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Abstract

We construct dual descriptions of (0, 2) gauged linear sigma models.
In some cases, the dual is a (0,2) Landau-Ginzburg theory, while in
other cases, it is a non-linear sigma model. The duality map defines
an analogue of mirror symmetry for (0,2) theories. Using the dual
description, we determine the instanton corrected chiral ring for some
illustrative examples. This ring defines a (0,2) generalization of the

quantum cohomology ring of (2,2) theories.
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1 Introduction

Mirror symmetry is one of the more spectacular predictions of string the-
ory [1]. Strings propagating on topologically distinct spaces can give rise
to the same effective space-time physics. This duality is best understood

for theories that can be constructed as (2,2) gauged linear sigma models
(GLSM) [2].

In the space of perturbative heterotic string compactifications, (2,2)
world-sheet theories are quite special. The more general supersymmetric
string compactification only requires (0, 2) supersymmetry. To describe a ge-
ometric heterotic string compactification (without fluxes), we need to specify
a Kahler space, M, with tangent bundle T M and a holomorphic bundle, V,
satisfying the conditions

c1(TM) =0, ci(V)=0 (mod 2)
cha(V) = cho(TM). (1.2)

The assumption of world-sheet (2,2) supersymmetry corresponds to the
choice,

V=TM. (1.3)

The moduli space of M locally decomposes into Kéhler and complex struc-
ture deformations which are exchanged under the mirror map.

It is natural to ask whether a generalization of mirror symmetry exists for
the larger class of (0,2) theories. At the outset, there is a potential problem;
namely, specifying an (M, V) obeying (1.1) and (1.2) does not guarantee the
existence of a corresponding superconformal field theory. Except under spe-
cial conditions [3, 4], we expect world-sheet instantons to destabilize most
(0,2) non-linear sigma models. Fortunately, this potential problem vanishes
for (0,2) theories that can be realized as linear sigma models [5, 6, 7]; this
vanishing can be quite non-trivial, as shown in [8], because individual in-
stantons can give non-zero contributions. However, the net contribution to
the space-time superpotential is zero.

The next basic issue is defining a non-perturbative duality. The moduli
space for a geometric (0,2) superconformal field theory consists of Kéahler
and complex structure deformations together with deformations of the gauge
bundle. We could imagine many different dualities permuting these three
kinds of moduli. A natural extension of (2,2) mirror symmetry was studied
in a special class of solvable (0,2) models by Blumenhagen et. al. [9]. Some
mirror pairs related by quotient actions (as in the original (2,2) construc-
tion [1]) were described in [10, 11]. This notion of mirror symmetry inti-
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mately involves a superpotential in both the original and dual descriptions.
In related work, a description of equivariant sheaves and their relevence to
(0,2) mirror symmetry appears in [12], while an extension of the monomial
divisor mirror map [13] to a class of (0, 2) theories appears in [14]. Note that
unlike the (2,2) case, we believe that (0,2) mirror symmetry should map
certain instanton sums on M to instanton sums on the mirror. Generically,
both sides of the duality receive non-perturbative corrections.

Our aim in this effort is to define a non-perturbative (0,2) duality for
theories that can be constructed from gauged linear sigma models. We
generalize an approach used recently by Hori and Vafa to construct (2,2)
mirror pairs [15]. Their approach suggests an equivalence between certain
(2,2) gauged linear sigma models and (2, 2) Landau-Ginzburg theories. This
equivalence is derived using a generalization of world-sheet abelian duality,
and is closely related to an earlier attempt at deriving mirror symmetry [16].
The manifold associated with the gauged linear sigma model is a toric variety
with non-negative first Chern class. The basic approach used in [15] is to
dualize the torus action which is implemented via an abelian gauge symmetry
in the GLSM. This dualization exchanges charged fields for uncharged fields.
However, because the circle action is not free, a superpotential is generated
by instantons. The dual description is therefore a Landau-Ginzburg theory.

We construct an analogue of abelian duality for (0,2) theories. Applied
to a GLSM, this duality generates a non-perturbative dual. There are some
important points to note: in this analysis, we dualize models without a
superpotential. In a sense, the parameter space that is natural for us is
orthogonal to the one studied in [9, 10, 11]. To connect the two notions of
duality will require understanding the dualization process in the presence of
a superpotential. It seems to us that this problem can be addressed (at least
for special models).

We consider both conformal and non-conformal models. For non-conformal
models, we can relax condition (1.1) and permit the weaker constraint

er(TM) > 0. (1.4)

Using the dual description, we can determine the exact chiral ring of the
original theory, including instanton corrections. We use this ring to define a
generalization of the quantum cohomology ring of a (2,2) model [17, 18]. In
some particularly nice illustrative examples based on P! x P!, we determine
this instanton corrected ring precisely.

The structure of our dual theory depends sensitively on whether rk(V) >
rk(T'M) or whether rk(V) < rk(T'M). In the former case, the low-energy
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dual theory is generically a (0,2) Landau-Ginzburg model with isolated su-
persymmetric vacua. In the latter case, the dual theory is typically a (0,2)
non-linear sigma model. The sigma model metric is singular on certain loci
where the accompanying dilaton also diverges. It is worth noting that the
duality maps the canonical Kéhler moduli of a GLSM to superpotential
terms in the dual description.

In section 2, we establish our (0, 2) superspace, superfield, and component
field conventions. Section 3 contains a derivation of the perturbative duals
to both ungauged and gauged (0,2) models. In section 4, we determine the
exact form of non-perturbative corrections to the dual superpotential. The
vacuum structure, and the nature of instanton corrections to (0,2) theories
are described in section 5. Finally, in section 6 we present an analysis of some
illustrative examples, together with an explanation of how the different dual
descriptions emerge depending on the relation between rk(V) and rk(7T'M).

We should mention a few of the future directions that seem worth ex-
ploring to us. Restricting our dualization results to the case of (0,4) theories
should help classify heterotic compactifications on a K3 surface, extending
the classification given in [19] for tori. The analogue of the quantum coho-
mology ring that we have described should be computable in a large class
of examples (conformal and non-conformal), perhaps with the help of local-
ization techniques [20]. In section 6.2, we found a nice example of a bundle
degeneration which is easily generalizable. The two-dimensional field theory
should provide a resolution of the singularity which seems worth comparing
with the cases studied in [21]. There should be some space-time duality
argument, generalizing the SYZ construction [22] for (2,2) theories. In a
related vein, the heterotic instanton corrections we consider are related, via
S-duality, to type I D-string corrections. The relation between the open
and closed string instanton moduli spaces is likely to be fascinating (see,
for example, [23]). Lastly, we would like to know how much we can learn
about the Yukawa couplings of generic (0,2) heterotic theories, and per-
haps about superpotentials for vector bundle moduli (studied recently, for
example, in [24]).

2 The Structure of (0,2) Theories

In this section we review some basic facts, and fix our notation for (0,2)
supersymmetric field theories in 1 + 1 dimensions.
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2.1 (0,2) Supersymmetry

Chiral (0,2) supersymmetry is generated by two supercharges, Q4 and Q; =
QT , the bosonic generators H, P and M of translations and rotations, and
the generator F, of a U(1) R-symmetry. The algebra itself is

Q1 =0Q31=0 {Q+,Q+} =2(H — P)
M, Q+] = —Q+ (M, Q_—i-] = —Q_Jr
[y, Q4] = —Q+ [Fy, Q1] = +Q4.

Much of what follows is simplified by the use of superspace. Let the (0, 2)
superspace coordinates be (y*,y~,07,07), where y* = (y° £ ¢'). Spinor
conventions are as in Wess & Bagger [25]. The superderivatives are

0 - . 0 .
D+ = %ﬁ — 20+8+ D+ = —%ﬁ + 20+8+ (21)
{D4,D4}={D4, D4} =0 {D+.Dy} = 2i0-.. (22)

Unconstrained superfields are arbitrary functions of (y*,y=,6%,0%). In
general, we will work with superfields constrained in different ways. For
this reason, it is worth noting that D, annihilates the combinations 2 =
yT —i6+t0t, 2~ =y, and T.

2.1.1 The (0,2) Gauge Multiplet

To construct gauge theories, we need to extend our superspace derivatives,
D, and D, to gauge covariant superderivatives. The gauge covariant su-
perderivatives D, D, acting on charge 1 fields, and D, (o = 1,2) satisfy
the algebra

DI =D2 =0, {D,, D} =2i(Dy+Dy). (2.3)

The first two equations imply that Dy = e"¥ D, e¥ and DL = eYD_ eV
where VU is a superfield taking values in the Lie algebra of the gauge group.
We will restrict to abelian theories in our discussion. In Wess-Zumino gauge,
the component expansion of ¥ gives

U =010 (Ag+ A1) (y"),
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while
Do+Dy = 9o+ +i(Ag+ Ar), (2.4)
0 .
Dy = 57— i (Do + D1), (2.5)
_ o
Dy = —555 7 0™ (Do + Dy), (2.6)
Do—Dy = 8 — 0 +iV. (2.7)

The vector superfield V is given by,
V=Ag— Ay — 20T — 20" \_ +20T0"D. (2.8)

We see that the A_ component of the gauge-field has two real gaugino part-
ners, while A4 does not. Under a gauge transformation with gauge param-
eter A satisfying a chiral constraint DA = 0, the two gauge-fields V and ¥
transform as follows

oAV =0_(A+ A7),
oAV =i(A— A)

Finally, the natural field strength is an uncharged fermionic chiral superfield,
Y =[Dy,Do—D1] =D (0-V +iV) = —2{\_(2) —i0T(D —iFp1)}, (2.9)

for which the natural action is

_ 1 2 2n e L 2 Lo | 3 Lo
ST_8€2 dyd@TT—ez/dy{ZFm +Z)\_(80+81))\_+2D .
(2.10)
Since T is a chiral fermion, we can also add an FI term of the form
t

where t = ir + % is the complexified FI parameter.

2.1.2 Chiral Multiplets

An uncharged chiral superfield is one which satisfies D, ®° = 0. Chiral
superfields are therefore naturally expanded in the z coordinates 2T = y* —

i0T6+, z~ =y~, and 1. Bosonic chiral superfields contain the components
fields,

B = o)+ VI (2) (2.12)
= o(y) + V20T (y) — 0T, p(y).
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The action for a chiral boson is

Sgo = —% / d%y d26 ®°9_a°. (2.13)

With the definition ®° = e~ 9Y®, we note that ® satisfies the covariant
chirality constraint D, ® = 0 for a field with U(1) charge Q. In components,
® = p(y) + V207 (y) — 0707 (Do + D1)o(y), (2.14)

where Dy = 04 + iQA,. The corresponding gauge invariant Lagrangian is
given by,

Sp = —%/ d%y d?0 ®(Dy — D)@, (2.15)

— /d2y{ — |Da¢|? + ith (D — D1)thy — iQV2PA_1)
+iQVIS A +QDIoP}.

2.1.3 Fermi Multiplets

In addition to bosonic chiral multiplets, there are also fermionic multiplets
which, for uncharged fields, satisfy the condition

D, TY = 2E° (2.16)
where EY satisfies
D,E° =0.
A component expansion gives the terms
M =yx_ —v207G —i0t0to, x_ — V20T E". (2.17)
Note that fermi multiplets have negative chirality.

To satisfy the covariant chirality condition, we again define I'* = ¢~ QYT
and E° = e ?YE so that
D, = V2E. (2.18)

The choice of E plays an important role in our discussion for reasons that
we will describe later. We follow [2] and assume that E is a holomorphic
function of chiral superfields ®;. The action for I' is given by

1 _
Sp = —§/d2yd20 IT (2.19)

OF _ OF
= [y {iX—(Do D +1GP — |EP - (x_a?wﬂ- +w+%x_)}.
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A special case of (2.19) of particular importance to us; namely, where E =
Y.E(®;) and ¥ is an uncharged chiral superfield with component expansion

Y =0+V20t A, —i0T6T 0 0. (2.20)

Then the action for I' is given by
Sr = / d%y {z‘x_wo +Di)x- +|G]> — o€ (2.21)

o0& T - _
- (UX_%w+i + U¢+i%X—> — (Ex-A+ +EXx-) }

2.1.4 (0,2) Superpotentials

In general, we can also add superpotential terms. These terms depend on
Fermi superfields, I',, and holomorphic functions, J¢, of the chiral superfields

1 a
Sy = -5 /d2yd0+ Lo J%g+_g — hec., (2.22)
dJe
- 2 a(h. ) _
= /d Yy {GaJ (d%) + X—a¥+i 9; } h.c..

Since T’y is not an honest chiral superfield but satisfies (2.18), we need to
impose the condition
E-J=0 (2.23)

to ensure that the superpotential is chiral. Lastly, note that gauge invariance
requires

Qr, = —Q Ja.

2.2 (2,2) Supersymmetry

A special class of (0,2) theories have enhanced (2,2) supersymmetry. To
describe these theories, we enlarge our superspace by adding two fermionic
coordinates, (yT,y~,07,0%,07,07), and we introduce additional superco-
variant derivatives

D. = ——ifo_, (2.24)

- -9 Lo (2.25)
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We normalize integrals over all the fermionic coordinates of superspace with
the convention that

/ d*0 0Tt = 1. (2.26)

Unlike the (0,2) case, there are two kinds of chiral multiplet. Conventional
chiral multiplets, ®, satisfy the conditions

D, ®=D_® =0, (2.27)
while twisted chiral multiplets, Y, satisfy the conditions
D.Y =D_Y =0. (2.28)

Both kinds of multiplet can be reduced to (0,2) multiplets. An uncharged
(2,2) chiral multiplet gives a (0,2) chiral and Fermi multiplet,

1
q>(0,2) =P, - , I‘(072) = —D_PD|,__5__,. 2.29
lo-=6-=0 V2 lo-=6-=0 (2.29)

Similarly, a twisted chiral multiplet (which is always uncharged) also gives
a chiral and Fermi multiplet,

1

Y(0,2)
V2

= Y’(%:é*:()a FO2 = — D—Y’(af:éf:o- (2.30)

There is also a (2,2) vector superfield, V', whose field strength is a twisted
chiral multiplet (often denoted X). On reduction to (0, 2), we obtain a chiral
multiplet, ¥(®2) and a vector multiplet, V(%) as follows:

1 _
— D Vg, VOD_ig v =_D D V|, 5 .
NG lo-—6-—0 lo-—6-—0

(2.31)

Lastly, we note that a (2,2) chiral multiplet with U(1) charge @ reduces to a
charged (0,2) chiral multiplet, ®©2) and a charged Fermi multiplet, r©.2)
with a particular non-vanishing F so that

g+n0.2) — _

where E is given by [2]

E =v2Qx02¢02), (2.32)
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3 Duality in (0,2) Models

3.1 Duality in Free (0,2) Theories

The essential magic of mirror symmetry is that a priori distinct target spaces
may lead to identical string spectra. A simple example of a mirror symme-
try is T-duality, which identifies the spectrum of strings on tori of radii R
and 1/R. Since the world-sheet theory on a torus is exactly solvable, T-
duality of tori, unlike general mirror symmetry, is easily derived directly in
the world-sheet theory. In this section, we recall the standard prescription
for deriving such dualities, following Roc¢ek-Verlinde (RV) [26]. We then ap-
ply this prescription to (0,2) models; this will play an essential role in our
dualization of (0,2) GLSMs in the following sections. We begin by reviewing
the dualization procedure for free (0,2) theories before addressing the more
interesting case of (0,2) GLSMs.

3.1.1 T-duality as Abelian Duality

T-duality identifies the momentum (winding) modes on a circle of radius R
with the winding (momentum) modes on a circle of radius 1/R. As such, it
may be implemented via a Legendre transformation in a way we now recall.
The theory must admit a U(1) isometry, and the simplest example is a free
scalar on a circle of radius R with action

2
S:ﬁ%/ﬁy@@? (3.1)

To dualize the shift symmetry of ¢, we introduce a Lagrange multiplier 1-
form, B, with modified action

1 i
S:4ﬂp/BAM%5;/mw. (3.2)

Path-integrating out B in Euclidean space amounts to solving the B equation
of motion giving

B = —iR? % do.
When plugged into the action, we recover our original theory (3.1).

To obtain the dual description, we instead integrate out ¢. This enforces
the condition that B be closed,

dB = 0.
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Locally, we can express B in the form
B =d#

where 6 is not necessarily single-valued. The only caveat to this argument is
that ¢ is periodic so for the action (3.2) to be well-defined, we require that
B be an integral class.

The dual action is therefore

1
S = d*y (09)>. 3.3
g [ v @8) (33)
We note that § must be periodic with radius 1/R. This is most easily seen by
comparing the spectra of the original and dual descriptions. A momentum

mode for ¢ can only correspond to a solitonic excitation for 8 implying that
0 is compact.

3.1.2 Dualization in (0,2) Superspace

The above reasoning can be extended to (0, 2) superspace. To dualize a (0, 2)
chiral multiplet, Y, we consider the action

Sup = _i /d2y 20 (RPAB+ A(Y +Y) —iBo_(Y - Y)),  (34)

where A and B are unconstrained real superfields without kinetic terms.
Integrating out these non-dynamical real superfields gives the relations

A = éa_(y—if), (3.5)
B = —%(Yﬂ‘f). (3.6)

Inserted back into the action, these relations give, up to total derivatives,
the standard action for Y
i

Seh = "ope

d*y d*0 YO_Y. (3.7)

To obtain the dual description, we instead integrate out the chiral super-
field, Y, which gives the relation,

D (A+id_B) =0, (3.8)
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allowing us to write A = i0_(® — ®) and B = (® + ®), where @ is a bosonic
chiral superfield.! The resulting dual action is

S 12
Sep = —% / d*y d*0 O_d. (3.9)
The duality map is therefore
(Y 4+Y)=—-R*®+ d) O_(Y —=Y) = R*0_(® - D). (3.10)

We can also dualize a chiral Fermi multiplet in a similar way. Let F' be
a chiral Fermi multiplet satisfying D4 F = 0, and let A/ be an unconstrained
Fermi superfield. To induce dual descriptions, we consider the following
first-order action

R? _ 1 _
Sy = /d2y d?0 {—7/\//\/ - §(FN+J\/F)} . (3.11)
Integrating out N gives the relation
1
N=5F, (3.12)
which when substituted into the action gives
Sr— L /d2y 429 FF (3.13)
UV ' '
Integrating out F instead gives the relation

DN =0 (3.14)

which gives a dual action

2
Sy = R? /d2y d*0 TT (3.15)

where the chiral superfield I' = N and N satisfies the chirality constraint
(3.14). The corresponding duality map is
1

[ = ﬁF. (3.16)

!The general solution for B includes an arbitrary superfield anihilated by 09—, i.e.,
B=®+®+ S, where 0-S = 0. Plugging this solution into the action and integrating by
parts reveals that all terms involving S vanish. We can therefore safely neglect any such

S.
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From this map, we see that the action on fermions is no more than a rescaling
at the level of free-fields. We should point out that this map becomes more
complicated when we include interactions with chiral bosons (via the D, T' =
V2E(®) coupling), as we shall see in detail in section 3.2.3.

The Duality Map in Components
It is useful to restate these dualities in component form. Start with a super-
symmetric sigma model on a cylinder of radius R with action,

S = R2/d2y (=000 %0 +i hyO_1hy), (3.17)
where
¢ =p+ip (3.18)

is the lowest component of a (0,2) bosonic chiral multiplet, ® = ¢(z) +
V20%4),, whose imaginary part is periodic

p ~ @+ 2m.

Dualizing this isometry amounts to dualizing ¢ and . Starting with the
bosonic fields, we see that the resulting dual metric is

1d192:i

=2 =2 (RYdp?* + dv?), (3.19)

ds® = R%dp* +

where
U ~ 9+ 2.

This suggests that the natural dual coordinate is = R%p — 5. Written in
terms of 7, the full dual lagrangian takes the simple form

1 =~ ~
S = ﬁ/dzy (—8a778an +z¢+a_¢+). (3.20)

If we have correctly identified our dual fields, their supervariations should
again close with the correct normalizations. By dualizing the original susy
variations, we find

(5¢+ = \/5i8+¢€_ = (5{/;4_ = \/51‘(94_?']6_, (321)

where QZJF = R?1),, so our dualization is consistent with supersymmetry and
the dual fields also fill out a (0,2) chiral multiplet

Y =n(z) + V20T,
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The case of a free fermionic (0,2) chiral supermultiplet, I' = y_(2) +
g, can also be expressed in components. The initial action is
V26t Iso b d i ts. The initial ion i

S =iR2/d2y (X-01x— + lgI*) (3.22)

and the dual action is simply
1 _
S =g [ P (o + 11P). (3.23)

where ¢ = R?y_, and we can assemble ¢_ and f into a chiral Fermi
superfield F' = ¢_(z) + /207 f.

3.2 Duality in (0,2) Gauge Theories

We next consider the dualization of (0,2) gauged linear sigma models. The
dualization for (2,2) gauged linear sigma models has been carried out in [15].
Since a (2,2) model is a special case of a (0,2) model, we can reduce the
duality map of [15] to a map on (0,2) fields. This gives us a particular case
of a (0,2) duality. Next we generalize this duality to arbitrary (0, 2) theories.

It is important to keep in mind that the U(1) action we wish to dualize
is no longer free. This is an issue that we will ignore for the moment. The
way this issue emerges in the dual description is via the generation of a non-
perturbative superpotential to which we turn in section 4. This is, perhaps,
the most critical aspect of the dualization procedure.

Warm-up: (2,2) Duality in (0,2) Superspace

We begin by expressing the results of Hori and Vafa [15] in (0, 2) language.
This gives a special case of a more general (0,2) duality map. The simplest
such theory is that of a single chiral (2,2) multiplet with charge @ coupled
to a (2,2) vector multiplet. The slightly involved rewriting of the original
(2,2) theory in (0,2) language is performed in Appendix A.

When reduced to (0,2) language, the end result is a (0,2) gauge theory
with a chiral multiplet, @, a chiral Fermi multiplet, I, both with U (1) charge
Q. In addition, the (2,2) vector multiplet reduces to a (0, 2) vector multiplet
with field strength T, and an uncharged chiral multiplet, 3. The Lagrangian



Allan Adams, Anirban Basu and Savdeep Sethi 881

for these fields is given by

7

= 1 _ 7 _
2 . - 2 v 2
L = 2/d6<1>(D0 D,)® 2/d6PF+262/d028_E3.24)

1 i} t
+8?/d29 1T + {Z/dm Tlg+—g —|—h.c.}

where e is the gauge coupling, and t = ir + % is the complexified FI param-
eter. The Fermi superfield satisfies D, T' = v/2F with E given by [2]

E = 2Q%9. (3.25)

Dualizing an isometry means exchanging the roles of the generator of the
isometry and its canonical conjugate. This means that under this generalized
world-sheet T-duality, a charged field maps to an uncharged field. The dual
variables, a chiral superfield Y and chiral Fermi superfield F', are therefore
neutral.

The dual action is again obtained by reducing the (2,2) result in Ap-
pendix A. The result is,

~ i Y -Y _ FF
L = - [d% — 9 (Y +Y)+2i _
8/ [Y+Y Y +¥)+ ZY+Y}

2 e+ [t
(2 W [SF+ SV +he. ) + 5 [ a0 505
[ eorr oIt [aor v

+@ d + Z d ’9‘+:0+h.c. s

where DY = D, F = 0. The (2,2) duality map can also be expressed in
(0,2) language as described in Appendix A. The map becomes,

PP = %(Y +Y), (3.26)
—i®(0_ +iQV)® +IT = L0-(v - V), (3.27)
% o= @r, (3.28)

where - )
29 ®=_ (30-® - 20.5).

Since it is rather important, we must emphasize that Y; is not a conventional
C-valued field. Rather,

Im(Y;) ~ Im(Y;) + 2, Re(Y;) > 0. (3.29)
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One must interpret this duality map (and the (2,2) map) with great
care. As an equivalence between superfields, the map does not make sense.
The component expansions on both sides of the equivalence do not agree.
However, we will only use the relations between the lowest components when
we need explicit relations. Those relations and the dualization procedure
itself (as an equivalence between theories) do make sense.

3.2.1 Dualizing (0,2) Chiral Multiplets

In string compactifications, chiral multiplets describe the geometry of our
target space, while chiral Fermi multiplets define a vector bundle over this
space. Our current task is to dualize charged chiral and Fermi multiplets. We
begin by considering just chiral multiplets with no coupled Fermi multiplets.

We need a starting action along the lines described earlier: let us start
with the candidate action
Sop = / d?y d*0 {—%e%WB) (iV +iA) —iFD,(0_B+iA)+ h.c.}

(3.30)
where F is a neutral unconstrained fermionic superfield, while A and B are
unconstrained real superfields.

Integrating out the unconstrained Lagrange multiplier field F yields the
constraint

D4 (0-B +iA) =0, (3.31)
the general solution of which is?
2B =T+ 11 2iA = 0_ (I —1I) (3.32)

where II is a chiral superfield. Plugging this back into the action gives, after
some reordering,

S = _% / APy 20 "1 (5_ 4 iv) eV HL (3.33)

We can make the kinetic term canonical by changing variables to the covari-
antly chiral field ® = e+ in terms of which the action reads

S.p = —% /d2y d*0 @ (Do — Dy) D. (3.34)

2A note of caution is in order. In general we should write 2B = II 4 II + 2Sg, where
Sr is a real bosonic superfield annihilated by d—. However, a real bosonic (0, 2) superfield
can always be written as the real part of a complex chiral superfield, 25z = (S +S); both
have four independent real components. Absorbing S into II gives the Lagrangian written
above up to a shift V' — V + ¢, where c is a constant c-number; since this may be absorbed
by a gauge transformation, (3.32) is indeed the most general solution of the constraint.
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Integrating out instead the auxiliary gauge fields A and B requires first
integrating the constraint terms by parts. Defining %Y = D F, the auxiliary
field variations give

1 1 _
ba = U (YY) =0, (3.35)

5 = —ie2YTBGY 4 iA) — %a_(y —¥)=o0. (3.36)

Solving these gives

Y+Y o_(Y —-Y)

2B =-2¥ +1 A= —iV — ———=. .
+ In( ) i iv VT (3.37)
Plugging back into the action and simplifying gives
i (Y -Y)o_(Y +Y) z/
Sen == [ d®y d*0 - —— [ d®ydotYY +he (3.38
"8 / v Y +Y) 1) The (338)
Comparing (3.32) and (3.37), we see that the duality map is
_ 1 _ _ o 1 _
oP = §(Y+Y), O(0_+iV)® = —18_(Y—Y). (3.39)

On comparing with (3.27), we see that the fermion bilinear has dropped
out as we intuitively expect for this special case with no coupling to the
left-moving fermions.

3.2.2 Dualizing (0,2) Fermi Multiplets

We can similarly dualize Fermi supermultiplets. The first order Lagrangian
is

Sy = /d2y 429 {—% NN +S (25+N— \/§E) S (D+/\7+ \/§E)} ,
(3.40)
where A is an unconstrained Fermi superfield, S is an unconstrained bosonic
superfield, and F is a bosonic (covariantly) chiral multiplet. Both A" and F
have charge ) while S has charge —@Q). Integrating out S gives the equation
of motion

25+N — \/§.E17

which is solved by N' = T', where T is a chiral Fermi superfield in the general
sense of (2.18). The corresponding Lagrangian is just

1 _
Sp= -3 /d2y d*0 TT. (3.41)
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Solving the N equation of motion instead gives the relation
_ 1 -
DiS = —§N (3.42)
Let us set V' = G so (3.42) implies that
25+g - 0

Substituting gives the action,
1- _
Sy = /dzy d%0 {_§gg —V2SE — \/iSE} . (3.43)
We now write,

ﬁﬁm%¢%E:—/fywﬂ@ﬁL@E:/fywi%m;

since D, E = 0. Note that G has charge —Q while E has charge @Q). Let us
define a neutral superfield F' = GE. The reason to do this is so that (in
nice cases) we can express the action in terms of the dual chiral fields, Y. In
terms of F', the action takes the form

1 FF 1
=—= [Py d?0 =— — /ﬁ2<w+——F h.c.p. 44
Let us define B
Ye+YEg
2

/% d%6 _-ﬁa {/fym#v§F+hc} (3.46)

The duality map for Fermi superfields is then given by

E? = (3.45)

SO

F=FT. (3.47)

In nice cases, we can find explicit expressions for |E|? using the duality map
(3.39); for example, if E' is a monomial.

An important special case, related to the discussion around eq. (2.20),
is when F = &, where ¥ is an uncharged chiral boson. In this case we can
rescale G by &£ rather than E to get

:_/f fe———{/fyw+J2F+hc} (3.48)
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3.2.3 Dualizing General (0,2) Models

Things get more interesting when we dualize chiral multiplets, ®;, coupled
to Fermi multiplets, I',, via constraints of the form

DT, = V25E, (D).

In a situation like this, we can perform our previous dualization procedure
but we can only explicitly solve for the dual action when £ is a monomial.

Start with the sum of first order actions
S=S8,+S f

where Sg, is given in (3.30) and Sy is given in (3.40). We permit £ to
be an arbitrary (generally non-local) function of A, B and ¥. As before,
integrating out S and F gives an action,

. ) | )
S = —%/de d20 & (Dy — Dy) & — §/d2y d20 T,
where D, T = /2XE(®).

To get the dual description, we integrate out A, B and N. From inte-
grating out \V, we get |€|? in the kinetic term for the fermions as in (3.48).
In general, the A and B equations of motion are complicated (non-local)
functions of A and B. For the particular case,

|E]? = e 2NVHB), (3.49)

the A equation of motion is unchanged from (3.35), but the B equation of
motion gives

i0_(Y -Y) 2 \"t'FF
A=V ") _ . 3.50
Ty iy <Y+Y> DB (3:50)

In the original theory, this corresponds to the case & = ®¥.

The corresponding dual action is given by,
g — /d2y 20 i(Y—Y)a_§Y+Y) B 2N‘1{5F
8 Y +Y) Y +Y)N
1 i
— [ d*y dot [—EF — —YT} +h.c., 3.51
[ ant | Zosr -4 (351)

so the action takes the same form we found before. What has changed is the
duality map, which now reads

BP — %(Y +Y), ®(0_ +iV)® — iNTT = —ia_(y _V). (352)
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On comparing with (3.39), we note the appearance of a fermion bilinear; for
the special case N = 1, this reproduces the (2,2) result (3.27), as expected.

Unfortunately, things rapidly become difficult once we consider general
functions £(®), because the A, B equations of motion involve complicated
functions of A and B. So the action (and duality map) cannot, in general,
be written in closed form. There are really two issues: the first is that
we cannot express |€]? in terms of Y and Y. However, this only affects
the kinetic terms for the dual Fermi multiplets, but not any holomorphic
quantities. The second issue is finding the exact duality map. Fortunately,
the correction to the naive duality map always involves terms with two or
more fermions. This kind of correction will play no role in our subsequent
computations, so we can safely ignore it.

4 The Exact Dual Superpotential

4.1 Lagrangians and Conventions

We have derived the perturbative superpotential of the dual theory. It is
easy to extend the analysis of the previous sections to theories with several
superfields carrying arbitrary charges. Let us consider a theory containing
chiral superfields, ®;, with charges @); and Fermi superfields, I',, with charges
Q.. We shall always assume that the charges satisfy the gauge anomaly
cancellation condition required for a consistent quantum field theory

D Q=) (4.1)

This condition is equivalent in the infra-red to the geometric constraint given
in (1.2).

When dualizing (0,2) models, we are faced with the natural question:
which fields should we dualize? To answer this question, we need to consider
different choices for E. The first choice we might consider is £ = 0, but this
is problematic because (in general) there is no natural way to construct a
neutral dual Fermi superfield. In section 6.1.4, we will describe a particular
model in which there is a natural choice.

One possible way to proceed for £ = 0 is to dualize the chiral superfields
leaving the Fermi fields untouched. This seems reasonable because chiral
and the Fermi superfields interact only indirectly via their coupling to gauge-
fields. In this situation, the fields map as follows from the original to the
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dual description
(q)ia Fa) - ()fz; Fa)-

The chiral superfields Y; are uncharged, while the Fermi superfields I', are
charged. The difficulty we seem to encounter is with the superpotential.
Under a partial dualization where the theory is described in terms of (Y;,T'y,),
it is hard to even define what is meant by a superpotential. There is clearly
no perturbative superpotential of the form appearing in (3.46) because of
gauge invariance. It is also unclear how to take into account instanton effects
in the original theory; it seems likely that these non-perturbative effects
result in a non-local dual theory. For these reasons, for the most part we
restrict to £ # 0.

When the charged chiral and Fermi superfields interact with each other
via F, # 0, we must dualize both the chiral and Fermi superfields

(q)iy Pa) - ()fz: Fa)
where both Y; and F,, are neutral.

We give the Lagrangians for the dual theory for two classes of E,. Omit-
ted is the kinetic term for the vector multiplet with field strength T given,
for example, in (3.24). For E, = f,(®;),

~ Y, - Y _ F,F, —
=— d20 =——=L0_(Y;+Y;)— d2g —2<¢ /d0+w h.c.),
82/ vy, Z/ vy, vy, the)

(4.2)

where,

W= Z QiY; + it) Z F, (4.3)
and )
§(Yfa +Y5,) = | falo0)]*. (4.4)

For the second case, E, = ¥g,(®;), and X is a neutral chiral superfield with
canonical kinetic terms. Rescaling as in (3.48) gives the Lagrangian

Z/d2 Y+Y _(YitY;) Z/d2 A +Y (/d9+W+h.c.),
Ya Ya

(4.5)
where,

=L qvivin- 23R, (1.6

and,

5 (Yg, +Y5,) = lga(e2)]*. (4.7)
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The dual superpotential is exact in perturbation theory because of per-
turbative non-renormalization theorems [27, 28]. However, there can be
non-perturbative corrections. Our aim is to determine the exact form of the
dual superpotential taking into account the non-perturbative effects gener-
ated by vortex instantons in the original theory [29, 30]. We should note,
however, that the superpotential of the original theory does not receive non-
perturbative corrections as recently shown in [6].

Before proceeding further, we state our field expansion conventions and
some relevant formulae that we need both here and in later discussion. In
the original theory, the charged chiral superfields, ®;, satisfy D, ®; = 0, and
have the component field expansion

®; = ¢; + V204 — 070" Doy (4.8)

The charged Fermi superfields, Ty, satisfy D,.I'; = v/2E,, and have the
component field expansion

Lo=X—a—V20TG,—i0T0" D, y_q — V20TE,. (4.9)

In the dual theory, the neutral chiral superfields, Y;, satisfy D,Y; = 0, and
have the component field expansion

Y; = yi+ V201 — it 00,y (4.10)

while the neutral Fermi superfields, F,, satisfy D, F, = 0, and have the
component field expansion

Fo=n_a—V20tH, —i0 070, n_,. (4.11)

Finally let us state some general results obtained from the duality maps
that we derived in section 3. We will need these formulae for studying non-
perturbative corrections to the dual superpotential, and later for verifying
various dual descriptions. We define

¢i = pie¥,
Yi = QZ’—Z'Q%. (4.12)

From (3.39), we find from the first relation that

o = pi,
§vi = 204,
§ri = 204,

0 = 2[—pi(Orpi+ QiAy) + Yrithyi] - (4.13)
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From the second relation, we see that
O_10; = 2p7(0_p; + QiA_). (4.14)

Note the difference in the expressions for 0y ¢; and 0_1;. Since vortices play
a crucial role in the construction of the superpotential, we begin by briefly
reviewing vortex instantons.

4.2 A Review of Vortex Instantons

We briefly review the vortex instanton solution of the two dimensional Abelian
Higgs model. In order to construct the one instanton solution, we wick rotate
to Euclidean space sending

Y’ — —iy®,  Fo1 — —iFs.

The Euclideanized action for the Abelian Higgs model is

S = /d2y > Digl* + 2—121?122 YN D—Z : (4.15)
- e 2 2e
where i = 1,2 and D is given by
D =—e*(Qlg]> — 7). (4.16)
In polar coordinates (p, 6), the one-instanton configuration is given by
A, =0, Ag=Ap), ¢=f(pe” (4.17)
where for large p,
1 e VTP
A(p) ~ p + constant x N (4.18)
F(p) ~ /T + constant x e~ V27, (4.19)

and A(0) = f(0) = 0. In writing the expression for A(p) and f(p), we have
set ) = e = 1. The fields go to zero at the location of the instanton and also
fall off exponentially at spatial infinity. The Bogomol’nyi equations which
determine BPS instanton configurations are

(D1 +iD3) ¢ =0 (4.20)

and
D+ Fio =0. (4.21)

On evaluating the instanton action (4.15) in this background, we obtain S =
—2mit, where t = ir + %. In the supersymmetric theories that we consider,
there are fermion zero modes in the instanton background which are crucial
in our analysis of non-perturbative corrections to the dual superpotential.
We now turn to the construction of the dual superpotential.
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4.3 R-charge Assignments

We will restrict to the case where both chiral and Fermi superfields are
dualized, and where E # 0. So we proceed by constructing the dual theory in
terms of the neutral chiral superfields, Y;, and the neutral Fermi superfields,
F,. We recall from our previous analysis that the relation between the
original and dual Fermi superfields is a local one where

F, =T,E(9;). (4.22)

Clearly, this definition is not unique and can be subject to field redefinitions
by gauge-invariant combinations of the original superfields. This possibility
will play a role when we construct explicit examples. That the relation
between the original and dual Fermi superfields is a local one will make our
life easier in determining instanton corrections.

Recall that the component expansion for ¥ takes the form
Y =0+V20t A, —i0T6T 0 0. (4.23)

We need only consider the case of E, = Xg,(®;) since the case E, = f,(P;)
follows by giving Y. an expectation value,

<X >#0.

The Lagrangian of the original (0, 2) theory given in (3.24) admits a classical
U(1)g symmetry under which

0+ — e—l.a0+’
T— e 7,

while ®; and 'y, are left invariant. In terms of component fields, the non-
trivial transformations are given by

Yy — €%, Ao — e N, E, — e E,, (4.24)

which means that ¢ — e *¢. To avoid confusion, we should note that
E, has mass dimension 1. The dimensionful parameter in E, can either be
absorbed in the definition of X, or inserted by hand. Either way, we call
this mass parameter o, and it carries all the R-charge of F/,. This classical
R-symmetry is generally anomalous, and leads to a shift of the theta angle
given by

0—0-> Q. (4.25)
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How do the dual superfields transform under U(1)z? In cases where &,
is not zero, we see from (4.22) that the corresponding F, is uncharged since
the mass parameter ¢ does not appear in the relation. When E, = 0, the
relation is even simpler

Fo=T,
and again the dual Fermi superfield is uncharged. In this case, however, the
dual Fermi field is charged under the gauge symmetry.

We also require the transformation properties of Y; under the classical
R-symmetry. In order to find the transformation properties of Y;, we follow
the procedure in [15]. The classical U(1) g symmetry has a conserved current
given by ‘

_ 1 B
TE= ity + 50040 (4.26)
i
and

1- T _
JE = — A= 5000, (4.27)

Using these currents and the expressions for 0;9; and 0_9; from (4.13) and
(4.14), we get that

2

T (2)040:(y) ~ @ =yt

JE@)0_95(y) ~0,  JE(2)019(y) ~ O,

(4.28)
where we have dropped the regular terms in the operator product expansion.
This leads to the singularity structure

2

TP (@)0i(y) ~ @ =y (4.29)
Constructing the classically conserved charge Q@ given by
1
QR = > / dzt (T8 + J5), (4.30)

we obtain the relation
QF, Wiy =—i = [@",Yi(y)]=-1. (4.31)

In evaluating the integral we have used the OPE (4.29) and also wick rotated
to Euclidean space. So we obtain the result

@Ry (9%, 01 )e Q" = Vi (e7i0T, 0 — i (4.32)

Therefore the perturbative dual superpotential

W=-—0_QYi+it)+-—=> F, (4.33)
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yields the correct U(1)g anomaly under the shift of the Y; fields. From
this we learn that the possible non-perturbative corrections to W, which we
denote Wion—pert, must have U(1)g charge one.

4.4 The Structure of Instanton Corrections

The fermionic nature of the superpotential forces non-perturbative correc-
tions to be of the form

TA+Y B°F, (4.34)

where A carries no R-charge and B® has R-charge one.

First let us determine A. A cannot be just a parameter since such a term
is ruled out by the perturbative non-renormalization theorem (note that W
already contains the term %) Also, A cannot depend solely on ¥ which
has R-charge one. Suppose A is only a function of Y;. Demanding that the

function be analytic in Y; allows us to expand
A=ag+ Y alYi+ > afViY;+ > af"ViY;Yi+.... (4.35)
i ij ijk

Then [Q, A] = 0 evaluated using (4.31) implies that A only depends on the
Y; in the combination
Z a;Y;
(2

where

> a;=0. (4.36)

Perturbative contributions to the superpotential are ruled out, so we must
look for single-valued terms of the form

e(zi O‘ZYZ)

However, because of condition (4.36), this kind of term always grows as we
make one or more of the Y; large. These non-perturbative contributions are
therefore ruled out, and we conclude that A cannot depend solely on the Y;.

Suppose A depends on both ¥ and Y;. Demanding regular behaviour in
> allows us to expand A in the form

A=SH) + A1) + D3 () + ... =Y SR A(Y)), (4.37)
k>0
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where fi(Y;) has R-charge —k. We construct a solution in a way similar to
the prior case. Insisting that fr has R-charge —k tells us that

Ofe
i v, k fr.

A single-valued solution of this equation contains terms of the form
(k3 atyi) (4.38)

where, unlike the prior case,
Z ozf =1.
i

Again, as some combination of Y; become large, terms of the form (4.38)
must diverge and are therefore ruled out. We conclude that A = 0.

Next we proceed to constrain B® which must have R-charge 1. Clearly B*
cannot depend only on X since this would be a perturbative term modifying
the already present — % > o Fu coupling. So we must consider the possibility
that B* depends on both ¥ and Y;. Demanding regular behaviour in 3 allows
us to put B% in the form

B = f{(¥) + S + B0 + .= Y {Zep ), (489)
k

where f7(Y;) has R-charge 1 — k. From our prior discussion, we know that
each f{ (for k # 1) contains terms of the form

e((h=1} i afYi) (4.40)

where,

Zaf =1.

i
The case k = 1 involves terms of the form e(X: Yi), where
Z af = 0.
i
The only case that admits terms that decay as ), Y; — oo in all possible

ways is k = 0. Every other case is ruled out. This leads to a possible
non-perturbative superpotential

Wnon—pert = Z ﬂuaFae_ 2 O Yi . (441)
na

where ) . a; = 1 for each p.
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4.5 Constraining the Superpotential

Let us now constrain Wnon—pert further. On integrating over the superspace
variables, we see that Wi,on—pert leads to a term in the Lagrangian

L=. .+ \/EZ Buatuie” X MwiVin_ €. (4.42)

pat

If such a term exists in the Lagrangian, then

(ﬁ—a§+i> 7'é 0

for all 7. It is instructive for us to calculate this 2-point function in the
original theory. It can only be non-vanishing in an instanton background.
Let use the duality map of (4.13),

Evi = 2050,

from which we see that the 2-point function in the original theory involves
a factor of ¢;. If the instanton is embedded in ¢,,, then ¢; = 0 for i # m.
Hence, only

<ﬁ—a£+m>

can possibly be non-zero while all the other terms (_,&1;) for i # m vanish
trivially. For any instanton configuration, only one term of this kind can
possibly be non-zero (this term may still vanish because of additional fermion
zero modes, as we shall see in later examples).

The structure of BPS instanton contributions tells us that B® must be
of the form,

B* =Y Bie™ ™, (4.43)
i
giving the non-perturbative superpotential

Wnon—pert = Z 5iaFae_Yi . (4'44)
ia

This can also be seen in a different way. Periodicity of Y; implies that
Qi € 7.

When combined with the constraint ), o,; = 1 and the decay condition on
Whon—pert, we are lead to the same conclusion: namely, that the exact dual
superpotential is given by

= {

T . b v
Wewact = _Z(Z QZY; + Zt) + ﬁ Z Fa + /LZ ﬁmFae YZ, (445)
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where we have explicitly exhibited the mass scale u in the superpotential.
What remains is the determination of the 3;, parameters of the dual theory.
Unlike the case of (2,2) theories, these parameters depend on the particular
theory under consideration.

5 The Vacuum Structure and Observables

We want to begin by studying the vacuum structure of these (0,2) theories.
In the absence of a superpotential, minimizing the bosonic potential imposes
the constraints

Eo(¢:,2) =0, > Qilgil*=r. (5.1)
i
where i = 1,..., N, and each F, is associated to a left-moving fermion, y_,.
With a superpotential, there are additional holomorphic constraints
J¢i,2) = 0. (5.2)

Note that there need not be a X field in the theory. There are typically
multiple phases for these models, with r >> 0 corresponding to a geometric
phase, while r << 0 corresponds to a Landau-Ginzburg phase. With mul-
tiple U(1) factors, hybrid phases are also possible. There are a myriad of
models that we could examine, but in this effort, we will restrict to a few
classes that we find particularly interesting.

5.1 Without a ¥ field

There are really two distinct cases that we will consider: let us first suppose
that there is no X field. Each F, depends only on ®;, and is a section of the
line-bundle

O(Qu)- (5.3)
Similarly, each J¢ is a section of O(—Q,). Minimizing the bosonic potential
restricts us to the surface F, = J* = 0. Usually, we consider non-singular
surfaces where %g‘; # 0 and %—‘(Z # 0 on the locus E, = J* = 0. This is not
really a necessary condition for the physical theory but it does simplify our
analysis.

Suppose we have a single field y,. The chirality condition £ -J = 0 tells
us that either F or J must be zero. If we have more than a single left-moving
field, there can be non-trivial solutions to the chirality condition. However,
if (E,, J*) are both non-zero for any a, the resulting surface is singular since

dEy A ---dE AdJYA - dJ%mer = ().

Amaz
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The linear sigma model is likely to be perfectly regular in this case but again,
for simplicity, we will restrict to non-singular surfaces. For the moment, let
us also take each Q; > 0 so the ambient space A, defined by Y, Q:|¢i|> =7,
is compact. We will consider models with some negatively charged fields
later. Lastly, we note that a,q. < N for a non-singular surface.

The last element of the low-energy description is the fermions. The right-
handed fermions are fixed by supersymmetry to be sections of the tangent
bundle to the hypersurface (5.1) and (5.2) regardless of whether there is
or is not a ¥ field. It is worth seeing how this emerges directly from the
Yukawa couplings in this case since we will use the same techniques for the
left-moving fermions. The Yukawa couplings are,

_ {iQi\@q—Si/\JﬁH + X-a a¢ T,Z)+z + X—a¥+i gjs } — h.c. (5.4)

We want to determine which of the ¢, fermions is massless. Massless
fermions satisfy the conditions

Z Qid"hyi = 0, Z

for each a. Following [2], we interpret the first condition as a gauge-fixing
condition on the holomorphic equivalence

0, Za']a 0, (55

Yyi ~ Vi + Q. (5.6)
We encode this condition in a short sequence,
0— 0% 0(Q;) — 0, (5.7)

where « is the map ¢ — ¢;. This defines the tangent bundle to the ambient
space, A, defined by 3. Q;|¢'|*> = r in terms of a quotient of line bundles

®; O(Q;)/Im().

We can now impose the remaining conditions in turn. For example, for
a particular F,, we consider the sequence

0—TA% 0Q,) — 0, (5.8)

where

ap @ S; — Za@i

and {s;} is a section of T'A. This sequence simply defines the restriction of
T A to the hypersurface F, = 0. In a similar way, we impose all the remaining
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Yukawa conditions (5.5). What we learn (as expected from supersymmetry)
is that the surviving light 1 ,; transform as sections of the tangent bundle
to the surface £, = J% = 0.

More interesting are the left-moving fermions, y_,, with charge Q,.
These fermions satisfy the conditions

OE, aJr
Za: 8(]31 X—a = 07 Za: %X—a =0 (5'9)

for each 7. The condition that the surface be non-singular guarantees that
for a given a, either E, or J% is non-zero but not both. The first condition
of (5.9) is a gauge-fixing condition for a holomorphic identification akin to

(5.6)
~ X-a +Z aai“ i (5.10)

where ! has charge Q;.

We must first dispense with fermions, x_,, for which both E, and J¢
are zero. These fermions come along for the ride as we flow into the IR
where they transform as sections of O(Q,) restricted to the surface. They
also contribute to the low-energy anomaly in a straightforward way since,

ch(BaO(Qa)) = Y ch(O(Qa)).

a

Any fermion for which E, or J® is non-trivial must satisfy (5.10) for each
1. However, this imposes N equations on a.,., < IN variables so there are
no surviving left-moving fermions.

The low-energy theory is then a non-linear sigma model on the surface
M obtained by setting

Eo(®@) = (@) =0, ) Qiloil* =r. (5.11)

The Chern classes of the surface can be computed using the adjunction
formula which tells us that

[ (1+Q:J)

M) = o 0% Qud) Tyeso (1= @)

(5.12)

from which we see that

=Y L et X Qu (M) =gt =0 (1)

E.#0 Ja£0
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This low-energy theory is free of anomalies as we expect with no left-moving
fermions at all. It is worth pointing out that we can even construct simple
conformal models (¢; = 0) of this kind.

5.2 With a ¥ field

So far, our examples have given theories with no low-energy left-moving
fermions at all. To obtain interesting models with left-movers, we need to
include an uncharged field, 3. We consider cases where

E, =X&,(®), J = J(®;).

Minimizing the bosonic potential gives two branches. If < X > 0 then we
must set £, = J* = 0, and the corresponding low-energy analysis is exactly
as before except there is an extra uncharged decoupled chiral multiplet in
the IR.

More interesting is the case where ¥ = 0. This allows us to have non-
trivial £ without the constraint £ = 0. The analysis for the right-moving
fermions, ¥4;, is as before. Again, we conclude that they are tangent to the
surface

T ¢i) =0, Y Qileif =
The only non-vanishing Yukawa couplings for the left-moving fermions teach
us that 90
d Eax-a=0, > —xa=0 (5.14)

Suppose there are no J in the UV theory. The single remaining constraint
from (5.14) is a gauge-fixing condition on the equivalence,

X—a ~ X—at gaXv

which tells us that the left-movers are sections of the quotient bundle
Dy O(Qq)/Im(ag) where

0— 0% 3,0(Q,) — 0, (5.15)

where

ag: x — EuX.
This construction includes the special class of theories where for each ®;, we
include one x; (a = i) with charge @Q; and

& = V2Q;9;.
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For this particular choice, the left-movers are also sections of the tangent
bundle, and theory has enhanced (2,2) supersymmetry. The target space is
the ambient space, A.

Now suppose that some J* are non-trivial in the UV. We are then con-
fined to the surface J* = 0 in \A. The second condition from (5.14) has no
solutions for the partner y_, except the pure gauge solution,

X—a = &uXs

which one can check is a solution on the surface using £ - J = 0. Those
X—a Whose corresponding J* do vanish in the UV survive. The bundle that
appears in the IR can, however, now be more interesting than a direct sum
of line bundles. The holomorphic bundle, V), is defined by the cohomology
of the sequence

0—-0% ©,0Qu) % & 0(-Q) -0, (5.16)
where
aJ°
ag X — 60,X7 /BJ P X=a Z %X_a. (517)

The left-movers are therefore sections of V given by the Ker(8s)/Im(ag).
The rank of V is amae — {#(J* # 0) + 1}. It is easy to generalize this
construction to cases where some E,, J* depend on ¥ while some do not.

5.3 Vacua for Non-Linear Sigma Models

In the geometric phase, the low-energy physics is captured by a non-linear
sigma model on the surface M, with the left-moving fermions taking values
in the holomorphic bundle, V, of rank r. For corresponding (2,2) mod-
els, the semi-classical ground states of the sigma model are in one-to-one
correspondence with elements of de Rham cohomology, H*(M,R).

For (0,2) theories, the situation is different. In a sector of the Hilbert
space with m left-moving fermions excited, the supercharge acts as the Dol-
beault operator, Jg, twisted in the holomorphic bundle E = A™V*. The
semi-classical ground states of the sigma model are therefore in correspon-
dence with the cohomology groups,

H* (M, A™V*), m=0,...,r—1 (5.18)

with dimension h*(M, A™V*). Some of these ground states might pair up
and become massive but the Witten index,

Tr(—1)F =) (=1)PF™ AP (M, ATV7), (5.19)

p?m
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should remain invariant. Lastly, we should mention the existence of BPS
solitons interpolating between these vacua with mass gap. These are quite
fascinating excitations that merit further exploration, perhaps with the aim
of generalizing the structure of helices of coherent sheaves [31], and the
attempt to classify massive N=2 theories [32].

5.4 Moduli for Conformal Models

In the case of conformal models where . Q; = 0, there are particularly
interesting operators that control the moduli of the non-linear sigma model.
The simplest to describe are the moduli for the Kéahler metric. Deformations
of the Kéhler and complex structure correspond, respectively, to elements of

HY M, T*M), HYM,TM).

For models with a space-time interpretation, each cohomology element gives
rise to a space-time scalar field. Ignoring effects that are non-perturbative
in the string coupling, the potential for these scalar fields has flat directions.

The last class of moduli parametrize continuous deformations of the holo-
morphic bundle, V, and correspond to elements of

H'(M,EndV).

Fach of these deformations also gives rise to a space-time scalar. Even
in non-conformal models, these deformations are interesting because they
are relevant deformations. For example, starting with the tangent bundle,
V = T M, where the theory is (2,2), we can find families of (0,2) theories
by deforming the bundle.

5.5 Instanton Corrections

The most natural set of observables to study both in massive and conformal
models are chiral operators. Both the vacua (via the state-operator corre-
spondence) and the moduli described above correspond to particular chiral
operators. A chiral operator, O, satisfies

{Q—H O} = 0.
Consider a correlator of chiral operators,

< Ol(yl) e On(yn) > (5'20)



Allan Adams, Anirban Basu and Savdeep Sethi 901

Chirality ensures that the correlator is independent of the insertion points,
y;, on the world-sheet ¥..2 The correlator must also depend on the parame-
ters of the theory in a holomorphic way, and so is protected from perturbative
corrections.

While there are no perturbative contributions to the correlation function,
there can be non-perturbative contributions arising from instantons. In the
linear sigma model, an instanton corresponds to a BPS solution of the abelian
Higgs model reviewed in section 4.2. In the IR non-linear sigma model, these
BPS instantons correspond to holomorphic maps

¢o: X - M.

Each map is characterized by winding number n, which is given by

1
_27'['2

n ¢ (w)
where w is the Kéhler form of the target space M. Both in the linear and
non-linear sigma model, an n instanton contribution to a correlator function

is suppresed by the instanton action (taking n > 0),

Sinst ~ €27 t=1r+ —.
2T
However, the linear sigma model contains point-like instanton contributions
in addition to the usual smooth instantons [2]. The effect of these point-like
instantons is to renormalize ¢t as we flow from the UV to the IR. The relation
between t in the linear and non-linear sigma models has been computed for
(2,2) theories in [33], where in some cases, the parameters were found to
agree.

We can use symmetries to further constrain the correlation functions.
The main symmetry that we will consider is the right-moving U(1)z sym-
metry under which the right-moving v, fermions have charge one. To obtain
a selection rule, we need to determine the number of right-moving fermion
zero-modes in a sector with instanton number n. On a genus g world-sheet 3,
the count of fermion zero-modes follows from an index theorem. In instanton
sector n, there are

dim(M) % (1 — g) + ncy (M)

right-moving zero modes. We will primarily consider the plane (or equiva-
lently a genus 0 world-sheet). For the perturbative sector where n = 0 where
we consider constant maps (the only holomorphic maps) from ¥ — M, we

3We apologize for the multiple uses of ¥, but this notation for the world-sheet is con-
ventional.
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learn that the correlator (5.20) is non-vanishing only when the product of
chiral operators, each associated to an element of twisted Dolbeault coho-
mology, has anti-holomorphic degree dim(M), i.e., only when it is a top
form. The semi-classical value of the correlator (5.20) then defines a map

H* (M, E1) % ... x H"(M, Ey) — C (5.21)

where each F; is a bundle of the form A*V*, and the total anti-holomorphic
form degree is dim(,M) or the correlator vanishes. This is a kind of intersec-
tion form on M [4].

Let us consider the left-movers. To constrain the left-moving fermions,
we want to restrict to (0,2) non-linear sigma models which are the IR limits
of GLSMs. In the UV GLSM, there is a classical U(1) charge (), where

QL ~ /dﬂ:l > X-aX-a- (5.22)

In general, this is not a conserved charge like the U(1)g charge. However,
the charge violation is proportional to the instanton number. As we flow to
the IR, some of the y_ fermions become massive. There is an index theorem
that counts the net number of xy_ zero modes,

dim(V) x (1 —g) + ne1 (V).

Absorbing these zero modes for n = 0, g = 0 gives a selection rule: the corre-
lator (5.20) must contain dim()) left-moving fermions. Note that dim()) =
rk(V) for these holomorphic bundles so this constraint is again a statement
that the correlator be a top form.

In non-conformal models, a combination of the U(1);, and U(1)g charges
is conserved exactly in the UV. Both charges are individually violated by
instantons. This permits a quantum deformation of the classical geometric
rings which satisfy the n = 0 selection rules. In the (2,2) case, the instanton
corrected ring is known as the quantum cohomology ring [17, 18]. In the
following section, we will find analogous structures for (0,2) theories.

The last issue we need to address is the coefficient of the instanton cor-
rections to a chiral correlator in a low-energy conformal non-linear sigma
model. Since the model is conformal, U(1)g is conserved. In a conformal
model, ¢;(M) = 0 so there are no additional right-moving zero modes for
n > 0. This, combined with the conservation of U (1) g, implies that the only
way that the chiral ring is modified quantum mechanically is via instanton
corrections to the classical ring coefficients.
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In the (2,2) case, this coefficient ‘counted’ the number of holomorphic
curves in some suitable sense. In the (0,2) case, the basic picture is similar.
Consider the moduli space of instantons with charge n, which we denote
M,,. There are subtle issues surrounding the compactification of this space.
We will take the physical compactification provided by the linear sigma
model. The zero-modes for the left-moving x_ fermions (which transform
as a section of V) in the sector with instanton charge n define a holomorphic
bundle V,, on M,,. The effective theory of the instanton moduli is a sigma
model with target M, and with a supercharge acting as the 0 operator
twisted in the bundle &,, A" V}. The leading contribution of the path-
integral over the moduli gives instanton contributions

<> o= ) (Z(—nmmd(émvﬁ))e—2mt. (5.23)

n>0 m

More precisely, the path-integral computation gives the integral over the in-
dex density over M, which need not necessarily agree with the index. When
non-vanishing, these instanton contributions modify the ring coefficients. In
the (2,2) case, the coefficient of the instanton correction reduces to x(My,).
In the (0, 2) case, we find a natural generalization that depends on the choice
of holomorphic bundle, V.

6 Examples of Dual Pairs

We now turn to the construction of specific (0,2) dual pairs. There are three
broad classes of models. These classes are characterized by whether the rank
of the left-moving bundle, V, is less than, equal to, or greater than the rank
of the tangent bundle T M. As we will see, the dual theory in the first case
is quite different from the latter two cases. Unlike the latter two cases, the
dual theory for rk(V) < rk(T'M) is typically a non-linear sigma model so
the duality relates two geometric theories. In the remaining cases, the dual
theory is typically a (0,2) Landau-Ginzburg theory with no flat directions
in the superpotential.

For brevity, in our subsequent discussion, we will not explicitly write the
gauge kinetic terms, the Fl-terms, and the 6 terms in either the original
or the dual theories. We will always assume they are present. The first
examples that we will consider fall in the category rk(V) = rk(T'M).
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6.1 One Chiral & One Fermi Field

We start with the simplest possible model containing one chiral superfield,
®, and one Fermi superfield, I', both with charge (). The Lagrangian of the
theory is given by

L= _% /d29 ®(Dy — D1)® — % /d26 LT, (6.1)

In the definition of I', we have some freedom in our choice of E. We consider
two choices for E below, and construct the dual theories. In the first case,
we find no non-perturbative corrections to the dual superpotential, while in
the second case there is a correction.

6.1.1 FE =iad

For the first case, take £ = ia® so that F is itself a chiral superfield of
charge (Q which satisfies D, F = 0 for some parameter, o. This theory is
free of anomalies. Note that for this choice of E, this theory is a (0, 2) theory
that never has enhanced (2,2) supersymmetry for any choice of o. This is
the case because there is no Y superfield, and so no right-moving gauginos.
Hence, the left-moving fermions in the Fermi multiplet do not couple to the
gauginos at all. We could also equivalently start with a X field and the choice
E =X®, and set
<X >=1ia

while setting the right-moving gauginos in X to zero.

Using the component field expansions for ® and I', we get that

L = (8:p)(0-p) + p* (019 + QAL )(0-p + QA) (6.2)
+ihy D_thy — V2iQpA_oy + V2iQeb A + QDp?
+ix-Dyx- — |ag]® —iax_ vy +iadyx—,

where we have set G = 0 by its classical equation of motion. In the dual
theory, we have a single neutral chiral superfield Y, and a neutral Fermi

superfield F. The relation between the original and the dual Fermi fields
follows from the component expansion of the duality map (3.47)

- =—¢x—, N- = —PxX—. (6.3)

These relations will be useful in determining the non-perturbative corrections
to the dual superpotential. The perturbative dual theory is given by the
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Lagrangian

8 Y+Y Y+Y
iQ + ior +

— | = YY - — F+hece].

[4/(10 7 do + c]

This dual description can be checked using the various duality maps together
with the identity (true up to total derivatives),
(049)(9-9) (0-9)
20 80

We also have to integrate out the auxiliary field H in the superfield F' using
its classical equation of motion to explicitly check the duality.

A /d20 [ua_(y +Y) - 8£] (6.4)

— QUFp = T3 (6.5)

So in the dual theory, we find the perturbative superpotential

—~ Y . ixel
W = _Z(QY +it) + EF (6.6)
Now we must consider the possibility of non-perturbative corrections to the
dual superpotential: namely, is there an Fe~™Y addition to the superpoten-
tial? We will argue that such a term does not arise. The non-perturbative
correction to the dual superpotential is generated by instantons in the origi-
nal theory. Because of the |a$|? term in the original action, there is no BPS
instanton because ¢ must be set to zero. For any non-zero «, there is no
non-perturbative correction. The perturbative dual superpotential is exact

o

Wegaet = ——(QY +it) + ~LF. (6.7)

V2
On integrating out T, we find an effective potential
—~ o

Weps = —

eff V2

with the constraint QY = —it. Note that supersymmetry is spontaneously
broken in both the original and dual theories.

F, (6.8)

6.1.2 A Vanishing Result for More General Cases

We can extend the prior result to a more general setting. Non-perturbative
terms in the dual superpotential of the form G;,Fye™ " lead to terms in the
Lagrangian given by

L=...+V2) BiaeVn_qsi. (6.9)
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The existence of these terms implies that the correlator (7_,&4;) must be
non-vanishing. Consider the case E, = f,(®;) which is a generalization of
the case just considered. For this choice of F,, we see that the Lagrangian
of the original theory contains the term

L=..= > aloi)l (6.10)

So the condition for a BPS instanton solution is f,(¢;) = 0 for all a. From
the duality map F, = I';&,, we see that j_, = —X_afa((ﬁi), which is zero
for all a using the BPS condition. Hence the two point function always van-
ishes, and so do the non-perturbative corrections to the dual superpotential.
There is an apparent caveat to this argument; namely, the kinetic terms for
the F, superfields diverge like 1/|f,|? since for an instanton configuration
fa = 0. However, in the dual theory, in terms of Y variables, 1/|f,|? is not
holomorphic and so this divergence should not affect the determination of
the superpotential.

6.1.3 E=cX®

Next we consider a case where, as we shall show, there is a non-perturbative
correction to the dual superpotential. We consider the case where F = c¢X®,
where ¢ is a non-zero parameter. The key difference is the appearance of
3 in E. This case can easily be generalized to a theory with IV chiral and
Fermi superfields with charge ); where

These models are deformations of theories with (2,2) supersymmetry which
is restored at the point ¢; = v/2Q;. However, this particular deformation is
not a relevant deformation although it does break supersymmetry. We can
see this from the low-energy perspective by considering the target space,
WPN. The left-moving bundle V is a deformation of the tangent bundle
specified by the sequence (5.15); however, the bundles obtained from this
deformation are all equivalent. We will see this reflected in the low-energy
physics of the dual description. Note, however, that the bundle can degen-
erate by taking some ¢; — 0.

Determining the 3;, Coefficients

While it is difficult to determine the 3;, coefficients in the superpotential
for most models, in this case, we can explicitly determine these parameters.
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The dual superpotential takes the form,

= {

T . by _v.
Wewact = _Z(Z QZY; + ’Lt) + ﬁ Z CZ'E + /LZ ﬁijF’Z‘e Y; . (611)
7 7 ij

We have replaced 3, by (;; since we have an equal number of chiral and
Fermi superfields. We have also rescaled F; and ;; by a factor of ¢; in (4.5)
and (4.45) to get this form.

We shall see that we can determine (3;; exactly. In the original theory,
we take o, the lowest component field of 3, to be very large and slowly
varying, and we give it a specific expectation value. Then from the terms in
the Lagrangian given by

L=...— ’0"2 Z |Ci¢i|2 — O'Z CiX—i¥ti — 5251'7[)—1—2')(—2', (6.12)

we see that ®; and I'; both get a large mass of order c;o. We can therefore
consider integrating out the massive superfields, ®; and I';, for a fixed value
of o, together with the high frequency modes of 3 (in the sense of Wilsonian
R.G.). This will give us an effective superpotential, /vaeff(T,E), for the
remaining low energy degrees of freedom. We can also integrate out the
neutral superfields Y; and F; in the dual theory to get another expression
for Wes(Y, ). Equating the two expressions gives a constraint on the [3;;
coeflicients.

First we focus on integrating out the massive superfields in the original
theory. The superpotential Wer¢(Y,X), on demanding analyticity in T, is
of the form s

Weps(T,5) = W (S) + YWepp(S). (6.13)

The Grassmann odd nature of the superpotential forces Weof f(E) =0, lead-
ing to

Werp(T,5) = YW (5). (6.14)

This gives terms in the Lagrangian

1 —~
1 /d9+ Werr(T,8) + hee. = =D Im{W,sf(0)} + Fon Re{Wess(0)} + ...

(6.15)
where Im and Re are the imaginary and real parts of the complex quantity.
Therefore, in order to determine W/, it is enough to consider only the terms
in the effective action that are linear in D and Fp;. We need to evaluate

eiSeff(T,E) — /D¢2D¢1DF2DF2 eiS(Tyz,q)i,thiyfi)‘ (616)
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Because each E; is linear in ®;, we can exactly evaluate the path integral and
hence compute S.rr. In the limit of large o, the wick rotated Lagrangian in
Euclidean space reduces to

LY =%, | |Datil® + ity Dy — ix—i DY x—i — QiD|oi|* + |ciodi|*
+0CiX—ith4i + 0CtriX—i |, (6.17)
where Df = Dy +iDy. Let us now extract the dependence of L¥ on the

phase of o and the ¢;. We define 0 = |o|e™” and ¢; = |¢;|e™. Classically,
these phases can be absorbed by a phase rotation of the fermions given by

Yy — e 2@y X—i — ez @y, (6.18)

However, this chiral rotation of the fermions is anomalous and shifts the
effective Lagrangian by

—iZQi(W+Ti)F12. (619)

Hence,
LE (0, ¢i) = LE p(|o), |eil) — ZZ Qi(w + 1) Fis. (6.20)

We calculate Lfff(|a|, lci]) finding

—’002" ZD_iE_
det( iDE  oc|

_fd2xLeEff(|o—|7|CiD — 6.21
¢ ];Idet(—Dﬁ—QiD-i— |UCZ'|2). ( ' )
The square of the Dirac operator in the numerator is
—loci| iDE \® [ —D2+QiFis +|oci|? 0
ZD? ‘O’Ci‘ o 0 —DZ — QiFlg + ’002"2
(6.22)

which gives an effective action
[ &z LE (ol |e;]) = 3, {1og det(—D2 — Q,;D + |oc;[?)  (6.23)
—1log det(—=D7 + Qi Fiz + |oci|?) — L log det(—D7 — Qi F12 + \aciF)}.

It is easy to see that this gives no linear term in F75. However it has a term
linear in D given by

1
2 1E 1) — . _
[ LE (ol lei) DY Qo)+ (620
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So we obtain an effective action

+ i2
LE 1 (jo]. |ei]) ———ZQZ Aovtloal®y (a5

loe; |2

which in the continuum limit Ay — oo reduces to

A
eff(‘o" lcil) = DZQZID UV) (6.26)

cil

Putting together these results, we find that

A
LE(oc) = DZQlln UV‘ zFlng (WH+n)+....  (6.27)

Using (6.15), we read off the effective superpotential

Wepr(Y,0,¢) = ZQzl ito). (6.28)
Now we use the one-loop renormalization of ¢ given by
. p
= Jn(=), 2
H(n) injQ n(y) (6.29)

where A is the RG invariant dynamical scale of the theory given by A =
petttn/ 2 Qi o obtain

Wepr(Y,0,¢) = - > Qiln <—> . (6.30)

We will now argue that this is an exact result which receives no correc-
tions from integrating out the high frequency modes of 3. Previously, we
described a classical R-symmetry under which o transforms as

The RG invariant scale A — e~ A under  this classical symmetry, so that
W,y remains invariant. Now for § — oo, Wesy must reduce to (6.30). This
constrains the form of the effective superpotential

Weff(’f 0,6i) = ZQZIH )+ Zan . (6.31)
n>0

However, these corrections are non-perturbative in nature because of the
positive powers of A. We have obtained the result simply by perturbatively
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integrating out the high frequency modes so there should not be any non-
perturbative corrections to W,rs. Hence all the a, vanish. For X large
and slowly varying, we obtain the low-energy effective superpotential of the
original theory

W (1,5) = X {Z Qiln (f) —z’t(u)}. (6.32)

Now consider the dual theory with the exact superpotential taking the

form (6.11). On taking o to be large and slowly varying, we see that the neu-

tral superfields, Y; and F;, get masses of order C\Z/j—f We can therefore integrate

out the Y; and F; to get a low-energy effective superpotential Weff('f, Y).
Integrating out F; teaches us that

EC@ _ uZﬁm - (6.33)

On substituting the value of Y; obtained from (6.33) in the dual superpoten-
tial, we get W, 7£(T,%). However, in general, we cannot solve (6.33) exactly
for Y;. Consider the case where the matrix B (with entries 3;;) is invertible
(B~! has entries 3¥). This is actually the case of interest in our example,
but to show this requires an instanton analysis that we will temporarily
postpone. Using the invertibility of B, we find that

iy g
Yi=—-Inqd——)» ¢;0Y ;. (6.34)
This leads to the effective superpotential
-y . .
We(X. ) ZQZ | == Y | —it(u) o (6.35)
V2u

On equating this with (6.32), we find a general constraint on the 3;; given

by o
—V2¢ |
1:[ <W> =1 (6.36)

Let us now show that the matrix B is actually diagonal. Consider a term
ﬁijFie_YJ’ in the dual superpotential. If this term is non-zero, then the two
point function

(N—i&sj)
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must be non-zero. Using the duality maps, we obtain the relations, 7_; =
—¢ix—; and §vj = 2¢jzﬁ+i. We evaluate this two point function in the
instanton background in the original theory. If ¢ # j then the correlator
vanishes trivially since either ¢; or ¢; is zero. We therefore define 3;; =
52-]-%. From our assumption that the matrix B is invertible, we see that all

the (; are non-vanishing. The constraint (6.36) becomes

[I=8)% =1. (6.37)

2

Actually, it is possible to obtain the (; from this constraint. To do this, we
use the result obtained in [15] for (2, 2) theories. For (2,2) theories, the dual
theory has a non-perturbative superpotential

W =Y e, (6.38)

non—pert

where Y; is a neutral twisted chiral superfield satisfying D+§~/Z- = D_Y; = 0.
We simply reduce this to (0,2) form

Wnon—pert = _% Z —Fz’e_Yi, (639)

where V; = Yi|y-_g-_o and —v2F; = D_Yi|y—_s-_o. We have scaled p
suitably for notational convenience.

Consider a specific i, say i = m, and take F,, = ¢,>X®,, where ¢,

is arbitrary and non-zero. For all i # m, we take F; = v/2Q;X®;, i.e.,

¢; = v/2Q;. Hence for all i # m we have 3; = —1. So the constraint (6.37)
gives us that

(=Bm)9m =1, (6.40)

leading to
2mik

B = —€ Om (6.41)

where kK = 0,1,...,Q,, — 1. Note that 3, is independent of ¢,,, so we can
determine it by considering any non-zero value of ¢,,. For ¢m = v2Qm, we
know from the (2,2) result that /3, = —1 so this must be true for all values
of ¢;n; hence £ = 0. We can repeat this analysis for each (3; leading to the

result
G; = —1. (6.42)

We therefore have the exact dual superpotential given by

—~ {

T . by W v
Wezpact = _Z(Z infz + ’Lt) + ﬁ Z CiFi — ﬁ Z Ee YZ. (643)
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A few comments about the superpotential are in order. First, as men-
tioned above, the non-perturbative corrections to the superpotential are in-
dependent of ¢; for any non-zero ¢;. We might ask what happens as we take
a particular ¢, — 0. In the original theory, the bundle degenerates. In the
dual theory, this limit is singular because our procedure for arriving at the
effective superpotential involved integrating out massive fields with masses
of O(¢y,) in the original theory. In the dual theory, we integrated out Y, and

F,, with masses of O(c\’%’). These fields become massless as ¢, — 0 so the

integration procedure leads to singularities in the effective superpotential.

The effective superpotential (6.32) gives us information about the vac-
uum structure of the theory for large .. For large 3, the charged heavy fields
®; and I'; are frozen at zero vacuum expectation value. As is standard, the
potential energy of the theory is then given by

2,.2 2 j 2

e°r e“, 0 e -

U= —+ (=)= =t 6.44
where (%)2 is the minimum value of (% —n)? for n € Z [34]. In the
expression for U, the first term comes from the D-term while the second term
comes from the energy density generated by the -term. Here, ¢ (defined with
appropriate shifts in % by integer amounts) is basically due to the FI-term

in the Lagrangian

t

Z /d0+ T’G_Jr:() +hC
In the calculation above for the effective superpotential, we allowed ®; and
I'; to fluctuate about their classical zero expectation values to take quantum
effects into account. From (6.32), we see that this leads to a renormalization
of t

2
ee
U= —Lltesrlo)l’, (6.45)
where o
tepr(o) =t(p) +i)_ Qiln(’?» (6.46)

This can also be determined from the one-loop renormalization of ¢. The
supersymmetric ground states of the theory for large ¥ are then given by
teff(0) = 0 which has solutions,

22iQi (6.47)
o = = . .
Qi Qi

i Ci i G
Hence for large ¥, there are | ), Q;| vacuum states labelled by

it

32 Qi 2mik
o=t X eZi Qi (6.48)

e
(L )=
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for k=0,1,...,>,Q; — 1. For (2,2) theories where ¢; = V2Q; for all i, we
recover the relation

A2 Qi
Vi p—
o Qi — 5000 (6.49)

which is indeed true.

Let us turn to the (0,2) PY~! model. For generic choices of ¢; where we
only have (0,2) supersymmetry in the UV, we find the relation
N et AN

B [Lic B Hz‘Ci7

which shows us that quantum cohomology ring is unchanged by the defor-
mation modulo a numerical scaling. This is in accord with our expectation
that this deformation is not a relevant one. The number of vacua is also
unchanged with N vacua given by

g

(6.50)

peit/N

o= x e2mik/N (6.51)

fork=0,...,N —1.

A Direct Computation via Instantons

So far, we determined the superpotential by using symmetries, the effec-
tive superpotential, and the known (2,2) result. For the case v2Q|c| = 1
but a non-trivial phase, we can do better. In this case, the fermion zero
modes can be explicitly constructed in a one instanton background, and a
non-perturbative correction to the dual superpotential can be directly ex-
hibited.

Let us return to the original case of one chiral and one Fermi field.
Consider the Lagrangian

. i ) )
= _% /d29 B(Dy —D1)® — 3 /d29 IT. (6.52)

Using the duality map for the Fermi superfield, we see that

=t L% (6.53)

\/§¢X—7 n- = _\/§
The dual theory has a perturbative superpotential given by

W= —%(QY +it) + cQXF. (6.54)
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Is there an Fe™Y correction to the superpotential? As before, this implies
that (7_&4) should be non-zero, which we now argue directly is the case.

The Euclidean action of the original theory has vortex instantons for
o = 0. There are two fermion zero modes in this instanton background. The
first is given by,

(8 () e

and the second is,

O = ( % > = ( _2Q‘}<)D_1 1;12D2)¢ > . (6.56)

The fact that |c| = 1 is necessary to show that the v/° zero mode is annihilated
by the Dirac-Higgs operator. So,

(1-64) ~ ¢ [ e 1o(Ds — iD)oP (6.57)

which is clearly non-zero. Hence the exact superpotential is

= i . _
Woepact = —Z(QY +it) + cQLF + BuFe™ (6.58)
where p is the energy scale of the theory and ( is a non-zero constant.
Using our prior discussion, we see that (§ is independent of ¢ and is given by
6= —%, which leads to the exact result

i
Wemact = _ZZ(QY + Zt) + CQEF - a

V2

FeY, (6.59)

The Vacuum Structure

We can now directly analyze the vacuum structure of the (0,2) PV-!

model with E; = ¢;X®;. Earlier from the large 3 analysis, we obtained N
vacuua and the chiral ring relation (6.50). Using the dual theory, we show
that these conclusions are indeed correct.

For the PV~! model, Q; = 1 for all i. The exact superpotential is given
by (6.43). We will determine the vacua of this superpotential. Integrating
out YT gives the constraint

> V=it
(2
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which is solved by setting V; = —©; (for i = 1,...,N — 1) and Yy =
—it + Z?:ll 0,. Each ©; is a periodic variable with period 2. Integrating
out X gives the constraint
Z CZ'FZ' =0
7

which is solved by F; = C%_Qi (fori=1,...,N—1)and Fy = —% Z]\i_ll G;.
(S

Finally, defining X; = e, we exhibit an effective superpotential

it

- LNy .
Wepp=——=) Gi <—Z - —) : 6.60
1 V2 ; ci  enXi XN (6.60)

We obtain the supersymmetric ground states by solving 8?5;” L =0 for all i.
This gives us

X X Xy it
A2 AN ¢ . (6.61)
c1 2 cn-1 oenXio- XN

Also the linearity of Weff in G; sets Weff = 0. Setting )c(—: = %, we see that

N_ NN eit AN

B [l B Hici’

which is the quantum cohomology ring (or chiral ring) relation for this theory.
The vacuum states are given by

x (6.62)

Meit/ N 2mik /N
rT=-————Xe , 6.63
I e (009
for Kk =0,1,...,N — 1. There are indeed N supersymmetric vacua, which

confirms that the large 3 analysis did capture all the vacuum states.

6.1.4 The Case of Equal and Opposite Charges

Next we consider a theory with one chiral superfield ® of charge @), and one
Fermi superfield I' of charge —(). With these charge assignments, this theory
is never (2,2), but it is a consistent (0,2) theory. Because I' carries charge
—(@Q, we see that F has to be zero in the theory. This is because the only
possibility consistent with chirality and the charge assignments is £ ~ %

which is singular. So the theory described has the Lagrangian

. i ) )
= _% /d29 B(Dy —D1)® — 3 /d29 IT. (6.64)
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The case of E = 0 is problematic for us since it corresponds to a singular
choice of section. This model is simple enough that we can postulate a
reasonable dual description as follows. We dualize only the chiral superfield,
initially leaving the Fermi superfield untouched. In the dual theory, we find
a neutral chiral superfield, Y, and a charged Fermi superfield I'.

However, as we discussed earlier, it is difficult to study (and perhaps even
define) the dual theory in terms of Y and I'. So we proceed by constructing
the dual in terms of Y, and a neutral Fermi superfield F'. We will define F
by

F=9or

so that
n- = dX—- (6.65)
Now the dual Lagrangian is

L= é/d% [%a_(y LY - 8YF+FY] - [% /d@WY +h.c.}(6.66)

The perturbative dual superpotential is given by
W = —ZZ(QY +it), (6.67)

We now consider the possibility of non-perturbative corrections to the dual
superpotential of the usual form Fe™ . We can check if there is such a term
by computing,

(1-€.) ~ / 0|8 6(Di + iD2). (6.68)

To obtain this expression, we have used the 1, zero mode given by (6.55),
and the xY_ zero mode given by

X2 =¢.
However, the integral vanishes using the identity (in Euclidean space)
2i¢(Dy + Do) + (01 +i02)(D — Fi3) = 0. (6.69)

So this non-perturbative correction is absent. Our conjectured dual super-
potential is therefore

— 1

T
Wemact = _Z(QY + it)a (670)

leading to We ¢f = 0 with the constraint QY = —it. This is consistent with
the original theory where there is a single supersymmetric vacuum with mass

gap.
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6.2 Relevant Deformations of P! x P!

We now want to construct the dual of a theory that admits non-trivial bundle
deformations. As a particularly simple example, we take M = P! x P14
Deformations of the tangent bundle are parametrized by H' (M, End(TM)).
In this case, the tangent bundle is a sum of line-bundles over each P! which
we denote

TM=0(2,0)®0(0,2).

The cohomology of End(TM) =0 @& O & O(-2,2) @ O(2,—2) can be com-
puted easily by using the Kunneth formula and the relations

H'(P',O(-2)=C, H'P,0O(?2)=C> (6.71)

Therefore H'(M,End(TM)) = C5. We want to both realize these 6 de-
formations in a GLSM, and explicitly construct the dual description. This
will allow us to solve for the instanton corrected chiral ring of the IR sigma
model.

The Original Theory

To realize P! x P!, we need a GLSM with a U (1)1 xU (1) gauge symmetry.
The fields are o o B
q>17 @2, q)lv q>27 Flv F27 Flv F27 Za 2.

The fields with charge 1 under U(1); are @1, ®,I'; and I'g, while the fields
with charge 1 under U(1)y are ®1,®9,I'; and I'y. Both ¥ and ¥ are neutral
under both U(1) factors. We take the following choices for E and E

Ey =V2{®,% + fl(oqq)l + as®sy)},
By = V2{®:5 + S(, @) + ab®s)), (6.72)
Er = V2{®,5 + (5181 + f2P2)},
By = V2{®:3 + X(B]®1 + 35®2)}.

Here oy, al, 3;, B} are complex parameters. Not all of these parameters cor-
respond to independent deformations. Rescaling «;, o} and f;, 5. indepen-
dently by any non-zero complex number correspond to trivial deformations.
These projective identifications leave us with the six degrees of freedom
parametrizing deformations of TM. Intuitively, these deformations couple
the tangent bundles of each P'. Note that when the deformation parameters

are taken to zero, we recover a (2,2) GLSM.

1t is our pleasure to thank Sheldon Katz for suggesting this example, and describing
the following computation of H* (M, End(TM)).
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The vacuum solution of the GLSM is given by
STlgilP =11, D 16if* =1, (6.73)

i.e., the product of P! x P! with Kihler classes r; and ry respectively, and
E;=E; = 0. (6.74)

Generically, F; = E; = 0 has a solution o = & = 0. However there do exist
vacuum solutions with ¢ # 0 and ¢ # 0. These correspond to new branches
in the moduli space of solutions. Typically, where these branches meet is
extremely interesting since there is usually a singularity at the intersection
locus which should be resolved in the full two-dimensional field theory. In
this case, such a singularity must be a kind of bundle degeneration.

For example, let us construct a vacuum solution with
(¢1=Vr1,d2=0)  (d1 = ra,¢2=0).
Now we can have a solution with ¢ # 0 and ¢ # 0 given by
o) =61 =0, o= —a10, a8 = 1.

In this case, we see that X is proportional to i, and from the analysis of
the left-moving Yukawa couplings (which we described in section 5), we see
that the rank of the bundle decreases by 1 instead of decreasing by 2 when
>} and 3 are linearly independent. This is in accord with our general expec-
tations. Although these degeneration locii are fascinating, we will continue
by considering the generic vacuum solution where ¥ = ¥ = 0.

We now consider the massless fermionic degrees of freedom of the low-
energy theory. Let the U(1); x U(1)2 gauginos be A_1 and \_g, respectively.
From the Yukawa couplings for A_1, we see that the massless right-moving
fermions satisfy

> G =0, (6.75)

which we can interpret as a gauge fixing constraint as before. From the
Yukawa couplings for A_,, we see that the massless right-moving fermions
satisfy

S G =0, (6.76)

which we again interpret as a gauge fixing constraint.
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Let us denote the fermionic component field of ¥ and 3 by Ay and

XJF, respectively. From their Yukawa couplings, we see that the left-moving
massless fermions satisfy

S G A XY B+ X2 Y Bl =0 (6.77)

and,

Zgi%—i +X—1Z@i€5i +X_22d;<5i =0. (6.78)

These are again interpretable as gauge fixing constraints.

The Dual Description

Let us analyse the dual theory. The dual classical Lagrangian is given
by

Z/dQ YZ+Y (Y + 7)) Z/CF oY O_(Yi +Y7)

Y+Y

—EZ/CFG FiF; — 52/%9 ]-'Z-]-'Z-+/d9+ W + h.¢6.79)

where
W:—%(Z}fﬁz‘tl)—%(Z?ﬂtg IZE.?JFIZE.?

N (6.80)
Here the F;, F; are charged Fermi superfields. The duality maps (modulo
fermion bilinears) for the bosonic superfields are

- 1 I 1
P, = §(Y, +Y), O, (0 +1iVp)P; = —18_(3/; -Y), (6.81)

=~ ~ 1 ~ = =~ < ~ ~ =

Qb = S(Vi+Yi),  i(0-+iVe)di =10 (Yi =Yy, (682)

while the fermionic superfields map according to,

Liy=F, Li=F*.

The dual Fermi superpotential term in the action can be written as

/d0+ Y(Fy + Fp) + /d0+ S(F + F) + hee. (6.83)
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where

Fl = O1F) + (B1P1 + 52‘132)71,

= O3 + (B1®1 + 55 2) P, (6.84)
F1 D1 + (a1 P14 as®y)F,
= Oy Fy + () @1 + ah®2) Fa,

Sﬂ

where Fj, ﬁ’l are neutral Fermi superfields. Note that there is no unique way
of defining F' in terms of F, but there is a natural choice given in (6.84).
With this choice, ¥ only couples to F' while ¥ only couples to F in the
superpotential (6.83).

It is worth noting that the kinetic terms for the dual neutral Fermi su-
perfields are not singular, even for field configurations that correspond to
instantons in the original theory. To see this, we consider generic deforma-
tions of the left-moving bundle given in (6.72). We can solve for F, F in
terms of F) F and D, o

F ‘I’lFl Aﬁl Fy — <I>2F2 — BF2
P meac *" 3,0, - BD’
- ~ B —&F
Fl = Wj Fy = %’

where A = ﬁ1€>1 + ﬁg&;g, B = 6151 + ﬁé&;g, C=a1P +as®y and D =
o) @1 + a4 Po. So for generic choices of the parameters, all the denominators
are non-vanishing, even in instanton backgrounds. Consider embedding an
instanton in ¢ (or ¢2) and ¢1 (or ¢2), then it is easy to see that A, B,C, D
are each non-vanishing.

Note that on the degeneration locus described before where ¥ is propor-
tional to X, we find that

PP — AC =0, B=o,0y=0. (6.85)

Only A is non-zero and equal to Blfil. This leads to singular kinetic energy
terms which is natural for a singular locus.

We therefore obtain the exact dual superpotential

= ZTl ZY+zt1 ——ZY—I—th —|—EZF +EZF

+NZ(5UF€ 4 BuFie D 1 BuFe 4 oy Fe Y) (6.86)
ij
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The duality map for the Fermi superfields is given by

Fy = &1y + (6191 + 52‘52)51,
Fy = ®yT + (63 + ﬁégz)fz, (6.87)
Fi =T + (a1 ®1 + ap®2)Ty,
E = <T>2f2 + () @1 + ay®)Ts.

Our task is to relate the 8 parameters to the original bundle deformation
parameters given in (6.72). The difficulty in determining this map is easy
to explain. The § parameters are determined by instanton computations in
the original theory. In an instanton background, the right-moving fermion
zero modes can be determined exactly. However, the left-moving zero modes
depend sensitively on the choice of E, E given in (6.72). To determine the
0 parameters, we need to be able to evaluate exactly instanton corrections
to various two point functions in the original theory. This is a hard task so
we will need to be more clever.

The Vacuum Structure

Before determining the parameter map, let us examine the general vac-
uum structure for the dual theory. Integrating out the massive field strength
multiplets, T, T, we obtain the constraint

i+ Yo =—ity, Yi+Yy=—its. (6.88)
On integrating out the massive ¥ and 3. fields we find
Fi+F,=0, F +F=0. (6.89)
We solve these constraints by setting
Y1 =%, Yo =-Y —itq, F, =—F,=F, (6.90)

and

Vi=Y, Yo=-Y—ity, F=-FK=F. (6.91)

Recall that the imaginary parts of the Y, Y variables are periodic. Let us
define the low-energy theory in terms of single-valued degrees of freedom X
and X where
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In terms of these variables,

— it
p Wy = F |:X(/611 — Bo1) + e (B2 — B22) (6.92)

- ito
+X (811 — Bot) + %(515 - 522)}

+F [)Z(ﬂﬁ — B51) + —=(Bi3 — B33)

it
X(B1, = ) + S Gz = )|

Because we deformed the bundle for the left-movers, the chiral ring of the
IR (or low-energy) theory is deformed. This will define our analogue of the
usual quantum cohomology ring of (2,2) theories.

In order to construct the chiral ring, we set

OWeps  OWepy
oF  9F

from which we obtain the deformed chiral ring relations

=0

e’itl — ito

and , ,
ito 11

= e e
X+p—=+gX+s
+pX+q +SX

= 0. (6.94)

In these equations,

Bi2 — B2 Bii — Boi 5 B15 — Bo3

P B0 —Ba T Bu—Ba " Bu-Bu (6:99)
and 3 3 B\ — Bs By — S5

e s> R G § Ut W R et 6.96

P B8 ' Bu-Bn  Bu-Ba o0

So the (0,2) chiral ring relations mix the generators of the chiral ring for
each P'; these generators correspond to the Kihler classes of each P!. The
mixing occurs because we have deformed the bundle for the left-movers away
from the tangent bundle (in a holomorphic way).

In the limit in which the bundle deformations vanish, we should recover
two decoupled chiral rings; one for each P'. It is easy to see that this is
true. As the bundle deformations vanish, we recover (2,2) supersymmetry
and only the diagonal 8 parameters survive giving

p=-1, ¢g=s=0, p=-1, ¢=s5=0. (6.97)
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Therefore, we find a decoupled ring
X2 = ¢t X2 = ¢tz (6.98)

for each P! as we expect.

Determining the Exact Parameter Map

We now want to solve this theory completely by determining the ex-
act parameter map. We want to know how the § parameters depend on
a;,al, B, Bl. Our tools for this task will be global U(1) symmetries and
a large 3, 5 analysis of the kind described in section 6.1.3. The strategy
in constructing a U(1) global symmetry is to assign suitable U(1) charges
to the various superfields as well as to the deformation parameters. This
U(1) is, in general, anomalous. In the dual theory, the U(1) acts by shifting
the Y}, Y; fields, and the anomaly is realized by a non-invariant term in the
perturbative dual superpotential. This is exactly analogous to the case of
the R-symmetry. If the [ parameters are charged under the global U(1),
we can use the symmetry to constrain their dependence on the deformation
parameters.

However, we now show that unless some of the deformation parameters
are set to zero, no choice of U(1) symmetry will help us fix the 3 parameters.
To see this, let us go back to the definitions given in (6.72) to make charge
assignments. Assign the superfields the following charges

(@1,p1), (D2,p2), (P1,71), (P2.B2), (Z,k), (5,k)

where, for example, ®; has charge p;. We then see that the deformation
parameters have the following charges:

(alvaévk_%)7 (042,k—%+p1—p2), (a/bk_%_pl +p2)7

(B1,Bo,k — k), (Bo,k—k+p1—pa), (B, k—k—DP1+pn).

So in particular, we see that arbitrary powers of

B, a1y, ahf,  abfy

carry zero charge. The 3 parameters could depend on these combinations in
arbitrary ways.

Let us therefore set some deformation parameters to zero in order to
usefully employ global U(1) symmetries. In (6.72), we take a3 = €; and
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oy = €9 and set all other deformation parameters to zero. Thus we start
with

E1 = V2(3,% + 38,), E, = V28,3,
Ey = V2(328 + 58,),  Fy = V20,3 (6.99)

This choice gives the following expressions for the dual fermions

Fy = &1, F = (T)lfl + e P11,
Fy = (I)gfg, Fy = P91y + qu)ng. (6100)

The exact dual superpotential is given by (6.86). We assign global U(1)
charges as discussed above. (IEONte that €1 and ey have the same charge
k —k.) So the terms X F; and X F; in the dual perturbative superpotential
are charge zero. However, this U(1) symmetry is anomalous: the U(1); gauge
symmetry shifts > . Y; by —2k, while the U(1), gauge symmetry shifts >, Y;
by —QE. However, this does not tell us the amount by which each individual
Y; or Y; shifts under the anomaly. The individual shifts can be determined
from the duality maps if we know the complete maps including the fermion
bilinear terms in (6.81) and (6.82).

In the limit in which the deformations vanish, we have a (2,2) theory
with

P11 = P2 = Bi1 = P55 = — (6.101)

Sl

with all other § parameters vanishing. From the U(1) invariance of

~Y; S ST 2 R
Fle 1, F2€ 2, Fle 1, F2€ 2,

we see that e™¥% has U(1) charge k while e~ i has U(1) charge k. In this
way, we determine the individual shifts of the Y;,Y; fields without knowing
the fermion bilinear terms in the duality map.

We can now determine the U(1) charges for the remaining (3 parameters.
The parameter [3;; has charge k — k while B3 has charge k — k. Because the
(0 parameters depend smoothly on the deformation parameters, we conclude
that (3;; is proportional to €1 or €2, while 3;; is zero. This is also fixes the
diagonal 3 parameters at their (2,2) value given in (6.101). We therefore
find,

Won—pert = _% S (Fe™Y + Fe™™) (6.102)
)

—M(chle_?l + CQFle_f/2 + CgFge_f/l + C4F26_?2)

V2

—%(lele_ﬁ + dgFle_f/2 + dgFge_f/l + d4F26_?2).

V2
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The particular deformation we are considering does not distinguish between
Yl and Y5. There is also an obvious Zs symmetry exchanging €; and €, and
all the 1 and 2 fields. Together, these symmetries imply

Thus,

Wnon—pert - _7 Z(F’ie_Yi + Ee_Yi)

_F [el(aFl +bFy) + e2(bFy + aFy)] ( Vi e-%()mos)

Here a and b are numbers which we now evaluate. These numbers can be
evaluated using the large X, ¥ approach along the lines of section 6.1.3, so
we shall be brief. In the original theory, take X, ¥ to be large and slowly
varying. Integrate out the chiral and Fermi superfields exactly; since the
Lagrangian is quadratic, we can do this exactly giving an effective action

Weff(z, i, T, Tg) = T1W1(E, i) + TQWQ(E, i) (6.104)

This superpotential gives terms in the action
1 —~ = ~ ~
Z /d0+Weff(2, ¥, T, Tg) 4+ h.c. = —Dllm{Wl (O’, U)} — DgIm{WQ(U, O')}

+FyRe{Wi(0,5)} + Fo1Re{Wa(5,5)} + ..., (6.105)

where Dy, Dy (Fy, Fo1) are the D terms (field strengths) for U(1); and
U(1)2, respectively. We have only included terms that are linear in the
D; fields, and in the field strengths. In order to determine Wy(3,%) and
W5(%,%), we only need to retain terms linear in the D; fields and the field
strengths. It turns out that there are no terms linear in the field strengths
so the entire contribution comes from terms linear in the D; fields. The
calculation is very similar to the one in section 6.1.3, giving the result

_ itl}

i
+%{2ln [@] —z'tg}.

Wegs(3,5, 11, T2) ZZ%{ Zln [M

(6.106)

7

Now we proceed to the dual theory and integrate out F; and E It is easy
to solve for Y;, Y; from the four resulting equations

v | VRS~ (@ 1 be)E) [ﬁ(z — (bey + a@)i)]
1= —1n ’

) Yé:_ln
7 7

(6.107)
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Thus in the dual theory, we get

Wer(5,5,T1,Ty) =
nf_l{ln V2(E — (ae; + ber)Y)
4 7
iTs V28
e {om [T

+ In

V2(2 — (bey + aez)i) i }
p 1

. itg}. (6.108)

Equating coefficients in (6.106) and (6.108) gives the relation
(E+aD) (D + 6 = (T — {ae; + bea}3) (S — {bey + aex}X).  (6.109)

Equating the coefficients of 2% and 2 gives two equations from which we
determine a and b. There are two solutions given by (i) a = 0,b = —1 and
(ii) @ = —1,b = 0. In the first case,

Wnon—pert = _% Z(Fie_yi + f’ie_yi) + %(51}5 + €2F1)(€_Y1 + €_Y2)7
7

(6.110)
while in the second case,

Wnon—pert = _% Z(Ee_yi + I{’ie_Yi) + a
7

2v2

(e1Fy + eaFy) (e Y + e772),

(6.111)
Note that the two superpotentials explicitly exhibit the symmetry of the
theory under interchange of €; and e3. Using (6.90) and (6.91), we obtain

the chiral ring relations
. ito ity
X =— X —
X' X

+ (e1 —€2)X =0, (6.112)

where the %+ is corresponds to (6.110) and (6.111), respectively. Note that
this sign ambiguity in the ring relation has no physical meaning because
(e1,€2) are projective coordinates, and can be freely rescaled by any non-
zero complex number.

Since E) and Ej are at their (2,2) values, the chiral ring relation for the
P! corresponding to U(1)s is undeformed. The other ring for the P! corre-
sponding to U(1); is deformed because F; and E, involve & couplings. This
is an example of a non-trivial bundle deformation where we have explicitly
solved for the dual superpotential, and determined the chiral ring. It should
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be possible to directly compute this ring by studying instantons in the IR
(0,2) non-linear sigma model along the lines described in section 5. Lastly,
note that for ey = €5, the ring relations remain undeformed and correspond
to two decoupled P! spaces.

6.3 Examples of Conformal Models

Next we consider conformal cases where the total space is a non-compact
Calabi-Yau manifold. The two examples that we consider are the total spaces
of bundles over P! x P!, with the bundles suitably chosen so that the models
are conformal. We continue to use the same notation of section 6.2 for the
fields of the P! x P! GLSM. In our first example, the dual IR theory is a Zo
Landau-Ginzburg (LG) orbifold, while in our second example, the dual is a
(Z32)? LG orbifold.

6.3.1 A Uniquely (0,2) Example

To the fields of the P! x P' GLSM described in the last section, we add a
chiral superfield P and a Fermi superfield I". Both P and I' carry charge
—2 under both U(1); and U(1)2. Since the sum of the charges for the right-
movers is zero, the model is conformal: the IR theory is a non-linear sigma
model on a non-compact Calabi-Yau space. The target space is the total
space of the line-bundle O(—2, —2) over P! x P!,

We keep the same choice of E;, Ej as in (6.72). For the E associated to
I', we take the choice _
E=-2V2(Z+%)P. (6.113)
Note that with this choice of E, this model never enjoys (2,2) supersym-
metry; hence the title of this section. The vacuum solution of the GLSM is
given by
STleil —2pP =11, D 1éil* = 20p* = 1o, (6.114)
i i
and N
E,=FE,=FE=0. (6.115)

Once again, we choose the generic vacuum solution > = 3 = 0. Now because
of the presence of the superfield P, the two D term equations for the vacuum
solution are no longer decoupled from each other.

Let us define
P=p+V20ty, + ..., F=x_+....
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From the various Yukawa couplings, we see that the massless fermionic de-
grees of freedom of the low-energy theory satisfy

Z Gith4i — 2pthy =0, Z (Zz{/;-l-z —2ppy =0,
Z GiX—i + X-1 Z BZ;Z + X-2 Z B{;% —2px- =0
> $iX—i+ X1 > g+ x-2) aidi—2px- =0. (6.116)

In the dual theory, the classical Lagrangian has the Kéhler terms given in
the P! x P! example along with the following additional terms

_ 1 _
= /d29 76 (Y +Y) -3 /d29 FF, (6.117)
where we have the duality map (again, modulo fermion bilinears)

PP = %(Y+Y), P(a_—21‘%—21"/'2)13:—%3—(3[—37)7 (6.118)

[ =F. (6.119)
The classical dual superpotential is given by

ZTl 2 i .
W=— ZY—2Y+zt1) 4 (ZYZ-—2Y+zt2)

(6.120)
- E(Zi: EiF; + Z E.F; + EF).
The last term can be written in the form
—/d9+ S(F, + Fy — 2F) — /d9+ S(F + Fy — 2F), (6.121)

where F' = PF. The exact dual superpotential is therefore given by
—~ ’r N
W = L 1ZY 2Y+Zt1) 22}/;_2}/_’_%2)
=3 ZF —2F) ZF —2F (6.122)
th ZﬁijFie_ 7+ ﬁﬁFie_ iy ﬁz’sz‘e_Yj + 5{jﬁi6_yj)

e + S ) 4 S 0iF + e
7 7
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We now analyse the vacuum solutions of this theory for generic 3, w and
v parameters. The vacuum solution is determined by solving

Yi+ Yy —2Y = —ity, Y14 Yy —2Y = —ity, (6.123)

and N B
P+ Fy—2F =0, Fi+ Fy, —2F =0. (6.124)

We construct solutions where
Xi=e N2 Xy=eV2 YV =e/2X X, (6.125)
and

—372 — ei(tg—tl) (X1X2)2

Xq=e M, e ,
X3

(6.126)

for the Bose superfields while

%, Gy=F, F=Gi+G2—Gs,

(6.127)
for the Fermi superfields. Note that by definition, (X7, X3) are not single-
valued and, as we shall soon see, the low-energy Landau-Ginzburg theory is

an orbifold conformal field theory.

Gi=F, Gy=F, F=

After some straight forward algebra, the effective superpotential of the
low-energy theory turns out to be

—~ X1 X5)?
,u_lweff = AGl(X% +pX22 + qX3 + SM + uX1X2)

X3
2
+BGo(X3+p' X7 +¢' X5+ s'@ +u' X1 Xy (6.128)
3
2
+CGs3(X3 +p" X2+ ¢"X2 + s”i(X;?Q) +u" X1 X5),
3
where
A =B+ B +wi,
B = (92 + B35 + wo, (6.129)
¢ = Bii — b1,
and
p= (P2 + B3y + w2) /A, q=(Bi1 + a1 + W) /A4,
s = 27 (B 5 + Bsz + D) /A, u=e"M/2(v) + Ty +w)/A,
p = (Ba1 + B3y +w1)/B, q' = (P31 + Boi +@1)/B,
s’ = ell2=1) (85 + B35 + @2) /B, u' = e /2 (vy + Uy + w) /B,
P’ = (511 — 021)/C, q" = (512 — B3,)/C,
s — ez(tz—tl)(ﬁié _ Qi)/ca W = e—zt1/2(;1 _ ;2)/0-

(6.130)
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We see that the effective superpotential is invariant under the diagonal Zo
which sends
X1 — £Xq, X9 — X5

while keeping X X5 invariant. The low-energy theory is therefore a well-
defined Zso orbifold of the low-energy Landau-Ginzburg theory. Lastly, the
chiral ring relations are given by

X1 X5)2
X12 ‘|‘ng2 +qX3+ S% +uX1X9 =0,
3
X1X5)?2
X5 +p' X7+ ¢ Xs + s’(lT;) +u' X, Xy =0, (6.131)
(X1X)?

"X1 X9 =0.
X; +u'X1X9=0

X3 +p//X12 +q//X22 +S//

6.3.2 A (2,2) Deformation

Now we start with our base P! x P! GLSM, and add a chiral superfield
P and a Fermi superfield I' carrying charge —2 only under U (1)1, and a
chiral superfield P and a Fermi superfield I" carrying charge —2 only under
U(1)2. The model is again conformal, but the bundle is quite different from
the prior case. In this case, the target space for the low-energy theory is
the total space of O(—2) ® O(—2) over P! x P!. We will see the difference
between the two cases reflected in the dual description.

We take as our choice of E in the definition of I"
E = FEr = -2V2(X + )P, (6.132)
while in defining I we take
E=Fp=-2V2(X +eD)P. (6.133)
The vacuum solution of the GLSM is

STl =2l =71, D 6il* - 205 = 1o (6.134)
) 7

The generic vacuum has ¥ = 3 =0. Now, unlike the previous example, the
D term equations decouple.

As before, let us define

P=p+V20ry, + ..., F=x_+...,
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and,

P=p+vV20ty, + ..., F=Y_+....

From the various Yukawa couplings, we see that the massless fermionic de-
grees of freedom of the low-energy theory satisfy

Z Gty — 200+ =0, Z it — 254 = 0,
S G A XY B+ X2 Y Bl — 2px— — 26PX— = (16.135)
> iX—i + X-1 > @idi+x-2 Y didi — 2px— — 2px- =0,

The dual theory has a classical Lagrangian with the Kéhler terms given in
the P! x P! example along with the additional terms

/d29 76 Y +Y)+ /d2 O_ (Y +@136)
Y+Y

= 2 T - 2n T

2/d9ff 2/d0f£

where the duality map is (again, modulo fermion bilinears)

>

PP — %(yg?), P(a_—%Vl)P:—ia_(Y—Y),

PP = 1741, ;(3_—21'1/2)15:—%8_(}7—?),

2
and B _
r="r, r==~r. (6.137)
The perturbative dual superpotential is given by
—~ i1 .
W o= —T(ZYZ-—QY+1151) ZY—2Y+zt2)
—7 ZE}' +ZE]—' +E}"+E}") (6.138)

where again we write the last term in the form
—/d0+E(F1 + Fy — 2F — 2¢F) — /d9+§:(ﬁ1 + Fy, — 2F — 2¢F), (6.139)

where F = PF and F = PF.

The exact dual superpotential is then given by the lengthy expression

T
- ZY—2Y+zt1 ——ZY—2Y+zt2)
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ZF—2F—26F ZF—QF—QeF)

ZﬁZ]Fe Yi 4 ﬁ~~Fe I+ B Fie” Vi g B Fie7)
ij
+2uF (we™ +oe Y + Z wie Vi 4+ Z e V)
i i

+u Z(VZE + Ui E)e”
i
2uF (e + 3™ + Z whe Y 4 Z@ge_yi)
- -

1> WF + )Y (6.140)
i
The vacuum solution is given by
Vi+ Yy —2Y = —ity, Yy + Yy —2Y = —ity, (6.141)
and
Fil4+Fy—2F —2F =0, F,+F,—2F —2F =0. (6.142)
We solve these constraints in the following way

Xy =e M2, Xy =e 72/2, e = e MPX X,
X, =e N2 Xy=e"2 eV =ei2X X, (6.143)

for the bosonic superfields. For the fermionic superfields, we define

1 -~
Gi=F, Gy=F, F= M(G1+G2—€(G1+G2)),
- - - 1 . A
G1 = F1, Gy = Fy, F = 7(G1 + Go — 6(G1 + GQ)).(6.144)
2(1 — €e)

Again, (X1, Xo, X1, )Zg) are not single-valued, and the low-energy theory will
be an orbifold.

So the low-energy theory has the effective superpotential

M_IWeff = AG, X1 +pX2 +qX1 + sX2 + uX1X5 —i—leXg)
BG2 X2 —I—p/Xl -+ q/Xl + s X2 +u X1X2 —I— v X1X2)
AG1 Xl —i—le + qX2 + sX2 +uX1 X2 + leXg)
BGy( X2+ P X? + ¢ X2 +5X? + U X1 Xo + V' X1 X5(6.145)

AA/—\/—\

where
A = B11 + kwy — ekwy,
B = B + kway — €kwh, (6.146)
A= Bii + R&& — €KW,

-, _
= (55 + KWy — €KWy,
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and kK = 1/(1 — €€). All the remaining parameters appearing in (6.145) can
be expressed in terms of the parameters appearing in (6.140). For example,

p = (B2 + kwy — ekwh) /A.

We will not list the remaining lengthy expressions since they are not partic-
ularly enlightening.

The effective superpotential is invariant under a Zs X Zy symmetry send-
ing

X1 — £Xq, X9 — £Xo

holding the product X X5 invariant, and also sending
)?1 —>:|:)Z'1, )?2 —>:|:)Z'2

holding the product X1 X, invariant. Hence the IR theory is a Zo X Zg
orbifold of the Landau-Ginzburg theory. This is quite different from the
previous example.

Finally, the chiral ring relations are given by

X1 +pX2 —|—le + 5X2 +uX1Xo —I—UX1X2 =0,

X2 +pX1 +qX1 +s’X2 +uX1X2+vX1X2 =0,

X1 —|—le —|—qX2 + sX2 + uX1Xo +UX1X2 =0,

X2 —I—le X2 —|—§’X1 —|—UX1X2 + 7 X1X2 =0. (6147)

6.4 Models With rk(V) > rk(TM)

So far in all our examples, we have considered cases where we have an equal
number of Fermi and chiral superfields. At special loci in their parameter
spaces, many of these models enjoy enhanced (2,2) supersymmetry. These
models flow in the IR to non-linear sigma models with rk(V) = rk(T'M).
We now turn to cases where the number of Fermi superfields is greater than
the number of chiral superfields; in the IR sigma model, the bundles satisfy
rk(V) > rk(TM).

On general grounds, we expect the low-energy dual theory to be quite
different from the previous examples. As in our prior discussion, to find the
low-energy theory, we need to solve the constraints

M
Y QiYi=—it, Y QuF.=0,
3 a=1
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where now M > N. We are left with N — 1 Y variables, and M — 1
Fermi superfields. A generic non-perturbative superpotential of the form
B i BiaFaeYi imposes a further M — 1 constraints on the Y fields — one
for each light Fermi superfield. Since M > N, generically the only solution
is Y; — oo for all 1.5 This is clearly quite different from the rk(V) = rk(T'M)
cases.

However, there can be interesting non-generic cases where we get non-
trivial vacuum solutions of the theory. This happens when some of the
vacuum solution equations are linearly dependent. There can then be solu-
tions for finite values of the Y fields, even when the rank of the left-moving
vector bundle is greater than the rank of the tangent bundle! We now con-
sider two examples which illustrate two possible situations: in the first, the
vacuum manifold consists of isolated points, while in the second, the vacuum
manifold is a geometric surface.

6.4.1 A Model With Isolated Vacua

Let us describe an example where generically we find isolated points as the
vacua of the theory. In the GLSM, we take 3 chiral superfields ®1, ®5 and ®3
carrying gauge charges 1,1 and —2, respectively under a single U(1) gauge
group. This model is conformal and flows in the IR to a NLSM with a target
space given by the total space of O(—2) over P!,

We also take 6 Fermi superfields, I'1,..., ', with gauge charges (1,1,1,
—1,—1,—1), respectively. To each I';, there is a concomitant F given by

Ey = B3 = V2%, By = V250,
Ey= E5 = Eg = —V/25®3(®) + @s). (6.148)

However our analysis goes through for any (generic) E4, E5, Fg satisfying
Ey = E5 = Fg. The only constraint on the choice of E4 comes from de-
manding charge conservation and non-singularity. Our choice of Ey, E5, Fg
is just a particular one chosen to illustrate the general vacuum structure.

The vacuum solution of the GLSM requires solving

6117 + [¢2|* — 2/¢s]* =7, (6.149)

SIf we were to consider a superpotential, the situation is likely to be quite different.
There should then be many examples with rk(V) > rk(T'M) where the dual theory flows
to an interacting SCFT. This illustrates some of the subtleties we expect to encounter
when attempting to dualize with a tree-level superpotential.
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while the analysis of the massless fermions follows straightforwardly from
the Yukawa couplings as done in the previous examples. The perturbative
dual theory is given by

S 2 Yim Yoy / / .
= ! (Yi+Y;)— h.
8Z/d Z |Y6a Y5a|2 W

(6.150)
where
& =& = Py, &y = By, E1=E =& = 3(P1 + Do),
and
oy ZTl 6
W=—=—2 (Vi +Y, -2 +it) ——<ZF ;F> (6.151)

The duality maps are the standard ones, and have not been written down
for brevity. The non-perturbative dual superpotential is given by

Wnon—pert =p Z BiaFae_Yi . (6152)

The [ parameters are highly constrained because of our symmetric choice
of E,. These symmetries imply that

Bi1 = P2 = P13 = a, Bi2 = Po1 = P23 = b,
B31 = P33 = c, B1a = P15 = P16 = D,
P24 = P25 = P26 = q, B34 = B35 = P36 = s. (6.153)

We also set d = (3.

Now we can determine the vacuum structure. We solve the constraint
Y1 + Yy — 2Y3 = —it by setting

Xl — €_Y1/2, X2 — €_Y2/2
so that
€_Y3 = e_it/2X1X2.

The other constraint yields Fy + Fy + F3 = F; + F5 + Fg. This gives the
effective superpotential

W Wepp = (FL+ F) [(a ) X2+ (b4 ) X3+ e M2 (c + S)Xng} -
jos [(b +p)X2 4 (a4 q) X2+ e 2(d+ S)Xlxz] . (6.154)
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Note that only F7, F5 and Fj are required to specify the effective superpoten-
tial, because of the symmetries of the F,. We also clearly see from (6.154)
that the vacuum equations for Fi, F3 are dependent.

So the vacua are given by the solutions of

(a+p) X2+ (b4 ) X2 +e 2 (c+5) X1 Xy =0, (6.155)
(b+p) X2+ (a4 q) X2+ e 2(d+ 5) X1 X5 = 0.
We have two equations for the two independent variables X1, Xo. For generic
choices of E,, we get isolated vacua. Also, the low-energy theory is invariant

under
Xl — :|:X1, X2 — :l:X2

with X1 X5 held invariant. The low-energy theory is again a Zsy orbifold
SCFT. We should stress that we assumed that the parameters of (6.153) are
generically non-zero (but subject to symmetry constraints). This is actu-
ally a worse case scenario; if some of the parameters vanish, we would find
additional vacua.

6.4.2 A Model With a Continuum of Vacua

Now we consider an example where we get a geometric surface, and not
isolated points, as the vacuuum manifold. The field content of the GLSM is
exactly as in the previous example, but now we take

FEi = FEy = FEj5 :\/§E(<I>1+<I>2), Ey=FE5s=FEg= —\/52@'3((1)14-‘132).
(6.156)
Again, the analysis of the vacuum structure really only relies on the relation
Ey = Es = Fs, E4= E5 = Eg,
and we have just made a special choice.

We go directly to the analysis of the non-perturbative superpotential

Wnon—pert = u Z BiaFae_Yi- (6157)

From the symmetries of the F,, we obtain the effective superpotential

" Wepp = (Fy + Fy + F3) {(’d +D)X2+ (b4 QX2+ e+ Ts)Xng] .
(6.158)
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So the vacuum is given by the solution of
@+ X+ b+ X2 +e 2E+3) X1 Xy = 0. (6.159)

Thus there is only one equation constraining the two independent variables,
X; and Xo. The vacuum is a one (complex) dimensional surface (6.159) in
(X1, X2) space. The effective field theory is a Zg orbifold SCFT as before.
However, the low-energy theory is itself a non-linear sigma model. There
is an issue we have not yet addressed in this model; namely, the kinetic
terms become singular in this model, and all models where the effective
potential has flat directions. We now turn to this issue in the context of
rk(V) < k(T M) models for which this situation is generic.

6.5 Models With rk(V) < rk(TM)

The last class of examples have rk(V) < rk(T'M). The dual descriptions
are generically quite different from any of the prior cases. The reason is a
matter of counting constraints. The vacuum is determined by solving the

constraints
N M
ZQZY; — _Zta ZQaFa — 07
i=1 a=1

where now N > M. We are left with N — 1 Y variables, and M — 1
Fermi superfields. A generic non-perturbative superpotential of the form
B i BiaFaue Yt imposes a further M — 1 constraints on the Y fields, as
before. However, this potential must have flat directions corresponding to
excitations of the remaining N — M light Y fields. The low-energy theory
is not a Landau-Ginzburg theory, but a (0,2) non-linear sigma model with
the vacuum manifold as a target space.

We need to examine the metric on this target space. After dualizing a sin-
gle charged chiral field, we see from (3.38) that the dual theory, parametrized
by Y, has a Kahler metric with K&hler potential

dydy

KY,Y) =Y +Y)n(Y +Y) = A (6.160)

Recall that Re(Y) > 0 so the metric singularity at Y = 0 is at finite distance.
How is this singularity resolved?

The situation is actually quite similar to string theory on the two-dimen-
sional black-hole solution found in [35]. We expect this metric to be ac-
companied by a non-trivial dilaton diverging at Y = 0. To see that this is



938 (0,2) Duality

the case, we recall that under T-duality, the dilaton is usually shifted by a
metric factor g,, where ¢ is the isometry direction [36].

In our case, the metric factor is In(y+ ) but there is a subtlety involving
the gauge field. To see how this works, consider the first order action

1 v v
S = / d*¢ [—Rﬁw B.B, + "B, (0,9 + A,) + y7RP®| (6.161)

where By is a 1-form, and v, is the world-sheet metric. Integrating out B,
generates the dilaton shift [36]

1 1
¢ — o §ln(—gw) =0+ 5111(4/72)- (6.162)

If we integrate out A, we expect an analogous shift of the dilaton but with
respect to the dual metric ggy9 = 1/g,,

1
d— d— 51n(4p2). (6.163)

These two shifts should cancel for this model as also argued in [15].

In the general case where we have many chiral fields with charge @Q;, it
appears that the shift is given by

b D %Zln(—g%%) - %m(— PP (6.164)

i g%‘%‘

With many U(1) factors, there are just more terms like the last one ap-
pearing in (6.164). This also makes sense from the low-energy target space
perspective: We are T-dualizing one phase for each chiral superfield but each
gauged U(1) kills one combination of chiral superfields, reducing the overall
dilaton shift.

Therefore, whenever we have a non-trivial vacuum manifold in the dual
description, we expect a corresponding dilaton diverging at the location of
the metric singularitites. Thisis a (0, 2) generalization of the duality between
minimal models and a sigma model dual with diverging dilaton (see, for
example, [37]).

6.5.1 A Surface in P3

To conclude our discussion, we will examine two models based on the exam-
ples of [6]. For the first case, the target space geometry is a hypersurface in
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P3. Our basic GLSM has 4 superfields of charge 1 under a single U (1) gauge
symmetry. We take 1 Fermi superfield I' with charge 2. Associated to I is
a choice of F, and we consider the case

E=a"9;®;. (6.165)
Note there is no ¥ in E so the constraint £/ = 0 restricts us to a hypersurface,

M, in P3.

The low-energy theory is quite beautiful. There are no left-moving
fermions at all, but cha(V) = 0 as described in section 5.1. Whether su-
persymmetry is broken in the low-energy theory can be tested by comput-

ing Ind(0) which counts (with sign) the number of supersymmetric ground
states. First we note that the hypersurface M has Chern classes,

The index is given by

Ind(d) = /M td(M),

2 1
- / (Cl+02>:—/ JEN2T =1, (6.166)
M 12 2 P3

where J is the Kihler form of P3. So supersymmetry is unbroken, and we
generically expect a single vacuum state with mass gap.

Now we turn to the dual description. We want to determine whether
there are non-perturbative corrections to the dual superpotential. Let us
take a particular choice of E, say F = @i.ﬁ To perform an instanton zero
mode analysis, we need the following relevant terms in the action,

iX-Dix— — 937 — 2(PaX—t4a + Gathiax—) + ... (6.167)

A BPS instanton requires setting ¢4 = 0. We must embed the instanton in
some other ¢, say ¢;. In this (and any other BPS configuration), all the
potential terms in (6.167) vanish and we can exactly determine the fermion
zero modes: there are 4 right-moving zero modes. For ¢, the zero mode

is given by B B o
10 = W91\ _ [ —V2(D1+iD2)¢n
Y D — Fip ’

while wgi = ¢y for i = 2,3,4. For the left-mover, there is a single zero
mode Y = ¢2. Any two-point function can only absorb two zero modes.

SThis is actually a degenerate section of O(2) since E = dE = 0 has a solution.
Fortunately, this will not affect the subsequent analysis since we can always perturb E by
a small amount with no real change in the analysis.



940 (0,2) Duality

Quantum effects could, in principle, lift zero modes but since the remaining 3
zero modes are right-moving, they must remain massless. These zero modes
kill the correlation function. We conclude that there are no non-perturbative
corrections to the dual superpotential. This is very similar to the argument
in [6].

The exact dual Lagrangian is therefore given by

/29 ZY+Y Y; + Vi) — /d%%(ﬁlﬁs)

i + +
_[ZZ/ do YT——/ d9*F +h.c.
The vacuum solution is obtained by setting

DY =it (6.169)

Integrating out F' generates a potential for Yy of the form
V ~ Jys + 74 (6.170)

To find the vacuum manifold, we must set Y4 = 0. The low-energy theory is
therefore a non-linear sigma model on a two-dimensional target space with
metric determined by solving these constraints. There are no left-moving
fermions at all, and the space has metric singularities at loci where the
dilaton diverges. From our analysis of the original model, we can predict that
supersymmetry is unbroken and that the index is 1. It should be possible
to verify these predictions directly in the low-energy dual theory. It may
also be possible to relate the dual theory to a construction involving (0, 2)
gauged WZW models.

Next we consider a special case where the potential term |E|? itself has
flat directions. A simple specific choice is £ = ®1®5. The relevant terms in
the action are,

iX-Dix— — g1l — (paX—tt1 + D1X-Vs2 + Pathpax— + Prbpax—) + .. ..

(6.171)
We argue that there are no non-perturbative corrections to the dual su-
perpotential in the following way: perturb E by an infinitessimal amount
so the resulting section of O(2) is generic. By our previous analysis, the
non-perturbative superpotential must vanish. Since the dual superpotential
varies holomorphically with the deformation parameter, it cannot depend on
the parameter at all. Therefore, there are no corrections for this case. The
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only difference from the prior case is that on integrating out F', we obtain a
potential

Vo (1 + 1) (y2 + 92)
which has a different structure from (6.170).

6.5.2 A Bundle Over P3

Let us take the same model just discussed but consider a different choice for
FE where -
E =3¢ =Xa"®;®;. (6.172)

Because of the appearance of ¥ in E, we expect the low-energy theory to
contain a left-moving fermion which is a section of O(2) over P3. There is
a subtlety here worth explaining: the Yukawa couplings described in sec-
tion 5.2 would seem to give mass to the single x_ fermion in the UV. How
can there be a low-energy left-moving fermion at all? The resolution of this
puzzle goes as follows. The X superfield becomes massive when £ # 0, and
can be integrated out. However, on performing this integration, we see that
xX— does not pick up a mass but picks up a derivative coupling. It there-
fore survives as a light degree of freedom as required by consistency of the
low-energy theory.

We count the number of supersymmetric vacua in this theory (weighted
by signs) by evaluating the Witten index,

Tr(—1)F =) (1P B2 (M, A™Y), (6.173)

p?m

where ¥V = O(2). This is easily done. For the sector with no excited left-
moving fermion (m = 0), the only contribution comes from -cohomology
which consists only of constant functions so h?(P3) = 1. For the other case
where m = 1, the only contribution comes from h°(P?, 0(2)) = 10. In total,
there are a net 9 fermionic ground states. Supersymmetry is unbroken.

Now we turn to the dual theory. It is easy to see that there are no non-
perturbative corrections to the superpotential. In any instanton background,
there are always 3 right-moving zero modes that cannot be paired. These
zero modes kill any instanton contributions. The resulting superpotential is,

— i

T , 1
We:cact = _Z(EZ: Y; + Zt) + EEF (6174)

The only resulting constraint is ), Y; = —it. The X F' coupling gives a mass
to ¥ so the low-energy theory is again a non-linear sigma model with no
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effective superpotential. We predict that supersymmetry is unbroken in this
theory.
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A Expressing (2,2) Theories in (0,2) Notation

In this Appendix, we express a (2,2) GLSM in terms of (0,2) fields. Our
starting point is the (2,2) Lagrangian describing a chiral field, ®, and the
gauge field V' with field strength X,

_ 1 _ it ~
L= [d* ¢2QV<I>——/ S3) Y /2 Y+he ). (A1
/d@ e 102 d*0 23 d"9 ¥ +h.c (A1)

The gauge coupling constant is given by e, while t = ir + % is the complex-
ified Fayet-Iliopoulos parameter. We also use the short hand,

d20 = dodo.

To obtain a (0,2) Lagrangian, we just need to integrate out 6,0~ which we
can do by noting

Ly = / d*0 ®e*QV P (A.2)

= —/d29 D_D_ (2e*?V®). (A-3)
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Next we reduce this expression to a (0,2) Lagrangian by explicitly applying
the supercovariant derivatives,

Lo —— / P6 [ 20 (B-2)(D_V)PVe +2Q B(D D V)
—4Q* d(D_V)(D_V)e®?Vd 4+ (D_3)e2?V(D_d) (A.4)
+2Q ®(D_V)e?@V(D_®) + ®e*?V(D_D_®) ||p-_5-_o-

From now on for brevity, we will not explicitly write = = 6~ = 0. This
final reduction will always be implied. Let us reduce term by term to (0,2)
superspace.

Term 1

The first term to consider is
—2Q / d*6 (D_®)(D_V)e2?V @ (A.5)

We use that the results of section 2.2 to write
D_®=V2(¢_ — V20 F +i0t0%0, 4 ) = V2e 9T +20"E  (A.6)
where I' is a charged (0,2) Fermi superfield satisfying
D,.T =V2E.
Also ¥ = 6+t6+ A, . We also recall that
D_V =—V20"%,, (A.7)

where Yo = X|y-_j-_o." Finally note that the uncharged field ®|,-_;-_,
satisfies )
Dy ®lp-—_5-—0 =0,

and is given by
Dly- 5o =+ V20T hy —i0T070, ¢ = e VD (A.8)

where ®q satisfies D, ®¢ = 0, and is a (0, 2) charged chiral superfield. There-
fore, in terms of (0,2) superfields, we express term 1 as

—4Q / d*0 0TS ®g + 4V2Q / d*0 6T0TEXDy. (A.9)

"In section 2.2, we used the notation $(%? for the = = §~ = 0 component of the (2, 2)
chiral field 3. For notational simplicity, here we just use Y.
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Term 2

The second term to consider is
—2Q/d29 d(D_D_V)e*V @, (A.10)

Recall from section 2.2 that

(D_D_V)=—Vy +i0_¥ (A.11)
where Vj is given by
Vo=A_ —2i0TA_ —2i0"\_+20707D. (A.12)
Term 2 is therefore
—2Q/d29 Do(—Vp + 10_)Dy. (A.13)

Term 8

The next term is immediately reduced

4@2/d29 S(D_V)(D_V)eXVd = 8Q2/d20 070|202 (A.14)

Term 4

Similarly for term 4,
—/d20 (D_®)e*?V(D_®) = —2/d29 rr+2\/§/d29 0 TE

—2\/§/d29 9+FE+4/d29 00" |E)2. (A.15)

Term 5

We see that term 5,
—2Q/d29 d(D_V)eXV(D_d) =

4Q / d?0 0 TS0 + 4v2Q / d?0 67T EX®y,(A.16)
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is just the conjugate of term 1.

Term 6

Lastly, we come to

— /d29 e’V (D_D_®) = —2i/d29 Do(0_Dp — QPI_T).  (A.17)

Some Simplifications

Consider adding terms 2 and 6. The sum gives the gauge covariant
combination

—2i / d*0 ®y(Doy — D1) P (A.18)
where (Dy — D) = 0— +iQVy. On summing all terms, we find
Ly = —2i/d26 ®o(Dy — D1)®y — 2/d29 IT— 2\/§/d26 0 TE
+4Q / d%0 67 TS0 Do + 2v/2 / d%0 67 TE — 4Q / d%0 67T,
+8Q* /d29 0707 | DX +4/d29 66T |E|?
+4v/2Q / d?0 60T ES®o + 4v20Q / 4?0 60T ESo®o.  (A.19)

This is the (2, 2) theory reduced to (0, 2) variables. Finally for a (2, 2) theory
reduced this way,
E =2Q%,,.

Substituting this explicit expression leads to a large number of cancellations.
When the dust settles, we are left with the simple Lagrangian

Ly = —2i/d29 ®(Dy — D) — 2/d29 IT, (A.20)

where D, ® = 0 and D,.I' = v/2E. We have also dropped the subscript in
the definition of the chiral superfield. When rescaled by a factor of 1/4, this
is the standard (0,2) Lagrangian. The only remaining terms involve ¥ and
they reduce straightforwardly to give,

{

Ly =
2702

d%0 ioa_zﬁs—; /d29 TT+{§/d9+ T]g+:0+h.c.}, (A.21)

where T is the field strength for the (0,2) vector multiplet.
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The Dual Description

The dual Lagrangian is given in terms of the (2,2) field strength ¥ and
an uncharged chiral multiplet Y

T =ly- é/d‘*@ (Y 4 V)In(Y +7) - (2% /d2§ SY + h.c.) . (A22)

The first term is given in (A.21) so need only consider the remaining terms.
We start with the twisted superpotential. As before, we want to reduce it
to (0,2) superspace,

L=...+ <% /d0+[(D_E)Y +X(D_Y)]|p-—g-—0 + h.c.> . (A.23)

Using the results D_Y = —%T, where
Y =—-2\_+2i07(D —iFy) +2i0T0To, )\, (A.24)

and D_Y = —V/2F, where D F = 0, we get that

L=...- (% /d0+[20F + %YOT] +he). (A.25)

where Yy = Y|y-_s-_o. Note that DYy = 0 and Yj is a neutral (0,2) chiral
superfield. Next consider the kinetic term

L= % /d29 DD (Y +Y)n(Y +Y)+... (A.26)

Up to a total derivative, this gives us

~ 1 Yo—-Y _ FF
L==>[d% |i———0_ (Yo+Yy) -2 ]+ A.27
[0 |gre-t+ ) (A.27

8 Yo+ Y

Excluding the terms involving only ¥ given in (A.21), we obtain the dual
Lagrangian

~ i Y -Y _ FFr
i g L O (V4 T) 42 A2
8/” [Y+Y8 (Y +¥)+ ZY+Y} (A.28)

Q )
_<§/d0+ [2F+§YT] +h.c.> + ...,

where D, Y = D, F = 0 and we have dropped the subscript on the neutral
chiral superfield Y.
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The Duality Map

The (2,2) duality map is given by
B Ve = (V1) (A.20)
To express this map (0,2) language, we will make use of the relations
D= YD)+ 07 (V2 T +20TE) —i0 0 0_(e 9V Dy),  (A.30)

Y =Yy + V20 F +i6 079 Y, (A.31)

and
V=U—-V2070T% - V20105 + 6707V, (A.32)

Substituting these expressions into (A.29), we obtain the (0,2) duality map.
Equating terms independent of the fermionic superspace coordinates, we get

3P = (Y +Y). (A.33)

Again, here we have dropped the subscript on the (0,2) fields for brevity.
Equating terms proportional to 8607, we get

—i®(0_ +iQV)d +IT = ia_(y —Y). (A.34)
Finally on equating terms proportional to 8, we get the relation
1.
§F = or. (A.35)

and its conjugate from terms proportional to 6.
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