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Seiberg-Witten description of the deconstructed 6D„0,2… theory
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It has recently been suggested that, in the largeN limit, a particular four dimensional gauge theory is
indistinguishable from six dimensional conformal field theory with~0,2! supersymmetry compactified on a
torus. We give further evidence for this correspondence by studying the Seiberg-Witten curve for the ‘‘decon-
structed’’ theory and demonstrating that along the reduced Coulomb branch of moduli space~at the intersection
of the Higgs and Coulomb branches! it describes the low energy physics on a stack of M5-branes on a torus,
which is the~0,2! theory on a torus as claimed. The M-theory construction helps to clarify the enhancement of
supersymmetry in the deconstructed theory at low energies, and demonstrates its stability to radiative and
instanton corrections. We demonstrate the role of the theta vacuum in the deconstructed theory. We point out
that, by varying the theta parameters and gauge couplings in the deconstructed theory, the complex structure of
the torus can be chosen arbitrarily, and the torus is not metrically S13S1 in general.
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I. INTRODUCTION

It has recently been demonstrated that certain four dim
sional gauge theories can reproduce the physics of hig
dimensional gauge theories, typically up to some ene
scale@1#. The four dimensional theory is referred to as t
‘‘deconstructed,’’ or ‘‘latticized,’’ theory. Gauge theories i
more than four dimensions are typically not renormalizab
so the deconstructed theory provides an ultraviolet com
tion for the higher dimensional theory. The basic idea is
begin with a four dimensional action which, after certa
elementary or composite fields get vacuum expectation
ues~VEVs!, is the action for the higher dimensional theo
latticized in all but four dimensions, plus corrections whi
become small if the lattice spacing is relatively small. T
lattice spacing can generally not be taken to zero in a c
trolled way because this requires the infinite coupling lim
of the gauge theory. Deconstruction of extra dimensions
proved useful in model building@2–12#, and often the num-
ber of lattice sites can be taken as small as two while m
taining the relevant features of the extra dimensions.

Deconstruction of supersymmetric~SUSY! models is es-
pecially interesting@2–5#. The deconstructed SUSY theor
typically has less supersymmetry at high energies than a
low energies for which it describes the higher dimensio
model. This unusual behavior is due to an accidental s
metry on the chosen branch of moduli space of the the
and it must be checked that there are no radiative or non
turbative corrections that would violate the enhancemen
SUSY. In the case where the 5D SUSY gauge theory w
eight supercharges is deconstructed to a theory withN51
SUSY in 4D ~four supercharges! @2#, stability of the spec-
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trum and other holomorphic data follows from a nonanom
lous U(1)R symmetry which is preserved, or alternatively b
the N51 nonrenormalization theorem, which prevents t
generation ofN52 SUSY breaking terms in the superpote
tial. Here we will study a six dimensional theory with 1
supercharges, deconstructed to a theory with eight su
charges. In this case we will explicitly understand the sta
ity of SUSY enhancement from the Seiberg-Witten descr
tion of the theory. This model was studied in@3#, and we will
generalize the model to the case with arbitrary theta vacu
in the deconstructed theory. For related work, see@6#. By
varying the theta vacuum we deconstruct the 6D theory w
~0,2! SUSY compactified on a torus with arbitrary comple
structure.

The model is a 4D SU(M )N gauge theory withN52
SUSY andN bifundamental hypermultipletsQi as follows:

~1.1!

Qi represents a vectorlike pair ofN51 chiral multiplets in
Eq. ~1.1!. The SU(M ) gauge couplingsg are all taken to be
equal, and we will usually assume that the theta parame
for individual SU(M ) gauge group factors are equal. Th
theory has a Higgs branch, for which the scalars in theQi
hypermultiplets get VEVs, and a Coulomb branch, for whi
©2003 The American Physical Society19-1
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CSÁKI, ERLICH, AND TERNING PHYSICAL REVIEW D 67, 025019 ~2003!
the adjoint scalars in theN52 vector multiplets get VEVs
and the gauge group is generically broken to U(1)N(M21). If
theQi all have equal VEVsv1 ~and the adjoints do not hav
VEVs!, then the gauge group is broken to a diago
SU(M )D . At energies much smaller thangv/N the theory is
4D N54 SU(M ) gauge theory. If the theta parameters va
ish andN@1 with g2/N and gv/N held fixed, then it was
argued in @3# that the low lying dyonic spectrum is th
Kaluza-Klein ~KK ! spectrum of 6D (0,2)M superconformal
field theory on a torus of radiiN/(2pgv) and g/(8p2v).
The correspondence was made precise by starting with a
IIB string theory description of the gauge theory and sho
ing that the corresponding M-theory description on a ba
onic Higgs branch~i.e., when the ‘‘baryons’’Qi

M have ex-
pectation values, in analogy with the baryonic branch
SUSY QCD@13#! is that of a stack ofM M5-branes wrapped
on the torus, with the 11D Planck lengthl P taken to zero.
This is the (0,2)M theory@14# compactified on a torus. In th
caseM→` the deconstructed theory is a holographic d
scription of type IIB string theory on app-wave background
@15#.

We will study the correspondence between the~0,2!
theory and its deconstructed version by starting with the t
IIA description of the deconstructed theory, and raising it
M theory before moving along the baryonic Higgs branc
This allows us to easily determine the complex and me
structure of the torus in terms of the parameters of the
constructed theory. The M-theory description involves
M5-brane wrapped on the Seiberg-Witten curve which
scribes the dynamics of the gauge theory on the Coulo
branch. The Seiberg-Witten description of anN51 version
of this N52 theory was studied in@16#. The Seiberg-Witten
curve in theN52 case studied here will be useful desp
the fact that the relevant branch of moduli space for dec
struction is the Higgs branch, not the Coulomb branch.

There is a baryonic reduced Coulomb branch in wh
both theQi and adjoints have VEVs. The gauge group in t
low energy theory along this branch is U(1)M21. The Cou-
lomb and reduced Coulomb branches meet when the bi
damental VEV v vanishes and the adjoint scalar VEV
among theN gauge group factors are equal. Along the
duced Coulomb branch, the Coulomb and Higgs sectors h
a product structure. In other words,Qi VEVs do not affect
the low energy behavior of the adjoint fields, and vice ver
This follows by studying constraints on the Ka¨hler potential
from N52 supersymmetry@13#.

The Seiberg-Witten curve becomes singular and factor
on the intersection of the Higgs and Coulomb branc
@17,18#. One factor precisely describes the complex struct
of the torus on which the M5-branes are wrapped, wh
allows us to easily identify the torus in terms of the gau
theory parameters. By the decoupling of the Higgs and C
lomb branches, the complex structure of the torus does
depend on theQi VEVs. This is true even along the root o
the reduced Coulomb branch, when the adjoint VEVs van
and the low energy theory has an SU(M ) gauge symmetry.
This is the domain of moduli space which describes
(0,2)M theory. Hence, the Seiberg-Witten curve contains
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formation about the (0,2)M theory on the torus. The low
energy dynamics of the~0,2! theory on a torus, which is 4D
N54 SU(M ) gauge theory, is recovered exactly witho
corrections from the additional moduli involving theQi hy-
permultiplet VEVs. The factorization of the Seiberg-Witte
curve is easy to understand from the M-theory five-bra
description of the theory. It also demonstrates that the
hancement of SUSY at low energies is stable to radiative
instanton corrections. A more detailed analysis is the purp
of this paper.

II. TYPE IIA AND M-THEORY CONSTRUCTION OF THE
DECONSTRUCTED „0,2… THEORY

Witten demonstrated that the low energy dynamics o
class ofN52 supersymmetric gauge theories, which arise
the low energy theories on configurations of Neveu-Schw
5-branes~NS5-branes!, and D4-branes of type IIA string
theory, can be understood by lifting the corresponding br
configurations to M theory@19#. Intersections ofD-branes
and NS5-branes are generally smoothed out into a sin
M5-brane, as in Fig. 1. In this interpretation, the D4-bra
corresponds to the M5-brane wrapped on the M-theory ci
of radius R10, and the NS5-brane corresponds to the M
brane at a point on the M-theory circle.~The fact that in
certain gauge theories strong coupling implies that
M-theory dimension effectively opens up was made use o
a similar context in@20#.! The algebraic curve which de
scribes the geometry of the M5-brane was shown in@19# to
be precisely the Seiberg-Witten curve@21# from which the
holomorphic gauge couplingt54p i /g21u/2p and Kähler
potential are determined along the Coulomb branch of
corresponding gauge theory.

The 4D theory proposed in@3# as a deconstructed versio
of the six dimensional~0,2! theory is derived from a type IIA
brane configuration as in Fig. 2a. There areN NS5-branes
which live in the (x0 ,...,x3 ;x4 ,x5) directions andM D4-
branes stretched along the (x0 ,...,x3 ;x6) directions between
neighboring pairs of NS5-branes. Thex6 direction is com-
pactified on a circle of radiusR6 , which will be identified by
the KK spectrum. All of the branes are atx75x85x950 to
begin with. The type IIA description isT dual to the type IIB
AN21 quiver theory described, for example, in@22#. The
gauge theory that lives on the brane configuration descri
above, at energies below the string scalel s

21, is an N
52 SU(M )N gauge theory with bifundamental hypermultip

FIG. 1. The intersection of a type IIA D4-brane and NS5-bra
is generically smoothed out into a single M5-brane in M theory
9-2
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SEIBERG-WITTEN DESCRIPTION OF THE . . . PHYSICAL REVIEW D 67, 025019 ~2003!
lets Qi as given in Eq.~1.1!. This is the theory described i
the Introduction. In fact, there is an additional U~1! in the
theory, but nothing is charged under it so it decouples fr
the theory we are interested in. The gauge coupling of thei th
group factor is given by

4p

gi
2 5

x6
i 2x6

i 21

gsl s
, ~2.1!

wheregs is the string coupling, andl s is the string length.
The branch of moduli space relevant to the deconstruc
~0,2! theory is along the Higgs branch with all theQi VEVs
equal and proportional to the identity,Qi5v1. On this
branch the gauge group is broken to a diagonal SU(M )D
with a massless adjoint hypermultiplet. The adjoint scala
the SU(M )D vector multiplet can still get a VEV in the Car
tan subalgebra of SU(M )D , which would generically break
the gauge group further to U(1)M21. If the adjoint gets a
generic VEV this is a reduced Coulomb branch, an analog
the baryonic branch in@13#. The positions of the D4-brane
in the z5x41 ix5 direction correspond to the VEVs of th
adjoint scalars in the SU(M )N vector multiplet~up to instan-
ton corrections!. If the adjoint VEVs are equal for all of the
SU(M ) gauge group factors, then the D4-branes wrap
circle and decouple from the NS5-branes, so that the N
branes can be removed while remaining on the vacu
manifold. ~This will be made explicit in the next section!
This is the intersection of the Coulomb and reduced C
lomb branches. The bifundamental hypermultiplets cor
spond to strings that cross the NS5-branes, and they ob
VEVs when the NS5-branes are removed from the circle
the x7 ,x8 ,x9 directions. When all of the NS5-branes are r
moved from the D4-brane circle, the gauge theory on
circle is generically broken to U(1)M21. This is the reduced
Coulomb branch discussed earlier.

The relevant limit of the deconstructed theory isl s→0 ~in
order to decouple the string modes so that the brane dyn
ics is described by the field theory!, N→`, g→`, v→`,
gs5g/(8p2v l s)→` such that N/gv5const, gsl s5const.
These limits imply that the theory is better described with
M theory compactified on a circleR105gsl s , which is held
fixed in the deconstruction limit. When lifted to M theory th
brane configuration is generically described by a single M

FIG. 2. Type IIA brane configurations for theories studied he
~a! Deconstructed~0,2! theory. There areN NS5-branes andM D4-
branes between neighboring NS5-branes.~b! N52 SU(M )
3SU(M ) gauge theory with bifundamental hypermultiplet. The
are three NS5-branes andM D4-branes between neighboring NS
branes.
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brane wrapped on the Seiberg-Witten curve. The nontriv
geometry of the M5-brane is confined to the directio
x4 ,x5 ,x6 and the M-theory directionx10. The effective four
dimensional low energy theory lives in the directio
x0 ,...,x3 . The D4-branes become M5-branes which a
wrapped around both the M-theory circle in thex10 direction
and the circle in thex6 direction. For smalll s and constant
R10, the 11D Planck lengthl P

3 5 l s
2R10 is small, and the

theory which lives on this brane configuration is the 6D~0,2!
theory wrapped on a torus up to energies that probe the N
branes. We will discuss the relevant energy scales in m
detail later. At energies smaller than the inverse size of
torus, the theory is simply 4DN54 Yang-Mills theory. This
demonstration was another approach to the same M5-b
configuration described in@3#. But, as we will see by study
ing the Seiberg-Witten curve for this theory, the choice
theta vacuum of the deconstructed theory is reflected in
complex structure of the manifold on which the M5-brane
wrapped.

III. FACTORIZATION OF THE SEIBERG-WITTEN CURVE
AND ENHANCEMENT OF SUPERSYMMETRY

In this section we will demonstrate the factorization of t
Seiberg-Witten curve on the reduced Coulomb branch,
thus the enhancement of supersymmetry. To begin we
avoid the additional complications that arise from putting t
x6 direction on a circle, and first demonstrate in more de
the decoupling of the Coulomb and Higgs branches in
Seiberg-Witten curve for the followingN52 theory with
hypermultipletQ:

Recall that the hypermultiplet is vectorlike, so this theory
anomaly-free. It is described by the brane configurat
shown in Fig. 2b. Note that this theory differs from th
studied in@23,24# in that the latter had a vanishing superp
tential, whereas theN52 theory studied here has the supe
potential

W5QA
afa

bQ̃b
A2Q̃a

AwA
BQB

a1lfa
a1mwA

A , ~3.1!

where Q and Q̃ are the twoN51 chiral multiplets in the
bifundamental hypermultiplet, andf and w are the adjoint
chiral multiplets of the two SU(M ) gauge groups. Greek an
roman indices run from 1 toM and refer to the two gauge
group factors. The Lagrange multipliersl andm enforce the
tracelessness of the adjoint fields. Although the superpo
tial was absent in@24#, their analysis of theD-flatness con-
straints onQ and Q̃ is unchanged as long as the adjointsf
andw do not get VEVs. It was found there that the gene
solution to theD-flatness constraints was thatQ andQ̃ take
the forms

.

9-3
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CSÁKI, ERLICH, AND TERNING PHYSICAL REVIEW D 67, 025019 ~2003!
Q5S q1

�

qN

D , Q̃

5S Aq1
21c

�

AqN
2 1c

D Ceib, ~3.2!

whereC is a diagonal SU(M ) matrix.1

TheF-flatness constraints can be read off the superpo
tial ~3.1!, namely,

ldb
a1Q̃b

AQA
a50, ~3.3!

QA
afa

b2wA
BQB

b50, ~3.4!

and two similar equations of motion with respect tow andQ.
Note that generically the bifundamentalsQ andQ̃ cannot get
VEVs if the adjointsf andw do have VEVs, but iff andw
have equal nonvanishing VEVs in the Cartan subalgebra
the corresponding SU(M ), thenQ andQ̃ can get VEVs pro-
portional to the identity. In particular, we can chooseQ5Q̃
5v1. This is the reduced Coulomb branch discussed ear

We can easily recover this behavior from the Seibe
Witten curve for this theory. The Seiberg-Witten curve a
one-form determine the holomorphic gauge coupling fu
tion and Kähler potential on the Coulomb branch as a fun
tion of the Coulomb branch moduli of the theory, namely, t
VEVs of gauge invariant operators@25#

un
~1!5^Tr fn&, ~3.5!

un
~2!5^Tr wn&, ~3.6!

where n52,...,M . But we will restrict the VEVs to all be
equal so that we intersect the Higgs branch, in which c
there are onlyM21 independent moduli in the curve, a
opposed toN(M21).2 If we define the complex paramete
z5x41 ix5 and t5exp(x61ix10/R10) ~which is holomorphic
becausex10;x1012pR10), then Witten argued that the M5
brane is described by the curve@19#

L1
Mt31A1~z!t21¯1A2~z!t1L2

M50, ~3.7!

whereAi(z) is a polynomial of degreeM in z, andL i is the
dynamical scale of SU(M ) i . At constantt, Eq. ~3.7! hasM
roots forz, which correspond to the positions of theM D4-
branes at thatt. At constantz, Eq. ~3.7! has three roots fort,
which correspond to the positions of the NS5-branes at
z.

1A complete analysis of the moduli space of a more general c
of theories which includes this one can be found in@17#.

2On the reduced Coulomb branch there are additional moduli
responding to the hypermultiplet VEVs. However, they cannot
pear in the Seiberg-Witten curve because of the product structu
the Higgs and Coulomb branches@13#.
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Ai~z!5)
j 51

M

~z2ai , j !, ~3.8!

then theai , j ( i 51,2; j 51,...,M ) represent the positions o
the M D4-branes between thei th and (i 11)th NS5-branes.
In terms of the SU(M )3SU(M ) gauge theory that lives on
the branes, fori 51,2, theai , j are the VEVs of the adjoint in
the i th SU~M! factor ~up to instanton corrections! @19#. The
difference in the average of theai , j on the two sides of an
NS5-brane is the bare mass of the corresponding bifun
mental hypermultiplet, which we take to be zero,

1

M (
j 51

M

~a1,j2a2,j !50. ~3.9!

The adjoint VEVs are in the Cartan subalgebra of the ga
group, but are not gauge invariant. They transform under
Weyl group~which preserves the Cartan subalgebra!, which
permutes the VEVsai , j for fixed i. Instead, the curve shoul
be written in terms of the gauge invariant moduli, which a
in general shifted from their classical values by instan
effects. The Seiberg-Witten curve can then be written@18#

L1
Mt31@P1~z;un

~1! ,L1
M !1L1

M#t21@P2~z;un
~2! ,L2

M !1L2
M#

3t1L2
M50, ~3.10!

whereP1(z) andP2(z) are the same function ofz, the Cou-
lomb branch moduliun

( i ) defined in Eqs.~3.5! and~3.6!, and
the dynamical scale of the corresponding SU(M ) i group
factor.3 Equating the VEVs of the two adjoint scala
amounts to settingP1(z;un

(1) ,L1
M)5P2(z;un

(2) ,L2
M). In that

case, the curve~3.10! factorizes as

L1
M~ t11!S t21

P~z!

L1
M t1

L2
M

L1
M D 50. ~3.11!

If all moduli and dynamical scales are the same for ea
gauge group factor SU(M ) i , this amounts of enforcing a
reflection symmetry about the middle NS5-brane. If we
x1050, the symmetryx6→2x6 becomest→1/t. If we then
equate the dynamical scalesL1 andL2 , and fix the moduli
of both gauge groups to be equal, then the factorization
the curve immediately follows from thet→1/t symmetry.
Physically, the factorization corresponds to the fact that
hypermultipletQ can get a VEV from such a point in modu
space, where the Coulomb and Higgs branches intersect
the Higgs and Coulomb branches decouple@18#. In the
M-theory picture giving a VEV toQ corresponds to remov
ing the middle brane, which is att521 as we have written

ss

r-
-
of

3Pi(z,un
( i ) ,L i

M) contains a constant term proportional toL i
M .

This represents a shift of the maximal moduli^TrfM& and^TrwM&
from their classical values. We have ignored a numerical consta
the definition of the dynamical scale. For more on these subtle
see for example@17,18#.
9-4
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SEIBERG-WITTEN DESCRIPTION OF THE . . . PHYSICAL REVIEW D 67, 025019 ~2003!
the curve, in thex7 ,x8 ,x9 directions. By rescaling the curv
by t→L1

2t, the dynamics along the reduced Coulomb bran
is given by the factor multiplying (t11), which we recog-
nize to be simply the Seiberg-Witten curve for the diago
SU(M )D gauge theory, with dynamical scaleLD

2M

5L1
ML2

M . That is, the Seiberg-Witten curve describes
unbroken U(1)M21 gauge theory on the reduced Coulom
branch. Giving a VEV to the hypermultipletQ corresponds
to the removal of the middle brane in thex7 ,x8 ,x9 direc-
tions, but as mentioned earlier that dynamics is decoup
from the dynamics described by the Seiberg-Witten curve
low energies.

We now see explicitly from the brane construction that
enhancement of SUSY along the reduced Coulomb or Hi
branch is stable to radiative and nonperturbative correctio
The D4-branes break half of the 32 supersymmetries of
type IIA string theory, and the NS5-branes break anot
half. If the NS5-branes are removed, then the remain
theory at energies below those which probe the NS5-bra
is that of the D4-branes on the circle, which has twice
much SUSY. In essence, the theory has factorized into
theory on the parallel NS5-branes with 16 supercharges,
the theory on the D4-branes with a different 16 superchar
The decoupling is confirmed by the factorization of t
Seiberg-Witten curve.

As mentioned in the Introduction, we need to take t
number of gauge group factors large in order to be able
probe the size of the torus because otherwise the spec
differs from the expected KK spectrum at low energies, a
the deconstructed theory cannot correspond to a six dim
sional theory on a torus. We can understand this from
string theory construction as well by considering the relev
energy scales. The type IIA brane configuration is usefu
understanding the gauge theory on that brane configura
at energies less thanl s

21. The ~0,2! theory is the theory on a
stack of M5-branes with vanishing 11D Planck scale,l P

3

5 l s
2R10, so we takel s→0. Furthermore, the theory that live

on the wrapped M5-branes is only the~0,2! theory up to
scales where they probe the M5-branes that were remo
from the torus. At energies much smaller than the inve
sizes of the torus, the~0,2! theory becomes the 4DN54
theory. We want to arrange the parameters of the theor
that we can probe somewhat higher energies, on the sca
the inverse sizes of the torus, without also probing the N
branes. Strings which stretch from a D4-brane to an N
brane and back carry energy of ordergv, corresponding to
the fact that at that energy the gauge theory probes the
vidual gauge group factors and hypermultipletsQi .

The size of the torus is determined by the low lying ‘‘ele
tric’’ spectrum of the gauge theory, which corresponds to
KK modes around thex6 circle. This fixesR65N/(2pgv),
so we must haveN large in order for the scale of low lying
KK modes to be much smaller than the bifundamental
permultiplet scalegv. Notice that the size of the torus i
related to the positions of the NS5-branes andl s . R10 will
be related toR6 by identifying the low energy gauge cou
pling in terms ofR6 /R10 via the M5-brane brane construc
tion. Alternatively, we can identifyR10 via the magnetic
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spectrum, as in@3#, which is interpreted as the KK mode
around the other cycle of the torus. For nonvanishing th
parameter in the low energy SU(M )D gauge group, the low
lying states in the largeN limit have masses,

Mn,m5
gv
N Un1mS u

2p
1 i

4p

gD
2 DU

5
1

2pR6
Un1mS u

2p
1 i

R6

R10
D U, ~3.12!

wheren andm are the electric and magnetic quantum nu
bers of the Bogomol’nyi-Prasad-Sommerfeld~in the sense of
the theory with 16 supercharges! dyon, respectively, and cor
respond to the KK numbers around the two one-cycles of
torus. Equation~3.12! also determines the complex structu
of the torus,t5u/(2p)1 iR6 /R10, in terms of the gauge
theory parameters. Note that the bifundamental VEVv sets
the overall scale for the flat metric on the torus, but does
appear in the periodt. This is once again a reflection of th
product structure of the Higgs and Coulomb branches wh
they intersect. The first equality in Eq.~3.12! is the holomor-
phic extension of the spectrum found in@3#, wherevh5gv is
the holomorphic VEV. The second equality in Eq.~3.12! fol-
lows immediately from the M-theory construction as we w
now see.

IV. COMPACTIFICATION ON AN ARBITRARY TORUS:
COMPLEX STRUCTURE AND FACTORIZATION

To identify the complex structure of the torus we w
closely follow Witten @19#. The M-theory circle in thex10
direction has radiusR10 and the circle in thex6 direction has
radiusR6 . The bare gauge coupling of thei th gauge group
SU(M ) i is given by the difference in thex6 positions of the
i th and (i 11)th NS5-branes@19,26#,

4p

gi
2 5

~xi 11
6 2xi

6!

R10
. ~4.1!

The bare coupling of the diagonal gauge group is given

4p

gD
2 5(

i

4p

gi
2 5

R6

R10
. ~4.2!

The theta parameter of the SU(M ) i gauge group factor is
given by the difference in thex10 positions of thei th and
( i 11)th NS5-branes@19#,

u i5
xi 11

10 2xi
10

R10
. ~4.3!

By ‘‘going around the circle’’ in thex6 direction, namely, by
summing Eq.~4.3! over u i , we would find

x6→x612pR6 ,

x10→x101uR10. ~4.4!
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By varyingu, the theta parameters in the gauge theory can
chosen arbitrarily, as now( iu i5u. The period of the torus
t5u/2p1 iR6 /R10 is identified with the holomorphic gaug
coupling of the diagonal SU(M )D gauge theory on the Higg
branch,t54p i /gD

2 1u/2p. Thus, by varyingR6 /R10 andu,
or equivalently by varying the gauge couplings and th
parameters of the deconstructed theory, the complex st
ture of the torus on which the~0,2! theory is compactified
can be chosen arbitrarily.

Let us now discuss the factorization of the Seiberg-Wit
curve on the intersection of the Higgs and Coulomb branc
for the full deconstructed theory. A classical analysis sim
to that done in Sec. III indicates that there is a reduced C
lomb branch in this theory along which the Seiberg-Witt
curve should factorize. We write the Seiberg-Witten curve
in @19#:

zM2 f 1~x,y!zM211 f 2~x,y!zM221¯1~21!M f M~x,y!50,

~4.5!

wherex andy parametrize the torus on which the M5-bra
lives, which is specified by an elliptic curve of the form

y25x31c1x1c2 , ~4.6!

for some complex constantsc1 andc2 . These constants, to
gether with the unique nonsingular holomorphic different
v5dx/y and a choice of cycles, determine the comp
structure of the torus. To be precise, there is a basis of cy
g1 andg2 on the torus with unit intersection from which th
period of the torus can be calculated as

t5 R
g1

vS R
g2

v D 21

. ~4.7!

The periodt is to be identified with the gauge coupling an
u parameter of the diagonal SU(M )D gauge group viat
54p i /g21u/2p. The constantsci in Eq. ~4.6! and the
cycles g i are chosen to give the correct periodt on the
moduli space of vacua. There is also a flat metric on the to
which specifies its size.

For generic adjoint VEVs, there areM roots forz, which
describe the positions of the D4-branes as before. The fu
tions f i(x,y) are generically meromorphic functions on th
torus which have simple poles. At the pole there would b
singularity in at least one of the roots ofz which near the
singularity looks like

~z2z0!~s2s0!5e, ~4.8!

where s is a good local coordinate on the torus near
singularity. This would describe the smooth connection
the D4-brane atz0 to the NS5-brane ats0 . But at points in
the moduli space where the Higgs and Coulomb branc
meet, the curve factorizes. This happens when thef i(x,y)
are constants. The interpretation of this is as follows. If
assume thatR6@R10 then in the neighborhood of an NS5
brane the Seiberg-Witten curve is well described by the
ordinatesz and s5exp(x61ix10) with the x6 position of the
NS5-brane set to 0, say.~Alternatively we can just focus on
02501
e

a
c-

n
s

r
u-

s

l
x
es

s

c-

a

e
f

es

e

-

an appropriate neighborhood of the NS5-brane for wh
ux6u!2pR6 , and remove the restriction onR6 /R10.) When
the Higgs and Coulomb branches intersect there is a sym
try corresponding to reflections about the NS5-brane, wh
as we saw earlier implies that the curve should factorize n
the NS5-branes. This implies that locally thef i(x,y) in Eq.
~4.5! are constants, which by holomorphy implies they a
constants over the torus. Then, using theS duality which
takest→21/t and t→t11, we can relax the restriction
R6@R10, so that thef i(x,y) are generically constants on th
intersection of the Higgs and Coulomb branches.

In order to completely specify the brane configuration
the case in which it factorizes, the curve~4.5! should instead
be written

h0~x,y!zM2h1~x,y!zM211h2~x,y!zM221¯

1~21!MhM~x,y!50, ~4.9!

where now thehi(x,y) are all equal up to overall numerica
constants. All of thef i(x,y)5hi(x,y)/h0(x,y) of Eq. ~4.5!
are then constants. The curve factorizes as

h0~x,y!)
i 51

M

~z2zi !50, ~4.10!

wherezi are the positions of the D4-branes, and the zero
h0(x,y) specify the positions of the NS5-branes. The sing
lar intersections of the D4-branes and NS5-branes are sim
to Eq. ~4.8! with e→0.

Having understood how the M-theory five-brane config
ration contains information about the reduced Coulo
branch that we are interested in, we can now easily un
stand the emergence of the~0,2! theory from the decon-
structed theory. When the VEVs of all the adjoints are equ
the Seiberg-Witten curve describing the brane configura
factorizes into a product of terms reflecting the positions
the flat NS5-branes and the positions of the D4-branes wh
wrap thex6 direction. When the NS5-branes are remov
symmetrically around the torus, the Seiberg-Witten curve
scribes the remaining D4-branes, which are really M5-bra
wrapped on thex6-x10 torus. If we also take the 11D Planc
scalel P

3 5 l s
2R10 to zero, then up to the presence of the ad

tional NS5-branes this is precisely the (0,2)M theory on a
torus whose complex structure we have identified above
very low energies the theory on the D4-branes is the 4DN
54 SU(M ) gauge theory, the dynamics of which is not co
rected by the presence of the NS5-branes~as a result of the
product structure of the Higgs and Coulomb branches!. At
higher energies but below the scalegv which probes the
positions of the NS5-branes, the spectrum mimics the
spectrum expected of the (0,2)M theory on a torus with the
same complex structure as that determined by the Seib
Witten curve. This provides additional evidence that the
constructed theory does indeed mimic the~0,2! theory at
scales which probe the size of the torus on which the~0,2!
theory is compactified.
9-6
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