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Closed string tachyons, AdSÕCFT, and large N QCD
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We find that tachyonic orbifold examples of AdS/CFT have corresponding instabilities at small radius, and
can decay to more generic gauge theories. We do this by computing a destabilizing Coleman-Weinberg effec-
tive potential for twisted operators of the corresponding quiver gauge theories, generalizing calculations of
Tseytlin and Zarembo, and interpreting them in terms of the large-N behavior of twisted-sector modes. The
dynamically generated potential involves double-trace operators, which affect large-N correlators involving
twisted fields but not those involving only untwisted fields, in line with large-N inheritance arguments. We
point out a simple reason that no such small radius instability exists in gauge theories arising from freely acting
orbifolds, which are tachyon free at large radius. When an instability is present, twisted gauge theory operators
with the quantum numbers of the large-radius tachyons aquire vacuum expectation values, leaving a gauge
theory with fewer degrees of freedom in the infrared, analogous to but less extreme than ‘‘decays to nothing’’
studied in other systems with broken supersymmetry. In some cases one is left with pure glue QCD plus
decoupled matter andU(1) factors in the infrared, which we thus conjecture is described by the corresponding
~possibly strongly coupled! end point of tachyon condensation in theM or string-theory dual.

DOI: 10.1103/PhysRevD.64.086001 PACS number~s!: 11.25.2w
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I. INTRODUCTION AND SUMMARY

Orbifold examples@1–3# provide one of the simplest tes
ing grounds and applications of the anti-deSitter~AdS! con-
formal field theory~CFT! duality @4,5#. With less than maxi-
mal supersymmetry~SUSY!, the physics at low energies i
less constrained, and new elements of the AdS/CFT dic
nary emerge. One such element is the relation between
gravity-side cosmological term~dilaton potential! which
typically gets generated in the absence of SUSY, and
finite-N beta functions and dimension spectrum of the ga
theory @1,6,7#.

Another element that arises upon breaking supersymm
is the possibility of a stringy tachyon in the twisted sector
the gravity side. This typically~in fact in all cases known to
the authors! happens at large AdS radius when the orbifold
symmetric and fixes some or all of the points on theq

component of the gravity background.1 Freely acting orbi-
folds on the Sq have no twisted-sector tachyon at large
dius, since the twisted-sector states must wind around
sphere and are therefore very heavy. In this paper, we fin
interesting pattern in the corresponding instability struct
of the small radius limit of these theories by investigating
dynamics of twisted operators in the appropriate wea
coupled dual quiver gauge theories@8#.

Building on work of Tseytlin and Zarembo@9#, we study
radiative corrections inIIB /(21)F ~type 0! on AdS53S5 and
more general nonsupersymmetric nonfreely-acting orbifo
by G5Zn , identifying a Coleman-Weinberg effective pote

*Email address: allan@slac.stanford.edu
†Email address: evas@slac.stanford.edu
1A tachyon indeed appears in the twisted sector of the non-SU

model studied in detail in Ref.@1#; the statement otherwise was
error.
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tial @10#, which leads to growth of the vacuum expectati
values~VEV’s! of certain twisted operators quadratic in th
gauge theory scalars. This instability along a~partial! Cou-
lomb branch of the quiver gauge theory describesD branes
splitting into fractional branes at the fixed-point locus of t
orbifold. This one-loop contribution to the effective potenti
involves double-trace operators that affect correlators invo
ing twisted operators at leading order in 1/N2 ~corresponding
to genus zero on the gravity side!. It is the leading noncon-
formal effect at small t’Hooft coupling and introduces no
conformal correlators for twisted operators into the theory
largeN.

This raises an interesting puzzle, some of whose poten
resolutions we discuss in Sec. III B. It has to do with t
issue of whether and how the conformal symmetry of
gauge theory~or equivalently theSO(4,2) isometry group of
the AdS53S5/Zn! should be preserved in correlation fun
tions involving twisted operators in the quantum field theo
~QFT! dual to the standard gravity-side orbifold constructi
of the AdS53S5 sigma model. As we will discuss in Sec. I
there is a space of possible orbifold quantum-field-theo
arising from the space of renormalization-group trajector
consistent with the quantum symmetry and inheritance
untwisted operator correlation functions from theN54
theory. This suggests a corresponding space of dual gra
side orbifold string backgrounds, generic elements of wh
may generalize the standard construction.

The one-loop calculation is reliable in this context for
large but finite range of nonzero VEV’s for the scalar field
including values near a local minimum of the effective p
tential. We find that a renormalization-group improve
perturbation-theory analysis using one-loop beta functi
does not lead to any additional control for the calculation
the potential near the origin of the Coulomb branch. Fro
this we conclude that the instability indicated by this pote
tial is present but, depending on the form of the poten

Y
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near the origin of the Coulomb branch, may be a glo
effect accessible only by tunneling.

The resulting instability, present in the largeN limit,
drives the erstwhile tachyon~or at least a twisted state wit
the same quantum numbers as a large-radius tachyon! to con-
dense. It is interesting to note that whatever the beha
near the origin, the instability is consistent with the reality
the operator dimensions observed in Ref.@11#, though not
with an uncorrected extrapolation of the Breitenlohn
Freedman bound to the regime of large curvatures and l
Ramond-Ramond~RR! field strengths.

For a freely acting orbifold, the quiver gauge theory h
no Coulomb branch, as theD branes are at the same cod
mension as the orbifold fixed point locus in spacetime, a
have no directions in which to split up into separated fr
tional branes. One correspondingly finds no instability in
effective potential for twisted operators; we therefore conj
ture that the tachyon freedom of this type of model pers
to small radius. This constitutes an interesting prediction
the RR string theory in this limit, and a satisfying class
examples to contrast with the tachyonic models.

We also study a case with nonfree orbifold action a
discrete torsion, which projects out the lowest-lying tachy
leaving tachyonic modes with angular momentum along
sphere. At weak coupling we find no one-loop instabili
However there is a Coulomb branch~again describing frac-
tional D branes! in this case, and we find no symmetrie
preventing instabilities from getting generated at higher
der.

We then consider, in more detail, the effects of conde
ing the twisted modes in the unstable~nonfreely-acting!
cases. On the gravity side at large radius, condensin
tachyon is expected to drive the theory to a subcritical
mension~with compensating gradients for the dilaton a
other gravity fields!, since the zero-momentum tachyon is
relevant operator on the string worldsheet@12–14#. One way
in which this can happen is to lose and/or deform the dim
sions corresponding to the S5/G and the radial direction in
AdS5. This suggests losing the scalars and perhaps nonc
fermions on the gauge theory side, since these matter fi
have quantum numbers associated to the sphere. Simi
nonperturbative instabilities have been argued to drive
theory to an endpoint with a loss of degrees of freedom~de-
cays to ‘‘nothing’’! @15#.

We find on the field theory side that the Colema
Weinberg potential indeed drives the theory toward one w
fewer degrees of freedom at least in the IR; in some ca
pure glueSU(N) QCD plus some decoupled matter a
U(1) factors. This can be seen algebraically or from a sim
geometric picture of the low-energy near horizon limit
symmetrically distributed fractionalD branes. We conjecture
that this pure glue QCD theory is described by the endp
of tachyon condensation in the dual gravity theory, at leas
long distance on the QFT side. As just discussed, this
likely to be aD,10 theory on the gravity side~which may
or may not be a perturbative string theory, depending on
effective string coupling that emerges in the subcriti
theory when the tachyon has become large and mixed
the dilaton and other string fields!. This result is suggestive
08600
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of Polyakov’s proposal for QCD as a noncritical string@16#;
our analysis suggests that if realized, it could be connecte
ordinary AdS/CFT by tachyon condensation.2 More compli-
cated models involving both open and closed strings on
gravity side may leave surviving quark flavors as well, b
we leave this goal of getting full QCD for future work.

Of course there are other avenues toward the strinM
dual of QCD, arising from the low-energy limit of relevan
perturbations of theN54 theory as in, for example, Ref
@18#. Our connection to non-SUSY AdS/CFT examples v
tachyon condensation appears complementary to these.
volves a dynamical mechanism for eliminating the extra m
ter on the gauge theory side, but the starting point is a n
supersymmetric system less well-understood than theN54
theory. As with many applications of AdS/CFT, it can b
taken as a lesson about the gravity side; the gauge th
remaining after condensation of the twisted operators give
dual answer to the question of what happens to the clo
string theory after tachyon condensation.

There have been interesting discussions on closed s
tachyons in D-brane and/or AdS/CFT systems in Ref
@3,11,19–21#. The role of tachyons, tachyon condensatio
and/or tachyon freedom in other conjectured nonsupers
metric closed string dualities, has been studied in other c
texts previously for example in Refs.@22,23,6,24,25,14,26#.
Calculations making use of the relevance of open str
tachyon vertex operators appeared in, for example, Ref.@27#.
It would be very interesting if these techniques could
transported back to closed string theory to investigate furt
the hints of QCD emerging in the systems we study he
Indeed, there is some resemblance of the Coleman-Wein
potentials we discuss here and formulas for an~open string!
tachyon potential in Ref.@27#.

It would be interesting to study potential relations of o
results on instabilities on the gauge theory side to the ki
of gravitational instabilities studied in@15,28,29# and, in par-
ticular, in the AdS/CFT context in Ref.@30#. Aside from a
few comments, we leave this for future work, and focus h
on the field theory side at weak coupling.

The paper is organized as follows. In Sec. II, we calcul
the one-loop Coleman-Weinberg potential for a large clas
Zn orbifold models with fixed points, exhibiting a nontrivia
regime of validity of the one-loop analysis out on the clas
cal Coulomb branch. In Sec. III, we find two simple minim
of the potential within this regime of validity at which th
low-energy gauge theory contains pure glue QCD sect
We study theN dependence of our results from Sec. II a
establish that at largeN, the dynamically generated potenti
affects correlators involving twisted operators, and does
affect untwisted correlators. We discuss a puzzle this ra
and several possibilities, which may lead to its resoluti
and review the evidence we have gathered for the persist
of the tachyon to small radius in these examples. In Sec
we turn to the case of freely acting orbifolds~where there is
no tachyon at large radius! and show that the branch alon

2This possibility was suggested earlier in general terms by Mi
han at the end of Ref.@17#.
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CLOSED STRING TACHYONS, AdS/CFT, AND LARGEN QCD PHYSICAL REVIEW D64 086001
which such an instability would arise is absent in this ca
In Sec. V we analyze an orbifold with discrete torsion, whi
has no Coleman-Weinberg instability at one loop but d
have a Coulomb branch along which one could emerge
higher orders. Finally in Sec. VI we discuss future directio

II. Zn ORBIFOLDS WITH FIXED POINTS
AND EFFECTIVE POTENTIAL

Given the duality betweenN54 Super Yang-Mills
~SYM! and type IIB string theory on AdS53S5, we can ob-
tain new dual pairs by orbifolding both sides of this ‘‘paren
duality by a discrete groupG,SO(6) @1,2#. The gravity side
is type IIB string theory on AdS53S5/G, and the QFT side is
a quiver gauge theory@8# obtained by taking the low-energ
limit of the worldvolume theory onD3 branes at the corre
spondingC3/G orbifold singularity.3 On the gravity side,
correlations of untwisted operators are inherited at ge
zero. The corresponding planar diagrams, in particular th
corresponding to the beta functions@1#, of the quiver gauge
theories, are inherited from those of the parentN54 theory
@31#.4

Twisted states in the orbifold string theory correpond
‘‘twisted operators’’ of the orbifold gauge theory, which a
gauge-invariant operators that do not descend from ga
invariant operators of the parentN54 theory. On the gravity
side, nonfreely-acting geometrical orbifolds have tachyon
the twisted sector at least at large radius, while freely ac
orbifolds do not have tachyons, since twisted-sector st
are very massive; we will return to them in Sec. IV. T
effective potential for twisted operators is not constrained
the N54 theory, so we should expect an effective poten
for twisted operators at orderN2, whereas the effective po
tential for untwisted operators should appear only at or
N0; we will see this explicitly below.

We will find it instructive to study several different case
In this section we will focus on nonfreely-acting orbifold
which fix some locus on the S5. The most extreme case o
this is the ‘‘type 0’’ theory @3#, which is an orbifold by
(21)F, which acts only on the spinors and thus fixes t
entire spacetime@32#. The corresponding quiver theory ha
gauge groupSU(N)2 with six real adjoint scalarsX1

i 5(N2

21,1), X2
i 5(1,N221), i 51,...,6, four Weyl fermionsxa in

3We are working with orbifolds of the maximally supersymmet
version of the duality. The duality is a statement of equivalen
between two descriptions of one and the same system, the orb
~including its instabilities! tautologically exists on one side if i
exists on the other. Note that this equivalence is between the q
tum theories, which introduces subtleties having to do with
manifestation on the gravity side of the choice of renormalizat
condition in the gauge theory side as we will discuss shortly.

4It is worth emphasizing that we here take the regular represe
tion for the actiongab of the orbifold group on the Chan-Pato
indices, one where trg50. With any other choice of action, theD
branes are a source for the twisted-sector tachyon in the asymp
cally flat region away from the core of theD branes, which does no
decouple from the near-horizon low-energyD-brane theory@20#.
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the bifundamental representation (N,N̄), and four Weyl fer-
mionsca in the (N̄,N).

These representations arise from projections of a pa
SU(2N) N54 theory. In a convenient basis, the gauge fie
and scalars sit in diagonal blocks of thisSU(2N) theory and
the fermions sit in the off-diagonal blocks. The tree-lev
interactions of the orbifold theory are those of theSU(2N)
N54 theory, which involve fields that survive the orbifol
projection. In addition to the minimal gauge couplings, o
has quartic scalar interactions of theX1

i , which are identical
to those of anSU(N) N54 theory and likewise forX2

i . The
bifundamental fermions mix the twoSU(N) gauge groups
via tree-level Yukawa interactions of the form5

gYM @ tr~ c̄X1c!1tr~ x̄xX1!1tr~ x̄X2x!1tr~ c̄cX2!#.
~2.1!

The orbifold on the gravity side has a ‘‘quantum symmetr
G @33# under which twisted states transform nontrivially.
the type 0 case, this is aZ2 symmetry, which is manifested
on the gauge theory side by a symmetry exchanging the
SU(N) factors in the gauge group~and correspondingly ex
changingX1

i ↔X2
i andc↔x!. The lowest-dimension twisted

operators in our theory are thus trX1
22tr X2

2 and trX1
i X1

j

2tr X2
i X2

j , which have dimension two at leading order.
the full D-brane system, these operators couple to two
rivatives of the tachyon field in the directions transverse
the D branes@34#, while the tachyon itself couples to th
dimension four operator tr(F1

21DX1DX12F2
22DX2DX2)

@34,11#.
The interactions of untwisted states are inherited at ge

zero, but those of twisted states are constraineda priori only
by the quantum symmetry. Our main interest will be cont
butions to the scalar potential generated by quantum cor
tions to the gauge theory at leading order in the 1/N2 expan-
sion. We will discuss the calculation of the effective potent
in nonfreely-actingZn orbifolds in the remainder of this sec
tion, interpret the results in terms of tachyons, and expl
the instability structure on the gauge theory side in Sec.

In Ref. @9#, Tseytlin and Zarembo calculated the boson
potential energy lifting the classical moduli space of the ty
0 theory at one-loop order in the gauge theory. Because
the quartic scalar interactions, the classical moduli spac
this theory is parametrized by the eigenvalues of commu
matrices ^X1

i &[diag(x1
i,1 ,...,x1

i ,N) and ^X2
i &

[diag(x2
i,1 ,...,x2

i ,N) with Sax1
i ,a505Sax2

i ,a . Going to a ge-
neric point on this moduli space, and integrating out mass
particles, one obtains a simple expression for the vacu
energy as a function ofx1

i ,a andx2
i ,a @9#:

Veff;
gY M

4

8p2 (
a,b51

N F ux1
a2x1

bu4 log
ux1

a2x1
bu2

M̃2
1ux2

a2x2
bu4

3 log
ux2

a2x2
bu2

M̃2
22ux1

a2x2
bu4 log

ux1
a2x2

bu2

M̃2 G , ~2.2!

e
ld

n-
e
n

a-

ti-
5In this section we henceforth assume canonical normalization

the kinetic terms with no factors of 1/gY M
2 in front of the action.
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ALLAN ADAMS AND EVA SILVERSTEIN PHYSICAL REVIEW D 64 086001
whereuxu2[xixi[xW2 andM̃ is related to a subtraction poin
to be discussed shortly. The first two terms in Eq.~2.2! arise
from integrating out the off-diagonal entries in (XW 1)ab ,
(A1

m)ab and (XW 2)ab , (A2
m)ab , which have massesgY Mux1

a

2x1
bu andgY Mux2

a2x2
bu, respectively. The last arises by int

grating out the fermions (c)ab and (x)ab in the bifundamen-
tal (N,N̄) % (N̄,N), whose masses aregY Mux1

a2x2
bu. This ex-

pression can be understood~and later generalized! as
follows. Integrating out a particle of massm2 leads to a
contribution

~21!FE d4p log~p21m2!;~21!FE
0

` dt

t3 e2tm2
,

~2.3!

whereF is the spacetime fermion number and where we
ignoring coefficients of order one. This expression has q
dratic and logarithmic divergencies~as well as a quartic di-
vergence in the vacuum energy to which the field theory
insensitive!. We therefore require counterterms; followin
the analysis of Ref.@10# one obtains an expression of th
form

Veff5 (
a,b51

N F ux1
a2x1

bu4S l11
ab1@AgY M

4 1B~l11
ab!2#

3 log
ux1

a2x1
bu2

M2e25/6 D 1ux2
a2x2

bu4S l22
ab1@AgY M

4 1B~l22
ab!2#

3 log
ux2

a2x2
bu2

M2e25/6 D 22ux1
a2x2

bu4S l12
ab1@AgY M

4

1B~l12
ab!2# log

ux1
a2x2

bu2

M2e25/6 D G , ~2.4!

whereA andB are constants of order 1 andgY M andl i j
ab are

renormalized couplings. This potential includes the one-lo
contributions plus counterterms chosen to satisfy the re
malization conditions

d4Veff

dxi j
ab 4U

x
i j
ab5M

5l i j
ab , ~2.5!

where xi j
ab5xi

a2xj
b . The coupling constants determined

one value of the subtraction pointM are related to those at
different point by the renormalization group. A choice
renormalization-group trajectory is a choice of field theo
and presumably corresponds to a choice of what the pre
configuration of dual gravity-side string fields is. At sma
radius, we do not have an independent handle on the gra
side, so we will simply consider the whole set of possib
trajectories consistent with the symmetries and inherita
properties of the orbifold. This issue will be discussed furth
in Sec. III B. As discussed in Ref.@9#, there are planar con
tributions proportional toN in the individual terms in the
effective potential that must cancel in the orbifold theory
inheritance. This plus the quantum symmetry leads to
08600
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simplification that in the quantum-field-theory dual to th
orbifold background, we should havel i j

ab[l.
As discussed in Ref.@9# ~and as will be generalized an

studied further in Sec. III! there is an unstable direction i
the potential in whichx1

15r52x1
2, with all other xi

a50.
Plugging this into Eq.~2.4!, one finds

Veff;r4Fl1~AgY M
4 1Bl2! log

28/3r2

M2e25/6G . ~2.6!

Let us now renormalize at a subtraction point of the order
the VEV of r, e.g.,M524/3^r&, where

dVeff

dr U
r5^r&

50. ~2.7!

Imposing this condition, one obtains in the theory expand
about the minimum of the potential, a relation betweenl and
gY M as in Ref.@10# of the form

l5CgY M
4 , ~2.8!

whereC is a constant of order 1. So the renormalized qua
scalar coupling along the Coulomb branch is of ordergY M

4 ,
as befits a contribution at one-loop order in perturbat
theory. Plugging this back into Eq.~2.4! and defining

M̃25e25/62C/AM2, ~2.9!

we recover the result~2.2!.
The one-loop result is reliable where the logarithms in E

~2.4! are not big enough to compensate the small coupli
l, gY M and make different orders in perturbation theory co
mensurate. As in the original analysis of the massless A
lian Higgs model in Ref.@10#, our result is reliable nea
minima of the potential but not at the originxi j

ab→0 or in the
asymptotic regionxi j

ab→`, since the logarithms are larg
there. In some theories, expressing the effective potentia
terms of the running coupling~the solution of the Callan-
Symanzik equations! results in a weakly coupled descriptio
for a larger range ofx. As demonstrated below, this is not th
case at one-loop order at largeN in our theories, which have
a somewhat remarkable renormalization group~RG! struc-
ture due to the vanishing of untwisted beta functions at la
N.6

The one-loopb functions are easily computed. For th
type 0 theory and the other quiver theories we are abou
analyze, largeN inheretance ensures that the gauge a
yukawa couplings have vanishingb functions at leading or-
der in 1/N @31#.

The b function for the quartic scalar coupling (trX1
2

2tr X2
2)2 can be calculated directly from our calculation

the renormalized coupling:

bl;l21gY M
4 ~2.10!

the resulting RG equations are solved by

6We thank D. Gross for interesting discussions on this.
1-4
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CLOSED STRING TACHYONS, AdS/CFT, AND LARGEN QCD PHYSICAL REVIEW D64 086001
l5gY M
2 tanS gY M

2 ln
r2

M2 1go
2D . ~2.11!

As r gets either very large or small compared toM2

p/egY M
2

, this solution becomes strongly coupled and untru
worthy. So in these theories at one-loop order at largeN, RG
improvement does not help. While we can trust our one-lo
effective potential near its local minimum, we cannot tru
the dynamics near the origin, or at large values of the sc
VEV. Since the gauge coupling is protected from develop
a b function at largeN by inheritance, the main effect o
higher loops will be to add higher monomials inl, whose
effects will depend strongly on their signs. We will leave th
much more involved two-loop calculation to future wor
and in this paper content ourselves with having identified
least a global instability. This leaves open the possibility t
the region nearx;M could only be accessible via tunnelin
from the region of the origin. We will comment further o
this in Sec. III.

More generically, one can consider locally free orbifo
actions. One example we will study in detail is aC/Z3 orbi-
fold, under which a single complex plane with coordinatez1

is rotated bya[e2p/3: z1→a2z1, z2,3→z2,3. This acts by a
phasea61[e62p/3 on all the spacetime spinors, and
projects out all the massless gravitinos. The quiver theor
this case has gauge groupSU(N)3. The matter content con
sists of four real scalars in the adjoint:

X1
i ~N221,1,1!,

X2
i ~1,N221,1!, ~2.12!

X3
i ~1,1,N221!,

for i 51, ..., 4; one complex scalar in the bifundamental re
resentations:

U ~N,N̄,1!,

V ~1,N,N̄!, ~2.13!

W ~N̄,1,N!,

and four Weyl fermions in the bifundamental representatio

xU
a ~N,N̄,1!

xV
a ~1,N,N̄! ~2.14!

xW
a ~N̄,1,N!

for a51, ..., 4. The interactions in this case are inheri
from an SU(3N) N54 theory. In a convenient basis, th
gauge bosons and adjoint scalars sit in diagonalN3N blocks
08600
t-

p
t
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d

of the adjoint matrices of the parent theory, and the bifun
mental scalars~2.13! and fermions~2.14! sit in off-diagonal
blocks.

The Higgs branch of this gauge theory, along whichU
5V5W ~as enforced by the quartic scalar interactions inh
ited from theN54 D terms! describes the motion of theD3
branes away from the orbifold fixed locus. The theory a
has a Coulomb branch, whereU5V5W50, and compo-
nents of theXk

i for different k get independent VEV’s. This
describes motion of ‘‘fractional’’D branes away from each
other along the orbifold fixed locusz150.

In this case, one finds an effective potential analogous
that of Ref.@9# ~2.2!:

Veff;
gY M

4

8p2

3

4
(

a,b51

N F ux1
a2x1

bu4 log
ux1

a2x1
bu2

M̃2
1ux2

a2x2
bu4

3 log
ux2

a2x2
bu2

M̃2
1ux3

a2x3
bu4 log

ux3
a2x3

bu2

M̃2
2ux1

a2x2
bu4

3 log
ux1

a2x2
bu2

M̃2
2ux2

a2x3
bu4 log

ux2
a2x3

bu2

M̃2
2ux3

a2x1
bu4

3 log
ux3

a2x1
bu2

M̃2 G . ~2.15!

Here@similarly to the discussion following Eq.~2.2!# the first
three terms come from integrating out the four real sca
and the gauge fields, which transform in the adjoint rep
sentation, which in this theory involves 3/4 of the bosons
the theory, hence the factor of 3/4 relative to the type
result. The last three terms come from integrating out
bifundamental matter, which in this theory consists of o
complex scalar~1/4 of the total bosons! and all of the fermi-
ons, leading to the factor of23/4 appearing in front of these
terms in Eq.~2.15!.

It is now clear how to generalize this result to arbitraryZn
orbifolds. Consider for example a nonfreely actingZn orbi-
fold with rotation angles 2p(r 1 /n,r 2 /n,0) in the three com-
plex planes paramatrized byz1,z2,z3, transverse to theD3
branes~with r 16r 2 even so that the orbifold acts as aZn on
all spinors!. The quiver gauge theory has a gauge gro
SU(N)n[Pk51

n SU(N)k , with one complex scalar corre
sponding toZ3 transforming in the adjointSk(N

221)k . The
complex scalar corresponding toZ1 transforms in the bifun-
damental representationSk51

n (Nk,N̄k¿r1
), and that corre-

sponding toZ2 transforms in the bifundamental represen
tion Sk51

n (Nk,N̄k1r2
). Half of the fermions transform in the

bifundamental representationSk51
n @Nk,N̄k1(r11r2)/2#, and

the other half transform in the bifundamental representa
Sk51

n @Nk,N̄k1(r12r2)/2#. From this one obtains the effectiv
potential
1-5
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Veff5
gY M

4

8p2 (
a,b51

N F 1

2
(
k51

n

uxk
a2xk

bu4 log
uxk

a2xk
bu2

M̃2

1
1

4
(
k51

n

uxk
a2xk1r 1

b u4 log
uxk

a2xk1r 1

b u2

M̃2

1
1

4
(
k51

n

uxk
a2xk1r 2

b u4 log
uxk

a2xk1r 2

b u2

M̃2

2
1

2
(
k51

n

uxk
a2xk1~r 11r 2!/2

b u4 log
uxk

a2xk1~r 11r 2!
b u2

M̃2

2
1

2
(
k51

n

uxk
a2xk1~r 12r 2!/2

b u4 log
uxk

a2xk1~r 12r 2!/2
b u2

M̃2
G .

~2.16!

Finally we note that for orbifolds that act freely on the S5,
with nontrivial rotation angles 2p(r 1 /n,r 2 /n,r 3 /n) on the
coordinatesz1,z2,z3, there are no adjoint scalars and n
Coulomb branch. This follows geometrically from the fa
that theD branes span the same dimensions as the orbi
plane and cannot move apart into separate fractional br
at the fixed point. We will return to this in Sec. III.

III. TACHYON CONDENSATION AND QCD

We have seen in the above section that the quiver theo
corresponding to orbifolds with fixed points on the S5 de-
velop a Coleman-Weinberg potential on the classical mo
space at one loop, and we will see in this section that th
are interesting unstable directions in which twisted opera
get VEV’s.

A. Counting powers of N

Let us first clarify and interpret, in terms of the gravi
side, theN dependence of the results7 ~2.2!, ~2.15!, and
~2.16!. Let us first determine theN dependence of the one
loop potential term in the field theory. In all of the orbifol
theory potentials we have derived, as noted for the typ
case in Ref.@9#, the coefficient of the logarithmically diver
gent four-point interaction among the scalars contains
powers ofN beyond that in the factor ofgY M

4 after terms of
the formgY M

4 NSauxau4 cancel out ofVeff , leaving terms pro-
portional to gY M

4 (TrX1
i X1

j 2TrX2
i X2

j )2 and gY M
4 (TrX1

2

2TrX2
2)2 at the level of four-point graphs. Let us rescale t

X’s so that a factor of 1/gY M
2 5N/l t’Hooft appears multiplying

the whole tree-level action. ThengY M
2 counts loops, and the

one-loop potential scales likegY M
0 51, down by a factor of

gY M
2 ;1/N from tree level.

7The results onN-dependence here, some aspects of which app
in Ref. @9#, were developed in discussions with O. Aharony.
08600
ld
es

es

li
re
rs

0

o

With this normalization of the fields, correlation function
of the single-trace operatorN tr X2 scale likeN2 plus terms
subleading in 1/N2. These correspond to connected gen
zero amplitudes involving single-particle states on the gr
ity side @4,5#.

Normalizing operators of the form (trX2)2 with a power
of N2:

Odouble-trace5N2~ tr X2!2, ~3.1!

we obtain l-point correlation functions of theOdouble-trace,
which scale likeN2l in the free theory, corresponding tol
disconnected genus-zero diagrams describingl strings propa-
gating across the AdS. This is in line with the interpretati
of multitrace operators as multiparticle states on the gra
side in the unperturbed theory.

As discussed below Eq.~2.1!, the twisted operators in ou
theory are of the form trXk

22tr Xk8
2 . Because they transform

nontrivially under the quantum symmetry of the orbifol
terms in the Lagrangian linear in these operators are not g
erated dynamically, but terms quadratic in these operat
which are invariant under the quantum symmetry are~they
are implicit in the potentials~2.2!, ~2.15!, and ~2.16! calcu-
lated out along the Coulomb branches in the last sectio!.
These are double-trace operators, which are thought to
respond to multiparticle excitations of the dual gravity theo
@4,5#. As just discussed, as they appear at one loop, th
contributions scale like

dS;E ~ tr X2!2. ~3.2!

Now we consider adding a contribution of the ord
(tr X2)2 to the action@as occurs dynamically in our theor
~3.2!#. Bringing down a power of Eq.~3.2! into correlation
functions, one finds the leading-N effect from factorized
terms of the form

^:~Tr Xk
22Tr Xk8

2
!2:O1 ,...,Ol&

;^~Tr Xk
22Tr Xk8

2
!O1 ,...,Ol 8&

3^~ tr Xk
22Tr Xk8

2
!Ol 811 ,...,Ol& ~3.3!

where we have replaced (TrX2)2 in Eq. ~3.2! with the more
precise form (TrXk

22Tr Xk8
2 )2 that we have for deformation

of our theories. These go likeN2. However if all the
O1 ,...,Ok are untwistedoperators, then each factor in th
factorized leading-N contribution vanishes, and one is le
with an effect that is down by 1/N2 from genus-zero effects
This is in accord with largeN inheritance on the gravity side
@1# and the field-theory side@31#, which ensures that at larg
N the correlators of untwisted operators are the same a
the N54 theory. The twisted operators do not exist in t
parent theory, and are not constrained by inheritance.

It is interesting that a mass scaleM̃ appears in correlators
of twisted operators at genus zero. In particular, the c
plings of the double trace operatorsSk(TrXk

22TrXk8
2 )2 have

nontrivial beta functions at one-loop~as can be seen from th
ar
1-6
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four-point function contribution to the effective potentia
calculated in Sec. II!. So even before we go out on the Co
lomb branch, the theory is nonconformal at leading orde
N in a nontrivial regime ofl t’Hooft . This is invisible to the
untwisted operators alone at this order inN, in accord with
Ref. @31#. Even so, this is puzzling because of the gene
arguments advanced in Ref.@1# for the largeN conformality
of these theories. In the next section, we will discuss t
puzzle and several possible resolutions, which will be in
esting to pursue once we have pushed the relevant tech
ogy to the necessary level.

B. Orbifolding and symmetries: A puzzle

As discussed in Ref.@1#, there is a fairly general reason t
believe that orbifold field theories should have conform
invariance at largeN, including the physics of twisted
operators.8 The worldsheet sigma model describing strin
propagating on the parent space AdS53S6 has a symmetry
corresponding to theSO(4,2) isometries of the AdS5, which
commutes with theSO(6) of the S5, and in particular, com-
mutes with an action ofG,SO(6) on S5. This symmetry
commutes with the Hamiltonian of the worldsheet theo
and therefore all of its correlation functions respect it. T
parent sigma model has many operators, some subse
which $Vparent% constitute mutually local dimension~1,1! ver-
tex operators describing physical string states. When we
bifold, for example, by theZn actions we are considering i
this paper, we include only those vertex operat
$Vuntwisted%[($Vinvariant%,$Vparent%) which are invariant un-
der the orbifold group action. Having done this one can~and
should at the one-loop level! add ‘‘twisted’’ operators, which
are further operators from the set of operators in the pa
sigma model, which are mutually local with respect to t
reduced set of operators$Vuntwisted%. So finally $Vorbifold%
5$Vuntwisted1Vtwisted% gives the full set of vertex operator
for the orbifold theory. The Hamiltonian of the full world
sheet sigma model is the same in all of these theories,
commutes with theSO(4,2). So the orbifold theory shoul
have this symmetry, and the QFT dual to it by AdS/CF
should be conformally invariant for allx t’Hooft at leading or-
der in the 1/N2 expansion. This argument appears rather g
eral ~though unforeseen subtleties involving RR fields m
render it inapplicable to our case!.

On the other hand, at weak coupling in the quiver gau
theory, one finds~as we have discussed! nontrivial beta func-
tions for the double-trace quartic scalar interactions of
form Sk,k8l(TrXk

22TrXk8
2 )2. Although it is made out of

twisted operators, this contribution to the Lagrangian d
not itself transform under the quantum symmetry and if
do not condense the twisted operators, we should not h
left the orbifold point.

We do not yet know the resolution of this puzzle, but c
see several interesting possibilities~which are not all mutu-
ally exclusive!.

8We thank T. Banks and S. Kachru for discussions of this.
08600
n

l

s
r-
ol-

l

,
s
of

r-

s

nt

nd

,

-
y

e

e

s
e
ve

~1! The above argument about the symmetries is cor
and applies to the RR sigma models of interest here. T
would suggest that there is a line of fixed points correspo
ing to the radius of AdS53S5/Zn . Since starting at weak
coupling on the field theory side, there is not such a fix
line, this line of fixed points would have to be fundamenta
strongly coupled.

Then the theories we consider here, with runninglab
i j , are

deformations away from the line of CFT’s dual to the sta
dard orbifold of AdS53S5. But these theories share man
properties with the standard orbifold, in particular the qua
tum symmetry and the inheritance of untwisted operator c
relation functions at largeN. Therefore even if Eq.~1! is true,
we feel it is important to understand the gravity-side desc
tion of our~perhaps nonstandard! orbifold models. This leads
to the second possibility:

~2! The double-trace operators in the effective Lagrang
of our models correspond to a type of worldsheet str
theory on the gravity side, such as the one under invest
tion independently in a supersymmetric context with m
ginal double-trace perturbations@35#.9 This string theory, if it
exists and applies to our models here, may not have all
properties required for the above symmetry argument.
discussed above, related to this is the possibility that
sigma models do not satisfy the assumptions in the symm
argument presented above.

Finally, there is always the third possibility.
~3! Phase transitions and/or other unconstrained nonsu

symmetric dynamics ruin the application of the duality
this nonsupersymmetric context. Because we began wi
parent system with two dual descriptions, the procedure
plied to one of them producing the orbifold theory ought
have a translation into the dual variables if it exists nonp
turbatively. This translation to the dual may not be a stand
orbifold construction, however, which may relate to po
~2!. Indeed a phase transition in this type of system is s
gested by the large-radius duality map, which maps
tachyon to a complex-dimension operator in the field the
@11#. It would be very interesting to understand better wh
this means for the duality, but in this paper we will contin
to focus on the small-radius~weak t’Hooft coupling! regime.

Because of the RR fields and strong-coupling issues,
tablishing the precise resolution of this puzzle appears ou
reach of current technology, and we will leave it for futu
work. We think it is likely that there is a resolution@perhaps
along the lines of point~1! and/or point~2!# which preserves
the duality and teaches us something new about the gra
side, and we will proceed with our analysis on the assum
tion that the duality holds. In particular, our analysis h
generated further concrete evidence in favor of the dua
~in addition to generating the puzzle discussed in this s
tion!. However, possibility~3! should be kept in mind.

C. Tachyons and AdSÕCFT duality

It has been suggested@3,11# that the type 0 tachyon is
lifted at small AdS radius to satisfy the Breitenlohne

9We thank O. Aharony and M. Berkooz for sharing their ideas
this with us.
1-7
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ALLAN ADAMS AND EVA SILVERSTEIN PHYSICAL REVIEW D 64 086001
Freedman bound@36#. Heuristically this might be expecte
from the fact that the AdS curvature reaches string scale
small enough t’Hooft coupling, so that a string-scale tachy
need not violate the bound@3#. This sort of behavior has bee
seen in the AdS3 context in Ref.@37#. Further, the twisted
operator trF1

21DX1DX12F2
22DX2DX2 , to which the

tachyon couples directly at large radius, is actually sligh
irrelevant at weak coupling@11#, which according to an un
corrected extrapolation of the large-radius duality m
would translate to a nontachyonic mass in the bulk grav
theory.

However, we have seen that the weakly coupled dual fi
theory has instabilities in the potential at leading order
1/N2, which cause certain twisted operators~which have the
same discrete quantum numbers as the large-radius tach!
to condense, either directly or via tunneling depending on
small-X behavior of the potential. That the instability appea
at genus zero shows that it persists even in the strict largN
limit. This demonstrates an instability of the string theo
that causes modes from the orbifold twisted sectors to c
dense even at small radius.

As we have discussed, because of the running coupl
in the theory, our one-loop analysis is not sufficient to de
mine whether the instability is perturbative or requires a n
perturbative tunneling process to access. If it is nonpertu
tive, the situation is reminiscent of those described in R
@15#, where a tachyonic instability in one limit of modu
space appears to turn into a nonperturbative instability
diated by a gravitational instanton in another limit.

D. Patterns of symmetry breaking

In the remainder of this section, we will provide a pr
liminary discussion of the physics that results when
twisted operator VEV’s turn on. We will begin with som
heuristic intuition from the gravity side, and then analy
concretely some aspects of the Higgs structure of the m
given the scalar potentials calculated in the previous sect

On the gravity side, we expect perturbative tachyon c
densation to produce a subcritical dimension target sp
time @12,13#. This is because the zero-momentum tachy
vertex operator is a relevant operator on the string wo
sheet. The worldsheet beta function equations are then s
fied by a nontrivial field configuration for the dilaton, metri
and other string fields; in particular dilaton gradients contr
ute an effective central charge to compensate for that los
going to a subcritical dimension~as occurs, for example, in
the case of a linear dilaton with a flat string-frame metr!
@12#. In the context of the AdS/CFT correspondence, the
mensions of theS5/Zn and the radial direction of AdS aros
from the directions transverse to theD3 branes, which are
parametrized by world-volume scalars. It is therefore natu
to expect that losing and/or deforming the S5 and radial di-
mensions would correspond to losing the scalars in the d
quiver gauge theory, and perhaps also the fermions that
transform underSO(6) rotations.

In situations with nonperturbative instabilities on th
gravity side@15#, one also has a sense in which degrees
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freedom are lost, as one ‘‘tunnels to nothing.’’10 In our situ-
ation, as we will discuss shortly, one does not always exp
to decay to nothing, but one can decay to something, wh
is in some sense less than what one had to begin with: f
the full quiver gauge theory to a long-distance sector w
pure glue QCD.

Let us discuss some patterns of symmetry breaking
emerge from our potentials~2.2!, ~2.15!, and ~2.16!. There
are instabilities in the effective potential corresponding
VEV’s for twisted operators in the gauge theory, manifes
in the D-brane language, convenient for the calculations
Sec. II by relative motion of fractional branes along the
bifold plane described by VEV’s for diagonal entries of th
adjoint scalar matrices. Let us investigate the effect of tu
ing on these VEV’s.

Let us analyze the type 0 case~2.2! for simplicity; similar
patterns will emerge in the higherZn cases and can be ana
lyzed in a similar way. Consider the direction in field spa
in which X1

i gets a VEV

^X1
i &5diag~r1

i ,r2
i ,...,rN21

i ,2r1
i 2r2

i 2¯2rN21
i !,

~3.4!

which satisfies theSU(N) condition

(
a51

N

ra50, ~3.5!

and in which^X2
i &50.

Plugging this into the effective potential~2.2!, we obtain

V~rW a!;gY M
4 S (

a,b
urW a2rW bu4 log

urW a2rW bu2

M̃2

22N(
a

urW au4 log
urW au2

M̃2 D , ~3.6!

where we have replaced the transverseR6 index i by vector
notation.

Let us consider the minimization of this potential wi
respect to thera

i . The first term in Eq.~3.6! describes the
force between ‘‘electric’’ branes@those withSU(N)1 on their
worldvolume#. The second term describes the force betwe
the electric branes and the ‘‘magnetic’’ branes@those with
SU(N)2 on their worldvolume# which are all sitting at the
origin, XW 250. At sufficiently small distances between th
branes, the former is repulsive and the latter is attractive

There is a relatively simple configuration, where therW a
are arranged symmetrically~equally spaced! on an S5 of ra-
dius r. This satisfies theSU(N) constraint~3.5!. It is an
extremum of the effective action in the angular direction
By playing the mutual repulsion of the electric branes aga

10From other points of view, one appears to tunnel to flat space
a Schwinger effect@28,29#, a situation whose interpretation an
whose relation to our results here would be very interesting
clarify.
1-8



w

e

l

te
si
be
tra
ce
ta

c

ri-

s
th

ter-
V.

r

tric
e this
ed
s of

rs
ec-
on

.

tion
m

ge
f the
uge
ps

p

ly
the
ou-
ge
y,

t
/or

a-

b

m-
alar

he

om

f th

CLOSED STRING TACHYONS, AdS/CFT, AND LARGEN QCD PHYSICAL REVIEW D64 086001
their attraction to the magnetic branes at the center, we
find a minimum for the radial moder, generalizing the one
along the direction^X1

i &5diag(r,0,...,0,2r) discussed in
Ref. @9#.

Approximating the sum over branes indexed bya, by an
integral over the angles of the S5, we obtain an approximate
form of the potential, which will be sufficient to indicate th
presence of the anticipated minimum:

V

gY M
4

;E dV1dV2urW ~V1!2rW ~V2!u4 log
urW ~V1!2rW ~V2!2u

M̃2

22NE dV1urW ~V1!u4 log
urW ~V1!2u2

M̃2
. ~3.7!

Using this, separating the radiusr of the sphere of fractiona
D branes from the angular variables, we obtain

V~r!;N2gY M
4 r4 logS r2e379/240

M̃2 D . ~3.8!

The potential~3.8! has a minimum atr of orderM̃ ,

rmin
2 5M̃2e21/2e2379/240 ~3.9!

as in our earlier discussion of the Coleman-Weinberg po
tial. We have therefore balanced the attractive and repul
forces as anticipated. In particular, one finds the force
tween the electric branes and the magnetic branes is at
tive in this regime. Because the forces grow with distan
this suggests that the magnetic branes at the origin are s
against small fluctuations, which means theX2

i scalars are
massive. Indeed this follows from an analysis of small flu
tuations in thexW2b directions, as follows.

Expanding~2.2! around the background symmetric dist
bution ofrW a , we find the following mass terms for thex2,b

i :

22gY M
4 (

a,b
S 2uxW2,bu2urW au2 log

urW au2e1/2

M̃2

14x2,b
l x2,b

m ra
l ra

m log
urW au2e3/2

M̃2 D . ~3.10!

Summing over the spherically distributedrW a , the off-
diagonal terms in the mass matrix sum to zero and we
that the diagonal terms are nonzero and positive at
minimum11 ~3.9! @since log(rmin

2 e1/2/M2)52379/240,0 and
log(rmin

2 e3/2/M2)512379/240,0].

11Note that there is no coupling-constant dependence in the c
putation of the signs of forces and scalarm2’s, which depend only
on the values of order one numbers arising from the geometry o
configuration at the minimum~3.9!.
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We have now accumulated enough information to de
mine the effect on the gauge theory of turning on this VE
It breaks oneSU(N) to U(1)N21 and leaves the othe
SU(N) intact. From Eq.~2.1! one finds that all the fermions
get masses once our VEV’s~3.4! are turned on. As we have
just seen, the scalarsX2

i get positive mass squared.
The angular fluctuations of theX1

i , on the other hand, are
dominated by repulsive interactions between the elec
branes, so these fluctuations appear to be unstable. Onc
configuration of twisted VEV’s in the gauge theory is turn
on, the long-distance physics of the gauge theory consist
QCD plus decoupledU(1) factors and unstable scalars.

There is another configuration in which QCD secto
emerge at low energies without instabilities in the other s
tors; this is a likely endpoint of the spherical configurati
we began with. It is another natural generalization to largeN

of the instability discussed in Ref.@9#. Consider again̂XW 2
50&. Take^X1&5diag(rW,rW,...,rW,2rW,...,2rW) where the firstN/2
diagonal entries arerW and the lastN/2 entries are2rW. Geo-
metrically, this describesN/2 electric branes at2rW andN/2
electric branes at1rW, with N magnetic branes at the origin

In this case, there is a minimum at

r min
2 e1/2

M̃2
5228/3 ~3.11!

about which the fluctuations of bothXW 1 andXW 2 work out to
be massive, which again is consistent with naive expecta
from the signs of the forces in the vicinity of the minimu
~3.11!. The Yukawa couplings~2.1! yield masses for all the
bifundamental fermions in this configuration.

This more stable configuration leaves, on the gau
theory side at distances long compared to the masses o
scalars and fermions, a pure glue QCD sector with ga
groupSU(N), decoupled from two others with gauge grou
SU(N/2) and a relativeU(1) factor.

Because of the limited range of validity of the one-loo
calculation of Veff , we do not know if the potential is
bounded or unbounded from below at large^X&. If it turns out
to be unbounded, it is tempting to suggest that for infinite
large VEV’s for the twisted operators in the gauge theory,
theory may reduce to separate pure glue QCD plus dec
pled U(1) sectors. However, because of the long-ran
forces on this fractionalD-brane branch of the gauge theor
it is not clear what the masses of theX2’s will be as a func-
tion of the VEV’s of theX1’s, and it is logically possible tha
the X2 scalars would come back down to zero mass and
become unstable asX1 increases beyond the regime of v
lidity of our current calculation.

In our Zn orbifolds, before going out on the Coulom
branch, the gauge group isSU(N)n[Pk51

n SU(N)k . Turning
on VEV’s for the diagonal elements of theX’s similarly leads
to the near-horizon limit of various fractionalD-brane con-
figurations whose low-energy theories involve gauge sy
metry breaking and some massive and/or decoupled sc
and fermion matter. It would be interesting to classify all t

-

e

1-9



v

iv
k-
en
ph
F
h
a
he

in
i
to

v
e
sy
ss
ta

ct
ee
s
tt
in

u
ith

e
on
n
a

ov
ti

us

, t

n

e

for

red
e
ce
nic

er

tor-
ace-
ch

-

de
nce

n
pre-
ri-

ven

-
-
-
l

t a
ared
rgy

dy-
ere

ity
RR

ALLAN ADAMS AND EVA SILVERSTEIN PHYSICAL REVIEW D 64 086001
possible behaviors in arbitraryZn orbifold models based on
the potentials derived in the last section, but we will lea
that for future work.

It is not clear from this analysis whether thisM-theory
dual to the remaining gauge theory will be a perturbat
string theory.12 Indeed, in ordinary large-radius string bac
grounds, the tachyon mixes with the dilaton, and its cond
sation leads to strong dilaton gradients; the analogous
nomenon should be expected in our small-radius AdS/C
system. ~Correspondingly on the gauge theory side, t
VEV’s for twisted operators that we have turned on, c
induce large renormalizations of all the couplings in t
gauge theory.! Even before turning on VEV’s for twisted
operators along the unstable directions, a kind of str
theory may be required on the gravity side of a dual pair
which the field theory is deformed by a double-trace opera
of this kind, as discussed in Sec. III B@35#.

In any case, we have arrived at an interesting answer
AdS/CFT duality to the question of what can happen wh
one condenses a tachyon in closed string theory. In this
tem, it rolls to the gravity dual of a gauge theory with le
symmetry and reduced matter content, but sometimes re
pure glue QCD factors in the infrared.

As discussed above, condensing the tachyon is expe
to lead to a subcritical matter sector on the string worldsh
and we have just learned that the corresponding proces
the gauge theory side can lift or decouple the extra ma
and gauge fields beyond pure glue QCD. Noncritical str
theory was conjectured to be dual to QCD in Ref.@16#. Our
results provide some further evidence in this direction.

IV. FREELY ACTING ORBIFOLDS AND TACHYON
FREEDOM

Consider an orbifold groupG,SO(6), which fixes an
isolated point inR6. In the presence ofN D3 branes cen-
tered at the fixed point, the spacetime geometry blows
into a near-horizon region, which is completely smooth, w
the orbifold acting freely on the S5.

Because the orbifold fixes an isolated point inR6, the
codimension of the singularity is the same as the codim
sion of theD3 branes, so the spacetime has no directi
along which fractional branes could separate. Correspo
ingly, the scalars in the resulting quiver gauge theory are
in bifundamental representations, in contrast to the ab
nonfreely-acting cases where the scalars describing mo
along the orbifold fixed locus remained in the adjoint. Th
for freely acting orbifolds, there is no Coulomb branch.

Since in these cases the classical moduli space does
include a branch where twisted states can develop a VEV
theory will remain stable to all orders inl t’Hooft . We, there-
fore, suspect that there are no twisted instabilities for a
radius~any t’Hooft couplingl t’Hooft! in this system, though
there is a logical possibility that one develops at al t’Hooft of
order one.~If so, it would have to disappear again for larg

12The results@38# perhaps suggest otherwise.
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l t’Hooft as discussed above. This result is a new prediction
the gravity description at small radius.13!

V. ZnÃZn ORBIFOLDS WITH DISCRETE TORSION

In more general orbifolds than those we have conside
so far, such asZn3Zn orbifolds, one can project out th
lowest-lying twisted-sector tachyons with a nontrivial choi
of discrete torsion. However, at large radius, tachyo
modes dressed with angular momentum along the S5/G will
survive this projection. It is interesting to consider wheth
this instability persists at small radius~weak t’Hooft cou-
pling! in these theories.

In this section, we will study in particular a (C/Z3)
3(C/Z3) orbifold with nontrivial discrete torsion. Let the
first Z3 , generated byg1 , act on thez1 direction, and the
second generated byg2 on thez2 direction, with the third
complex plane parametrized byz3 left invariant. Theg1
twisted sector vacuum energy is21/3, as is that of theg2
twisted sector, and in the absence of nontrivial discrete
sion, these states correspond to physical tachyons in sp
time. A nontrivial choice of discrete torsion projects out ea
of these vacua~g1 projecting out the vacuum in theg2
twisted sector and vice versa!. However, there are momen
tum states invariant under the bothg1 and g2 , which still
have tachyonic massesm2,0 in spacetime.

Naive intuition might suggest that these momentum-mo
tachyons may get lifted as we go toward small radius si
the momentum contribution to them2 of the state grows as
the radius shrinks. Again naive intuition is liable to fail i
these highly curved Ramond backgrounds, and as in the
vious examples, the QFT instability analysis is the approp
ate method for answering this question at small radius gi
the limitations of current technology on the gravity side.

The worldvolume theory ofD branes on orbifolds with
discrete torsion was worked out in Ref.@39# ~and studied in
the context of AdS/CFT in Ref.@40#!. The result for our case
in particular is as follows. The theory is anSU(3N) gauge
theory with three complex scalarsZ1,2,3 and four Weyl
spinorsx1,...,4 in the adjoint, i.e., a theory with the field con
tent of N54SU(3N) SYM. The interactions, however, dif
fer from those of theN54 theory. The quartic scalar cou
plings involving Z1 and Z2 are deformed from the usua
commutators to take the form:

Lscalar5tr@~Z1Z22aZ2Z1!~Z2̄Z1̄2a21Z1̄Z2̄!#tr~@Z1,Z3#

3@Z1,Z3#†!1tr~@Z2,Z3#@Z2,Z3#†!, ~5.1!

13Very naive gravity-side intuition might have suggested tha
tachyon would arise at small radius, since the positive mass squ
of twisted states at large radius is driven by their winding ene
around the S5/G, and when the S5/G becomes small the winding
energy would appear to be negligible. However, the substringy
namics of curved Ramond backgrounds is hardly a place wh
naive intuition applies. Our QFT analysis of the lack of instabil
in this system at small radius is a prediction for the worldsheet
sigma model.
1-10
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where a5e2p i /3. Similarly the Yukawa couplings are de
formed to the form

a21G1
abtr@xa~Z1xb2a21xbZ1!#

1aG2
abtr@xa~Z2xb2axbZ2!#1G3

abtr~xa@Z3,xb#!.

~5.2!

The Coulomb branch describing fractional branes is
rametrized by diagonalZ3 matrices. We can now immedi
ately observe a difference between this case and the c
discussed in Sec. II. Namely, the one-loop Colem
Weinberg potential will be absent here, since all the tr
level vertices involvingZ3 are exactly the same as in a
SU(3N) N54 theory. On the other hand, higher-loop co
tributions to the effective potential of the gauge theory m
Z3 with all the other fields, and we expect such contributio
will get generated. It would be interesting to explore th
signs to see if an instability exists in this case at hig
orders inl t’Hooft .

VI. DISCUSSION AND FUTURE DIRECTIONS

In this paper we have identified global instabilities in ce
tain weakly-coupled nonsupersymmetric gauge theo
whose AdS/CFT duals contain twisted-sector tachyons
large radius. These instabilities, which induce VEV’s f
twisted field-theory operators, appear at one loop in
gauge theory and genus zero in the string theory, though t
effect on untwisted operators is suppressed by factors
(1/N2), as expected from large-N inheritance.

At higher orders in 1/N2 there will be a rich set of dy-
namically generated contributions to the effective acti
which are not constrained by largeN inheritance from the
parentN54 theory. This can~and presumably does! include
quadratically divergent scalar masses~as well as quartically
divergent vacuum energy, which does not affect the Q
dynamics!. It would be interesting to calculate these effec
and understand their description on the gravity side of
correspondence. These finite-N effects can have a dramat
effect on the matter content and dynamics, and it is neces
to calculate these in order to understand the finite-N system.
Some interesting perturbative calculations in these theo
were done for example in Ref.@41#. While we feel such an
analysis is further motivated by our work here, it is som
what subtle to carry out since the QFT couplings appropr
to the gravity dual may themselves be shifted from the o
fold values by contributions of order 1/N2.14

As discussed in Sec. II, it would be very interesting
ascertain the behavior of the effective potential near the
gin of the Coulomb branch. It would also be interesting
see whether a higher-loop analysis leads to persistant in
bility at large^X&, and to study the meaning of~and possible
constraints on! the quiver theory renormalization condition
from the gravitational dual. These last issues mirror the
ficulty on the gravity side of determining the form of th

14We thank M. Strassler for reminding us of this difficulty.
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tachyon potential when the tachyon VEV is large and mix
strongly with other string fields.

One important generalization to consider is a case wh
quark flavors survive the tachyon condensation process
that we get more than just the pure glue QCD theory. Re
that in our tachyon condensation process in Sec. III, the
mions decoupled and/or became massive as the twisted
erator’s VEV turned on. A case where flavors survive m
well involve a second set ofD branes in addition to theD3
branes contributing theSU(N) gauge group, so that th
gravity side has open strings as well as closed strings
would be interesting to perform a general analysis of sy
metry breaking patterns for theZn orbifolds considered here
and more general ones; the configurations we discusse
Sec. III D are particularly simple and there may be a rich
of interesting possibilities implicit in the potentials~2.2!,
~2.15!, and~2.16!.

It would be interesting to explore the tachyon potential
closed string field theory in this system, and compare
Coleman-Weinberg potential to the closed string analog
of formulas in Ref.@27# for the tachyon potential in open
string field theory. This is out of range of current technolog
and our QFT calculations are simply predictions for the b
havior of the appropriate gravity-side sigma model.

It would also be interesting to study the tachyon poten
on the gravity side at large radius, to see what happens to
S5/G and to the RR fields upon tachyon condensation in t
regime. We may be able to get a handle on this by study
the geometry of fractionalD branes splitting apart, via
nonsuper-gravity at large radius. It would also be very int
esting to explore potential relations to the work of Refs.@30#
and@29#. With respect to the latter, one would need to rep
our analysis ofD3 branes in the type 0B theory for the
~nonconformal! even-dimensionalD branes of the type 0A
theory, where the conjectured dualities and instabilities
Ref. @29# might apply most directly.

In general, it is important to improve our understanding
the gravity side of the duality~and the duality map! in order
to resolve the puzzle of the violation of conformal invarian
on the field theory side discussed at length in Sec. III B.

Finally, it would be interesting to study further exampl
of tachyonic and nontachyonic nonsupersymmetric AdS/C
duals, to see how general the pattern of large radius insta
ties persisting to small radius found here, proves. We cove
a large class of examples in our analysis here, but there
many more cases that could be considered.
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