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1 Introduction

When the local description of a physical system includes strong non-linearities, one tries
to trade the original variables for “better” variables, in terms of which nonlinear effects
become weaker. A goal more likely within reach is to find “good” observables whose
behavior displays the essence of the nonlinearity. In the context of relativistic field theory
these observables are non-local in terms of the original variables. As such, their definition
requires specific study of their renormalization.

In this paper we introduce a non-local operator in four dimensional gauge theory which
generalizes the Wilson loop associated with a closed one dimensional curve in spacetime to
an object associated with a closed two dimensional surface embedded in spacetime.



2 Wilson loop operators

2.1 General properties

The nonlinear dynamics of pure SU(N) Yang Mills gauge theory on Euclidean R* is best
captured by nonlocal observables. The Wilson loop operators are standard.

Tr, (Pe’ fe 447y = Tr (Q(C)) = W,(C) (2.1)

Here r denotes an irreducible representation of SU(N), P denotes path ordering round a
closed, smooth, non-selfintersecting curve C, and A is the hermitian Yang Mills connection
of SU(N) Yang Mills theory in R* with ordinary action. The # parameter is set to zero.

The number of boxes modulo N in the Young pattern describing r is the N-ality k.
Assume that the curve C has a unique minimal spanning area A in the standard metric of
R*. A major feature of the theory is confinement: for k # 0 one has

log W(C)] ~ —orA (2.2)

A—o0
Here the limit A — oo is taken at fixed loop shape, C, by uniformly dilating the loop
until the required value of A is achieved. o; > 0, the k-th string tension, does not depend
on C. Since we have set the f-parameter to zero, charge conjugation gives o, = on_p.
Thus, Wilson loop operators provide a precise definition of the property of confinement,
quantitatively expressed by the oy.

C can be parameterized by A and C. In perturbation theory a dependence on A comes
in only through the quantum violation of classical scale invariance. The behavior of W,.(C)
as A — 0 is determined by perturbation theory in terms of the scale Agp(y) which sets
a convention for a running coupling constant at short scales, common to all observables.
The perturbative expansion of W,.(C) is defined only after making some choices to fix free
parameters one encounters in the process of renormalization. These choices may extend
beyond perturbation theory, but should not affect oy.

The renormalization of W,.(C) is well understood [1, 2]. In perturbation theory one
needs to expand log[W,.(C)] and the needed “exponentiation” Feynman rules are known [3].
The conclusion is that for every r one has one operator dependent linear perimeter diver-
gence and all the other divergences are the same as in pure gauge theory. Imposing sym-
metry under conjugation of the renormalized Wilson loops leaves one new arbitrary real
finite part for distinct self-conjugate representations, r = 7, or pairs of distinct conjugate
representations, r 2 7.

2.2 Fermionic representation

We shall focus on the set of all single column (totally antisymmetric) representations. This
set has then [%] free real parameters. These parameters can be counted also by simulta-
neously dealing with all the W,.(C), assembled into the average characteristic polynomial:

P(2,C) = (det [z + Q(C)]) = (det [1 + zQT(C)]> (2.3)



The diagrammatic expansion rules for log P(z,C) are obtained from a fermionic repre-
sentation. Let X7, Xs... X, be n arbitrary N x N matrices and let X = X;X5...X,, be
their matrix product. We then have the following identity [4, 5]:

[ T [asaus] e=imlisXomion] — der1 + x) (2.4)
j=1
Here 9,11 = —11 and each v; has N components. Taking a formal continuum limit we
get [10]:
dm;ﬁ—%zQWCﬂ :‘/’wwdw]eﬁdmﬂam%—W”“Wwa> (2.5)
Here,
z=eM (2.6)

o parametrizes C by z(c). The parametrization [0,2,,(c)]? = 1 identifies [ as the length of
the loop. The continuum one dimensional fermions (o), (o) obey anti-periodic boundary
conditions round the curve. The one dimensional vector potential ¢ is defined by the four
dimensional one:

(o) = Au(a(o)) 27 (2.7

The diagrams are read off from the following path integral:

6_49% J A TrF2 4 [ dod(0)[0s —p—ia(o)]w(o)
J1dA,]

g is the gauge coupling and F),, is the field strength made out of A,. One needs to choose

P(2C) = / (dA,] [dibdy) (2.8)

o ﬁ [ dAzTrF?

a gauge fixing convention and add the needed ghosts. This is done without reference to
the fermions.

The Feynman diagram expansion for log [P(z,C)] consists of connected diagrams which
look exactly like those for the fermion contribution to the free energy of ordinary QCD.
Only the mathematical expressions for the ¥1) A vertex and for the 1) propagator differ.

If the diagrams are viewed in Euclidean configuration space the expression for the ¢ A
vertex is simple. The fermion propagator, S(o), requires the inversion of the kernel taking
into account the boundary conditions. With |o| < (o stands for o1 — oy with 0 < ¢; < 1)
it is given by [6]:

SW)ZB’W[WUW—Tj%m] (2.9)

S(o) is diagonal in its suppressed SU(N) indices. The dependence on C comes from con-
nected vacuum diagrams containing at least one fermion loop and makes a contribution of
at most order N to the free energy if g2 N is kept fixed.

W, for r = N (the fundamental representation) can be extracted by taking y — oo and
picking out the term linear in z. For a given fermion loop the product of the prefactors of
S(o) is one. All propagators are now f-functions except one, which is —z. The fermion loop
gives another overall —1. The dropped 6 function is equal to zero if all other 6 functions
are equal to one. This recovers the pure gauge Feynman rules for the fundamental Wilson



loop operator. To the same end, one could have also used the limit © — —oco (2 — 00)
giving W, with r = N.

Standard power counting applies, producing all counter-terms potentially needed to
eliminate all ultraviolet divergence in perturbation theory. With a standard gauge fixing
method that is independent of C, BRST symmetry is preserved and the counter-terms have
to be BRST invariant.

o has dimension length and therefore the fermions have zero dimension. Requiring
gauge invariance leaves, in addition to the standard counter-terms, N — 1 new dimension-
less counter-terms [zﬁ¢}k, k =1,...,N with dimension one coefficients reflecting linear
perimeter divergences in the Wilson loops underlying our observable. Setting u = 0, con-
jugation invariance is preserved, acting as follows:

Yo, oY, A, — A, (2.10)

For odd k, [Q,Z_)@Z)]k changes sign. Therefore, these counter-terms can be set to zero. The
parameter p can be turned on perturbatively. By power counting, this could induce a new
ultraviolet divergence, but it is at most logarithmic and can be absorbed in p. This leaves
[%] independent counter-terms, corresponding to the perimeter divergences in W, for r
given by a k-box column; conjugation symmetry exchanges k with N — k and we require
that it be obeyed by the counter-terms.

More new counter-terms, of the form [ di [1/711/1]11‘C also are possible. They would
correspond to new types of logarithmic divergences. These counter-terms can be made
gauge invariant by minimal substitution. (There also is another set where the derivative

acts on v.) These terms can be ignored, since they can be eliminated by a field redefinition:

b= \F (dx) (2.11)

One can change the integration variables 1 to x and the Jacobian will have the form of

b= x +arx (¥x) +aax (0x)* + . +anax (¥x)"

the counter-terms already taken into account above. The inverse transformation is:

X = — axth (D) + Bop (50)* + ... + By 19 (9) V! = W F () (2.12)

with B,...B8n_1 determined by the a;. One has then
o =90 [xF (dbx)] = 0 [0x] F (dx) +¥x [0 (¥x) ] F' (dx) (2.13)

The last term is a total derivative, and can be dropped due to the boundary conditions.

There is a [%] real dimensional space in which to choose the finite parts of the diver-

gent quantities made finite by the counter-terms. Once this is done, one can calculate to

)"

arbitrary order in perturbation theory. From the result, by taking derivatives with respect
to z at z = 0 one gets perturbative expressions for the N coefficients of z in P(z,C). The
expressions for each coefficient can be re-exponentiated, producing the final perturbative
expression for P(z,C) as arank N polynomial in z. Alternatively, one could have computed
each coefficient independently in exponentiated form and never employed the fermions.
On the [g] dimensional submanifold of all possible finite part choices one has enough
freedom to ensure that the so obtained P(z,C) will have all its zeros on the unit circle.



This is so because preserving charge conjugation guarantees that the polynomial in z will
be palindromic with real coefficients for any parameter choice [7]. Outside this submanifold
P(z,C) will have some roots off the unit circle for small enough .A.

Comparing with the known results from diagrammatic analysis, the fermionic repre-
sentation is seen to produce correct free parameter counting in this case.

2.3 A large N phase transition

Using a lattice regularization one can define P(z,C) even beyond perturbation theory. One
can make sure that this fully defined P(z,C) has all its zeros on the unit circle for any
A4, 8].

There is numerical evidence for the following: P(z,C) exhibits a nonanalytic behavior
as the loop C is kept at fixed shape C and scaled. We first take the large N limit in the
't Hooft prescription at fixed z. The nonanalyticity occurs first at z = 1 as the loop is
scaled down from a large size. Wilson loops in SU(N) gauge theory in two, three and four
dimensions all exhibit this infinite N phase transition as they are shrunk from a large size
to a small one; in the course of this scaling down, the support of the eigenvalue distribution
of the untraced Wilson loop unitary matrix contracts from encompassing the entire unit
circle, to a small arc centered at z = —1 on the unit circle. An analogous effect takes place
in the two dimensional principal chiral model for SU(N) [9].

At finite ultraviolet cutoff, before the addition of the multi-fermion counter-terms, we
observe that the large N transition occurs when the the spectrum of D;(C) = 9, —ia(0),
which was gap-less for large A, opens a gap as A decreases through A.. The spectrum of
Q(C) directly determines the spectrum of Dj(C), which can be viewed as a Dirac operator
in one Euclidean dimension [10]. This observation will partially motivate the generalization

in the next section.

The universality class of this transition is that of a random multiplicative ensemble
of unitary matrices. The transition was discovered by Durhuus and Olesen [11] when
they solved the Makeenko-Migdal [12] loop equations in two dimensional planar QCD. The
nature of the transition is now better understood. The authors of [13] proposed a relation
to Burgers’ turbulence [14] and there are exact results in 2D supporting their view [15].

For finite IV, in two dimensions, Q(C) is an SU(N) matrix diffusing on the SU(N) group
manifold. This holds approximatively also in four dimensions: see [16]. The “diffusion”
is imagined at fixed C and A plays the role of diffusion time. At infinite N the transition
occurs at A = A.. For N> 1, z ~ 1 and at A ~ A, P(z,C) [with C fixed] is described
by a universal function, with one, or perhaps two, non-universal, ¢ dependent constants.
One constant sets the scale of A — A, and the other sets the scale of N itself. There is
a possibility that the latter is actually always equal to unity on account of the discrete
nature of IV, even though in the % expansion this does not come in.

For N > 1 there is a sharp crossover in the critical region. This crossover separates
small loops of shape C from large ones with identical shape. The crossover connects two
distinct regimes. In the perturbative regime, one has, up to terms depending on the choices



made for the finite parts

ho é, N, z
P(z,C) — (14 2)N ~ # (2.14)
A=0 Jog [AA%U(N)}
while in the nonperturbative regime we have
P(z,0) — (14 2Y) e (242N heo <(f,N> e~ 1A (2.15)

If we had an effective string algorithm to compute in the nonperturbative regime
and managed to carry out a perturbative calculation for small loops the two would be

connected at N > 1 by a known universal function and, by matched asymptotics, we would
o1

AQSU(N)

introduces [8] an additional scale which is finite in units of Agy () and which would alter

obtain the ratio

. A renormalization scheme that effectively fattens the Wilson loop

in a calculable way the asymptotic behavior as A — 0.
To ensure that P(z,C) has all its zeros on the unit circle for any area, a necessary
condition is

diWr(C) <1 (2.16)

for all 7 (d, is the dimension of 7) and all A > 0 at fixed C. However, many reasonable
renormalization prescriptions would violate the above inequality for small enough .A.

3 The new observable

3.1 Fermionic representation and ultraviolet divergences

One would prefer an observable with no linear divergences and less free parameters after
renormalization than P(z,C).

As mentioned already, the Feynman diagrams themselves are those of QCD. We decide
to restrict now the fermion lines to a two dimensional embedded closed smooth manifold,
3, and add the required Dirac indices. We ensure that gauge invariance is preserved. To
keep matters simple, we want the two dimensional manifold to be flat in the induced metric
from R*. We take ¥ to be a torus of sides l1 2. The boundary conditions on the fermions
are chosen as antiperiodic in both directions. Now the fermions will have dimension 1/2
and renormalization will not require terms with more than 4 fermions. Thus, the number
of counter-terms will no longer grow with N. Moreover, if we keep the fermions massless
there will be a continuous chiral symmetry eliminating the last potential linear divergence.
This will hold also when the fermion mass is reinstated.

Formally, if we take I — 0 we get two copies of the fermion system used for P(z,C).
Thus, the new observable ought to still carry the essential information carried by the
old one.

Consider now a uniform scaling of the embedded torus: l12 — pl12 and introduce a

shape parameter 0 < 7 = % < oo which is left invariant by this scaling. At fixed 7, as

1

p is varied, maximally separated fermions will feel confining forces for p > 1 and F——



forces for p < 1. We guess therefore that the two regimes will be separated by a crossover
which will become a phase transition at infinite V. As p decreases through some critical
value, the spontaneously broken chiral symmetry will be restored. To some extent, this is
a reincarnation of an old idea in [17], which in turn was motivated by [18].

At finite cutoff, before the addition of the 4 fermion counter-terms, this large NV tran-
sition will be reflected in the eigenvalue spectrum of Do (X), the Dirac operator acting on
the torus fermions. This is analogous to an observation we made in the previous section.
However, it is well known that on the broken side the portion of the spectrum of Do ()
that is close to zero is described by a simple random matrix model [19]. This fact has
become a potent tool for numerically determining that chiral symmetry is spontaneously
broken. The random matrix description ceases to hold when chiral symmetry is restored.

Here are some equations summarizing the above. The embedded torus ¥ is defined by

x(0), o is short for o, with a = 1,2.1

(o) l1 2moq (o) l1 . 2moq (o) ly 2moy (o) lo . 2moy
z1(0) = =— cos o) = — sin o) = — cos o) = —sin
! 2 Iy 2 2 Iy 3 2w ly 4 2w ly
(3.1)
The induced metric on the torus is
do? = do? + dos (3.2)

We define a two component gauge potential a, on the torus by

Oy

0 = Ay (w(0)) 5

The Dirac matrices on the torus are

The new observable is:

f [dA ] [d@dw] eiﬁ fd4xTrF2+fz; dQU@Z(U)haaffa —p—iva aa ()] (o)

Q(:U'a E) = . 1 4 2 (3'5)
J[dA,] e—@fd o

The two dimensional massless Dirac operator is:

D2(E) = 7046004 - Z"Va aa(o') (36)

Denoting the Hermitian generators of su(N) in the fundamental representation by 77,
j=1,...,N — 1 the nonabelian fermion current coupled to a is given by

T3 (0) = $(0)1aT’9(0) (3.7)

'From the context it should be clear when 01,2 refers to these coordinates and when to the first two
string tensions among the oy.



The abelian vector current is

Jo = V(o) (0) (3.8)

Power counting and symmetries allow for two local four-fermion counter-terms at p = 0:
L1=J0J, Lo=JyJs (3.9)

L1 can be replaced by a chiral invariant linear combination of terms made out of the product
of two terms bilinear in the fermions, each a SU(N) singlet. Suppose one integrates out the
Yang Mills and ghost fields first. Now, one keeps the four fermion terms of order g2, but
drops all higher order terms in g?. We leave aside the question how valid this approximation
is, but intuitively it should capture correctly some of the physics if ¥ is small in units of
Agllj( N This makes it possible to use standard methods [20] to solve the fermion model
exactly in the large N-limit, even though the induced four fermion term is non-local [21].
The required £; counter-term can also be exactly taken into account in the large N limit.
As is well known, this provides expressions for some observables that are non-perturbative
in the 't Hooft coupling g>N.

Both counter-terms are dimensionless, so there are no ultraviolet divergences worse
than logarithmic. The Thirring term Ls is probably not strictly needed, and would add a
free parameter to the theory if included [22]. £ is certainly needed, as indicated above.
To identify the ultraviolet divergences it is enough to consider the case where our closed
¥ is replaced by an infinite two dimensional plane. The A, Feynman gauge propagator in

four dimensional Fourier space induces an effective a,, propagator in two dimensions:

&pyd®p. J(]) &p
= log [A ,
/pﬁﬂﬁg/\? @2m)* pi+p7 /pﬁg,\z (27r)3f(p||) og [A/lp] (3.10)

We have not yet carried out a detailed direct diagrammatic analysis of all
ultraviolet divergences.

3.2 General properties

The new observable thus achieves the main objectives of reducing all ultraviolet divergences
to logarithmic and making the number of needed counter-terms /N-independent. The new
observable is more amenable to perturbation theory, as infinite sets of diagrams can be
summed using results from large N vector models and non-analytic dependencies in the
Yang Mills coupling can be generated [21]. A calculation of the relevant J-functions for
this system is left for the future. Perturbation theory should work for small /; 5, but for
large [ we need something different. Possibly, an effective two dimensional field theory
could be found and then we would need to match it to the four dimensional underlying
YM theory. Alternatively, although we do not have a clear candidate for an effective string
description, we could guess one. If we have an effective description of the Wilson operators
for large loops by using open strings whose ends are restricted to the curve C, maybe a
similar effective description employing open strings now restricted to end on ¥ (a sort of
D-brane) would work for large 3.



One issue left to address is how confinement is reflected by the new observable, qualita-
tively and quantitatively. We already noted that the limit 7 — 0 takes the new observable
into the old one, so confinement will be seen. There are several new ways in which the new
observable would reflect confinement. It is well known [12] that one can write a formal
expression for the chiral condensate in terms of a sum over Wilson loops. Here, the chiral
condensate would be a 2D one, but the Wilson loops, although restricted to 3 will have
four dimensional values.? Large loops will exhibit the area law because of four dimensional
confinement and those loops would make a contribution to the condensate which is similar
to the contribution made in two dimensional gauge theory if the two fundamental string
tensions are matched. Note however that the minimal area may not lie on ¥ and therefore
even for large loops one cannot expect an asymptotically perfect match. In addition, in two
dimensional gauge theory there is no shape dependence, while in four dimensions there is.
Nevertheless, from the point of view of the fermionic condensate the four dimensional char-
acter of the ambient YM theory reflects itself mostly at small Wilson loops. It is unclear
by how much the relation between the o; and the condensate would differ in our system
from an effective two dimensional one. Note that two dimensional Yang Mills theory with
the inclusion of £y 5 is still exactly solvable at infinite N [23].

The finite nature of the torus reflects itself in the free fermion propagator. If the gauge
fields were truly two dimensional, at infinite N the dependence on the size of the torus
would disappear from intensive quantities [24]. The mechanism behind this relies on the
extra finite-temperature-like Z2(N) symmetry of the gauge sector which acts non-trivially
on Polyakov loop operators on the torus. These symmetries are absent when the gauge
fields are induced from the four dimensional world. However, for a large enough torus
the four dimensional Wilson loop operators interacting with the fermions as Polyakov loop
operators have eigenvalue distributions that are very flat. The deviation from total flatness
is exponentially small in the area because of four dimensional confinement. Thus, up to a
small correction, the fermions free energy per unit torus area will become independent of
the volume at very large N. More precisely,

lim

N S log[Q (1, %)) (3.11)

would approach its infinite [; o limit (at fixed 7 # 0,00) with a correction that goes as
exp[—cymin?(ly,ls)]. We see that in the large N limit the fundamental string tension
controls the large scale behavior of the new observable, just as that of the old one.

A last issue of comparison is that in the old observable the fermions can be easily
integrated out (this is how they were introduced in the first place) leaving one with explicit
expressions in terms of Wilson loop operators. The fermions of the new observable can
also be integrated out, leaving a more complicated observable behind. If ¥ were a two
sphere the answer has an explicit form [25]. For a torus some care is required with loops
wrapping the torus and we are not sure whether a closed expression can be written down.
Recall that a local form of the answer requires the introduction of a third dimension along
which the gauge field is smoothly deformed. In our application one needs not invent such

2We are assuming N > 1 where the feedback of the fermions can be neglected.



a deformation: ¥ can be “filled” in two topologically distinct ways inside the R* and many

possible deformations are available.

3.3 Hamiltonian version

One can imagine a Hamiltonian formulation, in which we choose ls = co. Then the infinitely
heavy finitely separated source and sink picture associated with an ordinary rectangular
Wilson loop, and used for the extraction of the heavy quark-antiquark potential, has a
simple generalization. Instead of a nailed down pair of fundamentals we have a circle on
which any number of fundamentals can travel and many types of states will contribute.
The locations of the charges are still restricted in four dimensions, but not to two separated
points, but rather to a common circle. So, in particular, as time evolves, we guess that
states made out of diametrically opposite quark-anti-quark pairs, rotating around each
other, would develop. This is closer to the semi-classical picture we usually invoke when
extracting the experimental string tension from meson Regge trajectories in QCD than the
static heavy quark potential we get from traditional Wilson loops. Moreover, since there
is no fundamental matter in the bulk, the rotating string along the diameter cannot just
decay by pair formation, as it would in QCD [26]. To be sure, while our observable lets the
pair members rotate round each other, it still constrains the radius of their trajectory to
a fixed number, so the four dimensional argument cannot be fully carried over. In short,
the new observable provides an opportunity to look at mesonic states of definite angular
momentum in some direction.

Replacing the finite torus X by an infinite cylinder does not eliminate the large N phase
transition. The Hamiltonian system is expected to undergo a large N phase transition of
spontaneous chiral symmetry breaking as the compact direction is shrunk, in analogy with
the finite temperature Gross-Neveu model [27].

4 Numerical results for large N

4.1 General observations

One cannot put a smooth closed loop on a hypercubic lattice. One has to allow corners,
and there are extra logarithmic divergences associated with these. When dealing with
Wilson loops the definition of the observable we used in our numerical work [4, 8, 9] also
eliminated these divergences.

Similarly, one cannot put a smoothly embedded torus on the lattice. However, the
worst new ultraviolet divergences induced by the extra folds one requires are weaker than
the leading ones, which now are just logarithmic. Thus we can use a torus embedded into a
four dimensional hypercubic lattice in which the circle of circumference I} in ¥ is replaced
by a square of perimeter L; (in lattice units and divisible by 4) and similarly the circle of
circumference lo in ¥ is replaced by a square of perimeter Lo. It is now straightforward to
adapt the overlap [28] action to the lattice ¥ so constructed. This allows us to have exact
chiral symmetry on the lattice.

Since the fermions only contribute at order IV to the free energy, to determine what
happens at N = oo it suffices to keep them quenched, that is their feedback on the dis-

,10,



tribution of the gauge fields can be ignored [29]. This simplifies the numerical work by a
significant amount.

Equation (3.10) tells us that in order to go to the continuum limit we need to add
a 4 fermion term on the embedded surface. Its sign will be the opposite of the standard
sign; after a Fierz transformation and a Hubbard-Stratonovich decoupling, the kernel of
the quadratic fermion action no longer obeys a property under hermitian conjugation that
simplifies the numerical computation of its eigenvalues. Our numerical tests below did
not include 4 fermion terms. We looked for numerical evidence for spontaneous chiral
symmetry breaking at infinite N in the lattice regularized theory. More work would be
needed to go to the continuum limit.

Even as a pure lattice study, our numerical work is just exploratory; our main objec-
tive was to find examples of parameters for which we can be reasonably sure that chiral
symmetry is spontaneously broken at N = oo and other examples where we can be reason-
ably sure that chiral symmetry is preserved by the vacuum of the fermionic system even at
N = oo. This provides evidence for the existence of at least one large N phase transition.
The simplest assumption is that there exists only one such transition, but we have certainly
not ruled out numerically the existence of more transitions than one. Our extrapolations
to infinite N are simplistic and would need to be refined in future work.

4.2 Parameter ranges

The four dimensional gauge field at fixed lattice coupling, b = QQLN and given N, is generated
in the standard manner on lattices of sizes 6* and 10*. We looked at the range of b-values
0.348-0.367. The highest b value is determined by the requirement that the 10* torus still
be in the confining phase at NV = co. The lowest b value is determined by the requirement
that we stay out of the infinite N strong coupling phase, at least by metastability. The
smaller volume can be used for smaller b-s in the range.

A two dimensional finite flat torus of size 4L x 4L is constructed by the Cartesian
product of a closed L x L loop in the (1,2) plane by another closed L x L loop in the (3,4)
plane. We looked at sizes 4L = 8, 16.

A “semi-infinite” two dimensional torus of size 4L in its finite direction is embedded in
the four dimensional lattice forming one closed L x L loop in the (1,2) plane and another
loop in the 3 (or 4) direction closed by winding around the lattice. At N = oo, because of
continuum reduction, the torus may be viewed as infinite in the winding direction so long
as we are in the confined phase. Again, we looked at 4L = 8, 16.

We construct the two dimensional overlap operator with anti-periodic boundary con-
ditions on the two dimensional torus, using the four dimensional gauge fields residing on
the links of the embedded torus. We compute the two lowest positive eigenvalues of the
overlap Dirac operator for 100 random distinct translations of the two dimensional torus
on the four dimensional lattice. In this manner we get an average value for the two lowest
eigenvalues, \;, i = 1,2. We also obtain the distribution of r = %, denoted by P(r), for
each four dimensional gauge field configuration. We obtain an estimate for <5\Z>, 1=1,2,
(r) and (P(r)) by averaging over several configurations.

— 11 —



0.007 -
o <i>
o <i>
0.006 | — -0.00023 + 0.035/N
— -0.00046+0.092/N

0.005 —

0.004 —

<i>

0.003 —

0.002 —

0.001 —

| | | | | | | | | | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
1/N

Figure 1. Lowest two eigenvalues as a function of 1/N at b = 0.350 for a 16 x 16 torus embedded
in a 10* lattice.
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Figure 2. Distribution of the ratio of the two lowest eigenvalues for N = 13 and N = 19 at
b= 0.350 for a 16 x 16 torus embedded in a 10* lattice.

4.3 Finite torus
4.3.1 Broken chirality

We present one example in the phase of broken chirality (L = 16, b = 0.350 on a 10*
lattice). Figures 1 and 2 show data for N = 13 and N = 19 and provide evidence for the
absence of a spectral gap (figure 1) and for chiral random matrix behavior of the eigenvalue
ratio distribution (figure 2). The two lowest eigenvalues in figure 1 extrapolate at N = oo to
small negative numbers which we interpret as saying that both eigenvalues go to zero. One
can also calculate the average eigenvalue ratio and extrapolate it to N = co; one obtains a
number comfortably close to the chiral random matrix theory prediction, 0.37674227 .. ..
The absence of a gap and the agreement with chiral random matrix theory are strong
indicators that chiral symmetry is spontaneously broken in the N — oo limit at this choice

of the parameters L and b.
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Figure 3. Lowest two eigenvalues as a function of 1/N at b = 0.348 for a 8 x 8 torus embedded in
a 6% lattice.
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Figure 4. Distribution of the ratio of the two lowest eigenvalues for N = 13,19,23,31,37 at
b = 0.348 for a 8 x 8 torus embedded in a 6* lattice.

4.3.2 Preserved chirality

Our other example (L = 8, b = 0.348 on a 6% lattice) is in the phase of preserved chirality.
We consider a larger range of N values, N = 13,19,23,31,37 because this case requires a
more thorough investigation of the N-dependence: chiral random matrix behavior might
set in at only high values of N, and we want to rule this out. The results are shown in
figure 3. Figure 4 shows that the distribution of the ratio of the two lowest eigenvalues gets
more peaked closer to unity as IV is increased, becoming more and more different from the

chiral random matrix theory result.

The existence of a gap separating the lowest eigenvalue from zero at infinite IV implies
that chiral symmetry is preserved at this set of L = 8, b = 0.348 values.
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Figure 5. Lowest two eigenvalues as a function of 1/N at b = 0.363 for a 16 x 10 torus embedded
in a 10* lattice.
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Figure 6. Distribution of the ratio of the two lowest eigenvalues for N = 13,19,29,37 at b = 0.363
for a 16 x 10 torus embedded in a 10* lattice.

4.4 Torus with one infinite extent

The behavior of the lowest two eigenvalues on a torus with one infinite extent follows the
same pattern as on the finite torus.

4.4.1 Broken chirality

We consider a 16 x 10 torus on a 10* lattice and set b = 0.363. The N values we used are
N = 13,19,28,27. The fits to the two lowest eigenvalues in figure 5 are again interpreted
as saying that both eigenvalues extrapolate to zero at N = oc.

Figure 6 shows that the distribution of the ratio of the two lowest eigenvalues agrees
with the prediction from chiral random matrix theory when extrapolated to infinite V.

The average ratio again approaches the chiral random matrix theory number.
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Figure 7. Lowest two eigenvalues as a function of 1/N at b = 0.363 for a 4 x 10 torus embedded
in a 10* lattice.
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Figure 8. Distribution of the ratio of the two lowest eigenvalues for N = 29 and N = 37 at
b= 0.363 for a 4 x 10 torus embedded in a 10* lattice.

We conclude that chiral symmetry is spontaneously broken at N = oo at this point in
parameter space.

4.4.2 Preserved chirality

We now take an 8 x 10 torus on a 10* lattice at b = 0.363 for N = 29 and N = 37. The
plot of the two lowest eigenvalues as a function of 1/N in figure 7 indicates the existence of
a gap at N = 0o. The two lowest eigenvalues in figure 7 extrapolate to values which show
the presence of a gap at N = co. Figure 8 shows that the distribution of the ratio of the
two lowest eigenvalues gets more peaked closer to unity as IV is increased, departing from
the prediction of chiral random matrix theory.

We conclude that chiral symmetry is preserved also at N = oo in this example.
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4.5 Comments on numerical work

We have carried out more types of fits in the above selected examples and also simulations
at other parameters sets. These studies showed that the simplistic extrapolations of % to
zero have systematic errors that can overcome the statistical ones. We also found points
in parameter space where we could not credibly make a determination about the status of
chiral symmetry at infinite N. Therefore we cannot rule out the existence of some more
esoteric phases in the large N limit. If more esoteric phases do turn out to exist, there
will be more than one large N phase transitions and the large N structure of the crossover
may be more complicated than we would like.

These issues need to be addressed. It is possible that the computational resources at
our disposal at the moment won’t be able to reach the values of N needed to settle these
questions conclusively.

5 Summary and discussion

Our main point was to introduce a system coupling two dimensional fermions to four
dimensional gauge fields. This provides new non-local observables in pure Yang Mills
theory and we gave reasons why they are interesting. We hope that these observables in
pure gauge theory will produce parameters expressible in terms of A gy by an asymptotic
matching of perturbation theory to a yet unknown, effective, systematic, description of
long distance physics. We provided numerical evidence that these new observables vary
with scale through a crossover where a nonanalytic behavior will set in at infinite N. We
hypothesize that at N = oo the crossover becomes a phase transition governed by a well
understood universality class.

If this hope pans out, we could match parameters between the two descriptions and use
them in other circumstances. For example, one could consider fermions living on the infinite
z,t plane while the gauge fields it couples to live on infinite Minkowski space x, vy, z,t. It
is now convenient to pick the light cone gauge in the z,¢ directions and consider scattering
events of objects made out of fermions in the z,t¢ plane. Unlike in the cylinder or torus
case, for a scattering event characterized by a single scale, one expects that even at infinite
N the crossover as that scale is varied from short to long will be smooth. The infinite N
phase transitions we are studying are observable dependent and so are their universality
classes. The basic idea is then to use an observable which has a large IV phase transition
in order to relate the parameters of a long distance effective theory to those convenient at
short distances, and then exploit the general applicability of the long distance theory to
calculate other observables, which are smooth in scale even at N = oco.

The infinite spacetime could be taken to be three dimensional, in which case the
ultraviolet divergence (3.10) goes away. It is possible that in this case one can do without
a four fermion counter-term in the continuum. One cannot embed a torus flatly in the
ambient three dimensional spacetime, and therefore one might as well use a sphere and
deal with its curvature. On the lattice the sphere would be replaced by the surface of a
cube equipped with 8 singular corners. We leave further study of this case for the future.

,16,



Acknowledgments

R.N. acknowledges partial support by the NSF under grant number PHY-0854744. HN
acknowledges partial support by the DOE under grant number DE-FG02-01ER41165. HN
notes with regret that his research has for a long time been deliberately obstructed by his
high energy colleagues at Rutgers. HN wishes to thank A. Schwimmer for many conversa-
tions. HN acknowledges a private conversation held at Zakopane in May 2009, in which M.
Nowak expressed his intuition that the large N phase transition in Wilson loops reminds
one of spontaneous chiral symmetry breaking. HN also thanks R. Lohmayer and T. Wettig
for conversations and L. Stodolsky for several electronic mail exchanges.

References

[1] J.-L. Gervais and A. Neveu, The slope of the leadingregge trajectory in quantum
chromodynamics, Nucl. Phys. B 163 (1980) 189 [SPIRES].

[2] V.S. Dotsenko and S.N. Vergeles, Renormalizability of phase factors in the nonabelian Gauge
theory, Nucl. Phys. B 169 (1980) 527 [SPIRES].

[3] J.G.M. Gatheral, Exponentiation of Eikonal cross-sections in nonabelian Gauge theories,
Phys. Lett. B 133 (1983) 90 [SPIRES];
J. Frenkel and J.C. Taylor, Nonabelian Eikonal exponentiation,
Nucl. Phys. B 246 (1984) 231 [SPIRES].

[4] R. Narayanan and H. Neuberger, Universality of large-N phase transitions in Wilson loop
operators in two and three dimensions, JHEP 12 (2007) 066 [arXiv:0711.4551] [SPIRES].

[5] R. Lohmayer, H. Neuberger and T. Wettig, Possible large-N transitions for complex Wilson
loop matrices, JHEP 11 (2008) 053 [arXiv:0810.1058] [SPIRES].

[6] G.V. Dunne, K.-M. Lee and C.-h. Lu, On the finite temperature Chern-Simons coefficient,
Phys. Rev. Lett. 78 (1997) 3434 [hep-th/9612194] [SPIRES].

[7] S.A. DiPippo and E.W. Howe, Real polynomials with all roots on the unit circle and abelian
varieties over finite fields, J. Number Theory 73 (1998) 426 [math.NT/9803097].

[8] R. Narayanan and H. Neuberger, Infinite N phase transitions in continuum Wilson loop
operators, JHEP 03 (2006) 064 [hep-th/0601210] [SPIRES].

[9] R. Narayanan, H. Neuberger and E. Vicari, A large-N phase transition in the continuum two
dimensional SU(N) x SU(N) principal chiral model, JHEP 04 (2008) 094
[arXiv:0803.3833] [SPIRES].

[10] Y. Kikukawa and H. Neuberger, Overlap in odd dimensions, Nucl. Phys. B 513 (1998) 735
[hep-1at/9707016] [SPIRES].

[11] B. Durhuus and P. Olesen, The spectral density for two-dimensional continuum QCD,
Nucl. Phys. B 184 (1981) 461 [SPIRES].

[12] Y. Makeenko, Methods of contemporary Gauge theory, Cambridge Monographs on
Mathematical Physics, Cambridge University Press, Cambridge U.K. (2002).

[13] J.-P. Blaizot and M.A. Nowak, Large-N. confinement and turbulence,
Phys. Rev. Lett. 101 (2008) 102001 [arXiv:0801.1859] [SPIRES].

,17,


http://dx.doi.org/10.1016/0550-3213(80)90397-1
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B163,189
http://dx.doi.org/10.1016/0550-3213(80)90103-0
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B169,527
http://dx.doi.org/10.1016/0370-2693(83)90112-0
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B133,90
http://dx.doi.org/10.1016/0550-3213(84)90294-3
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B246,231
http://dx.doi.org/10.1088/1126-6708/2007/12/066
http://arxiv.org/abs/0711.4551
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0711.4551
http://dx.doi.org/10.1088/1126-6708/2008/11/053
http://arxiv.org/abs/0810.1058
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0810.1058
http://dx.doi.org/10.1103/PhysRevLett.78.3434
http://arxiv.org/abs/hep-th/9612194
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/9612194
http://arxiv.org/abs/math.NT/9803097
http://dx.doi.org/10.1088/1126-6708/2006/03/064
http://arxiv.org/abs/hep-th/0601210
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0601210
http://dx.doi.org/10.1088/1126-6708/2008/04/094
http://arxiv.org/abs/0803.3833
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0803.3833
http://dx.doi.org/10.1016/S0550-3213(97)00779-7
http://arxiv.org/abs/hep-lat/9707016
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-LAT/9707016
http://dx.doi.org/10.1016/0550-3213(81)90230-3
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B184,461
http://dx.doi.org/10.1103/PhysRevLett.101.102001
http://arxiv.org/abs/0801.1859
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0801.1859

[14]

[15]

[16]

J.M. Burgers, The nonlinear diffusion equation: asymptotic solutions and statistical
properties, D. Reidel Publishing Company, Boston U.S.A. (1974).

H. Neuberger, Burgers’ equation in 2D SU(N) YM, Phys. Lett. B 666 (2008) 106
[arXiv:0806.0149] [SPIRES].

A.M. Brzoska, F. Lenz, J.W. Negele and M. Thies, Diffusion of Wilson loops,
Phys. Rev. D 71 (2005) 034008 [hep-th/0412003] [SPIRES].

H. Neuberger, Instantons as a bridgehead at N = oo, Phys. Lett. B 94 (1980) 199 [SPIRES].

A. Casher, Chiral symmetry breaking in quark confining theories,
Phys. Lett. B 83 (1979) 395 [SPIRES].

E.V. Shuryak and J.J.M. Verbaarschot, Random matriz theory and spectral sum rules for the
Dirac operator in QCD, Nucl. Phys. A 560 (1993) 306 [hep-th/9212088] [SPIRES].

D.J. Gross and A. Neveu, Dynamical symmetry breaking in asymptotically free field theories,
Phys. Rev. D 10 (1974) 3235 [SPIRES];

G. Bathas and H. Neuberger, Chiral Yukawa models in the planar limit,

Phys. Lett. B 293 (1992) 417 [hep-1at/9207034] [SPIRES].

E. Antonyan, J.A. Harvey, S. Jensen and D. Kutasov, NJLS and QCD from string theory,
hep-th/0604017 [SPIRES].

H. Neuberger, A.J. Niemi and G.W. Semenoff, Thirring strings,
Phys. Lett. B 181 (1986) 244 [SPIRES].

K. Aoki and K. Ito, Physics of the gauged four-Fermi model in 141 dimensions,
Phys. Rev. D 60 (1999) 096004 hep-ph/9905314] [SPIRES]; Mass inequalities in
two-dimensional gauged four-Fermi models, Phys. Rev. D 65 (2002) 025003
[hep-ph/0108140] [SPIRES].

R. Narayanan and H. Neuberger, Large-N reduction in continuum,

Phys. Rev. Lett. 91 (2003) 081601 [hep-1at/0303023] [SPIRES];

J. Kiskis, R. Narayanan and H. Neuberger, Does the crossover from perturbative to
nonperturbative physics in QCD become a phase transition at infinite N?,

Phys. Lett. B 574 (2003) 65 [hep-1at/0308033] [SPIRES].

A .M. Polyakov and P.B. Wiegmann, Theory of nonabelian Goldstone bosons in two
dimensions, Phys. Lett. B 131 (1983) 121 [SPIRES]; Goldstone fields in two-dimensions with
multivalued actions, Phys. Lett. B 141 (1984) 223 [SPIRES].

A. Casher, H. Neuberger and S. Nussinov, Chromoelectric flux tube model of particle
production, Phys. Rev. D 20 (1979) 179 [SPIRES].

U. Wolff, The phase diagram of the infinite-N Gross-Neveu model at finite temperature and
chemical potential, Phys. Lett. B 157 (1985) 303 [SPIRES].

H. Neuberger, Fractly massless quarks on the lattice, Phys. Lett. B 417 (1998) 141
[hep-1at/9707022] [SPIRES]; More about exactly massless quarks on the lattice,
Phys. Lett. B 427 (1998) 353 [hep-1at/9801031] [SPIRES].

R. Narayanan and H. Neuberger, Chiral symmetry breaking at large-N.,
Nucl. Phys. B 696 (2004) 107 [hep-1at/0405025] [SPIRES].

,18,


http://dx.doi.org/10.1016/j.physletb.2008.06.064
http://arxiv.org/abs/0806.0149
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0806.0149
http://dx.doi.org/10.1103/PhysRevD.71.034008
http://arxiv.org/abs/hep-th/0412003
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0412003
http://dx.doi.org/10.1016/0370-2693(80)90858-8
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B94,199
http://dx.doi.org/10.1016/0370-2693(79)91137-7
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B83,395
http://dx.doi.org/10.1016/0375-9474(93)90098-I
http://arxiv.org/abs/hep-th/9212088
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/9212088
http://dx.doi.org/10.1103/PhysRevD.10.3235
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D10,3235
http://dx.doi.org/10.1016/0370-2693(92)90906-K
http://arxiv.org/abs/hep-lat/9207034
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-LAT/9207034
http://arxiv.org/abs/hep-th/0604017
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0604017
http://dx.doi.org/10.1016/0370-2693(86)90040-7
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B181,244
http://dx.doi.org/10.1103/PhysRevD.60.096004
http://arxiv.org/abs/hep-ph/9905314
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9905314
http://dx.doi.org/10.1103/PhysRevD.65.025003
http://arxiv.org/abs/hep-ph/0108140
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0108140
http://dx.doi.org/10.1103/PhysRevLett.91.081601
http://arxiv.org/abs/hep-lat/0303023
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-LAT/0303023
http://dx.doi.org/10.1016/j.physletb.2003.08.070
http://arxiv.org/abs/hep-lat/0308033
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-LAT/0308033
http://dx.doi.org/10.1016/0370-2693(83)91104-8
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B131,121
http://dx.doi.org/10.1016/0370-2693(84)90206-5
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B141,223
http://dx.doi.org/10.1103/PhysRevD.20.179
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D20,179
http://dx.doi.org/10.1016/0370-2693(85)90671-9
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B157,303
http://dx.doi.org/10.1016/S0370-2693(97)01368-3
http://arxiv.org/abs/hep-lat/9707022
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-LAT/9707022
http://dx.doi.org/10.1016/S0370-2693(98)00355-4
http://arxiv.org/abs/hep-lat/9801031
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-LAT/9801031
http://dx.doi.org/10.1016/j.nuclphysb.2004.07.002
http://arxiv.org/abs/hep-lat/0405025
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-LAT/0405025

	Introduction
	Wilson loop operators
	General properties
	Fermionic representation
	A large N phase transition

	The new observable
	Fermionic representation and ultraviolet divergences
	General properties
	Hamiltonian version

	Numerical results for large N
	General observations
	Parameter ranges
	Finite torus
	Broken chirality
	Preserved chirality

	Torus with one infinite extent
	Broken chirality
	Preserved chirality

	Comments on numerical work

	Summary and discussion

