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By exploiting in large-N Y M the change of variables from the gauge connection to the ASD part
of its curvature by a non-SUSY version of the Nicolai map, we show that certain twistor Wilson
loops supported on a Lagrangian submanifold of twistor space are localized on lattices of sur-
face operators of Zy holonomy that form translational invariant sectors labelled by the magnetic
charge k = 1,2,...,N — 1 at a point. The localization is obtained reducing the loop equation in
the ASD variables in the holomorphic gauge, regularized by analytic continuation to Minkowski
space-time, to a critical equation, by exploiting the invariance of the v.e.v. of twistor Wilson loops
by deformations for the addition of backtracking arcs ending with cusps on the singular divisor
of surface operators. Alternatively localization is obtained contracting the YM measure in the
ASD variables on the fixed points of a semigroup that acts on the fiber of the Lagrangian twistor
fibration which twistor Wilson loops are supported on and leaves invariant their v.e.v.. The renor-
malized effective action induced by the localized Y M measure in the ASD variables scales accord-
ing to a large-N beta function of NSV Z type that reproduces the first two universal perturbative
coefficients. Because of a non-trivial Jacobian due to the lack of supersymmetry a multiplicative
renormalization by a Z factor of the ASD field occurs. The masses squared of the fluctuations of
surface operators in the sectors labelled by &, supported on the Lagrangian submanifold analyti-
cally continued to Minkowski space-time, form a trajectory linear in k that does not include any
massless state. The glueballs propagators in the holomorphic/antiholomorphic sector defined by
correlations of a complex combination of the ASD curvature and its adjoint saturate at short dis-
tances the logarithms of perturbation theory by a sum of pure poles. The anomalous dimensions
of long gauge invariant operators belonging to the holomorphic/antiholomorphic sector that are
implied by the Z factor coincide with the anomalous dimensions of the scalar operators that occur
as the antiferromagnetic ground state of the Hamiltonian spin chain in the thermodynamic limit,
that it is known to provide the anomalous dimensions in the ASD one-loop integrable sector of
large-N YM. In this framework Regge trajectories of higher spins are related to fluctuations of

surface operators with pole singularities of any order.
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1. Introduction

A technical presentation of the main ideas and results of this paper is in the synopsis of the
next section and in a very sketchy way in the list of contents.

This section is more of introductory nature, in order to convey in a simpler way part of the
meaning of the technical ideas.

The problem of the Y M mass gap as reported in [1] has an infrared and an ultraviolet nature at
the same time.

Indeed the renormalization group (RG) requires that every mass scale of the Y M theory must
depend on the canonical coupling constant, gy, only through the RG invariant scale, Ay:

ﬁl

Aym = Aexp(— )(Bogiar) 0 (14 ...) (I.1)

1
2Bog 12/M
whose dependence on the coupling constant is equivalent to the knowledge of the exact beta func-
tion of the theory in some scheme. This in turn implies that an amazing asymptotic accuracy, as
gywm vanishes ! when the cutoff, A, diverges, is needed to solve the mass gap problem and that the
mass gap is zero to every order of perturbation theory.

One possibility is that such finest asymptotic accuracy may be achieved only by an exact
solution both on the ultraviolet side, for the beta function, and on the infrared side, for the mass
gap.

While an exact solution of the Y M theory, to use just an euphemism, seems completely outside
the reach of the present techniques, in this paper we propose an exact solution in the large-N limit
of the SU(N) Y M theory for the beta function and for the glueballs spectrum restricted to a special
sector of the theory.

From a purely computational point of view we may present our results in terms of the glueballs
propagators in a certain sector of the large-N Y M theory. The glueballs propagators that we refer to
are initially defined in Euclidean signature, constructed by means of fluctuations, Sy 2, of certain

surface operators > supported on a Lagrangian submanifold of four-dimensional space-time *:
1 oo
Ay / <—Try v (1) (22:2,2) =2 Ty (1 )(0,0,0,0) > com /PP g2,
(1.2)

where (z = xo+ix],Z = xo — ix],u = X + ix3,i = xp — ix3) are complex coordinates in Euclidean
R? x R?, d*z = dxydx) and

r, = .
u= 5(.“01 —illy3) (1.3)

ITherefore the mass gap problem is not a strong coupling problem.

2The precise definition is in Eq.(12.39).

3The idea of integrating in Y M theory on local systems associated to an arbitrary parabolic divisor appeared for the
first time long ago in some papers by us [2, 3], by embedding the Hitchin fibration [4, 5, 6, 7] in the Y M functional
integral, and physically corresponds to integrating over surface operators ante litteram [8]. Explaining how surface
operators arise in large-N Y M is in fact the subject of this paper.

4The plane (z,Z,z,Z) is Lagrangian for the symplectic form dz A dZ — du A dii in four dimensions.
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with fi the Hermitian conjugate. The following identification holds up to (infinite) factors :

[ 1222203 S (B~ i) (s o) (14
where
(Fy — iFg3)(Pes P2y Pus Pit) = / (Fy; — iFg3) (2,2, u, i) PPt puittpat) g2 72y, (1.5)
is the Fourier transform with

Fop=Fop —Fop
- 1
Faﬁ = Egaﬁyb‘Faﬁ (1.6)

the anti-selfdual (ASD) part of the curvature of the gauge connection. The identification holds be-
cause the fluctuating field of surface operators, 6 it, has nonvanishing momenta dual in the Fourier
sense to the Lagrangian support of surface operators and it occurs in the effective action with zero
momenta dual in the Fourier sense to the manifold normal to the support. .#” = NN is the total rank
of the gauge group. The first factor of N is the rank of an SU (N) gauge bundle that is embedded by
non-commutative Morita equivalence into U (N x N). The construction is explained in sect.(7) and
sect.(12). After analytically continuing to Minkowski space-time in its simplest form of our result
reads ©:

1 1 ,
Ay / < T () (%30 ) =2 Ty () (0,0,0,0) >com P * 475y dx

N
1 i kp, 2AS,
NEE —a'pip_ +kAY,
1 i K2AS,
NEE —a'pip_ +kAY,

1.7

where, (x; = x4 +x1,X_ = x4 —x1) are light-cone coordinates, (p; = ps+ p—,p— = ps — p1) are
light-cone momenta, and Ay is the renormalization group invariant scale in the Wilsonian scheme.
Pk is the density, in units of A2,

P 225(2)(z—zp) (1.8)

p

of surface operators carrying at each lattice point, p, magnetic charge k and holonomy valued in
the center, Zy, of the gauge group, i.e. such that:

. .27k
Py = N (1.9)

5The identification extends to composite operators in a certain asymptotic sense, see below and sect.(12). The
infinite factors are actually defined and regularized in sect.(12).

5The symbol ~ stays for "equal up to constant irrelevant numerical factors" or "equal up to irrelevant additive terms"
depending on the framework.
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with:
| _
.UNE(Fm_’F03):Zﬂp5(2)(2_2p(“a”)) (1.10)
p
and z,,(u,it) = z,. px scales with k as:

2. - 1.11
Pi k ( )

and the dimensionless inverse "string tension" in units of A‘;,z is:

oy 10

= 3% (1.12)

The peculiar support, (x;,x_,x,x_), of the correlator arises as the projection with Minkowski
signature on the base of a Lagrangian submanifold of the twistor space of (complexified) Euclidean
space-time that occurs in our approach. The field pt is dimensionless and normalized in such
a way that the correlator in Eq.(1.7) be renormalization group invariant /. The mass spectrum,
—a'pip-+ kA%V =0, and the multiplicity, k, that occurs in the numerator of Eq.(1.7) in the second
line, are in fact exact ® in a certain asymptotic expansion in powers of N =2 of the gauge connection
of the surface operators that occur in our approach °.

At large N there is a Wilsonian scheme in which the Wilsonian beta function is one-loop exact
[10] and a canonical scheme in which the beta function has a Novikov-Shifman-Vainstein-Zacharov

form (NSV Z) that reproduces the first two universal perturbative coefficients [10] '°:
8‘?ng ~ —Bogiy (113)
and
Jg —Pog’ + (4;13)2g3g;g§/Z\ L14
dlogA l—ﬁg2 (119

7In the canonical normalization also an extra factor of the anomalous dimension occurs. This is reported in the
formulae below and discussed in sect.(12).

8Large-N exact linearity of the spectrum, rather than only asymptotic linearity, may look surprising. However, the
ratio between the masses of the two lowest scalar states in pure SU(8) Y M has been found numerically to be compatible
with the value v/2 [9]. We would like to thank Michael Teper for a clarifying discussion about this point at the Galileo
Galilei Institute workshop on "Large-N Gauge Theories" (2011), hereafter referred to as the GGI workshop. Indeed the
best fits in [9] for the continuum limit ratios of the masses (in units of the lattice RG-invariant scale, Table (7.14)) of
the J¥C glueballs, mg++- = 4.71(29) and mg—+ = 4.72(32), to the mass of the lowest scalar, mq:+ = 3.32(15) agree with
very good accuracy with v/2. Yet, there are larger statistical errors than this agreement may suggest. There is also a
mo++ =4.65(19) glueball, essentially degenerate in mass with the two aforementioned scalar states, that may in principle
couple to our operators. Nevertheless, for reasons explained in the paper, we suggest that the spectrum in Eq.(1.7) is all
made by scalars.

The precise meaning of this statement is clarified in sect.(12).

101¢ has been known for some time that the Wilsonian, gy, and the canonical, g, coupling constant have different
beta functions in general [11].
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with:
1 11
Po= (4m)2 3
(1.15)
where g = g7,,N is the "t Hooft canonical coupling constant and gigglz\ is computed to all orders in

the "t Hooft Wilsonian coupling constant, gy, by:

dlogZ (4711) %gzw

dlogA  1+cgd,

(1.16)

dlogZ
dlogA

with ¢ a scheme dependent arbitrary constant. Indeed since to the lowest order in the canon-

ical coupling is:

dlogZ 1 10 ,
- g 1.17
Jlogh _ @m2 38 T (1.17)

the correct value of the first and second perturbative coefficients of the beta function [12, 13, 14, 15]

arise:
dg ; 1 1 10 4 5
dlogA = ~hog +((4n)2 (4n)2?’ﬁ°(4n)2)g e
1 Il 110 44
= T@nEsd Tan s e

111, 1 34
L S 1.18
@238 Gnr3s T (1.18)

In fact a whole family of correlators of the Fourier transform of composite operators of naive
dimension 4L, O*(p, ,p_), constructed by surface operators supported on the aforementioned La-
grangian submanifold, are computed in sect.(12). In the Wilsonian scheme the result reads:

<TryO"(pi,p)TryO (—py,—p-) >lomn

o 1) A4(L—-1
A%sz(zL I)Aug )

~

= —a'pipo +kA,

~ (—pip_ )2 =
k;l —a’p+p_ +kA%/
. —DiD-
~ (=pyp-)*log AE +..
14

(1.19)

where the dots stand for contact terms, i.e. distributions whose inverse Fourier transform is sup-
ported at coinciding points.
In the canonical scheme for the same objects anomalous dimensions arise:

<TryO ps,p )Tr O (—pi,—p_) >
—¢'(~ 77 (- Tr 0" TryO"(—pi,—p_) >
=g (—p+p-) (=p+p-) <Tr O (py,p-)Try O (=ps,—p-) >comn

8L_8 —P+P-

~ g (=pyp)Z 7 (—P+P7)(—P+Pf)4L7210gT (1.20)
W
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where g(—p4p—) and Z(—p. p_) are the (RG improved) momentum dependent canonical coupling
in Eq.(1.14) and renormalization factor in Eq.(1.16).

For large L the anomalous dimensions agree !! with the anomalous dimensions of the ground
state [16, 17] of the Hamiltonian spin chain in the thermodynamic limit, furnishing an identifica-
tion, that is at least asymptotic for large L, between composite surface operators '> and composite
local operators of YM in some regularization scheme. Indeed the Hamiltonian spin chain is an
integrable model by which the anomalous dimensions of composite operators of large-N Y M in the
ASD and SD sector can be computed exactly at one-loop.

The exactness of our formula for the spectrum is not affected by the possibly only large-L
asymptotic identification of the operators, since the spectrum depends only on the occurrence of
poles in any correlator of gauge invariant operators. However, the aforementioned asymptotic
identification suggests that all the glueballs in our spectrum are in fact scalar, since this is so for the
operators that correspond to the ground state of the Hamiltonian spin chain in the thermodynamic
limit [17].

Yet, there is an extension of our approach to fluctuations of surface operators defined by con-
nections with wild singularities (i.e. pole singularities of any order), that are naturally associated to
Regge trajectories of higher spins (see sect.(13)). Their contribution is not computed in this paper.

We explain the basic ideas underlying our computations as follows.

In the last thirty years we witnessed the geometrization of theoretical high energy physics.
This geometrization has several faces but the one that we refer to consists in computing exactly
functional integrals by geometrical methods. The key idea in solving the analytical problem of
performing an integral by geometrical methods lies in the work of Duistermaat and Heckman [18]
on exact localization of the integral of the exponential of the Hamiltonian of a torus action on a

compact symplectic manifold on the fixed points of the torus action !3:

nl!/w" exp(—€eH) = ;(?)"Pfl(wplazﬂp) (1.21)
where Pf is the Pfaffian of the skew matrix, ®p 182Hp, at the fixed points, P, and 82Hp the Hessian
of the Hamiltonian at P. Such localization has the following cohomological nature according to
Atiyah and Bott [20] and Bismut [21, 22]. In finite dimension the integral of the exponential of a
closed form @, dw = 0, on a compact manifold without boundary, M, defines a cohomology class
invariant for the addition to the closed form of an exact differential, do, (i.e. of a coboundary),
since da is trivially closed because d> = 0. Rescaling the exact differential by a large factor, under
suitable positivity assumptions, the integral of the cohomology class gets localized on the critical
points of the exact differential and the saddle-point approximation turns out to be exact:

/exp(—(o—tda):/ exp(—) (1.22)
M M

""The agreement is at one loop since anomalous dimensions are universal, i.e. scheme independent, only at one loop.

Actually they agree also for L = 1, since in this case the anomalous dimension is determined by the beta function via the
factor of g*.

12We actually mean that we identify the Fourier transform of our composite surface operators with the Fourier
transform of composite local operators in the same fashion as in Eq.(1.4). For example, O(p4,p_) ~ |(Fy; +
iFo3)PE(pyop— psop-).

BFor a comprehensive review see [19].
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Indeed in finite dimension the integral is a polynomial in # and all the ¢ derivatives in r = 0 vanish
because they are the integral of a coboundary and [,,da = 0. Bismut [21, 22] was the first one
to extend rigorously this kind of argument to infinite dimensions, actually to a functional integral
in one dimension, i.e. to quantum mechanics. In the quantum mechanical setting there are (es-
sentially) no existence problems for functional integrals and the localization argument is in fact a
mathematical proof.

However, the subject blossomed in quantum field theory only after Witten paper on localiza-
tion in two-dimensional Yang-Mills theory [23] and Witten work on Donaldson invariants [24] that
introduced localization in four-dimensional supersymmetric gauge theories, by identifying the dif-
ferential needed to define the cohomology with a twisted super-charge, Q, satisfying Q%> = 0. In
turn Witten twist of supersymmetry requires to start with at least an .4 = 2 SUSY Y M theory.

Thus the infinite-dimensional field theoretical analog of Eq.(1.22) is:

/ Oexp(—Ssusy — Q) (1.23)
with:
00 =0
OSsysy =0 (1.24)

There have been a number of applications of the localization idea in four-dimensional SUSY gauge
theories, among which we mention the Nekrasov computation [25] of the prepotential in .4 = 2
SUSY gauge theories, that reproduces by localization methods the Seiberg-Witten solution [26] for
the same object, and Pestun [27] computation of certain twist-SUSY invariant Wilson loops in .4
=4,2,2* SUSY gauge theories.

From a purely mathematical point of view these exact results state the equality between a
mathematically not well defined object, the original functional integral, and a mathematically well
defined and explicit answer, the result of the localization.

However, from the point of view of theoretical physics, these results are in fact satisfactory
since, waiting for a realization of the constructive program of quantum field theory in four dimen-
sions [28], the explicit answer that is found by localization defines the functional integral by the
rules by which it is computed and contributes to fix the properties that the yet-to-come mathemati-
cal construction of the functional integral has to satisfy: the localization property indeed.

The aim of this paper is to add, rather surprisingly, a non-supersymmetric chapter to the afore-
mentioned exact results.

The simplest way to present our basic result is to compare it with Nekrasov computation of
the prepotential. In the first part of Nekrasov computation the functional integral that evaluates the
cohomology of 1 (i.e. the partition function) is reduced by cohomological localization to a sum of
finite dimensional integrals over the instantons moduli spaces:

1672kN
Z= lim/leXp(—Ssusy —tQa) = ZGXP(—#

JAZKN / A® (1.25)
[—o0 A gW J M,

This depends on the supersymmetry and has no analog in the pure Y M case. On the contrary, in
the second part of Nekrasov computation, the finite dimensional integrals over instantons mod-
uli are reduced to a sum over the fixed points for the action of the torus U(1)¥~! x U(1) x U(1)
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in SU(N) x O(4) by applying the Duistermaat-Heckman formula, after a suitable ultraviolet and
infrared regularization of the moduli space, by means of a non-commutative deformation parame-
terized by €:

1
(2kN)!

/ Awexp(—eH) = (E)kNZPf*I(w;IaZHp) (1.26)
M € P

Here SU(N) is the (global) gauge group at infinity and O(4) the group of Euclidean rotations.
These groups are symmetry groups also of the pure Y M theory. The result of the localization can
be resummed into an exact formula for the prepotential [26], .7, that is a function of the quantum
moduli of the theory, that are related to the v.e.v. of the eigenvalues of the complex scalar field in
the adjoint representation of the .4#” =2 YM theory:

Z:exp(éﬁ) (1.27)
Despite the prepotential is obtained by the localization of a trivial observable, the cohomology of
1, from a physical point of view it contains the interesting information of the localization. Indeed,
according to Seiberg-Witten [26], the prepotential contains exact highly non-trivial quantum infor-
mation. It determines an exact beta function and the low energy effective action in the Coulomb
branch of the theory as a function of the translational invariant condensate of the eigenvalues of the
scalar field '*. Thus the prepotential is used to reach conclusions about the physical theory [26]
that by far exceed the very limited framework of its derivation by localization.

A general feature of cohomological localization is that the saddle-point computation can be
employed only for the specific observables that satisfy Eq.(1.24). A fortiori in pure Y M, that has
no SUSY, there is no hope that localization may hold, if any, but for very special observables.

To say it in a nutshell, our basic idea for pure YM is to construct special trivial observables,
called twistor Wilson loops for geometrical reasons, since they are supported on a Lagrangian
submanifold of twistor space of complexified Euclidean space-time. In a technical sense the trivial
twistor Wilson loops are in the homology of 1, rather than in the cohomology of 1, since in pure
Y M there is no SUSY and thus no interesting cohomology . The loop equation for twistor Wilson
loops can be solved, since they are trivial, in the sense that it can be reduced to a critical equation
for an effective action, i.e. it can be localized. Despite the effective action is obtained by trivial
observables, it carries highly non-trivial quantum information, that exceeds by far the framework
of localization of 1.

The effective action determines an exact large-N beta function and turns out to be a function
of the density, py, in units of AZ,, of the condensate of surface operators of magnetic charge k that
occur in the localization of the twistor Wilson loops.

In addition the effective action restricted to fluctuations of surface operators supported on a
Lagrangian submanifold with Minkowski signature, obtained by a certain Wick rotation from the
Lagrangian submanifold which the twistor Wilson loops are supported on, determines the glueballs
spectrum.

1411 the Coulomb branch the eigenvalues are generically all different in such a way that the unbroken gauge group is
U(H)N-1,

I5There is in fact the Becchi-Rouet-Stora (BRS) cohomology associated to gauge-fixing, that leads to localization on
gauge-fixed slices of gauge orbits, but it is not relevant for our purposes.

10
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The analytic continuation to Minkowski space-time is the only way to regularize gauge invari-
antly the holomorphic loop equation for the twistor Wilson loops, that in turn leads to localization
on the critical points of the effective action.

We describe now in more detail what the twistor Wilson loops are.

They compute the holonomies along loops of a modified non-Hermitian Y M connection, the
twistor connection. Its curvature is a non-Hermitian linear combination of the ASD part of the cur-
vature of the ordinary gauge connection. These loops are supported on a Lagrangian submanifold
in twistor space of complexified Euclidean space-time, locally the product of a two-dimensional
surface immersed in complexified space-time with local (complex) coordinates (z,Z) and of a one-
dimensional curve immersed in the fiber of the twistor fibration with (not necessarily real) coordi-
nate A.

The twistor Wilson loops are chosen in the adjoint representation. The operator definition of
twistor Wilson loops involves the parameter A, but their vacuum expectation value (v.e.v.) is A-
independent, in fact trivially 1 at large-N. Hence there is a non-compact real version U (1)g, of the
complexification U(1)¢, of one of the aforementioned U(1) !¢ that acts by rescaling A in such a
way that the v.e.v. of twistor Wilson loops is invariant under the aforementioned action.

As a consequence we show that twistor Wilson loops in pure Y M are localized on the sheaves,
defined by the change of variables from the gauge connection to the ASD part of its curvature in
the functional integral, fixed by the action of U(1)g. In addition we show that there is a dense set
in function space in a neighborhood of the fixed sheaves '’, that at large-N is classified by local
systems on a sphere with a very large number of punctures and with fixed conjugacy class of the
holonomy of the twistor connection around the lattice of punctures, with values in the complexifi-
cation, SU (N)¢, of the gauge group, modulo the global action of SU(N)c.

In the physics terminology the local systems are lattices of surface operators satisfying the
self-duality (SD) equations with singularities:

Fop = ;u;ﬁ ()% (z—z)) (1.28)

In addition the v.e.v. of the aforementioned twistor Wilson loops in the adjoint representation
factorizes in the large-N limit in the product of the v.e.v. in the fundamental and conjugate repre-
sentation. Then to each factor the following argument applies.

On the dense set described by local systems, by translational invariance we can assume that
all the conjugacy classes of the holonomies are a copy of the same adjoint orbit, and that the orbit
for a holonomy around one arbitrarily chosen point can be put by the global action of SU(N)¢ in
canonical form, i.e. either in diagonal or in Jordan form. Now the global compact SU(N) gauge
group acts on such diagonal or Jordan holonomy by conjugation.

If the global gauge group is unbroken, as it is believed to be the case for pure Y M, only the
holonomies that are fixed by the entire SU(N) may occur at large-N. Thus these holonomies at a

161t is a U (1) in the Cartan subgroup of O(4).

17We refer to the support of the fixed measure as fixed sheaves to imply not any manifold structure for such a locus.
However, for a dense set in function space the fixed sheaves at large-N are in fact a manifold that is parameterized by
the disjoint union of moduli of local systems with fixed conjugacy class of the holonomy of the twistor connection. We
refer to fixed points instead when the fixed locus has no moduli and it is a set of disconnected points.
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preferred point are in fact valued in the center of the gauge group and their orbits reduce to points.
But then by translational invariance all the orbits reduce to the center '8,

Besides we show that there is a homological explanation for this localization on fixed points
based on a new localization theory of the loop equation for twistor Wilson loops, such that the
actual fixed points that contribute to the twistor Wilson loops are the critical points of a certain
effective action determined by the loop equation [10]. The localization by homology of the loop
equation, i.e. its reduction to a critical equation, is obtained deforming the loop by adding vanishing
boundaries that are backtracking arcs ending with the cusps of the local system [10], an operation
allowed by the large-N triviality of twistor Wilson loops, by dualizing the idea of deforming a
closed form by a coboundary in the cohomological interpretation of the Duistermaat-Heckman
localization.

In order to get localization, the first main technical innovation of our approach is a reformu-
lation of the YM theory in terms of a change of variables that in the .4#” = 1 SUSY Y M theory has
been known as the Nicolai map [29, 30]. The Nicolai map in the .4 =1 SUSY YM theory was
worked out by De Alfaro, Fubini, Furlan and Veneziano [31, 32] as a change of variables from the
gauge connection to the anti-selfdual (ASD) part of the gauge curvature, that needs a gauge fixing
to be locally invertible, with the property that the Jacobian of the map cancels precisely the fermion
determinant in the light-cone gauge.

As a preparatory exercise, the Nicolai map allows us to introduce localization also in the pure
N =1 SUSY YM theory ' by means of the tautological Parisi-Sourlas supersymmetry associ-
ated to the cancellation of the Jacobian with the fermion determinant [35, 36]. While it has been
known for some time that the Nicolai map can be associated to cohomological localization °, the
localization by the Nicolai map has never been worked out in asymptotically free gauge theories
because of the following difficulty. Naively the Nicolai map maps .4 = 1,2 SUSY Y M into a free
theory, that cannot hold true literally. The question arises for example how to reproduce the NSVZ
beta function [38, 39] by means of the Nicolai map. Our simple but key observation is that the
cancellation of determinants occurs only up to zero modes. Therefore the divergences associated
to the Pauli-Villars regulator of the zero modes occur.

In fact understanding how the NSVZ beta function occurs by cohomological localization via
the Nicolai map in this paper is only an exercise for understanding localization of the aforemen-
tioned twistor Wilson loops in large-N pure Y M in the ASD variables. The crucial point is that the
localization on the fixed points of the U(1)g action can be obtained only in the ASD variables.

The second main technical innovation consists in interpreting our non-SUSY version of the

18The same conclusion is reached by an inductive argument on the holonomies around each point, without assuming
translational invariance, since once the holonomy around a point is shown to be in the center by the assumption of
unbroken gauge group, the global SU (N )¢ still acts on the holonomies around each of the remaining points.

19Witten already observed in his paper [24] on Donaldson invariants that although most naturally formulated in the
N =2 SUSY theory localization could be extended to certain theories with only .4/ =1 SUSY, called .#" = 2* theories
that involve anyway the occurrence of a scalar field. In pure .4/° =1 SUSY gauge theory Witten localization does not
apply directly since there are no scalars. It is always possible to give the scalars of the .4~ = 2* SUSY theories large
masses in order to obtain at low energy pure .4~ = 1 SUSY YM theory. This leads to the modern "weak coupling”
approach to the computation of the gluino condensate [33, 34].

201y the lectures [37] it is worked out the zero dimensional case of the Nicolai map and it is shown indeed that
coincides with localization.
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Nicolai map in the pure Y M theory [10, 2, 3] as hyper-Kahler reduction [40, 41] on a dense set in
function space, that corresponds to a lattice of surface operators in the physics terminology. This
is an analytical and differential geometric construction that does not need any supersymmetry. It
reduces the Y M functional integral to a finite dimensional integral with respect to a product measure
on a lattice and it is the analog of the first part of Nekrasov computation in the supersymmetric case.

The physics interpretation is that the localization of the twistor Wilson loops in the large-N Y M
theory is described in terms of variables that are of purely magnetic type, realizing, in the technical
sense of localization of twistor Wilson loops, a new version of 't Hooft long-standing ideas 2! on
the Y M vacuum as a dual superconductor [42, 43, 44].

In particular 't Hooft duality in Y M theories with fields in the adjoint representation requires
that, if the theory has a mass gap, then either the Zy magnetic charges condense (confining phase) or
the Zy electric charges condense (Higgs phase). Localization by homology of twistor Wilson loops
in pure Y M realizes the first alternative, in which the electric charge is unbroken ?? and the magnetic
charge is broken in superselection sectors labelled by &, the magnetic charge at a (lattice) point, that
are degenerate 2> for the large-N renormalized effective action that occurs in the holomorphic loop
equation. From the localized renormalized effective action restricted to fluctuations supported on
the aforementioned Lagrangian submanifold it follows also that in each sector there is a mass gap
proportional to v/k in units of the common RG-invariant scale.

Yet, we should stress that localization is by no means a universal concept, but it applies only
to special observables. Therefore, it would be completely wrong to employ surface operators of Zy
holonomy to compute general observables of the YM theory, as it would be completely wrong to
employ instantons to compute anything but the gluino condensate in .4 =1 SUSY Y M.

The mathematics interpretation is that we are in fact representing the Y M functional integral
as an adelic integral over (the moduli space of) local systems.

The two aforementioned technical innovations are crucial for our twofold approach to local-
ization in pure Y M.

Firstly, as we just explained, following the spirit of the Duistermaat-Heckman idea our new
kind of localization in the large-N pure Y M theory involves the action of a semigroup fixing the
v.e.v. of twistor Wilson loops and contracting the support of the functional ¥ M measure, resolved
into ASD orbits by our non-supersymmetric version of the Nicolai map. At technical level the
hyper-Kahler reduction to surface operators furnishes a structure theory of the locus of the fixed-
points.

Secondly, as well as the Duistermaat-Heckman localization on fixed points has a cohomo-
logical explanation, so the new localization on fixed points in pure Y M theory has a homological
explanation. Indeed there exits a new holomorphic loop equation for twistor Wilson loops that
can be localized, i.e. reduced to a critical equation, by deformations of the loop that are vanish-
ing boundaries (backtracking arcs) in homology, in the dual sense to which a cohomology class
represented by an integral of the exponential of a closed form can be localized by deformations
that are coboundaries in cohomology. At technical level the localization of the holomorphic loop

21p addition to 't Hooft original papers [42, 43, 44] see also [45] for a very neat account of "t Hooft duality.
22The adjoint action of the global gauge group leaves invariant the center, Zy.
2 The classical action scales as k times the square density of surface operators, p2, and the renormalized square

: 1
density scales as 7.
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equation for twistor Wilson loops requires that the backtracking arcs end with cusps supported on
the singular divisor of the surface operators.

Our new holomorphic loop equation for twistor Wilson loops is derived using the standard
technique of the celebrated loop equation of Makeenko and Migdal [46, 47] invented long ago, but
the crucial difference is that the integration variable that gives origin to the loop equation in our
case is not the gauge connection but instead the ASD field of our non-SUSY version of the Nicolai
map, in a holomorphic gauge defined by a further change of variables. The resulting loop equation
resembles for the cognoscenti the holomorphic loop equation of Dijkgraaf and Vafa [48, 49, 50]
for the holomorphic chiral ring of .4~ = 1 SUSY gauge theories [51].

The homological localization of the holomorphic loop equation completes the analogy with
Nekrasov computation. As well as the prepotential, i.e. the effective action in the low energy
sector as a function of the condensates of the .4~ = 2 SUSY theory, is computed by cohomological
localization of 1, so the large-N effective action of the Y M theory in the twistor sector, as a function
of the condensates of surface operators of Zy holonomy, is computed by homological localization
of 1, the trivial twistor Wilson loops.

The twistor sector is defined by correlation functions obtained by holomorphic/antiholomorphic
fusion a la Cecotti-Vafa [52, 53] of the holomorphic/antiholomorphic ASD curvature of surface op-
erators restricted to the aforementioned Lagrangian submanifold of twistor space of complexified
space-time with Minkowski signature.

On the ultraviolet side, a striking result that follows from the localization on fixed points is
that the large-N beta function for the Wilsonian coupling constant in the ASD variables is one-
loop exact, because for twistor Wilson loops, precisely because of the localization, a certain kind
of saddle-point approximation turns out to be exact. Thus the quantum corrections for these ob-
servables are completely accounted by functional determinants whose diagrammatic expansions
contains only one-loop Feynman graphs and possibly the logarithm of the powers of the Pauli-
Villars regulator of zero modes. Thus in the large-N pure Y M theory Eq.(1.1) can be replaced by
the much simpler:

Aw = Aexp(— ) (1.29)

2Bogiy
where Ay is the RG invariant scale in the Wilsonian scheme in the ASD variables.

At the same time we show that, in the regularization scheme of the homological localization
of the holomorphic loop equation, the one-loop exactness for the Wilsonian beta function implies a
large-N exact beta function for the canonical coupling of NSV Z type, that reproduces the one- and
two-loop perturbative universal coefficients. In this scheme the large-N canonical beta function of
the pure Y M theory in the ASD variables is given by Eq.(1.14).

We should stress that the computation of the canonical beta function depends crucially on
exploiting the gluing rules for functional integrals in the specific case of the localization on local
systems.

In particular we show that these gluing rules coincide with the ones of topological strings via
the gluing of an associated arc complex [54, 55, 56, 57, 58]. Indeed the homological localization is
based on "the most local part” of the homology of the essential arc complex of a punctured sphere.
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The requirement that the homology be essential, i.e. the exclusion of arcs that can be deformed
to a puncture, rules out the local relative homology of compact support around a puncture. In fact
"the most local part" of the essential homology that is relevant for us is the essential homology of
the arc complex with no polygons, that involves only links ending with two different cusps, one
in the divisor at the ultraviolet and one in the divisor at the infrared. Naively the Wilsonian beta
function in our scheme is a purely ultraviolet concept, and therefore does not distinguish between
the local homology and the essential homology of links. Yet, the canonical beta function, that in
our scheme involves infrared physics too, does.

In addition, while fixed point arguments suffice to display localization directly in large-N
YM theory by the change to the ASD variables in the functional integral and the dense hyper-
Kahler resolution on local systems, the corresponding effective action, i.e. the logarithm of the
density of the localized measure, has intrinsic finite holomorphic ambiguities due to the freedom
of making holomorphic changes of variables and possibly holomorphic anomalies at loci where the
holomorphic change of variables may develop singularities. We are able to fix these holomorphic
ambiguities only using the localization by homology of the loop equation, via the choice of the
holomorphic gauge that is necessary to write down the holomorphic loop equation.

On the infrared side, the holomorphic gauge in the loop equation is essential, because the mass
gap and the glueballs spectrum occur precisely because of a non-trivial Jacobian from the unitary
to the holomorphic gauge in the effective action.

We end this introduction with some loose heuristic considerations as to why the line of thought
of this paper may be able to overcome the main difficulties of the ultraviolet and infrared problem
of Y M in the restricted sense specified above.

While the mass gap problem as formulated in full generality for every correlation function
and for every compact gauge group in [1] appears presently almost hopeless in our opinion, the
program of solving the SU(N) Y M theory in the large-N limit has attracted considerable attention
and efforts.

A promising avenue is to find an equivalent string theory [59, 60] by effectively resumming ’t
Hooft perturbative double expansion in powers of g and N~! [61]. In this string theory the v.e.v.
of any Wilson loop of the Y M theory in the large-N limit would be computed by a string diagram
that is a disk with the loop as boundary. No other interesting observables, but the RG-invariant
condensates, exist at the leading large-N order because of the factorization of the v.e.v. of local
normalized gauge invariant operators.

Now, on the field theory side, the knowledge of all the Wilson loops that would be implied by
the string solution contains a vast information in a mathematical sense. Indeed it has been known
for some time that the ambient algebra of the master field [62] that solves the large-N Makeenko-
Migdal loop equation for ordinary Wilson loops [46, 47] is the Cuntz algebra with four generators
[63, 64, 65, 66, 67, 68, 69] whose Fock space representation is known to be of type //; but not
hyperfinite [70], i.e. not the weak limit of matrix algebras. Indeed such Fock representation is
isomorphic to a free group factor with the same number of generators, which is the main explicit
example of the "elusive" type II; non-hyperfinite factors [70]. It is clear [3] that obtaining the
relevant non-hyperfinite information would be extremely difficult in case the von Neumann algebra
generated by the actual solution shares with the ambient algebra the non-hyperfinite character.

On the contrary, to the next to leading % order, the connected two-points correlation functions
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of local gauge invariant operators are conjectured to be the most simple as possible: a sum of
an infinite number of propagators of free fields [71], saturating the logarithms of short distance
perturbation theory [72]:

1 1 . z
/ <y LT Fap ) L TrFap(0) >eom ed'x =} pzTer ~ g*(p)p*log(
of of G

r

2
%) (1.30)
Now any string solution, as it is usually meant, cannot avoid to solve the leading order problem
for the Wilson loops, in order to solve the much simpler looking subleading problem for the free
glueballs spectrum. This makes such a general, large-N exact, string solution very difficult in our
opinion. We may wonder as to whether we can solve the easy looking subleading problem for the
free glueballs spectrum avoiding and thus loosing the information about the hard looking problem
for the Wilson loops. Our answer is positive to a certain extent: we construct trivial Wilson loops,
the twistor Wilson loops indeed, whose v.e.v. is 1 in the leading large-N limit. However, they admit
non-trivial % corrections and thus morally they couple to a certain non-trivial sector of the large-N
theory.

By the way, in this restricted sense we believe that there is also an explicitly solvable string
theory, that captures the sector of Y M accessible to the twistor Wilson loops defined in this paper.
The outlook for this twistor string is described in the conclusions.

Coming back to the field theoretical framework, we use our localization theory to localize
the twistor Wilson loops, that are in the "homology of 1", precisely in the dual sense to which
Nekrasov localized the "cohomology of 1" to get the Seiberg-Witten prepotential. Indeed, although
the prepotential is obtained by a "trivial" cohomology, it allows one to reconstruct the low energy
effective theory. Precisely in the same sense, since twistor Wilson loops live in a "trivial" homology,
they can be localized by suitable deformations. Yet, the interesting information is contained in the
effective action, i.e. in the localized measure. The quadratic small fluctuations of the effective
action around the localized loci of the measure furnish the glueballs spectrum in the twistor sector.

2. Synopsis

We summarize here the main technical arguments in a logic order and the main results.

In the prologue we describe in some detail the computation of the beta function in the following
cases. The one-loop beta function in YM by the usual background field method. The NSV Z beta
function in .4 = 1 SUSY Y M by cohomological localization in the Nicolai variables. The one-loop
YM beta function for the Wilsonian coupling in the ASD variables by the usual background field
method.

These concrete examples are used to furnish a comparison with the computation of the Y M
beta function by our new localization. This section contains many definitions and computational
technicalities that are referred to throughout the whole paper.

We define also the change of variables from the gauge connection to the ASD curvature in the
pure Y M case. In particular we show that, since in pure Y M the Jacobian to the ASD variables is
not cancelled, as opposed to the .4#” = 1 SUSY YM case in the light-cone gauge, a multiplicative
Z renormalization of the ASD field occurs. In sect.(12) this Z factor is related to the anomalous
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dimensions of a large class of composite operators that occur as scalar polynomials in the ASD
curvature in the one-loop integrable sector of large-N Y M.

In sect.(4) we define twistor Wilson loops in non-commutative gauge theories. The twistor
Wilson loops are defined on a non-commutative deformation of space-time, that is used as a tool
to define the large-N limit much in the way Nekrasov used a non-commutative deformation as a
tool to regularize the instantons moduli space. We recall some features of non-commutative gauge
theories that we employ in the following sections.

We display the following properties of twistor Wilson loops. The v.e.v. twistor Wilson loops is
fiber independent and trivially 1 in the large-N limit. In addition twistor Wilson loops are supported
on Lagrangian submanifolds of twistor space.

In sect.(5) we show that the curvature of the twistor connection is of purely ASD type and we
describe the localization in large-N pure Y M theory of twistor Wilson loops on the fixed sheaves
of a semigroup acting on the fiber of the Lagrangian fibration which twistor loops are supported on
and contracting the support of the functional measure in the ASD variables.

We refer to this kind of localization as the quasi-localization lemma, since the resulting lo-
calized measure is still represented by a residual functional integration on a certain complex path,
supported on distribution valued sheaves in fact, rather than by a sum over fixed points.

The quasi-localization lemma is a purely formal computation that involves a quite disputable
formal exchange of the order of limit and integration. For twistor Wilson loops the exchange of
order of limit and integration is justified in sect.(8) by explicit computation.

We write down the corresponding effective action, i.e. the logarithm of the density of the
localized YM measure. Because of the residual complex integration the effective action has an
ambiguity by holomorphic change of variables that we can solve only through the loop equation of
sect.(6). The fixed sheaves in the quasi-localization lemma are characterized by the vanishing of
two of the three ASD fields of the non-SU SY Nicolai map.

In sect.(6) we write the holomorphic loop equation for twistor Wilson loops. The holomorphic
ambiguity of the effective action of sect.(5) is fixed by a change of variables to the holomorphic
gauge, necessary to write down the holomorphic loop equation. It is precisely the Jacobian to the
holomorphic gauge that generates the glueballs potential.

This implies that the glueballs potential in the holomorphic/antiholomorphic sector defined by
twistor loops in the fundamental and conjugate representation must be singular at the fixed points,
as it is indeed, for the theory to have a mass gap, since the contribution of the Jacobian to the
effective action is formally the logarithm of the square of a holomorphic function.

In sect.(7) we introduce a regularization of the large-N functional integral by integrating on

n 24

"infinite-dimensional local systems" “* on non-commutative space-time.

The idea of integrating on local systems associated to an arbitrary parabolic divisor appeared
for the first time long ago in a paper by us [2, 3], by embedding the Hitchin fibration [4, 7] in
the YM functional integral, and physically corresponds to integrating over surface operators ante
litteram [8]. We employ Morita equivalence [73] to reduce to the case of ordinary space-time for

24We write it in quotes because these infinite dimensional objects admit unstable finite dimensional subbundles, thus
violating a fundamental property of finite dimensional local systems.
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finite rank bundles. Thereafter we reconstruct the large-N limit of Y M as an inductive limit on the
finite rank local systems.

Following the mathematical literature [40, 4, 74, 75, 77,78, 7,79, 80, 82] we discuss the topo-
logical, holomorphic and differential geometric features of the finite rank local systems [80, 81].
As topological objects local systems are representations of the fundamental group of a punctured
Riemann surface. As holomorphic objects they are holomorphic connections with regular singular-
ities. As differential geometric objects they are parabolic harmonic bundles, i.e. parabolic Hitchin
bundles [40] equipped with a harmonic metric by a Hitchin-Kobayashi correspondence [79]. Re-
markably in our setting the harmonic bundles arise as the hyper-Kahler reduction [40] induced by
our version of the non-SUSY Nicolai map.

Physically the hyper-Kahler reduction [40] is a resolution dense in function space [2], in a
neighborhood of the fixed sheaves, of the ASD field [3] as a linear combination of two-dimensional
delta distributions supported on a lattice of surface operators [8]. These are local systems that oc-
cur in the mathematics and physics literature for completely different reasons, among which we
mention the Hitchin-Kobayashi correspondence [79], non-abelian Hodge theory [74, 75], twistor
D-modules [82], and last but not least the physics version [8] of the geometric Langlands corre-
spondence [83, 84, 85, 86, 87, 88, 89, 90].

In sect.(8) we get our localization on fixed points. Indeed we combine the quasi-localization
lemma of sect.(5) with the idea of sect.(7) of integrating on local systems to get localization on
fixed points. Reducing to finite dimensional local systems needs Morita duality and is allowed
implicitly by the triviality of twistor Wilson loops.

In fact the quasi-localization lemma depends on the aforementioned disputable formal ex-
change of the order of limit and integration. This is justified a posteriori by explicit computation
by showing that the v.e.v. of the trivial twistor Wilson loops is independent on the order of limit
and integration. Of course the integral of the limit is the localized measure in the ASD variables,
while the limit of the integral is the original ¥ M measure on the gauge connections.

In particular the choice of the approximating sequence by finite dimensional local systems
(i.e. stable bundles) is essential for localization on fixed points. We show that the fixed manifold
restricted to the dense hyper-Kahler locus of local systems is a Lagrangian submanifold of the
moduli space of surface operators. In addition we show that, assuming that the gauge group is
unbroken, the fixed manifold is in fact a collection of fixed points represented by surface operators
with Zy holonomy. This localization is our analog of the Duistermaat-Heckman localization.

In sect.(9) we use it to compute the Wilsonian beta function of the large-N Y M theory.

In sect.(10) we get homological localization of the holomorphic loop equation for the twistor
Wilson loops by means of the lattice version of the holomorphic loop equation obtained integrating
over the local systems.

The triviality of twistor Wilson loops plays a key role here, since it allows arbitrary defor-
mations of the twistor Wilson loops without changing their expectation value. In this section the
localization on fixed points in not a consequence of the assumption that the gauge group is unbro-
ken, but a consequence of the reduction of the loop equation to a critical equation.

The localization is obtained deforming the twistor Wilson loops by backtracking arcs ending
with the cusps of the local system. This is the localization by homology that combines the holo-
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morphic loop equation of sect.(6) with the idea of integrating over local systems of sect.(7). This
is our analog of cohomological localization by deforming by a coboundary.

In particular we derive the glueballs potential by computing the Jacobian to the holomorphic
gauge of sect.(6) for the local systems of sect.(7).

At mathematical level homological localization involves the essential arc complex of a punc-
tured sphere and a combinatorial model of the gluing of the arcs developed in the mathematical
literature [54, 55, 56], in turn inspired by (topological) strings [57, 58].

The version of localization via the loop equation is the one that has, in our opinion, more
chances to hold in a strictly mathematical sense. The loop equation for twistor Wilson loops occurs
as a formal Schwinger-Dyson or Ward identity derived imposing that the integral of a functional
derivative vanishes in function space in the ASD variables in the holomorphic gauge.

The left hand side of the loop equation contains the effective action of the theory that implies
a one-loop exact Wilsonian beta function. The right hand side is still divergent, but it can be
regularized in a gauge invariant way by analytic continuation to Minkowski space-time and, by
deforming the loop, it can be made to vanish. Thus, despite the loop equation is obtained only
as a formal identity (as the Makeenko-Migdal equation is), its solution is defined via its would-be
properties, essentially the fact that it allows analytic continuation to Minkowski space-time.

The glueballs spectrum occurs only after analytic continuation to Minkowski space-time of
the effective action renormalized in Euclidean space for fluctuations of surface operators restricted
to the Lagrangian submanifold.

The basic idea is that once the large-N localization is obtained for twistor Wilson loops, that are
non-local extended objects, the localized effective action is used to compute physical fluctuations
of local operators restricted to certain channels.

In sect.(11) we compute the canonical beta function of large-N Y M by means of our holomor-
phic loop equation restricted to the local systems of sect.(7) and we check agreement with the first
two universal perturbative coefficients. The result depends crucially on the gluing rules for local
systems.

In sect.(12) we display our main result about the mass gap and the glueballs spectrum using the
effective action of sect.(6) together with its extension to the hyper-Kahler locus in a neighborhood
of the fixed points of sect.(7).

To do computations we employ the local model of the singular part of the connections with
regular singularities around surface operators of sect.(7). We show that at the (renormalized) critical
points the local model is in fact asymptotic for large N. We find a trajectory with mass squared
exactly linear in k and residues at the poles determined by the multiplicity of the eigenvalues of
the ASD curvature at the fixed points and by certain finite counterterms as a function of &k in a
neighborhood of the fixed points.

We display in some detail how the glueballs spectrum for the trajectory in the twistor sector
follows from the effective action. We also use our explicit solution to check the long-standing
conjecture that the sum of pure poles in the large-N limit on our trajectory saturates the logarithms
that occur in the glueballs propagators in perturbation theory.

In the Wilsonian scheme we reproduce a factor of a logarithm that occurs in perturbation
theory, that arises in our scheme by the RG-invariant spectral sum over the glueballs.
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In the perturbative canonical scheme the sum of a logarithm (with a coefficient that can be
normalized to 1) and of its square occurs. The coefficient of the square of the logarithm depends
on the operator and is related to the anomalous dimension.

We observe that in the canonical scheme the multiplicative Z renormalization, that occurs be-
cause of the Jacobian to the ASD variables mentioned in sect.(3.4), implies through the localization
of composite surface operators the same anomalous dimensions as for the operators associated to
the ground state of the Hamiltonian spin chain in the thermodynamic limit, which is known to fur-
nish the one-loop anomalous dimensions of long local gauge invariant operators in the one-loop
integrable sector of large-N Y M. This sector is made by SD or ASD fields.

This cannot be the whole story, since we get from surface operators just one trajectory. In
sect.(13) using by now standard results in mathematics [80, 91], we extend the hyper-Kahler re-
duction induced by the non-SUSY Nicolai map to twistor connections with wild singularities, i.e.
poles of any order. We suggest that such an extension corresponds physically to the more realistic
case of an infinite family of Regge trajectories of increasing spins. We write the basic definition of
the functional integral on wild surface operators but explicit computations are left for the future.

In sect.(14) we summarize our conclusions and we outline some features of the twistor string
conjectured to be dual to the Y M theory restricted to the sector defined by the twistor Wilson loops
of this paper.

3. Prologue

3.1 One-loop beta function of Y M by the background field method

This computation is now completely standard, but since it is not easily found in textbooks in
the form that we will need in the rest of the paper we display it here in some detail 2>. The basic
philosophy is as in [71]. The partition function of pure SU(N) YM is:

Z= /6A S (3.1)
where:
N N .
= 2g2/d4xzrf(Faﬁ)2: 4g2/d4x( a0y 3.2)

The sum over repeated indices is understood. The action has been rescaled by a factor of N in
such a way that the theory admits a non-trivial large-N limit. The coupling constant, g, is the 't
Hooft coupling related to the Y M coupling, gyu, by g% = g%MN . The normalization of the action is
appropriate for a gauge connection in the fundamental representation of the Lie algebra of SU(N):

Ag = AT (3.3)
with the Hermitian generators in the fundamental representation normalized as:

try(TT") = % 5% (3.4)

25 A more detailed version of the computation reported here can be found on the SNS web site in "Solutions to
problems" by Luca Lopez: www.sns.it/it/scienze/fisiche/pertgauge/ .

20



Glueballs in large-N Y M by localization on critical points Marco Bochicchio

The curvature of the Y M connection is:

(Do, D) = iFyp (3.5)
Fop = JaAp — dpAg +i[Aq,Ap] (3.6)
Fgg = JaAf — 0pAY, — f7AGAG (3.7)

where Dy = dy + iAq is the covariant derivative. To perform the one-loop computation of the
effective action it is convenient to split the gauge connection into a classical background field and a
fluctuating quantum field A, = A + 8A,. The Fourier transform of the quantum field is supposed
to be supported on momenta much larger than the momenta of the classical background field. The
gauge-fixing is performed by the Faddeev-Popov procedure. It is convenient to choose the Feynman
gauge with respect to the background gauge field A:

D,6Aq—C=0 (3.9)
where we denote by the dot the adjoint action in the Lie algebra:

Da(A)‘(SAﬁ = 8a5Aﬁ —I—i[Aa,(SAﬁ] 3.9
(Da(A) 8Ap)" = 0y 8AG — f*°AY AL = D (A)SAS (3.10)

where

DZCC(A) _ aaéac . fabCA(bx
= 8a 50(; + IA?;

with A% = jfAb and [T%,T?] = if*°T¢. C is an auxiliary gaussian field whose covariance is
chosen in such a way to cancel a longitudinal term in the Y M action quadratic in the fluctuating
field, by adding ;V—z [d*xtrp(Dy8Aq)? to the action. Quantities such as Dy are evaluated at the
background field A,. The gauge fixed partition function reads:

Z:/5A6Cexp(—SyM)Det(—A'A)exp(—;/d4xtrf(C2))5(D'a5Aa—C) (3.11)

where we have inserted the Faddeev-Popov determinant of (minus) the Laplacian in the background
field:
—A; = —A* —idqAy — 2iA 0 + AyA, (3.12)

As a consequence the gauge-fixed action is:
N - N _
/ ag2 117Fap (A 8A)+ 5 i1 (DgdAa ' (3.13)
and the one-loop partition function reads:
Zi_toop = € Tt = oSN Doy =12 (— A 85 — 2iF ) Det (—A;) (3.14)
where I'1 _;40p (A) is the effective action for the background connection, A, to one-loop order and

FOCB() = [Faﬁa ]
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It is very instructive to understand the origin of the spin term, —2iF - in the first functional
determinant of Eq.(3.14). By the splitting of the connection into Ay = Ay + 8A, the curvature
decomposes as follows:

Fop(A+08A) = Fup(A) +Dg(A) 6Ag —Dg(A) 8Aq +i[0Aq, 5Ag] (3.15)

Performing the square we keep only up to the quadratic terms in A4 in the action, since we are
doing a one-loop computation, we understand integration on space-time in the following and we

freely integrate by parts. We use the equation of motion, Dy (A) Fyp(A) = 0, to eliminate the linear
term in the action. Therefore we get:

Fyg(A+8A) = Fus(A) + (Da(A) 8Ag — Dg(A) 8Aq)” 4 2iFup(A)[8Aq, SAp]
= Fap(A)+2(Da(A) 8Ag)* —2Dq(A) SADg(A) 8Aq +2iFyp(A)[6A4, 6A5)  (3.16)

Using

D(xD[} = DﬁD(x + iFocB 3.17)
trf(SAﬁ [Focﬁ , 5Aa]) = ”’f(FaB [6Aa, SAM) = —l‘l’f((SAa[Faﬁ , 514[;]) (3.18)

the quadratic form in Eq.(3.16) becomes:

tri((Dy8Ag — Dp8Ay)" +2iF4p3[8Aq, 8Ag))

=1r7(—26AaA}64p8Ap +26Ap DD dAq +2iFyp[6Aq, 6Ap))

= 1r(—28AqM, 8 8Ag +28Ag DD, 8Aq +2i8ApF, 5 8Aq +2iF,p[8Aa, 5Ap))
=tr/(—28AaA8up0Ap —2(Dy8Ag ) —4i8Aq[Fup, 8Aq))  (3.19)

where we skip the label of the background field since no confusion can arise. In the Feynman gauge
the second term in the last line is cancelled by the gauge-fixing. Finally the quadratic form written
in components becomes:

1rp(8Aa(—20,8qp —4i adFap)6Ap)
= tr;(8A%t"(—2A, 8yp — 4i adFop)5Ag) ")
= 8AY ((—Ay8yp —2i adFyp)8A5)"
= 8AY(—Aabap —2i adFyp)* 5A]
= 8AG (— (Ba)*8up +2 " Fp) 5AG (3.20)

where adFup(...) = [Fup, -], (adFqp)™ = ifabCFobcﬁ and
(A4)% = (Da)“ (D)% = A28% + 105 A% + 2iA% 9y — A% A% (3.21)

QED.
The following identity holds:

Det V2 (—Ax8yp —2i adFyg) = Det V> (—Ax8yp)Det ™" /2(1 - 2i(—An) " adFup) (3.22)

22



Glueballs in large-N Y M by localization on critical points Marco Bochicchio

The first factor gives:
Det ™2 (—Ap84p) = Det*(—An) (3.23)
Therefore the one-loop effective action reads:
¢ T1tor @A) = =S A) Der=1/2(1 - 2i(—As) ™" adFyg)Det ™" (—As) (3.24)

The first determinant is the spin contribution while the second determinant is the orbital contribu-
tion.
We can factorize away a trivial infinite constant from the orbital contribution:

Det ' (—Ap) = Det ™' (—A? — idqAy — 2iAq0g +AgAg)
= Det ' (—=A?)Det 7 (14 (=A%) "N (—idgAy — 2iAg 0 +A0Ag)) (3.25)
where the operators occurring in Eq.(3.25) are now defined by Eq.(3.21). Using
Det(l +M) _ eTrlog(l+M) _ eTerTr(M)2/2+... (3.26)
at the lowest non-trivial order we get:

Det™!(~A) = Det ™ (—A)exp (= Tr((~A) ! (~iduAa — 2idada +AdAa)))
exp (Tr((=A) ™" (—idaAq —2iA0u +AdAa)(—A) ' (—iduAn — 2iAada+AnAd)) /2)
(3.27)

where the trace is over the space-time, the Lie algebra and the vector indices. The term Det ! (—A)
is an irrelevant constant while the Lie algebra trace of the term linear in Ay vanishes. The term
Tr((—A)"'AgAg) is a quadratically divergent tadpole that cancels in any gauge invariant regular-
ization scheme, since it would give rise to a mass counterterm for the gauge connection. Therefore
it can be ignored. There remains an interesting divergence:

Det ' (—Ay) ~exp (Tr((—A) N (i0aAq +2iA000 ) (—A) " (i04Aq +2iAdy))/2)  (3.28)

that evaluated in momentum space leads to:

+ ¢ 2pa —ka)(2pg —k
exp(;/(;{nl;/ééltr(Aa(—k)AB(k))( P p2(p)(—/]j)[32 20 (3.29)

where the trace fr on the Lie algebra indices refers to the matrices defined in Eq.(3.21). The

logarithmically divergent part of the integral over d*p has to be transverse in such a way that

=T1(k*) (k*8p — kakp) + ... (3.30)

/ d*p (2pa—ka)(2pg —kg)
(2m)* Pr(p—k)?

where the dots stand for the quadratically divergent part that can be ignored because of the afore-
mentioned reasons. Taking the trace over the vector indices one gets:

= 3KTI(K?) + ... (3.31)

/ d*p 4p* + k> —4pk
@2m)* p*(p—k)?
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We are interested in extracting the logarithmic divergencies by expanding the denominator in pow-
ers of k/p up to the appropriate order:

/ d*p 4p2+k2—4pk_/ d*p 4p* +k* —4pk
@2m)* p*(p—k)? (2m)* p*(1+ (k> —2kp)/p?)
/ d*p —4k> + k> +8(pk)?/p? __/ dp K 2k
( —

A
logﬁ = 3KTI(K?)

2m)* p* @r)*p* (4w
(3.32)
where we have replaced
1,
Papp = ;P Oap (3.33)
into the integral and similarly (pk)> — p?k?/4 and we have regularized
d* <d A
P 27r2/ P op?log2 (3.34)
p 0o p u
Therefore:
2 A
(k*) = ———— log — 3.35

Hence the orbital contribution to the beta function is:

Delil(—AA) Nexp( 471_ log — / tr(Ag( k Oy of — kakﬁ)Aﬁ))

a*k .
=exp (— 47'5 log — / 1A (k*§ Oup — k(xkﬁ)AB)

— 4
—exp (- 3(4n 8 4/d (3.36)

where in the last step we used:
fab(:fabd — N6cd (337)

and
1 4 ra a d4k a 2
Z/d XFigFag ~ 2/ E AL (—k)AG (k) (K285 — kakp) (3.38)

at quadratic order.
Now we have to compute the spin contribution to the effective action. Since trFyg =0 up to
quadratic order in Fyg we get:

Det™V2(1 = 2i(—Ax) " adFyp) = exp (= Tr((—Ax) " adFop(—Aa) 'adFpe))  (3.39)
At lowest order (—Ay) ~ (—A), therefore
Tr((—A) "' adFoup(~A) ' adFy) = / d*x / d*yir(G(x — y)adF 5 (y)G(y — x)adFgy (x))

- N / d*x / d*yG(x—y) Fig(y)Fép(x) (3.40)
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where in coordinate space

1

P o

G(x—y)=
and
tr(adFypadFgg) = (adFyup)™(adFpe) = if " Fogif““Ff, = —NFgpFgg (3.42)

Assuming that the background field carries momenta much smaller than the fluctuating field we
can expand Fyg(y) = Fyp(x) + ... by Taylor series and keep the first term since we are interested
only in the divergent terms. Thus defining z=x—y

4
Tr((—A)adFap(—A) " adFq) ~ —(47]:2)2 / 4z / d*x(Fey)?

27N
n 5 log — /d4

- (4m2)?
4N 1
= —Wlog(u)24/d4x( )’ (3.43)
Therefore at this order the divergent part reads:
1
Det'2(1—2i(—Az) ™! adFyp) Nexp(( )? /d4 (3.44)
Finally the local part of the one-loop effective action reads:
N 4N
I =S — d*x(
-loop = Sym -+ (3(47:)2 (47: /
1 1IN
— d*x(Fig)? 3.45
( g2(A)  3(4m)? / 59
Therefore the bare coupling constant, g(A), renormalizes as:
1 1 11 1 A
= — log — 3.46
22N 282 " 3 (@R B u (40
or
2 82(#)
g (A= (3.47)

1+ 2550 ¢2(1)log §

that is the solution at one loop of the equation that defines the 3 function:

Ble) = g =g+
Bo = 3(;;)2 (3.48)
Eq. (3.46) can be also written as:
Ae ﬁ e m (3.49)
Thus the combination:
Ay =Ae FoT® (3.50)

is independent on the cutoff A and it is a renormalization group invariant at one loop.
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3.2 A SUSY interlude: cohomological localization by the Nicolai map in .4/ =1 SUSY YM

Shortly after Nicolai discovered [29, 30] that the vanishing of the vacuum energy in an unbro-
ken supersymmetric theory implies the existence of a change of variables whose Jacobian formally
sets the functional integral in ultralocal form, De Alfaro, Fubini, Furlan and Veneziano 26 131, 32]
worked out explicitly the Nicolai map in the case of .4 =1 SUSY Y M.

They found that in this case the Nicolai map is actually the change of variables from the
gauge connection to the ASD part of its curvature in the light-cone gauge, with the property that its
Jacobian cancels the gluino determinant.

In this section we reconsider the Nicolai map of .4~ = 1 SUSY YM paying particular attention
to the fact that, while generically in function space the aforementioned cancellation occurs exactly,
in a renormalizable but not finite supersymmetric quantum field theory such as .4 =1 SUSY YM
there should exist loci in function space where the cancellation occurs in fact only up to zero modes.

Indeed if it were not so the theory would be in fact mapped into a theory of free fields with
zero beta function.

It is quite clear that the Jacobian of the Nicolai map develops zero modes precisely at loci
in function space where the Nicolai map fails to be one-to-one. If these loci are characterized by
moduli then there is a continuous family of zero modes and the Pauli-Villars regularization of these
zero modes in the functional integral furnishes in general some contribution to the beta function of
the theory, thus resolving the puzzle that the Nicolai map maps formally the theory into a theory of
Gaussian fields with vanishing beta function.

Understanding the distribution of these zero modes as a function of the Gaussian random
field which the theory is generically mapped on is in fact a non-perturbative problem seemingly as
difficult as performing the functional integral in the original variables.

However, we point out in this section that, thanks to the tautological nilpotent Parisi-Sourlas
[35, 36] BRS symmetry 27 associated to the cancellation of the Jacobian with the gluino deter-
minant, the partition function with the insertion of certain BRS invariant operators necessary to
saturate the zero modes of the gluino determinant is in fact localized by cohomological localization
(see sect.(1)) on those (Euclidean) instantons 2® that can be analytically continued to ultrahyper-
bolic signature (this constraint arises because the cancellations due to the Nicolai map actually
occur only in the light-cone gauge).

Thus because of the localization the occurrence of the zero modes for these special BRS-
invariant observables can be understood semiclassicaly as they coincide with the moduli of the
instantons.

The immediate consequence of this localization is an exact formula for the beta function of .4~
=1 SUSY YM, that quite obviously turns out to be the NSV Z beta function [38, 39], by an almost
verbatim reproduction of their original computation.

26We would like to thank Gabriele Veneziano for several discussions about the Nicolai map over the years and at the
GGL.

2’We may consider this BRS symmetry as a remnant of the supersymmetry after gauge-fixing.

Z8We refer here to instantons as configurations satisfying the SD equations, without any implication about being
defined on $*. In fact in the present framework the instantons are naturally defined on S2 x $2, because of the analytic
continuation from Euclidean (4,0) to ultra-hyperbolic (2,2) signature, that can be handled by twistor techniques [93]
(see also the Appendix in [94]).
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We can now start to work out the details. It turns out that to get localization we need only the
information that the gluino determinant cancels the Jacobian of the Nicolai map. Let us suppose at
first that there are no zero modes. Using the identity:

Tr(Fag) = Tr(Fo)?/2+ Tr(FapFap) (3.51)

the partition function reads:

Z:[/exp(—]m”zQ ! [Tt \Der( e “B)5A],.

3.52

2g> 852 op 5A, =0 (3.52)

where fields live in the adjoint representation of the Lie algebra of SU(N). In Eq.(3.52) we have

OF

just expressed the existence of the Nicolai map by inserting its inverse Jacobian, Det (3 Lap ) in

place of the gluino determinant. Thus the theory is mapped into a theory of free fields:
N167r2Q -
Z= / 7 i /Tr (FopF~ 2By atx )8F 4 (3.53)

that holds generically in function space where zero modes do not occur. In fact, taking into account
the zero modes, we get:

5 OAIF)

A[F 5]
/Anb[F - B] Pf ﬁa Sm
///Pf<77[ aﬁ] n[Fo:[S]>

N16m°Q[F,]

exp(— P

o /Tr (FopF~ *By gty )8F (3.54)
where the extra factor is the contribution of the Pfaffians of the bosonic and fermionic zero modes
[92] and of the associated Pauli-Villars regulator, whose origin is explained below. Going back to
Eq.(3.52) we can write it in a more suggestive form introducing anticommuting fields, (pgp,1My):

Nl672Q 1 . o 0F 5
zZ= [/CXP(‘zgz—ggz/d XTr(FygF aﬁ*'paﬁsTwny)wASpSn]AFO (3.55)

The non-topological term can be rewritten as:

[exp/(—8;2 / d4xTr(E;BE—aﬁ + iE;ﬁF—aﬁ iPap 55 A, Ny))SE~ 5A5p5n] _, (3.56)
The functional integral here has to be interpreted as either in Minkowski space-time (3,1) or in
ultrahyperbolic signature (2,2), since otherwise the light-cone gauge does not exist. In Minkowski
signature an overall factor of i in front of the action is understood but not explicitly displayed. In
ultrahyperbolic signature the Gaussian integral is defined by analytic continuation. In this form the
partition function enjoys the following tautological Parisi-Sourlas BRS symmetry 2°

OBrsAy = Ny

To the best of our knowledge the existence of this symmetry in .#" = 1 SUSY YM has never been related to

cohomological localization, presumably because it leads to results inconsistent with the NSVZ beta function if zero
modes are not taken into account properly. However, the zero dimensional version of the Nicolai map, for which of
course no zero modes occur, has been related to cohomological localization in [37].
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OprsNy =0
OBrsPap = Eqp
OsrsEqp =0 (3.57)

with Q%,¢ = 0. The consequence of the existence of this symmetry is that the term EpE —ob s

a coboundary, since Eo_cﬁE —op — Q(papE _“ﬁ). Thus it can be cancelled without changing the
cohomology class of the integrand. The resulting functional integral reduces to:

1 OF
[exp / (32 / d*XTr(E gy~ ipaﬁaTaBny))SE_SASpSn]A+:o (3.58)
Y

Thus the complete partition function reads:

(3.59)

2 OF
7 [/exp(_W)é‘(Faﬁ)Det( “ﬁ)SA]A+:O

2g2 0Ay
that expresses the fact that the partition function is localized on those instantons that can be an-
alytically continued to Minkoswki 3° or ultrahyperbolic signature, thus violating the assumption
that there are no zero modes. In case we assume the existence of zero modes from the start we
have to insert some fermionic contribution to take into account the fermionic zero modes of the
gluino determinant. This can be done by identifying lexicographically the gluino zero modes, say
A; where i a spinor index, with 7; where i is a vector index:

_n n N167*Q
[/A > (Tre;ining) 2 CXP(—ng)
1 OF
eXP[—Sgﬁ/d“xTr(EaﬁE“ﬁ +iE;ﬁF*“ﬁ —iPop Wofny))SE*SASpSn}AFO (3.60)

Afterwards everything goes through as before and the localized partition function is:

_ N16m*Q(A) ny / Pf< 34 24

7Z =ex Ty
VA vo PF<mm>

(3.61)
where we have explicitly displayed the Pfaffians (i.e. square root of determinants) that occur evalu-
ating the residual integral on the instantons moduli associated to gauge field and gluino zero modes.
This is precisely the NSV Z result originally found by evaluating the gluino condensate, but for the
fact that there is a constraint of analytic continuation for the instantons, say to ultrahyperbolic sig-
nature, that can be handled by twistor techniques [93]. In particular the natural framework for the
analytic continuation is to start with twistors on Euclidean S* x §? and analytically continue to
ultrahyperbolic signature. Doing so the conformal compactification of ultrahyperbolic space-time
occurs, that is S? x 2 /Z,, where Z, acts by antipodal involution o (x,y) = (—x,—y) [93]. Thus the
analytic continuation defines in fact the double cover, §2 x 82, of the conformal compactification,
S2 x §?/7,, of ultrahyperbolic space-time. As a consequence the possible values of the second

301n this case the gauge group must be complexified since SD equations exist only in Euclidean or ultrahyperbolic
signature for Hermitian connections [93, 94].
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Chern class, Q, (the topological charge) can only be even for ultrahyperbolic instantons [93]. Thus
the gluino condensate cannot be saturated by single instantons. This is perhaps related to the old
controversy about the strong versus weak coupling evaluation of the condensate (for reviews see
[33, 34]), but it is a matter too far away from our main subject to discuss further.

In any case the NSVZ beta function is tautologically reproduced. We show the computation
because it is very useful to understand the pure Y M case.

A striking consequence of the localization on instantons is that the beta function for the Wilso-
nian coupling constant, gw, is one-loop exact since the only sources of divergences are the zero
modes via the Pauli-Villars regulator:

16720 16720 ny A
= —(np — L) log— (3.62)
2w 2, T 28y

Now since nj, = 4NQ and ny = 2N Q the result for the Wilsonian beta function follows:

1 1 3 A
= — log — (3.63)
2gi (1) 2gwy(A) (4w T

or differentiating with respect to log A:

dgw
dlogA

= —Pogiy (3.64)

with
3
Bo = an)?

From the one-loop exactness of the Wilsonian beta function it follows the NSVZ formula for the

(3.65)

canonical beta function. Indeed the renormalization of the canonical coupling is obtained rescaling
the fields in canonical form, i.e. in such a way that the quadratic part of the action is normalized in
order to be g independent:

SgA. SgA.
7 :CXP(—N167T2%(gAC) )Anb,’%f Pf< ng ) ng
28y My Pf<gNe,gNe >
0A. OA.
_ exp(_N16n2Q(gAC) )Anbf%fgnbfnf/ Pf < om’ dm
zg%‘/ L//Q Pf<ntanc>
) N SA. OA.
= exp(_l\mQ(gAc))Anb—zf/ Pf < om’ dm (366)
2¢2 My Pf<Me,Me >
where we have defined:
N167*Q(gA. N167*Q(gA.
5 g2<g I o A | (4nQ(eA) - 2NO(sA)logs  (67)
w
or
1 1 2
— =5+ —logg (3.68)
2g%,  2¢>  (4m)?
Differentiating with respect to log A the NSV Z beta function follows:
3,3
dg @8
- (3.69)
dlogA 1— ﬁ g’

QED
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3.3 Non-SUSY Nicolai map in pure YM

Now we have set the stage for the non-SUSY Nicolai map in pure Y M.

In the pure Y M case we define our change of variables in a more general way than in the SUSY
case [31, 32], by allowing arbitrary gauge-fixing. Indeed, while in the SUSY theory we need the
light-cone gauge to get the cancellations of the determinants, in the pure Y M theory cancellations
do not occur at all. Therefore there is no point in choosing a non-covariant gauge.

The Y M partition function is (for definitions see sect.(3.1)):

167r2NQ N
Z= / =g ig /l‘rf( op) d'x) A (3.70)

where we used the identity 7r(F Oztﬁ) Tr(F, ) /2+Tr(FupFyp) as in the SUSY case. We change
variables from the connection to the ASD curvature by introducing in the functional integral the
appropriate resolution of the identity:

1:/5(Fa_ﬁ_“o7ﬁ)5ﬂo7ﬁ (3.71)
Thus
_167°N N B B )
_/ 2 °_ Tag /f”f(“aﬁ>2d X)8(Fyp — Hop) Oty 0A (3.72)

Exchanging the order of integration we can now perform the integral on the gauge connection
because of the delta function. The easiest way to do this is defining the delta function as:

5( af nuocﬁ)_hm N~ ( )e_%f"f(Fo:/s—H;g)z (3.73)

with N(€) an irrelevant normalization factor. Thus the Jacobian of the map to the ASD variables can
be evaluated as a Gaussian integral for the quadratic form obtained from the expansion to quadratic

order of:
11y (Fop — Hop)” = (P (Fap — ap))* ~ try (P~ (D, 8Ap)))? (3.74)
where:
_ n L 1.
and
_ 1 1
Paﬁy& = 5 50”/5[35 — Z Eapys (3.76)

Therefore, integrating by parts freely and using the same identities as in sect.(3.1), we get:

B 1
tryP” (Dig8Ap))* =try(Djg,6Ap) — > €apysD},045))°
= l‘rf(2<D‘[a5Am )2 — D[a6Aﬁ]£aﬁY5D[y6A5])
= 1r;(—48AqNy8Aq — 4(Dy8Aq)” +4iFyg[8Aq, 8Ap] — 4D, 8Ageqp,5D;0A5)
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re(— )+

dtry(— )?

dirp(—8A AASAO, D, 8Aq)? +1Faﬁ[6Aa,6Aﬁ] [Fﬁa,SAB]SAg)
4rrp(— )?

411y (SA

— (Dy
1
8Aat)SAa — (DyAa)’ +iFup[8Aa. 545+ (1Dy, Dal) SApraps 545)
(

8A ( Ay Oqp + DD —2i ad(P+F)a,3)6AB) (3.77)

'y

The partition function becomes:

;o / _len’NQ N

i / b1y (g V2 ) Det ™2 (~83 85 + DDy — iF )8~ (378)

The determinant in Eq.(3.78) does not exist unless the gauge is fixed. This is most conveniently
done in a background Feynman gauge:

z =lim [ 548CSu~ exp(—Syar)e e /17 Fap~Hap '
E—
Det(—Ay)e ¢ 1) §(D. 54, —C) (3.79)

As a consequence the gauge-fixed partition function in the ASD variables is:

167°NQ N
Z :/exp( T 4g /Z’I"f(‘uaﬁ)zd4 )

Det™'/?(=Ay 8,5 — iF J3 ) Det (=) S~ (3.80)

that because of the argument displayed below can be rewritten as:
167’NQ N 2 1
z :/exp(—g2 T2 /"f(ﬂaﬁ) d*x)
-1 mple]
Det™'?(=Ay8,p — ittyp)Det(—A A" o s (3.81)

where @ is a Kahler form on the moduli induced by a Kahler form on the connections. A possible
choice for  is:

e 6mk)5m,-/\5n’1k (3.82)

/d4 5A 0A:; 0A, 8A;
Y

As in the SUSY case zero modes have to occur, but in the pure Y M case there are also other
contributions to the beta function due to the lack of cancellation of determinants (see sect.(3.4)).
Let us introduce the matrices 6, = (1,iT) with 7 the three Hermitian Pauli matrices and the
self-dual and anti-selfdual matrices (we use the same notation as in [33]):
1
Oup = (O'a()'ﬁ 0p0q)

1
Gaﬁ— (6640p — GOy)

(3.83)
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The three variations [33]:

P (D 8Ay) 384
can be rewritten as:
() D840 = Tr(t: DS A) (3.85)
and the forth variation:
D, 0Aq (3.86)
as:
D540 =Tr(D 5 A) (3.87)
in such a way that the four variations can be written together as:
DSA, (3.88)
where we have defined:
D= 04Dy,
D = 64D, (3.89)
Therefore the Euclidean invariant positive semidefinite quadratic form:
Zﬁzrf Diy,8Ag)))* +1rp(Dy8Aq) (3.90)
o>

can be written as:
;trfm(fi D8 A +trfTr( D8 A))?
= Z"fll_)'da&\ablz
- ihtrfrr(a A D D15 A) (3.91)

where in the second line we have used the completeness of the 6, over the 2 x 2 matrices. The
trace, T'r, refers to the spin indices and we have freely integrated by parts. Therefore the partition
function in the Feynman gauge:

Z =lim 5A5C5u’exp(—SyM)e_%f”f(Fofﬁ_“;ﬁ)zdélx
E—
Det(—Ay)e e /45§D, §A, —C) (3.92)

becomes:

167°NQ N
? 4 o) /[rf<y.aﬁ>2d4 )Det( AA)

exp(—— Z /"f " (Do 84g))) d*x) exp( —*/d“xfrf (Dy6Aq)?)

oc>/3
_ 161°NQ N
:/5/.L exp(— ——5—— 12
8 8

lim SASU exp(—

/ i1/ (g d*x) Det (~Ay)Det H(— D D8,;) (3.93)
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where:
— D D =—-A41+ CapFp (3.94)
Hence:
Det H (= D Do) =Det™\2(~ 88— iF ) (3.95)
In addition:
DD =M+ BupFy (3.96)
and symmetrically:
Det_%(— D Dé,;) = Det_l/z(_AAsocﬁ - iF(;B) (3.97)

Now, since D= D-and D D- have the same spectrum of non-zero modes, it follows that —A;, Oup —
iF a_ﬁ has the same non-zero modes as —A; 8, — iF, JB, but it has no zero modes precisely when
—Ay 8qp —iF, J 5 has. This is the case when the gauge connection that solves the equation of ASD
type, Fp (A(m;)) = I~ has moduli, m;. Indeed taking the derivative of this equation with respect
to the moduli one gets:

6F,5 5A
ap 0%y _
SAy dm; (3.98)
that implies that the operator:
OF,, S(P Fyp)
op _ op —p (D
54, 0Ay = 54, 6Ay =P (Dj,6Ap)) (3.99)

has zero modes, and therefore D and (—Ay,8p — 2i ad(P* F)4g) have zero modes too. QED

3.4 One-loop beta function of pure Y M in the ASD variables

We can now use Eq.(3.81) as the definition of the partition function of YM in the ASD vari-
ables. We can apply the standard background field method of sect.(3.1) for the computation of
the beta function in the ASD variables. The field fop = figp + Olgp can be decomposed in a
background, fi,g, and a fluctuating field, 4. The correlations of the fluctuating field can con-
tribute only starting from order of g2. Therefore the only O(g°) contributions, relevant for the
one-loop beta function, arise from the functional determinants. To evaluate the effective action in
the ASD variables it is most convenient to compare it with the standard one-loop effective action of
sect.(3.1). In the standard background field method the quadratic form:

N
27 / d*xtry(Fyp)? (3.100)
is expanded around a solution of the equation of motion, leading to the one-loop effective action:

Z] —l()op — e_rlflrmp(A)

— S Doy V2 (A1 8,5 — 205 )Det (— ;) (3.101)
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In the ASD variables because of the delta function that defines the resolution of identity, the "action"

. N _ _ 0
‘}:I_I’I(I)E/trf(FaB ~ lgp) (3.102)
is expanded around the background F_, 5 (A+6A) = fop+ o Hop: leading to the one-loop effective
action in the ASD variables:

lequlr)p - eirﬁl’)"”l’ (ﬂ)

1672NQ N B
= LE A

S mlaT] K,
/A’W lo™> Def‘ﬁ(—A;(Saﬁ—2iad%ﬁ)Det(—A;) (3.103)

Thus the orbital contribution is the same as in the standard background field method. The difference
is the spin term, 2iad(P~F g, as opposed to 2iadFyg, and the possible contribution of the zero
modes, whose occurrence is not generic but depends on the background. Let us suppose at first that
zero modes do not occur. In sect.(3.1) we have seen that the combination of determinants

(3.104)

leads to the beta function:

1 1 1 4 A
2682(1)  28%(A) * (3(47r)2 - (4@2)10%5 (3.105)

where the first term in the brackets is the orbital contribution and the second one is the spin contri-
bution.
In the ASD case the orbital part is the same one, while the spin part differs because of the

substitution Fyg — P~ Fop = “%ﬁ Thus both in the standard one-loop effective action and in the
ASD variables the orbital contribution is:
A

1
N/”f(Faﬁ)zW log m
1 A

1 A N

_ 2 [ [ —

= N(4r) Q3(47‘L’)2 log‘u 4 > /trf(FaB) 3(an)? log‘u
1 A 2 A

_ e o — 2~ o

= N(47) Q3(4n)2 log“ +N/,rf(p Fop) 3(4n)2logu (3.106)

On the contrary, while the spin contribution for the standard one-loop effective action is:

4 A
—N/trf(Faﬁ)ZWlog“ (3.107)
in the ASD variables, because of the substitution Fpg — P~ Fyp = @, is:
_ 4 A
—N/trf(P Faﬁ)2(47)210gﬁ (3.108)
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Hence
1 1 A
M —(— 4+ log—)N(4m)?
1—loop (282+3(4ﬂ)2 Ogu) ( 7[) Q
1 2 A 4 A
N [tre(P F ) (—4+-—— log— — — _log —
1 1 A 1 5 A
=(— 4+ —log —)N(47)? 2N/t P Fp)(—————log—
N(@4r)*0z," 2Nz o,
== 5 [P Fag) (3.109)
where:
B 2 g? A
zb =142 log —
+3(471)2 Ogu
_ 10 g° A
z7l =1-=— log — 3.110
3 (4n) ogu ( )

Thus generically the Y M beta function is not reproduced in absence of zero modes as in the SUSY
case. Moreover generically the renormalizations of Q and of L, are different. However, if the
background field satisfies the equation of motion at leading order, to5 = 0, the corresponding Y M
connection is SD and therefore instantons occur. In this case the zero modes have to be included
and the one-loop beta function is reproduced in the ASD variables:

(4m)>NQ
ASD - —-1/2 . . AN 2N
2\ ey =€ % Det /(—AA&X[;)Det(—AA)A QN
(4m2Noz!
=e & AWNQp2NC (3.111)

Yet, we may wonder as to whether the Y M theory can be exactly localized on instantons as in the
SUSY case. It is very instructive to check that it cannot be so, otherwise the two-loop beta function
is not reproduced. Rescaling fields in canonical form, as in the SUSY case, we get:

1
| (mPNO(ezf A0z

— e 0 1
s, =e M AMCo(gz3A) N0

1
_ NQ(sz5 A0z

e 2, A4NQ(gZé>4NQw(AC)2NQ
3.112)

Now we can define as in Eq.(3.67)

1 1
N16m2Q(gZ2A.)Z;"  N1672Q(8Z2A)Z," , .\
- 2ng 2 —- 2g5VQ 2 +4NQ(8ZpA ) log(gZy)  (3.113)

that implies:

1 1 47 !
— = — + ——=log(gZ} (3.114)
2g%, 28> (4m)? (825)
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and with two-loop accuracy

1 1

4 1
—5 ~ 5 + ——log(gZ} 3.115
28124/ 282 + (477:)2 Og(g Q) ( )

Taking the derivative with respect to log A and assuming by the localization hypothesis that gy is
one-loop exact, we get with two-loop accuracy:

1 Jdg 4 1 Jdg 2 dlogZy
— =— - 3.116
g3 dlogA Pot+ (4m)2 g dlogA  (4m)? dlogA ( )
with By = % 0 4;)2. Therefore
3 2¢° dlogZ
8g B _BOg + (4i)2 810gAQ 3117
dlogA 1— 24 g2 G117
@nz 8
Since
dlogZp 2 gy 2 & 3.118)
dlogA 3 (4m)? 3 (4m)? )
it follows that:
d 1 g 4 g 4 11 g 48 g
s e g 4 ope- e B g (3.119)
dlogA 3 (4m)? 3 (4m)* (4m) 3 (4m) 3 (4m)

Therefore the second coefficient of the beta function, f;, differs from the perturbative result:

48 1

1
hi=7 (4m)?

(47)

34
S (3.120)
3
Thus it is not possible to localize the Y M partition function on instantons. QED
On the contrary, we will see in the following sections that twistor Wilson loops can be localized
on surface operators with Zy holonomy.

4. Twistor loops and non-commutative Y M

4.1 Non-commutative Eguchi-Kawai reduction

We recall some fundamental facts about the non-commutative Y M theory [73, 95] that will be
used throughout the whole paper. These results will allow us to construct the twistor Wilson loops
which our approach is entirely based on.

The non-commutative R is defined by:

(%%, %P1 = i09P1 4.1
Let A(x) be:
A A% e
A()C) = /Wek e ke (42)
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and
7= [dterw @3)

for complex functions of rapid decrease in both coordinates and momenta (Schwartz space). This
defines an operator/function correspondence such that:

fe="rxs 4.4)
with:
(f%8) (@) = () exp(5080° 9 g (v)], (4.5)

that can be extended to multiple x products:

Fi(a0) sk fon) = [exp(£020%B98) fy (1) fu () 4.6)

i<k 2

needed in the evaluation of Wilson loops of the non-commutative theory in the function represen-
tation: P,expi [, LyAa(x)dxa.
By the operator/function correspondence translations are represented by unitary operators:

e“éﬁ(x)e_"é =A(x+a) 4.7)
where:
9'(#) = 81 (4.8)
Thus non-commutative derivations can be represented via Eq.(4.1) and satisfy:

-1 4.9)

[0 g) = 6,5

In addition the integration on functions coincides with the operator trace up to a factor:

@n)iPf(0)Frf — / dxf(x)
2m)iPf(0)TrAA(Y) =8%(x—y)

[datree@ = [axrwe) (4.10)
The YM action of the U (N) non-commutative gauge theory has the function/:
N d
ng/d xrrN(Faﬁ*Faﬁ)(x) 4.11)
/operator representation:
N d A .14 A A A —147\2
@(2@ 2Pf(0)trnTr(—i[dq +iAg,dg +iAg] + Oup 1) (4.12)
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where the non-commutative gauge connection is valued in the tensor product of the Lie algebra,
u(N), of U(N) in the fundamental representation and of the field x-algebra. This leads to the
non-commutative [96, 97] 3! Eguchi-Kawai reduction [98, 99, 100]

N . 2w A AA A _
@N(X)dtrNTrN(—l[aa +ila,dp +idp]+6,51)° (4.13)

where the trace Try is taken now over a subspace of dimension N, with

NY 3

M= ) = (27)1Pf(0) (4.14)

in the large N, 0, A limit. The simplest way to understand the occurrence of the inverse power of
the cutoff 3 in the reduced non-commutative action 3 is to study the Makeenko-Migdal [46, 47]
loop equation after having reabsorbed the two factors of N, N into a unique factor, .#" = NN, that
computes the rank of the tensor product. For this we need to write the Wilson loop of the non-
commutative theory in the operator notation. In this version the theory is a matrix model of infinite
matrices. Thus the Wilson loop must involve a connection constant in space-time:

%trNTrN‘I‘(A;LWW) = %trNTrNPexp /Lw(éa +iAy)dxy (4.15)
Indeed this prescription leads to the correct definition of the Wilson loops of the non-commutative
theory in the function representation. The proof is as follows. In the operator representation we
can gauge away the non-commutative derivative that occurs in the definition of the Wilson loop
by performing a local gauge transformation with values in the infinite-dimensional unitary group
acting on the Fock representation of the non-commutative theory:

A

0 (x) = e (4.16)

where x, is a commutative space-time coordinate. The operator-valued gauge connection trans-
forms under this gauge transformation in the usual way:

AU = 0(0)AoU (x) " +ida0 (x)0 (x) " (4.17)

where the partial derivative is the usual partial derivation with respect to the commutative param-
eter xo,. The operator d,, must instead transform as a Higgs field in order for —idy +Aq to be a

connection:
00 = 0 (x)9q0 (x)
o = U(x)9aU (x) (4.18)
Correspondingly the Wilson line:
‘P(A;Lyz):Pexpi/ (—i0g +Aq)dxq (4.19)
Ly,

3lWe would like to thank Antonio Gonzalez-Arroyo and Chris Korthals-Altes for discussions on non-commutative
Eguchi-Kawai reduction and Antonio Gonzalez-Arroyo for a detailed exam of our work at the GGL

32We would like to thank Yuri Makeenko for discussing this point with us at the GGI.

3See [50] for a modern treatment. Another interesting way to understand the same factor in the quenched version
of the Eguchi-Kawai reduction is in [101].
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transforms as 34

U ¥®(A:Ly)U ()™
:Pexpi/ (—idY +AY)dx,

vz

:Pexpi/ (O@ALD ()" iU (1)U ()" +i0a0 (00 (x) g
Ly,
— Pexpi / 0 (0)Ag0 (x) ' dxq

Ly,

=P.expi [ Aq(x)dxq (4.20)
Ly,
that is the function version of the non-commutative Wilson loop by the operator/function corre-
spondence. Now the Makeenko-Migdal loop equation [46, 47] of the large-N commutative theory
is:

1 5SYM .
< —er(éAa( )lP(A,LX_x)) >
= z/ dya6 —y) < —trN‘P(A Lyy) >< %trN‘P(A Ly,) > 4.21)

where the normalized commutative Y M action is:
1 2 gd
Sym = ng/trN(F(xﬁ) d“x 4.22)
and the v.e.v. is defined with respect of the unnormalized action:
<. >:Z*l/...exp(—i/trN(Faﬁ)zddx)éA (4.23)
242

The loop equation of the non-commutative matrix model is instead [102, 103]:

1 55Nc
< 7T lP A Lxx >
o Trr (g P AsLw)
/ ! ; 1 A
i /L dye < TryW(EiLy) >< Try (L) > (4.24)

where the normalized action, Syc, of the non-commutative theory is:

1 2rn ,

SNC:T"Z(A) Tr/V(—l[a +1Aa,8,3+zA,3]+9 8 ) (4.25)

and the v.e.v. of the non-commutative theory is defined with respect to the unnormalized action:
. N2,
<=z /...exp( 52 (AT (—ilda-t i, 9 +ig) +0,41)7)54 (426

At this point we notice that the factor of (27”)" in the normalized non-commutative action is essen-
tial to reproduce the loop equation of the commutative gauge theory, since its effect is equivalent

34We ignore central terms that vanish for large 6.
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to the insertion of the missing &(¢) (0) in the right hand side of the non-commutative loop equation.
As a consequence the & () (x —y) of the commutative loop equation is reproduced provided the
trace of Wilson lines vanishes for x # y [102, 103]:

< %Tr/‘P(A;LXy) >=0 (4.27)
QED
The occurrence of the inverse power of the cutoff in the matrix model version of the non-
commutative theory opens the way to saddle-point computations of new kind in which power-
like divergences cancel against the (%”)d factor. In particular if the theory is defined on R? x R%,
quadratic divergences cancel. This will turn out to be the case for the surface operators of the theory
on R? x R% in the limit of large 0 introduced in sect.(7) and employed in the whole paper.

4.2 Twistor Wilson loops

We define twistor Wilson loops in the YM theory with gauge group U(N) on R? x R% with
complex coordinates (z = xo + ix1,Z = xo — ix], i = £ + iX3, =% — ix3) and non-commutative
parameter 0, satisfying [d,,dz] = 61, as follows:

Tr y¥(By;Lyy) = TrE/VPexpi/ (A.4+AD,)dz+ (A-+2"'Dy)dz (4.28)

ww

where D, = oi, +iA, is the covariant derivative along the non-commutative direction 7 and A a
complex parameter. For many purposes it is not restrictive to choose A real, although other choices
are possible, for example a phase A = ¢'®. The plane (z,Z) is commutative. The loop, Ly, starts
and ends at the marked point, w, and lies in the commutative plane. Thus we regard the twistor
connection, Bj , whose holonomy the twistor Wilson loop computes, as a non-Hermitian connection
in the commutative plane valued in the tensor product of the U (N) Lie algebra and of the infinite-
dimensional operators that generate the Fock representation of the non-commutative plane (i, if).
B, isindeed a connection in the commutative plane since the non-commutative covariant derivative
transforms as a Higgs field of the commutative plane. The trace is defined accordingly. The limit of
infinite non-commutativity in the plane (4,#) is understood, being equivalent to the large-N limit
of the commutative gauge theory [96, 73, 104]. The U (N) non-commutative theory for finite 6 has
tachyon instabilities that occur in non-planar diagrams suppressed by powers of 6! and N~! [73].
Therefore non-commutativity is for us just a mean to define the large-N limit, as well as it is for

Nekrasov just a mean to compactify the moduli space of instantons .

4.3 Fiber independence of the v.e.v. of twistor Wilson loops

It easy to show that the v.e.v. of the twistor Wilson loops is independent on the parameter A:

1 N 1 N
< WT’”,/V‘P(BA;wa) >=< WT’Z/V‘P(BULWW) > (4.29)

350nce localization is obtained, the glueballs spectrum is computed employing the effective action in the large-N
commutative theory, around the localized locus (see sect.(12)).
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The proof is obtained changing variables, rescaling covariant derivatives in the usual definition of
the functional integral of the non-commutative Y M theory:

/TrE/VPexpi/ (A;+ADy)dz+ (A: + A" Dg)dz
Ly,

N2 . a s
exp(—fgz(%)z /deTW(—i[Da,DB] 1 6,41))548A5DD
:/Tr(/VPexpi/L (A,+D.)dz+ (A;: +D})dz
N2 o o VSN
exp(—zgz(f)2/d2xTw(—[Dix7Db]2+(9a5)21 — 21D, Dp)0,4)SASASD'DY (4.30)
where:
D= b.
D, = D
ﬁ:l = )l’ Au
D. = A-'D,

(4.31)

The formal non-commutative integration measure is invariant under such rescaling because of the
pairwise cancellation of the powers of A and A ~!. The first term in the non-commutative Y M action,
proportional to Tr_y [Dl,, ﬁ’ﬁ]z, is invariant because of rotational invariance in the non-commutative
plane.

Indeed every u must be contracted with a i by rotational invariance in the non-commutative
plane and thus the factors of A cancel. The only possibly dangerous terms couple the non-commutative
parameter to the commutator 7'r JV([IA)’OC,IA)b] 6, é) but only 77 4 ([D',,D}]6,7') survives, because all
the other terms are zero for R? x R%,. But the commutator is invariant under A-rescaling.

We notice that, after rescaling, the integration variables (8D’ , 8D/) should be treated as inde-
pendent. For A real this is appropriate if we analytically continue the non-commutative plane to
Minkowski space-time, after which the A invariance of the loop is simply invariance under Lorentz
boosts 6. The analytic continuation is also connected with the large-9 triviality (see below). QED

In fact the twistor Wilson loops are trivially 1 at large-6 to all orders in the 't Hooft coupling
constant g:

. 1 A
lim < 77 ¥(ByiLw) >= 1 (4.32)

Firstly, we show that triviality holds to the lowest non-trivial order in perturbation theory. We have

in the Feynman gauge in the large-6 limit 37:

<TW(/ (Az+wu)dz+(fiz+l*1ﬁg)dz/ (A, +AD,)dz+ (A; +A7'Dg)dz) >
ww L

Www

36We would like to thank Konstantin Zarembo for discussing with us the A-independence at the GGL.
3TFor a very accurate version of this computation see "Solution to problems" by Luca Lopez in the SNS web site:
www.sns.it/it/scienze/fisiche/pertgauge/ .
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) / dz / d2(< Tr 4 (AA2) >+ < Tr y (Auds) >)
LWW LWW
-0 (4.33)

4.4 Twistor Wilson loops are supported on Lagrangian submanifolds of twistor space

Secondly, we show that triviality holds in the large 0-limit to all orders of perturbation theory.
For this aim it is convenient to gauge away the non-commutative derivatives that occur in the
definition of twistor Wilson loops. This can be done by performing a local gauge transformation
with values in the complexification of the gauge group. Although this is not a symmetry of the
theory, the trace of the twistor Wilson loops is left invariant because of the cyclicity property of the
trace. Let be

g(Z,Z) — eilzéu-i-il*lfég (434)

where (z,7) are commutative coordinates. The components of the operator-valued gauge connec-
tion, B;, transform under this gauge transformation in the usual way:

2.:9(2,2) 7 +i0.8(2,2)8(2,2) !

A

8(z,2) " +i0:-8(z,2)8(z,2) ! (4.35)

e
o

B (z,2)

(Z7Z)él,

>0,

iz

[T

B

=S,
Il

z=
where the partial derivatives are the usual partial derivations with respect to the commutative pa-

rameters (z,Z). Correspondingly the twistor Wilson line transforms as 38

S(w,w)¥(By,; Ly )S(v,7) !
= Pexpi /L B} .dz+ B -dz

— Pexpi / ($(2,2) (A +AD)S8(2,2) " = Adu)dz+ (8(z,2) (A + A 7' D)8 (z,2) " — A~ 10;)dz

wy

— Pexpi / S(z,2) (A, +iAA,)S(z,2) 'dz+8(z,2) (A; +id'A;)S(z,2) " dz (4.36)

Wy

Therefore the twistor loop lies effectively on the submanifold of four-dimensional commutative
space-time defined by:

(z,Z,u,i) = (z,Z,iAz,il 7 17) (4.37)
with tangent vector:
(2,2,0,0) = (2,2,iA2,iA"'2) (4.38)

This is a Lagrangian submanifold of the (complexified) Euclidean space with respect to the Kahler
form dz A dZ+ du A di that lifts to a Lagrangian submanifold of twistor space provided A is either
real or a unitary phase. The two cases correspond to Lagrangian submanifolds of antipodal and
circle type respectively.

38We ignore central terms that vanish for large 6.
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4.5 Triviality of twistor Wilson loops in the limit of infinite non-commutativity

The proof of triviality of twistor Wilson loops to all orders of perturbation theory in the limit
0 — oo follows now almost immediately.

Indeed at any order in perturbation theory a generic contribution to an ordinary Wilson loop
of a commutative gauge theory contains a correlator of gauge fields, i.e. a Green function, with
tensor indices contracted with a product of monomials in % (s) at generic insertion points on the
loop, labeled by s:

/ ds1dsy.... Gayery. (x(51) — 35 (52), ..} (51 )op (52). . (4.39)

Because of the O(4) invariance of the commutative theory %, (s1) is contracted either with another
Xa, (s2) or with an x¢,(s2) to form polynomials in xq(s)X¢(s") or in Xq(s)xe(s"). Indeed all these
monomials necessarily contain at least one factor of x, since the gauge field along the loop has the
index contracted with the one of xX,. The possible factor of x4 arises from the dependence of the
Green functions on the coordinates.

We now specialize to twistor Wilson loops.

In the limit & — oo of the non-commutative gauge theory O(4) invariance is recovered, because
the theory becomes the large-N limit of the commutative theory, that obviously is O(4) invariant.

Therefore all the monomials just mentioned vanish when evaluated on the Lagrangian subman-
ifold which the twistor Wilson loop lies on, because they are of the form z(s)z(s") — z(s)z(s') =0
or z(s5)z(s") — z(s)z(s) = 0. Thus the "effective propagators" that connect a Feynman graph at any
order to the twistor Wilson loop vanish. The only factors that may spoil the triviality occur if sin-
gularities due to denominators of Feynman diagrams arise, since xq(s)xq(s") vanishes too on the
Lagrangian submanifold for the same reasons. To cure this we analytically continue the correlators
that occur in the computation of twistor Wilson loops from Euclidean to Minkowski space-time in
order to get the i€ prescription, z (s)z—(s') —z4(s)z—(s') + i€ = i€ in the denominators.

The gauge invariant prescription of analytic continuation from Euclidean to Minkowski space-
time will be used over and over in the paper and it will play a crucial role. QED

We describe now the aforementioned analytic continuation of the twistor Wilson loops at the
operator level in the functional integral by means of the following sequence.

Firstly, we analytically continue to Minkowski space-time only the commutative plane. Then
at operator level the twistor Wilson loops become:

Tr yW(By; L) — Try Pexpi / (Ay +idD)dzs + (A, +i2 'Da)dz.  (4.40)
LW'W

since xo — ix4, 2 — iz4 and Z — iz_, with (z4 =x4+x1,2- =x4 —x1) and A, — —iA, ,A; — —iA, .
The support of the twistor Wilson loops analytically continued in this way becomes:

(2,2,iAz,id '2) — (24,20, Az, —A 7 '2) (4.41)

that is Lagrangian with respect to —dz; Adz_ + du A di for a real section of the complexified
Euclidean space-time.

In sect.(6) we write a holomorphic loop equation that the twistor Wilson loops satisfy in Eu-
clidean space-time. The holomorphic loop equation involves in the left hand side an Euclidean

43



Glueballs in large-N Y M by localization on critical points Marco Bochicchio

effective action that should be renormalized in Euclidean space-time and in the right hand side a
contour integral along the loop that is not well defined in Euclidean space-time and that should be
regularized.

We will show that there is an essentially unique way of regularizing by analytical continuation
to Minkowski space-time. Thus after renormalization of the effective action the holomorphic loop
equation makes sense in Minkowski space-time. In sect.(11) the renormalized effective action in
Minkowski space-time restricted to fluctuations of surface operators supported on the Lagrangian
submanifold:

(24,2, —Azy,—A7'2) (4.42)

is used to compute the glueballs spectrum. In the effective action this Lagrangian submanifold is
obtained first restricting to the Lagrangian submanifold in Euclidean space:

(z,2,—Az,—A"'2) (4.43)

and then analytically continuing. Despite the renormalized effective action and the holomorphic
loop equation make perfect meaning in Minkowski space-time, twistor Wilson loops after the an-
alytic continuation to Minkowski space-time become non-trivial, in such a way that, seemingly,
localization does not hold. This looks puzzling and we suggest a way out below.

Hence to get localization we should analytically continue further to (2,2) signature at operator
level. This can be done in two ways. The following choice for the analytic continuation u —
iy, i — iu_ leads to trivial twistor Wilson loops:

Tr y¥(By;L,) — Tr yPexpi / (A, +AD, )dzy + (A, +A7'D, )dz_ (4.44)

Ww

supported on the Lagrangian submanifold:
(24,2 idzy il 1z0) (4.45)

for which the correlators that occur in the evaluation of the twistor Wilson loops are vanishing as
shown in the triviality proof. The other choice for the analytic continuation ¥ — wu.,it — u_ leads
to:

Tr W (Bys L) — Try Pexpi / (A., +iAD, )dzs + (A, +iA"'D, Ydz  (4.46)

supported on the Lagrangian submanifold:
(Z+’Z7772’Z+771_1Z*) (447)

and apparently back to non-trivial twistor loops. Yet, this is may not be the case at global level.

The conformal compactification of Minkowski space-time with (2,2) signature is $? x §2/Z,,
whose double cover is S? x §? [57]. Z, is the antipodal involution, o(x,y) = (—x,—y), acting
on each S?. The corresponding Lagrangian submanifold is not orientable, topologically RP?, but
admits an orientable double cover, topologically S2.
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Now every small closed loop around say the north pole on the orientable double cover should
have a mirror by the antipodal identification around the south pole, in order to project on the non-
orientable quotient. Yet, this loop would be the disconnected sum of two loops on the double cover.
To cure this we connect the two mirrors by two almost backtracking arcs with opposite orientations
in such a way that the resulting loop is simple and has a well defined orientation on the double
cover. But then its projection on the non-orientable quotient is the loop around say the north pole
followed by the same loop with opposite orientation and thus it is trivial by construction. Hence,
because of triviality, localization still holds for this class of twistor loops.

Because of triviality twistor loops are finite at @ = oo, i.e. they have no cusp and perimeter
divergences, in analogy with certain supersymmetric Wilson loops.

Indeed the cognoscenti may have noticed that twistor Wilson loops resemble locally BPS Wil-
son loops of theories with extended supersymmetry. In fact our triviality proof mimics the argument
about a certain non-renormalization property [105] of locally BPS Wilson loops. Indeed it has been
argued in [105] that a locally BPS Wilson loop in the four-dimensional .4 =4 SUSY gauge theory:

TrPexpi/Aaxa(s)ds+i¢byb(s)ds (4.48)
L

has no perimeter divergence, to all orders in perturbation theory, because of the local BPS con-
straint:

Y ii(s) = L yp(s) =0 (4.49)
o b

At lowest order of perturbation theory this constraint assures the cancellation of the contribution

to the perimeter divergence of the gauge propagator versus the scalar propagator, because of the

factor of i? in front of the scalar propagator at that order.

As far as the perimeter divergence is concerned, it is argued in [105] that this cancellation
occurs to all orders in perturbation theory, when the locally BPS Wilson loop is seen as the dimen-
sional reduction to four dimensions of the ten-dimensional Wilson loop of the ten-dimensional .4/
= 1 SUSY Y M theory from which the four-dimensional .4~ = 4 SUSY theory is obtained.

Remarkably, in the argument of [105] SUSY plays no direct role. In fact the argument is based
only on O(10) rotational symmetry of the parent d = 10 .4~ = 1 SUSY gauge theory from which
the daughter d =4 .4/ =4 SUSY gauge theory derives by dimensional reduction, as we show
momentarily.

In ten dimensions the coefficient of the perimeter divergence of an ordinary unitary Wilson
loop, at any order in perturbation theory, must necessarily contain as a factor a polynomial in the
O(10) invariant quantity Y, x3,(s). Indeed the perimeter divergence arises when all insertion points
coincide, in such a way that all the arguments of the Green function vanish.

In this case the Green function provides a factor that, by O(10) rotational invariance, must
be a polynomial in ten-dimensional Kronecker delta, since all the difference vectors in the Green
function are zero at coinciding points and thus no other tensorial structure can be produced.

This combines with the factors of x(s) to produce an invariant polynomial in ¥, x3,(s) with
no constant term, since the lowest order contribution is zero by direct computation. But ¥, %3,(s) =
Yo 4% (s) — X, Vi(s) = 0 is zero for a BPS Wilson loop because of the BPS constraint. A naive
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application of this argument to the four-dimensional BPS Wilson loop would imply the absence of
the perimeter divergence for this loop on the basis of the O(10) rotational invariance of the theory
before the dimensional reduction. QED

5. The quasi-localization lemma for twistor loops in large-N Y M

We use the A-independence to show that the v.e.v. of twistor Wilson loops is localized on the
sheaves fixed by the semigroup rescaling A. This involves a delicate and subtle interchange between
limit and integration, that will be justified by direct computation in sect.(8), after introducing a
lattice regularization of the functional integral of differential geometric nature in sect.(7).

In this section for simplicity we use a notation that does not distinguish between commutative
and non-commutative theories and therefore we do not add hats to operator valued quantities of
non-commutative theories. The framework has been set in the previous section, therefore this use
should not generate ambiguities.

It is convenient to choose our twistor Wilson loops in the adjoint representation and to use the
fact that in the large-N limit their v.e.v. factorizes in the product of the v.e.v. of the fundamental
representation and of its conjugate. Then, for the factor in the fundamental representation, local-
ization proceeds as follows. We write the Y M partition function by means of the non-SUSY analog
[10] of the Nicolai map of .4 =1 SUSY YM theory worked out in sect.(3.3), introducing in the
functional integral the appropriate resolution of identity:

1= [ 6(Fuy— o) Shiay 5.1)
N8m? N _ _ _
zz/e><p(—ng—4g2 ;ﬁ/Trf(uaé)d4x)5(Faﬁ—,uaﬁ)SuaﬁSAa (5.2)
o

Q is the second Chern class (the topological charge) and u;ﬁ is a field of ASD type. The equations
of ASD type in the resolution of identity, Fo1 — F23 = Ug;, Fo2 — F31 = Uy, Fo3 — Fi2 = Uy, can be
rewritten in the form of a Hitchin system (taking into account the central extension that occurs in
the non-commutative case):

_ 1
—iFy+[D,D]—07'1 =pu°= > o1

P | PR
—idsD =n= Z([,LO2 +illys)
= 1
—idsD :ﬁzz(“&_i“(;a) (5.3)

or equivalently in terms of the non-Hermitian connection whose holonomy is computed by the
twistor Wilson loop with parameter p, B, =A+pD+p~'D = (A, +pD,)dz+ (A: + p ~'Dy)dz,

—iFp, — 671 = Up = u0+p’1n—pﬁ
—iaAD =n
—io\D =n (5.4)
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The resolution of identity in the functional integral then reads:
1= /5n5ﬁ 81p8(—iFp, — ptp — 0~ '1)8(—idaD — n)5(—idaD — i) (5.5)
. Cp

where the measure, dl,, along the path, C,, is over the non-Hermitian path with fixed » and 7 and
varying u°. The resolution of identity is independent, as p varies, on the complex path of integra-
tion Cp. Indeed the constraint implied by the first of Eq.(5.4) on C,, is a linear complex combination
of the Hermitian constraint in the first of Eq.(5.3) with coefficient 1 and of the remaining two with
coefficients depending on p.

Let us consider the v.e.v. of twistor Wilson loops:

2 "
/5n6n/ oo exp(— f 0- N4/Trj-(uo)2+4Trf(nﬁ)d4x)

TrfPexpi/ (A, +AD,)dz+ (A + A7'Dy)dz

ww

8(—iFg, — ip — 07 '1)8(—idsD —n)8(—idsD — i) SASASDSD (5.6)

and let us change variables in the functional integral rescaling the non-commutative covariant
derivatives:

2
/5n6n/ O o exp(— ;T Q—N4/Trf ) 4+ 4Trs(ni)d*x)

TryPexpi / (Az +Dy)dz+ (Az + Djp)dz
wa

S(—iFy+[D,D']— 06711 —u’— if;aAl_)’ +i%9AD’ —p 'n+pn)

8(—iddpD' —n)8(—id~'94D' — i) SASASD' 5D’ (5.7

Taking the limit A — 0 inside the functional integral, the last line implies localization on n = 0 and
duD’ = 0. The Sn integral is performed by means of the delta function. The independence on the
path C, in the neighborhood of p = 0, that we denote, choosing p = &, Cy,+ with o fixed as
A — 07, implies that the &7 integral decouples and that d4D’ = 0 as well.

Indeed on C,; + the integral over o7 decouples and the integral on the path Cy;+ collapses to
the integral on the Hermitian field u°. But the argument of the remaining delta function contains
the combination —iF + [D/,D'] —0~'1 — u® +ia~'94 D', that can be o independent and thus zero
for every @ only if the two terms are zero separately. Therefore also d4D’ = 0.

Notice that for this argument to hold it is not necessary to consider the variables (n,D’) as
Hermitian conjugated to (7i,D’). Indeed they are not so because of the A rescaling and/or the
analytic continuation that is necessary to regularize the twistor loops for the triviality property to
hold.

We notice that the localized density has a holomorphic ambiguity, since we can represent the
same measure using a different density, performing holomorphic transformations without spoil-
ing the quasi-localization lemma : S+ = g“ ,* o). The final result for the localized effective
measure is:

1y N8z -
[ A 5“(“6 " " exp(— 2 Q 4g ;ﬁ/m Hop)d*0)8 (Fop —lop)] i g0Aa (58)
o+ 01
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where we have reintroduced the covariant notation.

Thus the twistor loops are localized on the fixed sheaves for which two of the ASD fields
vanish: g, = ty; = 0. QED

The integration on the gauge connection in Eq.(5.8) can be explicitly performed in the Feyn-
man gauge in the way explained in sect.(3.3), to obtain:

| / Su'e P

/ Su'exp(— ey /Trf ,uaﬁ )d*x)
EW op

Det_%(—AAaocB iad,- )Def( AA)(;)%D”;“’MX‘"C'] — (5.9)

S ,LL/ n=in=0
The complex conjugate factor arises by the conjugate representation, Det? @ is the contribution of
the n, zero modes due to the moduli, and A the corresponding Pauli-Villars regulator.

The volume form on the connections admits several different representations as the Liouville
measure associated to a symplectic form, since different symplectic forms may lead to the same
volume form. One possible choice for the symplectic form, w, is @y, displayed in Eq.(3.82).
However, in sect.(7) and sect.(12) we will see that there is a different choice of w, compatible with
holomorphic/antiholomorphic fusion, that is most convenient in the computation of the glueballs
spectrum.

6. Holomorphic loop equation for twistor Wilson loops

6.1 Holomorphic loop equation

We now specialize to the case p = 1 for the twistor connection B; = B. The partition function
reads:

_ ou N87r N4
zZ = /811511/Cl 6“/5[.1’ exp p 0- /Trf > +4Trs(ni)d*x)

S(—iFy—p—0"" 1)6(—ic9AD—n)5(—z8AD—n)6A5A6DSD 6.1)

Writing the holomorphic loop equation for twistor Wilson loops requires that g’ be chosen in the
holomorphic gauge, Bz = 0. The further change of variables to the holomorphic gauge is a new key
feature of our approach to the large-N Y M theory. It is based on the idea that twistor Wilson loops,
being holomorphic functionals of u’, behave as the chiral (i.e. holomorphic) super-fields of an .4
=1 SUSY gauge theory. In fact the new holomorphic loop equation resembles for the cognoscenti
the holomorphic loop equation that occurs in the Dijkgraaf-Vafa theory [48, 49, 50, 51] of the
glueball superpotential * in .4 = 1 SUSY gauge theories. Thus the v.e.v. is taken with respect to
the measure:

NSTC N4
0~ [ Trs(u) + Try(n+5)d'

3The name is perhaps misleading because the glueball superpotential cannot be used to compute the mass of any
glueball state of the .4/ = 1 SUSY theories.

<> =7 /5n5n/ Su'...exp(—

48



Glueballs in large-N Y M by localization on critical points Marco Bochicchio

§(—iFp—pt— 0 "1)8(—idsD — n)S(—idaD — ﬁ)gﬁ,SA&iSDﬁD 6.2)

The holomorphic loop equation is obtained following the Makeenko-Migdal technique, as an iden-
tity that expresses the fact that the functional integral of a functional derivative vanishes:

4 = /
Tr————e Y(B;L.))éu =0 6.3

/( 5[.1’(2,2) ( ZZ)) “ ( )
The new holomorphic loop equation for twistor loops follows:

or 1

< Tr(mT(B’;LZZ)) >= ;/L

dw

< Tr¥(B’;L,,) ><Tr¥(B’;L,;) > (6.4)
ped Z -
where W(B'; L;;) is the holonomy of B in the gauge B, = 0. The Cauchy kernel arises as the kernel
of the operator 0! that occurs by functionally differentiating Y(B';L,,) with respect to y’ via
iéBg = u’. Assuming that the loop L, is simple, i.e. it has no self-intersections, the holomorphic
loop equation linearizes:

or 1

dw
Tr(————Y¥(B';L = — —— <Tr¥B;L,,) >< Trl 6.5
< r(5,LL/(Z,Z) ( ) > p LzzZ_W< r¥( o) > ri> (6.5)

6.2 Regularization by analytic continuation to Minkowski space-time

The contour integration in the right hand side (i.e in the term that accounts for quantum fluc-
tuations) of the loop equation includes the pole of the Cauchy kernel. We need therefore a regular-
ization.

The natural choice consists in analytically continuing the loop equation from Euclidean to
Minkowski space-time, z — i(z4 +i€). It is at the heart of the Euclidean approach to quantum field
theory that this analytic continuation be in fact possible.

In the approach to localization by the holomorphic loop equation the analytic continuation is
performed only after functional integration and renormalization, that are performed in Euclidean
space. Thus we think that this procedure has chances to work also from the point of view of the
constructive quantum field theory.

In fact the approach to localization via the holomorphic loop equation, when combined with
the integration on local systems of the next section, leads to more complete and satisfactory results
than the localization on fixed points.

The result of the ie regularization of the Cauchy kernel is the sum of two distributions, the
principal part of the real Cauchy kernel and a one-dimensional delta function:

1 1

=P —ind(z4 — 6.6
Zy —wy +i€ 4 —Wq ix8(z¢ —w+) 6.6)

The loop equation thus regularized is:
o'y
S[J/ (Z-i- ) Z—)

1 d
= /L (P 4w, m8(zy —ws)) < Tr¥(B':L.,,, ) >< Tr¥(B'iLy,.,) > (6.7)
:’+Z+

<Tr( ¥(BL,, . )) >

I+ — Wy
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where now both the distributions on the right hand side are integrable along the loop. This reg-
ularization has the great virtue of being manifestly gauge invariant, an unusual feature for loop
equations. In addition this regularization is not loop dependent.

The right hand side of the loop equation contains now two contributions. A delta-like one
dimensional contact term, that is supported on closed loops and a principal part distribution that is
supported on open loops. Since by gauge invariance it is consistent to assume that the expectation
value of open loops vanishes, as in Eq.(4.27), the principal part does not contribute and the loop
equation in the holomorphic gauge reduces to:

STy ,
<Tr(w—————Y(B;L >
r<5,u’(z+,zf) ( Z+Z+))
= / dwi8(zp —wy) <Tr¥(B;L;,,) ><Tr¥(B;L,.. ) > (6.8)
LZ'+Z'+

Taking w, = z, and using the transformation properties of g’ and of the holonomy of B, the
preceding equation can be rewritten in terms the curvature, i, and of the connection, B, in a unitary

gauge:

5Ty
<Tr(———Y¥Y(B;L >
r((s/»l(ZJr,Zf) ( Z+Z+))
_ / dwi8(zs —wy) < Tr¥(B:L,.,. ) >< Tr¥(BiL,...) > 6.9)

where we have used the condition that v.e.v. of the trace of open loops vanishes to substitute the
holonomy of B’ with the holonomy of B.

7. Integrating on surface operators in large-N Y M

7.1 Integrating on infinite-dimensional local systems

We would like to give a precise mathematical meaning to the formal manipulations of the func-
tional measure in sect.(5) and sect.(6). One possibility would be introducing a lattice regularization
of the functional integral according to Wilson [106]. However, this kind of lattice regularization
would spoil completely the geometrical structure, since in the Wilson regularization the gauge con-
nection lives on links and the curvature on plaquettes, a fact that makes exploiting the map from the
connection to the ASD curvature problematic, not to mention the understanding of the moduli of
the loci at which this map is not one-to-one, for which the zero modes necessary to get the correct
beta function occur (see sect.(3.3) and sect.(3.4)) .

Therefore we introduce a new regularization of the YM functional integral that allows us to
maintain the differential geometric structure. The differential geometric structure is crucial to get
a structure theory of the locus of the fixed points of the functional measure and to understand the
zero modes of the determinants, that in turn affect the beta function of the theory.

Our new regularization of the Y M theory in the large-N limit is performed in two steps. In the
first step the resolution of identity in the Nicolai map on R? x Rze is represented in the operator no-
tation of sect.(4.1) as a functional integral on infinite-dimensional parabolic bundles, as suggested
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long ago in [2, 3]:

1—/6 —i Da,Dﬁ Zuaﬁ z Zp) — ’11 HSuaﬁ (7.1)

In this notation all the dependence on the non-commutative coordinates is absorbed into the infinite
dimensional nature of the operators that occur in the non-commutative Eguchi-Kawai reduction.
Therefore the base of the infinite-dimensional parabolic bundles is the two-dimensional surface,
R?, labelled by the commutative coordinates (z, 7).

This amounts to substitute the continuous field, n;ﬁ (z,Z), of the Nicolai map with the lattice
field, f1,, (p), by the resolution:

/.taﬁ 2,7) Z“aﬁ z—zp) (7.2)

This resolution is dense in the sense of distributions, since for any smooth test function of compact
support:

Np' ¥ A2 (p) = [ £ D (=00 (13)
p

On this dense set in function space *° the resolution of identity of the Nicolai map can be interpreted
as hyper-Kahler reduction [2, 3]. Indeed the three constraints of ASD type are the Hermitian and
the complex moment maps for the Hamiltonian action of the infinite-dimensional unitary gauge
group on the commutative plane R*:

N

—iF;+[D,D]—07'1 = Zﬁ (z—zp)
—id;D = Zﬁp )(z—2z)
P
—id;D = Y 71,6 (z—z,) (7.4)
P
with respect to the three symplectic forms [2, 3, 10] 4!
W = % /dzztrffr(SAZ ANSA:+ 8D, NSDy)
W —iovg = ;m/dzztrffr@AZ/\Sf)ﬁ)

| A an A
wy + i(l)]{ = % / dzztrfTr(5A5 VAN SDM) (75)

40The three operators 2, (p) are reduced in fact to large finite dimensional matrices by Morita equivalence as
explained momentarily. In the finite dimensional case these matrices all commute as a consequence of the local model
of the Hitchin equations [80, 81]. Therefore the resolution of Eq.(7.2) turns out to be dense in function space in the
sense of the distributions only in a certain neighborhood of the fixed points, {,(p) = figz(p) = 0. The missing degrees
of freedom occur as moduli (see below). Nevertheless the local degrees of freedom and the moduli in a neighborhood of
the fixed points are enough to reproduce the correct universal one- and two- loop contributions to the beta function (see
sect.(9) and sect.(11)) . Hence the mentioned degrees of freedom are in fact dense in function space in a neighborhood
of the fixed points in the large-N limit (see below).

4I'We use the same labels (1,J,K) of the symplectic forms as in [8] for the finite dimensional case.
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as it follows immediately from the interpretation as (infinite-dimensional) Hitchin systems [40, 41].

Thus we come to the remarkable conclusion that, on a dense set associated to a lattice divisor,
the Nicolai map can be interpreted, up to gauge equivalence, as a resolution of the gauge connection
into orbits parametrized formally by hyper-Kahler moduli spaces, that arises as the quotient of
the manifold defined by Eq.(7.4) for the action of the unitary gauge group [40, 41]. Yet, for the
moment, this construction is somehow formal, because of the infinite-dimensional nature of the
bundles involved. Thus it is unclear what the moduli theory of these infinite-dimensional bundles
is.

7.2 Reducing to finite dimension by Morita duality and inductive structure

In order to reduce to finite dimensional bundles a possible way out is to compactify the non-
commutative plane, R, on a non-commutative torus of large area, L>. The corresponding non-
commutative U (N) gauge theory enjoys, for rational values of the dimensionless non-commutative
parameter, 2m60L % = %, Morita duality [73, 104, 107, 108] to a theory on a commutative torus
of area L>N 2, with gauge group U (N x N), with the same °t Hooft coupling constant g, and with
twisted boundary conditions corresponding to a 't Hooft flux. In addition the Wilson loops of
the U (N) non-commutative gauge theory and of the corresponding U (N x N) commutative Morita
equivalent theory are related by the relation [109]:

270

N trNTrPexp(/ Dodxy)
L? Lu

| N
:N—z/dzxtrNTrP*exp(i/ Agdxg)
L L
:trNTrNPexp(i/ Agdxgy) (7.6)
Lxx

The first equality is just an identity of the function/operator correspondence of sect.(4.1). The
second equality is the actual content of the Morita correspondence.
We can understand this relation by noticing that it assures that the naturally normalized Wilson

loops of the two theories coincide in the large-(N,N) limit.
yaa
to reproduce the large-N’ limit of the commutative SU (N’) theory, uniformly for large N.

We choose in this paper 7 L because it allows us to perform the large 6 limit, necessary
From a physical point of view we apply "t Hooft duality ideas to the U (N) non-commutative
theory. The structure group of this theory is the tensor product of U (N) and of the group of x-gauge
transformations. We assume Zy magnetic condensation for the U (N) factor. The situation is less
clear for the x-group factor, since it is not a Lie group.
To clarify this issue we proceed as follows. Starting from the infinite-dimensional non-commutative
case we can perform an infinite-dimensional unitary gauge transformation, U (u, i), depending on
the commutative parameters, (u, i), in such a way that:

—~ilDai, D] =Y i3 ()8 (2= 2,) — 9op1 =0 (7.7)
p

becomes:

[aOCAﬁ (Z7Za I/l, ’2) - aﬁAO( (Zu Z7 Mv 1’7) + i[AAOC(Zv Zu l/l, ﬁ))AB (Z,Z, l/t, ﬁ)H
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= Y U(u,0)05 ()0 (1,0)8%) (2= ) + P 1 (7.8)
p

where:

A A

Aﬁ (2727 u, I’_t) = 0(“7 I’?)Aﬁ (Zaz)ﬁ_l (M, IZ) + laﬁﬁ(uv ﬁ)[j_] (M> IZ) (7.9)

and g is an antisymmetric field that takes into account a possible U (1) background flux in addi-
tion to the central term that arises by the inverse of the non-commutativity.

The content of Morita duality is that these seemingly infinite-dimensional equations admit
a finite dimensional solution [73] on a commutative torus with coordinates (u, i), gauge group
U(N x N), twisted boundary conditions corresponding to a "t Hooft flux and a U(1) background
flux, ¢, B Despite the structure group is U(N x N), the Morita equivalent theory does not describe
the most general U(N x N) gauge theory, but only the one that satisfies the twisted boundary
conditions. In particular the twisted boundary conditions require solutions of the kind:

[aOCAﬁ (LZ,M,IZ) - aﬂAa(Z,Z,M,ﬁ) + i[AOC(Z?Z’ I/t,ﬁ),Aﬁ (Z’Z’M’ ﬁ)H -
=Y U, @)t (p)U " (,0) 8% (2= 2,) + 9l Ly (7.10)
P

where now U (u,it) are U(N) matrices and Hep (p) lives in the tensor product of Lie algebras,
u(N) x u(N), [73, 104, 107, 108]. These are the equations that define surface operators in finite
dimension but for the fact that the gauge connection satisfies twisted boundary conditions on the
torus. Because the Morita equivalent twisted connections live in the tensor product, u(N) x u(N),
there is a natural embedding in the Morita equivalent theory of SU(N) connections with Zy holon-
omy in Zy X 15 and of SU (N) connections with Zz, holonomy in 1y X Zg,. Thus we apply 't Hooft
arguments about the condensation of the magnetic charge to the tensor product Zy x 1z on the
locus of Eq.(7.10). Alternatively we assume the condensation of the magnetic 1y x Zg charges. In
fact we find that our formulae for the glueballs spectrum are symmetric, mutatis mutandis, for the
exchange N — N. Therefore from now on we consider only the Zy x 1 & case.

For computational technical reasons it may be convenient to get rid of the twist by means of
the thermodynamic limit, to get back (commutative) R>. Going back to the original gauge (that
would be singular on the commutative torus but not on R?) we obtain:

[aocA[E (Z,Z,u, IZ) - aBA(X(ZaZa Ma’/_t) + l[ (x(Zaza M7IZ)7A[3 (Z>Zaua IZ)H -
:Z‘u(;ﬁ(p)6(2)(z_zp)+¢(/x[31N><N (7.11)
P

that is the standard defining equation of a lattice of surface operators in presence of a central
magnetic field. The central term is now irrelevant in the large-N limit > since without the non-
commutativity it does split, at difference of Eq.(7.7).

The twisted and untwisted theories describe the same thermodynamic and large-N, N limits,
but for the fact that in the twisted theory the traces of Wilson loops scale exactly by a factor of &
times the normalized v.e.v. of the non-commutative theory, according to Eq.(7.6).

#2n sect.(12.7) it still plays a role.
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For our purposes it suffices that this property is satisfied for localized twistor Wilson loops.
In the large-6 limit, because of their triviality, this can be mimicked in the untwisted commutative
U(N x N) theory by restricting the ansatz for the localized locus to holonomies valued in the com-
plexification of u(N) x 1y in the large-N ,N limit. Indeed in this sector the N-scaling is automatic
and the large-N limit of the commutative untwisted theory coincides with the non-commutative one
in the thermodynamic limit.

The solutions of Eq.(7.11) describe surface operators with singularities supported on the (u, i7)
plane and, because of translational invariance of the vacuum * in the (u,i) plane, reduce to the
standard two-dimensional Hitchin equations in the (z,Z) plane. The large-N and large-0 limit of
the non-commutative theory is therefore recovered as a double large-N and large-N limit.

For further use we need to know that the second Chern class has an extension to surface
operators as a parabolic Chern class. In the notation of [8]:

1
1672

- . 1
/ d*xFogFop = Q+ Y tri(otm,)+ 3 Y. D,NDytrs(ay) (7.12)
p p

where Q is the usual second Chern class of the U (N) bundle without the parabolic structure, ¢, is
the vector of the parabolic weights at the point p, i.e. the vector of the eigenvalues of F;; modulo
27 in the fundamental representation, m,, the magnetic flux through the surface D), of the singular
divisor p x D), of the surface operator and D, N D), the index of self-intersection of the surface D,,.

There is one more symplectic form that plays an important role in this paper. It occurs as the
symplectic form associated to the twistor connection:

1 A .
=y —ip(w; +iog) —ip~ () — iox) (7.13)

For p = —1 it will be employed as an ingredient of the holomorphic/antiholomorphic fusion in
sect.(12). Indeed it follows from Eq.(5.4) that w_; = ® depends holomorphically on p_;.

In sect.(12) we employ a modification of @, @’, defined integrating over a punctured sphere
rather than over its compactification obtained adding the singular divisor. The relation between the
two is (see Eq.(3.30) of [118]):

®=0q +2Tr(u,,(5g,,g;1)2) (7.14)
p

where the terms in the sum over p represent the Kirillov forms on the adjoints orbits at p. @’
depends only on the holonomy of the connection (see Eq.(3.13) of [118]).

To summarize we have started from the point-like parabolic singularities of the non-commutative
Eguchi-Kawai reduced theory and we have ended with surface-like singularities in the Morita
equivalent commutative theory. We can turn the argument around and say that the aforemen-
tioned point-like parabolic singularities of the non-commutative partial large-N Eguchi-Kawai re-
duction are daughters of codimension-two singularities of the four-dimensional parent gauge the-
ory. Codimension-two singularities of this kind were introduced in [2, 3] in the pure Y M theory as

43We mean in fact the vacuum on which twistor Wilson loops can be localized on.
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n "elliptic fibration of parabolic bundles" for the purpose of getting control over the large-N limit
of the pure YM theory exploiting the integrability of the Hitchin fibration. In [8] they were intro-
duced in the .4/~ =4 SUSY YM theory for the study of the geometric Langlands correspondence,
under the name of "surface operators", and this is now the name universally used in the physical
literature.

7.3 Moduli of surface operators

To study the moduli space of surface operators in Eq.(7.11) it is convenient to compactify the
(z,Z) plane on a sphere. The moduli space has three different equivalent descriptions that are all
employed in this paper. There is a vast mathematics [74, 75, 76, 77, 78, 79, 80, 81, 82] and physics
literature [8, 86] on parabolic Hitchin bundles **. Thus we summarize briefly the essential results
[74, 75, 80, 81].

The first description of the moduli space is of differential geometric nature as a Hitchin system
and hyper-Kahler quotient, that in our approach follows by the the non-SUSY non-commutative
Nicolai map on a dense set, as we just discussed. This is the description that occurs combining
the quasi-localization lemma with the idea of integrating on surface operators. In the hyper-Kahler
description the structure group of the bundles involved is compact. In our case U(N) or SU(N).
Thus we refer to the gauge fixing in this framework as the unitary gauge. It is convenient to write
Eq.(7.11) in non-covariant notation exactly as Hitchin equations (we disregard for the moment the
central U(1) extension that splits):

—iFy — [Ay, Az —Zugs z2—2p)
—18AA,; —an Z Zp
—i0; Ay, —Zn,, )(z—2p) (7.15)

Because of the delta function at p in general the gauge connection has a pole singularity. The triple
( /.L[(,), ny,n,) determines the coefficients of the leading behavior of the gauge connection around the
pole. The local model arises by restricting to such leading behavior [80, 81]. Since ,ug is Hermitian
it is always diagonalizable. Let us consider first the semisimple case for which by definition all the

045 are different modulo 7.

eigenvalues of 11,

A study of the local model implies that in this case also n, and 71, can be diagonalized simulta-
neously with ug by a compact gauge transformation, g, [80]. Thus the matrix, u, = M,? +n,—ip,
commutes with its adjoint, fi,, i.e. it is normal. Hence the compact adjoint orbits at a point,
gplpg!jl, where A, are the (in general complex) eigenvalues of [1,,, label some moduli of the solu-
tion of Eq.(7.15). There are other moduli that are not immediately manifest in the unitary gauge.
They arise as moduli of the metric of the Hitchin bundle that is implicit in the definition of the
unitary structure [81].

When some eigenvalues of /.12 are degenerate modulo 7 the asymptotic behavior of the con-
nection changes. This is recalled below after describing the other representations of the moduli

space.

#These references are by no means a complete list.
4>We have normalized Up in such a way that the holonomy around p is 2k
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The second description of the moduli space is of holomorphic nature. It arises by a meromor-
phic connection in a holomorphic gauge. Indeed the Hitchin equations imply the flatness equation:

—iF (B) :Zﬂp5(2)(z_zp)
F(B) = d.B:— 9:B,+i[B.,B:] (7.16)

for the non-Hermitian connection:

B.=A.+iA,

The moduli space arises as the Kahler quotient of the space of solutions of the flatness equation,
Eq.(7.16), with respect to the action of the complexification of the gauge group. Because of a well
known result [40, 41] it coincides with the hyper-Kahler quotient of the three equations, Eq.(7.15),
with respect to the action of the compact gauge group [80]. The structure of the moduli space is
particularly transparent in a holomorphic gauge:

B:=0 (7.18)
In this gauge B; is a meromorphic connection:

i0:B. =Y 6% (z—2z,) (7.19)
p

with residue at p determined by ,u;,, that is conjugate to {1, by a gauge transformation in the com-
plexification of the gauge group. This description is the most transparent to understand the moduli
space because all the local moduli are labelled by the adjoint orbit in the complexification of the
gauge group, [, = GplpG;I.

The holomorphic description arises in the holomorphic loop equation.

It implies also that Hitchin equations are associated to local systems, i.e. to fiber bundles with
locally constant transition functions [74, 110]. A local system on a complex curve is the same as
a representation of the fundamental group of a Riemann surface with punctures [74, 110]. This is
the topological description of the moduli, and it is also the easiest to understand globally. Indeed
the residues of the meromorphic connection, B, determine its holonomy around p:

M), = pe'liyBedz
— 2y (7.20)

The global moduli space on a punctured sphere is therefore the quotient of the algebraic variety:

[IM, =1 (7.21)
p

modulo the adjoint action of the complexification of the global gauge group (this description has
been employed in sect.(1)).
We come now to the non-semisimple case [74, 80, 81].

56



Glueballs in large-N Y M by localization on critical points Marco Bochicchio

If the eigenvalues of the holonomy around p, e%*», are not all different, the holonomy cannot
be diagonalized in general but it can be put in Jordan form. In this case in the unitary gauge some
eigenvalues of n, and of its Hermitian conjugate 71, are degenerate as well and the Higgs field, A,,
in some directions in color space has not anymore a pole singularity but only a milder one, a pole
divided by powers of a logarithm. The power of the logarithm and the coefficient of the pole are
determined by the off-diagonal parameters in the Jordan form of the holonomy [81].

Perhaps the most important property of the hyper-Kahler construction from a physical point of
view in the semisimple case is the fact that in a unitary gauge the coefficients of the delta function
at a point (ug,np,r‘zp) commute and thus can be diagonalized at the same time by a unitary gauge
transformation.

On the opposite in a holomorphic gauge the residues of the meromorphic connection and
the local holonomies of the twistor connection cannot be diagonalized in general by a unitary
transformation but generically only by a transformation in the complexification of the gauge group.
Thus there is mismatch in the number of local degrees of freedom between the holomorphic and
unitary descriptions.

This is explained by the fact that in the unitary description the missing degrees of freedom
arise as moduli of the Hermitian metric associated to the Higgs field [81]. Physically this means
that the dimension of local fluctuations of the ASD curvature, u,, of semisimple type that occur by
the hyper-Kahler construction in a unitary gauge is just one-half of the dimension that occurs in
the holomorphic description of local fluctuations, ,ul’,. This leads to a non-trivial Jacobian from the
unitary to the holomorphic gauge whose logarithm turns out to be the glueballs potential.

In the next section we consider solutions of the Hitchin equations for connections with Zy
holonomy. These connections have no (local) moduli since the adjoint orbit of the center is the
center. They turn out to be the Hitchin bundles that occur at the fixed points of the quasi-localization
lemma. They satisfy the Hitchin equations:

—iFy — [AuAd) =Y 24,6®(z—2)
p

diAz; =0
A, =0 (7.22)
with 2% € Zy. Therefore:
2A, =diag(2w(k—N)/N,2mk/N) (7.23)
W%

These equations are invariant for the following U (1) action:
A, — eieAu
Ap —e A (7.24)
Since there are no moduli this U(1) must act by gauge transformations:
goAugy' =e"A,
godugy' =e¢ A
goA:8y' =4
goAzgy' =A: (7.25)
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More generally the set of moduli fixed by this U(1) action is the Lagrangian submanifold of the
hyper-Kahler moduli space for which the Higgs field, A, is nilpotent [111, 78, 83].

There are fundamentally two interesting types of orbits in the Lagrangian cone of the hyper-
Kahler moduli space [111]: the orbits with unitary holonomies, for which the Higgs field vanishes
identically; the orbits that correspond to Hodge bundles, for which the holonomies are valued in a
real version of the complexification of the gauge group [111].

In the first case the holonomies can always be diagonalized, despite the eigenvalues may not
be all different. In the second case the holonomies cannot be diagonalized, but can be set in Jordan
form. Both the orbits play a role in the computation of the Wilsonian beta function (see sect.(9)).

8. Localization on fixed points in large-N Y M

We use the description of surface operators as local systems (i.e. as representations of the
fundamental group) to obtain localization on fixed points.

We assume that the quasi-localization lemma holds for twistor Wilson loops in the adjoint
representation and we justify the exchange of the order of integration and limits a posteriori by
direct computation.

Physically the basic idea is that twistor Wilson loops in the adjoint representation, of both the
non-commutative theory with gauge group U(N) and of its Morita equivalent counterpart, satisfy
the general criteria of ’t Hooft duality. Thus, since a localization theory should hold for these
loops, we expect that they may be localized, by large-N factorization, on a condensate of the
tensor product of Zy magnetic vortices with the conjugate representation. We have noticed in the
previous section that the correct ansatz for the localized locus is in fact Zy X 1g, i.e. Zy occurs
with degeneracy N.

The complexification of the global gauge group acts on the holonomy at one point, p;, by the
adjoint action, in such a way that M), can be put in canonical form. M, can be diagonalized if it
has distinct eigenvalues, while in general it can be put in Jordan form.

In the large-N limit it is possible to restrict the integration measure, dil,, to orbits whose
holonomies have fixed eigenvalues, since this restriction implies an error of subleading order in
%. In addition by translational invariance the conjugacy class of the orbits at all the points p must
be the same. Finally the global SU(N) gauge group (and not only the U(1)¥~! torus as in the

Nekrasov case) must fix M,,, i.e. gM, g~ !

= M, , since otherwise M), would break spontaneously
the global gauge symmetry. Therefore M), must be central and thus must be in Zy. But then all the
orbits collapse to a point and there are no moduli at the fixed points 4.

However, in any neighborhood of the fixed points of the global gauge group, the orbits are
non-trivial and moduli there exist. There are essentially two different ways to describe these neigh-
borhoods of the fixed points. One possibility is deforming infinitesimally the unitary part of the
eigenvalues of the holonomy, the other possibility is deforming the holonomy along nilpotent di-
rections. Both possibilities are discussed in the next section.

Thus if we first compute the effective measure in a neighborhood of the fixed points and then

we sit on the fixed points the induced measure will contain the powers of the Pauli-Villars regulator

46 As we have seen in the introduction the requirement of translational invariance can be relaxed.
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due to the moduli. This has an analog in the localization of the .4 =2 SUSY Y M partition function,
where generically instantons have moduli (this is essential to get the correct beta function in that
case too), but the instantons at the fixed points of the torus action have not.

Thus at the fixed points the contour integral over Ly+ in Eq.(5.8) collapses to a discrete sum
over sectors with Zy holonomy. The reduced Eguchi-Kawai effective action of the localized theory

is now:
N8r* N
fexp(—1 50 [errtugprats
; Nogly~ Nodgjy a;,g “p
A S —i ARV
Det™2(—Ax aﬁ—ladu;ﬁ)Det(—AA)(g) Det w3N6+ XC'C']n:ﬁ:O (8.1)

The connection, A, denotes the solution of the equation [F, 5 — Y, o4 ( P)8* (2= 2p,,)) = Oln=s=0
in each Zy sector. Det? @ is the contribution of the ny zero modes due to the moduli and A the
corresponding Pauli-Villars regulator. The complex conjugate factor arises by the conjugate repre-
sentation.

Thus the holonomy of adjoint twistor Wilson loops at the fixed points is trivial, because of the
cancellation of Zy factors between the fundamental and the conjugate representations. Hence for
twistor Wilson loops the same result is obtained performing the limit A — 0 outside the functional
integral, leading to triviality via A-independence and the all order argument of sect.(4.5), and inside
the functional integral, leading to localization on the tensor product of Zy surface operators and the
conjugate representation, and to triviality as well.

9. Wilsonian beta function

9.1 Beta function by restricting the non-SUSY Nicolai map to surface operators

We now proceed to the computation of the beta function. In order to define the renormalization
of the coupling constant it is necessary to compute the classical YM action of surface operators.
As we have seen in sect.(7) surface operators are defined by connections on parabolic bundles. In
a mathematical sense we can think of parabolic bundles in two different ways. Either parabolic
bundles occur on space-time with no boundary and with a divisor and a parabolic structure that
belong to the space-time. This is the point of view in this paper and in some mathematical literature.

Or they arise on space-time with boundary, where the boundary is the parabolic divisor. This is
the point of view of [8]. In the latter case the insertion of a surface operator keeps the finiteness of
the action, since the singular parabolic locus is not included in the space-time integral that computes
the action. This justifies also the term operators, since their occurrence is the analog of operator
insertions %7,

However, our point of view is that the surface operators are dynamical objects and therefore
their singular divisor is included in the path integral in space-time.

Despite the parabolic singularity, the topological term in the action has a well defined mathe-
matical extension to parabolic bundles, as parabolic Chern class (see Eq.(7.13)).

4TWe would like to thank Edward Witten for a discussion about this point.
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This is not the case for the term involving the ASD field. As a consequence the classical Y M
action is quadratically divergent on each singular divisor, p X D), of a surface operator, with a
divergence proportional to the area of the singular locus of each surface operator. Therefore we
need a way to handle this classical divergence.

We have already recalled in sect.(4.1) that when the codimension-two surface is non-commutative,
as in our case, the Y M action of the corresponding non-commutative reduced Eguchi-Kawai (EK)
model is rescaled by a power of the inverse cutoff, that cancels precisely [10] the quadratic diver-
gence that occurs evaluating the classical Y M action on surface operators. This allows us to define
a new kind of semi-classical computation for which the classical Y M action is finite on parabolic
bundles. In our case the EK reduction is only partial in such a way that the action is:

N
ngN /dzxtrNTrN(—L[aa—i—tAa,aﬁ+LA,3}—1—9aﬁ )? 9.1
where the trace Try, is taken over a subspace of dimension N, with
2
A I) — 210 9.2)

in the large N, 6, A limit. The contribution of each parabolic singularity in the action reads:

/d2x5(2) (x—x,)*

2)(0) / x5 (x—x,)

A

= (ﬂ

and it is cancelled by its inverse in the EK reduced action. It is convenient to describe the same

)? 9.3)

result in terms of the action of a commutative gauge theory. In this case the action reads:
N/d xtrnTrg(—i[0g +iAq, dp —HAﬁ]—i—B B 1)? (9.4)
and it is divergent on a surface operator as:

/d4x5(2) (x—x,)?
=5@ (0)V2/d2x5(2)(x—xp)

=N, 9.5

where V; is the area of the singular divisor of the surface operator and the last equality is the
definition of N,. Thus the reduced action is related to the one of a commutative gauge theory by
the factor of N, Las,
N . 277:
>5N(—

2g /dzxtrNTrN(—l[aa—FlAa,aﬁ—|—lAlﬂ—|—9aﬁ )2

2
2g2N2N/d xtrNTrN(—L[(?a—l—lAa,aﬁ+1Aﬁ}+9 B 1) (9.6)

“Bprecisely the same factor arises in the quenched version of the EK reduction [101].
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We can interpret this result by saying that the normalization of the trace in the non-commutative
EK reduced theory differs by a factor of N, ! from the one of a commutative theory. Thus it may be
computationally convenient to perform the calculations in the commutative theory and at the end
normalize appropriately the traces.

Let us evaluate firstly the action of the surface operators of Zy holonomy that occur at the
fixed points. The Morita equivalent commutative * theory has gauge group U(N x N) and the
center of SU(N) is embedded diagonally in U(N x N) as e = lA. For a surface operator of Zy
holonomy around the point p of charge k, i.e. such that M), = eV ,N—k eigenvalues, 24, of the

27rk 27r(k N)

ASD curvature at p, F;; = 2,6 @ (z— zZp), are equal to and k eigenvalues are equal to ,

i2rk

for the curvature to be traceless and to give rise to the holonomy M,=en 0 The trace of the
square of the eigenvalues of the ASD curvature in the fundamental representation is thus:

2nk ., 2n(k—N k(N —k
ry(@22) = (N =) 22 g UM gV 0 ©.7)
in such a way that the reduced action is:
NN (4r)? Q N2 )
Spx = E N 22 (27)*k(N — k) 9.8)
and the Morita equivalent one is:
NN(4 N
Sya = ( ”) Q+ szz (27)%k(N — k) (9.9)

From these equations it follows that, if Q is finite, its contribution to the action is irrelevant with
respect to the one of the ASD curvature at the parabolic singularities.

Once the classical quadratic divergence has been tamed by the EK reduction we need to un-
derstand the logarithmic divergences that lead to a non-trivial beta function in the Jacobian for the
change of variables from the connection to the ASD curvature. These divergences have been al-
ready computed in sect.(3.4), and we can just adapt our previous calculation to the case of a lattice
of surface operators. We have already observed that, as in Nekrasov localization, we should evalu-
ate and renormalize the functional measure in a neighborhood of the fixed points and thereafter we
should sit on the fixed points. Since the fixed points have no moduli and thus no zero modes, the
inverse order, first sitting on the fixed points and then renormalizing the functional measure, would
not lead to the correct result.

But let start ignoring for the moment the zero modes and sitting on the fixed points. The
observation that the contribution of Q to the classical and the quantum effective action is irrelevant
with respect to the one of the ASD curvature at the parabolic singularities resolves the issue about
the different factors of Zél and Z~! that occur in sect.(3.4) as counterterms in the Jacobian of the
non-SUSY Nicolai map.

49We rescale the area of the Morita equivalent theory from % to L2 in order to perform the thermodynamic limit

uniformly in N.

50The curvature in not uniquely determined by the holonomy, since parabolic bundles admit extensions over the
punctures such that the eigenvalues of the ASD curvature differ by shifts of 27z. Our choice is in some sense minimal.
This feature together with many others, known in the mathematical literature, is reviewed in [8].
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This observation allows us to ignore also issues related to the possible global non-triviality
of the bundles and to the counting of the global moduli, and to concentrate only on the local
counterterms associated to the sum over the points of the parabolic divisor.

As in every computation involving an effective action the background field should live on
a scale much larger that the quantum fluctuating field. This may look awkward to realize for
surface operators that carry delta-like singularities, that involve any momentum scale. In fact it is
impossible to realize for an isolated surface operator, but it is possible for a lattice with uniform
lattice spacing >'. A typical example is the following one-loop contribution to Z~! in Euclidean
configuration space, that arises from the spin term of sect.(3.4) evaluated on surface operators:

1 NTV(I,L 'l._l, /)
dud? PP 9.10
(4m2)? E/ N gy =2y P+ lu—vP)? ©-10)

where the sum over p, p’ runs over the planar lattice of the parabolic divisors of the surface opera-
tors. There is also an orbital contribution that has the same structure. Indeed the orbital logarithmic
contribution to the beta function arises from terms of the kind 32:

1 1
GG
2(z—w 2(z—w
O )

4z —w|?

(le= w2 +[u—v]?)*

/d4xd4yTr(Az(x)85

= /d4xd4yTr(AZ (x)

)

= / d*zd®wd*ud*wTr(A,(x)A=(y)

4

o / PadPwdPudwTr(A()As() 020, (PR p—)
4

_ / dzdPwdud®wTH(3:0, (A (A ()¢ (S m—

4
_ 23272, 42
= —/d zd“wd“ud WTr(aZAZ(x)aWAZ(y)6(|z—w]2+|u—v\2)2)
NTr(ulu?,
N Z/d%d% g“”“”) s 9.11)
Py (lep =22+ u—=v[?)

where in the last line we used d:A (x) ~ ¥, ug5(2) (z—2zp) and 9, Az(y) ~ =¥, u25(2) (w—zp) for
the surface operators that occur at the fixed points, with x = (z,Z,u, i) and y = (w, w, v, V).

We would like to find a regularization for which the loop expansion of the functional determi-
nants evaluated on surface operators satisfies the usual power counting as in the background-field
computation of the beta function.

To avoid quadratic divergences we restrict the sum to p # p’. Although quadratic divergences
in the Morita equivalent theory correspond to finite counterterms in the EK reduced action, we

S!n fact it is sufficient that the lattice spacing be uniform on a scale much larger than the typical scale of the physics
involved.

52The term involving dyAg vanishes identically around the local singularity, while the term involving Atzx is quadrat-
ically divergent and does not contribute because of cancellations due to gauge invariance in any gauge invariant regu-
larization of the theory. Since in our computations only functional determinants occur, the Pauli-Villars regularization
suffices.
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would like to avoid divergences at coinciding points in higher orders of the loop expansion for the
conventional power counting to hold. We set further 1, = A, = A4 in such a way that :

1 NTr(1?)
— d*ud® 9.12
wwp L e e o

is logarithmically divergent (both in the ultraviolet and the infrared). Indeed introducing a lattice

scale a:
1 NTr(A?
222/d2“dzv 2”( ) 232
@y L (e =2+ lu—P)
1 B B NTr(A?)
Lua2d? 2/d2 gy
- (47:2)2/ R T P

1 s [ o n NTr(A?)
=——— N d“wd
(4n2)2 2/ MV =W [u— V)

A
~ N3NTr(A%)log i

A
=N, Y NTr(2%)log— (9.13)
> H
One factor of N, is just the sum on lattice points, the other factor is the "phase space area" N, =
(%)ZVQ of one surface operator. From the preceding equation we read also that:

A

-1 _

T
To summarize, there exist a point-splitting regularization of the effective action in the background

9.14)

of the lattice of surface operators, that together with the implicit use of the Pauli-Villars regu-
larization, needed to handle quadratic tadpoles, leads to the same power counting as the usual
dimensional regularization, with the logarithmic divergences occurring as in Eq.(9.12). Had the
contributions with p = p’ been included, there would appear quadratic divergences, thus spoiling
the usual power counting in higher order terms of the loop expansion. This lattice point-spitting
regularization >3, followed by Epstein-Glaser renormalization in Euclidean configuration space (see
[112] for references) is a possible starting point of a new constructive approach for the large-N Y M
theory.

We should understand now the contribution of the zero modes.

At first we count the moduli of surface operators and then we give an argument to identify the
zero modes with the moduli, as for the instantons.

From the computation of the Z~! factor that we already performed in sect.(3.4) it follows that
the renormalization of the action in absence of zero modes would be:

872 k(N — k 1 1 5 A
# =8T°k(N —k) (55— — =55 log(=)) 9.15)
28y (1) 2giy(A)  (4m)*3 H
Adding to the action the contribution of the complex conjugate representation we get:
167 k(N — k 1 1 5 A
# — 167K (N — k) (5 — ——3 > log(*)) (9.16)
28y (1) 28y (A)  (4m)>3 H

33This regularization has been found during joint work with Arthur Jaffe.
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9.2 Dimension of the Lagrangian neighborhood of the fixed points

It follows from Eq.(9.16) that, in order to get the correct one-loop beta function, the contribu-
tion of the zero modes to the renormalization of the action should be —2k(N — k) log(ﬁ), including
the fundamental and conjugate representation. The sign is consistent with the Pauli-Villars reg-
ularization of zero modes, yet the absolute value of the coefficient of the logarithm is in general
an even integer but not a multiple of 4, as it would be implied by the hyper-Kahler reduction >*.
Thus the neighborhood of the fixed points cannot be generic. Remarkably we have already seen in
sect.(7) that the fixed points sit automatically inside the Lagrangian cone of the moduli space for
which A, is nilpotent. Since in a Lagrangian neighborhood of the fixed points the dimension of the
moduli space is generically one half of the dimension of a hyper-Kahler neighborhood, the correct
beta function may arise.

We should classify now which are the Lagrangian neighborhoods of the fixed points that lead
to the correct beta function.

One component of the Lagrangian cone corresponds to A, = 0 and gives rise to unitary rep-
resentations of the fundamental group. The complex dimension of an adjoint orbit for a generic
parabolic unitary bundle of rank N is given by:

1
dim;, = 5(N2 - Xi:m%) 9.17)

where m; are the multiplicities of the eigenvalues. Vortices of Zy holonomy have no moduli, since
the holonomy lives in the center, for which the multiplicity of the eigenvalues (modulo 27) equals
the rank. But the following slight deformation of the eigenvalues gives rise to a non-trivial adjoint
orbit for the holonomy:

24 = diag(2n(k—N)/N +€,2mk /N — ek /(N — k)) (9.18)

k N—k

Thus the complex dimension of the orbit is:
1
dimy = §(N27k2f(ka)2) = k(N —k) 9.19)

and the same holds for the complex conjugate orbit, in such a way that the real dimension of the
orbit matches the number of zero modes needed for the correct beta function:

16m%k(N — k) | 5 A
2w 265,(A) (472 (3+2) 10g(ﬁ)) (9.20)

However, there is a more intrinsic characterization of the Lagrangian neighborhood of the fixed

= 167%k(N — k)(

points. Instead of deforming slightly the eigenvalues we may deform the moduli along nilpotent
directions. Hence we may require that, in a unitary gauge in the Lagrangian neighborhood, exactly
the same Hitchin equations are satisfied as at the fixed points. Therefore the eigenvalues of the ASD
field are precisely:

22 = diag(2n(k— N)/N,2mk/N) (9.21)
_k,_/ ——

54 A hyper-Kahler manifold has necessarily a real dimension that is a multiple of 4.
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but the we allow the Higgs field, A, to have a nilpotent residue. In the Lagrangian cone not only the
Higgs field has a nilpotent residue, but it is nilpotent itself [81]. These are bundles of Hodge type
[111] for which the twistor connection has a holonomy that cannot be diagonalized, but it can be
set in Jordan canonical form. In the Lagrangian cone the local moduli at a point for these bundles
are parametrized by orbits of the Jordan canonical form for a real version of the complexification
of the compact gauge group [111]. Thus in our case, for which the diagonal part of the holonomy
is in Zy, the local holonomy is unipotent.

Since the diagonal part of the holonomy is central, to compute the dimension of the orbit we
need to consider only the nilpotent part. Any such matrix is conjugate by the Jordan theorem to a
direct sum of k blocks of dimension d;, such that Zf:] d; = N, where N is the total rank. Each block
has d; zero eigenvalues on the diagonal >> and it is upper triangular with all 1 on the super-diagonal.

The classical action is not modified at all by a deformation of the moduli along a nilpotent
direction, since the nilpotent part of the holonomy is invisible in the ASD curvature in a unitary
gauge [81].

Therefore, to get the correct beta function, we need to construct orbits of nilpotent Jordan
matrices, such that the real dimension of the orbits for the action of a real version of the complexi-
fication of the gauge group is precisely the double of the complex dimension of the unitary orbits,
i.e. of the flag manifolds.

Indeed in this case the conjugate representation describes exactly the same moduli, since the
orbit is for the action of a real version of the gauge group.

Nilpotent orbits with the features just described, having double the dimension of a flag, are
called Richardson orbits [113].

Here are some examples. The principal nilpotent complex orbit, i.e. the orbit of a nilpotent
Jordan block of maximal rank, has precisely the same dimension as the complex orbit in the generic
semisimple case, i.e. N> —N = N(N — 1), that is always even. Thus the real dimension is a multiple
of 4, as it should be.

By Eq.(9.17) the complex dimension is the double of the complex dimension of the maximal
flag, and thus the principal nilpotent orbit is a Richardson orbit.

We are looking for a nilpotent orbit with double the dimension of the partial flag in Eq.(9.19).

Let us first recall the general formula for the dimension of the adjoint orbit of a nilpotent [114]:

k
dimOy =N*—N-2Y (i—1)d; (9.22)
i=1
For example for the principal nilpotent, k = 1, d; = N, and we get the aforementioned result [115].
For the zero nilpotent, k = N, d; = 1, and we get 0. The orbit of the direct sum of & nilpotent Jordan
blocks of dimension 2 and of one Jordan block of dimension N — 2k has double the dimension of
the partial flag in Eq(9.19).
Indeed in this case:

k N—k
dimOy =N*—-N-2Y (i—-1)2-2 ) (i—-1)
i=1 i=k+1

35 A nilpotent matrix has all the eigenvalues zero.

65



Glueballs in large-N Y M by localization on critical points Marco Bochicchio

:N27N+2(2k+N—2k)722k:i72 Nzk i
i=1 i=k+1
=N?—-N+2N—(N—k+1)(N—k)— (k+ 1)k
=N*+N—(N—k-+1)(N—k)— (k+1)k
= 2k(N — k)
(9.23)

QED

We should clarify in which sense the moduli that label the orbits with fixed eigenvalues occur
as zero modes. Let us consider first the unitary orbits in the Lagrangian cone. In this case in any
smooth unitary gauge the ASD curvature, 1, (p), is conjugated to the eigenvalues by the action of
the unitary group.

However, the classical action depends on the eigenvalues but not on the unitary matrices. Thus
the unitary matrices define flat directions in the classical action, but the holonomy of the twistor
connection actually depends on the unitary matrices that label the orbit.

We can associate to these moduli zero modes of the functional determinants choosing the
singular gauge in which the gauge curvature is diagonal. This gauge may be singular in the sense
that may be reached by gauge transformations that are possibly singular along lines, i.e. semi-
infinite strings that start at the punctures and end at infinity or with another puncture. From the point
of view of the homological localization of the holomorphic loop equation of sect.(10) these gauge
transformations are allowed, provided the associated strings do nor intersect the backtracking arcs
that connect the loop to a puncture, in such a way that the twistor connection is not discontinuous
across the backtracking arcs.

In this unitary singular gauge the equations for the surface operators of unitary holonomy are:

Fop = ;%?ﬁ (p)8 (2 = 2p(u, ) 9.24)

with Aj; (p) diagonal matrices and the other lo?ﬁ (p) vanishing [80]. But the connection still de-
pends implicitly on the moduli, in such a way that zero modes occur by the standard argument at
the end of sect.(3.3).

In the case of Richardson orbits for Hodge bundles the holonomies are conjugated to the Jordan
form by a real version of the complexification of the gauge group, that factorizes into a compact and
a parabolic subgroup, the compact factor being a subgroup of the unitary group. In a unitary gauge
only the orbit of the compact subgroup occurs as an adjoint orbit of the ASD field at a point, while
the parabolic group parametrizes the moduli of the metric. Thus it there exists a possibly singular
unitary gauge in which all the moduli occur as zero modes as for orbits of unitary holonomy.

10. Homological localization of the holomorphic loop equation

It has been known for many years that (twisted)-SU SY observables can be localized in gauge
theories with extended SUSY by deformations that are trivial in the cohomology generated by the
twisted super-charge [24, 25, 27]. Since cohomology is dual to homology [116] °°, we may wonder

36The main difference between cohomology and homology is the lack of a ring structure in the latter.
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as to whether we can compute functional integrals by deformations that are trivial in homology
rather than in cohomology. Were the answer be affirmative, we could get localization without
supersymmetry.

While there is no positive answer in local field theory, gauge theories contain many non-
local observables, the Wilson loops. Thus the natural arena for homological localization in gauge
theories, as opposed to cohomological localization, is the loop equation [46, 47].

In general the loop equation is the sum of a classical equation of motion and of a quantum
term, that involves the contour integral along the loop. By homological localization of the loop
equation we mean a deformation of the loop that is trivial in homology and for which the quantum
term vanishes, in such a way that the loop equation is reduced to a critical equation for an effective
action [10]. Hence the needed homological deformation has to satisfy the following properties.

It has to be trivial in homology.

It has to leave the expectation value of the loop invariant.

It has to imply the vanishing of the quantum term in the loop equation, i.e. of the term that
contains the contour integral along the loop.

In this homology framework there is a very natural analog of the operation of adding a cobound-
ary in cohomology, that is based on the zig-zag symmetry of Wilson loops. The zig-zag symmetry
is the invariance of a Wilson loop by the addition of a backtracking arc ending with a cusp. This
deformation is a "vanishing boundary" in singular homology. In a regularized version the arc is
the boundary of a tiny strip. While this symmetry holds classically in most of the cases, quantum
mechanically the renormalization process may spoil it. The reason is that in general Wilson loops
have perimeter and cuspidal divergences. The perimeter divergence is linear in the cutoff scale.
The cuspidal divergence is logarithmic, with a coefficient that in turn is divergent for backtracking
cusps. In SUSY gauge theories with extended SUSY there are examples of locally-BPS Wilson
loops that have no perimeter divergence [105].

We have seen in sect.(4) that twistor Wilson loops share with their supersymmetric cousins
these non-renormalization properties and, being trivial in the large-N limit, they have not cuspidal
divergences either. Localization by homology leads this kind of non-renormalization properties to
their extreme consequences.

One of the virtues of the lattice regularization of the Nicolai map of sect.(7), from the point
of view of the homological localization, is to allow identifying the cusps of the aforementioned
backtracking arcs with the parabolic singularities of the reduced EK theory. We have noticed in
sect.(7) that this point-like parabolic singularities are daughters of codimension-two singularities
of surface operators of the parent four-dimensional theory. The lattice version of the holomorphic

loop equation of sect.(6) follows > :

or 1 dw
Tr(——VY'(C :—/ ' (C, Trl 10.1
= r( 5#(51))/ ( Zpr)) ~ T Copsp Zp — W = ( v ) s ( )

where ¥ is the holonomy of B in the gauge B} = 0. The lattice points associated to the divisor of
surface operators become the cusps that are the end points, p, of the backtracking strings, b, that

37The holomorphic loop equation is written in linear form since it is assumed that the loop Cy; is simple, i.e. it has
no self-intersections.
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perform the deformation of the loop, C. Adding the backtracking strings implies the homological
localization of the holomorphic loop equation:

< Tr(mll"(cu[bp])) >=0 (10.2)
The homological localization can be understood in the following geometrical terms. The existence
of the regularized residue in Eq.(6.8) is the geometric obstruction to the localization of the loop
equation. The regularized residue is the line integral of a current supported on a point and computes
the de Rham cohomology of compact support in one dimension, H! (R) 33, that coincides with the
cohomology of a point, H(pt) [116]. It is interesting to display how this cohomology of a point
can be obtained by a Mayer-Vietoris argument [116] involving partitions of unity in the right hand
side of the loop equation. For a smooth point of the arc (i.e. a point with a continuos tangent),
introducing partitions of unity on the arc, 1 = u;(s) +ux(s), we get:

/ dw . ()8 (24 (sam) — W (5)) = 11 ““")m + uz(sm)m —1 (103)

Let us suppose now that we try to compute the "cohomology of a backtracking cusp". The same
Mayer-Vietoris argument shows that such a cohomology does not exist in a classical sense, since
the result depends on the choice of the partition of unity:

w S:rus W (Scus
/dW+ (S)5(2+ (scusp) — W4 (S)) = uj (scusp) M +up (Scusp) ’Wigs_p;
cus cusp
= U (Scusp) —up (scusp) (10.4)

This is due to the fact that we can integrate distributions on smooth manifolds, but their extension
to non-smooth ones depends on arbitrary choices in general. In particular, if the partition of unity
is symmetric, u(Scusp) = U2(Scusp), the regularized residue vanishes. Therefore a regularization
exists, that preserves the zig-zag symmetry of twistor Wilson loops, for which the holomorphic
loop equation localizes.

Thus if every marked point of the loop equation can be transformed into a backtracking cusp
we can complete our argument about localization. But this is precisely the effect of our lattice,
since marked points of the loop contribute to the loop equation in the lattice theory only if they
coincide with the lattice points.

We may think that it is a change of the conformal structure around the lattice points that
generates the cusps.

Since the Lagrangian submanifold on which twistor Wilson loops are supported on satisfies:

\dzdz| = |dudi| (10.5)

this two-dimensional conformal transformation lifts to a conformal rescaling of the four-dimensional
metric:

ds*> = dzd7 + dudii (10.6)

38The integral of the delta function in one dimension can be approximated by the normalized integral of one-forms
of small compact support around a point.

68



Glueballs in large-N Y M by localization on critical points Marco Bochicchio

Thus it acts by adding a conformal anomaly to the effective action:
I'([by]) =T([p]) + ConformalAnomaly([b,)) (10.7)

that amounts to a local counterterm, i.e. to a change of the subtraction point.

Therefore there is a symmetry of the RG flow that generates the homological deformation of
the loop by a vanishing boundary, i.e. by backtracking strings. This is the analog of the action
being a closed form in cohomology, since in the last case there is a symmetry of the action (i.e. the
twisted supersymmetry) that generates the coboundary.

At this point we would like to clarify why we cannot use the Makeenko-Migdal (MM) loop
equation to get localization.

We can write the MM loop equation for unitary Wilson loops in the large-N Y M theory as:

N 5SYM
d —Tr(——Y¥Y(x,x;A)) >
= i/ dxa/ dyedW (x—y) < Tr¥(x,y;:A) >< Tr¥(y,x;A) > (10.8)
C.X.\’ C)C.X
where
Y(x,y;A) = Pexpi/ Agdxg (10.9)
Cy)

In the case of loops without self-intersections but with cusps the MM loop equation reduces to:

N 5SYM
dxg < —T P (x,x;A
. Xo < 2 r(5Aa(x) (x,x;A)) >
:i/ dxa/ dyed™ (x—y) < Tr¥(x,x;A) >< Trl > (10.10)
CXX CXX

Performing the two contour integrations along the loop in the right hand side, we get [105]:

1 OSyum
Sywe

a3 cos Q). ) ]
~i(PN+Y W‘”S”QWA ) < Tr¥(x,x;A) > (10.11)

cusp cusp

dxg < —
0. 282

Y(x,x;A)) >

where P is the perimeter of the loop and Q,s, the cusp angle at a cusp. For our conventions
Qcyusp = 0 for no cusp, while €,,, = 7 for a backtracking cusp. The perimeter divergence arises
by the double integration of the four-dimensional delta function, i.e. of the contact term, along
the loop. Integrating the contact term in a neighborhood of each cusp gives rise to a sub-leading
quadratic divergence, since around a cusp there are two independent integrations instead of one,
due to the two sides of the cusp. The coefficient of the cusp contribution is proportional to the ratio:
008 Eeusp (10.12)
SN &2 ysp
The numerator arises from the scalar product, the denominator from the two independent integra-
tions of the two-dimensional delta function. In the limit in which the cusp angle €., reaches
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7 the cusp backtracks and the cusp contribution to the contact term of the MM loop equation is
divergent. It turns out to be proportional to the coefficient of the logarithm in the cusp anomaly
[105]. Therefore for backtracking cusps the cusp anomaly and the perimeter divergence mix to-
gether [105]. Zig-zag invariance can be implemented in the MM loop equation only by means of
a subtle, regularization dependent, cancellation between the extra perimeter due to the backtrack-
ing cusp and the cusp anomaly. This is due to the non-cohomological nature of the contact term
that arises as the obstruction to localization in the MM loop equation, that is the line integral of a
non-integrable distribution.
We can write the MM loop equation also for a planar twistor Wilson loop:

OSnc
dz v :B =
f 8 < T g g Ve >
i / dZ/ dz8® (z—w) < Tr¥(w,z;B) >< Tr¥(z,w; B) > (10.13)

Also in this case the obstruction to localization of the loop equation is of non-cohomological nature,
being the line integral of a §(?), as opposed to the §!) that occurs in the regularized holomorphic
loop equation. For twistor Wilson loops the contact term in the MM loop equation gives rise to the
same divergent contribution > for backtracking cusps as for unitary Wilson loops. Cancellations
occur only in the solution of the loop equation. But even if it were possible to get cancellations
at the cusps by fine-tuning, a lattice regularization of the MM equation would provide links rather
than points, because the functional integral in the MM equation involves the connection instead of
the curvature.

Hence the MM loop equation cannot localize in the homological sense that we are discussing,
not even for twistor Wilson loops, because it cannot be regularized in a way that does implement
the zig-zag symmetry.

11. Canonical beta function of large-N Y M by homological localization

11.1 Gluing rules for local systems

In this section we compute the canonical beta function of the large-N Y M theory in the scheme
defined by the homological localization of the loop equation. We take into account some global
constraint that we have disregarded in our computation of sect.(9) of local counterterms in the
Wilsonian scheme.

We have seen in the last section that, for getting homological localization of the holomorphic
loop equation, we should draw backtracking strings from the loop to the lattice points in order to
transform all the marked points into cusps.

We now show that the cusps can be paired by the backtracking strings.

This is a consequence of requiring the consistency of the gluing rules for functional integrals
with the localization on local systems. Indeed, to glue together two disks with twistor Wilson
loops as boundaries, we need that the twistor Wilson loops on the boundaries, taken with opposite
orientation, agree. Moreover, in a theory in which the twistor Wilson loops are localized on local

9The missing factor of A? is in fact hidden in the normalization of Sy¢ (see sect.(4)).
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systems, they are determined by the holonomies around the punctures inside the disks, since local
systems are the same as representations of the fundamental group.

Therefore the precise condition for gluing is that the product of the holonomies around the
points inside the two disks are the inverse of each other, in such a way that the total product is
1. This constraint is satisfied naturally gluing a lattice of vortices in one disk with a lattice of the
same number of antivortices °* in the other disk. Hence in this case the number of punctures in the
two disks to be glued must be equal in general. Another possibility is to pair vortices in one disk
with vortices in the other disk and to impose the condition that the product of all the holonomies
is 1 after gluing, for example requiring that the total number of points is an integer multiple of N.
This can be certainly done for disks that have the same number of punctures and the same cutoff.
Afterward one of the disks is rescaled together with the cutoff to a large size in order to perform the
thermodynamic limit (see below). The procedure does not spoil localization since all the punctures
are paired by backtracking arcs, that can be glued on the common boundary of the disks since the
punctures are equal in number.

This looks like a holographic correspondence [3] that is the consequence that all the punctures
can be paired by arcs connecting punctures in different disks 6!.

The resulting configuration has not a translational invariant cutoff, as in the computation of
the Wilsonian beta function, but what really matters for that computation to hold is that the lattice
on which the background field lives has a very large number of punctures and it is locally uniform.

If the punctures of the two disks are paired, the density of the punctures in the two disks cannot
be the same in the thermodynamic limit, since the area of one disk must be much larger than the
area of the other one. Thus we get two cutoff scales, a and d, on the two disks, that we refer to as
the ultraviolet and infrared scale respectively and that we identify with the lattice spacing. Thus
each puncture carries a weight that is the lattice scale. Since the weights are all equal inside the
two disks, because we require at least locally uniform lattice spacing, and the punctures are equal
in number, the two collections of weights are in fact projectively equal, i.e. equal up to a common
rescaling factor.

Therefore the localization of the loop equation for twistor Wilson loops on local systems
leads to a kind gluing that coincides with the one implied by a weighted arc families with pro-
jectively equal weights [54]. Surprisingly these are precisely the string gluing axioms [54, 55, 56]
for weighted arc families at topological level (see fig.4 I of [56]). Hence we may say that open
strings solve the Y M loop equation for the twistor Wilson loops, in the sense that they localize the
loop equation on a saddle point for an effective action.

We have just come to the conclusion that if we combine the gluing properties of the functional
integral with the vanishing requirement for the contact term in the holomorphic loop equation, i.e.
the requirement of localization, we get the string gluing axioms at topological level. Thus the
proper graph to get localization is a weighted graph [54] similar to a Mandelstam graph [57, 58]
(see fig.4 I of [56]). The weights in this language are the sizes of the strips.

0By antivortices we mean surface operators that have precisely the inverse holonomy of vortices. They have the
same classical action, if evaluated at the same cutoff scale, and a neighborhood with moduli space of the same dimension
as for vortices.

61 These are the "hairs" associated to the holographic correspondence between the ultraviolet and the infrared (see
below).
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A subtle point arises about the cutoff of the localized effective action. We recall that the
introduction of a lattice is essential for localization, since it allows us to transform every non-trivial
marked lattice point into a backtracking cusp. We have seen that the gluing rules imply a different
cutoff at the cusps of the two disks of the sphere in the quantum effective action.

Hence the local part of the effective action, as a consequence of the stringy nature of local-
ization in the loop equation, is in fact bilocal with two local fields living at different scales, one at
the ultraviolet cutoff and one at the infrared cutoff, paired by the backtracking strings. We will see
momentarily that the field at the ultraviolet, but not the one at the infrared, affects the renormaliza-
tion of the Wilsonian coupling constant, as it is expected from its very definition. Instead the field
at the infrared together with the one at the ultraviolet affects the renormalization of the canonical
coupling constant.

To summarize, we draw our weighted graph [54, 56, 57, 58], that is made by two charts with
the boundary loop in common. The charts are a conformal transformation of two topological disks
with punctures (see fig.(1) and fig.(2) of [55]). This introduces a conformal transformation in the
EK two-dimensional reduced theory. However, this transformation lifts to a conformal rescaling
in the four-dimensional parent theory because on the Lagrangian submanifold that is the support
of twistor Wilson loops Eq.(10.6) holds. Thus the four-dimensional metric changes conformally
and the effective action changes by the appropriate conformal anomaly (see Eq.(10.7)). This im-
plies that, in addition to the explicit cutoff dependence, the effective action on the weighted graph
is related to the one on the sphere with marked points by the addition of a divergent conformal
anomaly, because of the singularity of the conformal transformation. This divergent conformal
anomaly plays a key role to reconcile our computation of the anomalous dimension in the canonical
beta function with the general properties of the RG group and, more generally, in the interpretation
a posteriori of localization as a RG flow to the ultraviolet.

11.2 Z factor and canonical normalization

It is useful to write the effective action of the commutative Morita equivalent theory before
the EK reduction, that amounts to dividing by the factor of NV, (see sect.(9)). This is convenient to
define the canonical normalization of the effective action in analogy to the SUSY case of sect.(3.2).

The contribution of one surface operator of Zy holonomy, that we call a vortex, to the local
part of the Morita equivalent Wilsonian effective action reads:

exp (—I'y(one —vortex))

2m 8w | 21 k(N —k) 1
—exp(————Z - 1
X (g2 262, k(N =) exp (Ha% > oelga)
21 87’ 21 k(N —k) 1
— 2 2T k(N —k 1 11.1
exp(— = ) (N —k))exp( Ha 2 0g(5=)) (11.1)

where the factor of Hz% is the transverse measure over the zero modes two-dimensional vortex
T

sheet that is the singular divisor of a surface operator in four dimensions, and H = % by definition.
The factor in the second line of the right hand side is actually the contribution of the antivortex
in the infrared 2, that is paired to the vortex by a backtracking string. Equating the ultraviolet

520r of the vortex in the infrared.

72



Glueballs in large-N Y M by localization on critical points Marco Bochicchio

cutoff on the transverse and longitudinal planes, because of rotational invariance, we get a = ar.
Another way of formulating this condition is that the longitudinal measure on the size of vortices
that we read from the classical action and the transverse measure on the vortices two-dimensional
sheet should coincide. The Wilsonian beta function of sect.(9) follows, since the contribution of
the antivortex at the infrared is finite.

For a twistor Wilson loop in the adjoint representation it is possible to pair the holomorphic
integral to the antiholomorphic one. In this case the counting of zero modes corresponds to the real
dimension of the orbits. Thus we get for the bilocal part of the Wilsonian effective action:

2w 87, 27 ky(N —kp)
exp(— H xp (— 77 @Z kp(N—k,,)—|—c.c.)exp(Ha2 > log(Ha2)+c.c.)
2m 87 271 k(N —kp)

1
exp(—ﬁﬁkp(N—kp)+c.c.)exp( log( )+c.c.) (11.2)

H a% 2
We now come to the canonical coupling. We observe that the fields at the ultraviolet and at the
infrared are not canonically normalized in the Wilsonian effective action. In order to obtain the
canonical 8 function, as in the .#* =1 SUSY YM case of sect.(3.2), we have to rescale the fields
on the ultraviolet divisor by a factor of gZ > and on the infrared divisor by a factor of g, since Z
is finite in the infrared and can be normalized to 1. This can be achieved by rescaling a and H as
a= acZ_% and H = g 2H, and setting a. = ar to preserve an equal longitudinal and transverse
cutoff. Rescaling H is equivalent to rescale inversely L?, the area of a surface operator. The
canonically normalized effective action reads:

2n 87? , 2 ,ky(N —kp)
exp(— Hexp o —Zg%/g kp(N—kp)+c.c.)exp(Hcagg 5 log(HCg*ZZflaZ
21 87% , 21 ,ky(N—kp)
NP~ g g2 & KN ko) ecexp (s e == loal ) e

This produces the following rescaling factors at each point from the contribution of the zero modes:

2r_ 2

[ (gZ% )k(N—k) gk(N—k)] Hea28 (11.4)

Thus defining as in sect.(3.2)

8m2k(N —k)g* 87m2k(N —k)g* ) 51
_ S 2k(N —k)g*1 ~k(N—k)logZ 11.5
22() @y T (N —k)g"logg +g" S k(N — k)log (1L.5)

and factorizing the term 872k(N — k)g* we get:

4 1
= s1o logZ 11.6
+ pmy) gg+(4 B og (11.6)

Taking the derivative with respect to log A and using the fact that gy is 1-loop exact we obtain:

i8g+418g 1 dlogZ
g3 dlogA  (4m)2gdlogA  (4m)? dlogA

Bo=— (11.7)
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from which it follows:

3 3 dlogZ
Jdg —Pog” + Gy Tloeh (118)
dlogA l—ﬁgﬂ
Since
dlogA 3 (4m)? |, 1o(gw) logu 3 (4m)? 3 (4m)?
we get:
dg 10 g 4 3 s
——— )1+ — o)== — 11.10
Tlogh — (™ Pog’ + ) U G T ) =P’ —Big+ (11.10)
where
4 1 1 4 1
Po 10 _3 (11.11)

51:(47:)2 3 (dn)t T 3 (4n)*

that agrees with the perturbative result up to two-loops [12, 13, 14, 15].
Now we come to the computation of the anomalous dimension. The one-loop exactness of Z
implies:

dlogZ @ 1)
]

aloga l_gW( )2 Olog(gia)

3gW

(11.12)

where now we have included the contribution of the conformal anomaly, that rescales the subtrac-
tion point by the factor of ¢ to give a finite but arbitrary result for the higher order contributions
to the anomalous dimension. Assuming that the beta function is independent on the subtraction

point, as required by general principles of the RG, the RG trajectory must be followed along the
1

(4r)2 3

anomaly that allow the anomalous dimension to be a function of the coupling only, according to

the RG.

line c = —

log( ~) = const. We observe that it is precisely the contribution of the conformal

12. Glueballs spectrum from the localized effective action

12.1 Glueballs propagators and anomalous dimensions in perturbation theory at large-N

We start this section recalling some features and conjectures about the large-N limit of pure
YM.

To the leading large-N order and to every order in the ’t Hooft coupling constant g, the ex-
pectation value of a product of normalized local gauge invariant operators factorizes [117]. For
example:

1
<NerF§ﬁ( ZtrF (xp) >=< — ZtrF (x1) > ... < — ZtrF () > (12.1)
aff aﬁ aﬁ
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Thus to this order the only information that survives is the value of the condensate. In the case
of <g2¥, B %TrF o%ﬁ (x) >, it must be proportional for a suitable regularization to the appropriate
power of the renormalization group invariant scale, Ay, since it coincides up to numerical factors
with the action density.

In turn Ay, encodes the information on the beta function of the large-N theory. In addition
it is believed that to the next to leading % order the connected two-point functions of local gauge
invariant operators are saturated by a sum of pure poles.

For example, for the scalar glueballs propagator it is conjectured that the equation holds [71]:

| | . 7,
/ < N ZﬁtrFozgﬁ (x) Z NtrFozgﬁ (O) > conn elpxd4x = Z p2 Y (12.2)
a r

of r

The sum of pure poles is constrained by the perturbative operator product expansion [72]. It must
agree asymptotically for large momentum with the "anomalous dimension" of the glueballs propa-
gator as computed by perturbation theory plus the sum over condensates that occur in the operator
product expansion [72]. Indeed the scalar glueballs propagator behaves in perturbation theory at
large momentum, within two-loop accuracy, up to contact terms, i.e. polynomials in the momentum
squared, pz, as [72]:

2
p
3)

g*(p)p*log( I (12.3)

The logarithm explicitly displayed in the two-loop computation is necessary to reproduce the
conformal behavior:

/d4pei”xp4log(pz) L (12.4)
2) ™38 :

=

The factors of g, the renormalized 't Hooft coupling at momentum p, occur because of the canon-

N
action density < g2 Yop TrFozcl3 (x) >, and they account for the one-loop anomalous dimension

ical normalization of the glueballs propagator, that involves < }.qp LTrF OZCB (x) > rather than the

that in this case is determined by the one-loop coefficient of the beta function. They imply loga-
rithmic corrections to the conformal behavior. Glueballs propagators for other normalized gauge
invariant operators of naive dimension L involve in general one-loop anomalous dimensions that
are independent on the one-loop coefficient of the beta function [16, 17] :

1 1 ;
/ < NtrO(x)NtrO(O) >comn €Pd*x

= PP+ M;
e
= Go(p*) ~ Z5(r")p* *log( 5) (12.5)
and satisfy the following RG equation:
(52— + B(9) = +210(8) Go(p?) =0 (12.6)
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where

_ dlogZp

= Slogr (12.7)

Yo(g)
Sometimes it is convenient to factorize out the contribution of the anomalous dimension:

Go(r*) = Z5*(P")Go(p?) (12.8)
in such a way that the suitably normalized glueballs propagator, G/)( p?), is RG invariant 3

d d

(Giogp TP®)3,)C0(r) =0 (12.9)

In the large-N limit there is a sector of the theory that is integrable at one loop [16, 17], that is made
by operators of ASD or SD type and their covariant derivatives. The corresponding anomalous
dimensions can be computed as the eigenvalues of a Hamiltonian spin chain.

In the ASD one-loop integrable sector the anomalous dimension of %Zaﬁ TrF a_ﬁz (x) is the
same as the one of % Yap TrFozcﬁ (x) since < g2 Yap %Tr(FaﬁFaﬁ) > and < g2 Yap %TrFéﬁ (x) >
are both RG invariant [16]. Therefore the renormalization factor of %Zaﬁ TrF,, Bz (x) is g2 and the
one-loop anomalous dimension coincides with 2f3.

The anomalous dimensions of a number of operators can be computed explicitly solving by
the Bethe ansatz the Hamiltonian spin chain in the thermodynamic limit, that corresponds to oper-
ators of large naive dimension 2L and length L %. In particular the anomalous dimensions of the
antiferromagnetic ground states turn out of to be of the form (see Eq.(27) of [16] and Eq.(5.23) of

[17]):

5 1
_ 2
a= 1L s

1og(2) +0(L°) (12.10)

The ground state of the spin chain corresponds to the operators with the most negative anomalous
dimension, that turn out to be all scalars constructed by certain contractions involving only the ASD
part of the curvature [17].

12.2 Localized effective action and holomorphic/antiholomorphic fusion

We are now ready to start our computation of the glueballs spectrum. The large-N one-loop
integrable sector contains the correlators that can be computed by localization. This is perhaps not
completely surprising since localization involves the change of variables from the gauge connection
to the ASD part of the curvature, that lives in the one-loop integrable sector.

In the previous sections we have obtained the localization of trivial twistor Wilson loops, in
the sense that we have reduced the loop equation for them to a critical equation for an effective
action and we have renormalized the effective action in Euclidean space, in such a way that the
effective action is finite.

63We learned this suggestion by an unpublished talk of Gabriele Ferretti, "Applying the BES trick to QCD", Newton
Institute, Cambridge (2007).

%4We would like to thank Konstantin Zarembo for explaining to us this result at the GGI. We would like to thank also
Gabrielle Ferretti for explanations about the same subject at Chalmers University.
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Now the question arises as to which infrared information the renormalized effective action
actually contains. We have seen that to make sense of the holomorphic loop equation of sect.(6)
after the renormalization of the Euclidean effective action it is necessary to continue analytically
the Euclidean loop equation to Minkowski space-time. Then at operator level the twistor Wilson
loops become:

Tr ¥ (Bp; L) — Tr,/VPeXpi/ (A.y +ipD,)dz, + (A, +ip 'Dy)dz_  (12.11)
as shown in sect.(4). The support of the twistor Wilson loops analytically continued in this way
becomes:

(Z,Z,M,l/_l) = (Z+7Z77_pz+7_pilzf) (1212)

For computational simplicity we set p = —1 in the following. This is just an irrelevant change
of sign of the antihermitian part of i, since t, = u®+ pn— p~'ii. Thus in this section p = p_; =
1 (o1 — itto3).

It is in the spirit and in the letter of the localization idea that the renormalized effective ac-
tion analytically continued to Minkowski space-time contains information on local observables
supported on the Lagrangian submanifold displayed in Eq.(12.12) since this is the analytic contin-
uation of the support of Euclidean twistor Wilson loops from which the effective action has been
obtained by localization. However, getting the spectrum of fluctuations exceeds by far the lim-
ited framework of localization of the homology of 1 in the same sense in which the statement that
the prepotential of .4" =2 SUSY YM determines the low energy effective action in the Coulomb
branch exceeds by far the framework of the localization of the cohomology of 1.

We have seen in sect.(10) that localization by homology requires implicitly extending diago-
nally the action of the conformal group from two to four dimensions, an extension that can occur
meaningfully only on Lagrangian submanifolds of the kind displayed in Eq.(12.12). Thus the
aforementioned Lagrangian submanifold is in a sense the only object for which we can hope that
the localized effective action has a physical meaning beyond the leading large-N approximation.

More physically homological localization requires that the ASD field be singular and therefore
by necessity be of magnetic type, in a theory in which smooth fields are of electric type. Thus
homological localization realizes in a technical sense long-standing ideas on the Y M vacuum as a
dual superconductor [42, 43, 44], whose analog are the duality ideas [26] that lead to the physical
justification of the prepotential as the low energy effective action in the Coulomb branch.

In particular ’t Hooft duality leads us to hope that homological localization may capture the
mass gap via the implied condensation of the magnetic charge.

We write now the localized effective action in the Wilsonian scheme. From the effective action
we extract the glueballs spectrum restricted to the Lagrangian Minkoswki section of space-time. To
compute fluctuations we need to extend the effective action from the fixed points, characterized by
BAB = QAIA) = 0, to fluctuations in neighborhood of them. The fluctuations correspond generically
to surface operators of semisimple type, i.e. with different eigenvalues of the (diagonalizable)
holonomy and of the ASD curvature, [.

For a twistor Wilson loop in the fundamental representation this extension can be performed
only in a holomorphic way via the holomorphic loop equation. The corresponding effective action
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is not Hermitian. Therefore we couple the twistor Wilson loop in the fundamental representation
with the one in the complex conjugate representation®. As a result the effective action is Hermitian
. Thus we are realizing a sort of holomorphic/antiholomorphic fusion that is reminiscent and in
fact technically very similar to holomorphic/antiholomorphic fusion [52, 53] in conformal field
theory.

Initially, thanks to large-N factorization, we treat i and [i as independent variables that define
two different chiral sectors. But then we choose the section in function space where [i is actually
the Hermitian conjugate of u for the effective action to be Hermitian. This enables us to compute
% fluctuations.

Yet, this u/fi sector is only a special sector of the theory, that involves certain correlators
constructed by u = %( Mo, — ilys) and its Hermitian conjugate. These are the special correlators ac-
cessible to homological localization of the loop equation. We cannot say anything about correlators
of Ug,.

Realizing holomorphic/antiholomorphic fusion in the non-commutative Eguchi-Kawai reduced
theory (see sect.(4.1)) involves therefore the product of the holomporphic and antiholomorphic
partition functions, extended to the holomorphic and antiholomorphic neighborhoods of the fixed
points, that are thought to be each the Hermitian conjugate of the other one:

:/eff\naa;ﬂ

—y/aAaAapaas (—iFy Zup J(z—z,)—6711)

8(9;D+9;D)8(9;D— 8AD+iZ i, —a,,)5<2>(z—z,,))

a0

4N.
exp (— —ZtrNTrN(u,,up (12.13)

w p

We then proceed as in sect.(7). In the reduced theory the classical action is finite on surface oper-
ators because of the rescaling explained in sect.(4.1). The U(N) non-commutative theory can be
compactified on a torus of large area, L. For rational values of the dimensionless non-commutative
parameter:

2mOL7% = (12.14)

M
N
the non-commutative U (N) theory is Morita equivalent to an U (N x N) commutative gauge theory
on the smaller torus, L>N =2, with non-trivial ’t Hooft flux through the commutative torus and with
the same 't Hooft coupling constant, g. Thus the large-N limit of the partition function reduces to

%5This coupling is automatic via large-N factorization if we start with twistor Wilson loops in the adjoint representa-
tion. In this representation the condensation of the magnetic charge via surface operators of Zy holonomy is compatible
with triviality of twistor Wilson loops, because of the pairwise cancellation in the holonomy of every Zy factor by its
complex conjugate for any shape of the loop.

%The complex conjugate field and the Hermitian conjugate contain the same information since they differ by trans-
position of the indices.
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a finite dimensional inductive sequence:

Z = lim | [ SASASDSDS(—iF — ZU w, @) 1pU (u,) '8P (z—z,))
NN—>oo

8(daD — BAD—HZ (u, i), (u,u) ' U (u, ) U (u,70)) 8P (2 — 2,))

- 4N _ L\ 0
5(9aD+ D) exp (— ZtrNTrfv(upup)) 6—5, 15w (12.15)
W op p

The unitary matrices, U (u, i), account for the twisted boundary conditions on the commutative
torus. In the thermodynamic limit, L?> — oo, the effect of the twist of the torus disappears, at least
for fixed large N, since the Morita equivalent theory must coincide in the large-N limit with the
commutative theory on R?>. The equivalence with the untwisted theory can be seen also choosing
the gauge where there is no twist in front of the delta functions. Of course this gauge is singular
on the torus, in the sense that it is defined by a gauge transformation that is not single-valued on
the torus, precisely because it is not continuous on the boundary of the fundamental domain that
is employed to define the torus. But the boundary becomes irrelevant in the thermodynamic limit.
However, some care is necessary to match in the untwisted theory the exact scaling with N of
the trace of Wilson loops in the twisted theory (see Eq.(7.6)). This is taken into account in the
untwisted commutative theory by the ansatz U(N) x 15 for the local holonomy at the localized
locus.

We require that the fields on the commutative R> so obtained in the thermodynamic limit have
well defined limits at infinity, in such a way that the theory can be compactified on S?. Thus the
fields on R? x R* can be extended to S? x S? and the resolution of the identity reduces to the one
for ordinary surface operators. Thus we get:

Zz = lim | [ SASASDSDS(~iFs—Y 1,6 (z—z,))
N,N—o0 p

8(0aD+ JAD)5(aD — 9sD+ iZ(Hp - ﬁp)5(2> (z—2zp))
P

ANN _ .\ Ou 2
exp (— TZtrNTrN(upup))?HSU;‘ (12.16)
8w p H p
that in the Feynman gauge, as shown in sect.(3.3) and sect.(8), reduces to:
1/
}/ [Det ™12 (=43 8up — ity ) Det (— AA)]MZL(%#%)
4 6 /1 ]
Al }exp(——ZtrNTrN (Hpliy)) 5.7 & H5 wl? (12.17)
8y

In this formula @’ should be chosen in a way compatible with the holomorphic/antiholomorphic
fusion. In particular @’ should depend holomorphically on the complex eigenvalues, A, of . This
requires that @’ be the pullback on the moduli space of the symplectic form associated to the twistor
connection for p = —1, B=B_, (see sect.(7)):

1 s o
o= / d*zrsTr(8B, A 8B;) (12.18)
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The superscript in @’ refers to the version of @ defined on the punctured sphere as discussed in
sect(7). This is not restrictive, since excluding the singular divisor is equivalent to omitting in @
the sum of the Kirillov forms of the adjoint orbits on the singular divisor [118], because the volume
form on these orbits is already taken into account by the product measure on the adjoint orbits,
11,0 “1/7|’ (see sect.(12.3)) that occurs by the resolution of identity. As a consequence:

np (] nplu] nplu] ) W]

0 A2 A[]8u,00, =0 Ad" A[]6u,60, (12.19)
p p

In any case the version that involves @' is the one that leads to the glueballs potential.

12.3 The glueballs potential

The glueballs potential arises as a term in the localized effective action that is the logarithm of
the modulus of the Jacobian for the change of variables of the complex field of ASD type from a
unitary, (, to a holomorphic gauge, u'.

This term cannot arise in perturbation theory and the only way to derive it in our approach is
via the holomorphic loop equation, since the choice of the holomorphic gauge is necessary in order
to produce the Cauchy kernel in the right hand side of the holomorphic loop equation.

In turn the Cauchy kernel is essential, because after analytic continuation to Minkowski space-
time leads to localization by homology, since the corresponding regularized distribution is zig-
zag invariant in a neighborhood of a cusp and therefore its contour integral vanishes for arcs that
backtrack at the cusps.

The physical meaning of this Jacobian is the following.

For surface operators, because of the specific features of the Hitchin equations, there is a
mismatch between the degrees of freedom carried by the ASD curvature at a point in a unitary and
in a holomorphic gauge.

While at moduli level the unitary and holomorphic gauges are completely equivalent as shown
in sect.(7), it does not hold true for the local degrees of freedom that are manifest looking at the
ASD curvature in the unitary or holomorphic gauge.

In the holomorphic gauge there is an essentially %7 one-to-one correspondence between the
moduli that occur in the holonomy, M), of the connection around a point, p, and the moduli of the
local curvature, u;,, at p, given by the equation:

M, = o2y (12.20)

Thus in the holomorphic gauge ,u;) is parameterized by orbits in the complexification of the gauge
group, /.L[’) e G,,?LPG;I, with A, the (complex) eigenvalues of ,u[’,, that we assume all different in the
semisimple case relevant to compute fluctuations.

Therefore the integral over “1/7 =G plpG;l is on an orbit of the complexification of the gauge
group with measure:

du, = Det(ad2,)5A,8G, (12.21)

7 The moduli depend actually only on the conjugacy class of the eigenvalues of the holonomy, that determines the
eigenvalues of the curvature only up to shifts of 27 .
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where the integration on 8G), is actually on the moduli of the orbit, that can be parametrized as
G, = gpPy, by factorizing the complexification of the gauge group into its compact and parabolic
factor %8, In fact it is not restrictive to project the parabolic factor, Py, to its unipotent subgroup, P[’,,
since the diagonal factor of P, acts trivially by conjugation on the eigenvalues.

Thus the preceding equation can be rewritten as:

S, = A(A,)*52,88,6P, (12.22)
where the square of the Vandermonde determinant of the eigenvalues, A(A):
AL =]k =) (12.23)
i>]

arises by the usual Faddeev-Popov procedure, as in the holomorphic matrix models [48, 49].

In the unitary gauge this does not hold true. It is a fundamental result of the theory of surface
operators [80, 81] that in a unitary gauge [u,, fi,] = 0, so that generically u, and ji,, can be diago-
nalized simultaneously by a unitary transformation (see sect.(7)). Thus only the moduli associated
to the adjoint action of the compact unitary group, g,, are manifest in the curvature in the unitary
gauge, while the remaining degrees of freedom are hidden in the moduli of the Hermitian metric
whose choice is implicit in the unitary gauge [81].

Now the non-Hermitian matrix, i, = g,A,U, pgljl, is generically conjugated by a unitary trans-
formation to a triangular matrix, A,U,, with U, triangular and unipotent, in such a way that the
induced measure is:

Sy, = Pf(adu,)52,8U,5g,
= A(2,)84,8U,5g, (12.24)

The different power of the Vandermonde determinant in Eq.(12.24) with respect to Eq.(12.22)
arises by the Faddev-Popov procedure for triangularizing rather that diagonalizing u, 69,

But the unitary gauge transformation, that sets the complex matrix g, in triangular form in
a unitary gauge, does actually diagonalize those i, that arise as the ASD curvature on the dense
locus of the surface operators in the resolution of identity of the non-SUSY Nicolai map. Therefore
in the induced measure the integration over the unipotent factor, U, actually factorizes, since the
integrand does not depend in fact on U, for those i, that arise by surface operators in a unitary
gauge. On the other hand the integration over the moduli P;D contributes to the zero modes and
produces the measure:

!

0™ = Pf(a)[] 6P, (12.25)
p

in such a way that:

g el / Pf(adup) 67LP6P[/758P
s’ @ =P Daan,) 51,56,
Pf(')
_ o) (12.26)
[1, Pf(aduy)

%8This is the Iwasawa decomposition.
We may get the same result noticing that the integration measure dudfi on normal non-Hermitian matrices is
|A(2)|?dAdAdg by the standard Faddeev-Popov procedure and then taking the "square root".
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where we used G, = gpP[’,. The same result is obtained in the singular gauge where p,, is actually
diagonal, 1, = A, for which therefore 6U,0g,, factorizes from the measure 11, but the measure
on the moduli is:

o' > =Pf(a')[]6P,8g, (12.27)
P

Therefore the effective action reads:

8NN
r 2 ZtrNTrN [T +Zlog\A )|
W

—log \Dez—l (—Ay8ap — i/.LO_CB)Det(—AA)}#:% (i)

—2ny[1/']log A —log |Pf (') [? (12.28)

We anticipated that the second term turns out to be the glueballs potential, that generates the glue-
balls masses. The term log |Pf(®')|? is irrelevant for the glueball potential, since @’ depends on the
eigenvalues only through the holonomy of the connection (see sect.(7)). Indeed, since the holon-
omy at the critical points lives in Zy, the second derivative of log |Pf(®’)|? at the critical points
couples only to the trace of the fluctuations, 7r(04,), and thus decouples in the large-N limit. The
Pauli-Villars factors do not contribute to fluctuations. The remaining terms are considered in the
following subsections.

It is very instructive to reinsert the factor of N, to recover the unreduced theory and to intro-
duce a regularization by the density of the lattice of surface operators that is more suitable for the
continuum limit. Reinserting the factor of N, we get:

SNN
r g—NZZtrNTrN Lpflp) +ZNzlog|A(up)|
W

710g’Det_1/2(—AA6aﬁ—iuo_cb)Def( AA)’IJ 3 (Hop —itto3)

—2N2nb[u’] logA— Nylog|Pf(@)|?

8NN
0) [ a EOVISEINRES WA ) [ @ utog A,
W

_10g‘D6t71/2(_AA60€[3_i“;B)Det( AA)‘IJ 3 (M1 —ittg3)

~25)(0) / d?u’y np[y]log A — 52 (0) / dulog|Pf (@) (12.29)
p

with the traces that define the functional determinants properly rescaled. We can now introduce the
density of lattice points:

p=Y 6@(z—z,) (12.30)
pl
normalized in such a way that
/dzzz5(2)(z—zp/) =N, (12.31)
p/
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is the number of lattice points at the scale at which the density is p. Notice that the density is not
normalized necessarily to N,, the number of lattice points at the cutoff scale, because the primed
sum is only on lattice points where the holonomy of the surface operator is non-trivial. This allows
p to scale non-trivially with the RG. Assuming translational invariance at N = oo the effective
action reads:

8NN -
F="" / d*ud*zp*tryTry(WR) + / d*ud’zp*log |A(w)[?
w

_ - 2
—log|Det™"/?(— A4 8yp —maB)Det(—AA)|“:%(%_i%)
-2 / d*ud?zp*ny ('] log A — / d*uplog|Pf(a)|? (12.32)

This form of the effective action is of the utmost importance, because it shows that the coefficient
of the glueballs potential is in fact a RG invariant scale as it should be.

12.4 The effective action is degenerate at the fixed points

We can compute p in terms of Ay, the RG invariant scale in the Wilsonian scheme, by min-
imizing the renormalized effective action as a function of p for a given A and gw. In fact we
know already from sect.(8) that the effect of the third and forth term in the effective action is to
renormalize the coupling constant. Hence the local divergent part of the effective action for surface
operators with Zy holonomy of magnetic charge k and density p reads:

k(N —k)N?(41)? , 10 1 A [ »
Iy = 1 —gw— log—) [ d°ud
k 28{2/[/ ( 8w 3 (47'[)2 OgM)/ ud-zp
“ A
—2k(N —k)N? / d*ud*zp*log

e
TR A
T og 2y [ PudPp? ..
263, 3 (4m) OgM)/ uap
1
Ae Posiy
M )

= k(N —k)N*(47)%(

— k(N — )R?(47)(~ o log

o
Ae Posiy

M
A
= —ﬁoNlogﬁW / d2ud*:M* + ... (12.33)

/dzud2zp2 +...

= —BoNlog /dzud22M4 +...

where we have chosen the subtraction point at the scale of the action density:
M* = Nk(N — k) (4m)*p? (12.34)

This condition ensures that all the sectors labelled by k are degenerate in the large-N, N limit, in
such a way that the renormalized effective action at the subtraction scale is large and negative and
equal for all of them. In this case the trivial solution with magnetic charge k = 0 is excluded since
it has greater action and therefore there is condensation of surface operators with all the magnetic

charges. Indeed the critical equation:
oy

Aw Aw
AP loe = —MP =M (4log =L —1)=0 12.35
SM og ( og ) ( )
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has solution:

Ay 1
log— = - 12.36
g =7 (12.36)
in such a way that the effective action reaches its negative minimum:
N no
_ﬁOZ/d ud“zM (12.37)
with M* given by:
M* =e71A}, (12.38)

This also means that for large N the square density of surface operators scales as % and as % It
implies also that the glueballs propagators are a sum of pure poles as we will see momentarily.

We may wonder as to whether finite terms, i.e. not A divergent, may affect this picture. It easy
to see that terms proportional to k(N — k) simply redefine Ay . However it is not obvious that the
contributions from all finite parts have this form. Thus finite terms may affect the dependence of p
on k.

In fact we have chosen the action density of the condensate, p>Trgtry(A21y15), as the in-
frared subtraction scale, M* 7°. This is the same prescription as for the Veneziano-Yankielowicz
effective action [119] of 4" =1 SUSY YM. This subtraction point implies that the renormalized
action is the same in every sector of magnetic charge k, in such a way that all the Zy magnetic
charges "condense at once" with a renormalized square density that scales as %

While this is the same prescription that occurs in the effective action of SUSY theories in
fact its justification at fundamental level may imply a certain fine-tuning of the finite parts in the
renormalized effective action. This fine-tuning is always possible if the surface operators of Zy
holonomy that occur at the fixed points are viewed as limit points in the closure of orbits with
unipotent holonomy in the Lagrangian cone mentioned in sect.(7) and sect.(9). Indeed in this case
the relative scale of |Pf(®’)|> can be suitably adjusted for different k in approaching the limit
points where the nilpotent residue of the Higgs field vanishes.

This is essentially due to the fact that the moduli space of such orbits is non-compact and that
we are suitably choosing the size of the neighborhood of the fixed points in order to satisfy certain
conditions. Indeed every "compactification" is to some extent arbitrary ’!. On the contrary, the
unitary orbits in the Lagrangian cone, that are the other orbits that saturate the beta function (see
sect.(7) and sect.(9)), do not allow such fine-tuning since they are compact.

12.5 The Kkinetic term

We are now ready to compute the glueballs propagator. It is quite clear that the classical
action cannot furnish the kinetic term for the glueballs since it is ultralocal. Therefore the kinetic

7OFinite changes of the subtraction point affect the normalization of the glueballs propagator but do not affect the
glueballs spectrum.

7"n Nekrasov theory of cohomological localization a certain (to some extent arbitrary) compactification of the
moduli spaces of instantons has to occur too. Such compactification turns out to be compatible with the Seiberg-Witten
ideas on the electric/magnetic duality in .4/* =2 SUSY YM. In our case we can argue similarly that we can choose the
size of the neighborhoods of the fixed points to avoid that only a proper subgroup of Zy condenses, spoiling 't Hooft
ideas on electric/magnetic duality.
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term must be generated by radiative corrections around surface operators. This turns out to be
the case for the fluctuations of Lagrangian-embedded surface operators analytically continued to
Minkowski space-time. They can be obtained by diagonally embedded Euclidean surface operators
continued to Minkowski space-time.

The diagonal embedding can be described as follows. We choose the surface (z = u,Z = i)
diagonally embedded in R*. Since we have defined a lattice in the (z,7) plane, this defines a lattice
also in the (u,i) plane by the diagonal map (z, = up,Z, = iip). This lattice in the (u,i) plane has
a set of dual plaquettes in such a way that the (u,i) plane is the union of the plaquettes. Now we
define the function z,(u,#) = u with domain the interior of the plaquette dual to p and analogously
for the complex conjugate. We also define a lattice fluctuating field supported on the plaquette
dual to p and locally constant as (u, i) vary in the support, O, (u, ). O, (u, i) is zero outside its
support. We are now ready to do computations. We suppose that in addition to the translational

invariant background of surface operators there are locally-defined fluctuating surface operators ’2
diagonally embedded in space-time:
—iFg =Y u8@(z—2z,)+ Y 81, (u,1)8® (z -z, (u,@)) (12.39)
P P

Since the kinetic term for the glueballs propagator must arise by the radiative corrections we exam-
ine the loop expansion of the functional determinants restricted to the fluctuating lattice of surface
operators. We have seen in sect.(9) and sect.(11) that the divergent parts determine the beta func-
tion. We are now interested in the finite parts of the loop expansion to second order.

The justification is as follows. Every term of the loop expansion contains a trace in the adjoint
representation and thus it is proportional to N2, that of course diverges for large N. However, the
loop expansion is in fact an expansion in powers of the density p of surface operators. But since
the density scales as N -2 only the leading quadratic term survives the double large-N, N limit.

We will see later that N should change with the RG to maintain the equality of scales along
the RG flow according to the diagonal embedding of the cutoff on the lattice in the (u, ) and (z,2)
planes.

The spin contribution to the effective action is:

/
Zi\;t]\zf ' Z /d2 2y trNT g (S (u, i) S flyy (v, 7)) (12.40)

g (|zp(u,i8) =z (v, 9)|? + |u— v|?)?
plus the complex conjugate term that we add only at the end of the computation. The orbital
contribution has the same structure and a different coefficient and sign in order to reproduce the

divergent Z~! factor when evaluated on constant surface operators > :

INN/ ,
47r2 : Z /d2 trnTr (O (u, @) S iy (v, 7)) (12.41)

P " ap () — 2 (o) Pt fu— o[22

72Both the background and the fluctuations are diagonal matrices in color space.
73The Z~! factor, contrary to the beta function, does not depend on sitting on surface operators of Zy holonomy.
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Indeed the orbital contribution to second order, up to constant overall factors, is 74,

A d VT (A (x # - # X # i ;
/d xd*yTr(A.(x)0: (x_y>2AZ(y)8Z . +Au(x) 9z (x_y)zAu(y)au Gy
2z—w) , 2E-W) o 2u—v)
(x—y)4 Az(y) (x—y)4 +AM( ) (x_y)4

— | P2dPwdPud®VTr(A,(x)A: Aulx)Ai
/ zd“wd ud“vTr(A,(x) Z(y)(|Z—W|2+|u_V|2)4+ u(%) u(y)(|z_w|2_|_|u—v|2)4)

4 4

)

— / & xd*yTr(A, (%)

~ —/a’zzdzwdzudZVTr(Az(x)Az(y)(?Z&

Y6(|lz—wr+|u—v[?)? +Au(x)Az(y)dad,

6(lz—w|>+ |u—v|?)?

)

4 4
= — [ PP ud a2 (ALIAD) gy e O A WA g T
4 4
_ / APz wdPud v Tr{O:A (1), Az () 2 e ey A ) g
NTr(3H,001y) 124

~ d*ud®v - P
1§// (|zp(u, i) — 2y (v, V) > + [ —v|?)?

where in the last line we used d:A;(x) ~ Y, 5#26(2) (z—zp(u,it)), dyAz(y) ~ =X, 5#25(2) (w—
2p(1,7)), 9aAu(x) ~ ¥, 61,8 (z— 2, (u,i0)) and 9,A;(y) ~ — ¥, 87,8 (w—2z,,(v, 7)) for the fluc-
tuations of surface operators on the diagonal Lagrangian submanifold, with x = (z,Z,u,i) and
y = (w,w,v, V). The total result is:

5NN’ trnTrs (0 1)0 [

3(n2p &, \Zpuu)—zp(VV)l +|u—VI )2
The coefficient can be found without direct computation since, for the surface operators that are
constant on the (u, 1) plane and translational invariant, Eq.(12.43) must give rise to the logarithmic
divergence that produces Z~!. Expressing Eq.(12.3) in terms of the density of the surface operators,
p, we get:

ZONN 5 / 20y trnTrgy (Sp(u,i)OfL(v,v))
T3@mR /d vdup®) | dudv== e py
_ 20N 200 14 /2 2 trnTry (S (u, W) S (v, 7))
= 3(4ﬂ2)2k(Nk)(47r)2(/d vdTue Ay | doud v )2

(12.44)

that for large N reduces to 7>

/d2 2y trnTrg (O (u, i) S fi(v,v))
3(47r2 22k 47w)? (u—v)*(a—v)?

(12.45)

74The term involving dgAq vanishes identically around the local singularity, while the term involving Atzx is quadrat-
ically divergent and does not contribute because of cancellations due to gauge invariance.

1t is not restrictive to require k = 1, ..., % for N even, because of the symmetry of all our formulae for the exchange
k— N—k.
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This term generates the kinetic term of the glueballs propagator after analytic continuation to
Minkowski space-time 7°. Inserting the complex conjugate term we get:
20¢~!

2
_W]% /d”+dufdv+dv,

20e! _
3(47_62)22]((471_)2N£2/du+dutrNTrN,(S;,L(u+,u)a+(95[i(u+,u)) +c.c.

trnTrg (Op(ug, u_)8i(vy,v_))
(uy —vi+i€)?(u_ —v_+ie)?

+c.c.

= (2m)?
(12.46)

We notice that for obtaining this result it is crucial that fluctuations occur as surface operators, that
the support of fluctuations is embedded as a Lagrangian submanifold in Euclidean space-time and
that analytic continuation to the Minkowskian Lagrangian submanifold is performed.

It is interesting to compare the kinetic term just obtained with the contribution of the classical
action:

SNN'
- / dPud®zp*tryTre, (811 (u, @) S (u, 7))
w

- ;Aiek;(mz ( / d*zA2) / PultryTr (81 (e, @) (u, @)
(12.47)
that at large N reduces to:
8e~! , 5 9 e -
i / PuNtryTr (S (u, @) S (u, 7))
(12.48)

Hence the classical action is irrelevant with respect to the term generated by radiative corrections
for the fluctuations in the large-N limit and in the thermodynamic limit in which N} diverges. In
fact the real source of the mass term is the glueballs potential whose contribution to the effective
action is:

[ dPudzp?1og Al

671

T Nk(N—k

e !

~ NE(N —K)(

T [d2ny) [ i toglaw)?

PRt [ dPuniyog AP
(12.49)

Apparently the glueballs potential in the thermodynamic limit, N5 — oo, is as suppressed with
respect to the kinetic term as the classical action is. Therefore the only possibility for the theory to
have a mass gap is that the glueballs potential is singular. In fact these singularities of the glueballs
potential arise precisey when some eigenvalues coincide. This looks encouraging because it implies

761t is necessary to assume that & Mo (ug,u—) and S y;(uy,u—) are the boundary values of holomorphic functions
on the upper-half plane for each of the independent variables, (1 ,u_), with suitable properties at infinity.
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that the mass gap may arise only by configurations for which the gauge group is unbroken. In
addition these configurations for which the eigenvalues coincide must have infinite degeneracies
in the thermodynamic limit, in order to compensate the N%; suppression with respect to the kinetic
term. The needed degeneracies follow by the ansatz that the center Zy of SU(N) occurs with
multiplicity & in the commutative theory Morita equivalent to the non-commutative one.

12.6 The mass gap
We are now ready to compute the mass matrix. With our normalizations e** € Zy with u €
su(N) for u the translational invariant condensate. Thus:
2u =diag(2n(k—N)/N,2nk/N) (12.50)
—
k N—k

The mass matrix in the p /i sector is the second derivative of the logarithm of the modulus of the
Vandermonde determinant:

az 2
M= ———log|A(u)]* = =—— Y log|ua — ugl*
T o, A1) 8ui8uj£‘ﬁ | Mo — g
= i_ ( ! Si — ! 6[31') +c.c.
;= ua—uﬁ ua—uﬁ
d
+c.c.
T IR ﬁz;‘,ul Kp az;,u — Wi
o 1 1
= — =+ +c.c.
3#1(32%—#13 E[ui—ug)
d 1
= — +c.c.
aujﬁ7ei“i—ﬂﬁ
_71'2 — Ug 5,J—5 ( ‘LLB)(sjﬁ)—i-C.C.
p#i
=Y 8P (i — pg) i — 8P (i — py) (1; — &) +c.c. (12.51)
p#i
where we used:
Jd 1
—— =78, §V(z; 12.52
aZiZj 77551]5 (Zj) (12.52)

and 1;; stands for a matrix with all entries equal to 1, 1;; =1,V i, j.

5@ (u; — uj) is a distribution in color space. It is nonvanishing when the two eigenvalues are
degenerate.

Let us now specialize to the Zy vortices in Eq.(12.50) with multiplicity .

For the the first block, i, j = 1,...,k, Eq.(12.50) gives:

M} =8P (0)(Nk—1)8;— (1 — &) = 78D (0) (N'k&;; — 1) (12.53)

with §)(0) = % the delta function at zero in color space.
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Since the diagonal terms scale as N/, the non-diagonal corrections to the mass term are negli-
gible in the large-N’ limit, in such a way that the theory has a mass gap 7’

Similarly, for the second block, i, j = k+1,. one gets

72’

M3 = 18P (0) (V' (N —k)&;; — 1;5) (12.54)

that implies that the glueballs masses are at the cutoff scale ’® for large N in this block. Thus the
glueballs mass term is:

NN'e™!
(27m)2N'k(N — k) (47)2

N'N; / d*uktAtryTrs, (SUS) +c.c. (12.55)

to be added to the kinetic term to get:

e! (2m)710 /21
(47r)2(3(47r2 /du+du trnTrg (S0, d_6f1) +
1 Y j—
+WN’Né/du+du_7rAWtrNTrN(6u5‘u)) +c.c.
-1
e

(4n)24n
—H(/’Né/du+du,A%VtrNTrN,(5u5[L)) +c.c.

(29 N npl / dudu_tryTrg,(819.0_510)

(12.56)
Now we have the identification (Eq.(4.14)):
2r .,
N (— ) =210 (12.57)
A
with
M
2me =L — (12.58)
N
and
Ao
Ny =(—)°L 12.59
2 (271) ( )
Therefore:
N A M
N= ) R 12.60
(5% (12:60)
at the cutoff scale and thus for M = N — 1 (see sect.(7)):
N,=N (12.61)
TTFor N’ =1 and k = 1 the theory has a massless eigenvalue in addition to the trivial diagonal U (1) that decouples.

We would like to thank Daniele Dorigoni for working out this case during our course at SNS.
781t is not restrictive to require k = 1, ..., % for N even since our formulae are symmetric for the exchange k — N — k.
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and by the diagonal embedding:
Ny =N (12.62)

at the renormalized scale. Finally in the reduced theory in the sector labelled by & the glueballs
effective action is:

_e (10
(471)227r 3m

—I—N’/du+du,A%VtrNTrN,(5u5/1)) +c.c.

M / dusdu_tryTry (8119, 0_511)

(12.63)

12.7 Glueballs propagators in the Wilsonian scheme
Thus we find the following propagator in the twistor sector of the large-N theory for the Wilso-
nian normalization of the EK reduced commutative Morita equivalent effective action:
1 1 ‘
Agv/ < W”’NT”N'(.ull)(x+,x7ax+ax7)WWNTi’N/([.L/:L)(O, 0,0,0) >comn € PP ) dx dx_

KA,
N2N’2 Z —o/pip_ +kA,

1 7 2 —P+DP-
~——0(—pyp-)-log (12.64)
N2N" Ay

with:

10

a =— (12.65)

3n
Indeed it is not hard to see that, setting K>Ay, = [(kAf, + &' pp-) (kA — ' pip-)+(—'pip-)?,
the second line in Eq.(12.64) can be written as a logarithmic divergent sum that reproduces the cor-
rect logarithmic behavior of perturbation theory:

KA,

; —a'pyp +kA,

- i ((kAGy + &' pip—) (kA — &' pip-) + (=& prp-)*) Ay
C —a'pip_+kAY,

o0 _ 2
— o? (=psp-) fo (12.66)

S - pip Ay +k

up to a divergent sum of condensates, proportional to a power of Ay, and up to a divergent sum of
contact terms. We can now define glueball composite operators in the following way. Operators of
the form:

trnTri (HopHop)” (12.67)

restricted to surface operators become:

@0)*72Y. 62(0)8@ (z— zp)trn Trg (Hpiy)- (12.68)
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They can be evaluated, in the same fashion as the action density, as :
8@ (02 p%ry Trg (uin)* (12.69)
We set:
A? =NA}, (12.70)

in such a way that the factors of N2£=2 from A2(2.=2) are cancelled by the powers of N~! from the
denominator in tryTrg, 8 (U )% evaluated on the condensate of surface operators. We rescale also
p? by a factor of NN’ in order to get a quantity on the order of 1. Thus our operators are:

8D (0)L2N' N tryTr (ui)t (12.71)

The corresponding glueballs propagators in the Wilsonian scheme are:
A “ .
(E)SLfSszszzt/ < trnTrp (R (s )rn T (L) (0,0) Scom €/ P75 g
~(5Y
2r

AL & AR A
N & —a'pip-+kAL,

o Azwkz(szl)AévléZL—l)
= —a'pip-+kAL,

o 2L—1
N Z Ay (kA + &' pp— ) (kAfy — &' pip-) + (=& p+p-)?)

S SN N / <ty Trg(Sppt ™ {1") (e g, x )ty Trg (EEY 8[3)(0,0) > conn €775 dx

~

*(X’]?erf‘f’k/\‘z;v
A2
4L 2
~ (=pp- Z ‘ —a'pip- + kA,
_ piD-
~ (=pep )P log—5— (12.72)
14

up to a sum of RG invariant condensates and contact terms. Only the leading singularity for large
momentum has been displayed. In fact the subleading singularities in powers of the momentum
have divergent coefficients. We can "renormalize" these singularities, for which we have not an
interpretation, as follows. Localization of twistor Wilson loops admits shifting the eigenvalues
of surface operators by adding 271 at every point ’°. Indeed this does not modify anything in the
SU(N) sector, but shifts the diagonal U (1) part of the action by a central term, that can be cancelled
by a counterterm, in such a way that the effective action is flat for this U(1).

We can now construct composite surface operators as in Eq.(12.71), but for the shifted curva-
ture:

21 = diag(2mk/N,27(k+N)/N) (12.73)
N N ——

k N—k

79This shift may be related to the split central extension that we disregarded in Eq.(7.15) as opposed to Eq.(7.11).
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that has the same Zy holonomy. Let us call the two dimensional Fourier transform of these opera-
tors O (p+,p—). In the Wilsonian scheme we get:

<TryO(pi,p )Tr O (—pys,—p_) >y

¥ A%sz(ZL—l)Aéé%*l)

~

S —a'pipo +kAY,
ﬁ 2 _ 4(2L—1
Jy NNk DAy
& —apip +(N—kA},
A2
4L 2
Thebe Z —a'pyp- +kAy, "

~ (=p+p-)**log i*p +.. (12.74)

14

where the dots stand for contact terms, i.e. distributions whose inverse Fourier transform is sup-
ported at coinciding points. But now there are not anymore subleading singularities in momentum
with divergent coefficients.

The natural interpretation is that this computation in the Wilsonian scheme furnishes the RG
invariant version of some glueballs propagators for which the anomalous dimensions or the powers
of the gauge coupling have been factored out.

12.8 Glueballs propagators in the canonical scheme

If we wish to recover the anomalous dimensions we should choose a canonical scheme, in
which the fields are normalized in such a way to include the renormalization factors.

Localization of twistor Wilson loops is just a statement about the homology of 1 and in princi-
ple does not provide a dictionary to identify fluctuations of surface operators with specific glueballs
propagators in perturbation theory. However, heuristically we can construct a dictionary on the fol-
lowing basis. We notice that the one-loop anomalous dimensions in the ground state of the Hamil-
tonian spin chain coincide within one-loop accuracy with the anomalous dimensions computed by
means of the localization on surface operators by the change to the ASD variables:

A o b 510 1 A

L
2

I~

5
Zr=1-Lg*>

3 Ty (12.75)

Indeed, choosing a canonical scheme and following the definitions of sect.(11), we rescale the
cutoff by a factor of Z2 and the area L2 by a factor of g% Thus A = Z2A, and L* = g*L2. This
changes the normalization of the operators insertions by factors of Z and the normalization of the
effective action of the fluctuations by a power of g*, since the effective action is quadratic in the
area of surface operators (see Eq.(12.44)). Hence we get:

A N .
(E)SL_8N'2N2p4/ < trNTrN,(/,L,L_L)L(x+,x,)trNTrN,(/,L[L)L(O,0) >£Y,Qn P

1
Z2A N .
= (8N / <t T (PR (e, x )iryTrg (1) (0,0) > (o €7+ +7- 'y
Z“\ SL—8 {12 n72 4
= N*N
g (== o <) p
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/ < trnTre (Sup ™ i5) (e, x_ )try Trg, (UEAE 8 1)(0,0) > 60, P75 g% (12.76)

where the canonical expectation value for the fluctuations is computed with respect to the effective
action in Eq.(12.44) with L replaced by L.. It follows that:

Ac g7 _gn 1= S i
(E)SL 8N’2N2p4/<tr;\/Tr1§,,(5uuL YaEY (e x )ern Trge (uE =18 2)(0,0) >0 eilpex—tp-xi) gty

_ g‘?‘y (Al)SL—8N4L—4N/2N2p4
2n
/ < trnTr (Sppt ™ a") (g x_ )try Trg, (LA 81)(0,0) >y /P +7-35) g (12.77)

Thus the perturbative anomalous dimensions for long operators in the ground state of the Hamil-
tonian spin chain in the thermodynamic limit [16, 17] are correctly reproduced by correlations of
long surface operators in the canonical scheme. Actually they agree also for L = 1, since in this
case the anomalous dimension is determined by the beta function via the factor of g*. This suggests
also that the states which surface operators factorize on by homological localization are all scalars,
although in principle they may couple also to tensors since i is not a scalar. Analogously in the
canonical scheme the same anomalous dimensions arise for the operators O%:

< Tri/VOL(erapf)TrJVOL(_me_pf) >£‘Sl)m

_8L-8 w
— g (=pip )Z 7 (=pip ) <Try O (pi,p )Try O (=ps,—p_) >'om
_sL8 _ —pap_
~ & (=pep)Z T (=pep)(=pip )" M log— 5 (12.78)
w

13. Wild local systems and Regge trajectories

The hyper-Kahler reduction induced by the restriction to local systems can be extended to
representations of the wild fundamental group [80, 91]. Hence in principle we can extend the com-
putation of the fluctuations of surface operators in Eq.(12.39) to curvatures that involve derivatives
of the delta function:

—iFp =Y u8@(z—2,) + Y ¥ 8y (u, )" 8P (z — 2 (u, @)
p

p n
+ Y Y 8u” (u,@)9"8?) (2 — 2, (u, ) (13.1)
p n

This corresponds naturally to Regge trajectories of higher spins. We leave the computation for the
future.

14. Conclusions and outlook: QCD-like theories and the twistorial string theory

The main conclusion of this paper is that there exist twistor Wilson loops that can be localized
in large-N pure Y M on local systems, i.e. on representations of the fundamental group of a punc-
tured Riemann sphere immersed in space-time, i.e. on surface operators. These surface operators
turn out to be connections with Zy holonomy around the punctures. The localization on surface
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operators leads to the one-loop exactness of the large-N Wilsonian beta function and to a canonical
beta function of NSVZ type.

Some understanding of the mass gap and of the glueballs spectrum occurs in a certain sector
of the theory associated to twistor Wilson loops.

By certain changes of variables, that imply integrating on the moduli of surface operators,
the loop equation for twistor Wilson loops is written in a holomorphic gauge in which a non-
trivial glueballs potential is generated by the change of variables. The second derivative of the
glueballs potential implies mass terms for the glueballs that are non-vanishing precisely for the
surface operators with degenerate eigenvalues that occur for Zy holonomy.

In this language glueballs arise as massive fluctuations of magnetic surface operators supported
on the Lagrangian submanifold of space-time that is the support of the twistor Wilson loops.

This is the picture that follows from the localization of the loop equation for twistor Wilson
loops and that realizes a new version of some long-standing ideas about dual superconductivity in
pure YM [42, 43, 44].

On the field theory side we may wonder as to whether the methods of this paper extend to .4
=1SUSY YM, once we observe that twistor Wilson loops are not in the Parisi-Sourlas cohomology
of the Nicolai map of .4 =1 SUSY YM and therefore there is no reason for which they should
be localized on instantons. In fact from the point of view of the standard folklore the glueballs
spectrum of large-N .4 = 1 SUSY Y M should not differ in a qualitative way from the one of Y M.

Another extension would be to QCD-like theories, such as Y M minimally coupled to Ny mass-
less Dirac fermions in the fundamental representation in the large-N limit, keeping the ratio %
fixed. The computation of the associated glueballs spectrum would imply the determination of the
lower side of the conformal window, as the point at which the mass gap disappears.

The basic issue involved in such extensions is the realization of the correct Wilsonian beta
function around the critical points provided by the localization, and involves a crucial understand-
ing of the fermion zero modes in a neighborhood of the critical points.

On the string theory side the results of this paper suggest a new string program for the Y M
theory, if we look for exact solvability.

It has been known for some time that .4 =4 SUSY Y M admits a partially equivalent twistorial
string [94, 120, 121, 122]. The triviality of twistor Wilson loops and the fact that they are supported
on Lagrangian submanifolds in twistor space suggests the existence of a stringy interpretation of
our results in terms of open topological strings ending on Lagrangian submanifolds in twistor space
[123, 124] in presence of surface operators. The occurrence of topological strings, as opposed to
the usual strings, is due to the trivial nature of twistor Wilson loops at large N.

Since such twistorial topological string would be solvable by cohomological localization [125,
126], morally this conjectured topological string/gauge theory duality would provide the string
cohomology dual to the field theory homology. Some hints about this conjectured twistorial string
of YM can be found in [127].

We may wonder what such a twistorial string theory would be suited for, since it is sup-
posed to be equivalent to the field theoretical results of this paper. The answer is found in the old
fashioned unitarization program of string theory. The field theory computation provides the free
glueballs spectrum in the twistor sector but does not furnish easily information about the glueballs
interactions. However, in the string approach interactions are fixed by the geometry of the string
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world-sheet, once the free theory is known, and thus the conjectured gauge theory/ topological
string duality would open the way to computing the glueballs S-matrix.

15. Acknowledgments

We would like to thank Riccardo Barbieri and Augusto Sagnotti for inviting us to give a course
at SNS in Pisa during 2010 and 2011 where many details of this paper were worked out.

We would like to thank Luca Lopez and Daniele Dorigoni for working out in detail the prob-
lems of our course at SNS mentioned in the footnotes (25, 37) and 77 respectively.

We would like to thank the organizers and the partecipants to the GGI workshop on "Large-N
Gauge Theories" (2011) where this paper was almost completed.

In particular we would like to thank Adi Armoni, David Berenstein, Alex Buchel, Luigi Del
Debbio, Paolo Di Vecchia, Antonio Gonzalez-Arroyo, Chris Korthals-Altes, Biagio Lucini, Yuri
Makeenko, Herbert Neuberger, Vasilis Niarchos, Rodolfo Russo, Jacob Sonneschein, Michael Te-
per, Gabriele Veneziano, Jacek Wosiek, Konstantin Zarembo, for very interesting discussions on
the physics of large-N gauge theories.

References

[1] A.Jaffe, E. Witten, "Quantum Yang-Mills Theory", in Millennium Prize Problems, American
Mathematical Society, Providence, RI, 2006.

[2] M. Bochicchio, "The large-N limit of QCD and the collective field of the Hitchin fibration", JHEP
9901 (1999) 006, [hep-th/9810015].

[3] M. Bochicchio, "Solving loop equations by Hitchin systems via holography in large-N QCD,", JHEP
0306 (2003) 026, [hep-th/0305088].

[4] N. . Hitchin, Duke Math. J. 54 (1987) 91.
[5]1 E. Markman, Compositio Mathematica 93 (1994) 55.

[6] R. Donagi, E. Markman, "Spectral covers, algebraically completely integrable, Hamiltonian systems,
and moduli of bundles", [alg-geom /9507017].

[7] T. Hausel, M. Thaddeus, "Mirror symmetry Langlands duality and the Hitchin systems",
[math.AG/0205236].

[8] S. Gukov, E. Witten, "Gauge theory, ramification and the geometric Langlands program",
[hep-th/0612073].

[9] H. B. Meyer, "Glueball Regge trajectories”, [hep-1at/0508002].

[10] M. Bochicchio, "Quasi BPS Wilson loops, localization of loop equation by homology and exact beta
Sfunction in the large-N limit of SU(N) YM theory", JHEP 0905 (2009) 116, [hep-th/0809.4662].

[11] N. Arkani-Hamed, H. Murayama, JHEP 0006 (2000) 030, [hep-th/9707133].
[12] D. Gross, F. Wilczek, Phys. Rev. Lett. 30 (1973) 1345.

[13] H. Politzer, Phys. Rev. Lett. 30 (1973) 1346.

[14] W. E. Caswell, Phys. Rev. Lett. 33 (1974) 244,

95



Glueballs in large-N Y M by localization on critical points Marco Bochicchio

[15]
[16]

[17]

(18]
[19]
(20]
(21]
(22]
(23]
[24]
[25]
[26]

(27]

(28]

[29]

(30]
(31]
(32]
(33]

[34]
[35]

[36]

[37]
(38]
[39]
[40]
[41]

D. R. T. Jones, Nucl. Phys. B 75 (1974) 531.

G. Ferretti, R. Heise, K. Zarembo, "New Integrable Structures in Large-N QCD", Phys. Rev. D 70
(2004), [hep-th/04104187].

N. Beisert, G. Ferretti, R. Heise, K. Zarembo, "One-Loop QCD Spin Chain and its Spectrum”, Nucl.
Phys. B 717 (2005), [hep-th/0412029].

J. J. Duistermaat, G. J. Heckman, Invent. Math. 69 (1982) 259.

R.J. Szabo "Equivariant Localization of Path Integrals", [hep-th/9608068].

M. E. Atiyah, R. Bott, Phil. Trans. Roy. Soc. London A 308 (1982) 523.

J. Bismut, Comm. Math. Phys. 98 (1985) 213.

J. Bismut, Comm. Math. Phys. 103 (1986) 127.

E. Witten, J. Geom. Phys. 9 (1992) 303, [hep-th/9204083].

E. Witten, J. Math. Phys. 35 (1994) 5101, [hep-th/9403195].

N. A. Nekrasov, Procedings of the ICM, vol.3 p. 477, Beijing (2003), [hep-th/0306211].

N. Seiberg, E. Witten, Nucl. Phys. B 426 (1994) 19; Erratum-ibid. B 430 (1994) 485,
[hep-th/9407087].

V. Pestun, "Localization of gauge theory on a four-sphere and supersymmetric Wilson loops",
[hep-th/0712.2824].

G. Gallavotti, "Constructive Quantum Field Theory", Encyclopedia of Mathematical Physics, Elsevier
(2006), [math-ph/0510014].

H. Nicolai, "On a new characterization of scalar supersymmetric theories", Phys. Lett. B 89 (1980)
341.

H. Nicolai, "Supersymmetry and functional integration measures", Nucl. Phys. B 176 (1980) 419.
V. De Alfaro, S. Fubini, G. Furlan, G. Veneziano, Phys. Lett. B 142 (1984) 1.
V. De Alfaro, S. Fubini, G. Furlan, G. Veneziano, Nucl. Phys. B 255 (1985) 399.

N. Dorey, T. J. Hollowood, V. V. Khoze, M. P. Mattis, "The Calculus of Many Instantons",
[hep-th/0206063].

M. Bianchi, S. Kovacs, G. C. Rossi, "Instantons and Supersymmetry", [hep-th/0703142].

G. Parisi and N. Sourlas, "Random magnetic fields, supersymmetry and negative dimensions", Phys.
Rev. Lett. 43 (1979) 744.

G. Parisi, N. Sourlas, "Supersymmetric field theories and stochastic differential equations", Nucl.
Phys. B 206 (1982) 321.

R. Dijkgraaf, "Les Houches Lectures on Fields, Strings and Duality”, [hep-th/ 9703136].

V. Novikov, M. Shifman, A. Vainshtein, V. Zakharov, Phys. Lett. B 217 (1989) 103.

M. Shifman "Exact results in gauge theories: putting super-symmetry at work", [hep-th/9906049].
N. J. Hitchin, Proc. London Math. Soc. 55 (1987) 59.

N. J. Hitchin, A. Karlhede, U. Lindstrém, M. Rocék, Comm. Math. Phys. 108 (1987) 535.

96



Glueballs in large-N Y M by localization on critical points Marco Bochicchio

[42]

[43]

[44]

[45]
[46]
[47]
(48]
[49]
[50]

[51]

[52]
[53]

[54]
[55]
[56]
[57]

[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]

[67]
[68]
[69]

G. 't Hooft, "On The Phase Transition Towards Permanent Quark Confinement", Nucl. Phys. B 138
(1978) 1.

G. 't Hooft, "A Property Of Electric And Magnetic Flux In Nonabelian Gauge Theory", Nucl. Phys.
B153 (1979) 141.

G. 't Hooft, "Topology Of The Gauge Condition And New Confinement Phases In Nonabelian Gauge
Theories", Nucl. Phys. B 190 (1981) 455.

R. Donagi, E. Witten, Nucl.Phys. B 460 (1996) 299, [hep-th/9510101].

Yu. M. Makeenko, A. A. Migdal, Phys. Lett. B 88 (1979) 135.

Yu. M. Makeenko, A. A. Migdal, Nucl. Phys. B 188 (1981) 269.

R. Dijkgraaf, C. Vafa, "A perturbative window into non-perturbative physics", [hep-th/0208048].
C. I. Lazaroiu, JHEP 0305 (2003) 044.

H. Kawai, T. Kuroki, T. Morita, "Dijkgraaf-Vafa theory as large-N reduction”, Nucl. Phys. B 664
(2003) 185, [hep-th/0303210].

F. Cachazo, M. R. Douglas, N. Seiberg, E. Witten, "Chiral Ring and Anomalies in Supersymmetric
Gauge Theory", [hep-th/0211170].

S. Cecotti, C. Vafa, "Topological antitopological fusion", Nucl. Phys. B 367 (1991) 359.

K. Papadodimas, "Topological Anti-Topological Fusion in Four-Dimensional Superconformal Field
Theories", JHEP 1008 (2010) 118, [hep-th/0910.4963].

R. M. Kaufmann, R. C. Penner, Nucl. Phys B 748, [math.GT/0603485].
R. C. Penner, "Decorated Teichmuller Theory of Bordered Surfaces", [math.GT/0210326].
R. K. Kaufmann, M. Livernet, R. C. Penner, "Arc operads and arc algebras", [math/0209132].

S. Mandelstam, "Factorization in Dual Models and Functional Integration in String Theory",
Contribution to the volume "The Birth of String Theory", eds. A. Cappelli, E. Castellani, F. Colomo,
P. Di Vecchia, [hep-th/0811.1247].

L. Hadasz, Z. Jaskolski, Int. J. Mod. Phys. A 18 (2003) 2609, [hep-th/0202051].

A. M. Polyakov, "The wall of the cave", Int. J. Mod. Phys. A 14 (1999) 645, [hep-th/9809057].
A. Polyakov, V. Rychkov, Nucl. Phys. B 581 (2000) 116.

G. "t Hooft, Nucl. Phys. B 72 (1974) 461.

E. Witten, Proc. Nato 1AS, Plenum Press, New York (1980).

O. Haan, Phys. Lett. B 106 (1981) 207.

O. Haan, Z. Physik C 6 (1980) 345.

P. Cvitanovic, P. G. Lauwers, P. N. Scharbach, Nucl. Phys. B 203 (1982) 385.

I. Singer, "The Master Field for Two Dimensional Yang-Mills Theory", lecture at the July 1994
Mathematical Physics Conference in Paris.

M. R. Douglas, Nucl. Phys. Proc. Suppl. 41 (1995) 66.
R. Gopakumar, D. J. Gross, Nucl. Phys. B 451 (1995) 379.
M. R. Douglas, Phys. Lett. B 344 (1995) 117.

97



Glueballs in large-N Y M by localization on critical points Marco Bochicchio

[70]
[71]
[72]
(73]

[74]
[75]
[76]
[77]
[78]

[79]
(80]
[81]

[82]

[83]

[84]
[85]
[86]
[87]
[88]
[89]

[90]

[91]
[92]
[93]

[94]
[95]
[96]
[97]

D. V. Voiculescu, K. J. Dykema, A. Nica, "Free Random Variables" AMS, Providence (1992).
A. M. Polyakov, "Gauge Fields and Strings", Harwood Acad. Publ., Chur (1987).
S. Narison, Nucl. Phys. B 509 (1998) 312, [hep-ph/9612457].

R. J. Szabo, "Quantum Field Theories on non-Commutative Spaces", Phys. Rept. 378 (2003),
[hep-th/0109162].

C. Simpson, "The Hodge filtration on non Abelian cohomology", [alg-geom/9604005].
C. Simpson, "Higgs bundles and local systems", Publ. Math. IHES 75 (1992) 5.

P. B. Kronheimer, T. S. Mrowka, Topology 32 (1993); 34 (1995).

H. Konno, J. Math. Soc. Japan 45 (1993) 461.

H. U. Boden, K. Yokogawa, "Moduli spaces of parabolic Higgs bundles and parabolic K (D) pairs
over smooth curves: 1", [alg-geom /9610014].

J. Jost, J. Li, K. Zuo, "Harmonic bundles on quasi-compact Kahler manifolds", [math. AG/0108166].
O. Biquard, P. Bloach, "Wild non-Abelian Hodge theory on curves", [math.DG/0111098].

0. Biquard, O. Garcia-Prada, I. Mundet i Riera, "An introduction to Higgs bundles", Second
International School on Geometry and Physics "Geometric Langlands and Gauge Theory", Bellaterra
(Spain) (2010).

T. Mochizuchi, "Asymptotic behaviour of variation of pure polarized TERP structures”,
[math.DG/0811.1384].

A. Beilinson, V. Drinfeld, "Quantization of Hitchin’s integrable system and Hecke eigensheaves" ,
Drinfeld home page at Chicago Univ.

E. Frenkel, "Gauge Theory and Langlands Duality”, Bourbaki Seminar (2009), [math.RT/0906.2747].
E. Frenkel, "Recent advances in the Langlands program", [math.AG/0303074].

B. Feigin, E. Frenkel, N. Reshetikin, Comm. Math. Phys. 166 (1994) 27.

E. Frenkel, "Vertex algebras and algebraic curves", [math.QA/0007054].

E. Frenkel, "Affine algebras, Langlands duality and Bethe ansatz", [q-alg/9506003].

D. Ben-Zvi, E. Frenkel, "Geometric realization of the Segal-Sugawara construction”,
[math.AG/0301206].

D. Ben-Zvi, E. Frenkel, "Lectures on the Wakimoto modules, opers and the center at critical level",
[math.QA/0210029].

E. Witten "Gauge Theory and Wild Ramification”, Anal. Appl. (Singap.) 6 (2008), [hep-th/0710063].
S. Vandoren, P. van Nieuwenhuizen, "Lectures on instantons”, [hep-th/0802.1862].

L. J. Mason, "Global anti-self-dual Yang-Mills fields in split signature and their scattering",
[math-phys/0505039].

E. Witten, Comm. Math. Phys. 189 (2004) 252, [hep-th/0312171].

M. R. Douglas, N. A. Nekrasov, Rev. Mod. Phys. 73 (2001) 977, [hep-th/0106048].
A. Gonzales-Arroyo, C. P. Korthals-Altes, Phys. Lett. B 131 (1983) 396.

A. Gonzales-Arroyo, M. Okawa, Phys. Lett. B 120(1983) 174.

98



Glueballs in large-N Y M by localization on critical points Marco Bochicchio

[98] T. Eguchi, H. Kawai, Phys. Rev. Lett. 48 (1982) 1063.

[99] G. Bhanot, U. Heller, H. Neuberger, Phys. Lett. B 113 (1982) 47.

[100] T.Eguchi, R. Nakayama, Phys. Lett. B 122 (1983) 59.

[101] G. C. Rossi, M. Testa, Phys. Lett. B 125 (1983) 476.

[102] Yu. Makeenko, "Large-N gauge theories", [hep-th/0001047].

[103] Yu. Makeenko, "The first thirty year of large-N gauge theory", [hep-th/0407028].
[104] L. Alvarez-Gaume’, J. L. F. Barbon, Nucl. Phys. B 623 (2002) 165, [hep-th/0109176].
[105] D. Drukker, D. Gross, 1. Ooguri, Phys. Rev. D 60 (1999) 125006, [hep-th/9904191].
[106] K. G. Wilson, Phys. Rev. D10 (1974) 2445.

[107] A. Gonzalez-Arroyo, Yang-Mills Fields on the 4-dimensional torus. Part I: Classical Theory 1,
[hep-th/9807108].

[108] K. Saraikin, Comments on the Morita Equivalence, [hep-th/0005138].

[109] M. Cirafici, L. Griguolo, D. Seminara, R. J. Szabo, "Morita Duality and Noncommutative Wilson
Loops in Two Dimensions", [hep-th/0506016].

[110] J. Teschner, "Quantization of the Hitchin moduli spaces, Liouville theory, and the geometric
Langlands correspondence 1", [hep-th/1005.2846].

[111] C. Simpson, "Iterated destabilizing modifications for vector bundles with connection”,
[math.AG/0812.3472].

[112] C. Bergbauer, R. Brunetti, D. Kreimer, "Renormalization and resolution of singularities”,
[hep-th/0908.0633].

[113] P.Z. Kobak, Twistors, nilpotent orbits and harmonic maps.

[114] P.N. Achar, A. Henderson, B. F. Jones, "Normality of Orbit Closures in the Enhanced Nilpotent
Cone", [math.RT/1004.3822].

[115] S. Gukov, E. Witten, "Rigid Surface Operators", [hep-th/0804.1561].
[116] R. Bott, L. W. Tu, "Differential Forms in Algebraic Topology", Springer-Verlag, New York (1982).
[117] A.Migdal, Ann. Phys. 109 (1977) 365.

[118] A. Y.u. Alekseev, A. Z. Malkin, "Symplectic structure of the moduli spaces of flat connections on a
Riemann surface", Commun. Math. Phys. 169 (1995) 99, [hep-th/9312004].

[119] G. Veneziano, S. Yankielowicz, Phys. Lett. B 213 (1982) 231.

[120] R. Boels, L. Mason, D. Skinner, "Supersymmetric Gauge Theories in Twistor Space", JHEP 0702
(2007) 014, [hep-th/0604040].

[121] L. Mason, D. Skinner, "The Complete Planar S-matrix of A =4 SYM as a Wilson Loop in Twistor
Space", JHEP 1012 (2010) 018, [hep-th/1009.2225].

[122] M. Bullimore, D. Skinner, "Holomorphic Linking, Loop Equations and Scattering Amplitudes in
Twistor Space”, [hep-th/1101.1329].

[123] A. Neitzke, C. Vafa, "N=2 strings and the twistorial Calabi-Yau", [hep- th/0402128].
[124] R. Dijgraaf, S. Gukov, A. Neitzke, C. Vafa, Adv. Theor. Math. Phys. 9 (2005) 603, [hep-th/0411073].

99



Glueballs in large-N Y M by localization on critical points Marco Bochicchio

[125] E. Witten, Commun. Math. Phys. 118 (1988) 411.

[126] E. Witten, "Chern-Simons Gauge Theory As A String Theory", Prog. Math. 133 (1995) 637,
[hep-th/9207094].

[127] M. Bochicchio, "The Yang-Mills String as the A-Model on the Twistor Space of the Complex
Two-Dimensional Projective Space with Fluxes and Wilson Loops: the Beta Function',
[hep-th/0811.2547].

100



