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Abstract. We discuss finite temperature lattice Yang-Mills theory with special
attention to the confinement problem. The relationship between the confine-
ment criteria of Wilson, Polyakov, and ’t Hooft is clarified by establishing a
string of inequalities between the corresponding string tensions.

The close connection between finite temperature Yang-Mills models and
spin models is exploited to obtain new and rather sharp upper bounds for the
critical coupling constant above which there is confinement. This same analogy
also allows us to establish infrared bounds for the gauge models that yield a
lower bound for this critical coupling and thereby show the existence of a weak
coupling regime without confinement at nonzero temperature in three or more
space dimensions.

Finally we discuss extension of our results to other forms of the lattice
action, the Hamiltonian lattice models of Kogut and Susskind and 't Hooft’s
N- oo limit.

L. Introduction

One of the outstanding problems of quantum field theory is to understand the so-
called confinement of quarks. In the most general sense this means the question
why the particle content of quantum chromodynamics (QCD) consists only of
hadrons but not of anything like quarks or gluons (not even in bleached form).
Since this is an almost intractable problem, at least for the moment, one normally
considers some simplified version of it.

First of all, since (continyum) QCD has not been constructed so far, one uses
the device of replacing space-time or at least space by a lattice ; together with some
more or less well-founded scaling hypotheses this still allows one to gain insight
into the properties of the continuum theory. On the other hand the well-developed
machinery of lattice statistical mechanics becomes available for the analysis.

The next drastic step that is conventionally employed consists of eliminating
the quarks from the theory and only considering “quark test charges” or “infinitely
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heavy quark sources” as probes to test the properties of the “glue” that is supposed
to keep the quarks together. This leads to the well-known Wilson criterion for
confinement [61].

So far even this reduced problem has not been settled completely but both
numerical [9] and analytical work [8, 25, 34, 36, 55] make it plausible that in four
spacetime dimensions nonabelian lattice gauge theories in the usual “compact”
form show indeed “permanent confinement of quarks” (attempts to see signs of
confinement in “noncompact” lattice versions of QCD have produced negative
results {39, 487).

The problem of confinement in this restricted sense can also be posed in a
slightly different form: one may ask whether the (free) energy per unit length of a
chromo-electric flux tube goes to zero if the tube is allowed infinite room in the
transverse directions or if it tends to a nonzero limit.

Or one may ask whether the minimal energy of a pair of quark sources grows
indefinitely with their separation, or levels off. This last question is most naturally
first asked in the framework of quantum field theory at finite temperature with
“energy” replaced by “free energy”, as Polyakov pointed out some years ago {40].

This is also an interesting question in its own right. QCD at finite temperature
is relevant both for the very early universe and possibly for superdense stars; one
might argue that even present day experiments do not work at temperature zero
but at 2.7K, the temperature of the cosmic microwave background.

In this paper we first give a systematic discussion of finite temperature lattice
Yang-Mills theory (Sect. IT), in particular we discuss the introduction of external
sources in this framework in some detail. While these concepts have been
occurring in the physics literature for some time, we feel that a completely
satisfactory derivation of the formulae which are employed is missing so far (this
might also be the reason why the usual formulae are not absolutely correct). This is
why we include this rather elementary section. We also include a careful treatment
of the so-called t-continuum limit that removes the lattice cutoff in the time
direction and leads to the Hamiltonian formulation of lattice gauge theories due to
Kogut and Susskind [26]. Some rather tedious technical details of this limit are
banished to an appendix.

We then introduce the three concepts of confinement (Wilson, Polyakov,
't Hooft) and prove inequalities between the associated string tensions. It turns out
that confinement & la ’tHooft implies all other types of confinement and
confinement a la Polyakov implies confinement in Wilson’s sense.

We then adapt the formalism of Durhuus and Frohlich [15] linking Yang-
Mills theories in d+ 1 dimensions to spin models in d dimensions to the problem
considered here. By combining this formalism with the random walk methods for
spin systems of the same authors, we obtain a new and sharper lower bound
for a possible critical coupling of a deconfining transition.

Section III is devoted to the proof and application of infrared bounds in the
sense of Frohlich et al. [18] adapted to the case of lattice gauge theories. They lead
to a rigorous proof of the existence of a weak coupling regime without confine-
ment at finite temperature in any lattice gauge model in at least four space-time
dimensions. This has been expected on the basis of heuristic arguments [40, 41, 52,
60] and numerical studies [16, 27, 33].
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It turns out that the high temperature, weak coupling regime of lattice gauge
theories resembles a ferromagnet at low temperature and breakdown of confine-
ment corresponds to the existence of spontaneous magnetization in the fer-
romagnetic analog.

In Sect. III we first show how deconfinement is proven for the highest possible
temperature on the lattice since this is technically easier. After that we treat the
general case; our bounds are strong enough to carry over to the t-continuum limit
and to 't Hooft’s N— oo limit [¢*N fixed; N refers to the gauge group U(N) or
SU(N)].

Finally in Sect. IV we describe various modifications of the model that can also
be treated and we discuss some open questions such as Debye screening in the
gluon plasma and the behavior of full QCD with dynamical quarks.

Section IIT is based to a large extent on [2]; a brief description of the results
appeared in [3].

I1. Lattice Gauge Theories at Positive Temperature

We assume that the reader has some familiarity with the general formalism of
lattice gauge theories (see for instance [45]).

In the general formalism [38, 45] reflection (=physical) positivity is used to
construct a quantum mechanical Hilbert space and a transfer matrix
{~Hamiltonian) in a rather abstract fashion. The fact that the lattice action
couples only neighboring sites or links (essentially a Markov property) then allows
us to go to a simpler and more explicit description of the Hilbert space and the
transfer matrix which is more suitable for our investigation. We start with this
description and leave it to the reader to establish the almost obvious relation to
the general formalism. Everything is formulated in a finite volume ; the thermody-
namic limit will be taken when needed.

1. Hilbert Space

We consider a spatial box 4, CZ% We may think of this as the time zero slice of a
space-time lattice A, x tZ. We pick a positive orientation for all p-cells (sites, links,
plaquettes etc.) of A, and A, x TZ.

The classical configuration space consists of all maps from the positively
oriented nearest neighbor links (xy>eA, into a compact group G, the gauge
group [which in most applications will be U(N) or SU(N)]. If {xy) is positively
oriented we define g, =¢_'. Our Hilbert space #,_is simply the L* space over
this configuration space with respect to Haar measure:

#,,=L*{g,,))=L*(9).

2. Transfer Matrix

The transfer matrix J is a positive trace class operator on #, , which sometimes
will be written as F =exp(— tH) and corresponds to translation by one lattice unit
7 in the time direction. (The general formalism provides such a 7 if the model
possesses reflection positivity with respect to reflection both in lattice planes and



332 C. Borgs and E. Seiler

in planes lying half-way between lattice planes.) 7 is of the form
=MTM, (IL.1)

where M is multiplication by a positive function and T, is a positive convolution
operator. The precise form of M and T, depends on the version of lattice gauge
theory considered.

For instance for the lattice gauge theory of (Wegner [59] and) Wilson [61]

M=M,({g,,})=exp J%ZRE(JC(gaP) 2(D), (11.2)

where the sum is over all positively oriented plaquettes of 4, and x is a faithful

character of G; g, stands as usual for the ordered product [] g,, (the starting
{xyyedP
point is arbitrary). Furthermore T is given by convolution with

Tylg)=exp {J £ 2, Re(xlg.,)— X(ﬂ))}, (IL3)
x>
where the sum is now over all positively oriented links. (The subscripts E and M
refer to “electric” versus “magnetic”.)
Contact with the usual euclidean formulation is made by setting
2t 73 2¢ g473
3M=—8"“QT, '}E:_T_ 7 (I14)
[For G=U(1) one conventionally replaces 2/g* by 1/e%] To sum up: The Wilson
transfer matrix has the kernel
Tyw(g ) =exp {JE Y Re(x(gxyh;yl%x(ﬂ))}
{xy>
"eXp {% Ty 2 Re(U(gap) + 1(hop) — ZX(ﬁ)} - (IL5)
P

Our notation is motivated by the z-continnum limit. Sending ¢ to zero we
obtain as will be seen below:

Hlim (- 7y)= - 526 Relugo—20)- & ¥ #74,.. (1)
K 2 &
where 4, is the Laplace-Beltrami operator on G and corresponds to E? (the
square of the electric field) whereas the first term corresponds to B? (the square of
the magnetic field in the classical continuum Hamiltonian § [ (E*+ B?).)

Other lattice gauge models have different functions M and T,; for us it is
essential that

(1) M and T are positive definite, positive and

(2) for g>—0, become concentrated more and more at the unit element of the
group. One other choice that is of interest is the so-called heat kernel or Villain
action:

M?*=Mi(g) = I;I (exp ;" 4)(gap) (L7

To=Tylg)= <H> (€XpJ 5 1 4) (G ryy)- (IL8)
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But it is also possible to make different choices for T, and M, for instance to
choose T=T, and M =My, A simple fact is the following

Lemma IL1. Let T,=T, or Ty, M=My or My. Then the transfer matrix is

bounded and strictly positive.

Proof. Only 7 >0 is not completely trivial (see [29] for a proof for a special case).
Since obviously M >0 and T, >0, we only have to show T, >0. Since T, is a
tensor product over links, it suffices to show that the operator t given by
convolution with the function

tlg)=expJ Rexl(g)

is strictly positive.
Using the Peter-Weyl theorem [24] one gets for the eigenvalues of ¢

m, = ﬁjdg 748) exp(J Re(g))

B 1 (£>n+m 1 .
a %D om0 \2 nlm! Cnm>
with
= dg xL9xlg)'x(g)" Z0.

7 is a label for the irreductible representations of G. Since y was assumed to be
faithful, Rey(g) <y(1) if g==1 and for J— o0, expJ Rex(g) becomes very sharply
peaked around 1. Therefore

m‘L’

my

-1 as J—oo,

and thus for each 7 at least one ¢, >0 which implies m, >0 for all J>0.
Remark. Luscher [29] proved 9 >0 for the case G=U(1} or SU(N).
The lemma allows us to define a self-adjoint semi-bounded Hamiltonian H, by

H :—llogfl'.
T

T

Theorem I1.2. Let G be a compact Lie group
V= ! logM
- 2’5 g s
uniformly Lipschitz continuous and

2
H=—a20 Y L4 v
2w
{xy)

Then for Ty=Ty, or T,

Gt — pmBH: — o PH



334 C. Borgs and E. Seiler

inall J, norms (pz1) (J, is the space of all compact operators A such that
lAll, =(Tr(4* AP <o) .

Proof. This requires some rather technical considerations which we describe in
Appendix A,

Remarks. 1. Strong convergence has been proven by Gawedzki [19]. See also [10].
2. Note that the theorem involves a choice of normalization for the generators
iL* of the group G which is given by
WL LY =36, .
In the abelian case one normally drops the factor £ which leads to a change from

g%/2 to g*/4 in the Hamiltonian ; with g = 2e? we obtain again the standard form,
but with e* in place of g2

3. External Charges, Gauss’s Law, Confinement

#,, is not gauge invariant. If we transform

{310, = {0 g,h,) (IL9)
(where } is a function from A, into G) this induces a unitary map U(k) on 5, :
(UWP) ({9, =P{g.,}")- (IL10)
U(h) defines a unitary representation of 9= X G on #, ; we may decompose
# 4, according to the irreducible representatizc)elfs0 {t)yes, f 9
=D A, . (IL11)
The projection on #,, , we denote by
P.,=11P.. (1L12)

xedp

It is easy to see by the Peter-Weyl theorem [24] that
(P, g, N=4d. 1. (¥({g,,}=)dh, (IL13)

where j, is the map

T (xx)

xrhy = {h (x=x,).

and dtxg is the dimension of 7, (cf. [45]).

We say that #, , is the subspace having (external) charges {7,}; if r,=1 (the
trivial representation), we say that there is no charge at x.

Clearly

[7,P,,]=0 (IL.14)

etc., so these charges do not move; for that reason they are called infinitely heavy.
The subspaces #{, , may be considered as different superselection sectors.
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There is a slightly different way of looking at these sectors based on a lattice
version of Gauss’s law: Let G now be a compact Lie group, assume that for each
link a direction has been selected, choose a basis {L,},_, of g, the Lie algebra of G.
Then we define (in a slightly arbitrary fashion) the operator of the electric field
oy DY

(B ) (g)=lim %(‘I’(QEF ?(9), (IL15)
where

(x> #<x0¥0)

s
9= { e ({xy) =L{XpVo))-

gxo)’oe

Furthermore let ¢} be defined as the operator of an infinitesimal gauge
transformation at x,:

1
(0,7) (g) =lim —(¥(g") - ¥(g), (I1.16)
where now
1 (x#x,)
(he)s= {exp el, (x=x,).

It can then be checked that
(D-E); =05, » (IL17)

xo
where (D E), is some kind of covariant divergence of E at x,:

(D-Ep,= Y E,— Y 63'E.9.) (IL18)
(xyyix=x0 {xpdiy=xo
in obvious notation.

By Stone’s theorem ¢ is an antiselfadjoint operator; the set {¢} };_; spans a
representation of the Lie algebra g of G and the decomposition (IL.11) corresponds
to the decomposition of this representation into irreducible components.

To say that at point x there is an external charge 7 means therefore that the
“charge densities” ¢° act according to the irreducible representation z,. This is the
appropriate generalization of the statement (that makes sense only for abelian G)
that ¢, has eigenvalue 7,.

We can now define partition functions and free energies corresponding to
inverse temperature § and external charges {z, } by

Z, ,=e PFe=TrPy e PHe=TrP TP (IL19)

At this point we can make contact with the usual euclidean lattice formulation
of gauge theories. There one starts with an action

S= EP: Sp(gop) s (I1L20)



336 C. Borgs and E. Seiler
where the sum is over all plaquettes in a space-time lattice A which we assume to
be of the form

/]zAO x {1,217, ..., f=LqyT}.

We impose periodic boundary conditions in time, i.e. we identify f+¢ with ¢.
For Wilson’s model we specify furthermore Sy, =) Sj , with
P

P {J ar Rex(g,p): P spatial
PV J g Rex(g,p): P contains the time direction,

where y is as before a faithful character of G. Then we have

Lemma I1.3.
fe™Swdg=Z,=TrP, 7",
where P, is the projection operator onto the chargeless subspace.

Proof (cf. also [7] for a special case). This is just a computation. Gauge invariance
may be used to freeze all links in time direction except in one time layer in
fe™%dg. These remaining link variables may be identified with the gauge
variables / in the definition of P, (recall that

(P70, L9 D) =] {1dhT ({(h *g 0} gD O

Lemma IL4. Let L _denote a closed loop in time direction (closed because of the
periodic boundary conditions), g,_ the corresponding ordered product of link
variables (with arbitrary starting point), x,_the character of the representation t,.
Then

jle Sw H (drx er (ng )) Z“‘xx - T ““TI'P{I er

i=
where T =1, if x=x,; and t,=1 otherwise.
Proof. This is almost the same computation as before. [

Remarks. 1. y, (g, ) is variously called a Polyakov loop, thermal Wilson loop,
Wilson line, etc. .... Its relevance was first pointed out by Polyakov [40].
2. The formulae hold just as well for other actions than Wilson’s.

1 T
3. Z,, and F, ,=— Elogz{rx} have a finite limit as 1—0;
limZ,, ,=TrP, ,e” " This is an obvious consequence of Theorem II.2.
These facts suggest the following definition: Let

FgE_ IOgZ07

FB

a0F0n =

--logZ

a(x)d(y)

T e | e
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be the free energies with and without external quark sources [g stands for the
fundamental representation of G=SU(N) or U(N)]; g is its conjugate
representation.

We then define a (temperature dependent) quark-antiquark potential Vqﬁxm(y)
by
1
Vit = Vg = ¥)=Flozy— Fo = — B log(Glx— y)d}), (11.21)
where .
Glx—y)= Z—I e “x gL 1,(9r,) (11.22)
0

(we assumed translation invariance, as guaranteed for instance by periodic b.c. in
writing G as a function of x — y). (Linear) confinement is then understood to mean
that in the thermodynamic limit A,/ eZ*

im Va(x—y>0, (IL.23)
x=yl~e0 [x— ]
which is equivalent to exponential decay of G(x — y), whereas long range order of G
[ie. limG(x)=+0] clearly means absence of confinement.

Remark. This way of looking at the confinement problem is due to Polyakov [40].
We mention some simple general properties of V,;:

Lemma IL.5 (cf. [44]). Assume that the thermodynamic limit has been taken at least
in the 1-direction, and let é, be the unit vector in that direction. Then V,(Lé,) grows

(Le)—V (0
VL2 =Vl pnis i 1.

with L, is concave and 3

Remark. This says that the quark-antiquark potential is always attractive but the
force decreases with growing distance.

Proof. The first two statements follow from the existence of a positive transfer
matrix J for translations in the 1-direction and the spectral theorem:

G(Lé,)={du(w)e™°F,

with some positive measure du because we can express G(Lé,) as (¥, “¥). The
last statement is an easy consequence of the first two. []

There is a slightly different way of looking at the confinement problem that
consists of studying the free energy of an electric flux tube impressed on a periodic
box; this concept is due to 't Hooft [54].

We want to describe it here from our point of view and establish some
connections to the previously defined concept of confinement. The following
discussion uses some elementary notions and facts of lattice (co)-homology: we
refer to [58] or the excellent review [14] for details.

Let @ be an element of C(G), the center of G. We define the operator of the
“central electric field” E® by

(Esye ) (@)= P(go), (11.24)
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where

1 (<Xoy0> F{xyy* <J’0xo>)
(@, =10  Kxyy=<{xg¥.)
o™t ((xy>={YeXe)-

Because this “electric field” is now abelian, it allows us to define a “central electric
flux” ®“(ZX) through a closed 2-surface =X on the dual lattice. More generally let X
be a 1 co-cycle on the original lattice, that means Z is a function from the oriented
links {xy)> into the integers obeying

Z(yxp)=—2(xp7), (IL25)
and
< g Z({xy») =0, (11.26)

where the sum is over all links {xy) contained in the boundary dp of a plaquette p
with positive orientation. Then

@o(Z)= [T (ES Y@, (I1.27)
(xyy
where the product [ [ is over all positively oriented links.
A “central charge” ¢ at a point x, may then be defined by the central electric
flux through the elementary cube of the dual lattice enclosing x,, i.c.

oo =1 E2, (I1.28)

{xp)y
X=Xy

It is then clear that the spectrum of E7,
(because all these operators are unitary); furthermore it is discrete: E
%)

21
sentation of C(G) induced by the representation 7 of G and ; is the corresponding
character of C(G). This means that the eigenvalues of E7,, (), o5 will lie in C(G)
the dual of the center of G.

Note that E7, 0%, @°(Z) commute with all gauge transformations and with the
convolution part of the transfer matrix. ¢ commutes with the full transfer matrix
because it is a gauge transformation. Furthermore

[7, 8°(X)]=0. (11.29)

D(2), o, lies on the unit circle
P2), 05,

xy?

have the possible eigenvalues

=%{w), where ¥ is the irreducible repre-

xy’

because the multiplication operator M is only a function of g,, and X is coclosed
[Eq. (11.26)].

There is also a Stokes’ formula: Let =Q be a set of elementary cubes of the dual
lattice (or more generally @ a 0-cochain of the original lattice) and =2 =00 its
boundary (properly oriented), i.e. X its coboundary. Then obviously

*(Z)=[] o? (IL30)

xexf2
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(again the product || goes only over the x contained in Q with positive
orientation) or more generally

P22 =TT (@)%, (IL31)

Let now g€ C(G). The corresponding eigenprojection Q%(Z) for the electric flux
through X is then

Q@)= | o (w)de,
C(G)
where dw is the normalized Haar measure on C(G).
We are now ready to define the relative free energy of central electric flux in a
periodic box A, of lengths L,,L,, L, by

1
p

where X, , is a direct product of fundamental 1-cycles in the 2- and 3-directions of
A, and Q1is the projection corresponding to the trivial representation. Note that
P, and Q° commute.

By (IL29) Z,, may be deformed into a homotopic 2-cycle without changing
anything, because there are no external charges around (P,g;, = P, because of, is a
gauge transformation).

Let now

AF(23)= — — {log TrP,Q%Z,,)e ## ~log Tr P,QUZ,,)e 1},  (11.32)

Zits 101, =TT PGQY(Z,5)e ™ (IL33)

be the partition function in the presence of electric flux. It has an important
symmetry property:

Lemma IL.6.
T 7T 7T
Z§L1;L2L3 - ZLLg;IdLS - 43L1;L3L2 :

Proof. The second equality is obvious. To see the first one note that
Trd(Z,,)P,e P is obtained from

TrPye PH=Trd42,,)Pe ¥
by replacing S, by y(w)x(1)” 1S, for one plaquette in each 01-plane. This is clearly

symmetric under interchange of the 0- and 1-directions.
Next we note some commutation relations:

Lemma IL.7. Let C be a closed loop in Ag, gc the corresponding ordered product
of link variables (“Wilson loop”). Then

A ()
paey

where 2(C) is the 1-cocycle X evaluated on the 1-cycle C. Furthermore
0" (Mg =192 (), (IL35)

2(C)
& (S)lg0) = ( ) 1GIP(E). (IL34)
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where we used the label T both for an irreducible representation of G and the element
of C(G) induced by it.

Remark. (IL35) can be stated verbally as follows:

“Wilson loops create electric flux.”

The proof of Lemma IL6 is an elementary computation.

Finally we want to prove some inequalities between the various quantities
introduced:

Lemma IL.8. Let &, be the unit lattice vector in 1-direction and y=x+L,&é,. Then

Fg(xw is increasing in f, that is
Float = Fapoaen (IL.36)
if B and
Glx—y) hm (ZﬁL Lo SR 2 s (IL37)

where G is to be taken in a box that is infinite in the 1-direction and periodic of
lengths L,, L, in the 2- and 3-directions.

Proof. (1L.36) follows from the definition of the free energy and the standard fact
that for A >0 (Tr A%)*" is decreasing in ¢.

To see (I1.37) we have to interchange the réles of the 0- and 1-directions. The
right hand side is clearly symmetric in § and L, (by Lemma I1.6). The left hand
side can be rewritten as

lim (Tr Py 7L~ B M* T L M) (Tr P 75 1T Bl (IL38)

L-x

where J is now the transfer matrix in 1-direction and M is the multiplication
operator corresponding to the insertion of x(g,), M* its adjoint.

Denote by e =7 P,| the largest eigenvalue of 7P, and by Q the
corresponding eigenvector (which is unique by the Perron-Frobenius theorem
[43]). Then (11.38) becomes

(QM*THMQ). (IL.39)

By the Perron-Frobenius theorem € may be chosen to be a positive function in L?
(see [43]) and therefore it does not contain clectric flux:

oYz, Q=0 (IL40)

[because Q(X,,) commutes with 7, 2 has to be an eigenvector of it, but because
of varying phases the eigenvalue cannot be 1 for 71, hence it has to be zero].
Thus by (11.35)

04X, I MQ=MQ, (IL41)
and
(QM*THMQ)STr(P,Q42,,)T )M
= Z’},Ll;LzLSd,f , (IL.42)
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where in the last step we used the symmetry (Lemma I1.6) once more. This proves

(IL37). O

If we rewrite (I1.37) as follows

2 Z;]}L LoL Z[]%L LoL
Glx—y)=d 1iteds tiloba (I1.43)
V=4 Zhnane M (Zhp )"

Lo

we can look at the behavior for |x—y|=L,— 0. The second factor on the right
hand side of (I11.43) goes to 1 and we obtain

— lim
lx=3~w |x—y|

) 1
logG(x—y)th_I}l L_ﬂAF§L1;L2L3- (IL.44)
17 ®© 1

Now we use the monotonicity of

e 1= L L=
x—yl

Ix—yl B G(0)
(see Lemma IL.5) to obtain from (I1.44)

1
|x - y| V:Zﬁ;?(x - y) é Llliinoo L_l AF%L1;L2L3 ' (H45)
This is true for all L,, L, x, y with y=x+ Lé,, so in particular we can first send
L,,L,— o0 and then |x— y|— 0.

From (I1.45) one can infer an inequality between string tensions defined in
different ways:

Let ’t Hooft’s string tension be

- 1
of)= Tm lim —AF, ., (I1.46)

Lz, L3—»x L~ 1

and Polyakov’s string tension

) 1
oplB)= |x_hyrlrioo x—J] Viwaw (IL47)
(where V2., is to be taken in the thermodynamic limit).

Thus (I1.45) implies
0. ulB) = 0p(B). (11.48)

For the sake of completeness let us note one more (trivial) inequality for string
tensions at zero temperature : If W, ;. is a rectangular Wilson loop of sides L and T,
Wilson’s string tension is defined as

, 1
oy =— L’l;r_r}oO T log<{W,>. (IL49)

It is then easy to see that

op(0)Z oy, (IL.50)
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(this follows from the fact that (W, > =(¥,,.7 7*¥,) with a suitable vector ¥ (cf.
[44,45] and the fact that the trace of a positive operator dominates any
diagonal matrix element). We conjecture op(00) =0y =g, 4(c0), which follows in
the region of convergence of the strong coupling expansion from Miinster’s work
[35].

The string of inequalities (I11.48) and (I1.50) shows that it suffices to prove
confinement in the sense of 't Hooft; this is the route followed by Tomboulis [55]
in his approach to the confinement problem. We also see that it suffices to prove
deconfinement in the sense of Polyakov since ¢,=0 implies g,,,=0. To prove
op=0 at weak coupling is the subject of Sect. IIL

4. Connection to G x G Spin Systems

Durhuus and Frohlich in a very interesting paper [15] stressed and used the
connection between d+1 dimensional lattice Yang-Mills theories and
d-dimensional G x G spin models with fluctuating coupling constants. This is
analogous to the well known classical relation between (static) (d + 1)-dimensional
Yang-Mills- fields and d dimensional Yang-Mills-Higgs systems.

In our context this spin interpretation is both natural and very useful.

It is convenient, also in view of the later sections, to modify our notation, We
label spatial points by x, y etc. and time layers by m, n etc. A spatial link is now
given by {x,m;y, m) ; we denote the corresponding gauge field by v,. A temporal
link is given by {(x,m; x,m+ 1) ; we denote the corresponding gauge field by u.
These temporal gauge fields will now be considered as G-valued spins. Their
coupling in the action would be of the usual ferromagnetic nature if the spatial
gauge fields v were equal to the unit element; if v is a pure gauge AJ(hy)™ ! the
coupling between the u’s

—Sp=Jg Rex(ughy ™ 1 (Wy 1)~ 1) ™ hy(hy) ™)

simply would tend to make the gauge transformed u’s, i.e. (A7) *uTh™"! and
(R Y™y equal. In general the s will fluctuate away from pure gauge
configurations but the spatial plaquettes will still favour v’s that are close to a pure
gauge (i.e. will tend to suppress large magnetic fields).

It is now easy to see that we will have confinement provided the u-spins show
exponential clustering uniformly in the random coupling field v (see [15]):

Let

Zp)=| HduP . H . e SP ), (IL51)
(D= ~Z%§)§' [Ta ] emsron, (IL52)
Then
g xur)>
= %5 [TdvClu Jnfu, )0, 2w [] e 572, (IL53)

P spatial
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and therefore

IKx () 2 up DI = sup Q) o (1) g 1T (IL54)
i, 0, Py
Durhuus and Frohlich [15] also show how a well known expansion [5] of
{ii,u,, in random paths leads to an expansion of the Wilson loop in random
surfaces spanned into the loop. Here we obtain an expansion of G(x— y) in random
surfaces spanned between the two Polyakov loops L,, L.
For completeness we give a simple derivation of this expansion in Appendix B.
We finally note that this expansion can be used to obtain very good lower
bounds on the critical coupling J, provided G is U(1) or SU(2) (see Appendix B).
Irrespective of J,, and temperature we are sure to have confinement for J,<J,
where

)

J = - q;zz(d—é)‘l for SU(2), (I1.55)
A -1
chng—z(d—Z) for U(1). (IL56)

These bounds are substantially better than the ones obtained by the standard
strong coupling cluster expansion even in the refined form of Guerra et al. [22]
[his bound for SU(2)is J 2 (d+1)71].

It is noteworthy that the Monte Carlo result of [27] for one time layer and
d=3

J,=0.31+0.04

is just barely compatible with (I1.55) (which gives J,=0.353). If one accepts
furthermore the estimated transition temperature of the 0(4) classical Heisenberg
model [ =SU{(2) x SU(2) spin model] [3]

JO® =047+0.01

as an estimate for J, — which seems reasonable — the value of [27] and even the
value J,=0.375+7 given in [33] seem hard to accept. This is probably an
indication that finite size effects still play an important role for lattice sizes like 8°
to 10° which were used in those Monte Carlo computations.

This makes it more desirable to give a proof that the deconfining transition
actually occurs. This is done in the following section.

HI. Breakdown of Confinement at High Temperature and Weak Coupling
1. One Time Layer

The interpretation of lattice Yang-Mills theory as a G x G spin system becomes
most obvious in the case of the highest possible temperature which corresponds to
a lattice consisting of only one time layer. The infrared bounds of Frohlich et al.
[18] are easily transcribed to this model and yield a rather sharp lower bound for
the critical coupling for the deconfining transition.
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The “Polyakov loops” consist now simply of single links in time direction
biting their own tail ; we label them by their spatial locations x, y etc. and denote
the corresponding gauge fields by u,, u, etc. Spatial links are now simply labelled
by pairs {xy) and the corresponding gauge fields by v,..

The “electric” part of the action is

—Suv)=Jy Y Reyplunu, 'o.h), (I1L.1)
{xy>

and the “magnetic” part is

—Sy(®)=Jy ) Rex(v,p), (I11.2)

where the sum runs over all spatial plaquettes.

For x we take as usual a faithful character of the compact Lie group G; we may
then also identify the group elements with the unitary matrices of the correspond-
ing representation. Then (IIL.1) can be rewritten as

= Sgwv)=—3Jp <Z> (D, )y, I 2 +2d| Ao (@)

= —3J 5 ) (uy, (4,0),) +2d| A, | gx(1), (I11.3)

where the scalar product (-,-) is the usual Hilbert-Schmidt scalar product, i.e.
(u,y=Tru*u' (u,u’ are unitary matrices!), D_ is a covariant finite difference

v
operator:

(D) oy = Dy Uy Uy — Uy, (I11.4)

and 4,=D¥*D, a covariant finite difference Laplacian.

After these preparations the proof of an infrared bound can to a large extent be
taken over from [18], but for the benefit of the reader we give the complete
argument here.

First we define a perturbed partition function Z({h_}) by replacing in IIL.1 or
L3 all u, by u,—h, -1 (h e ). The following bound holds:

Lemma II1.1.
[Z({h D= Z({0}).

Proof. The essential ingredient is the existence of a transfer matrix in space
direction. We will first consider the 1-direction and then the other space directions.
First note that (in close analogy to Lemma I1.1) we have
Ly
Z{{h)=TrP, [] 7;, (11L5)
j=1
where the operators P,, ,...,7, now act on the Hilbert space of square-
integrable functions of the link variables corresponding to the “transverse”
directions 2,3,...,d.
The transfer matrices 7; depend on the perturbations h, with x, =¢ and are
again of the form
T;=M,TM,.,, (I1L.6)

J
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where M is multiplication by a positive function and T; is a convolution operator
with kernel

Hexp( “Elu, —u;L—hsj,xl-ﬂlz)

J (
~I] exp (- —2“—’ [0, = ey, | 2>, (ITIL7)

XL V.

where the products are over the sites x, and links x,y,, respectively, of the
“transverse” lattice (x, fixed) and h,;, x, is an obvious relabelling of h,.
An elementary though crucial fact is contained in

Proposition IL.2. P, commutes with 7 (j=1,..., L,).

Proof. P, averages over (x, independent) gauge transformations. So it obviously
commutes with the second (magnetic) factor of I11.7 as well as the corresponding
magnetic part of M. Gauge transformations also commute with the first (electric)
factor of (IIL7) because
1G9, 1, 9, — 0, = R-12
= luy, =g, g, —h-1%. (I11.8)

They also commute with the electric part of M because

H g X uxi X1 ¥i g )’J. gxi X1 ¥i .V.L gh

‘th.gx_L xlngyl —h
=|l(u,, —h,, Do

iy2
2950y, 9y |

~h,, D)2 (ITL.9)

XLYi - X.L n( Yi
From this the proposition follows. [

We can rewrite (1I1.5) as follows:

Z({h3)=Tr P, ﬁ 7;

i=1
L1

=TrPy [ [M,TYATy Y2 T,T Y TH2 M, 1, (IIL10)
i=1

where T, =T, _,.
Applymg now Hélder’s inequality for operators we obtain

Ly
IZ({h }I< H ”P M, Tl/2”2L1 ” H7"()—1/27}110—1/2HOO

J=1 j=1
Ly Ly
- Hl (TrPo(M;T,M )H1)1 % Hl Ty AT ), (LA
j= i=

Here we used Proposition II1.2 to move P, back and forth between the various
factors; || - ||, =1 is the operator norm.
To proceed we need another fact that can essentially be transferred from [18]:
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Proposition IIL3. Let T,=T}, _o Then | Ty > T;T; 2| <1.
Proof. 1t suffices to prove this for the simpler case where T; is an operator on
L*G, dg) with kernel exp(- Ei}u—u’—hj-ﬂii ) and T, is obtamed from it by

deleting h;. Then one can use the imbedding of G in a suitable C" to essentially
diagonalize T, T;, by Fourier transformation (the constraining é-functions do not
cause any trouble). In Fourier space the shift by k; becomes multiplication by a
phase factor so that Proposition I11.3 becomes obvious. See [18] for more details.

This proposition eliminates the second factor in (1I1.9), i.e. it bounds Z({h_}) in
terms of partition functions where all the #’s have been deleted from links in the
J-direction. Repeating the argument with the 2,..., d-directions in place of the

1-direction completes the proof of Lemma 1111, [

Lemma III.1 implies an infrared bound in the standard way: Expanding the
inequality to second order in the perturbation h we obtain (because the 0" orders
cancel and the first order term vanishes by translation invariance)

LI2(Re(u, 4,10 — 37 (b 4, 0. (I1L12)

Because / is proportional to the unit matrix the subscript v on 4, can be dropped
and we obtain

{(Re(u, An)*> = Ji@, Ah). (IIL13)
E
Replacing h by ih gives
{(Im(u, 4h)*) (@ 4h), (I11.14)

and combining (I11.13) and (I11.14) we get the result
2
U AR < = (. 4D). (L1L15)
E

Remark. For G=SU(2) or G=0(n) (more generally whenever G can be imbedded
into a real euclidean space instead of a complex unitary space) we can obviously
improve (I11.15) by a factor of 2.

We write out explicitly the infrared bound we have obtained.

Theorem I1L.4. Let G(x—y)={Tru, Tru,> and
Glp)= Y ™" G(x),

its Fourier transform. Then for any compact Lie group

Z (1—cosp)-G(p) = = 1 (LIL16)

i=1 E

and for G=SU(2} or O(n)

L

Y (1-cosp) ép)= ’2‘3) IL17)
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Proof. This follows from (IIL.15) by setting 4'*h=g. [

To draw any conclusions about deconfinement from the infrared bound we
have to assume in addition that the expectation value of a single Polyakov loop
vanishes in a periodic box. For G=U(N) or SU(N) and y=y, (the fundamental
character) this is so because of the global invariance

Ctlg.)> =<a g, (11L.18)

where we C(G) (the center of G). So we state the following result only for this
physically relevant situation.

Corollary IIL5. In the U(N) or SU(N) lattice Yang-Mills model with Wilson’s action
and maximal lattice temperature external “quarks” are liberated for

JeZNIdy (any N) (111.19)
Jg2I(d)  (U1)or SUQ2)). (II1.20)
d—2
In terms of the coupling constant g = —if— this means deconfinement for
E
2672 1
2L N 11121
9= NI (any N) ( )
|
g =< @ (U() or SU(2)). (I11.22)

(Here I(d) is the integral

— _~1__ . —1 3d
1@)= (;u cosp)'d p),
which has the value
0.5054620197 for d=31[18].)

Proof. The bounds (II1.16) and (I11.17) can be tramsferred to the thermodynamic
limit. We need the easy bound

GO)=1, (111.23)
Le.
[ Gp)d*p=z(2n) (111.24)

[remember that G(p);O because G is clearly positive definite].
Equation (I11.18) follows from the Clebsch-Gordan decomposition

|Trul>=1+ Z e (u), (I1L.25)

where ¢; 20 and y, are some irreducible characters, and the fact that by reflection
positivity (y,(w)> 20.

Since G(p)=0 it is the density of a measure and (I11.16), (I11.17) say that it is
absolutely continuous with respect to Lebesgue measure everywhere except
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possibly at p=0, where it may have a discrete contribution ¢é(p). In d =3 (111.16),
(IIL.17) are compatible with (I11.24) only if ¢>0 for sufficiently large J;. ¢>0
implies long range order, that is

c

lim G(x)= —— 0. 111.26
Jim (x) oy ( )

According to our discussion in Sect. 2 this means absence of confinement. O

Note that for d=3 and G=U(1) or SU{2) the upper bounds (I11.19), (I11.20) are
not too far from the lower bounds (I1.55), (I1.56).

0.353<J,(SU(2))<0.505
0364 <J (U(1))<0.505.

This concludes our discussion of the simple one layer model.

2. Many Time Layers, Hamiltonian Limit

Unfortunately we do not see a way to extend the simple infrared bound of the
previous section to the general case. The main reason is that the basic variables we
are interested in are the Polyakov loops which are now complicated nonlinear
functions of the basic link variables occurring in the action.

Frohlich et al. [18] give, however, a less elegant but more basic proof of a
slightly weaker infrared bound in their appendix. It is based on the obvious fact
that the transfer matrix in space direction becomes a multiple of the identity for
infinite coupling between the spins. This is still true in our system and actually it is
possible (with some sweat) to adapt that proof to our situation.

We again denote by 4 the transfer matrix in the 1-direction. Furthermore we
have to consider a two point function that is smeared in the transverse directions

G)= ¥ x)Ge.x, ~y)hyl), (), (Im.27)

XL Yi

and its Fourier transform
Ly
Gylp)= Y. €PIG)). (I11.28)
j=1

The main technical result will be

Lemma H1.6. There is a function f(Jg) that falls monotonically to 0 as J > o0 such
that

(1—cosp,)Gy(p) S f(Up) Y Ih(x )2, (I1L.29)
or equivalently
(1—cosp,)G(p) < f(J5); (IIL30)

f(J ) may be chosen to be (1+2J; (1)~ 1.
The cubic symmetry of the lattice then gives the obvious:
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Corollary IIL.7.

i (1—cosp) G(p)<df(Jp), (I11.31)

i=1

1
which is the desired infrared bound implying deconfinement for J,= {1 (m)

To prove (111.29) we will make use of a lemma proven by Frohlich et al. [18]
that follows from the existence of a non-negative transfer matrix in 1-direction:

Lemma IILS,
(1=c08p))Gyp)) £ — Gy(— 1) +2G,(0)— G, (1). (I11.32)

The right hand side of (IIL32) is the expectation value of a double
commutator:

~ G (= D +2G,0)— G, (1)=Tr P, [L(h), [L(k), T 1] T 1, (I11.33)

where 7 is normalized in such a way that TrPo7 “ =1 and

Lihy= Y h(x )L, (L., =x(9.,) (I11.34)

is a “smeared Polyakov loop.” Our job will be to estimate this double commutator.
It seems obvious that it will vanish as J;— oo, but we will prove a more precise
statement.

The transfer matrix .7 is again of the form

T =MITM (111.35)

with a multiplication operator M and a convolution operator T. T'is a product of a
“magnetic” part involving only the v variables (spatial plaquettes) and an “electric”
part T, coupling the u and v variables (timelike plaquettes; see Sect. I1.4). T, is a
tensor product:

=X T, (I11.36)
where T, has the kernel
J
T, (u, v, )=exp ( - 7}3 o, —u | 2) . (IL.37)
So clearly
[T, 29, )1=0 (11.38)
for x, +y,.

Since everything else commutes the double commutator in (111.33) really only
involves the double commutator

[L(h), [L(h), T11. (IT1.39)
By (I11.38) for x, +y,
[L..[L,, T;]1=-[L T 1T 'TT '[T,,L,]. (I11.40)
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Therefore
LL(h), [L(R), T;1]
=— Y Kx)hy)IL,, T 1T '"T,T,'[T,,L,]

Xis¥L

+ Z ’h(xi)'z {TEL_—M TE_ ILXLL TE— LXJ, EEJ:} ’

which implies

[ZG), L), Ty X e AT, Ty ML, Ty— L, T,L, ). (IIL41)
[The fact that the unbounded operator 7, ' occurs requires (IIL41) to be
interpreted as a form inequality on a suitable dense domain. ]
Now notice that T is also a tensor product over time layers:

T,= Q T,=® ® " (11.42)

x; m=1

If we identify u7>™"' with the unitary matrix (uim***) corresponding to a
representation with character ¥, We can write

T,L T, 'L, T,— L, T,L.

S @mbm £ 1 1, bmbm +1
Z {H Tugrer VL tue ™ T
{6m1, Bra}

_ n ubmbm+1T W} (III.43)

mxL

Actually we could use the factorization

= QT (I11.44)

to pull out all factors T, (y, #x,) in (I11.43) because they commute with u,,,
(always regarded as a multiplication operator).

What remains is a sum of products of expressions of the form
oY 1y (I11.45)

WYt or w

with ¢ given by its kernel
Jy .
t(u, u’)zexp(—— —2—” lu— u'HZ). (I111.46)

We can shift our point of view concerning this whole computation following
Eq. (II1.37) by imbedding the unitary matrices in C"*; this means that the Hilbert
space on which our operators act will consist now of functions of
NV tnumberoflinks) sqyare-integrable with respect to a 6-measure that restricts €
back to U(N) or SU(N). But we can also regard the kernels like (I11.46) as kernels
of operators on the L* with respect to Lebesgue measure. All our inequalities
remain true in this interpretation, but the meaning of the symbol T™*, for instance,
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is changed. By multiplying inequalities like (II1.41) in this new interpretation from
both sides with density functions that are square roots of suitable approximate
o-functions we obtain — taking limits — inequalities that refer again to our original
Hilbert space.

The imbedding allows us to use a Fourier transformation to compute (1IL45): ¢

1
becomes then multiplication by exp(—- oI ki ) and 4 gets replaced by the
E

20 1/ @ 8
2o 1! : . 111.47
P ok, i (a Rek, '3 Imkab) (L47)

differential operator

This produces the identity

)
I = G 20,01 (I11.48)
E

(111.48) can now be used to expand (I11.43) in powers of J; *. The expansion has no
constant term and terminates:

_ - Lo 2 k
T,L T, 'L T,—L T, = > (—) A (I11.49)
L L A L k=1 JE
A, can be described as follows: let
Lo
Ao=L T,L = Y [ ulybrtT,ulmimss (I11.50)
{@m, bm} m=0

Then A, arises from A4, by replacing k of the factors u7=+1 T, ufn® 1 by

2
T,

J @b Gy 4+ 1bm+ 17mM 2

. . e L
and summing over the different such possibilities [there are < k0> of them}.

It is a little easier to see what this means if we reinsert this in the trace (I11.33)
after using the inequality

(L), [L(h), 711 YW )WHT L, T 'L, T ~L, TL}, (lL51)

X1 X

which is a trivial consequence of (II1.41). It is also convenient to rewrite the
expansion (111.49) with the full transfer matrix instead of just Tj:

o Lo 2 k
IJL I 'L T~-L ITL =) (—) B,. (IIL.52)
L i A L k=1 JE
We obtain thus from (I11.33), (I11.51), and (111.52)
Gi~1)-26,0)+ G,
< ZTrPO(BTL AL T —L TL )T !

=) Z Tr(PoBkﬂ"L‘“l)@)k, (I11.53)

x k=1
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U —

Fig. 1. Breakup of a pair of Polyakov loops into Wilson loops

where the trace now is to be understood again in the original sense, i.e. without
imbedding in C"*.
The terms in this last expansion can be described in a simple way: Let

By=L 7L, . (I11.54)
Then

TrP,B, T+ 1 (I11.55)
is the expectation value of a pair of Polyakov loops separated by one lattice
spacing in 1-direction.

TrP,B, I ! (I11.56)
arises from (I1L.55) by breaking up the pair of Polyakov lorus into Wilson loops by
replacing in all possible ways k pairs of vertical links by pairs of horizontal links
(in the 1-direction). The presence of the projector P, in (IIL.56) is crucial for
making this interpretation because it restores the horizontal link variables (sec

Sect. 11),
So we obtain the following inequality from Lemma I1.6:

(1— COSP1)Gh(P1)

< Slhte, )P Z° (%) T me).mey. sy

. L . .
Here the last sum is over all ( f0> sets of Wilson loops {C,...C,} that arise from a
k

pair of Polyakov loops separated by one lattice unit in the 1-direction by applying
the breakup procedure described above (see Fig. 1). Because of translation
invariance we can ignore the positions x, of those loops.

If we now apply the trivial bound |W(C)| = x(1), we obtain from (I11.57)

(1—cosp,)G (pl)
< T, ( ) ey
E Tseres Cy

- e 3 (2] ()

= LG K + 2"(1))L° - 1}. (I11.58)
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So we have proven Lemma II1.6 in the form

Lo
(1—cosp,)G(p) < {(1 + 2%@> — 1], (I11.59)
E
and Corollary IIL7 in the form
A 1)\ Fo
Y- cosp,-)G(p)édKl - 2§( )) -1y (I11.60)
i E

If we specialize to L, =1 we realize that we have lost a factor 2d in comparison
with (I11.16). This same factor also occurred in [187 and is typical for this “double
commutator proof.” Presumably an inequality

Lo

Y (1—cosp)G(p) < 1[(1 + @) - 1} (11L61)
i 2 Jg

is true for all L, but we have no proof for it. Certain improvements are again

possible if there are reality properties:

If the representation to which y belongs is real orthogonal, we may use an
imbedding of our variables in R"” instead of €¥ (N = x(1)). This will lead to the
replacement of J, by 2J in (I11.48) and all bounds. Again this remark is somewhat
academic because it does not apply in the cases of physical interest [G=U(N) or
SU(N), x the fundamental character].

Another improvement is possible for G=SU (2} (or more generally whenever y
is real): We split the u-variables in (111.43) etc. in their real and imaginary parts.
This splits each term in the sum into 225 new terms, but due to the reality of the
trace only the terms contribute in which for each [ [ (Reu,,+iImu,) we pick the

imaginary part an even number of times. Compared with the general case in which
only the whole expression, not the individual loops are real, we gain a factor of two
in the infrared bound (II1.59) (see [2]).

Let us write out explicitly what we can learn about deconfinement from
Lemma I11.6 and these remarks:

Theorem IIL7. In the U(N) or SU{N) lattice Yang-Mills theory with Wilson’s action
and temperature T (i.e. Ly=(zT)" ' time layers) external “quarks” are liberated if

1 T -1
=2 —] - .
Je= N[(1+dl(d)> 1} (any N), (111.62)
2 T -1
241+ —] - =SU(2)). 1L
Je= [( +d1’(d)) 1] ({G=SU(2)) (111.63)
In terms of the coupling constant this means deconfinement for
5 8(2—2 1 T
< 1+ = —1 N), 111.64
5] 1 Hhed

[32)

gz

IA

d—2 2 T
e Kl + W) - 1} (G=SU(2)}. (I11.65)
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Proof. This is essentially the same as the proof of Corollary IILS.

It is a gratifying fact that the bounds stay nontrivial in the Hamiltonian limit
7—0. We have

Corollary IIL8. In the Hamiltonian lattice gauge model of Kogut and Susskind {i.e.
the limit T—0 of Wilson's model) with gauge group U(N) or SU(N) quarks are
liberated for

s 8d_2T10g<1—}— ——L) (any N) (ITL66)
- N dI(d) ‘ ’
) d—2 2
g 3 Iog(l + dI(d)) (G=SU(2)) (TIL67)

Proof. This is trivial if one notices that the infrared bound (IT1.59) has a limit as
0. [J

We can also say something about 't Hooft's N—co limit with §*=g>N fixed:

Corollary IILY. In 't Hooft's N— oo limit quarks are liberated for

i< 82{(1 + -1—>IT - 1} (I1L.68)
§==7 aI(d) : '

Proof. Obvious. []]

This concludes our discussion of the general case. In the next section we will
discuss abelian models in some more detail

3. Some Further Results for Abelian Models

For abelian models there is a way of proving the infrared bounds {actually a
slightly stronger version of it) in a more “natural” way that does not rely on the
imbedding of the group in a matrix space.

An additional advantage of this procedure is that it allows more general forms
of the action, such as the so-called Villain action which is considered frequently
[13,57].

We consider gauge groups U(1) (or Z,; direct products of such groups can be
handled just as well but they would pollute our notation too much) and actions
characterized by an electric plaquette coupling

e~ SploopP) - Z mr(JE)Xr(gaP) . (11169)
G
Here
g@P = u;nv;r;+ 1 (u;n) -1 v;nx (_[1170)

for a plaquette p with corners (x, m), (x,m+1), (y,m+1), (y,m). The sum in (I11.69)
is over the irreducible characters 7 of G, the coefficients m, and e~ 57 are assumed to
be 20 and we assume

lim m(Jg)=1. (ITL.71)
JE—w



Lattice Yang-Mills at Nonzero Temperature 355

The magnetic coupling will be of the same form as (111.69), but the coefficients
m, may be different from the ones in (I11.69). We only need that they (as well as
¢~ 5%) are nonnegative to assure the existence of a nonnegative transfer matrix in
space direction.

Typical examples for (I11.69) are the Villain action for G=U(1)

m(J ) =exp ( - Ji 12) (I1.72)

E

(here 7 is an integer) and Wilson’s action which for G=U(1) is characterized by
m(J ) =1(Jp) (I1L73)

(I, is the modified Bessel function of order 7).
We proceed as in the previous section up to Eq. (111.41) which said

[L(R), [L(h), T¢]]
S x WS T L, T, 'L, T,— L, T,L. }. (I1L.74)

The right hand side can of course again be factored over time layers:

L, Ty 'L, T— L, T,L,,

Lo Lo
= T, T, 1umxL T,— H U, T, (I11.75)
1 m=1

m=

The point is now that the right hand side of (II1.75) is again a convolution
operator; this can be seen by using Fourier transformation which diagonalizes
everything. Again [as in (II1L45)] we have to deal with sums of products of
expressions of the form

tut”tut or uti, (1IL76)
where u is multiplication by e'® and ¢ is convolution by

Hp)=> me™. (T1L77)

Therefore tiit ™ 'ut is convolution by

2

m .
Z T emp’
T My

and ut# is convolution by

347}
Yom, €.
T

Therefore
tiitut =utii+r, (111.78)
where r is convolution by
r((p)zZmrwl( m_ 1). (111.79)
. Moy (Mg
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So clearly r obeys the form inequality

r=g(J guti (I11.80)
with
g(J ) =sup (*————— m__ 1) : (I11.81)
TN My

We can now expand (II1.75) in powers of r. Using the inequality (I11.81) in each
term we can resum to obtain

TElTx: TE le_L TE - LX_L 7}3-[:;

s[A+gUph—11L,, ToL

Xt ?

(IT1.82)

and

[Z(R), [L(), TS Y (e )P LN TL(R)

T(1+g(J—1]. (111.83)
As in the previous section this yields an infrared bound:

Lemma IILY. For an abelian model characterized by the electric coupling function
(111.69) an infrared bound of the following form holds :

Zd: (L —cosp)Gp) Sdf(J ) =d[(1 +g(J o —1], (ITL84)
i=1
where

2
g(J ) =sup (——f’f—~ - 1).

m. 1m1:— 1

Of course this result is useful only if g(J;)—0 as J,— 0. We check this for the
Villain action. There

1
g(Jg)=exp——1, (I11.85)
; 7
and hence
LO
JUg)=exp— —1. (I1L.86)
‘IE

This clearly implies deconfinement for

o Y 1
J=f (m)—[’cﬂog<l+dl(d)ﬂ . (111.87)

For the Wilson action

Io(J ))2
Jp={2"E —1, 111.88
g(Jg) (Il(JE) (I11.88)
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and hence

B 1 (J ) 2Lo B
o= (i

_Looura. (T11.89)
‘}E
The proof of (II1.88) requires some gymnastics with Bessel functions and is
given in Appendix C. (II1.89) is slightly stronger than (IT1.60), at least for large J .
We refrain from giving the resulting bound for the deconfining transition
because it would look somewhat messy.

1V. Concluding Remarks

Let us try to put into perspective what has been proven and point out some
important open questions.

We have shown that lattice Yang-Mills theory with Wilson’s action in space
dimension three (or more) will possess, as soon as a non-zero temperature is
turned on, a weak coupling phase without confinement in addition to the well
known confining strong coupling phase.

The situation is slightly different for the Kogut-Susskind Hamiltonian model:
There we have shown that confinement will disappear for any coupling provided
the temperature is high enough [cf (1I1.66) and (111.67)]. Convergence of the
strong coupling expansion sketched by Kogut and Susskind [26] has not been
established rigorously; we have no doubt that one could do this, however, and
provide a proof that the string tension ¢, does not vanish for g*>g*XT) (obviously
g* cannot be independent of T here).

It is expected that the unconfining phase behaves like a “gluon plasma” and
shows Debye screening (i.e. exponential clustering) at high enough temperature;
the technology to establish this has been provided by Brydges and Federbush [6],
but some work is needed to adapt their methods to this problem; the nonlocal
effective coupling between the Polyakov loops will not make this task easier.

In [3] we pointed out that there is even the possibility of two phase transitions:
First from the confining to a Coulombic phase and then to a Debye screened
plasma. For SU(N) with N large this would not seem implausible because of the
analogy with Z, models [53]. But most physicists seem to regard it as unlikely for
N=2,3. In fact Svetitsky and Yaffe [53] argue by analogy with the Ising or Potts
models, respectively, that for N =2 there should be one second order and for N=3
one first order deconfining transition.

Our inequality (IL.48) shows that at positive temperature and small enough
coupling also "t Hooft’s string tension vanishes; this might have been difficult to
show directly.

Our proofin Sect. IT1.2 made use of the explicit form of Wilson’s action, at least
for the “electric” coupling. So one might wonder how model dependent the results
are. But one should note that first of all the form of the magnetic coupling was
fairly arbitrary; it only had to be compatible with reflection positivity, ie. a
positive transfer matrix in space direction.
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Secondly, the 7-continuum {=Hamiltonian) limit will be largely independent
of the precise form of the electric coupling; for instance Theorem 11.2 shows that
the heat kernel (= Villain) action [13,57] will produce the same “electric” part in
the z-continuum limit as Wilson’s. But since we have an infrared bound for t=0,a
similar bound must hold already for t>>0, v small enough. This shows that
deconfinement occurs for a wide class of lattice models.

To see the strengths and weaknesses of our bounds it is instructive to discuss the
limiting cases J,,—0 and J,,— 0. The peculiar feature of our method is that it is
completely independent of J,,.

For J,,=0 we obtain the “ultralocal” model already discussed in [38] ; for 7=0
this is the strong coupling limit of the Kogut-Susskind model [26] around which a
strong coupling expansion has to be constructed. The ultralocal model shows
confinement at all couplings (and in any dimension!) at zero temperature. For
finite temperature it becomes structurally identical to a one time layer model ; this
is easiest to see for the heat kernel (Villain) action characterized by a transfer
matrix (in time direction) that is simply given by the heat kernel:

e,
Twy)=[] e (! (IV.1)
xy)

(4 is the Laplace-Beltrami operator on the group G). So the ultralocal Villain
model will depend only on the product

Lyg*= "= (IV.2)

and we may put L,=1 and change g* accordingly.

For more general ultralocal actions we still have the structure of the one layer
model, but with a more complicated electric coupling arising from the L,-fold
convolution of J with itself.

In any case these models can all be regarded as G x G spin models with some
random coupling provided by the v variables (cf Sect. IIL1). The random
couplings might be expected to create disorder, thereby making deconfinement
harder. For abelian models this follows from Ginibre’s inequalities [20]. But for
nonabelian groups the random couplings reduce the symmetry from G to C(G) and
might actually thereby facilitate ordering. This certainly would be relevant for
d=2'. We think that for d=3 the effect of the random couplings is not so
dramatic. Since the infrared bound gives excellent results for spin models without
random couplings we conjecture:

The infrared bound gives a bound on the transition point §* that is close (~ 10 %)
to the actual value for the ultralocal (J,,=0) models, if we either apply it to the
effective one layer version of that model or “steal back” the factor 24 lost in the
double commutator proof.

The other extreme case J,,— oo is also easy to understand. In this limit the
“magnetic fields” v, are frozen out, the v variables become a pure gauge and can
be gauged away. One is left with a stack of L, copies of the G x G spin model; the

1 We thank G. Mack for reminding us of this fact
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transition point g* becomes therefore independent of L, and will be close to the
infrared bound result for one layer:

The infrared bound for one layer gives a bound on the transition point g* that is
close (~10%) to the actual value for the J,,~ oo limit of lattice Yang-Mills models.

It is now highly plausible that the true transition point will lie between the
values obtained for J,,=0 and J,,— oo. For abelian models this is of course again
implied by Ginibre’s inequalities.

The conventional renormalization group philosophy predicts that all physical
quantities with the dimension of a mass should behave like

1
(gl)*ﬂl/ﬂ?o ex (_ )’
P 2g2ﬁ0

so in particular T, the critical temperature for deconfinement should go like

B 1
~(g?) 2Bo —
T ~(g?) exp( 292[30)‘ (IV.3)

It is not surprising that our bounds completely fail to produce such a behavior.
To actually prove that a physical quantity shows the correct scaling behavior
would almost be equivalent to the construction of the continuum limit and is
clearly beyond the scope of this paper, If, on the other hand, we assume the correct
scaling behavior (the way it is normally done in the physics literature) and make
the somewhat bold assumption that even for only one layer we can be close to the
scaling region, it is possible to extract a physical value of the transition
temperature that is not unreasonable (a few hundred MeV); this is done by simply
pretending that the transition temperature expressed in units of the string tension
(at the same coupling but zero temperature) does not change much when we go to
the continuum limit.

We should maybe mention that it is not an inherent weakness of the infrared
bound technique but rather our inability to control the continuum limit that
prevents us from establishing deconfinement in the continuum. It should be
remembered that infrared bounds were first found and applied in a continuum
model [the (¢?)* model in d=3].

There is one more important open question : What becomes of the deconfining
transition when dynamical quarks (or maybe Higgs fields in the fundamental
representation) are included? Obviously the Polyakov loops will lose their
diagnostic value because, physically speaking, external quarks are shiclded by
dynamical ones; mathematically speaking we lose the global symmetry that
assured (x(g,)> =0 in the pure Yang-Mills model. Since a fundamental Higgs field
{and probably dynamical quarks as well) has an effect on the system that is very
close to the effect of a magnetic field on a ferromagnet [46] one might expect that
there is no longer a transition. Of course we still expect qualitatively different
behavior at high and low temperatures but maybe not a sudden (nonanalytic)
change.

If our matter fields are Higgs fields in the adjoint representation (such as in
most grand unified theories) the Polyakov loops can still be used to test for
confinement and our methods can be extended to show the existence of a
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deconfining transition. Much less clear is the existence of the supposed first order
transition between a “Higgs phase” at low and a “symmetric phase” at high
temperature [12, 287 that has led to so much cosmological speculation [23, 517.

All this shows in our opinion that it is worth investigating the phase structure
of gauge theories at finite temperature in more detail and that it is also essential to
sharpen the diagnostic tools that should distinguish between the various phases.
This will hopefully lead to a better understanding of what is meant by “confine-
ment” in the full theory and what such terms as “Higgs phase” or phase with
“unbroken gauge symmetry” really mean. The (dis)order parameters proposed by
Mack and Meyer [30], Bricmont and Frohlich [4] as well as Fredenhagen [17]
might be useful steps in that direction.

To really understand what deconfinement means for the full theory would,
however, require the development of a precise (quasi-)particle concept for field
theories at finite temperature and the existence of tools to analyze concrete models
from this point of view.

Appendix A. The 7-Continuum Limit

In this appendix we give the proof of Theorem I1.2. For notational convenience we
set e=1 and g>=1 (it will become clear that this is not a significant loss of
generality). We also choose a basis {iL,} of the Lie algebra g of our gauge group G
with the orthonormality property

xL,L,)=TrL,L,=6,, (A.1)

where y is the character used in the action and we denote by L, also the
representatives of the generators in the faithful representation belonging to y. L@
will denote the representative of the generator L, in the representation labelled by
q.

We first consider the easier case of the heat kernel (Villain) action and the
corresponding transfer matrix J =9, We have to show that

v Lg —1V)ﬁ/’

f(z)ﬂ/f:(e"f e2'e 2 (A.2)

goes to exp (34— V) as t—0in all J, norms (p=1). Without loss of generality we
will consider only p=1.

Strong convergence follows from the Trotter product formula [43] if t—0
through a sequence such that f/r is an integer. For the general case we write
B=nt+¢ with 0=e<1, nelN. Then

Tt =TT (@),

and strong convergence follows by a simple 3¢ argument:
1 _
<57(ﬂ:)”“—eﬁ(5d V))Y’—_:ﬁ’(f)"(ﬁ'(f)"”—ﬂ)aﬂ
1 —
+ <9“(v:)“—e”(5" V)) p

LR (1- elae V)) - (A3)
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Each term in (A.3) goes to zero: Note that 7 (t)”*>1 strongly because 7 (t)—1
strongly.

To obtain J, or more generally J, convergence we use Griimm’s theorem [21]
which says that strong convergence together with convergence of the J, norms of
the approximants to the J, norm of the limiting operator implies .J, convergence
(see [49]) for a sharper version).

So it remains to prove

Lemma A.1. Let G be a compact Lie group and V be uniformly Lipschitz continuous
on G. Then

F(o)=Tr T (r)"

T T
—V —24 —EA

=Tr<e"’2 e e )W (A4)

converges towards
1

Treﬁ(gd V} as 1—0.

Proof. A proof can be based on the Feynman-Kac formula for Brownian motion
on G (see [31]).

For completeness we give an independent proof that does not use the
Feynman-Kac formula (but is inspired by it). Expanding (A.4) in powers of V we
obtain (with N=p§/1)

Fn)=Y 1 o ﬁ ((-—rV)’“e%m>; (A.5)

k?'.Ok!Eki=kk1!"'kN! i=1

Trexp B34 — V) can be similarly expanded (the so-called Duhamel-Phillips expan-
sion [ 11, 47]).

= f dt,...dt,

Ot 8. Ste=$

=
1\%
<

L, A L
-TrH(ezt‘A(—V)e 2“")e25". (A.6)
i=1

Tt is seen easily that the k™ term of both (A.5) and (A.6) is bounded by

ki §71k 1
RVt o

so that both series converge absolutely and (A.5) converges uniformly in 7. So it
suffices to show convergence term by term. We rewrite the k™ term of (A.5) as

1 N—-1

k B
— Y Tr(T T V(‘Cli))) e’
kly, . i=1

=0 i=

:%Edtl ---dfka(TilfIl<“‘V('C[%D>>9§A’ (A7)
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where we used the notation
t

b
V(t)EeZAVe ZA,
and [x] denotes the integer part of x. T is an ordering symbol saying that the

factors should be written with the “times” ¢, increasing from left to right. Similarly
the k'™ term of (A.6) can be written as

14 k £,
o g dt, ..dt, TrT ] (= V(t)e? . (A.8)
: i=1

Equation (A.7) can be read as a Riemann sum approximation of (A.8). Since the
integrands of both (A.7) and {A.8) are bounded by

B
Ve Trez”,

it suffices to show convergence of the integrands (by the dominated convergence
theorem).
So we have to estimate an expression of the form

k k B
Te|T [T (= V)~ T T (= Vs (A9)

where |t;—s;|<t (i=1,...,k)and 0=¢,,...,t;,5,, ..., 5, = B. Note that (A.9) depends
only on the differences t,—t,,....5,—t,_, £, —t, +f by the cyclicity of the trace.
Telescoping (A.9) and using cyclicity of the trace in a similar way we obtain k

terms of the form . s

Rt 9)=Tr(V(H)— V(s) [ Viue?”, (A.10)

i=2
where |t—5|<7; 0=t, sSu, < ... Sy, =h
Rewriting (A.10) in terms of integral kernels and using the positivity of the heat
kernel we obtain the bound

IR, ) = | VH"" g dgdhlV(g)— Vin)|

2 T M g, (A11)
Using the uniform Lipschitz property of V this implies

1
IR, s) S CIVI ! [dgdndig. e (g, 1)

= CI V% [ dgdlg, De2" (g, 1), (A12)

where d(g, h) is the geodesic distance between g and b and we estimated the second

heat kernel in (A.11) by a constant.
1

Now we need the well known fact that the heat kernel e?A(g, h) for small ¢

. 1 .
behaves like constt™2/? exp(— z—ld(g, @)2> or, more precisely, that

1 o
~t4 Dy~ adig,?
e (g, W) <constt™PZe 2 2 (A.13)
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where D is the dimension of the manifold Grumberoflinksindo an4 5 <1 is some
constant (see for instance [32,42]). Inserting (A.13) in {A.12) shows

IR,(s, ?)| S const |/ [t — s

Sconst W (A.14)

The proof of Lemma A.1 is now complete. [

To prove the analog of Lemma A.1 for the Wilson transfer matrix 7, it
suffices (again by Griimm’s theorem) to show that

Tr T, (o) — Tt T, (1) ~0, (A.15)
where 7, is of the form
Ty(ty=e 2 e 2 (A.16)

and - is a convolution operator with kernel
1 1
—exp= 2, Rexlg,,),
N T T x> ¢

and the normalization N, is chosen to make j dge”1 (g m=1
We first want to show that it is enough to prove (A. 15) for V=0. To this end we
expand in V as before:

1

kz0 k

-5 M. d(n( -

N
Tyt = — o Tr H — 1V )lee)

'zk—kk LI

Here

V() =e4Ve 4= (A.18)

Assume that (A.15) holds for ¥=0. Then Tref#+ is bounded uniformly in 7 and the
1
k™ term of (A.17) can again be estimated by const 8¢ V|[*, o (see above). So one

only has to prove convergence term by term and only for the difference of the
integrands of (A.17) and (A.7). This means we have to analyze terms of the form
% kLo,

Tr [] vet—Tr [] Ve?

i=1 i=1

(A.19)

with 0<s,,...,5,<f, > s;=p. Expanding (A.19) in powers of

1
R(s)= e —e2™, (A.20)
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and using Holder’s inequality we obtain the bound

N an"HnR(s)umHH

Blsi
n=1 KC{ N
|K|= n
k
éﬂVl { Z ( )(nlax HR(S,»)HI;/SJ)"
1 Lpa " !
=V le2 |, {(mlax Il R(s)ll ﬁ,si+1>k—1}, (A21)
where in the first inequality we used that
’ La Lyalstb
e = Il
;SA 51/B 1

eE -

<1

i

1

because {ez =1

By our assumption of convergence for V=0

1
Hﬁ/s_’He H/}/s’ (z—0)

and hence by Griimm’s theorem

e

”R(S)Hg/s_’o'

This shows that (A.21) goes to zero and therefore (A.15) holds in general if it holds
for V=0.

We formulate as a theorem what remains to be proven because it seems to be a
slightly nontrivial fact:

Theorem A.2. Let G be a compact Lie group and let e*** be a convolution operator
on L*(G,dg) given by its kernel

1 lRex(gh‘l)
TAx h — e pT
e“*(g, h) N ;

T

(A.22)

where y is the character of a faithful representation of G and N_.= | dge**<(g, h).
Then

i
Tr(e‘“’—ez g ")ao (x—0), (A.23)

where A is the Laplace-Beltrami operator on G corresponding to the metric induced
by y.

Remarks. 1. This theorem can be viewed as a strong version of a central limit
theorem for G-valued random variables. In fact some elements of the proof are
inspired by the proof of the local version of the central limit theorem (for real
valued random variables).
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2. By the Perron-Frobenius theorem [43] ™+ has a unique positive eigenfunc-
tion ¥, to the eigenvalue ||e**+|. Since the function 1 is an eigenfunction with
eigenvalue 1 we conclude ¥ =1 and || =1.

3. To apply the theorem to our problem we may either interprete G in the
statement as the underlying gauge group because for V=0 all the links are
uncoupled and it suffices to prove (A.15) for one link or alternatively we may think
of G as (gauge group)numberof}inksin/l().

Proof of Theorem A.2. We diagonalize expt4, and 4 jointly by Fourier transfor-
mation on G. Let g run through the inequivalent irreducible unitary repre-
sentations of G. Then expt4, has the eigenvalues 4,/4,, where

q

| —
= J1lg)e™*dg, (A.24)
q
with
1
x=-, d,=1,(0);

X, is the character of the representation g and the subscript 0 refers to the trivial
representation.
The eigenvalues of 4 are given by the (generalized) Casimir elements

C,=TrLOL®, (A.25)

where L9 is the representative of L, in the representation g; as announced we will
drop the superscript g in the representation that occurs in the action. To
appreciate (A.25) one should recall the orthonormality convention (A.1); the term
“generalized” refers to the fact that we are not necessarily using the Killing metric.

Next we want to explain our strategy to prove Theorem A.2. We first prove

. . T .
convergence of the eigenvalues of exptd, to the eigenvalues of expEA; this

amounts to showing strong convergence which was proven already by Gawedzki
{197, but we will actually need and prove a more detailed statement controlling the
speed of convergence (Lemma A.3). The key is, however, again the approximately
Gaussian behavior of (A.22) for small .

Then we have to control the “tails” in the following sense: Let § be some finite
set of irreducible representations of G. Then

SN _Lge AN L Lpe
dz(—"> —e 27 %< dz(-—l) —e 2°°
247, L%\,
px 1
+Zd2(§i) + Y aze 2 (A.26)
q¢S ! )LO 2¢S !

We will need the following estimate for the last two terms: For any £>0 we have
to be able to find a finite set § such that

AN -Lgc
Zdj(—/l-:) + Y de P

q¢S q¢s
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uniformly for large x. Since the decay properties of exp(— ng> are evident we
only have to deal with

2\
Y a2 (f) . (A.27)
q¢5 0
We find it necessary to break up the sum (A.27) into three regions:
@O C,=x,

{an x<C <x'**® with some 0<e<l,

(I c, >x1+£

These three regions are controlled in rather different ways; the necessary
estimates are contained in Corollary A.4 and Lemmas A.5 and A.6.

But first let us study the convergence of the individual eigenvalues. By
Gaussian approximation 4,/4, will be approximated by

= a— { TrcosL@t, du (1)

q re

= »@ [ Tre®du(r), (A.28)
RP

where we used the summation convention L@t =Y L@t ; du, is the normalized
Gaussian measure on R? with covariance t=1/x:
12

du(t)=Qnz)""?e 2 drt, (A.29)

and p is the dimension of G.
We will prove

Lemma A.3.
(1) o SconstC x™ 2
Cc - C 02
2 SLSA4, S0 4 .
@) 1= shsl-g0+gs

Proof. We first consider (2). We use the elementary inequalities

1
1— 5 (L¥t )* <cosL¥t,

1 1
S1=S(L00) + 47 (L)*, (A.30)

which follow by the spectral theorem from the corresponding numerical in-

equalities (remember that the L@ are self-adjoint matrices). If we insert (A.30) in

(A.28) the corresponding Gaussian integrals can be calculated. Using
TrLOLPLOL® STHLOLOY =TrC2=d,C?,

one obtains (2).
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{1) is also easy: Using the coordinates given by the exponential map in a

neighborhood K, of the identity 1€ G we see that

1
A== | Treos L@t e*Treostet d(z)
9K
+ O(B—cx)exx(ll) ,

(A.31)

where K, is the inverse image of K, under the exponential map and will be
assumed to be a ball of radius e. dg(z) is the pullback of the Haar measure and

dg(t)=(1+0(t*) d"t.

Taylor’s formula with remainder allows us to write

x
xx(1)— - 1t]?
& TreosLota e 2 eY(')

xx{(1)—

=e (1 +Y(2) j ds eSY“})
where
Y(t)=xTr(cosLt,— 1)+ ; e
and

<Y()< %Tr(Lata)“

< ST (Tr(L1))? = ool

-lk|x

Inserting this in (A.31) gives

1
Aog— A= = | Tr(19—cosL?z,)

q g(a)

x 11——1~ 2)
VT gy g (R, 1 0(em)

1 x( -1 2)
=— [ Tr(1?9—cos L%t )e K073 ey

q R?

+e (R +0(e™ ),
where with 1=1—2¢?/4!

|R1|§di [ Tr(19—cos L¥r,)

q R?

X _i’i[,[z
-(47[{}4+0(1t{2)e 27 dr

Ax Sl

(— e+ O(ltl"’)) d’t

C, _
< Nconst—Le ™1,
x

(A.32)
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where N = j e 2 d"t 1 and we used (A.30) once more. Similarly one obtains

Ao= (1 —%—0(—1—)) So we end up with
X

RS
Ao 0
1
il ofg
o o 1 q
=1,-1+(,~10(-)+o( %

~ C
tv0(G)
where in the last step we used the already proven fact (2). This proves (1). [

Lemma A.3 contains a bit more than strong convergence as can be seen by the
following corollary:

Corollary A.4.
2
(1) g~ Cal2x <const—-—fi-
{2) For C,=x

3C b
itosexn| -+ 2],

where b is some constant.

Proof. (1) is by now obvious. (2) can be seen as follows: By Lemma A.3, (1) and (2)

p

WY ,+oonstC x™?

g
3¢,

const
+e &

3
SconstCpx ™ *+1— gcqx_1 e

3C const SC
< —2744(1
_exp< Sx)( + . exp Sx)

where b=constexp(3/8). [

Corollary A.4 allows us to control the sum (A.27) in region (I):

3,
2 Bb 2 8
> 4 ( ) sy dZe .
q: C;1S<x q¢S

4
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This can be made arbitrarily small by choosing § large enough because

38 4
Zdzexp(——%[iC)—eS (1,1)<oo.

So we now turn to region (II): x<C,<x'"*. We will use

Lemma A.S. For C X

1/2

- 1
|lq|§exp(-— EC ) + const ;‘C

Proof. Recall that

d j du(t) Tr el

1 L@
:E- { du(t) Trcos =22 fa

Vo

We claim that
L(‘I)t
A,= fd,ul(t)exp( ) (A.33)

Vx

is a multiple of the unit matrix 19, This is a consequence of the O(p) invariance of
the measure du:

eisbL{,‘I)Aqe— ispL{@)
= | dur)et O+t
®
= [ du()e" " =4, (A.34)
RP

where O, is an orthogonal matrix (the adjoint action of G on g is orthogonal
because we chose an invariant metric on g). Because g is an irreducible
representation we conclude Aq=/1q11(q’.

This means that for any normalized vector ¥

A, =(P,4,%). (A.35)

We will choose ¥ as follows: Because Y. (L¥)? =C,, there is at least one LY, say
L®, such that

1
ILP)* = ; C,-
We will choose ¥ such that
1
(P, (L9P?P)=|ILP)* 2 ;Cq- (A.36)

Now note that

a

eiL&‘Hza: (H eiLg‘Dta) ei S L@ , ( A37)
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where in the product the factors are ordered from left to right (the summation
convention is obviously lifted) and f, is independent of g.
The functions fi{r) are analytic in a disc

D;={teR?||f| <6},
and by the Baker-Campbell-Hausdorff formula
HoO=0(01%, b=1,..p
(see [56] for a detailed discussion). This means that
S OLD _ @ + B(‘I)(t) ,
where

| B9(t)]| <const|t|* sup || LY || < const|t|*C}/>. (A.38)
Using (A.38) and (A.36) we obtain

A= (P, &L ) dy (1)

14

<f ( 7 I1 eW) dp.(t)

a=1

+const C,/* f|ef* du.(1)

p
= (lP, I exp(— %(LE,"’V) ‘P) +consttC,?

a=1

gexp(—— —z%Cq> +constC}/%1

as claimed. [

Lemma A.5 obviously implies that for C,<x'"* and x large enough there is a
constant ¢ <1 such that for C,>x

2<@. (A.39)
Using Lemma A.3 we obtain in region (I) (x<C,=x'™*):
&f’— =< !qu +const g-;f- <@ +const C—f, (A.40)
2o X x*

and again by choosing x large enough we can find a ¢>0 such that

2
=<l (A41)
0
in region (II). This will control region (II} because
2ii+e
d?<constx2' . (A.42)

x<Cq§x1+€
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To see (A.42) note that
-2
Z d(f e =41 1)=0(t 2), (A.43)

qes

and therefore

2 pxtte ~1Cq 32
2™ ) e

Cosxt*e 466G

N
<constt 2¢*"°. (A.44)

Putting t=x"17° proves {A.42). From (A.41) and (A.42) we obtain

}' h -~ fcx £ £,
Y (f) d=e™ P20 onsts0  (10). (A.45)

x<Cqsxl+e\Ag

This leaves us with the region (III): C,>x"** ¢<1. To control this region we
will exploit smoothness properties of the kernel of e*- which will give decay
properties of the Fourier coefficients 4.

Lemma A.6. (1) Let n=0 be an integer. Then
1 n n..n,
;!—Eq:d;/lg Cpl? <cmxm'? ;d;i;

with some constant c.
(2) Let t<c™ . Then

C 1
gd;z;exp(zv—f) e
Proof. (2) is an easy consequence of (1). So we have to estimate
Z dgx;c;/z - j‘ex Rex(g)( — A)"/Z g*Rexle) dg.
4q

— A can be expressed in terms of the standard left invariant vector fields X | defined
by

d .

X.N)= 1 (ge" ).~ (A.46)

as
—4=2X X, (A47)

Note the following simple facts

2k

[T &, Rex) (") (cle?), (A.48)

i=1

Xy, .- X, Rex) (@) =c*. (A.49)
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Using (A.48) in conjunction with (A.30) we obtain after the introduction of local
coordinates on G by the exponential map

2k
[e2Rex@ T] (X, Rex)(g)dg
i=1

§e2xx(31) 5 dPte” zxiziz(cl tlz)k

[fl<e

< Prazity 5 dPte” lxttP(sz)k
RP

s

gN(%)k Qk—1)11, (A.50)

where 4 =1—2:2/4! and

N =conste?1 [ gre= i
1
=const | e>*Re*® gg (1 +0 (—)) :
X

So we only have to analyze the possible terms arising from X, ...X € ¥ by

Leibniz’s rule and estimate their number. There is one term of the form
2k
xzk H (Xbi Rex)exl{ex ,
i=1
which when inserted in (A.50) gives
N{c'x) (2k—1)!1. (A.51)

Then there is a term of the form

2k 2k-1
x2k— 1eXReXXEn < H (be ReX)ﬂ § Z cx2k— 1exRex H (Xb,- Rex) ,
i=2 i=1 k

25ig2
i%j
which after insertion in (A.50) gives
N(x) (2k—1)(2k-3)!!
etc. Finally we reach
N X QRk—k+ 1)1 2k+1-2k)!!. (A.52)

The other terms do not involve integrals other than the normalization N and can
be bounded collectively by
2k

Y (¢x) (2k— DN (%) (k) IN< g-(zc'x)k(zk)z

I=k

(for k>0).
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Summing up the terms from (A.51) to (A.52) we obtain

k_,
N(c'x)* Zl Q2k—N(2k—1-2h1

=0
S(Cx)RKINZ g—(zc’x)"@k) !
{for k>0).
So we finally end up with
JexRex(_A)kexRex dg

k
— j‘exRex I‘I (XaiXa,')eXRex dg
i=1

§o=

< pH(const) (2k)! | 2710 dg (1 +0 (i))

1
for k>0. We may absorb the O(—) in (const)*; so (1) is proven for n=2k. For
X

n=2k+1 the Schwarz inequality completes the job. [

Lemma A.6 can now be used to complete the proof of Theorem (A.2) by
estimating the “tail” (A.27) in region (I11): Chose some ¢>¢~ ! and define ¢'=1¢/3.
Then for C,>x"'"*

A 2 , erRex(g) dg
dj(ﬁ) <constexp(—3c' |/ Cq/x)m

Sconstx”? exp(—2¢'x7?)exp(— ')/ C /x)
Zcle)exp(—x7?)exp(—c' |/ C,/x),

where c(e) is a constant depending on &. So for £>0, x> x,(e), Cq>x“"3 we get

?.('1 >2 oY C
d?ZL) SemoVlalx
0

q yl =
and therefore
A \Bx ,
Z df (—i> < Z e~ PV Cax (A.54)
Cq>xl+e 2,0 Cq>xl+e

If we recall that by (A.42) the number of representations g obeying K—1<C, =K
is bounded by const K2 we see that the right hand side of (A.54) goes to zero as
x—>c0, This completes the control of the tails and Theorem A2 is now
proven. [}

Appendix B

In this appendix we want to adapt the random walk expansion of [15] to lattice
Yang-Mills theory at finite temperature. We first decompose our model of L, time
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layers into L, coupled nonlinear o-models in d dimensions:

1 Lo _ e
G(x—y)= > Y j 1 du,.e ‘V‘9m>[uf"§“”‘*lufn’;”""* s B.1)
{@m, by m=1
where we used the notation
[J.=1-e 5 dy, (B.2)
S,=—JRe <Z> PR R B (B.3)
xy

We first treat the case G=SU(2) and use the standard identification of SU(2) with
S,
? sy=s,+is-o,

du(s)=d8(s* — 1) d*s, (B.4)

a 3
= T
where o,, 0,, o, are the Pauli matrices. Note that for any geSU(2)

fruls)*g=g.
Our first input is the following
Lemma B.1.
(i) ws)6(s>—1)=—¢ Og d(s*—1+A)d4,
o 1R © B+l

L
() uls) [~ ols>~ 1 +7)di=~0 gmﬁ

0

8(s*— 1+ A)dA.
Proof. This is a simple computation using
fo(s?—1+ A" dA=(1—5),,
0
where
(1—s%; $*=1
0; §2=1.

(-5, ={

We use this to expand [u,i, ],. First we use (i) and the property dtru*(s)g=g to
obtain

J Tr(us Lo uy viPpE 1)
fdua, ] efTrus vmnds

Yi-yl=e
= J8(s2-Dd*sauls) [] el Trmmmnwsy
yijx-yi=e
@
= Y J{dAs2-1+A) W u vt

yix—y|=e 0
eJTr(u;; Loy oY)
yilx—yl=e
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If we continue to integrate by parts using Lemma B.1 we obtain the following
expansion of [u,i ], in a sum over all paths  from x to y:

[ukl U] = Z lel l(folmg ILm+1

@ix—>y

a6 =

v (B.5)

jduné(s —1+4)e 5.

Here n (w) is the number of times  hits x, |o|= ) n(w)—1, and Vg, m= 1T Uy
x {xyyew
(ordered product, @™ ! is obtained from reversing the orientation of @.

Changing variables in (B.5) we obtain
[ukl u] _ Z lelvkx Ulj

o,m o m+1
wix-ry

B3N Pomrewy

}’nx(m) 1

Ja@ 0=z

where Z@ is obtained from Z© = [e™5~dy by replacing the coupling constant J
for the link {xy) by

=|/1-4, [/1-4,J. (B.6)

Note that all integrations over 4 can be restricted without loss to the interval {0, 1]
because d(s>— 1+ 4)=0 for A>1. With the notation

rzx(a)) 1

@y b1 |0)= cuH———l)-, [10-2)Z2/Z, (B.7)

Xew

we get

[ufclu;j = Z lelvlc‘oi, ” m+1Z( )F(ym’ Um+1lw) (B.8)

wix—y
Inserting this in (B.1) we get our desired expansion of G(x— y) into a sum over
(“random”) surfaces consisting of vertical plaquettes and spanned between L_and
L .

Gx-p= Y J'S’< I Pt )x(ucm(s)>> (B9)

§:88 ={Lux, Ly}

where f is the path obtained from S by intersecting it with the m™ time layer,
C,(S) is the combined path

wio(w,&;l+1)—1’ |S]= leil

(note that we do not include horizontal parts in this “area”).
To see absolute and uniform convergence of this expansion let us apply
Holder’s inequality to

Lo - ~ 1 Lo
[1 2812000 5) ) = 5 Tr 1 PoZ,itluc, ), (B.10)
Z m=1

m=1
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where 7, is the transfer matrix (in 1 direction) obtained by replacing J by J,,
accordmg to (B.6). Now note that

”g...._l/zg- 3-~—1/2“§1’ (Bll)

which follows by differentiating {¢|7,,|¢) with respect to J_, and noting that the
result is nonnegative by reflection positivity. Applying (B 11) and Holder’s
inequality we obtain

Lo L{)
Tr HI Pogva(ucm(S)) = |Tr I;[1 Po(fl/ZX(“cm(S))guwz) (y~1/23~m9~—1/2)
Lo
= Hl 1lPoj1/2X(ucm(s))yl/2”LO
x0T,
and therefore [see (B.10)]
Lo . 1
[ 269 tens))| S 5 TrPoT M @fo =, (B12)
m=1

Now we can bound (B.9), using the fact that the A-integrals contained in the F’s
[Eq. (B.7)] can be computed:

Lo
Gx—y< Y I T 4y o (B.13)
5:88={Lx, Ly} m=1
with
1 n—l 1
1—Adi=——-. B.14
G= i A= (B.149)

To estimate the sum over random paths we consider all paths starting at x and
having at least length |x— y|. Note that then there are 2d possibilities to make a
path o' of lengths ||+ 1 from a path w of length |»] and at least one of them will
end in a point z with »(w)2 2. Inserting this in (B.13) we obtain

2d—1 1 Lo
G(x~y)§(k>]§; lek( T 1+2> x(ﬂ)) ,

which shows absolute convergence of the expansion and at the same time
confinement provided
J< 241 + 1)—1 = d——1 B
2 3\ 6

Let us now turn to U(1l): Here we may represent the elements of U(1) as unit
vectors in IR? and we obtain an expansion like (B.9) but with J replaced by J/2 and
1— A replaced by 1 in the definition of F(...|e) because the change of variables in
(B.5) involves one less power of 1 —A. We obtain confinement for

2d—-1 1)7! A
s -0 < fa-g)
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Let us finally remark that (B.13) can be improved for L,>1. For notational
convenience assume L,=2N,, N,eZ .. Then

”Poyl/ZX(“cm(S))g-l/zHLo
becomes

(Tr(P oX(ucm(s)) T X(ucm(s))j )NO)”LO

No 1/Lo
=Z < H X("?}m(s)) X(ur(!?:({s‘))>

n=1

=ZC,(S),

which leads to

<mﬁl F(gm,ym+1la>fn)x(u’é‘m(s,)>’ < f‘[ KH m> Q(Cm(S))}. (B.14)

m=1 L\xed

One could now use the perimeter decay of ¢(C,(S)) to sharpen the bounds on J (see
[15]) for details.

Appendix C
The purpose of this appendix is to prove Eq. (111.88):

1) LDy
S‘ip(ln+1(J)1n-1(ﬁ_1)'(”II(J)) t €D

Here
W 1 J 2k+n
L= 3, mn)—,(ﬁ (Cy

k=0

is the n'™™ modified Bessel function. Let us first expand the product of two such
functions:

w0 J 2k+n+m k 1
In(J)ImU)zk;O(g) p;opz(k—p)!(p+m)!(n+k~—p)i

B i (J>2k+”+'” k+n+m)!
=) kliin+k)! (m+k)! m+n+k)!

The last equality was obtained by expanding (I+z and comparing
coefficients with the product of the expansions of (1+z)¥"™ and (1+z)*™"
Equation (C.1) will now follow from

2 2
)2 2
I S -

—I21220.

(€.3)

2k+m+n

Lemma C.1.

Proof. We have to show that
a (=12, 1

n—1
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For this we use (C.3) to obtain

()= §<£>2m+2n i @p+2n)!(2m—2p)! n+p

m=o\2 opln+p)*Cn+plim—p)!* n+p+1
B i({)“’””“ m (2p+2n)! (2m+2-2p)! m—p+1
m=0\Z opln+p) Qn+p)m+1—-p)1* m—p+2

- i({)z’"”" n (2p+2n)! 2m—2p)! ( n+p m—p )
=T »=op!(n+p)? Qn+p)tim—p)!* ’

n+p+1 m—p+1
(C3)
where in the sum corresponding to I2I? we changed m to m— 1. Note that the last

bracket in (C.3) is positive for n+p=m— p. We may therefore restrict the sum over
m to mZn and the sum over p to p=m—n and thus bound (C.3) by

2

2

i (J)2m+2"m“"(2p+2n)! (2m~ 2p)!
»=o (n+pt*(m—p)*

_ 1 ( ntp  m-p )
plQu+p)l(m—p)*\n+p+1 m—p+1;

If we change the summation index p in the second term to m—n— p we see that we
only have to show that for 2p<m—n

1 1
<
p!Cn+p)lm—p)? = (m—n—p)lm+n+p)l(n+p)!*’

because the positive term then dominates the negative one and thus o (J)=0.
So we just need

Lemma C.2. For 0=5p= mn

1 1
Pt D =D = (m—n—p) it m—p) (14 D

Proof. We proceed inductively. First put p= P—%ﬁ} Then the lemma holds

because then p+n=m—p (for even p) or p+rn=m—p~—1 {for odd p). Replacing
now p by p— 1 the right hand side picks up a factor

(n+p)? _ n?+2pn+p?
(m—n—p)(n+m—p)  (m—pP—n’’

whereas the left hand side picks up the smaller factor

p(2n+p)

(m—p+1)* L
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