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ABSTRACT: We introduce a class of (0,2) superconformal field theories based on hybrid geome-
tries, generalizing various known constructions. We develop techniques for the computation
of the complete massless spectrum when the theory can be interpreted as determining a per-
turbative heterotic string compactification. We provide evidence for surprising properties
regarding RG flows and IR accidental symmetries in (0,2) hybrid CFTs. We also study the
conditions for embedding a hybrid theory in a particular class of gauged linear sigma models.
This perspective suggests that our construction generates models which cannot be realized
or analyzed by previously known methods.
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1 Introduction

Despite the renewed interest that conformal field theories (CFTs) with (0,2) supersymmetry
have reclaimed in the last decade [1, 2], little is still known about the moduli space of de-
formations of such theories (the conformal manifold) in general. In the context of heterotic
string theory, this is the target space in which the massless scalars of the spacetime theory
take values. Moreover, much of the work concerning (0,2) theories has focused on defor-
mations of theories with (2,2) supersymmetry. While there are certainly notable challenges
even in this tamer setting [3-9], in many instances features of (2,2) theories are more or less
straightforwardly inherited by this larger space of deformations. Thus, it is of most interest
to pursue the study of (0,2) models which do not admit a (2,2) locus.

In the geometric setting of nonlinear sigma models (NLSMs), a (0,2) model is determined
by a (conformally invariant) Calabi—Yau target space M along with a polystable holomorphic
bundle & over it, subject to some conditions (for some recent work on these see [10, 11]).
Examples with a (2,2) locus are obtained when & is a deformation of 7M. NLSMs are UV
free theories and for suitable choices of the geometric data are expected to flow to nontrivial
SCFTs in the IR. A first approximation to the moduli space of deformations of the SCFT is
given by deformations of the complex structure of M, deformations of its Kahler structure,
and deformations of £ (there are some caveats to this associated to Atiyah classes). The NLSM
in principle contains in the UV theory models that flow to the entire conformal manifold. In
general, however, worldsheet instantons are expected to lift some of these vacua [12], so that
the moduli space is a quantum corrected version of the classical space. In general we lack
the tools to compute these corrections. Since the large-radius limit in which these corrections
vanish is not a point in the moduli space, NLSM calculations are strictly valid only where
such instanton corrections are absent.

Landau-Ginzburg orbifold (LGO) theories are another class of UV free models expected
to flow to nontrivial SCFTs [13, 14]. For these theories we have computational techniques
[15-17] that produce exact results. These are valid for a locus in the moduli space (the LG
locus); deformations along this (realized as deformations of the LG potential) are described
exactly. Deformations away from this locus (generically of high codimension) are not well
described, restricting the kind of computations possible. Even in this rather manageable class
of models, the (0,2) story is not as simple as the (2,2) situation. In general, accidental Abelian
global symmetries of the IR theory mix with the R-symmetry, invalidating calculations based
on the UV symmetry [18, 19]. Some of these “accidents” in LG models can be explicitly
exhibited in terms of the UV theory [20], although in general accidental IR symmetries can
be difficult to see in the UV.

Gauged linear sigma models (GLSMs) [21] make explicit the possibility that the LGO
locus is a subspace of the NLSM moduli space, although disjoint from the large radius limit.
In the GLSM set-up, the large radius limit and the LGO arise as “phase limits”, limiting
values of the UV parameters in which a simplified description of the IR physics is applicable.
In the GLSM framework, worldsheet instanton effects take the form of gauge instanton effects,



and in some cases [22, 23] one can show that they do not lift GLSM vacua. The space of
GLSMs flows to a subspace of the moduli space. LGO phases appear to be relatively rare.
More common, although far from generic, are hybrid phases in which the space of classical
vacua is compact and there are, in addition to the NLSM on this, massless fields interacting
via a superpotential.

The goal of this paper is to introduce a novel class of (0,2) models based on hybrid
geometries, extending the construction of (2,2) hybrid models in [24], and describe a technique
to compute the complete massless spectrum.! Hybrid theories are a natural generalization of
both LG models and NLSMs, and while it is fair to say that a generic (0,2) SCFT will not
be described by a hybrid model, we are nonetheless enlarging the set of points where exact
computations can be carried out. Indeed, under favorable circumstances, a hybrid model,
while carrying non-trivial geometric structure, is simple enough that explicit computations
can be performed. We offer evidence that the problem of accidental symmetries is ameliorated
by hybrids in the sense that “accidental” LG models can produce well-behaved theories and
suggest that many of the models we construct do not, in fact, arise as GLSM phase limits.

Although our main interest lies in models suitable for heterotic compactifications, our
construction can be straightforwardly generalized to yield more general (0,2) SCFTs. In the
first part of this work we will take the more general approach, and we will point out which
conditions should be further imposed for string applications. In the second part of this note,
in which we tackle the computation of the massless spectrum and we apply our techniques to
solve explicit examples, we will restrict our attention to hybrid SCFTs suitable for heterotic
compactifications.

The rest of this note is organized as follows. We begin in section 2 by describing the
construction of our class of models. In section 3 we proceed by deriving the constraints
from anomaly cancellation and exploring the basic low-energy properties. We then turn in
section 4 to a generalization of the methods for computing the massless spectrum for heterotic
compactifications based on our models, and apply these techniques to nontrivial examples in
section 5. Here, we will provide evidence for using hybrids as a “cure” for resolving LG
accidents. In section 6 we present a criterion for a hybrid to arise as a phase in a GLSM
exhibiting a Calabi-Yau large radius limit and show that even for a toric base this is nontrivial.
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2 The model

In this section we will introduce the geometric ingredients suitable to build a (0,2) hybrid
model, we will construct the action for the corresponding NLSM and analyze its symmetries.
(0,2) superspace conventions

Throughout this work we work in Euclidean signature and (0,2) superspace with bosonic
coordinates (z,%) and fermionic coordinates (6,6). The supercharges are

[ J— — 0 _
where 0; = /0%, and satisfy the algebra
Q*=0°=0, {Q, 0} = -2 . (2.2)

The supercovariant derivatives anticommute with (2.1) and are defined as

SR S B
D=_" 100, D=2~ 160, 2.3
80+ 89+ (2.3)

realizing the corresponding algebra

D:=D" =0, (D, D} =20 . (2.4)

2.1 A peek at hybrids

The models we construct in this work provide a description of suitable limiting loci in the
moduli space of (0,2) SCFTs. Hybrid limits have been discussed in the context of (0,2)
GLSMs [29] or of (0,2) NLSMs with superpotential [30]. Our approach is closer in spirit to
the latter, so we begin with a quick review of this.

In general, to write a (0,2) NLSM with superpotential® [30] one requires a D-dimensional
Kahler target space Y equipped with a Kéhler metric g oB determined by the Kéahler potential

2The perspective of the construction of hybrid limits in [30] is however different from the one developed
in the present work. For instance, while the author in [30] do consider NSLMs on non-compact spaces with
cokernel bundles, the classical vacuum of the theory is not the base of the fibration.



K(y,y), a rank-R holomorphic vector bundle & — Y equipped with a Hermitian inner
product h ,z, as well as a holomorphic section J € Q°(&;). The model is then constructed
using D bosonic chiral multiplets Y* and R fermionic chiral multiplets X4, with expansions

=7 — V207" - 6005"
— ¥+ VIOH —haxt . (25)

Y = y® 4+ V200 + 000.y> |

?a
XA = A L V20HA + 005" x4
Here, y*, a =1,..., D, are coordinates on Y ¢, n® are right-moving fermions on the worldsheet
that transform as sections of the tangent bundle Ty,, x4, 4 = 1,..., R, are left-moving
fermions on the worldsheet which transform as sections of the bundle & and H# are non-
propagating auxiliary fields.
In terms of these we can write the classical Lagrange density as a sum of a kinetic term
Lyin and a superpotential term Ly where

Lo = / d?@%(Kaazya L Ka0.Y7) + H AT
Ly =m / doXAJ, +hee. (2.6)

with K, = 0,K, and m is a coupling with dimensions of mass.

With J = 0, or at energies well above m, this is just a NLSM with target space Y and
left-moving fermions coupled to &. If ¢1(Ty,) = c¢1(&) = 0 and cha(Ty,) = cha(&), this
will determine a superconformally invariant theory to all orders in perturbation theory. We
typically consider this SCFT as describing the IR dynamics of the theory. The details of
the various metrics introduced are associated to irrelevant deformations of this; the space of
SCFTs will be locally parameterized by the complex structure of Y, the Kéahler class of g,
and the deformations of & as a holomorphic bundle. Non-perturbative effects (worldsheet
instantons) can modify this moduli space, and will be discussed below. The NLSM is weakly
coupled when the Kéahler class is deep within the Ké&hler cone of Y. An important role
in understanding the low-energy dynamics is played by the chiral U(1); x U(1)g symmetry
under which y, resp. ¥ are charged. The topological conditions mentioned ensure that these
are nonanomalous. Strictly speaking these results are well known when Y is compact; this
will not be the case in our examples but we expect no subtleties to arise due to this.

Given values of the parameters, however, we can consider the SCFT they determine as a
UV fixed point and study the low-energy dynamics obtained when we add a superpotential,
which is a relevant coupling. In general, this breaks the U(1); x U(1)g symmetry. If Y
admits a holomorphic Killing vector V' and End(&)) a global holomorphic section @ such that

Qx-J=x-LvJ, (2.7)



we have an unbroken U(1); x U(1)r under which

ox = —ierQx — iep(Q + 1)x oy =ieLV(y) +ierV (y) . (2.8)

For sufficiently generic J, there will be a unique such V. Since the action differs by a non-
chiral correction from the naive symmetry, this is nonanomalous under the same topological
conditions mentioned above.

The superpotential is a relevant deformation and at low energies the UV theory will flow,
under suitable conditions, to a family of low-energy SCFT's parameterized in addition by the
section J. The superpotential interaction induces a potential for y given by

Uly) =m?[J(y)|* , (2.9)

so low-energy dynamics will be determined by the structure of Y and &y in the vicinity of
B = J71(0). Our interest will be in models in which a generic J vanishes on a compact B.
This is the potential condition. In this limit, we expand the Kéhler potential K to quadratic
order about B as

K=FK(z7) +¢ho+-, (2.10)

where K is a Kihler potential for a metric on B, with local coordinates x, and h is a hermitian
metric on the normal bundle N B, with local coordinates ¢. This corresponds to approximat-
ing Y as the total space of Y = NB — B, and the bundle & as a bundle £ — Y. In the
large-radius limit one might think of the theory as described fiberwise over B by a LG model,
adiabatically varying over the base. In order for this description to be useful, it is important
that the isometry V' be vertical fixing the base pointwise. Models satisfying this criterion are
called good hybrids.

The models obtained by this method will inherit the property that ¢1(€) = ¢1(Ty) = 0.
However, it is possible that the resulting structure contains spectator fields as in [30, 31].
Consider a model in which we have a chiral field S taking values in a line bundle over Y and
a Fermi field Z taking values in the dual line bundle. These admit a superpotential coupling

W = mgS= . (2.11)

These fields introduce no massless modes, and at energies well below mg can be integrated
out. The quotient bundle £ obtained by dropping & and restricting to Y’ = {s = 0} will then
be described as above, but we will in general find after reduction to low energy the weaker
condition ¢1 (&) + ¢1(Ty+) = 0.

In this work we will take a bottom-up approach. We will construct a hybrid model
determined by the quadruple (Y, &,V, J), where Y is the total space of a vector bundle over



a compact Kéhler base B, and £ is a holomorphic vector bundle over Y
£E—Y, Y:tot(XLB) . (2.12)
We denote
d = dim¢ B, n = dimc X R =rank& . (2.13)

V determines a vertical U(1)-action on Y, and a lift of this action to £. The last piece of data
is given by the (0,2) superpotential J € T'(£*). We assume that this satisfies the potential
condition of [24], i.e., J71(0) = B.

In the remainder of this section we will construct a (0,2) theory from these ingredients,
and argue that under suitable conditions the IR dynamics will be determined by a (0,2)
superconformal theory which is our real interest. The V action will endow our theory with a
global U(1), symmetry which will be essential in controlling IR physics [31].

Before delving into the details of the construction two remarks are in order. In contrast to
the situation in (2,2) models, in (0,2) theories the relation between UV and IR physics exhibits
various subtleties. In particular, a unique U(1)z x U(1)g symmetry in the UV (which we will
assume) does not exclude mixing with accidental symmetries in the IR, rendering predictions
based on the UV symmetry incorrect. As demonstrated in the simple setting of LG models
in [20], even the central charge of the IR symmetry is in general not manifest in the UV.
Presumably analogous phenomena occur in more elaborate models such as those considered
here, and we do not know how to resolve the question definitively. We will provide some
evidence here that the hybrid construction in fact resolves some of the problems found there,
in the sense that some LG models suffering from “accidents” can be used to construct hybrid
models that do not exhibit the expected pathologies. Furthermore, computations of physically
interesting quantities® like the ones presented here yield a good deal of information about the
model, and can provide evidence in favor of, or against, a putative model.

A second remark concerns the extent to which our construction produces a well-defined
theory. To write a (0,2) NLSM on Y we require a Kéhler metric on Y such that V acts as
a vertical isometry. As noted in [24], for sufficiently “negative” bundles (see section 2.2) we
can use h to construct such a metric. In general, when this is not the case, we can imagine
a space Y with an immersion B — Y such that Ty,|p = T ® X and equipped with a
Kéhler metric reducing near B to the form (2.10). The formulation we provide will give an
effective description of the dynamics for energies ¥ < m, and will be valid deep enough in
the Kéhler cone that the nonlinear sigma model is weakly coupled at the scale E.

2.2 The target space

The construction begins with a (0,2) NLSM on the target space Y = tot (X — B). Co-
ordinates on Y will be denoted y® and following the bundle structure we split these into

3 A study of the topological ring in B- and B/2-twisted hybrid models will be presented in [32].



coordinates on the base and the fiber as y* = (y*, ¢), with p=1,...,d and ¢ € I'(X).

We equip Y with a Kéhler metric induced by a Kahler potential K. The low-energy
physics of a well-behaved hybrid will be described by small fluctuations of the fiber fields
around the base, so we expand K to quadratic order in ¢ as

K =KW y)+ ¢ he+-- | (2.14)

where K is a Kihler potential for a metric on B and h is a hermitian metric on X.

As usual the detailed form of the metric will be irrelevant to the IR physics, but the
Kaéhler class will appear as a parameter in the low-energy physics in the models we discuss.
Because Y retracts to B this is determined by a class in h%(B). Our NLSM will be weakly
coupled, and the IR physics simply connected to the UV data, when this takes values deep
into the Kahler cone of B.

The V action on Y is generated by a holomorphic Killing vector field of the metric. As
shown in [24], this is determined by a covariantly constant section A € I'(X ® X*) such that
hAT = —Ah. The bundle X then has an orthogonal decomposition X = @;X; into eigenspaces
of A with eigenvalue —ig;. Reasonable models will emerge for 0 < ¢; < 1. We will assume
here that X; can be taken to be line bundles. This is not an essential restriction but it will
simplify notation and provide sufficiently varied examples. We can then represent the field
¢ =Y, ¢" where ¢' € I'(X;); we will refer to ¢; as the charge of ¢’. Our considerations apply
with no real modification to the case in which X = X /T is an orbi-bundle given by a discrete

group quotient.

2.3 The left-moving bundle

As mentioned above, the choice of a holomorphic vector bundle £ over Y is part of the defining
data of our construction. Our construction will work if £ respects the bundle structure of Y’
and admits a suitable lift of the V' action. We will in the following describe a particular class
of such bundles, for which we have a relatively straightforward method to explicitly compute
the complete massless spectrum following [24, 33]. The calculations are in fact simplest for
bundles over Y that pull back from bundles over B, but this excludes, for example, (2,2)
models; the class of models we consider is large enough to contain these while still amenable
to our computational method.

We start our construction with an auxiliary collection of irreducible holomorphic bundles
JFr— B, I'=1,... R+ m, for some m > 0. As in the case of the bundle X above, we choose
to restrict ourselves to the case where Fr are line bundles to simplify notation. Again, this
restriction is not essential. In terms of these, we define £ by the SES

0 0y —E- @t (Fr) —= £ ——>0, (2.15)

where 7 is the projection map defined in (2.12).



The existence of a lift of the V action to £ is imposed on this structure by assigning
charge Qr to the summand Fr and charge —1 to the first term, and requiring that the maps
are all equivariant, ensuring that the cokernel in fact carries a V' action. We order I' so that
Q1 < Q2 < ---. Reasonable IR theories will emerge for —1 < Qr < 0. The map FE is then
represented by a collection of sections E' € T'(7* ) of charge

V(EY) = (Qr + 1)E" . (2.16)

We assume that for sufficiently generic maps this defines a smooth bundle (or an orbi-bundle).
In particular, since ¢; > 0, Qr = —1 implies that E' is constant along fibers of X, while for
Qr > —1, E' is quasi-homogeneous of positive degree on the fibers and vanishes on the base.
Let -1 =Qp < Qp41 determining 0 < P < R+ m.

If we consider the restriction of (2.15) to the base

E F
(G LN Ly Pa— (2.17)

the vanishing of the last R +m — P maps shows that the bundle splits as £|p = EBI}E;LITJF 1.7:1: @
Ep , where £g — B is defined by

EB FB

@ P
0 og™" S I En 0. (2.18)
The map Ep (Fp) is obtained from the restriction map E|g (F|p) simply by ignoring the last
R+ m — P rows (columns). In other words, (2.18) is the projection to B of the restriction of
(2.15) to degree —1 under the V-action. Of course, in (2,2) theories g = T. From (2.15)

and (2.18) it then follows that the bundle £ can be equivalently defined by the following SES

0 — @itm

1‘=P+17T*]:f —— & —— 7" ——>0. (2.19)

A proof of the above statement can be found in appendix A.

In other words, given a collection of Fr and maps Ep, the bundles £ we can obtain are
classified by extensions of 7*Ep by @]}Ei’lnﬂ'*]:f. For our purposes, we can take (2.19) to be
our definition of the bundle for our models, and keep the discussion above as motivation for
this particular form. It is worth noting that a nonsingular bundle £ might still give rise to a
singular model by failing to satisfy the potential condition. In some cases we can obtain both
smooth and singular models depending on the extension we choose.

~ We can make this dependence on the fiber coordinates explicit. We can write the map

El as

E' =Y M,SE, M, = [](s")" (2:20)
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where

Af = {’I" GZGZBGL

qu‘ =Qp + 1} (2.21)

indicates the monomials of suitable charge for inclusion in ET and Sllj is a section of Eg =
}—f ® (Xl*)@)n

Now, let 5 be two patches of B, i, N4, # 0, parametrized by local coordinates yfib.
Let ggb(y) be the transition function for the bundle Fj and Tj,(y) the transition matrix for
the bundle £g. Then, a section A of £ transforms as A\p(y) = Aa(yS)Gab(ys), where

T, C' C?
0 gfb+1 0 ...
Ga(va) = | ¢ 0 g | (2.22)
and
O = 37 My () f () . (2.23)
TEAI:

where the collection of functions leb’r(yf{ ) is given by the restriction of a section of £ ® L’IE.
To illustrate this construction and its connection to (2.15), we provide an example in
appendix A.

Field content

The field content of the theory consists of a set of d+n (0,2) bosonic chiral multiplets Y* and
R (0,2) fermionic chiral multiplets X4 together with their conjugate anti-chiral multiplets

YO =y + V200" + 660y Y =g - V20" - 000"

XA = A 4 V20HA 1+ 098 x4 =2+ voera” — 09ax" . (2.24)
Here, y*, a = 1,...,n + d, are coordinates on Y, n“ are right-moving fermions on the
worldsheet that transform as sections of the tangent bundle Ty, x*, A = 1,..., R, are left-

moving fermions on the worldsheet which transform as sections of the bundle £ and H# are
non-propagating auxiliary fields.

Given the bundle structure for Y in (2.12), it is often convenient to split the coordinates
as y* = (y*,¢"), p=1,...,d, i = 1,...,n, which represents the splitting into base versus
fiber coordinates. Following the construction of the bundle £ in the previous section, it is
natural to introduce a similar splitting for the left-moving fermions y. We introduce two
sets of indices A = (M, I), where M = 1,...,Rp, and [ = Rg+1,...,Rp + N, where for

,10,



convenience we have relabeled Rgp = P —m and N = R — Rp. The field X! takes values in
T Fr4m. Locally we can take XM to be a section of 7*Ep. The distinction between the two
sets of Fermi fields is not valid globally when (2.19) is a nontrivial extension. In particular,
when & is a deformation of Ty this represents the fiber/base splitting.

2.4 The action

Let us denote by K the Kahler potential for a Kahler metric on Y and by H ,55 a Hermitian
metric on &€ — Y. We approximate K for small ¢ as in (2.14) and neglect the terms of higher
powers in ¢, ¢ resulting in K sesquilinear in ¢.

The action in (0,2) superspace for our models consists of D-terms for the kinetic part and
F-terms specifying the (0,2) superpotential. Requiring our action to possess a global U(1),
symmetry, and Y to be Kihler with a torsion-free connection* forces the kinetic term to be
of the form [34]

1 — )
Liin = 5 (Ka0:Y" ~ Kg0.Y") +H R (2.25)

where K, = 0,K. The (0,2) superpotential will be assumed of the form W = X4.J, with
J eT(&EY).

It is easy to derive the equations of motion in superspace. Up to boundary terms we
obtain

D [’H ABXB] =V2J4, D Ka567’3 +H LA XA = VXA, (2.26)

These equations suggest the field redefinitions

Xa=H, X", Po= K507 + TG, XcX4 (2.27)

where we introduced the connection Fga = H,p QHPC on & — Y. The corresponding

curvature is given by F 167 = ng sH 7. The component action then reads
1 = _ _
5L = Pady” + Kagi" D" + XaD'x? = Fams"n™nxpx*
— X Do Ja + X Dad 5+ HA P T 54 (2.28)

where we implemented the field redefinitions (2.27) on the lowest components of the corre-
sponding superfields

Xa=HMHpx" po = K 509" + ThXpX" - (2.29)

“More general kinetic terms are compatible with (0,2) supersymmetry; we will not investigate this here.
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In writing the action (2.28) we have made use of the covariant derivatives °
DXpP =on® + QB oy, D"y =ox* +T3,0y°x"” . Dada=0aJa+T5,J5
(2.30)

where Q° 5= Koy pK 79 is the Kahler connection on Y.

Symmetries

The action we described in the previous section is invariant under (0,2) supersymmetry, im-
plemented by the operators Q and Q.% In later sections we will study in detail the cohomology
of @, thus it is convenient to introduce its action on the component fields. This is given by

Q'@a:_ﬁa, Q‘ﬁa:—a?/aa Q'YA:JAa Q'Pa:XAJAa, (231)

where Ja, = 0/0y*Ja.

As we mentioned above, chiral symmetries play a fundamental role in our construction.
In addition to the right-moving U(1)z R-symmetry, under which the multiplets (2.24) are
invariant and 6 has charge 1, the action (2.28) at J = 0 exhibits a global U(1); symmetry,
under which X4 have charge —1 and everything else is invariant. The inclusion of the super-
potential generically breaks this symmetry, but our construction of £ in section 2.3 ensures
this is preserved since the superpotential J € I'(£*) satisfies the quasi-homogeneity condition

_QAJA = ZQananA s (232)

for some 0 < ¢ < 1 and —1 < Q4 < 0.7 The hybrid action is then invariant under a
U(1)r, x U(1)g symmetry under which the superfields have charges

Y P! x4 0 (2.33)
q 0 g Qa 0
q 0 i Qa+1 1

where we denote by g and @ the charges under U(1)y and U(1)g, respectively. Note that in
(2.33) we assumed that the base coordinates y* have g, = 0 (V acts vertically). A parallel
discussion concerns the fermionic fields. Following our former distinction we have Qp = —1
and @ > —1, where, with some abuse of notation, we denote Q; = Q¢_;,,,. Again, the
distinction is valid locally over a patch in B but the form of the transition functions ensures
that the charge assignments hold in any patch.

5The superscripts on DX and DY stand for “K&hler” and “Hermitian” respectively.

5We use the notation eQ - o = [€Q, o], where € is an anti-commuting parameter and Q is the operator
corresponding to the supercharge Q, and similarly for Q.

"The upper bounds for the charges are determined by the potential condition and unitarity constraints.
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3 Anomalies and IR physics

In this section we are going to derive the constraints for anomaly cancellation that our models
need to satisfy in order for their IR behavior to be reliably described in terms of the UV data.
Our action enjoys a U(1)r x U(1)g action, and we are interested in models for which U(1)g
is the current algebra in the right-moving superconformal algebra of the low-energy SCFT
while U(1), is a left-moving conserved current.

The NLSM on Y from which we began our discussion is well-defined provided the sigma

model anomaly condition
Chz(g) = Chg(Ty) (31)

holds. It is possible to relate cho(Ty ) to cha(Ts) and the Chern classes ¢1(X;) as follows

1

chy(Ty') = cha(Tp) + 5 Z e (X3)? . (3.2)
7

Similarly, we can express chy(€) in two equivalent ways according to our definitions (2.15)

and (2.19) as

chy(€) = cho(Ep) + %ch(ff)z _ % S (F)+ % S F)? (3.3)
r T r

Of course, the above equalities are statements about pullbacks of classes in H*(B,Z), which
means that (3.1) is trivially satisfied for d < 1. While this fact is obvious for d = 0, i.e.,
LG theories, it is somewhat more surprising for d = 1 models. In the case where the hybrid
describes a (0,2) NLSM with target space a CY manifold, (3.1) reduces to the usual anomaly
cancellation condition.

If the superconformal theory is to determine a heterotic string vacuum, (3.1) is the
condition that four-dimensional gauge and gravitational anomalies can be cancelled by the

Green-Schwarz mechanism.

3.1 Worldsheet instantons in hybrid models

In fact, the U(1); x U(1)g symmetry of the classical action is generically broken in the
presence of worldsheet instantons. This will remain a symmetry of the quantum theory if the
path-integral measure is invariant in the background of an instanton. As usual, the charge of
this is determined by the charges of the fermionic zero modes in the presence of the instanton.
Thus, we start with a description of worldsheet instantons in hybrid models.

In a (0,2) NLSM with target space Y worldsheet instantons correspond to topologically
nontrivial maps of the worldsheet ¥ = P! into Y. For a simply connected space these are
classified by H?(Y,Z). Understanding the spaces of such maps for a CY target space is
in general highly nontrivial. In LG models, the low-energy theory localizes to a point, and
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there are no worldsheet instantons. In hybrid models, worldsheet instantons are associated
with nontrivial holomorphic maps of the worldsheet to B. Since the space of such maps
can be rather simple, these models provide an opportunity to study the effects of worldsheet
instantons in detail. )

In the background of an instanton, the Fermi fields will take values in bundles K {®y*(Ty )

1
and K¢ ®y*(€) for right-movers and left-movers, respectively, where K, is the anti-canonical
bundle of the worldsheet > = P!. Because the instanton background satisfies y(X) C B we
have

v (Ty) = y*(TB)(0,-1) @i " (Xi) (g ,0-1) »
v (&) =y (€B)(~1,0) @Ift;ll Y (F5)(@p.@pt1) » (3.4)

where the subscripts indicate the charges under U(1)z x U(1)g.

1

Left-moving zero modes will correspond to holomorphic sections of K¢ ® y*(£) with the

charges indicated, and of the conjugate bundle with the charges reversed, while right-moving
1

zero modes to antiholomorphic sections of f; ® y*(Ty) and of the conjugate.

3.2 U(1)rL x U(1l)g anomaly

At this point we posses all the tools to derive the constraints from anomaly cancellation.

1
For a left-moving fermion x taking values in K3 ® Z(,7 where Z — P! is a holomorphic

bundle, the net charge carried by the measure is given by —c1(Z)(q,q).8

For right-moving
fermions we can use a hermitian metric on the fibers to replace a holomorphic buridle with
an antiholomorphic one [35], and find that for a right-moving fermion coupled to ?g ® Z(q3)
the net charge carried by the measure is ¢1(Z)(q,q).

Under U(1), the measure in the background of an instanton will be neutral if

Y aien (5 (X)) + e (' () = > Qrer (¥ (Fp) =0 (3.5)
i r

This must hold for arbitrary holomorphic y : ¥ — B, which by the Lefschetz theorem for
(1,1) forms implies

> gier(Xi) +e1(€) = > Qper(Fr) =0 (3.6)
i r

The condition for U(1)g similarly implies

Z(Qi — De1(X;) —er(TB) - Z(Qf + 1)y (Fp) =0. (3.7)

¢ r

8This can be seen for example by using the splitting principle to decompose Z — P! as a sum of line bundles
and applying Riemann-Roch to find the difference between the number of zero modes of x and its conjugate
field, since these are holomorphic sections of the appropriate bundles.
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Subtracting (3.6) from (3.7) we get

c1(Ep) + Z c1(Fp) + ZC1(X1') +c1(T) =ci(€) +ci(Ty) =0. (3.8)
P i

This last equation implies that £ — Y is Calabi-Yau, but as noted above, Y need not be.
However, it is comforting to note that for the case of a pure (0,2) NLSM this yields the
standard condition. Indeed, in this case Y = B, while X and the superpotential are trivial.
In particular, @4 = —1 for all left-moving fermions. It then follows from (3.6) that ¢;1(€) = 0,
which together with (3.8) yields ¢;(Ty) = 0, as expected.

We can interpret the above constraints as follows: (3.8) is a pure geometric condition
on the admissible fibration structures; (3.7) instead involves a non-trivial interplay between
geometry and the charges (2.33), regulating the compatibility between the fiber LG theory
and the underlying geometry.

The last condition corresponds to the mixed U(1);, — U(1)r anomaly, which must vanish
if these are to descend to chiral currents in the IR. This reads

DAY G ==Y Qua-) a4 (3.9)
A 7 A %

This is a pure fiber condition and it corresponds to the anomaly condition of the fiber LG
theory[13, 15]. In pure LG theories this condition serves merely to fix the normalization of
the charges [20] but note that in hybrid models (3.7) is not invariant under rescaling ¢, Q.
3.3 Left-moving algebras in cohomology and IR physics

In this section we show the existence of representatives for a left-moving Virasoro and a U(1)y,
current algebras in the Q-cohomology of the UV theory [36]. The operators

Jr = QaX X 4 — ¢ YOP, ,
To = —g,50Y°0Y" — XADHX 1 = —0Y°P, - XA0X 4 (3.10)

have weights (1,0) and (2,0) respectively. By using the equations of motion (2.26) and the
chirality of the fields it is easy to show that D7y = 0, while DJ;, = 0 holds only when
the superpotential satisfies the quasi-homogeneity condition (2.32). In particular, with our
assumptions, DOJr, = 0 holds as well, and it is natural to define

T =T~ 5001 (3.11)

This particular linear combination is fixed by requiring that the U(1) current in the IR
determined by J7, is non-anomalous, as in (0,2) LG theories [14]. Let us evaluate the lowest

,15,



components’ of the operators we just defined. We have

Jr = Tolo=o = Qax*Xa — 4a¥®pa

o ~ 1 3 «
T =Tloo = =0y pa — X X4 — 50 [Qax*X A — ¢a¥™Pa] - (3.12)

When the theory possesses (2,2) superconformal symmetry, the generators above are sup-
plemented by two additional left-moving operators (supercurrents), completing (3.12) to a
left-moving N = 2 algebra.

Having constructed the left-moving algebras above in @Q-cohomology, we can use this
structure to probe the most basic low-energy properties of our models. Using the free fields
OPEs

1

Z—Ww

1
55 XA (2)Xp(w) ~ o (3.13)

zZ— W

y*(z)pp(w) ~
which follow from the action (2.28) we derive the algebra

LAt R34+ YaQu) +5 (5,a7 ~XaQh) | 2T(w) | 9uT(w)

T(z)T(w) (2 — w) (z—w)?  z-w ’
T ) ~ T 4+ ST
1 () (w) ~ 24 (22?4_;% a“ (3.14)

This is precisely the structure expected from a Kac-Moody (KM) u(1) current of level
r=>Y Q4-> q, (3.15)
A i
and an energy-momentum tensor with central charge

c=2d+3r+2(n—-R), (3.16)

where we have used (3.9). We can perform some simple consistency checks to make sure that
we recover the expected results when our hybrid reduces to familiar constructions. First of
all, for a (2,2) theory we have n = N, Rgp = d and Q; = ¢; — 1 so that

Co2 =3d+3> (1-2g). (3.17)

9Since D and Q are conjugate operators, the lowest components of these operators are Q-closed.
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Also, if d = Rp = 0, we obtain the known formula for a (0,2) LG theory

cg =3ruc +2(n—N) rLa=—> Qr—Y a- (3.18)
I %

Now we can conclude the analysis by deriving the right-moving central charge of the IR CFT.
To do this we use the fact that the gravitational anomaly is invariant under RG. In the UV
it is simply

cuyv —cuy =n+d— R, (3.19)
which determines in the IR
t=3d+3r+3n—R). (3.20)

Finally, in order for our hybrid model to be suitable for heterotic compactifications, we must
have the conditions ¢ = 2D + r, ¢ = 3D, which imply

D=d+r+n—R. (3.21)

4 Massless spectrum

In this section we are going to describe the techniques to compute the massless spectrum
for a compactification of the Eg x Eg heterotic string based on a (0,2) hybrid CFT satisfying
(3.21), generalizing the methods of [24].

Heterotic hybrids

We follow [37] to complete our hybrid model to a critical heterotic background. We supple-
ment our internal (0,2) hybrid theory (¢ = 2D +r, ¢ = 3D) by adding a set of free left-moving
fermions A realizing a level 1 s0(16 — 2r) current algebra (¢ = 8 —r, ¢ = 0), a left-moving
level 1 eg current algebra for the hidden sector (¢ = 8, ¢ = 0) and the degrees of freedom of
the extended spacetime R“~2P (¢ =10 — 2D, ¢ = 15— 3D).

We perform separate GSO projections on both left- and right-moving fermion numbers.
The left-moving GSO projection is onto e/ (—1)fx = 1, where Jy denotes the U(1);, con-
served charge, and F) is the fermion number for the s0(16 — 2r) left-moving fermions. This is
responsible for modular invariance and for enhancing the linearly realized so(16 —2r) & u(1),
to the full spacetime gauge group G [31] determined by

r 1 2 3 4 5 (4.1)
G eg e7 e6 s0(10) su(b) .

The right-moving GSO projection implies spacetime supersymmetry, and in particular it
determines an isomorphism between the right-moving Neveu-Schwarz (NS) and Ramond (R)
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sectors. The former corresponds to spacetime bosons and in particular contains the topological
heterotic ring [38], which is the (0,2) generalization of the usual A/B topological rings in (2,2)
theories. The latter contains the massless spacetime fermions which will be the subject of our
investigation in this section.

Massless string states are in the kernel of the right-moving Hamiltonian Lg, and we use
the fact [24, 33] that this is isomorphic to the cohomology of @ to compute the spectrum by
exploiting the left-moving algebra structure derived in section 3.3.

The orbifold

While the construction of section 2 and 3 determines a UV completion of a (0,2) CFT it is
not in general suitable for a string compactification, as it does not possess integral U(1)y x
U(1)g charges. The resolution is well known [37, 39] and amounts to perform an orbifold

2mido - where Jy is the

by quotienting the hybrid theory by the symmetry generated by e
charge associated to Jr. In particular, let ¢; = a;/L; for a;,L; € Z~¢ , then we orbifold
the theory by Zj where L = lem(Ly,..., Ly,). The fact that the superpotential satisfies the
condition J~1(0) = B implies that including the charges Q; in the discussion is not necessary.
Moreover, we can combine the orbifold with the left-moving Zs GSO projection in a single
Zsoy, orbifold. The orbifold theory consists of a collection of twisted sectors labelled by an
integer k = 0,...,2L — 1. Sectors with even k are associated to (R,R) sectors and their
study is sufficient to determine the G-charged content of the theory. Odd k sectors yield
additional G-neutral states, which correspond to G-preserving first-order deformations of the
theory. Moreover, the spectrum must be invariant under CPT, which exchanges the sectors
k and —k mod 2L. Thus, in the following it will suffice to analyze twisted sectors labeled by
k=0,...,L.

The Hilbert space in the hybrid limit

We anticipated above that right-moving zero-energy states are selected by Q-cohomology. By
construction, @ commutes with the left-moving U(1);, charge and Hamiltonian. These are
obtained from the currents (3.12) as follows

Jo = }[ 4z 50, Lo= 7{ 42 (4.2)

21 21

and we can use these to assign charges and weights to all the fields in the theory, which we
list in table 1. The right-moving U(1)g R-charge Jy can be obtained in the UV theory as
Jo = Jo+Jg, where Jg assigns charge —1 to n® and +1 to x. In particular, the charges (4.2)
induce a grading on the Hilbert space H = @4 ,Hqgn, and in computing Q-cohomology we
can restrict to each of the subspaces Hq 5. We denote this grading as the physical grading. In
particular, as we are interested in the massless spectrum, we restrict our attention to Hg n<o-
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v | pa n” 7 x* X4
q | Ga | —Ga Jo —(a QA —Qx
2h | qa | 2 —qa o 2 —ga QA +2 _QA
E o —qu o — 1 —qo + 1 QA +1 _QA -1

Table 1. Weights and charges of the fields.

Hilbert subspaces with strictly negative left-moving energy are paired with the appropriate
50(16 — 2r) left-moving oscillators in such a way that the total left-moving energy vanishes.!”

A model based on a non-trivial hybrid geometry exhibits the same features as the more
familiar setting of a compact NLSM: worldsheet instantons wrapping non-trivial cycles in
B are expected to generate non-perturbative corrections to RG-invariant quantities, such as
massless spectra, Yukawa couplings, etc. We then perform these computations in the limit
where the Kahler class of B lies deep in its Kahler cone. This defines the hybrid limit,
which identifies a (limiting) point in the Kéhler moduli space around which a perturbative
expansion in worldsheet instantons is well-defined, as the corrections due to topologically non-
trivial maps are negligible. We stress that this point lies at infinite distance in the Kéhler
moduli space, and the existence of such limit is tied to our assumption that the R-symmetry
does not act on the base coordinates. When this fails, it can be shown [40, 41] that the hybrid
limit is at finite distance in the moduli space and corresponds to a singular CFT.

4.1 Twisted sectors and quantum numbers

Next we determine, given the algebra above, the quantum numbers of the vacuum state in
each twisted sector k relevant for the orbifold Zsoy. The procedure is familiar: we expand the
fields in modes

S —s—h - —stha—1
ya_ y?'zs %y Pa = pa,szs ¢ ,

SE€EL—vq S€ELAVa
XA = Z XsAZ_S_hA ) XA = Z XA,SZ_S—HLA_l ) (43)
SE€Z—T4 sE€EL+U/
where
k -k 7
Va:% mOdl, VA:% modl, hoé:q?a, hA:l—i_%’ (44)

and such that 0 < v, <1 and —1 < ¥4 < 0. We define the Fock vacuum |k) to be annihilated
by all positive modes, and if there are Fermi zero modes X64 and X 4 9, we additionally choose
Xi'|k) = 0 for all relevant A. In terms of modes the OPEs (3.13) read

[ygvpa,r] = 57“—}—370 > {stél’yA,r} = 5T+870 . (45)

10The hidden eg is always in the NS vacuum and does not contribute.
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With this set-up at hand, one-point functions of Jy and Jg in the twisted vacuum compute
the charges

T ~
Ary =5~ > VaGa+ Y TaQa
o A
_ D -
Qr) = —§+ZVa(1—qa)+ZVA(QA+1) ; (4.6)
@ A
and the one-point function (k|T'|k) determines the vacuum energy
1 I~ ~
By = §Zva(1—ya)+§ZVA(VA+1) , for k even ,
a A
1 1
By :1+;+2za:ya(1ya)+2zA:;A(ﬁA+1), for k odd . (4.7)

The final data we need to determine is how the vacuum transforms over the base. It is in fact
a section of the holomorphic line bundle

Ly = 0iX; " ® ®fff”f*m ® ABBEZIM (4.8)

where v); = 0 for k even and v)y = —1/2 for k odd. By using the anomaly cancellation
conditions (3.7) and (3.8) we obtain for k even

Lijy = @:X; " @ @pFp (4.9)

while for k£ odd

1
—Vit34;

15,
Ly = @ X, 29r

(4.10)

7

@?@f]ﬁ?_m

4.2 Q-cohomology

The technique we use to compute the massless spectrum was first developed in [33] in the
context of LGOs and extended to (2,2) hybrid models in [24]. We review this briefly here,
emphasizing a few technically challenging issues new to our models. From the structure of
the right-moving N = 2 algebra

Q2 = Q2 =0 ) {Qaa} = _255 ) (411)

it follows that the kernel of 9 is isomorphic to the cohomology of Q. Working at fixed q, h,
the object of interest is the cohomology of the complex
i> HI i> Ha+1 i>

R (4.12)
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Moreover, H2 admits a second grading u which assigns charge +1 to 7 and —1 to 7 . Since we
have a decomposition @ = Qq + Q 7, where @y = Q| ;o and @ contains all the dependence
on the superpotential, and since these satisfy

Qi = 53 ={Qu.Q,} =0, (4.13)

it follows that Q, and Q ; act respectively as vertical and horizontal differentials on the double
graded complex HP“, where p = ¢ — u. The total Q-cohomology (4.12) is then computed by
a spectral sequence E}"" equipped with differentials

dy: BPY — BTl (4.14)

such that Ejy = Hg, (E;) [42]. Convergence of the spectral sequence is ensured by the fact
that u < d implies d; = 0 for [ > d + 2. Recall that the non-trivial action of @ on the fields
(2.24) restricted to Hgqp is

Q7 =-7", Qyn*=-9y", Qs xXa=Ja, Qs pa=x"Jaa. (415

Since the right-moving fields are always restricted to the R sector, we can restrict to zero
modes, and we choose the Ramond ground state to be annihilated by the zero modes of n®.
Thus, for all practical purposes we can drop n® henceforth and restrict to zero modes for
7% =75. The first equation in (4.15) implies that Q-cohomology is equivalent to Dolbeault
cohomology, and since Y retracts to B this is given by horizontal forms. In particular, we
can represent the action of the supercharges as follows

do = Q= 72 0 =0, 74 &AL . (4.16)

oyt -’ 27
While conceptually this framework parallels the (2,2) case, there is a substantial technical
difference, which we mention here and we will tackle later in this section. As pointed out
in [24] the cohomology groups Hé (Y, Hqn) are generically infinite-dimensional due to the
non-compact geometry of Y. The strategy to obtain a well-defined counting problem is the
following;:

1. Even at J = 0 we can still keep track of the weights and charges of the fields, using
the quantities (4.2). It turns out that the geometric structure defined in this work
admits a coarse grading R — which generalizes the fine grading r assigning the grade
vector (r1,...,7y) to the fiber monomial [],(¢")" — which is a refinement of the physical
grading q,h. In particular, only a finite number of these will contribute to the total
Q-cohomology for h < 0.

2. The graded cohomology groups Hp (Y ,Hq) can be evaluated in terms of cohomology
groups over the base, which are easier to compute.
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We will develop the relevant techniques to evaluate sheaf cohomology over Y of various
bundles constructed from & (and therefore all relevant elements in H4 p,) in section 4.4.

4.3 Geometry of massless states

In this section we determine the geometric structure describing the massless states of a (0,2)
hybrid model in a given twisted sector labeled by an integer k. From the discussion above,
a candidate for an element in H, that is, the most general Q-closed combination of fields of
the theory, takes the form
—\B1-Byag - A Asw ~ T

ST ) ayal g, Par  PaX XX, e X, T ) (4.17)
S is taken to be polynomial, hence holomorphic, in the fiber coordinates as indicated. The
geometric properties of the states (4.17) are derived from how the various fields transform

across patches. Let {4} be a cover of Y and let i, be two patches with local coordinates
Yap such that &y N4 # (). Then we have for the left-moving fields

—1 B — A
y[? = yl?(ya) , Pba =+ (7;@ )g [pa,B - (Sba)ﬂAXaBXa] B
A B A - —1\B~—

Xo = Xa (Gba)B Xba = (Gpy )AXaB - (4.18)
where the transition functions Gy, for the bundle £ are defined in (2.22), while 77)(1% = gng
are the transition functions for the tangent bundle Ty and (Sba)g = (Gb;l)g(Gba)i 5 We
recall that the normal ordering in the definition of p, is needed to cure the divergencies in
the OPEs (3.13). More importantly, the Fermi bilinear term in the definition of p, implies
that p, does not transform as a section of a bundle on Y. It is possible however to build
well-defined states, i.e., states that patch as sections of a holomorphic bundle over Y, by
replacing po, — pa — FQBX axZ in (4.17), where FﬁB is the Hermitian connection. However,
these states are in general not Q,-closed, since

Qo (pa — Tipxax?) = —Fo X7 . (4.19)

The geometric interpretation of this fact is the appearance of obstructions to the states being
massless. In (2,2) models such obstructions are required to vanish in order for CPT invariance
to hold as a symmetry in @Qy-cohomology [24]. In (0,2) models there can be obstructions
compatible with CPT invariance, although we do not have an example in which these are
nontrivial. We describe these in detail in section 4.5. We now turn to a description of the
geometry in various twisted sectors.

In the untwisted (R,R) sector (k = 0), the vacuum |0) is characterized by

Egy =0, (q0y,qp0y) = (=7/2,-D/2) , Ljpy =0p . (4.20)

Thus, we can simply restrict to zero modes for all the fields. With our conventions, this implies
that p, and x* drop out of the Hilbert space and the relevant states in Q,-cohomology are
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associated to the wave-functions
Sy g € Hy (YA€) (4.21)
In the untwisted (NS,R) sector (k = 1), anomaly cancellation yields

By =-1, (qny-qpy) = (0,-D/2) , Ly =0g. (4.22)

Here, the fields transform as prescribed in (4.18) and the relevant geometry for describing the
states (4.17) is simply given by Y and appropriate powers (and duals) of the bundles £ - Y
and Ty — Y. In particular, assuming the obstructions (4.19) to vanish we have that upon
taking @,-cohomology on the states (4.17) we obtain

S(ya;@“)fi:: f:i‘jl 4 € Hj (Y, A"E A®* EF @ Sym!(Ty)) . (4.23)
In general obstructions might not vanish, and the action of @, must be corrected appropri-
ately, as we discuss in detail below.

In twisted sectors (k > 2), two new features arise in our (0,2) models. First, as it can be
observed from (4.7), sectors for k € 2Z can have Ej;y < 0 and it does not suffice to reduce
to zero modes. Second, the splitting of the coordinates into light modes — which organize
themselves in a non-trivial geometry — and heavy modes — which instead transform simply as
pullbacks — must be generalized for (0,2) models. A great simplification comes from the fact
that we always have Ej;, > —1. Thus the massless states are contained in the subspace of
the Hilbert space obtained by exciting only the lowest energy modes of the left-moving fields.
In particular, we truncate the expansions (4.3) to s € (—1, 1), that is, for the bosonic fields

Y=y, ¢=dl, ., p=¢,, v=puo, oM =pin, pi=pivo, (4.24)

while for the left-moving fermions we distinguish between k € 27 (where vy = 0)

XL X0 T = X—V, , X' = X£1—ﬁ, s XM EXMo0 XI=Xiy s X' = X147 5
(4.25)
and k € 2Z + 1 (where vpy = —1/2)
X = X5, x=xtis, XA =XAp, X=X 145, - (4.26)
Next, we expand G4 in (4.18) in terms of these modes, and we obtain
=Chxd + o= D Mefh o xat + gl (4.27)

"’EA[+m

The term defined by each monomial M, = [[;(¢*)" contributes in the twisted sector, i.e.,

— 923 —



it is not projected out by the truncation to lowest-energy modes, if and only if the energy
contributions of the various terms match, that is,

Lo =140y + Y rivi. (4.28)

7

In other words, even if all the modes ¢' in M, survive the projection, the monomial itself
might not contribute to the transition functions for the bundle £, and it does so if and only
if (4.28) is satisfied.

For k € 2Z, in particular, vj; = 0, thus we have v; = >, rv;. However, vy < 0 while
>, riv; is a sum of non-negative quantities, thus (4.28) is satisfied only if 7y = r;; = 0. This
implies that we can distinguish the fields as (base,zero modes,heavy) coordinates y according
to a = (u,4',¢) such that v = 0 and v, > 0. Thus, base and fiber zero modes are coordinates
on a sub-bundle Y C Y defined as

Y, : tot (@i/XZ-/ Ty B) , (4.29)

while the heavy coordinates transform as pullbacks 7;(X,). Note that the modes p; cannot
contribute to the massless spectrum in these sectors as they carry weight h = 1, while p,
transform as sections of the pullback bundle 7} (X;) over Y, thus not needing any Fermi
bilinear correction. This shows already that obstructions of the form (4.19) are absent in
sectors k € 27Z. For the Fermi modes, we have a similar splitting into A = (M, I’,A), where
Up =0 and 7y < 0. Indeed, (4.28) can only be satisfied for A = I’ and for M, = [, (¢" )",
that is, all the monomials M, are restricted to zero modes. Thus, the zero modes XM’I,
organize themselves as a sub-bundle £ — Y of £ defined by the SES

0 ——=@rm . Frim Ek m.EB 0, (4.30)

with transition functions defined by the projection onto zero modes of (2.22). The heavy
modes x* transform instead as sections of the pullback bundles 75 (Fa). We summarize these
in the following table:

P XM x> X1 X4 (4.31)
bundle Y m X, m(X)) Ek T FA+m & T F A bm

-/
modes yt* y*

In k& > 1 odd sectors, vpy = —1/2, and in this case (4.28) reads

1

27[ — Z’l“ﬂ/,’ = —5 . (432)
7

Thus, we split the fields as (base,light,heavy) modes, generalizing the same notation we
adopted for the even k case, such that vy < 1/2 and v, > 1/2. In fact, any monomial
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M, with a non-trivial dependence on any of the heavy coordinates ¢* cannot satisfy (4.32).
Note that in k& > 1 sectors of sensible models E};y > —1 and we can again suppress the
base oscillator p,, dependence. Moreover, p, will transform again as sections of the pullback
bundles 7 (X,*). For the Fermi modes, we have a similar splitting into A = (M, I’, A) such
that (4.32) is satisfied for some r € Ay, and is never satisfied for r € Apy,,. The light
fields x™!" then organize themselves as a sub-bundle &, — Y7, of £ defined by the SES (4.30),
whose transition functions are obtained from (2.22) by projecting onto M, such that (4.32)
holds. As before, the heavy fields instead transform as pullbacks 7} (Fa4.) and the modes
X 4 transform in the dual of the corresponding bundles. Finally, we need to pair the light
modes py to the Fermi bi-linear using a connection on &, and the well-defined combination
will transform as a section of Ty,. We summarize again all the relevant modes and their
transformation properties in a generic twisted sector k € 2Zx>( + 3:

1 NJ') ’ / - -
modes y**'  y*  piy— A,E/(M’}/)XN,J/XM’I P XM Xt X1 XA
bundle Y m; X, Ty, WZ(XL*) & T Farm & W;’Zf}hm :

(4.33)

Thus, from the discussion above, we conclude that in a given twisted sector the states (4.17)
are organized as (0, u)-horizontal forms valued in the bundle

Bl = N&E N E @ Sym'(Ty,) @ Lij,y (4.34)

tensored with an appropriate pullback bundle 7} (Fx) which takes into account the heavy
fields. The goal of section 4.4 is to show how to compute the cohomology groups H* (Y, Bfi 5tQ

o (FH))-

4.4 (0,2) sheaf cohomology

We now turn to the description of the techniques to compute the graded cohomology groups
relevant for the massless spectrum analysis. In particular, we will focus on the cohomology
groups H*(Y,€). The analysis can be straightforwardly generalized to the dual bundle £*
and more general tensor (and wedge) products, thus covering all the relevant elements in
Hq.h-

Our starting point is the fine grading » € Z®", which we recall assigns to each fiber
monomial [[;(¢%)" the vector » = (r1,...,7,). In the case & = Ty it has been shown in [24]
that the SES defining Ty can be graded with respect to r as follows

00— P, (W*Xi)reri (TY)'I" (W*TB)T —0, (435)

where (x;); = 0;;. From this form, by passing to the induced LES, it is possible to reduce
the computation to cohomology groups over the base. Generically, there is an obstruction in
doing so when £ # Ty. The sections E' in (2.20) do not respect in general the fine grading
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r, as different monomials consistent with (2.16) are associated to different fine grades. We
then start by defining

AL = {r € Af‘sg ” o} . (4.36)

This selects the monomials that do appear (with non-zero coefficient) in the maps (2.20). It
is also convenient to define

(51: = {7‘1 — TQ,V’I“LQ S Alf,} R (437)

and let Il be the (codimension at least one) sublattice of 79" generated by the elements
of dz. More generally, let II be the sublattice of Z®" generated by the elements of dz,
I = P+1,...,R+m. While the fine grading by 7 is not preserved by the transition
functions, it is clear by construction that the coarser grading by

zen

RGH,

(4.38)

is preserved; we denote this the coarse grading.

Now, let Hg C R™ be the “charge q” hyperplane defined by the relation ), ¢;z; = q.
Then we have that II C HqNZ%". We see therefore the relation between the various gradings
introduced so far:

o If IT = (), the bundle £ splits as a sum of line bundles. More generally, if Ay is empty,
dr is empty as well and we can write £ = £’ @ 7*F; for some &'

o If IT = {0}, then R reduces simply to the fine grading . This occurs when Ay = {7}
is one-dimensional for all T.

o If IT = HyNZ®", then R = Hyg)NZ®" is the physical grading, where q(R) = q(r) for
R = [r]. In this case, the energy grading simply follows from the charge grading since
gi = 2h; for ¢'.

o If 1T C HyNZ®", and if II is non-trivial (in the sense that it is not empty and it does not
consist only of the zero element), then R C Hyry N Z®" and it is apparent that this
is a refinement of the physical grading. This occurs whenever Ay, for some I', contains
at least two elements. This is precisely the case we are interested in solving.

Note that in general each conjugacy class in (4.38) is infinite as a subset of Z®". Our
interest is in sections with local polynomial dependence on the fiber coordinates, so we define
the truncated coarse grading class as the intersection of the class R with the positive orthant,
R, = RNZ$". This will contain a finite number of points (monomials).
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Finally, we show how to compute such graded cohomology groups. From the form of
(2.22) it follows that we can grade (2.19) as

0 — & Gre(rar), (T Fp)r (€)r @rer, (T°Ep)r —> 0, (4.39)
where
R+ AL = {'rl +rolri € Ry € A’f} C Hymyrrit NZ5" . (4.40)

Finally, the graded cohomology groups Hg (Y, £) can be promptly computed by passing
to the LES associated to (4.39), and using the fact that for a pullback bundle H2 (Y, 7*F) =
H*(B,F ®L,) where L, = ®;(X})".1

An example will illustrate this best.

The coarse grading: an example

Let us take Y = tot (O(—1)%? — P') and
Ey = ag' +bp? | Ey = co' + do* . (4.41)

Here ¢, i = 1,2 are the fiber coordinates of Y and a,b,c,d € C. This particular choice for
the map E forces F;r = O(—1) for I = i = 1,2, and we choose g = T = O(2). Since
we are not going to build a full hybrid model out of this geometric set-up, only for this
example we do not follow our conventions for the indices as in the rest of the work. Note
that upon performing a GL(2, C) field redefinition of the ¢’s, it is possible to diagonalize the
maps (4.41), recovering the (2,2) form E; = ¢'. Hence, the bundle £ defined by (4.41) is
isomorphic to the tangent sheaf Ty . We are going to compute the sheaf cohomology of this
(0,2) disguised tangent bundle and check our answer with the known result. If we assume
that a,b,c,d # 0 then (4.41) implies A, = {(1,0),(0,1)} and §; = {(0,0),£(1,—1)}. Thus,
I = {(r1,72) € Z¥%|ry = —r1} and (4.38) determines the coarse grading R by an integer L
as follows

Ry ={(r1,r2) € Z%|ry + 1y = L} . (4.42)

Now, for a fixed grading Ry we then have

R+ A, = {(rl,rz)}r1+r2=L+1}=RLH. (4.43)
Thus, (4.39) reads
00— (W*O(_l))i‘eg(RL+l)+ — (E)r, — (W*O(z))re(RL)-s- —0. (4.44)

1For a proof of this fact we refer to appendix C of [24].
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In this case the grading bundle is L, .,y = O(1)" ® O(1)™ = O(r1 + r2). We can pass to
the induced LES

0 H(ORL+1)+ (B,O(L))*? — H%L ¥, 8) — H?RL)+ (B,O0(L +2))
/
v
Hig, 1, (B,O(L))** ——=Hp (Y,€) —=Hlp ) (B,O(L+2) 0
(4.45)
where
Hig, ) (B.%) = @pc(n, ), H(B.e) = H*(B,e)®l )] (4.46)
If L > 0 we then have
Hy, (Y,€) = C3LAH1004T HE, (Y, 6) =0, (4.47)
and zero otherwise. We recall that for the diagonal form of the E’s we have
H?TIJ'Q) (Y7 TY) = (C3(7'1+T2)+5 ’ }1'(17417742)(}/"7 TY) =0 , (448)
while if r; = —1
HY |, (Y, Ty)=C", Hl |, (Y, Ty)=0, (4.49)
and similarly for ro = —1. All other graded cohomology group vanish. Considering the
appropriate sum of these cohomology groups we obtain
2
@T‘1+T2:LH8~177~2)(Y7TY) = (C3L HLOLAT ’ @T1+T2:LH(17"1,7"2)(Y>TY) =0 ) (450)

which agrees as expected with (4.47).

4.5 Obstructions and CPT

Consistent physical theories must exhibit CPT as a symmetry. In our (0,2) models, it follows
from energy and charge considerations that a state in the k-th sector with charges (q,q) is
paired with a state in the 2L — k sector with charges (q, —d—q) by replacing the fields/modes

y' i, Xt e xa (4.51)
and recalling that the quantum numbers for the conjugate vacua satisfy

(@20-k): D20-1)) = (= ey, —qppy — ) , Ly ® Lpp—xy = Kp (4.52)
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Whenever Q, = 0, Serre duality on the base ensures that this pairing descends to Q-
cohomology. As shown in (4.19), this is not always the case, signaling the possibility of
non-trivial obstructions. In (2,2) models, it has been argued that such obstructions would
lead to a violation of CPT, therefore these had to be required to vanish in a physically relevant
model. This is not necessarily the case outside the realm of (2,2) hybrids, and we now turn
to the description of a class of obstructions that potentially arise in our (0,2) models.

The case where the hybrid formalism is employed to describe the massless spectrum of
a (0,2) NLSM with a CY3 manifold target space equipped with a left-moving SU(n) stable
bundle V has been already worked out in detail in [24]. Thus, we consider here hybrid
models where the orbifold action Zsy, is non-trivial. This implies, in particular, that the CPT
conjugate twisted sectors k = 1 and kK = —1 do not coincide, and the class of obstructions
we are going to discuss will involve gauge singlets arising in these two sectors. For ease of
exposition, only in this section we make a few simplifying assumptions: we assume ¢ = 9 and
that the charges of the fields satisfy the bounds ¢; < 1/2 and Q4 < —1/2. The motivation
behind the first assumption is that it allows us to be more explicit in our presentation and
it corresponds to the phenomenologically more interesting class of models. Second, fields
which do not satisfy the bounds on the charges above give rise to extra massless states, which
however do not take part in the class of obstructions we are going to describe. Moreover,
a model with d = 3 is necessarily equipped with a ¢ = 0 fiber LG theory, in which all the
fiber fields are massive in the sense that the superpotential is linear in the fiber fields and the
above bounds on the charges cannot be satisfied. This means that, in our current analysis,
we can restrict our attention to the case d < 2.

From the general discussion above, all the fields in the & = 1 sector are light, and well-
defined states transform as sections of the appropriate bundles over Y. In the £ = —1 sector
instead, all the fields are heavy, and the geometry just reduces to the base. The vacua have
the following universal quantum numbers

_ _ 3
By = By = -1, apy =q-1) =0, qy =~y —d=—3 . (4.53)

Moreover, while |1) transforms as a section of the trivial bundle over the base, the conjugate
vacuum transforms non-trivially, | — 1) € I'(Kp).

With this set-up, we can list all the states that can give rise to singlets in both sectors.
Starting with £ = 1, we have

ULy 1) W (pa — AgpXax®)I1) U axP (1) x4
q 0 9w — o quv +Qp — Qa qu +Qa
q —3/2 qv — Qo — 3/2 qu+Qp—Qa—3/2 qu+Qa—1/2
(4.54)

The requirement that these are singlets, ¢ = 0, determines the restriction to the appropriate
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physical grades of the various sections W, which are sections over Y of the following bundles

1 Kk 2 3A 4 *
(Vg), €T TE), (¥ a)qa eT(Ty), (¥ )QA_QB € '(End&) , (\IIA)_QA cerE),
(4.55)
where Jo - (¥), = qyV. These states fit into a complex
WL oy” ULy U Oy
U2 (po — AdpXax®) U2 (po — AdpXaxPF V2(po — A2pxaxP I
@ — 0 - @
U ax” U AX T Ui XX P
150 U At XA
—3/2 —1/2 1/2 3/2
(4.56)

where we omitted the vacuum |1) and the appropriate grading on the various sections. Each
column corresponds to the indicated eigenvalue of the right-moving charge g. Taking Q,-
cohomology we obtain

HO(T}) HNTp) H*(Tp) (4.57)
H'(Ty) H'(Ty) H*(Ty)

obsg obs;
@ — ©® — S¥

H°(End €) HY(End€) H2(End €)
~3/2 ~1/2 1/2 3/2

where the map obsy, : H*(Y',Ty) — H*1(Y ,End £) acts by contraction with the curvature

2 _ 2
obsk(V5.z,) = —¥5 .z .7-" fip10B - (4.58)
We wish now to perform the same analysis for the singlets arising in the CPT conjugate
k = —1 sector. We start again by listing all the operators that can give rise to h = 1 and
q = 0 states
Eaytl=1) B (pu — AjpXax) - 1) =5 xax” - 1) =M%l - 1)
4 4=+4qa 0 ¢=+Qp—Qa = —Qa
qg 3/2-d 4= —qa +3/2—d i=+Qp—Qa+3/2—d ¢z—Qa+1/2—d
(4.59)

where y® = (Oy*,¢*). In this notation, = = Z(y*;7"; p,;7*), and the requirement that
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the above states satisfy ¢ = 0 determines the p dependence. That is, we can expand the
wavefunctions as

[I]

ZZ () (v, 7"z, Hka T (4.60)

and Jo - (£),_ = g=E implies —¢,7, = g=. We can then characterize the various bundles over
B which determme the transformation properties of the relevant states in (4.59):

(E;l,b)o € F(KB ® Tg) ) (Ezl)qz el (KB 02y Xz* & (@r\—nqL:qL Xy XLTL)) )
(52#)0 e(Kp®T5), (EE))]I)QAfQB €' (Kp®@Endé|p® (@Tl—anQA—QB @ X))

(E4A)QA eT(Kp®ElB® (®r—rq=q, @ X)) - (4.61)

Then, we can construct the complex (again, we drop the vacuum | — 1), but we need to
remember it transforms non-trivially)

Eay” By 2Ly’
—2 — —2 — —2 — — =
2 (pp — AdpXax®) B (ou — AdpxaxX Eai(on — AdpXax P
@ — fa — >
2N ax” EX X" ER X aX T
B B =TT
1/2—d 3/2 —d 5/2 —d 7/2 —d
(4.62)

and by taking @Q,-cohomology we obtain'?

HY(Kp ® Ty |B) H'(Kp ® Ty |p) H*(Kp ® Ty |B)
HYKp®Tg) — HY(Kp ® Tg) — H*(Kp ® Tp)
® — @ — ®
HO(KB®EI1dS‘B) Hl(KB®End5\B) H2(KB®EDCI5‘B)
HY(Kp ® £&|p) H'(Kp ®E|p) H*(Kp® E|p)
1/2—d 3/2—d 5/2—d 7/2-d
(4.63)

The obstruction maps obsy, : H¥(B,Kp ® Tg) — H*'(B,Kp ® End £|g) act again as the
contraction with the curvature

e, (=20 _ =2 A
Obsk(“ﬁr“ﬁk) - uﬁ1"'ﬁk]rﬁlwrll“9 ) (4.64)

2Here and in what follows we leave the grading of the wavefunctions (4.61) implicit to simplify notation.
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It is not hard to show that the cohomology groups in (4.57) and (4.63) are pairwise CPT
dual. Therefore, in order for CPT to hold as a symmetry in Q,-cohomology, the ranks of the
obstruction maps in the dual descriptions must match. In order to be more explicit, and to
give a geometric interpretation to these obstructions, let us consider the two cases d = 1,2
separately.

Suppose d = 1, then all second degree cohomology groups on the base vanish, as well as
obs; = 07:731 = 0. Then, CPT holds as a symmetry in Q,-cohomology iff

rank obsg = rank obs . (4.65)

When this holds and these maps are non-trivial, the dual maps lift pairs of singlets, of
which one is chiral and the other is anti-chiral, together with the respective chiral/anti-chiral
currents. However, note that the singlets are not CPT conjugate (in the sense of Serre duality)
to each other: the chiral singlet represented by a class in H'(Y,End £) in the image of obsg
is to be interpreted as a bundle deformation, while the anti-chiral singlet which maps non-
trivially under g‘t\)go is Serre dual to a chiral singlet corresponding to a Kéhler deformation,
as H'(B,Kp ® Tg) = [HY(B,T})]". In other words, what in the chiral sector looks like
an obstruction to a bundle deformation, in the anti-chiral sector is to be interpreted as a
Kahler deformation obstruction. Hence, we interpret (4.65) as an obstruction to extending
an infinitesimal Kéhler deformation of the base to an infinitesimal deformation of the bundle
€ — Y. This is a feature proper of a non-trivial hybrid model, and can be perhaps interpreted
as the worldsheet version of the Kéhler sub-structure [43]. We notice that in all the examples
we have considered, such obstructions always vanish. It would be interesting to determine
whether this is always the case, but we have not being able to do so.

Let us now consider the case d = 2. Here, CPT will hold as a symmetry in Q,-cohomology
iff

rank obsy = rank 6551 , rank obs; = rank gl\)go . (4.66)

For the first equation in (4.66) the same discussion from the d = 1 map (4.65) applies,
thus in this case we interpret obsg /g’[)/sl again as a Kéhler /bundle deformations compatibility
obstruction. The novelty here is represented by the maps obs; and gf)/so, which we require
to be dual in a well-defined model. When non-trivial, these maps lift each pairs of singlets,
of which two chiral and two anti-chiral. The chiral singlets lifted by obs; are represented by
cohomology classes in H!(Y,Ty), which are naturally interpreted as infinitesimal complex
structure deformations of the target space Y, while the Serre dual of the anti-chiral singlets
in the image of obsy are classes in [H'(B,Kp ®End8|3)]* = H%(Y,End&), which are
interpreted as infinitesimal complex structure deformations of the bundle £ — Y. Hence,
it is natural to interpret these maps as the hybrid version of the Atiyah class [44], which
captures an obstruction to the compatibility between a complex structure deformation of Y
and a bundle deformation [45]. Again, we remark that we do not know of an example in
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which nontrivial obstructions arise.

To conclude this section, we briefly comment on obstructions in twisted sectors for £ > 1.
We have seen that in our (0,2) models, obstructions are compatible with CPT invariance
precisely when (4.65) or (4.66) holds. A crucial fact for this to be allowed is the presence
in both CPT conjugate sectors k = 1 of the base fields p,. In a generic twisted sector
k > 1, these modes do not appear, as we discussed at the beginning of this section. Thus, the
argument of [24] extends to our (0,2) models: CPT invariance is violated when non-trivial
obstructions appear in twisted sectors k > 1, as these cannot arise in the dual states in the
dual sectors 2L — k.

Finally, simple energy considerations show that each monomial in @ in the k sector
generates the same action as the dual monomial in the 2L —k sector obtained by implementing
(4.51). Thus, provided CPT is a symmetry in Qy-cohomology, it is also maintained as a
symmetry by further taking @ ;-cohomology, and therefore of the full @ cohomology.

5 Examples

We now turn to the analysis of two examples of (0,2) hybrid models. The first example will
illustrate several technical points, as we will require the full power of the techniques developed
in the previous section to explicitly solve the model. The second example, while technically
less challenging as the left-moving bundle simply pullbacks from the base, displays a rather
surprising conceptual feature, concerning accidental symmetries in (0,2) models. For both
examples, we will limit our discussion in this section to the relevant features of the massless
spectrum, and we defer the explicit computations to appendix B.

5.1 A s0(10) model

Let us take the target space to be

Y =tot (O(-1)®? @000 =P |
q:

(S]]

(5.1)

Y=
[

where we denote ¢4, a = 1,2, as the coordinates along the fibers O(—1)®2 and ¢34 along the
trivial fibers. Next, we choose the following data for the £ - Y

0—= 0y L 0(1)®B a0 e 0(-1) & O(=3) @ m*0(1) —=E —=0, (5.2)
Q: -1 — %

(SIS
(S
[SA[98)

that is, m = 1, P = 3 and R = 6. In both (5.1) and (5.2) we have indicated the U(1), action,
which determines the orbifold group I' = Z1y. This data yields ¢ = 10, ¢ =9 and r = 4, thus
we expect a §0(10) theory in four dimensions. In particular, we choose in (5.2) the following
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injective map
E'=z, E’=z, E=E'=FE'=E'=0, E" =-2¢-23¢35, (53)

where 21 2 are homogeneous coordinates on B = P!. For local coordinates we will use u =
21 /29 = v~ L. Tt is clear from this data that £ = Tp1 @ O(1), and more in general the bundle
is isomorphic to &€ = 7*0(—=1) @ 7*O(-3) @ 7*O & 7*O(1) @ &' where &' is a rank-2 bundle
defined by the transformations

Gow = <_v2 v +”¢§> . (5.4)

0 vt

A choice of (0,2) superpotential J € I'(£*) is given by (recall that A = (M, I) where M =1,2
and I =3,...,6)

Tt = (ut + au? — 7))} + Budel + BuPsied TP = y0P¢} + @vt +0® — B)es

+ (u' + au® — 7)¢1e3 + (v +0° = B)gids + 70 165
T3 = (ut +1)¢3 J3 = (1+0v")¢3
J3 =37, Jy =67,
Ji = (u+1)¢3 , Jp = (1+v)¢3,
Jg = (u® +2)¢5 Jg = (1+20%)47 ,
Jg = (W + )i + (v + Q)¢5 , Jg = (1 +av®)pi + (1 +av)gs . (55)

It is easy to verify that for general values of the parameters «, 3,7, @, 3, 7, (5.5) defines a
non-singular superpotential.

GSO projection for SO(10) bundles

Let us recall some facts about the GSO projection for » = 4 theories. In this case the group
SO(16 — 2r) = SO(8) is linearly realized by eight free fermions A and the GSO projection is
enforced on the ground states as

(—1)Pe ™ =1, (5.6)

where F) is the fermion number for the free A system. The eight A combine into four Weyl
fermions, whose action is F\ = 0 on the NS and F) = % on the R ground states. Hence,
(—1)FA = 1 on the both NS and R ground states. Thus, in the R sectors, to a state with Jf,
odd we associate the representation 8° of so(8), while if Jy, is even we associate a 8°. In the
NS sectors, if Jg, is odd, the state must have weight —1/2 and it is associated to a 87, while
if Jr, is even, we associate the representation 28 if the state has weight —1 or a 1 if it has

weight zero.
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50(10) 45 16 16 10 1
50(8) S u(l) 8¢ o5 | 28y | 1o | 8% | 8%5_1 | 8Y1 | 8Y_1 | 8% | 1o | 8% | 19 1y
k=20 1 0 0 0 96 0 0 0 0 54 | 0 0
k= 0 1 1 0 0 96 1 0 2 0 | 541|393
k= 0 0 0 1 0 0 0 1 0 2 0 0
k=3 0 0 0 0 0 0 1 0 0 0 2 | 31
k=4 0 0 0 0 0 0 0 1 0 0 0 0
=5 0 0 0 0 0 0 2 0 1 0 0 16
k=6 0 0 0 0 0 0 0 2 0 1 0 0
k= 0 0 0 0 0 0 0 0 0 0 1 3
k=38 0 0 0 0 0 0 0 0 0 0 0 0
k=9 0 0 0 0 0 0 0 0 54 0 0 0
tot # 1 96 4 57 443

Table 2. Summary of massless spectrum for the s0(10) model.

Summary

We organize the result for the massless spectrum of this model, derived in appendix B, in
table 2. We verify that the states assemble themselves as expected into representations of
50(10): we find the gauginos from the adjoint representation of s0(10), while the chiral matter
is organized in 16’s, 16’s and 10’s of s0(10). In particular, we find a 443-dimensional space of
50(10)-preserving first order deformations. Moreover, the spectrum is supersymmetric, thus
the model does not suffer from the kind of pathology along the lines of [13]. As will we show
below, it is not clear how to embed this model into a GLSM. Hence, it is natural to conjecture
that our hybrid model flows in the IR to a previously unexplored CFT.

5.2 An E; model

Our second example is going to reveal an interesting feature of our models. One of the
assumptions for the correspondence between our UV model and the IR SCFT which we
analyzed in section 3.3 consists in the absence of IR accidental symmetries [19]. In fact, if
these occur, they can mix with the naive U(1)%Y R-symmetry and c-extremization [18] might
select a different U(l)g{. This can have drastic consequences on the structure of the conformal
manifold, which in the most extreme case might be even empty, that is ¢ = ¢!®, ¢ = &R is not
satisfied for any choice of the parameters of the UV model. As shown in [20] in the context
of LG theories this phenomenon does in general occur in (0,2) models, and it is therefore
natural asking how these accidents manifest themselves in more general (0,2) theories. A
hybrid theory, which has the structure of a LG fibration, provides the perfect setting to begin
such a task. In particular, it is reasonable to conjecture that LG accidents carry over to the

hybrid structure, which would then suffer from the same pathology. Indeed, we can write
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(3.16) and (3.20) in terms of the data of the fiber LG theory as
c=2d+ Rp +c1g ¢=3d+7cLa, (5.7)

and one might conclude that the hybrid IR would inherit the pathology of the LG fiber,
prompting the model builder to reject such a hybrid theory.

As this example will show, the situation is not as dramatic as it might seem at this point.
We are going to argue that in some cases the hybrid can resolve a fiber accident, even when
this is fairly severe. In particular, we study an example obtained as a fibration of the LG

model carefully examined in [20], which we now review.
The UV LG model has n =2, N = 3 and charges

ol 92 xl23 (5.8)

q

~o

q

= =

1
7

which lead to a putative r = 2,¢ = 3 model. The generic superpotential depends on 9 param-
eters, and it can be shown that there exist only three orbits of field redefinitions compatible
with (5.8). For each of these, the corresponding parameter space reduces to just a point ex-
hibiting enhanced symmetries which lead through c-extremization to é® > 3. In particular,
there is no choice of UV parameters that realizes a IR CFT with r =2,¢ = 3.

We now turn to our hybrid example constructed by fibering the above LG theory over
B = P! and with the following geometric set-up

Y = tot (O & O(—4) — P) | E=m"02) om0 Y . (5.9)

This data satisfies the anomaly conditions (3.6) and (3.7), (3.9) is automatically satisfied by
the non-anomalous fiber LG theory, while (3.1) does not impose any constraints in this case
since dim B = 1. The most general superpotential compatible with this data is given by

J1 = S ¢l + Sig 83 Jag =S85 + Siydida + S5 (5.10)

where Sig € HO(P', O(d)). In particular, by considering the following specific choice for
(5.10)

Jy = ube3 Jo = ¢, Jy = (u® +1)¢3 , (5.11)

where u is a local coordinate on P! in an appropriate patch, it is obvious to realize that it
leads to a non-singular model, i.e., J71(0) = B.

This data seems to define a theory with ¢ = ¢ = 6 and r = 2, which should correspond
to a point in the moduli space of K3 compactifications.

Instead of attempting a rather involved study of orbits of fields redefinitions for (5.10), we
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will compute the massless spectrum of the associated six-dimensional compactification. We
will then show that we recover all the expected features for a K3 compactification, prompting
us to conjecture that there is a range of UV parameters for which the theory does flow to the
expected IR fixed point.

GSO projections for su(2) bundles in six dimensions

In this example we have D = 2 and » = 2. The unbroken gauge group in spacetime is
e7 @ eg, and in what follows we will restrict our attention to the degrees of freedom of the
¢7 component. In a standard r = 2 NLSM setting the linearly realized algebra is s0(12) &
su(2) C ey. We then decompose the representation of e7 as follows

e7 — 50(12) @ su(2),
133 = (66,1) & (32,2) ¢ (1,3) ,
56 = (12,2) @ (32',1) . (5.12)

However, in our hybrid application the states are classified according to s0(12)Gu(1),du(1)g.
In other words, we do not have at our disposal a fully linearly realized su(2)r, but only the
u(1)z charges q. However, these values will be enough to reconstruct the full representations.
In particular, with our normalization, g = (1, —1) will correspond to a doublet under su(2)y,
and ¢ = (2,0,—2) to the triplet 3 € su(2)r. Moreover, the left-moving GSO projection is
always onto even values of g in every sector, due to the fact that the number of free fermions
is even (six to be precise, as they form a s0(16 — 2r) level 1 algebra). The only difference is
that in R sectors (k even) states with g odd correspond to 32 € so0(12) while states with g
even to 32" € s0(12).

An analogous story holds for the right-moving sector. Here, we have a su(2) g R-symmetry
but again in our hybrid setting we classify states according to the charges g. The right-moving
GSO projection identifies doublets of su(2)z with spacetimes vectors and su(2) g-singlets with
1

5-hypers.

Summary

We summarize our results from appendix B, taking into consideration the contribution from
the CPT conjugate sectors. For the most part the spectrum is universal, that is, it is inde-
pendent of the specific form of the superpotential (5.10). We list in table 3 the contribution
from each sector, restricting ourselves to ¢ < 0, as this completely determines the spectrum
structure. Our notation is such that each entry in the table is of the form #,, where # is
the number of states in the appropriate so(12) representation, and q is the corresponding
eigenvalue under u(1);, C su(2). In particular, we find the gauge vectors necessary for a E7
theory, as well as 20 %—hypers corresponding to Er-charged matter and 65 E7-neutral hypers.
This is the expected spectrum for a K3 compactification, and it satisfies anomaly cancellation
in six dimensions. Additional not universal hypers arise for special forms of the superpoten-
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E; 133 56 1
so(12) ®su(2), | 66,1 [ 1,3 32,2 ] 12,2 ] 32".1 | 1,1
k=0 0 0 | 14 0 100 | 0
k=1 1o | 1o 0 10, 0 | 300
k=2 0 0 1 0 0 0
k=3 0 i 0 5.1 0 | 150
k=4 0 0 0 0 50 0
k=5 0 0 0 51 0 9
k=6 0 0 0 0 0 0
k=17 0 0 0 0 0 | 22
k=3 0 0 0 0 0 0
k=09 0 0 0 5.4 0 9
k=10 0 0 0 0 50 0
k=11 0 0 0 51 0 | 150
k=12 0 0 0 0 0 0
k=13 0 1] 0 [104] 0 30
tot# 1 20 130

Table 3. Summary of massless spectrum for the E; model.

tial, but only in the combination of vector/hyper, as expected from anomaly cancellation.

c-extremization and field redefinitions

The above result is quite surprising form the point of view of [20], which we summarized
above. In fact, the hybrid superpotential (5.11) exhibits a U(1)®? enhanced symmetry that
acts independently on ¢! and ¢? and it leaves the base invariant. Applying c-extremization
[18, 46] leads to ¢ = 6 and the R-charge assignment manifest for the generic superpotential
(5.10).

The LG accident occurs fiberwise as it is always possible to perform a rotation in the
'3 plane and reduce the superpotential to the following

Wﬁber = X1¢§ + X2¢? 3 (513)

which correspond to a direct sum of (2,2) minimal models and a free Fermi multiplet A3.
In the full hybrid theory, the situation is more involved because field redefinitions have a
geometric interpretation. More precisely, a hybrid field redefinitions is defined by invertible
sections F € T(Ty ®Ty,) and G € T'(£ ® £*), which rotate the fields Y and X4, respectively.

In general, a fiberwise field redefinition is not compatible with this geometric structure.
This is precisely what happens in our example. The fiberwise field redefinition

Jy = FoJ1 + aJs = (Fgu® + a(u® +1))(¢*)* =0, (5.14)
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where Figy € H°(P',0(2)), is not allowed geometrically since u® does not divide u® + 1.
Explicitly, trying to extend this globally, we construct

1 00
G = 0 10]el(E®e, (5.15)
which indeed yields
J1 J1
GlJh|l=]|L]. (5.16)
J3 0

However, (5.15) is singular at u® = 0 and therefore not an allowed field redefinition.

It would be an interesting exercise, but we do not attempt it here, to determine whether
there are full hybrid orbits of field redefinitions which do suffer from accidents in this model.
Certainly, hybrid models do suffer from accidents, and we present an example of this in
appendix C.

6 The minimal GLSM embedding

An interesting issue regarding the structure of the (0,2) moduli space is whether every CFT
realization is a point in the moduli space of a Calabi-Yau. It is then natural to ask: what
about our (0,2) hybrid CFTs? A particularly useful tool in exploring the relation between
geometric and non-geometric (CY-LG correspondence) realizations of a SCFT is the GLSM
[21]. In this section, we are going to derive the conditions that a (0,2) hybrid needs to satisfy
in order to arise as a phase of a GLSM. This is in general a challenging question, which is
unsolved even in the context of (0,2) LG models. A simpler goal would be to study hybrid
embeddings into linear models which exhibit a geometric phase with target space a complete
intersection Calabi-Yau (equipped with a stable holomorphic bundle). This appears to be
still quite a formidable task, as the combinatorics becomes rapidly unwieldy, and it is beyond
the scope of this work. Here, we restrict our attention to a particular subclass of Abelian
GLSMs, which admit a geometric phase described by a (possibly singular) CY hypersurface
in a toric variety equipped with a (possibly singular) holomorphic bundle. Our conventions
for (0,2) GLSMs follow [23].

As it is natural in the context of GLSMs, we restrict our attention to B being a compact
toric variety. Let

cM - Z(F)
B=——7—+— 6.1
((C*)Mfd ’ ( )
where F is the irrelevant ideal in the homogeneous coordinate ring Clz1, ...,z ], and Z(F) C

CM is the associated subvariety. The (C*)™~¢ action on the (0,2) bosonic chiral superfields
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/ . . .
XH*, ' =1,...,M, whose lowest components are the homogeneous coordinates x* , is given
by

X1 T ™ X, Ao € (CHM— (6.2)

This allows us to construct the V-model with target space Y equipped with a bundle £ — Y.
This model has gauge group U(1)PB, where pp = dim Pic B. We introduce m neutral chiral

supermultiplets ¥4 = (0w, Aw +), @ = 1,...,m, which we couple to
fields X P T F.I (6.3)
U(l)a mZ/ lf L% Ta

fora=1,...,pp. When the F.I. parameters r* lie in the Kéahler cone of B, which we denote

Kp, the classical vacua of the theory will be Y. The R + m Fermi multiplets satisfy the
chirality condition

DX = V2n BN (XM (6.4)

and whose lowest components take values in the bundle £ — Y determined by the SES

(P, E . S0 ) p— o — (6.5)

which corresponds to (2.15) with Fr = O(L{). In order to introduce superpotential inter-
actions, we augment the above construction by the bosonic field P and Fermi field A, which
we take to be neutral under (6.3), and we introduce an additional U(1) factor to the gauge
group, under which the fields have charges

/

fields XH Pl xr P A F.IL (6.6)
U(D)pg+1 0 4 Qr+1 -1 -1 Tpp+1 -

We also introduce an additional multiplet 3,11, thus the chirality constraints on the Fermi
fields now read

DX" = VoS BV (XH) + V28 EVMTH(XY) . DA =—V25,0P . (6.7)

Now we can introduce the superpotential couplings, which we take to be of the form

/ dg* (AH(X, ®) + X" PJp(X, ®)) [5+_, +hc. . (6.8)
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The model will be (0,2) supersymmetric when the couplings satisfy the relations
H=E"""* g E'® =0, Vw. (6.9)

Now, for r, € Kp and rp,, < 0, p has a non-zero vev through the D-term associated to (6.6)
and the classical vacua of the theory will be parametrized by B. In particular, A, 41,4+ and A
(the lowest component in A) acquire a mass, and the light left-moving fermions take value in
the bundle £ defined by (6.5). By (6.9), the (0,2) superpotential Jr determines in this cone
a section J € I'(£*), which takes the role of the (0,2) superpotential in the hybrid model.
Finally, (6.6) is broken to a finite subgroup which determines the orbifold.

In the cone r, € Kp and 7,, > 0, we expect the space of classical vacua to be the
hypersurface H = 0 in the toric variety determined by the gauge charges (6.3) and (6.6).
When nonsingular, A again acquires a mass and the light left-moving fermions take values in
the bundle determined by the cohomology of the short sequence

0 o@m L gRtmora) M 0(—dp) —0 (6.10)

restricted to H = 0, where dp = (0,...,0,—L) is the gauge charge of P.'?

A couple of remarks are in order. First, it is apparent that we have made quite a few
assumptions in constructing the above linear model. In particular, we have introduced only
one extra bosonic multiplet P and Fermi field A. We refer to this as minimal embedding. In
general, one could consider adding several A fields, corresponding to a complete intersection
at 7py4+1 > 0, and/or multiple P fields, generalizing the bundle structure in (6.10).

Second, even in this minimal construction, the phase structure of the linear model can
be quite complicated and a classification of the various geometric descriptions in each of the
phases depends on the details of the model. It is therefore conceivable that there might be
other geometric phases, or that the resulting toric variety for ;41 > 0 exhibits singularities
which can be resolved [47]. In our construction, when realizable, we are guaranteed at least
one such geometric phase.

6.1 Anomalies

The action for this class of models is invariant under an additional U(1)z, x U(1)z symmetry,
which acts which charges

fields XH P! Xt P A )y (6.11)
U(l)g 0 0 -1 1 0 -1
U()r 0 0 0 1 1 1

13For this purpose it is convenient to rescale the U(1)p;+1 charges such that these are all integers.
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Let us now derive the constraint from gauge anomalies in our linear model.'*

have for (6.11)

DLE=) "ml+> 1 =0, d @ +1)= Zqz—l (6.12)
r W i r

First of all, we

The first condition in (6.12) simply implies ¢1(£) = ¢1(Ty) = 0. We recall that this can always
be achieved, at the expense of introducing spectator fields. The second equation instead can
be rephrased as R+ m — r = 2. The quadratic conditions from (6.3) and (6.6) instead read

Zm m!, Zzazb ZL“L Va,b

_ZQZZ+ZQF+1 Ya

—Zq,-+ZQr+1 =0. (6.13)
) I

While the first equation of (6.13) implies the anomaly condition (3.1), the converse does
not hold (e.g., for d = 1), and this can be seen as an additional geometric condition on the
structure of the fibration. The second and third equations above are automatically satisfied
because of the anomaly conditions and (6.12).

6.2 Examples

Let us first consider an example which does not admit a geometric description. Consider the
(2,2) model

Y = tot (O(-2) & 0% = P') |
q: 3 i (6.14)

and of course & = Ty . This model does in fact embed in a GLSM, which was studied in [48].
There it has been shown that for this model h"' = 1, confirmed by the spectrum computation
of [24], and that the other phase is described by a LGO. Now, it is immediate to realize that
>:q =3/2> 1, thus (6.12) is violated. This simple fact is in fact enough to show that we
cannot blow up the fiber LG to reach some sort of large radius phase.

Let us consider also the examples we have encountered in this work. Applying the above

M Our convention is to assign a minus sign to right-moving and a plus sign to left-moving fermions.
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procedure to the model studied in section 5.1 we obtain the following charges

fields X112 ol2 o3 ot XxbL23 x4 P X6 X7 P A

U(1); 1 -1 0 0 1 -1 =3 0 1 0 0
U(1), 0 1 1 2 0 1 1 1 2 -5 -5
(6.15)

to which we add two neutral ¥ fields. It is easy to check that (6.12) is satisfied, however, the
quadratic anomaly (6.13) for a = b = 1 reads 4 # 14. Thus, U(1); does not get enhanced to
a gauge symmetry, and we cannot construct our GLSM embedding.

Finally, for the example we studied in section 5.2, ¢;(Ty) # 0, thus we need to introduce
spectator fields S € I'(O(2)), E € I'(O(—2)), such that we obtain the charges

fields X2 @l 0§ xl x23 = P A (6.16)
U(1), 1 0 —4 2 2 0 —2 0 0
U(1), 0 1 3 3 1 1 4 -7 =7

Again, however, the quadratic anomaly (6.13) for a = b = 1 is violated.
We conclude this section by presenting a (0,2) model which does admit a GLSM embed-
ding. Let us consider the model

Y =tot (O(-2) & O(-1) ® O — P?) |

q: ! Lol (6.17)
and
E=71012) @ 001) &7 O(-1)%3 .
Q: -1 -1 —2 (6.18)
A choice of non singular superpotential is given by
_ 3 _ 3 _ 2 2 2
J1 = Sy oy, Jo =195 , J3 = 5161 + Sp3193 + S5
Jo=Ti5dt + T3+ Tds . Js = Vi3 - (6.19)

where Ty, Siq), Vigg € H O(P2,0(d)) do not have any common factors. Now, following the
procedure above, this model is realized as a phase in the U(1)? GLSM with the following
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charges

fields X123 Pl o2 o3 P Xt X2 X345 A F.I.

U(1), 1 —2 -1 0 0 2 1 ~1 0 r
U(1), 0 1 1 1 =3 0 0 1 —3
(6.20)

equipped with one multiplet 3 which couples to
Ey=ux, By =2a?, E345 =10+ @2 . (6.21)

where we schematically indicated x = z123. The geometric phase arises in the cone r1, 72 > 0,
where the irrelevant ideal is (x12x223)(P102¢3), and it follows that the map (6.21) fails to be
injective at ¢; = ¢ = v = 22 = 0. Thus, the linear model is generically singular in this
phase.

The secondary fan of this model is divided into five phases and all except the one that
gives rise to the hybrid model above exhibit some sort of singularity (singular CY phases or
bad hybrids), confirming the expectation that a generic phase in a (0,2) GLSM is singular
or does not have a useful presentation. Nevertheless, our hybrid theory is well-defined, and
it allows to study the properties of the model which would be unattainable by other known
techniques or constructions.

7 Outlook

In this work, we have constructed a class of models with (0,2) supersymmetry suitable for
compactifications of the heterotic string, and described techniques to compute the massless
spectrum in the limit where the Kéhler class of the base is taken deep inside its Kéahler cone.
We have described some properties of these models, and most importantly we have provided
evidence that supports the fact that there exist flows to the expected non-trivial fixed points
in the IR. However, much work lies ahead of us! In this final section, we wish to outline what
hybrid models can teach us about the structure of the moduli space of (0,2) SCFTs.

Let us start with the tamest class of (0,2) hybrids, namely models which admit a (2,2)
locus. Here there are two kinds of deformations one might consider. First, we can have &€ = Ty
and a (0,2) superpotential J € I'(£*) which is not integrable to a (2,2) superpotential W.
Second, there are bundle deformations, that is, £ is a deformation of Ty . While the former
set of deformations is quite well understood, the latter corresponds, in GLSM terminology, to
E-deformations, which are far more mysterious [49, 50]. In particular, it would be extremely
important to determine whether, among these, non-linear deformations are exactly marginal,
redundant, or lifted by worldsheet instantons.

Next, one could consider, when possible, decreasing the rank of the map E defining
the bundle &, thereby increasing its rank. It is natural to conjecture that this procedure
corresponds to deforming to a Higgs branch of the theory [51].
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Finally, in the realm of (0,2) theories without a (2,2) locus, the most pressing question is
how worldsheet instantons modify the classical picture as we move away from the hybrid limit.
In theories with a (2,2) locus, such corrections, although there are indications that they do
occur [7, 52], are particularly elusive [5]. We expect this behavior to be significantly different
in more general (0,2) theories [23]. As we have seen in this work, the space of instantons in
hybrid models is relatively simple since these are maps to the base B, and one can construct
nontrivial models with a simple base, as a laboratory for exploring instanton corrections to
the spacetime superpotential.

It would be also interesting to investigate further the connection between hybrids and
GLSMs. It seems possible that a deeper understanding of the combinatorics we started in
this work might lead to a new class of models along the lines of [13].

Finally, the example we studied in section 5.2 might prompt a revival of the quest of
classifying (0,2) LG theories. The results of [20] show that if our interest is to classify IR
fixed points of (0,2) LG theories, classifying non-singular superpotentials does not suffice due
to the presence of accidents. However, we have seen that even accidental LG theories can be
employed to construct accident-free hybrid models. If we conjecture that any (0,2) LG can be
consistently hybridized, it would be also meaningful to have a classification of non-singular
(0,2) LG superpotentials.

We plan to address some of these questions in future work.

A Equivalence of left-moving bundles

In this appendix we are going to prove the isomorphism between the two definitions (2.15)
and (2.19) of the bundle £ defined in the main text. There are obvious maps between the
same position entries in the SES (2.15) and the pullback of (2.18), which we can represent as
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follows

0 0 (A1)
@f}tglﬂﬂ*(]:l“) K
. @52171'*(.7:1:) .
0 (Oy)¥m ——— ® E 0
15:;1177*(}})
a lb
0 (1 0p)m — 2w P 1(Fr) — s 1 (Ep) ——> 0
0 C

0

In particular, the map a is an isomorphism, while b is the projection onto the @11:: 17r* (F7)
summand. Also, we have included in (A.1) the obvious facts that kerb = 15:;1 ™ (Fr) and
that coker b = 0. The map c is defined by the relation co F' = Fp o b, and we have indicated
ker ¢ = K and coker ¢ = C. We can apply the snake lemma to (A.1) which determines

K =kerb= @gilgnﬂw*(ff) , C = cokerb=0. (A.2)

Thus, the last column reproduces precisely the SES (2.19), concluding our proof.

One example: two different presentations

Let us consider Y = tot (O(—n) — P') and @12“:1]:? = 0(p) ® O(q), Fp_3 = O(-n). In

1

our notation u = v~ are the local coordinates on the two patches ;2 of B = P!, while

Gup = OPluw, are the restrictions to the above patches of a section of the one-dimensional
fiber, which satisfy ¢, = v"¢,. The SES (2.15) is defined by the map

Ely, = (up 1 cqbu)T , Ely, = (1 v cgbv)T : (A.3)

for some positive integers p, ¢ and ¢ € C. Note that for p = ¢ = 1 and ¢ = —n we just recover
the tangent sheaf Ty-. Requiring the sequence to be exact determines the map F in (2.15) to
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be of the form

1 —uP 0 v —10
R, P T B

A section y of £ is thus determined by

Ty — tyuP ty — T4
_ = A5
X’ul <Su - C¢utu> ’ X|£12 (51) - C¢UTU> ’ ( )
where 7,4, ty and S, are restrictions to the two patches of sections of O(p), O(q) and
O(—n) respectively. In each patch (A.4) satisfies F'- E = 0, and it is easy to show that at

¢ =0 the map Fl.—0 : O(p) ® O(q) ® O(—n) — O(p+ q) ® O(—n) is surjective. Turning on
¢ does not affect surjectivity and it parametrizes a family of rank-two bundles described by

0 —71*0(—n) —E& —1*0O(p+q) —=0.. (A.6)

On the overlap {; N4y (A.5) determines the transition functions

— 9P 4 9P _eq P
G — ( vo cv ) ¢>v> 7 G = ( uo cu i ¢u> (A7)

v u

for the bundle £. This is indeed what we expect. For fixed p, q, at ¢ = 0 we have the trivial
extension £|.—o = O(p + ¢) ® O(—n) while for any non-zero value of ¢ we obtain a family of
irreducible rank-two bundles parametrized by c. If we set the parameters to their (2,2) values
we recover the tangent sheaf Ty .

B Massless spectrum computations

In this appendix we collect the details of the massless spectrum computations for the examples
in section 5.

B.1 A s0(10) example

(0,2) sheaf cohomology for &’

We now apply the techniques developed in section 4 to compute the relevant graded co-
homology groups. It suffices for our purpose to restrict our attention to the non trivial
part of the bundle, which is defined by (5.4). This data yields A7 = {(2,0),(0,2)} and
o7 = {(0,0),+(2,—2)}. Note that this is an example where A’ # A, as the element (1,1) € Ay
but not in A’ as we have set to zero the coefficient of the corresponding monomial ¢1¢2 in
E". Thus

II= {(27’1,27‘2) € Z%|r = —rz} ; (B.1)
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and the coarse grading is determined by an integer r; + 7o = L as well as whether r; (or
equivalently r9) vanishes mod 2, that is

RY = {(ri,ro)|r1+m=L,r1 €22}, RY ={(ri,m)|ri+ro=1L,r €2Z+1}, (B.2)
which yields
E,O E,O
R + AL = Ry . (B.3)
Thus, for a fixed grading RE’O we have

O—>7T*(9(1)( — (W*O(Q))(RE,O) —0. (B.4)

+

E,O
RL+2

—_— /
)Jr (5 )R%O
The grading bundle is again L, ,,) = O(1)" ® O(1)™ = O(r1 + r2), and from the induced

LESes (we have two of these, one for RY and one for RY)

0 HY B,O(L+3)) —=H%; (Y, — HY B,O(L +2
lrpg) (B OU+3) —= Hy o (¥, €) —= Hipg.o) (B,0(L+2)
J
1 ( 1 1
H B,O(L+3)—=H Y.)—H B,O(L +2 0,
lrpg) (PO A+3) — Meo(Y,€) —= Hlpeo) (5,0(L+2)
(B.5)
we have for L > 0 that
L Lt1
H%E(Y,S’) — CLH+LAT [ H] , H?{%(Y,g/) — CLHa+@LAT) [ A1) : (B.6)
while if L = —2, —1 we obtain
Li3 L43
Hye (Y, &) = OIS Hyo (Y, €) = CHHIL5 (B.7)

Finally, H;E,o(Y, &) =0 VL and the cohomology is trivial everywhere if L < 2.

L
Massless spectrum

Let us now turn to the analysis of the massless spectrum, applying the methods we developed
in section 4. As can be seen from the quantum numbers for each twisted sector listed in table
4, the vacuum state energy of the (R,R) sectors is always zero, thus in this case it is enough
to reduce to zero modes. Since we are primarily interested in highlighting novel features of
(0,2) models, we restrict our exposition to the three (NS,R) sectors k = 1,3, 5. Here, Iy € Z
determines according to (4.9) and (4.10) the line bundle for the vacuum as |k) € T(O(ljy)).
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klly | Ew | ar | Qry | V123 | va | V3as | Vs
ojof] o |[—2[-3] 0 o] 0 0
3 1 2 4 3

SR e R S R ] e
2131 0 101 =51 495 3] ~3g | —10
3] 1] =21 212 3 6 [ 2 | _9
5 5 10| 0 |30 10 10
AENEMETE JE-HE-JE- A
51| 1| -1 -+ 2 Jo] 0 |-
1,2,3 4 3,4,5 6 - -
field | ¢ ¢° | p123 | pa | X X | X345 | Xe
1 2 _1 _2 _14 _3 4 3

q 5 5 5 5 5 5 5 5
q 1 2 _1 _2 1 2 _1 _2
q 5 5 5 5 5 5 5 5

Table 4. Quantum numbers for the SO(10) hybrid.

k =1 sector

In this sector the vacuum state transforms trivially and the geometry is governed by the full
& — Y. In particular, the vacuum [1) has weight » = —1 and charges (qp1),q)1y) = (0, —3/2),
thus it is associated to the 28 of so(8).

At h = —% and ¢ = —1 we find one chiral 8’ _4, while at ¢ = 1 we have

u
HY(Y,£) H'Y(Y,Oy) (B.8)
Epvq .
10t
HO(ng) HO(Y70Y)
\
E ERF

It is clear from (B.6) and (B.7) that £ cannot contribute to the first row. In fact, the only
contribution is of the form (S|_g¢4 + S|—31¢3)X57|1) at (g, q) = (1, —12), which accounts for 4
states. The contribution to H°(Y', ) at the relevant grade is 9 dimensional from the pullback
factor of the bundle, while £ contributes for L = 0, —1, which yields 21 states, and twice for
L = —2, since this section must be tensored with either (¢3)? or ¢4, accounting for additional
4 states. Thus, the first stage of the spectral sequence reads

c 0o | (B.9)
Ef’q: _

34 Q, C126

4 4

It is straightforward to show that dimker @ ; = 0 and we count 924+4=96 chiral 8°;.
Now onto the internal energy zero states (b = 0). At ¢ = —2 we have H' (Y, \2€*) = C?

— 49 —



which yield two chiral 1_5. At ¢ = 2 instead

HY(Y, A2E)9s — 2= HY(Y, E)14 HY(Y,Oy)o (B.10)
Ep>q .
1 )
HO(Y , A2E)905 —— H(Y, E)1108
3

2

d1

HY(Y, Oy)1001
: p

D=

where the subscripts indicate the dimension of the corresponding group. It might be worth-
while checking explicitly the map in the first row. Omitting the 77 dependence, the complex

at u=11is
dl
S[-3/0a®3X4X5|1)4 B S[_20ad3X5X3|1)2 — = S|_21¢aG5X51)6 (B.11)
©® 2
S1—4GaXaX51)6 © S—31 G X5X3/1)4 : S_31G X1 1)8
©®
S[_9)PaPbXaX5/1)3 &
= : 0

S-21G X5 X6l 1)2 © S|-2®3X2X5] 1)1

where S|_g € H LP!, O(—d)) and G|q 1s a homogeneous polynomial of degree d in ¢3 and
¢4 with degree 1 and 2 respectively. Moreover, the only contribution from sections involv-
ing & happens at L = —2, which only have a X component. We verify explicitly that
dim ker d} = dimker d? = 2, and dimker d; = 6 . Although technically slightly more involved,
the cohomology of the bottom row can be similarly computed and the result is

u
C1o C? 0 (B.12)
E§7q : M
0 54 ™~ 62
3 1 1
2 3 2 P

We need to compute a higher order map. Given a section S48, antisymmetric in its indices,
representing an element in the kernel of (B.11), we have

daSABX X = di(TA% 4 — TPxX ) = T2 T4 — TP Jp , (B.13)
where the coefficients satisfy

oT4 = S48 jp | oTB = 5487, . (B.14)
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As an example, we have for the states _m¢a¢bY4Y5’1>

1—7u u? —2u
4 4 5 4
— [° = — B.15
1+ uﬂ¢a¢b¢3 ’ 14+ uu PaPbPs ( )

which yield

d2 (S-210a?sXaX511)) = (2 — u?)adpd|1) . (B.16)

Each of these three states is not in the image of d; since 2 — u? is not divisible by neither
1 4 u nor 2 4 «?. Similarly, it can be verified explicitly that dim ker ds = 0, so that

u
0 C? 0 (B.17)
Eg’q :
0 (C54 C52
3 1 1
~32 3 2 P

We count 54 chiral 15, and the same number of anti-chirals multiplets, in agreement with
CPT invariance.

Finally, we focus on the ¢ = 0 states. Here we have

HI(Y,5®5*)26 U
@b _
HYY ,Ty)o
Ef’q : fas)
Hl(B, Tg)l

HY Y ,E%)3 (B.18)

HOY ,E®E)rg

J

® HO(Y,E)4r3
HYY , Ty )27
3 1
~32 3 p

In agreement with the general features of our models, for a generic superpotential the map
in the bottom row has a one dimensional kernel, which corresponds to the gaugino for the
global U(1);, symmetry. In the first row, one can show that dimcoker @Q; = 1 for (5.5), and
that the map becomes surjective for a more generic superpotential.
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k = 3 sector
The moding in table 5 shows that ¢4 is a heavy field in this sector, and the geometry is
governed by

Y5 = tot (@?lei 3, Pl) . (B.19)

For the left-moving fermions, it follows from (5.3) that we need to analyze both monomials

2, in E7, which we can consider at once as ¢1,2 have the same weight. In this case

9
Doy —_ 2 9 _ 2 B.20
S TR TI R (B-20)

does not satisfy (4.32), thus the bundle splits, and in particular

El=s = E|p = BL_,m5F & mHEp . (B.21)
The cohomology groups
H(Y3,m5(Fs® Liy)) = C o (Y3,7T§(]-"§ ANEL® Lr3>)) -C,
H' (Vs m3(FanFs A Fy @ Liy) ) = € (B.22)

correspond to a chiral 8’ _4, an anti-chiral 1_5 and two chiral 15. At g = 0 we have instead
the spectral sequence

u
HY Y 3,75(Fs ® X4 ® Lig)h HY Y 3,75(Fs @ Fg @ Liy)) (B.23)

P.q .
EPY .

HO(Y 3, 75(F30 @ Fg @ Liy)))7
_ SP
HO(Y3,7T§(]:3,4®X4®LT3>))3 @ HOY(Y 3,75(Ep @ Ff ®L‘*3>))5
¥
HO(Y 3, 5Ly )22

[\G][VV]

p

N[ =

It is straightforward to verify that for a generic superpotential both maps have zero dimen-
sional kernels, thus we count 31 chiral and 3 anti-chiral singlets.

k =5 sector

Finally, we are left with the last sector to analyze. Here all the coordinates have v; < 1/2,
therefore the geometry is characterized by the full Y. For the left-moving bundle we have

,52,



that again

~ 1
o—2m=—5-1=-2, (B.24)

thus the bundle again splits £|p—5 = £|p. The only effect of @ in this sector is Q ;X3 = ¢3.
Hence, we can simply ignore the zero-mode x5 and we restrict our attention to ¢} for n =0, 1.
With this in mind, the cohomology groups

HO(Y77T*L|5>) = Hl(Y7 /\25 02y 7T*L|5)> = (Cz ’ (h’ = _1/2aq = :l:l) 5
HY Y, & @n*Lisy) = H(Y ,N’E@n*Lj5)) =C, (h=0,q=+2), (B.25)

yield two chiral 8¥_; and a chiral 1_5 together with their CPT conjugate states. Finally at
h = q = 0 we obtain

H* (Y, E@m*Lis) @ H(Y,E@ Ty @ Ligy) @ H (Y , N’ E R E* @ n*Lizy) =C'%, (B.26)
for @ = 0,1, thus leading to 16 chiral and anti-chiral singlets.

B.2 An E; model

We begin by listing the quantum numbers for each twisted sector introduced by the orbifold
by Z14 in table 5. We then turn to the massless spectrum analysis in each sector k = 0,...,7.
We point out that since the bundle £ is a sum of line bundles which pull back from the base
the fine grading r is suitable for the relevant sheaf cohomology computations.

kb | By | aw |Qw |1 | v2 | Vi
0| O 0 -1 -11]0 0 0
1 3 6
e e vl o p—
210 0 1 -1 3|3l -1 field | ¢° | ¢ PL | P2 | X X1
3 9 _6G _ 112413181 _4 q I 3 [ _I | 3] _¢6 6
7 7 7 14 14 14 7 7 7 7 7 7
AT o [ L3 [t r a1 I !
7 7 7 14 14 14 7 7 7 7 7 7
T S e e
14 7 7 14 14 14
T T 2 . 3
A
12 5|77 lmalul0

Table 5. Quantum numbers for the E; model.

Even k sectors

In the untwisted k = 0 sector always E|g = 0, thus we just restrict to zero modes. The GSO
projection restricts us to double complexes defined by the charges of the states Fi7,,|0) for
m = 0,1,2. For m = 0 the only possibility is the vacaum'® |0)_; _; while at m = 2 we find its

5We will often indicate the charges g(©) and g(O) of a state O as subscripts Oq g
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CPT conjugate state at (g,q) = (1,1), both being associated to a 32 € s0(12). At m = 1 the
only non trivial row of the spectral sequence after taking horizontal Dolbeault cohomology is
at ¢ = 0 and U = 0 where we have

Q,

HO(Y,&)s HO(Y, Oy )15, (B.27)

7=-1 a=0

where the subscript indicates the dimensions of the groups corresponding to the relevant
grades. It is easy to verify that dimker@; = 0 from the potential (5.11) as u% does not
divide u8+ 1. The contribution is then 10 1-hypers in the (32’,1,1)€ s0(12) Su(1); & u(1)x.

In the twisted £ = 2 sector the vacuum has again zero energy and there are no zero
modes, hence the only contribution is from the vacuum |2); _;, which together with the CPT
conjugate state to be found in k = 12, teams up with the states describe above to complete
the representation (32,2, 2).

At k = 4 we cannot simply restrict to zero modes since Ejyy < 0, and since there are no
additional fiber zero modes we have simply Y4 = B. Keeping into consideration that the
vacuum transforms non-trivially we find that the only well-defined zero-energy states are of
the form

H'(B,X; @ L) =C°. (B.28)

These are found at (q,q) = (0,0), that is, they yield %—hypers in the (32/,1,1).
The last sector to analyze is k = 6, and it is easy to see that it is not possible to engineer
any zero-energy states with the twisted moding.

Odd k sectors

The untwisted k& = 1 sector is as usual the richest. The vacuum has Ej;y = —1 and charges
(q,q) = (0,—1) and is part of a doublet under su(2) associated to the 66 of so(12), while
internal states at E = —% are paired up with the 12 of so(12) and complete the 10 %—hyper
from the k = 0 sector.

We now turn to energy-zero internal states at g = 0, where the first stage of the spectral
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sequence reads

H' (Y, Bopy),
D _
H' (Y, By1g)y —— H' (Y, By1o), (B.29)
@
H'(B,T}),

p7u .
EP

HO (Y, Boo);
©®
HO (Yv Bl,1,0)11

J

HO (Yv BO,1,0)40

-1 0 p

In computing the dimensions of these cohomology groups we used the fact that Ty = O @& Ty~
where Y’ = tot (O(—4) — P!), and

HYo(Y', Tys) = C¥ 4 HL (Y Ty)=C?, (B.30)

and zero otherwise, where 7 is the fine grading on Y’ which simply keeps track of the power
of ¢o. In the bottom row we find that again for a generic superpotential dimker Q; = 1,
corresponding to the unbroken left-moving U(1),, while for a more specific superpotential this
number can be higher. For example, for the superpotential (5.11) we have dimker Q; = 2.
Moreover, the first row map is surjective, thus we count 30 neutral %—hypers and one g = —1
component of the su(2)gr-doublet for a vector multiplet.

In the k = 3 sector, vy > % and the geometry is Y3 = tot(X; = P'). The contribution
at h = q = 0 is computed by

u
HY (Y3, ® X5 @ Li3))13 HY(Y 3,75 L3y )1 (B.31)
7u .
EPY
0 HO(Y3,7T§X2 ®7T§L‘3>)3
-1 0 p

It is easy to see that the map in the first row is surjective, so we find 12+ 3 = 15 gauge-neutral
%—hypers.

In the & = 5 sector there are no heavy fields, and only the © = 0 row produces a non-trivial
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contribution

Q

HYY, £ Ty @ T Ly)s HO(Y, Ty @ 7 Liy)o (B.32)

S

HOY 7 Liy)s

For a generic superpotential this map is injective, and we are left with 9 neutral %—hypers.
Finally, for k =7 at h = ¢ = 0, Q is trivial and the relevant states are counted by

HYY,E@n*Ly) = H(Y, N’ @ Ty @ w°Lj,) = C'! (B.33)

which shows that this sector is its own CPT conjugate and it contributes 22 neutral %—hypers.

C An accidental hybrid

In this appendix we show that accidents do arise in non-trivial hybrid theories. Let us consider
the hybrid model defined by the data

Y =tot (0@ O(-2) = P) , E=1"012)®r*0(-2) ® T*O0%? . (C.1)

@ I

~|w

In particular, the fiber LG theory coincides with the one in the example in section 5.2, but
the fibration structure is different. This data gives ¢ = 7, ¢ = 6 and r = 3. However, the
following non-singular superpotential

Ji = Suye] Jo = Spadf | Jy=Ji=¢3, (C.2)

is equivalent, by a field redefinition between X3 and Xy, to J3 = ¢3 and Jy = 0. That is, the
theory is a sum of a free Weyl fermion and an interacting theory, where anomaly cancellation
determines

Y =tot (O & O(-2) —» P) | E=1"012)® 1 0(-2) @ 1*0O . (C.3)

. 31 . 14 18
q: 21 21 Q: 1 21 21

By tuning S;9 appropriately in (C.2), this theory is identified as a (0,2) deformation of the
(2,2) theory with target space Y and superpotential

W) = 5[14]¢I + ¢35 . (C.4)

This theory identifies a IR fixed point with central charges ¢ =¢ = 3(2+ 2—11) Thus, the orbit
of field redefinitions corresponding to the superpotential (C.2) is accidental and it does not
contribute to the conformal manifold of the theory we are interested in.
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Finally, one might ask whether there exists at all a sensible theory defined by the UV
data above. We can easily construct a more general superpotential that will achieve this.
Consider

J1 = Sngo] Jo = Sjgdf Js =3 Ji = Sigjd2} + Sz éY (C.5)

where all the sections Sjg do not have common roots. This choice of superpotential defines
a non-singular model and a moment of thought shows that no field redefinitions are possible
which are associated to enhanced symmetries. Hence, (C.5) defines a RG flow to a theory
with the expected ¢ =7, ¢ =6.
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