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Working within the framework of classical algebraic chromodynamics, I develop a theory of the
equilibrium color forces acting between stationary quarks. To identify the equations appropriate to describing
static forces on a fixed time slice, I assume that the “static” color fields (1) appear as the end point of a
most probable tunneling process, and (2) satisfy the principle of virtual work. The resulting equations differ
from the vanishing-time-derivative specialization of the Euler-Lagrange equations. The static equations imply
certain compatibility conditions on the orientations of discrete quark charges relative to the local color field.
Unlike the analogous static equations in Abelian electrodynamics, which take the same form on all time
slices, the static equations for chromodynamics take a simple form only at the instant of tunneling through.
Static forces and potentials calculated on this favored time slice describe the behavior of the system at all
later times because of gluon energy conservation. When the static equations of algebraic chromodynamics for
the gg color-singlet force problem are rewritten as equations for the overlying SU(2) classical Yang-Mills
field, they take the form of the equations of the ’t Hooft-Polyakov model, but with the Higgs field
reinterpreted as the static potential and, of course, with external source charges present. I develop these
equations in a perturbation expansion in the color gluon coupling g. I conjecture that the relevant zeroth-
order solution is the unit-topological-charge solution of ’t Hooft and Polyakov, which appears to behave as a
quark-confining “bag.” This solution contributes a zeroth-order orientation energy to the quark potential,
which by the principle of virtual work must be extremal with respect to variations in the position and
orientation of the “bag.” The orientation energy gives the gg potential a repulsive central core, and also
leads to a zeroth-order o-("n)Qf"n)-ﬁ’” interaction between the quark spins and the “bag” color magnetic field.
The compatibility conditions guarantee that the orientation energy is invariant under changes of gauge of the
zeroth-order solution. Confinement, I believe, comes about in order g %, where there are strong distortions of
the quark color flux lines arising from the presence of the background “bag” field. A test of this hypothesis
requires construction of the color gluon propagator in a Prasad-Sommerfield background field. I adapt the
methods of Brown et al. to get an expression for the vector propagator in terms of the scalar propagator and
to give an explicit contour integral formula for the latter, the detailed evaluation of which is now in progress.
Since the compatibility conditions and the minimization involved in constructing the orientation energy make
the source current orthogonal to all normalizable zero modes, all zeroth-order degeneracies are resolved and
a consistent order-g > perturbation theory exists. I conclude with a brief discussion of expected limits of
validity of the perturbation expansion, and of the extension of the methods developed here to nonstatic
problems and to the force problem for three (or more) quarks. In the first appendix, I give technical -details
of the scalar propagator construction. In the second appendix, I illustrate in the case of the Abelian Higgs
model the subtleties involved in finding static equations which satisfy the principle of virtual work. I also
sketch an argument which shows that assumption (2) above follows from assumption (1), and give a
thermodynamic interpretation for the equation of energy conservation in processes in which confining “bags”
are being created. ‘ '

Under the assumption of stationary quarks, the

I. THE STATI TONS
THE STATIC EQUATION quark source current J** of Eq. (I.17) has time

In an earlier paper! (hereafter referred to as I) component
I constructed an extension of chromodynamics,
called algebraic chromodynamics, which permits Jo= Z Qm(1)3%(x —x,) © (la)
the introduction of classical noncommuting quark n
color charges. I now turn to the problem of de- and vanishing space components

veloping methods, within the framework of alge-

R -
braic chromodynamics, for calculating the equil- J°=0, k=1,2,3,, (1b)
ibrium color forces acting between stationary with the charges evolving in time according to Eq.
quarks. In the formal developments of this sec- (1.20),2
tion, I will assume the validity of Eq. (1.22) for 4Q (1)
color-charge algebras of arbitrary rank N. In the , ———:Z-"ZL~ = —igP(by(%,), Q (my (1)) - (2)
specific application to the ¢g color force given in
the next section, I use only the rank N=2 algebras Before proceeding further, I generalize Eqgs. (1)
which were explicitly calculated in I. and (2) in order to include quark static spin cur-
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rents, by assuming that these are given by the
natural covariant generalization 8/8x’ ~ D, of the
usual Abelian expression for the spin current

-1
J:pin—':zn: 2m, ek D,[Q(")63(x _x")o,:nn)] , (3)

with m,, and o,, the nth quark mass and Pauli
spin matrix. In order to simply express the effect
of the spin current on the time evolution of the
quark charges, I introduce the color electric and
magnetic fields

Em=f0m

Bm=é€klmfkt

(4)

Then substituting Eq. (3) into the equation of source
current conservation D, J* =0, and using Eq. (I1.10)
to simplify the spin current contribution, gives

the modified version of Eq. (2),

g%nt)ﬁzziP(u,“(x")’Q(")(t)) , : “
B"'(x")o(”;,,} ]

ny — n
e 57) = =g o)+ T

In everything that follows, I will treat spin only
as a lowest-order perturbation, ignoring effects
arising from the noncommutativity of the Pauli
spin matrices (this gives correctly the interaction
energy terms of the form o, and 0(,,0(m, M*n).
Then the o7}, components in Eq. (5) can effective-
ly be replaced by their expectations, making Eq.
(5) identical in form to the local algebraic gauge
transformation on the quark charge given in Eq.
(1.18). Equation (5) specifies the time evolution
of the quark charges, starting from the forms on
a fixed initial time slice assumed in I.

I now turn to the key problem, which is to.find
the equations appropriate to describing static
quark forces on a fixed time slice. In ordinary
electrodynamics this is readily accomplished by
setting all time derivatives equal to zero in the
Euler-Lagrange equations. The situation is not so
simple in chromodynamics, where the field-po-
tential relations and Euler-Lagrange equations, -
obtained by expressing Egs. (1.3/), (1.14), and
(1.15) in terms of EY and B’, are

]
Ei= —Djbo—'a—xﬁbj s

®
B= e’“[g;,,—b' -3 igP(b*, b')] ,
D,Ei=gJ°, (6)
D;B'=0,
ekimp B™ — D E*=gJ% .,

€*™D Em™+ D B*=0.

If we attempt to assume that time derivatives of
the potentials are identically zero, then the con-
straint equation D;E’=gJ° implies an immediate
conflict with Eq. (5). Hence “static” chromody-
namics necessarily involves time dependence. In
order to infer the equations which describe the
color fields of quarks at rest, I introduces two as-
sumptions:

(1) First, I assume that “static” color fields
(and in fact all color fields of physical interest)
appear as the end point of a most probable tunnel-
ing process. Taking the instant of tunneling
through to be =0, and requiring that the tunnel-
ing probability be extremal with respect to all
variations of the color fields at #=0 which are con-
sistent with the constraint D,E’ =gJ°, gives the
dondition

0
0=Ouugpoint | 1 [dxBS(E, EY) ~35(B, BY)

-S(\,DE? - gJ%]. (7)

I have enforced the constraint in Eq. (7) by the
natural device of introducing a Lagrange multi-
plier A into the action.® Expressing E’ and B in
terms of potentials, integrating by parts in the
time-derivative terms, and keeping only the end-
point contribution, Eq. (7) becomes ’

0=- fd3xs(6b’(x,t=0),E’+D,x), (8)

which implies that at the instant of tunneling
through we have

t=0: E'=-Dp
9 . y
= —[a—x—ik —ZgP(b",A.)] . (g)

Equation (9) may be interpreted by noting that the
general radiation gauge form of E? is?

E'=-DpZb, Dhi=0, (10)

and so Eq. (9) states that at the instant of tunneling
through, the transverse contribution to E/ van-
ishes. This statement is the natural generaliza-
tion of Coleman’s “bounce” condition® to the situa-
tion where a source constraint is present.

(2) Second, I assume that the color fields assoc-
iated with quarks held in equilibrium by external
restraining forces satisfy the principle of virtual
work. Recall that the principal of virtual work states
that when a system in equilibrium is subjected to .
arbitrary virtual displacements, the sum of all in-
crements of work (energy) is zero. In the present
context, this requires that when the quark-gluon
system is subjected to arbitrary virtual displace-
ments, the change in quark potential (which is the
net work done by the restraining forces) must
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equal the change in gluon field energy; it is hard
to see how the concept of a static potential can
make sense without such a balance holding. To
get this condition in quantitative form, I use Eq.
(I1.26) and Eq. (10) to write the radiation-gauge
gluon field energy as

sluon

= [ axils!, B+ 58!, BY)]
=fd x5 [SDN,D M)+ S, ) +S(B, BY)].

(11)
Making arbitrary small variations in the quark
positions and field strengths, and using

6D\ =D,5x —igP(8b,)),

(12)
oB!=€f"D 5b™

gives
OE 1uon= f d3x[8(6>~,D,E’)+S(5131,131)
+5(66™, ™D, B! —igP(\,D 2))].

(13a)

This expression must be equated to the change in
the static quark potential®

5V par1e =8 fdsx[S(cx,J°)+S(5b" 201, (13b)

where I have used the fact, apparent from Eq. (10),
that A is playing a role analogous to the scalar po-
tential b,. The variations in Eq. (13) are not in-
dependent on a general Cauchy surface, but rather
are restricted by the condition

0=56(D,b')=D,5b _igp(sbf,vbf), (14)

which relates 557 to 657 in a complicated way.

Now, however, let us exploit the fact that at the
instant of tunneling through (¢ =0) we have b= 0,

so that Eq. (14) is a constraint only on 55’ which,
however, no longer contributes to Eq. (13a). The
remaining infinitesimals 6b7 and 5\ are then inde-
pendent, and equating the left- and right-hand sides
of Eq. (13) gives us the desired equations of chro-
mostatics

;

t=0: E'=-Dp,
D,E'=gJ°,

Bf=<’“[£;b'-éigp(b'*,b')] , D,B’=0, (15)

€m”DlB!=g m

spin

+igP(\,D,\),

9 .
D,w=mw —igP(b’,w).

Before proceeding to applications, I pause to
comment on a number of features of these equa-
tions:

(i) It is possible’ that quantum fluctuations around
the static background fields lead to a Higgs poten-
tial for A, changing Eq. (11) to read®

E

gluon

= [@xilsp, D)+ (b, bY)

+S(BY, B+ VSO, ], (16)

Equation (16) then has an extra term
ASE gy = f @ VIS, AS(BX, ), (17)

and the second equation in Eq. (15) is changed to
read

D,E?+ VI{S(\, A DA =gd°, (18)

but the identity 8E;, =0V, continues to hold

(ii) Equations (15) can be obtained as the condi-
tion that a functional & of the original potentials
b°,b? and of a Lagrange multiplier A be extremal
with respect to 1ndependent variations of x» and of
the Cauchy data b°,57, b’ on a fixed time slice. The
functlonal F is

F=F +F

charge spin

Fenaree= | &% E[S(EY, EY) - S(B, B)]
-S(,D,E? - gJ°)}, (19)

Fspin=Vstaticysptn = —gz S(B"‘(x ), QM) 5
M (n)

where I have explictly separated off the spin con-
tribution. The variation of V ;a4c,spin 1S

o,m
OVstatic,sptn = ~& fdsxs<€muD16bk(x)’ ZQZ(;,Z . 83(x "xn>
n

(n)

=8 fdsx S(ﬁbk(x) snin) ’

(20)

which justifies the identification of spin current made in Eq. (3). Expressing E’ and B’ in terms of poten-

tials by Eq. (6), and varying, gives

8F cnarge = f d*x[S(E!, -D;5b°+igP(5b?,b°%) - 6b%) ~S(B?,€''™D,5b™) —-S(5X,D,E! - gJ°)
-S(r, —igP(8b?, E?) - D,D,5b°+1igD P(5b,b°) - D,6b%)]. _ (21)
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After doing integrations by parts® this takes the form
0F ¢ pargs = [d3x[S(6b°,D,E’+D,D,)\)—S(éi)’,E’+D,7\) ~S(5,D,E! - gJ°)

+S(6b™,igP(b°, E™+ D \) —€™D,B’ +igP(E™ \)) ], (22)

from which it is clear by inspection that equating 6F to zero gives Eqs. (15). This derivation makes it ap-
parent that, while the argument of Eqs. (11)-(14) makes use of the radiation gauge, Eqgs. (15) themselves
do not mvolve a gauge specification.!® (For a discussion of the connection between this derlvatlon and the
maximization of tunneling probability, see Appendix B.)

(iii) The static equations imply compatibility conditions on the orientations of discrete quark charges
relative to the local color fields. These are obtained by applying D, to the “curl B” equation in Eq. (15),
and using Eq. (I.10) on both left- and right-hand sides,

€™D DB = —igP(B!,B))=0=gD JI  ~ig*P(7,J°)

, o
=ngZ &%(x -x,,)[ (B'"( ), & ‘"’) P(K,Q(,,))] ; (23)
n m(n) !
from which we get
D, J5in - igP(\,J%)=0
m QimI(m - -
~— P{B™x,), 5=—— ) -P(\(x,),Qn)=0, n=1,... N. (24)
2m(y) ' .
Equation (24) will play an important role in the "= F lparge — Fapin »
subsequent analysis. '
(iv) Although X plays a role analogous to the F i narge = fd {3 [S(E?, E')+S(B!, BY)] (26)

scalar potential in the above analysis, Egs. (15)
differ in a crucial respect from what one obtains
by simply dropping all time derivatives in the
Eulér-Lagrange equations. This procedure (which
I argued above is inconsistent in chromodynamics)
gives

Ef=_Dp°,
D,E'=gJ°, : (25)
€™ip BI=gJm +DE™

=gJT . —igP(b°,D,b°).

The difference in sign between the P(°,D,b°) term
in Eq. (25) and the corresponding P(A,D,\) term in
Eq. (15) is not a calculational error, but rather
reflects the fact that Eqs. (25) are obtained by an
unconstrained variation of '

£=3[S(E?,E)) -S(B?,B)]++++
while Egs. (15) result from either an unconstrained
variation (at £=0) of 3[S(E', E?)+S(B?,B’)], as in
Egs. (11)-(13), or a constrained variation of
3[S(E' E?) -S(B?,B’)]++++, as in Egs. (19)—(22).
To complete this comparison, I note that Egs. (25)
(with X replacing b°) would again result from the
variation® of the following constrained functional
with all Cauchy data treated as independent:

—S(\,D,E? —gJ°}.

Neglecting spin, the variational problem posed in
Eq. (26) is just that of finding, on a given time
slice, the field configuration of minimum energy
consistent with the presence of specified quark
charges. The fact that the chromostatics equa-
tions do not agree with Eqgs. (25) means that static
quark configurations are not absolute minima of
the field energy. This is consistent with the view
that the key ingredient in the analysis of static
quark forces, and of quark confinement, is not
the absolute minimization of energy but rather
the maximization of probability. Unconfined quark
states may have much lower energy than confined
quark states, but if they occur with only very
small probability, they will not dominate the phys-
ics. See Appendix B for a further discussion of
this point. ‘ '
(v) I have already stressed that the derivation
of Egs. (15) applies only at the instant of tunneling

.through, when b 0. One can still ask whether

Egs. (15) can be vahd at later times, or equivalent-
ly, whether when the solution of Eqs. (15) is used
as ¢=0 initial Cauchy data for the time-dependent
Euler-Lagrange equations of Eq. (6), the time-.
evolved solution at a time #> 0 continues to satisfy
Egs. (15). I will show below that the answer in
general must be no, by considering the particular
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case where the £=0 Cauchy data are the Prasad-
Sommerfield solution of Egs. (15), for which a
simple calculation gives @ ,..,/dt*> 0 for the
time-evolved solution. Since the functional F ..,
has no explicit time dependence, this means that
the time-evolved solution is not extremal, and so
does not satisfy Egs. (15). Evidently, chromo-
statics behaves very differently from electrostat-
ics. The equations of electrostatics take the same
simple form on all time slices. The equations of
chromostatics take a simple form only on a subset
of time slices of measure zero.

(vi) Even though the equations of chromostatics
take a simple form only on special time slices,
they predict the same static forces at all times
because E, . is (almost) a conserved quantity. To
see this, we use Eq. (1.30),

9
38 L s =85/ 7, (27)

which implies that
d 9
EEEglqon = fds oxP TOBgluon

= [ dx gS(ER, I8 ,) . (28a)
.Hence, dE,,.,/dt vanishes at all times in the ab-
sence of spin currents. To study the effect of
spin currents, I note that on the =0 time slice
Eq. (28a) can be put in the form

d

EE

) B’"xl o
gluon =Z lgzs( 2(7”) = ’P(A(xn)’Q(n))) ’
0 n (n)
(28b)

which by the compatibility condition of Eq. (24)
takes the form

] = S5 (p (B Bl g

—FE
dt gluon - 2m(") ’ 2m(n)

=0 (28¢)
when noncommutativity of Pauli spin matrices is
ignored [cf. the discussion of spin approximations
which followed Eq. (5) above]. However; an at-
tempt to go beyond first derivatives at =0 leads
to difficulties. For example, if we try to evaluate

d’E 9E* aJ*%
_dgéngn_= - fdaxg[s(a_ta‘]:nin)+s (Eh’_—aa;m>

(28d)

by using Eq. (3) to describe the spin current at
arbitrary times, nonvanishing terms linear in the

spins are encountered. I believe that this indicates

that Eq. (3), while providing a consistent descrip-
tion of spin effects at =0, does not correctly de-
‘'scribe dynamical spin effects. This limitation

" would be consistent with the fact that Eq. (3) was

not given an a priori justification, but was inferred
from the expected form of the spin interaction en-
ergy by an application of the principle of virtual
work on the £=0 time slice.

II. THE qq STATIC-FORCE CALCULATION

I turn now to a calculation of the ¢7 static force
in the color-singlet channel, for general under-
lying color group U(n). To recapitulate some re-
sults from I, in this case the diagonalized P and S
tables reduce to an SU(2) algebra, over which the
inner product S is a multiple D =#%/2 of the unit
matrix. Going over to the natural vector notation
for the overlying SU(2) algebra by the replacements

P(u,v)=iix7v,

S(u,v)~DU "V,
2 1/2
S et = n®-1 3
@~ (0’(n2+8) T (nP+ 8)1/2)’ (29)

: 2 1/2 L 2
s n?-1 (1+3n?)
Qa"Q; —(0’(n2+8> ’_(n2+8)1/2 ’
the relevant equations from Sec. I take the follow-

ing form:
source currents:

n=1
6(1>=Q3“’ Q) =QF", (30)
s & =1 -
J:pin—z om €k1me[Q(n)53(x -x,)00m1
n=1 q

principle of virtual work:
5Egluon= 6 fd3x%[D(Ej ° El*‘ Ej '-B.j)+ VH(DX.Z)]

=8V,

static

=ng dx(ex - Fo+ b T8 ), (31)

spin

ei;uations of chromostatics:
E'=-Da,
DE + V(DR =gF°,

- D . *) -
Jo ikl 2 Rt L 1 J=
Bi-e (ax,,b+ng xB), pBi=0, .

E"‘”D;ﬁj =g3m

spin —EAXD A,
- a - "j -

Djw=5}7-w+gb XWw,

[D,,D,]W=ge""Bmx W ,

compatibility conditions:
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B"'(x )x Q(n) (n
2m

-Xw)XQm=0, n=1,2. (33)
. .

I will assume that if radiative corrections do pro-
duce a Higgs potential for A, it appears in order
g* of perturbation theory as in the analysis of
Coleman and Weinberg,” and has the approximate
form

V)= Ly (34)

with (x) a dimensional subtraction constant. Equa-
tions (32) and (34) are familiar ones—apart from
the presence of the source currents, they are the
static equations of the ’t Hooft-Polyakov'! model,
with the static potential fplaying the role of the
Higgs scalar field.

It will be convenient in the subsequent analysis
to follow the standard practice of scaling out the
couplmg constant g} by makmg the replacements
X-X/g, b'-b'/g, B/ ~E!/g, B'~B'/g in Egs.
(31)—(34), giving scaled equations [Eqs. (30) and
(33) are unchanged]

E 1o = afd3 [ (E/-E'+ B -BY)

+C—”(f-f—xz)2]
2
=6Vstatlc
=0 [ (T - Fuo 31, (31)
E'=-DX,
jE +Cy ()xz-Kz))\ =g
B’—e””(a b’ +3b* b’), DB'=0,
ax®
‘ (327)

€™ID,B=g?in  _XxDX,

> ) - -
DyW =gy W+ b x W, x?=(x)g?/D,

[D;,D,]W=€"*"B"x W .

The natural thing to do with Eqs. (31’) and (32’)
is to assume that the coupling constant g2 is small
and make a perturbation expansion. Since we see
that the Higgs potential [assuming Eq. (34)] is an
order-g? correction to the leading terms, it in
fact will be a good approximation to neglect it,
provided (i) we always calculate V,,,,. from the
second line of Eq. (31’), where V, has been elim-
inated by use of the equations of motion, and (ii)
we enforce the boundary condition arising from
the Higgs potential

Ni—i? (35)

r >

Since whether radiative corrections produce a
Higgs potential for X is an open question at pres-
ent, Eq. (35) should be considered as a postulate
which I make in the purely classical analysis which
follows.

A. Zeroth-order approximation

I bégin the perturbation analysis by considering
the zeroth-order approximation to Eqs (31’) and
(32'),

5V, mm:Dfdsx(aio-?wﬁg-jgm), (36)

E{F =Dy;h,
DOJE{,=O ,

(37)

€™IDBY= ~XoX Doy,

om

9
T2
DW= ry” ,w0+b X Wy, A2—w K°

r—>w
- 5 -
[Dyy, Doy |F= €' "B x W .

The properties of Eqs. (37) have b.eeri discussed
extensively in the literature. They are solved by
the ansatz!'?

Bi=+E{=%D X, ; (38)
since this gives
€™iD,, Bi=75c™[D,,,D;]%,
=ﬂ:7‘o>< Bo =—>‘OXDOnXO7 (39)
DyDoXo=FD,,Bl=0.

It is at this point that the sign of the outer-
product term in the “curl B” equation in Eq. (15)
plays a crucial role; had we chosen Egs. (25) as
the equations of chromostatics, we would have
ended up with the equation e"'”D Bi=X,x DOmAO,
which is solved, not by Eq. (36) but rather by Bi ¢
=¢i§{,=¢wwio. In real space-time, such complex
solutions are not permitted. The solutions of Eq.
(37) are characterized by a topological index m,
which takes integer values. The case m =0 cor-
responds to the trivial solution X,=EJ=Bj=0; the
solution for m=1, first obtained by Prasad and
Sommerfield, ! is known to be classically stable, !2
while the soltuions for m>1 are unstable (if a
Higgs potential is included) against breakup into
m =1 solutions. I conjecture that the m=1 solu-
tion of Eqs. (37), rather than the trivial m =0 solu-
tion, is the relevant zeroth-order solution for the
qq force problem. (A plausible direction in which
to look for an a priori justification of this conjec-
ture would be to try to show that creation of a g7
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pair by vacuum tunneling is much more probable
when associated with an m =1, rather than with an
m =0, background field.) I will show that this so-
lution has properties which make it plausible that
it behaves as a quark-confining “bag.”**

The explicit form of the m =1 solution to Eq. (37)
is [indices a,b,c,... are SU(2)-vector indices; in-
dices 7,j,k,... are spatial-vector indices]

a xa
hﬁ;? (1 - k7 cothkr) ,

bu—€ailx! 1 Ky
0 7? sinhkr/’

from which the field strength is readily obtained,

Bek= _gh k% coshkr K
0 sinh®¢r 7 sinhky

(40)

2

K K k2 coshkr
—xhx? = 5
73 r 3sinhkr  »Zsinh®kr  #2sinh’kr

(41)

The zeroth-order fields make a.contribution to the
gluon energy

Eq auen=D/g%) [ @ 3(E4-F4+ B4+ B

=(D/gMAmk, (42)

limits of validity of the perturbation expansion.
From Eqs. (38) and (42), it is also easy to evaluate
the zeroth-order field contribution to the space in-
tegral of the axial anomaly of Eq. (1.55),

fd3 a_cg Dl fd BB

=+CD '2; , (43)
and so there may be a relation to the mechanism
for resolution of the U(1) problem proposed by
’t Hooft.!®

From Eqgs. (36), (20), and (29), the contribution
of the zeroth-order fields to the static quark po-
tential is

[ 3 = m Qw9
6VO stat.iczD Z 5>‘O(xn) nQ(n) - 5Bo (x,,) * 2m .
n=1 .

(44)

This equation is valid for arbitrary variations,
but there are two special classes of variations on
which I wish to focus initially. Consider, first of
all, the local gauge transformations®®

Bgange M= Ao X O,
szgoﬁj=DoJ¢ ’ (45)
ﬁgmgeB"'— €"'”D0,Doj¢ B”'X ¢ ,

which are easily verified to be an invariance of

which I will interpret as the energy needed to E; 41000 Of Ed. (42) and hence are an invariance of
create the “bag.” While E, ., does not contribute Egs. (37). From Eq. (44) the corresponding change
to 0V gia110, I argue below that it determines the in Vg giatsc 18
J
2 > Qo
6gauge VO static b Z'—& ° [ko(x,,) XQ(”) - Eg‘(xn) x (2"’;4 . )] ’ . (46)
n=1

which vanishes by virtue of the compatibility conditions of Eq. (33).
which leave the quark positions and spin orientations fixed, but translate the center of the “bag”

Consider next the class of variations
[which

was arbitrarily fixed at »=0 in Eq. (40)] and reorient it in coordinate space. ‘Such variations do no work
against the quark restraining forces, and hence by the principle of virtual work must give 0V ;. =0.
Hence, for fixed quark variables; the “bag” orientation is fixed by the condition that

2

> Kol * Qeay - Brlx,) * Qemyos,/2m, ] (am).
n=1 .
be a minimum; this then uniquely determines V, static to be
VO static mlnD Z [ Q(n) - B (x ) m] ’
n=1 mq
min=minimum over changes in “bag” origin and orientation, (48)

consistent with maintaining the compatibility conditions

7 m
Q(n)am
2m,

0=X’0(xn)><Q(n)-—ﬁ(’)n(;\:n)>< > 7’l=1,2.

It thus seems natural toregard V, ,.;. as a quark-bag orientation energy.
Before evaluating Eq. (48) more explicitly, let me first argue that, for purposes of evaluating Viaic, it

makes no difference which sign is chosen in Eq. (38).

The point is simply that the sign of E relative to B
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can only affect pseudoscalar observables, such as the axial-vector anomaly of Eq. (43), but cannot change
even parity observables, such as the energy. Hence to avoid a proliferation of + signs in the formulas, I
choose for definiteness the upper sign in Egs. (38) and (40), and use henceforth

biho; . (49)

Having made this choice, I set up the geometry necessary for the minimization in Eq. (48) in the approxi-
mation of regarding the spin terms as a small perturbation on the charge contribution. Thus, I consider
first the minimization problem

VO static,charge = minD Z 7\0()6'") * Q(n))

n=1
min=minimum over changes in bag origin and orientation, consistent with (50)

0=X,x) X Qe , 7n=1,2.

r

Once this problem has been solved, spin effects v (@)= min —«D|v(x sina>
linear in o7, /2m, can be calculated from the ex- 0 static, chargo Sadier siny
pression ) W |
n sin o
2 O™ : + = V(Ka———, ):l
Vostaﬁc,spinz—DEBgl(xn)' % ) (51) 2 Slnd)
! " (53)

., bl =bag potentials determined by Eq. (50 s
0, % =Dag poten y Eq. (50) Denoting by a(a) the minimizing value of a for

since the reorientation induced by the spins will
change both V yuiic, charge » Which is already extre-
mal, and Vg, spin Only to second order in the
quark magnetic moments. In order to calculate
bilinear spin effects of the form o7 ,0%,,/m2, which
are in principle determined by the formalism
through order g2, a careful evaluation of spin-
induced reorientation energies will be required.
To proceed with the geometry, let a be the se-
paration between the ¢ and g and let
»=m~- cos™(~1/n) be the complement of the angle
between Q° and Q" [cf. Eq. (1.44)]. It is obvious-
ly easier to orient the quarks relative to a fixed
bag than the other way round, so taking bag poten-
tials as glven by Eq. (49), we must choose q,q
locations X_, xa in the bag with X xQ=0, X,
Qeff' 0, ]x - x. f—a which minimize the orlenta—
tlon energy. Smce the spatial variation of X o)
is given by

|
o |
ae

Ro(x) =KV (k)% FIG. 1. Geometry for calculation of the orientation

potential. The angle « is varied to minimize the orien-

V(z)=cothz - 1/z ==V (-z), tation energy [cf. Eq. (53)]. The angle 6 and the unit-
normalized effective charges @5, @ are given by
V(0)=0, V(»)=1, (52) 0= cos™l(=1/n),
1 1 ée_ff___go n2_1 1/2 __(1_,__21,”2)
V@)= 2 - gz =00 0<zs< 7 a\"\n¥+8) > @i+8)l7)

Qeff__ 0 nl-1 1/2 3
it is clear that to get a minimum we must insert Yo T \"\n2+8/ * @i+g)l/2)*
the 7, which has th% larger effective ch’arlg7e at The sides s,t of the triangle are given by the law of
a location where Qe is antiparallel to x;.”" This sines
leads to the minimization problem 111ustrated in - a i s

Fig. 1, and expressed analytically by . sin(mr—9¢) sino sin@—-o)°




given ¢, separation a, the g,q locations are fixed
to be '

% =g sina(a) o n? —=1\/2 3
q Sil’lll) ( ’<n2+8 y (n2+8)1/2)7

%:-_a Sin[w— a(a)J _2.(0 (n2_1>1/z
n

(54)
-(1 +%n2))

siny \n?+8 ? (n®+8)/2
which when substituted into Eq. (51) determine
Vo viatic, spin - From Egs. (52) and (53) we immed-
iately see that

VO static;:hargc(w)z'{D(l + ‘;‘}’l), (55)

showing that the orientation potential gives the
qq potential a repulsive central core.

As a final topic relating to the zeroth-order sol-
utons, I will show that when Eq. (49) is used as
¢ =0 initial Cauchy data for the time-dependent
equations of motion, the functional'®

VO static ,chargéo) -

EFcharge= (D/gz)fdax %(-E.j ° -f',f - ﬁf o ﬁj) (56)

varies with time. I have dropped subscripts zero
denoting the zeroth-order solution so as not to
confuse them with Lorentz subscripts 0. Working
in a general gauge '5'0,5’, Eq. (49) gives as the

t =0 initial condition

Bi=E/=-DX=-Djp, -

3 (57)
= = (1= .
- 3 (1 - k¥ cothkr)

From this initial condition and the time evolution
equations

2]

—_ = i limp fm

at by xBi-€ E

9 = - e (58)
37 B/ =Dy x E'+emD Bm

the following results are found for the derivatives
of B/ + B and BY - B/ at £=0:

Dy, D,,X, +2bi x D, X, + (D,;b1)

00 )\o=—J°’
D,, D, i -

-

Fri ki X
f§ =—emDy A,.

(7‘0' Ao)b{"' (x«)' E11)7\0‘ Z?Sj X B’f“ xlxDojxo— XOXD X-
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8 2 9 . o=

— i = J o B’ =

5B B =g BB =,

;FE’ ‘E/| =4(XxD,X) - (XxD Xy, . (59)
(o]

82 - -> - -

T BB o=4(x xD,X)s AxD X)

- 4€%mD X (D, XxD ).

As expected, these equations are independent of
the choice of gauge, even though quantities such
as (82/82)E’ || which appear at intermediate stages
of the calculation depend exphc1t1y on b Since an
integration by parts gives'®

_f d%x 4€"mD X+ (D,Xx D )
=_8fdax(XxD,X)o (XxD,X), (60)
Eqgs. (59) give

o —(D/g2)4fd3 (Xx D)+ (XxD,%)>0,

3t2 Fs charge
(61a)
and also, as a consistency check
52
SF Eogluon 0=0’ (Glb)

This analysis implies that the time-evolved solu-
tion does not extremize Fuye, and so does not
take the form of Eq. (37) at times later than ¢=0.

B. Second-order approximation

I turn now to an analysis of the order-g?2 terms
of Egs. (317) and (32’). Writing

A= Xo +g2xl,

B =bj+g %,
Ei=Ei+g?Ei, (62)
B/ =B{+g°B{,
D;=D, +g?D,,, D, W=bixW,

and replacing the Higgs potential by the boundaiy
condition of Eq. (35), the order-g? terms in Eq.
(327) take the form

071 Oj( b )——J spiny (63)

These equations (without the source terms) were first derived and analyzed by Polyakov,'s and I follow his
treatment in a number of important respects. I also will employ many of the techniques pioneered by

Brown et al .2°

in their study of propagation functions in pseudoparticle (instanton) fields. The basic method

for studying Egs. (63) consists of analyzing properties of the mode functions
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=@,%),
which satisfy
D(1 )Zgu = 2xXHs s
which is an abbreviated notation for

04 9Fi 30 TiVs ¥0 = 270
D, D"fi{ +2% X Dy X%+ (D), x7) X X°= - ?X°,

O™ 0p

(64)

(65)

Dy Dy, & = (X e KK + (R %)X, = 207 x £ - KOx DX, = Xy x D, O = Dy (D, F) = — .

It proves convenient to introduce an inner product!®
for mode functions,

(xl,x2)=‘fd3x§§‘°§§

= fdsx(ig-ig+§{-§g), (66)

where the contraction of two upper Greek indices
indicates a Euclidean inner product. It is easily
checked that the differential operator of Eq. (65)
is Hermitian with respect to the inner product,

v(xl’D(l)zxz)z(xziD(l)le)’ (67)

which implies that if x,,x, are mode‘ functions with
distinct eigenvalues, they are orthogonal,

(x1,%,)=0, w?#w?. (68)

Now we already have found one set of mode func-
tions of Eq. (65), since.the gauge transformations
of the zeroth-order solution given in Eq. (45) sat-
sify. Eq. (65) with eigenvalue O,

()0} T =
X (o) _ongﬁ’ ¢ )1_1)0]_;5,

‘ 69
Dy, x®=0. (69)

Recall also the compatibility condition, which to
leading order takes the form [ef. Eq. (24), and re-
member that g has now been scaled out]

D, Jm +X xJ°=0, (70)

0m™ spin

and which implies
0= ./‘dsx[(xo X $) ° 30"' D0m$ : j;’r"in]

= (x®,J) ()

with the source four-current defined by
j“:(jo’j?pin . (72)
Thus the gauge modes are orthogonal to the source
current which appears in Eq. (63), and the inde-
terminate components of the order=g? perturba-
tion along the gauge modes can be defined to be

zZero,
x,,x©) =0,
(x, * )* (13)
¥ =(X,,bi).

By reversing the steps leading from Eq. (70) to

-
Eq. (72), Eq. (73) takes the form

D, br+X x X, =0, (74)
a gauge condition on the perturbation x, which

Polyakov'® calls the “natural gauge.” Using Eq.
(74) to rewrite Eq. (63), the original expression

D, j2x,==d (63)
can be put in the modified form
D oy, ==J

which is an abbreviated notation for

Dy, Dy X, = Xy XX, + X, (R« X)) = 2(Dy, %) x B = =0,
D, D, i — X, X

0pop o0 Agb] +A6(Aq* bi)

©2(Dy, Koy x X, + 2Bk x BE=-J2 ..

Before proceeding with the careful analysis, I
pause to give a heuristic argument, based on Eqs.
(35), (69), and (75), which suggests that the zero-
th-order solution may behave as a quark-confining
bag. An unconfined quark of charge Qeff would
have an asymptotic Coulombic color potential
Q°"/(4mr). Can such a potential appear asympto-
tically as a perturbation on the bag solution? Ac-
cording to Eq. (69), any small transverse per-
turbation on Xo is just a gauge transformation of
the zeroth-order solution, and hence can be ro-
tated away, leaving only (asymptotically vanishing)
longitudinal perturbations. Thus it appears that
the inserted ¢ and g charges 6;“ ,Q;“ may be
screened beyond recognition in the asymptotic
region. This same conclusion is suggested by the
structure of Eq. (75), which is the relevant equation
for nongauge perturbations. If the cross coupling
to b is neglected,? the equation for X, takes the
form in the region 7 -,

Dy, D, X, - k*X, + K2 %+ X, ==, (76)

The differential operator on the left behaves as
Dy; Dy ;- x* for components of 7?1 perpendicular to
%, and the resemblance of this operator to (8/
9x)? - k* again makes plausible the conjecture
that the transverse components of 5\’1 arising from
inserted quark charges are strongly damped at
infinity. (Of course, the longitudinal components
of A, might still carry information about the in-
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serted charges to infinity when studied in a global,
as opposed to a local, manner; this is why the
heuristic arguments are suggestive at best, and
a detailed calculation is required.) In effect, I
am guessing that the ’t Hooft- Polyakov-Sommer-
field-Prasad solution has rigidity properties re-
sembling those of the Schwarzschild solution in
general relativity, with » - in the gauge theory
case playing the role of the horizon and « playing
the role of the mass, and that there are decoupling
theorems in the gauge theory case resembling
those familiar for a black hole.?? If such decoup-.
ling takes place, then the quark color flux lines
must be strongly distorted by the background bag
field, and this distortion could be expected to lead
to a confining potential.?®

The way both to test for decoupling at infinity
and to calculate the order-g? contribution to V gayc
is to calculate the propagator for the perturbation
x, on the bag background field. Fortunately, as

. Iwill now show, the problem of finding this pro-

pagator can be exactly solved, in closed form, by
an adaptation of the methods used by Brown,
Carlitz, Creamer, and Lee?° for calculating prop-
agators in pseudoparticle fields. It proves con-
venient to rewrite Eq. (75) in a Euclidean four-
dimensional notation, by defining a Euclidean co-
variant derivative D* by

D% =X x W,
- - 5 . \- (77a)
Diw=D,w= (5—96_’ +b{,x)w,

which satisfies
(D DY D"D“)\-; ='fg,v X \TI,
. _fg°=fgj=ﬁg=—DojAm (7o)
Tui = rinBm = —€kj"'D0mx0

9 - =

o bE+bEx b

x>

o
b -

=)
osl!

9
oxk
The two equations of Eq. (75) may then be com-
bined into the single equation

(D, 2x,)* = DODRE + 2E87 x X7 = =4, (18)

Following Brown ef al., the vector propagator
G % (x y) is defined by the equation

'[D:D;E“'b"(x,y)+ Z.fé“(x) x 'G"l:,bv(x,y)]a

=—Q°“'bv(x,y), (79)

2 xwEs®0),

zero modes
s

Qau,bv(x’y) = 6ab§uu_63(x _y) -

with @ differing from the unit operator by the de-
letion of the projection of unity on the subspace of
normalizable zero-eigenvalue modes of the mode

equation
DODOZ + 2587 X7 = — o?F+. (80)

The procedure used by Brown ef al. to construct
the vector propagator consists of two steps. The
first step, carried out immediately below, is to
relate the vector propagator to the scalar propa-
gator A®(y,y) defined by

D;D:Aab(x’y)z_éabﬁa(x_y), . (81a)

while the second step, carried out in Appendix A,
is to explicitly construct the scalar propagator.
Defining a complete set of normalized scalar mode
functions ¢(x) by

DD P(x) = -w?P(x),
fdsx P) Px)=1, ¢

the scalar propagator may be written as a mode
sum

B

(81b)

A%y, y) =Z———————¢a("l‘fb(y ). (81c)

I will now show that a complete set of vector mode
functions X* can be constructed from the scalar
mode functions ?5 Since the vector index u takes
on four values, for each eigenvalue w?® we must
find four linearly independent mode functions
xme . 5=0,1,2,3. As already suggested by my
choice of notation, the n=0 eigenmodes are given
by Eq. (69), which using Eq. (77a) takes the form

FOw =Du'(§ . (82)

Note that while X% is a zero eigenmode (a gauge
freedom) or the original operator D(1 ,2, it does
not satisfy the “natural gauge” condition (it is not
self-orthogonal), and hence will not be a zero
eigenmode of D(z,z. In fact, a simple calculation
shows that

DODRO + 2f87 X XOT = — 2% (83)

and that the modes of Eq. (82) have the normaliza-
tion

(x@,x@) == [d"x?ﬁ o DeDe

=w2fd3x$°$=w2. (84)
A straightforward but lengthy calculation shows
that the remaining mode functions given by
Kmo = _Dn$ =—D0"$ ,
XM= 6i1DG + €/1"D'G ‘ (85)
=6 x p+€"D P, n=1,2,3

also satisfy
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DODOKMu 4 2fuT 5 X =_ 2™ »=1,2,3  (86)

and that the X** & =0,1,2,3 have inner products
given by

(@) x(8) = 25%8 (87)

Taking into account the factor of w® appearing in
the inner product of Eq. (87), the vector propagator
can thus be expressed in terms of the modes X‘**
by the formula

x(ot dap (a)bv
Go (e, y) = 3 AT ), (88)

a,w

To express Eq. (88) in terms of the scalar propa-
gator, we note that the mode functions of Eq. (85)
are summarized by the compact formula

}'E(n)u. = n(+ )% )mD)L(P,
n(+)u.7m= _n(+)hun’ ) (89)

TI(+ Yein Ekln’ n(+ YeOn — Gkn,

allowing Eq. (88) to be rewritten as®*
G ¥ (x, 9) = =g (D, 8,(x, 9)DP, (90)
with?®

Dw(x) = —w(x)D} =D? w(x),

q(- e VAK = §u )«Guk + Z n(-v)u)mn(-»)wcn (91)
n

= A K VA 2
= GBIV 4 BEVEM = BHKOE — g,

and with A2%(x, y) the convolution of two scalar
propagators,

a2(x, ) =Z¢a—(9¢?‘$h(—w =f d°20%(x,2)6%z,y) . (92)

Although the above derivation is heuristic (it par-
allels the Appendix of Brown ef al.), the operator
argument of Sec. III of Brown et al. can be taken
over in its entirety to the case under consideration
here, and gives a direct formal proof that the con-
struction of Egqs. (90)-(92) gives the vector propa-
gator defined by Eq. (79).

Having found the vector propagator, I discuss
next how to use it to solve for x, and to calculate
the order-g?2 contribution to the static potential.
First of all, it is evident that the propagator of
Eqs. (90)—(92) does not satisfy the “natural gauge”
condition, since it includes the gauge modes X‘V*
These modes can be readily deleted by dropping
the term 6“*6"% in ¢ ’#"* but in fact this is not
necessary, since the orthogonality of the gauge
modes to the source current [Eq. (71)] implies that
they make a vanishing contribution to the expres-
sion for 8V, which I give below. A second po-
tential problem is that Eq. (78) for the perturbed
fields % can be solved only if the source current

J* is orthogonal to all normalizable eigenmodes
with zero eigenvalue of the operator D,?. These
eigenmodes are associated with translations and
reorientations of the bag, and the orthogonality of
J* to these modes is in fact guaranteed by the re-
quirement that the quarks be inserted in a manner
which minimizes V; .. This is immediately
seen by use of Eq. (36),

0=05 V.,

orientation”’ 0 static

- 73 X Fo L Ld
=D [d x(éorientation)\o"]- +6or1entatiunb0'Jspin)’

(93)

It is important to note that although there is a di-
lational mode with zero eigenvalue

= ax, obJ
x‘éu=< e o),

9k’ oK
8 a a
Ao X (cothmf - ———I—CZZ—— — 2%, (94)
oK v sinh’kv /) ,_
abgi Eaijxi 1
—_— T ——— 1 — —_—
K v  sinhky (1 — 7 cothir) 0,

r—> o

it is not normalizable, and so does not cause prob-
lems in solving Eq. (78).2¢ A third potential prob-

_ lem is the fact that, by analogy with the results of

Brown ef al. in the pseudoparticle case, the vector
propagator of Eq. (90) is likely to have divergences
arising from the convolution integral in Eq. (92).
However, in the pseudoparticle case these diver-
gences are broportional to a sum over normalizable
zero modes, and if (as seems likely) this structure
holds in the case considered here, the orthogonality
of J* to the normalizable zero modes implies that
the divergences will make no contribution to the

~ static potential. My conclusion, then, is that the

conditions imposed on the quark locations in the
zeroth-order perturbation theory analysis are just
the conditions needed for the existence of a well-
defined order-g? correction. Writing

Vstatie= Yo staticT&2V1 statior (95)

'Eqs. (31), (78), and (79) give for the order-g?

contribution

57, sta“C=Dfd3x(6X1-3°+ sb:-J ),  (962)

with ¥ = (%,, b)) given by
2(x) = fdsy G (x, v)J * (). (96Db)
Equation (96) contains both a ¢-7 interaction con-

tribution and ¢-q and g-g self-interactions. The
latter, by virtue of the &’s (which indicate vari-
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ation with respect to shifts in quark location) have
the Coulombic self-energy divergences automatically
deleted. The self-interactions may well play an
important role in confinement, since they contain
the interaction back on the ¢, of the distortions

or polarizations of the bag induced by the ¢q,7. One
final point is that when the order-g? q spin-g spin
interaction is calculated, one expects it to have the
same leading short distance (x,—x;) singularity as
in the Abelian case, and so by familiar arguments?®’
the potential has to be supplemented by a contact
term of the usual form

\ 8

g?
contact =Dz1? 3 Gs(xq _xﬁ)

. m eff m eff
X ("—-—(T( )Q > . (_—_. O'( )Q_. )'

Vv

III. DISCUSSION

In conclusion I make some brief remarks:

(1) Obviously, the key open question about the
theory of static quark forces developed above is
whether, as conjectured, it leads to a quark-con-
fining potential in order g2, This is a concrete
computational question which, I hope, will soon be
settled. If the order-g® propagator does give con-
finement, then what are the limits of validity of the
perturbation expansion? One obvious criterion is
that the order-g2 static potential must be small rel-
ative to the zeroth-order gluon field energy of the
bag,

£V} stario<< (D/g%)4mk, (98)

since when g2V, ;. is of the order of the zeroth-
order energy, the bag is likely to become highly
distorted.” When g2V, ,..,.= (D/g%)4mk, the bag
will become unstable against tunneling into a state
with two bags and a new light-gg pair. According
to this picture, since k™! is the radius of the bag,
k should be identified with the Hagedorn energy
~100 MeV; with g2/47~0.2 and (D), =3 this would
give a bag zeroth-order energy of order 750 MeV,
which would not be unreasonable for the light-¢g
35-plet central mass. Of course, the static form-
alism developed here is only expected to be quan-
" titatively reliable for heavy-quark systems, such
as charmonium; to do detailed calculations for
light-quark systems will require a relativistic gen-
eralization of the static equations. In nonstatic
situations, the collective coordinates associated
with bag motions will also begin to play a dynam-
ical role.

(2) In Eq. (49) and the work which follows, I made
an arbitrary choice of sign B =+E{, while in fact
zeroth-order solutions with Bf=+E/ are allowed.

423

The sign choice here is equivalent to a choice be-
tween topological charge +1 or -1 for the zeroth-
order solution. It may be that both solutions occur
with equal probability, but it is also possible that

“in the charge-conjugation-asymmetric nine-gluon

version of the theory used here; a definite sign
choice is tied at some deeper level®® to the choice
of sign d+if implicit in the outer product P. 1t is
interesting to note in this connection that Manton?®
has shown that like-topological-charge, widely sep-
arated ’t Hooft-Polyakov solutions are noninterac-
ting, a result which may play a role in giving an
algebraic chromodynamic theory of strong interac-
tions the correct cluster decomposition properties.
(3) The generalization of the ¢q7 force calculation
to the case gqq will require computation of the N
=3 color-charge algebra, as discussed in I. It
will also require the SU(3) analog of the Prasad-
Sommerfield solution and the associated propa-
gators, which perhaps can be obtained from the
general SU(3) pseudoparticle or instanton solution®°
and associated propagators by an extension of the
contour integration tranformations which I employ
in Appendix A to discuss the SU(2) case. Analogous
statements apply to the computation of static forces
for N>3 quarks.

ADDED NOTES

(1) The equations of chromostatics given in Eq.
(31’) possess a full local gauge invariance given
by

5gauge Bj = Dj$,

> - > = >

Opuge V=Vx §, V=X,B% 83,3, .

(2) The zeroth-order spin potential of Eq. (51)
is a parity-violating o )x type potential which
changes sign when the sign of XO in the zeroth-
order solution is reversed. (The sign change
arises because the minimization procedure re-
quires the relative orientation of §, and %, to re-
verse with X,.) Hence Eq. (51) averages to zero
when the quantum state is an equal superposition
of the two signs of XO, as would be expected for
the end point of a parity-conserving tunneling
process.

Note added in proof. Calculations just completed
by R. Gonsalves, D. Neville, and P. Cvitanovié
show that the ansatz for the color-charge algebra
made in I does not give an algebra with the needed
trace property in the (N,, Ny)=(3,0) case. Hence
while providing a useful model for discussing the

,
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two-particle color problem, as done in this paper,
this ansatz does not provide the basis for a full
color-charge theory. It now becomes important
to study more general color-charge algebras,
with the aim of finding a definition of color
charges, outer product P, and inner product S,
for which the Jacobi identity [Eq. (I.8)] and the
trace property [Eq. (I1.22)] hold over the color-
charge algebra. [It is not necessary for the Jacobi
identity to hold as a formal identity, as in the
ansatz used in I; it need hold only over the alge-
bra for the derivations of Sec. I of paper I to re-
main valid. The color-charge algebra constructed
by Giles and McLerran is an example of an alge-
bra (without the trace property) which satisfies
the Jacobi identity over the algebra, but not as a
formal identity for arbitrary noncommuting quan-
tities.] While it is interesting to study the gener-
al-n, general-color state case, for physical ap-
plications it is of course only necessary that Eq.
(1.8) and Eq. (1.22) hold in the n=3 case, with the
trace restricted to its expectation (S), in color-
singlet states. It may be that this specialization
will be needed to get a workable recipe. Obvious-
ly, alteration of the color-charge algebra will in
general change the values of (D), and Q% for

the g, g case, but in all likelihood v ill not alter
the SU(2) gauge structure on which the computa-
tions of this paper are based. '

Let me suggest one natural generalization of the
algebra constructed in I, continuing to assume
that color transforms according to the fundamental
n-dimensional representation of SU(n):

Color charges:

Qqs Q7+
Q| Q- | Q= @ )
Qa0 70

A _1,4 A _ A __1yxA
Q$+=Qq—=§)\ ’ QE’+"QF—""2A~* ’

Qu=al, Qzx= -al.

Outer product:

U, R w,
u={ u_ ), v={o_ ), w=|l w. )
Uo Vo Wo

w =P (u,v)==P(v,u),

w‘: =:i:ﬁi([uo, U‘:] +[74J:.7 UO])

£y d*P g, 5] + 3145, o3}
wo=0luy, Vo) +€,[uf, vA] =€ _[uf, v4] .
Inner product:
S(u, v)=S(v,u)
=03 {uo, vo} +0,3{uf, v2} +o_5{u?, v} .

When a =-C;, 5 =O, ﬁ+ =B—- =Bj Y+ =Y-=Y, €, TE€E_=E,
0, =0_=0, with all parameters real, this ansatz
gives quark and antiquark algebras which are
simply related by the natural charge-conjugation
operation

ok
., u

w=| u_ |=u’=| -u*
o -y

The ansatz evidently allows for the possibility

that each color charge may contain two »? -1 plets,
composing under opposite relative rotational
senses +yd“8€ +if48¢  and with a common shared
0 component. More complicated recipes can be
constructed in a similar fashion.
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APPENDIX A: SCALAR PROPAGATOR CONSTRUCTION

I construct in this appendix the scalar propagator
A%(x, ) defined in Eq. (81) of the text, which sat-
isfies

D!D!A%(x, y) = (D DY+ DiDJ)A%(x, y)
= _5a063(x - y)’
D? w(x)= Xo () x w(x),

)
ax’

Diw() = [ +Bi) x] w0, (A1)



A(x) = —Z—: (1 =7 cothr) ,

ai _eaiixi —_1,-_
bg!(x) = 72 ! sinhr/ ’

where I have set k=1. To change to general k one
simply uses the scaling law

A%(x, V) generarc = A%(%, 35 K)
=Kk A% (kx, xy;1). (A2)

The reversal in sign of Xo as compared with Eq.
(49) [which I have made because the sign in Eq.
(A1) corresponds to the convention I used in my
calculations] has no effect on A%, since D“D* is
even in X;. As in the vector propagator calculation
in the text, I make extensive use of the results of
Brown et al.?® for propagators in pseudoparticle
fields. The first step of the calculation, following
Manton,® is to make a complex gauge transform-
ation which changes the potentials from g,b¢¢ of
Eq. (A1) to X8,5%, with

X2 = g;%:.(l -7 cothr) ,

(a3)
€at'jxi

bei= (1 -7 cothr) +id'e.

Introducing a matrix M®¥(x) given by

oz
M®(x) = coshr (5“5 - xyf)

. - I a
~i sinhye®@ -{%— + ﬁ;ﬁ R (A4)

Mu&(x)MbE(x) = Gab,
it is straightforward to verify that

2

v M3(x) = —p2iMe + MC®PpY | (A5)

which implies that
DI M (x) = M*(x)D]. (A6)

gc: once we have obtained the scalar propagator
A%(x) satisfying
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D4 D4 A%(x,y) = - §8863(x — y), (A7)

we get the desired propagator A% by transforming
both SU(2) indices with the matrix M,

A% (x, ) = MOA(x)MP5(y)BT5(x, ). (A8)

From this point on I will work exclusively with
the gauge-transformed potentials of Eq. (A3). For
notational convenience I will drop all bars, but it
should be kept in mind that I am now constructing
the propagator A in the new gauge, not the final
propagator A given by Eq. (A8). The advantage of
the potentials of Eq. (A3) is that they take the form
used by Brown et al. as the starting point for their
analysis,

A% (x) = (A2, b2) = = % ¥35” Inm(x),

9

o sinh» o _
E Gk

. )
7r(x)=e"‘ p , 9 =_8_9?)-’

(A9)

n(-)uvaz__n(-)vu.a’ n(-)kla__:ekla’ n(')koa:_ﬁkﬂ_

Note that although 7(x) depends on x°, the potential
A% (x) depends only on the spatial components x’
of x. Hence if I define a Euclidean time-dependent
propagator A®(X, ¥, x°,°) by

DyDy A" (X, ¥, %% y°) = =5%%6%(x - v),

- I . (A10)
Dow(x)= [—5}3 + Ao (%) X] wi(x),

then it will actually depend only on the time differ-

ence A=x° —9°, and the desired propagator A®(X,7)

is obtained by integrating over the time difference,

ADE,F) = f DABE,F,)) . (A11)
The final observation needed, in order to make

contact with the work of Brown et al., is that 7(x)
can be written as a contour integral,

i%g o
(x) = e** sinhy
1 =ik 1
- i
27 i dse Py pe g o K>r
(A12)

I now will list a number of results from the an-
alysis of Brown et al., with occasional small
changes in notation. Brown et al. construct the
general scalar, isovector propagator A%(x,y,x°,y°)
satisfying Eq. (A10) for potentials A% (x)
= —n©¥vey¥ Iny(x) representing a general N-pseudo-
particle (instanton) configuration

Tr(x)=(1)+z'p32 , X =x-2z, (A13)

3
xs
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Their result takes the form of a sum of two pieces
(with x,y Euclidean four-vectors)

A% (x, y) = A%(x, y) ) + A%(x, y) @), (A14)

ab 2)_ gk(x,y)
A%, 3) = arr(x)m(y)°

» Cab(x’ y)= Z <1>(.“)("C)Cf‘s uv u;;(y)
Thefirstpieceis constructed in terms of spin-3 "1 St Y

propagators by the recipe

¢(+)( )= PzzP§ n(*)uvaxuxv

Uab(x y) rsa X x2 rs
Aab - ) r Xs (Al16)
(x, ) 4n®(x = y)Pm(x)m(y)’ _5,5.,06,0 1
s, uv _ 2 “z —7 )2
U®(x,3) = 2 tr[r°F V(x,y) 7°F (9, 2)], #r=2) &=
(+) - 2 Toxg T'ey x (PePuy _ PePyy, _.p_sﬂuh
F (x,y) (1)+; Py szi y—szi, (A15) <pspv sv PP, su 0,0, v
™=(i,79), T =(=d,1d) + PPy, )
; 2 ’ t’ ’ . prpu (zu_ZU)Z s
=SU(2) Pauli i =x- =y-z,
T (2) Pau 1 MALTICes, X=X =2e V5=V =4 and with the numbers® 7, determined by the
The second piece has the form matrix inversion problem
—
Zeh
pp, e | (A17a)
t v .

To make use of these rather formidable looking equations, I note that Eq. (A13) becomes identical to Eq.
(A12) under the substitutions

(1)-0 .
z2,~(s,0), x2~(x°—s)2+%* | (A18)

Z - vfds, ps—— (1/2me*s |

so that the Sommerfield-Prasad solution is in effect a continuum of complex instantons. Corresponding to
the substitution (1) =0, the terms (1) in Egs. (A15) and (A17) must also be deleted. The transition from
sums to integrals can be made with no ambiguity in A®(x, )", giving (recall that x =x° — 3°)

arEHO= [ aavEyne

-0

” 1 1% hd 0140
- a ———— - ix = iy 1 ap(+ ) br(+ )
f_w 4 (X—F)*+2?] Sinh|X| simh[3| * B[, )P0, 5)]

(A19)

1 S TeX+i(x%=58) Tey—i(y°~s)
(+) = is
F&x9) =5, fdse Tr(x0=s)F P+(90-5)°2

Making a shift s —s+x° in the integration over s in F*(x,y) and a shift £~#+«° in the corresponding in-
tegration over ¢ in F®*)(y,x), gives

1 1% 171 f ) f , © dx et
Aab 1)- = d is it f —
(x,) (2m)* sinh|X| sinh (V| e dte . E-7)Fr2

Lt [Fe§+z‘t 1o ToX—is Toy+i(s+A) 5 Toy—i(t+X)
2 X+i2 | XK+ s Pe+(s+a)? VE+ (£ +1)2
(A20)
Now make, in the order indicated, the following changes of variables:
(i) r"=z=-3(s+t)=z-w ,

(ii) w=3(s+t), v=%(s-1), dsdt=2dwdv .

(A21)
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This gives as the final result the following symmetrical-
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looking formula:

> ey © © =ik ©-ikK iw,iz

" (2m* sinh|X]| sinh|y| e mwnik

conix | (X=V)%+(z-w)?

a

X Lir [Tox+z(w v)

24 (w - v)?

Turning next to the second piece, I note that
time-translation invariance implies that &,
=h(s — v). Anticipating the fact that only H
=Zv k(s - v) is needed, I proceed first to extract
this quantity from the matrix inversion problem of
Brown et al. stated in Eq. (A17). Because the ex-
pressions of Egs. (A16) and (A17) contain singular
factors (z,~z,)" 2, etc., it is necessary to sepa-
rate the various integration contours 7,s,u,v by
small imaginary displacements. In order to do
this in a way which preserves the validity of
- various algebraic operations used by Brown et al.
in getting their solution?® it is necessary to sym-
metrize over all possible “stacking orders” of the
contours on the complex plane, a procedure which
will eventually lead to the appearance of principal-
value integrals in the answer. Summing over v in
Eq. (Al7a) gives

[ -0 [ 5] - Z P Puu=p -

(A23)

Dropping the (1) in the expression for g, in Eq.
(A17b) gives

ELT by/ps =1 (A24)
so that‘

ATEHB= [ aatE TN
11X Iy

- b
(2m)? sinh|%X| sinh|¥|

x%

ToX—i(w+v) Toy+i(z+0) b?o&?—i(z-v)]
X+(w+y)2  §2+ (z2+0)? Vi+(z=-v)?

(A22)

H=Zh(t—v)=[ p(_;—/_‘%‘)}] (A25)

r#Ss

As a consistency check, note that if we multiply
Eq. (A23) by p, and sum, we get

g [
H ost 4 S
sz,; pe o7 Z(z-z)Z

r#S Yy
=0= p?, (A26)
S
but in the continuum limit
® - iK
Z pZ—=— T dse’s=0, (A27)
- =ik

so that Eq. (A26) is in fact satisfied. Passing to
the limit in Eq. (A25), and remembering that we
must average over the cases where the  contour
goes over and under s, we get

© - i K ei(r-s)_l -1 1
n-[p [ o) g e

The final step in the calculation is to make the
transition froms sums to integrals in Eq. (A16),
bearing in mind the necessity of symmetrizing
over the ordering of integration contours. Noting
that

newrex, K, ==x%r-s), (A29)
we get from Eq. (A16) (again with A =x° —y°)

1

f_:dhe“("o”’o){ )2fd're fdse [
(211’)2 fdre fdu

X2+ (x° —1’)2][ +(x°—s)2][§2+(y0_,,.)2]['372_‘_(3)0_s)g]

dsdvh(s—v)
r-s)u-v)

1

X [iz_'_ = 1,)2] [ T+ (00— s)z][373+(y° _ u)z] [ 7o+ (‘yo )7 }

(A30)

Again it is necessary to make, in the order indicated, the following changes of variables:

~
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First term in { }:
({) r=r+x°, s—s+x°,
(i) A=z-3(r+s)=z-w , (A31a)
(iil) w=¥r+s), v=%r-s), drds=2dwdv .
Second term in { }:
(1) v=7+x°, s—=s+x° u-u+x’ v-v+x°,
(i) A=z, - 3(u+v), (A31b)
(iii) z,=3(r+s), w=3@w@+v), v,=3(r-s), v,=3u-v),
dvds =2dz,dv,, dudv=2dwdv, .
After these transformations, the only place where w appears is in
fdwh(zz—v2+v1—-w)=— /7, (A32)
giving as the final answer
- - 4 1X| 1yl b
ab (2) = a
APEYP = 50y smh iE] smhigT Y
® o= iK dw et f ©-iK dz e'*
* {f.,@ v [ TE@TET@T . TR T
1 © eiuz fao- iK dzzeizg )
+;P ./:w v, U, conix [ X+ (2,= 0,2 ][RP+ (2,+0,)%
o d ein o=iK le eizl
XP f v f o = .
e by, e ik [y2+(zx‘01)2][3’2*(4*‘”1)2]
(A33)
Although it took a more involved argumenf to extract Eq. (A33) from the work of Brown ef al. than was
needed to get Eq. (A22), the evaluation of the contour integrals appearing in Eq. (A33) is relatively easy.
Writing x = ]i] , V= |§l , the answer is
a0, H@= L I
’ 41 sinhx sinhy
x{—l—[ coshx coshy ——1- (smhx coshy + sinhy coshx)]
X9y 2
1/1 1 inh(x — inh 1/ i i
N _<_z . _?) (sm (x—p) _sin (x+y)) 2 (eosh - sinhx coshy — sinhy
4\x* "y x=y x+y XY\ x y
1y y? 1 ( sinhx sinhy sinhx sinhy
47 sinhx sinhy {_2_@ \ coshy + y COSM>_ %2 y2
N 1/1 _1_)[sinh(x -9) _ sinh(x+y) . (A34b)
4\ x2 " y? x—-9 xX+9

The fact that the final term in Eq. (A34a), which
comes from the product of principal-value inte-
grals in Eq. (A33), cancels away the leading large-
y asymptotic behavior of the first three terms is

r

a check that the limiting argument leading to Eq.
(A28) has been carried out correctly. The evalua-
tion of A®(X,¥)*), in which X and ¥ dependences
are highly correlated, involves straightforward
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but very lengthy computations, on which I am now
working.

APPENDIX B: “STATIC” EQUATIONS IN THE ABELIAN
HIGGS MODEL AND NON-ABELIAN GENERALIZATIONS

I examine in this appendix the question of what
are the correct “static” equations in a simple
and relatively familiar case, the classical Abelian
Higgs model,* and then discuss non-Abelian gen-
eralizations. The Lagrangian density for this
model is

L= i fu, f*+d,d¥ - 3C(| 9|2 - k),

9b ab
- ®D

3 )
d"‘=(6x“>_ wbu) ¢,

with ¢ a complex scalar field. I study the model
in the special case in which only static source
charges are present, so that one can choose a
gauge in which b;=0 and in which ¢ is real. With

—

this specialization, the Euler-Lagrange equations
and the total field energy are

Vsz: 2e2b0¢2 -e ZQ(n)aa(x - xn) )
Vi - §=—e®b’p+ Co(¢* - ¥) , (B2)
E¢ie1a™ fd3x[~§—(-§bo)2+ (-{7¢)2+ $?

+e2b 292 +3C(p% - )], - (B3)

and it is easily checked, using the equations of
motion, that '

dE 1q4/dt=0 (B4)

for stationary, time-independent source charges
Q- Note that even though no explicit coupling
to the static source charges appeérs in Eq. (B1),
the source charge term in Eq. (B2) arises from
the contribution to the variation of the action of
surface integrals over small spheres excluding
the field singularities. To see this, let |’ d3x
denote a volume integral over the region outside
the small spheres; then

’ ’ ’
5] d‘*x%(vbo)z:f dtf d3xVbo-vabo=_f d*x 8b,V 2b, + fdtZ fd§,,-$boabo
n

’
=— [ a*xob,97b,- ft 3 equdby

“_» _f d*x 6b, [v2b0+ ZeQ(n>53(x—xn)] . (B2")

I will use the volume 6-function formulation,
rather than the excluded spheres procedure, from
here on. Note that the derivation of Eqs. (B5) and
(B6) below can be equally well carried out by the
excluded spheres procedure, while as noted in
Ref. 9, the surface integrals over excluded
spheres make contributions to the derivations

J

-
of Egs. (B8)-(B13) below which vanish, by virtue

of the variational equations obtained by equating

the volume integrals of the variations to zero. Let
me now examine the question of what conditions

are imposed by requiring that the principle of
virtual work be satisfied. Making small virtual
displacements in the charges and the fields, we have

OEgy01a= f A3x[Vbs V6by+ 2V - VoG + 2h 06 + 2e%b,6b,0% + 26%b 256 + 2ChO (62 — k)]

= fd3x{6bo(-vzbo+ 2e2by¢p?) + 25 b+ 5[ -2V 3¢ + 2e2b 2+ 2C (9% — B)]}, (B5a)

which must be equal to

5Vmuc=z e8by(%,)Q (m) = fdax 6b,(x) [e Z Qmd°(x - xn)] (B5D)

if the principle of virtual work is to be satisfied. Taking the particular time slice #=0 to be the one on
which ¢ and ¢ are independent Cauchy data, equating Eq. (B5) to Eq. (B6) for arbitrary variations

8¢, 8by, 8¢ gives
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1=0: V2b,=2eby* —e . Q@ (x —,), V2p=e?b2p+Co(d®—«®), ¢=0 (virtual work). (B6)

These equations are not the same as the specialization of the Euler-Lagrange equations to the case of
vanishing time derivatives, which gives for all times

V2b,=2e%b,¢% — e Z Q@m0 (x=x,), V2p=-e2b2p+Co(¢p?~#2), ¢=0 (Euler-Lagrange). (B7)

The difference between Eqgs. (B6) and Egs. (B7) is just a change in sign in the interaction term in the ¢
equation, analogous to the change in sign of the P(, D;A) term in the “curl B” equation found in the text
in the case of chromodynamics.

It is easy to show that Egs. (B6) and (B7) are obtained from variational principles on a fixed time slice,
with all Cauchy data treated as independent. Consider first

0=06L

constrained
=5 fdsx{g(%o)z - (§¢)2+ B2+ eb2p? - 1C(¢% - KB)2+ 7\[‘\7 2by - 20D+ € P Q0 (x — x)] } , (B8)

which implies the equations

V2N = 2e20p% = V 2, ~ 2¢°D,” |
VEp=—eb i+ 2e7b oA+ Cp(¢p® — ) (B9)
V2b,=2e%b % —e Z RQmd(x—x,) .
Since the second equation implies b,=2, the final two equations become
V2, =2e2by% — € D Qmb (¥ —%,) ,

. (B10)
V2¢p=e®b 2o+ Co(¢® — k%),

which are the equations of Eq. (B6) which satisfy the principle of virtual work. Consider next

0 = 6Efield, constrained
=5 fdsx{§(€b0)2+ (_€¢)2+q§2+e2b02¢2+éc(¢2— 12)? +A[V 2h, — 2¢%b,p° + e Z Q(,,,Gs(x—x,,)]} , o (Bl11)
n B

which implies the equations
$=0,

V2A - 2e2n¢? = V2b, — 2e2b,¢? ,

(B12)
VEp=e®b ¢ ~ 2e2b,pA+ Ch(p® — £3) ,°
V2, =2e%b¢% — € D Qmd° (¥ - x,) .
n «
Again the second equation implies b,=2, and so the final two equations give
V2b,=2ebyp> =€ D Qm® (X - %,) ,
" (B13)

Vip=—-e*blp+Coh(p% -7,

which are Egs. (B17), the speciélization of the Euler-Lagrange equations to vanishing time derivatives.
Thus, the solution to Egs. (B7) gives =0 Cauchy data which yield an absolute minimum of E4y.4 fOr a

specified source charge distribution, which is why this set of Cauchy data propagates without change in
~ time. The equations which satisfy the principle of virtual work do not give an absolute minimum of the
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field energy for a given charge distribution. ~
Let me next give a simple argument which shows that the virtual work equations of Eq. (B6) always have
a solution. To do this, I explicitly separate off the Coulombic piece of the potential by writing
Q) | (Bl4
o Z Anlx—x,1 *Co (B14)

and define a subtracted energy E; 4 s in Which the infinite Coulomb self-energies of the charges have
been removed, giving

2 - — o
Egiaasm=3 Z -e—QﬂQ—(ﬂll— +>: €Q (mCol%,) + fdsx[é(Vco)2+ (Vo) + 2+ e®b 292+ 3C (¢% - k®F] . (B15)

Z 4rlx, - %,

Now define a new functional & by

2

5 _ 1 €°Q (@ (m)

F=Etrera, 5w~ 2 Z arlx,—x,1 Z €Q mCo(*n) = Eg1e14,5u = Vstatic
m#n n m n .

= fd3x[§(-€co)2+ ('5¢)2+ P2+ e*b 22+ 3C(¢% - )] . (B16)

This new functional is of course no longer the fxeld energy, but it is positive-definite, and there is a well-
defined class @ of functions Co» ¢, ¢ for which § is finite. Hence the minimum of & over the class € exists,
which implies that the equations of virtual work (which are the variational equations for &) have a solution.

In order to get further insight into the behavior of the two systems of equations, Eq. (B6) and Eq. (B7), I
consider now the case when only one source charge @ is present, located at x=0. Making the separation
of Eq. (B14) and assuming spherical symmetry, the equations become

1d dc, eQ\ .,
;‘23(7 @ ) 2¢° (“o“m)fb ’
. P (B6)
d
p 7}(72 d—f) =e? <c0+i€-’)—> ¢+ Cop(p® - %) (virtual work),
1 df, dco)
FW(V ar) =2¢ (C +m)¢ ;
1d/,d B7)
=2 (290 e e_. '
po (r dr> e (c + ) ¢ +Cd(p® - k) (Euler-Lagrange) .
Analyzing the indicial equations for ¢, and ¢ around »=0 gives
c,~const (for A>-3),
2 (B17a)
P~ Pry,  A=h,,
Virtual work: X, =-3+[%+(e2Q/4m)]1/2>0, A_<-3, (B17b)
Euler-Lagrange: A, =-3.+[3-(e2Q/4m)?2]"/2, —$<),<0
grang +3 - (e2Q/4m)?) 5 (B170)
[for i >(e2Q/4m)?] A_< -3.

Assuming that E,, ,, Or equivalently F is bound- The argument of Eqs. (B14)-(B16) implies that a
ed, then the solutions with A =A_ are excluded. solution of Egs. (B6) exists which interpolates be-
Boundedness of these functionals also implies that tween the 7 =0 behavior of Eqs. (B17a) and (B17b)
¢~k at infinity and that b, is bounded, giving as with A=A, , and the ¥ == behavior of Eq. (B18). I
¥ -~ the asymptotic behavior do not at this point have an analogous existence

$ proof for Eqs. (B7).
o= K +y exp[—r(2c;<2)1/2] , To summarize the above analysis, in the Abelian
(B18) Higgs model with an inserted charge, just as in

the non-Abelian case; the principle of virtual work

b =C,+— =2 -7 (2e2k2)7?] ,
0=%% ¥ expl— 7 (2e%?) 2] gives static equations which differ by a sign from

4
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the zero-time-derivative specialization of the
Euler-Lagrange equations. The solution to the
virtual work eq:ations has a ¢ which approaches
zero smoothly as ¥ =0 [A,>0 in Eq. (B17b)],
whereas the solution to the Euler-Lagrange equa-
tions has a ¢ which is singular at ¥ =0 [ A, <0 in
Eq. (B17c)]. The Euler-Lagrange solution re-
mains constant when propagated forward in time,
while the virtual work equations evolve in time

in a complicated fashion. Which set of equations
should one use? One’\s first impulse is to assume
that a static situation demands equations with a
time-independent solution, but one only has to re-
member the ac Josephson effect [where the re-
sponse to a constant applied voltage V is an os-
cillating tunneling current] to realize that this
impulse is wrong.

How then does one decide? My answer is that
the system decides, but its behavior in tunneling®
from a classically inaccessible configuration of
equal energy, such as the vacuum with ¢—~ -k as
¥ = to the vacuum with ¢~k as -, The cor-
rect equations are those which describe the state ,
of the system (i.e., the Cauchy data for the sub-
sequent classical time evolution) at the instant of
tunneling through to the vacuum of interest along
a most probable tunneling path. I argued in the
text that the requirement of a most probable tun-
neling path requires vanishing generalized vel-
ocities at the instant of tunneling through; in the
present context this _just gives Coleman’s original
“bounce” condition ¢ =0, and does not distinguish
between Eqs. (B6) and (B7). However, there is
one additional requirement that I did not impose in
the text: the requirement that the tunneling proba-
bility be extremal with respect to variations in the
time of tunneling through (which was treated as

. .
5] duF@)=0 = (i) “bounce condition,”
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fixed) as well as of the fields. There are two ways
of imposing this requirement. One way.is to con-"
sider the phase function used in the text

14
¢=f du F,

F= (B19)

Lcons(rained
- fd3x (£ ~AD,E’ -ed9)],

and to note that the requirement 8% /6t =0 implies
SFl‘ =Lconstraincdl‘ =0 ’ (Bzo)

which can be satisfied trivially, without any con-
straint on the Cauchy data at ¢, by an appropriate
choice of an irrelevant constant in the action.
Hence the desired condition appears at the level
of a second variation 0O (89 /8¢ ) =0, which gives

8F =06L 0 (B21)

constrained —

and yields Eqs. (B6) as the correct choice.

A better way to make the argument is to re-
phrase it as the statement that it is only variations
in F relative to its end-point value which are phy-
sically significant, so that we can replace ® by

<13=ft du F@)— (¢ —t)F (@),
R (B22)
ad/at =0,

Equation (B22), when substituted in a functional
integral, gives transition amplitudes which differ
only by a phase from those given by the original
phase function €, and hence yields the same trans-
ition probabilities. Varying ®, and noting that the
final state can have no dependence on the arbitrary
choice f, of time origin, gives®®

(B23a)

(ii) Euler-Lagrange equations (satisfied along an imaginary-time tunneling path),

and

8F(t)=0 = (iii) Eqs. (B6). (B23b)

I conclude with the following remarks:

(1) The fact that Eqs. (B6) emerge as the most
probable tunneling end-point configuration is con-
sistent with the fact that Eqs. (B6) predict a
smooth scalar field ¢, whereas the specialization
of the Euler-Lagrange equations predicts a ¢
which is singular at ¥ =0, Tunneling to such a
singular field configuration should be very im-
probable.

(2) The argument of Eqs. (B22) and (B23) applies
to the non-Abelian case discussed in the text just

r

as to the Abelian Higgs model.®® Its relativistic
generalization®” should apply even in the case
where the quarks are not heavy, and hence where
the static approximation cannot be used.

(3) The fact that the initial Cauchy data are not
preserved in form under time evolution means
that after tunneling through, the system point in
phase space moves away from the exit of the path
of maximum probability, providing great stability
to the new field configuration once it has formed.

(4) A1l of this has a strong resemblance to
thermodynamics. As in thermodynamics, equili-
brium states are determined, not by minimization
of energy, but by maximization of probability.
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Thinking in terms of a thermodynamic analogy
raises the interesting question of whether a dis-
tinction exists between reversible and irreversible
processes, and whether an entropy can be identi-

fied.*® Let me give some speculations along these v

lines. As noted in Sec. III, when the two quarks
are pulled apart the bag in which they are embed-
ded is deformed. As long as the bag does not fis-
sion, the process is clearly reversible— the
quarks can be allowed to move back together doing
work against the restraining forces. On the other
hand, if the quarks are pulled too far apart, the
bag fissions—-i.e., the topological quantum number
n =1 solution tunnels into a topological quantum
number # =2 solution (and an extra light 97 pair is
created). According to point (3) above, the fis-
sioned configuration evolves in time away from

the tunneling path of maximum probability, so

this transformation is essentially irreversible.
Hence if an analog of entropy exists, it must in-
crease in the process; this argument makes plaus-
ible the identification of topological quantum num-
ber # with entropy. The statement of energy con-
servation then reads [for fission processes in-

volving only SU(2) bags]

OFE =4nk(D/g2)0n +0Vyuic +Zm¢ (0N, +0N7)

(B24)

with « (as already noted) playing the role of the
temperature, 7 the role of entropy, V. the role
of the mechanical energy, and 7, the role of
chemical potential. When bags in the SU(j) over-
lying Yang-Mills theories with j>2 are involved,
the first term in Eq. (B24) should generalize (with
color-singlet expectations of D(;, understood) to

4t .
T6s ="§§JZU<f)C(f>6”<n , (B25)

with C(;y numerical constants which are deter-
mined by the structure of the SU(j) analogs of the
Prasad-Sommerfield solution. The above argu-
ments make plausible the following conjecture:
In purely strong-interaction processes,. probable
transitions between initial and final asymptotic
states are characterized by 9S = 0.

'S, L. Adler, Phys. Rev. D 18, 3212 (1978).
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’Equation (7) is the structure obtained by replacing an
unrestricted path integral

fbe eXp(ifd4x£>

by a path integral restricted to field configurations
with specified source charges,

f Db oD E ~ gJ")exp<z' f d4x.s3>
= @2m)t fﬂ)bi[))\exp{ifd“x'zﬁ—)\(DjEj -gﬁﬂ}.
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