and the 12 colored spin-1/2 quark fields y (per flavor)
reduce to 16 physical colorless spin-0, spin-1, spin-2, and spin-3 glueball fields (the 16 components
of §) and a colorless spin-3/2 Rarita-Schwinger field w® (per flavor), respectively. As for the 2-
color case, the gauge reduction converts color — spin, which might have important consequences
for low energy Spin-Physics. In terms of the colorless Rarita-Schwinger fields the A" (3/2) could
have the spin content (+3/2,41/2,—1/2) in accordance with the Spin-Statistics-Theorem.
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Transforming to the intrinsic system of the embedded upper part S of S (see [M] for details)
S=R"(a,B,y) diag(¢1,$2,93) R(et, B,7), A Xi = x;, Yi = yi,.., A WS¢ (35)
one finds that the magnetic potential B? has the zero-energy valleys ("constant Abelian fields")
B*=0 : @3 and y3 arbitrary A all others zero (3.6)

Hence, practically all glueball excitation-energy should result from an increase of expectation val-
ues of these two "constant Abelian fields", in analogy to SU(2) . Furthermore, at the bottom of the
valleys the important minimal-coupling-interaction of Y*$ (analogous to (ZId)) becomes diagonal

1 (1.1 a1 (L
Hing = E‘I’S'm (9323 +y32s) © 03] 12 — E‘l/;(ez U oy@ (932 +y328) 0. BT)

Due to the difficulty of the FP-determinant (see [[M]), precise calculations are not possible yet.
Note, however, that in one spatial dimension the symmetric gauge for SU(3) reduces to

00 A3 00 0
Do 004
1) _ | 00 As ) _ ey | 000
A( )_ 0 0A53 - 3'\( )_Sintrinsic_ 000 (38)
00A73 000
00 Asg 00 ys

which consistently reduces the Equ.(B4) for given A3 to
05 +)3 = AcAa A 973 =3y = dape AsApAcs (3.9)

with 6 solutions separated by zero-lines of the FP-determinant ("Gribov-horizons"). Exactly one
solution exists in the "fundamental domain" 0 < ¢35 < oo A @3/ V3 < y3 < oo, and we can replace

[1dAs — / ds / dys 03 (¢35 —3y3) " o / rdr / dycos’(3y).  (3.10)
= g=1 0 $3/V3 0 n/6
For two spatial dimensions, one can show that (putting in Equ.(B3) W| = X;, W) = —X»)
Ajp A 0 O 0 0
Az A O 0 ¢ 0
A3 An 0 0 0 0
2d) _ | As1 A2 O qd) 0 X3 0
A - As; Asy O - Sintrinsic - X3 0 0 (G.11)
Ae1 Ae2 O 2x 2x1 0
A71 A2 O —?yl — 3x1 ?yz +31 0
Asi Ag 0 Byl —Byiln 0

consistently reduces (B4) to a system of 7 equs. for 8 physical fields (incl. rot.-angle 7), which,
adding as an 8th equ. (d d;)LA,S;,]S@z)Z = (dabcAblAcz)z, can be solved numerically for randomly gen-
erated A(®?) again yielding solutions separated by horizons. Restricting to a fundamental domain

400 8
/ [1 dAudAy, — /d?’ dordgn (91 — d2) dxldxzdx3/R( dydy, J
2

— ab=1 0<g1<¢p<ee JR1(91,92) X1,%2,%3,01,02)
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Due to the difficulty of the FP-determinant, I have, however, not yet succeeded in a satisfactory
description of the regions R and R,. For the general case of three dimensions, I have found several
solutions of the Equ.(B-4) numerically for a randomly generated A, but to write the corresponding
unconstrained integral over a fundamental domain is a difficult, but I think solvable, future task.

4. Conclusions

Using a canonical transformation of the dynamical variables, which Abelianises the non-
Abelian Gauss-law constraints to be implemented, a reformulation of QCD in terms of gauge in-
variant dynamical variables can be achieved. The exact implementation of the Gauss laws reduces
the colored spin-1 gluons and spin-1/2 quarks to unconstrained colorless spin-0, spin-1, spin-2 and
spin-3 glueball fields and colorless Rarita-Schwinger fields respectively. The obtained physical

Hamiltonian admits a systematic strong-coupling expansion in powers of A = g3

, equivalent
to an expansion in the number of spatial derivatives. The leading-order term in this expansion
corresponds to non-interacting hybrid-glueballs, whose low-lying masses can be calculated with
high accuracy (at the moment only for the unphysical, but technically much simpler 2-color case)
by solving the Schrodinger-equation of Dirac-Yang-Mills quantum mechanics of spatially constant
fields. Higher-order terms in A lead to interactions between the hybrid-glueballs and can be taken
into account systematically, using perturbation theory in A, allowing for the study of the difficult

questions of Lorentz invariance and coupling constant renormalisation in the IR.
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