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1 Introduction

Defects in a quantum field theory (QFT) or in statistical lattice models and quantum

spin systems are broadly defined as inhomogeneities localized on submanifolds of positive

codimension, and appear in a variety of physical settings, with the codimension 1 case playing



the distinctive role of interfaces between different theories. A more specific notion is the one
of topological defects, which are assumed to be invariant under continuous deformations as
long as the deformations do not move the inhomogeneities past other defects or field operator
insertions. Historically, in particular in the context of 2d QFT, topological defect lines (TDLs)
have been studied in Conformal Field Theories (CFTs), where conformal invariance provides
a very restrictive framework, even more so for Rational CFTs (RCFTs), because of their
connection to Boundary Conformal Field Theories (BCFTs), twisted boundary conditions,
and orbifolds [1-10]. However most recent developments stem from the realization that, in
QFT with generic dimension d, topological defects provide a natural generalization of the
notion of group symmetry, with the group elements corresponding to topological defects of
codimension 1 across which the value of field operators jumps by the respective symmetry
actions. This picture has naturally led to considering both “higher-form symmetries”, realized
by topological defects of higher codimension ( see e.g. [11]), and “non-invertible symmetries”,
corresponding to topological defects which cannot be fused with another topological defect
to produce the trivial defect. In two dimensions, the group structure is in the latter case
generalized by the one of fusion categories [12—-15]. The classical example of fusion category
symmetry is the Ising one, defined by three simple TDLs: the trivial defect, the Zo Ising
symmetry and the “Kramers-Wannier” duality defect in the Ising model [16-19], which relates
spin correlators in the Ising model at some inverse temperature to disorder/twist correlators at
the Kramers-Wannier dual inverse temperature. TDLs have been widely studied in RCFTs [1-
10], gapped boundaries of (2+1)D topological field theories, and anyon chains, and found to
encode nontrivial topological information about a theory, such as constraints on the operator
spectrum of CFTs and renormalization group flows in gauge theories [20]. Non-invertible
topological defects can also be considered in higher-dimensional theories where they also
provide relevant information about the dynamics, so that they are by now considered a tool of
paramount importance in unraveling the non-perturbative aspects of Quantum Field Theory.

One of the main hurdles in advancing our knowledge is the fairly limited number of
theories where the fusion category of defects or at least a subset thereof are known. This is true
even in the simple framework of 2d CFTs. While in rational CFTs some general techniques
have been developed, the much broader realm of non rational theories is largely unexplored.
In fact, topological interfaces, which in general separate possibly different theories, have been
studied in a very limited number of examples, in particular for the free boson compactified
on a circle and on an orbifold thereof [21-23] and for d-dimensional torus models, where

2d

they are assumed to preserve a 4(1)*® current algebra [24].

In this article, we consider topological defects in two-dimensional superconformal field
theories (SCFT) arising as supersymmetric non-linear sigma models with target space a
K3 surface. More precisely, we will focus on the defects that preserve the full N'=(4,4)
superconformal symmetry at central charge ¢ =¢ =06, and that are invariant under the spectral
flow transformations that relate the different (NS-NS, NS-R, R-NS, R-R) sectors of the theory.
Non-linear sigma models on K3 (or K3 models, for short), provide the simplest examples of
Calabi-Yau compactifications in type II string theory. A generic K3 model is not a rational
CFT, and it cannot be solved exactly. Nevertheless, due to the large amount of space-time
and worldsheet supersymmetries, many general results about these models are known, such as



the geometry of the moduli space, the elliptic genus (which is the same for every K3 model),
the spectrum of short N = (4,4) representations, and even the finite groups of symmetries
at each point in the moduli space [25-27]. For these reasons, K3 models represent the ideal
framework to understand topological defects in a non-rational CF'T, besides the torus models
examples. An interesting analysis of the topological defects in some non-rational K3 models,
using a different approach, recently appeared in [28]; we will comment about the relationship
with this article in the conclusions (see point 4 in section 7).

Because K3 models are not rational with respect to the N =(4,4) superconformal
algebra, one can expect infinitely many distinct simple defects. In particular, we will see
some examples of K3 models where a continuum of simple non-invertible topological defects
arise, a phenomenon that has already been observed in orbifolds of torus models [15, 22, 23].
This implies that, strictly speaking, we are putting ourselves outside of the mathematical
framework of fusion categories, at least in its most restrictive definitions. Nevertheless,
we will assume that the basic properties of fusion categories still hold for the defects we
consider. In particular, we will require that the fusion of any two defects is a superposition
of finitely many simple defects. We denote by Top, the fusion category (in a broad sense) of
topological defects in a K3 model C preserving the N'= (4,4) superconformal algebra and
the spectral flow. We will only focus on certain properties of this category, in particular on
its fusion ring, on the behaviour of defects when moved past local operators, and on the
fusion with boundary states. We will mostly ignore the detailed properties of the fusion
matrices. The main constraints on the topological defects in Top, come from considering
the fusion with boundary states representing 1/2 BPS D-branes, i.e. preserving half of the
space-time supersymmetry of type II superstring compactified on C. The idea of studying
defects in the presence of boundaries is a very natural one, and has been explored in a number
of articles [29-37]. The 1/2 BPS D-branes we are interested in are always charged with
respect to the U(1)?* gauge group of R-R ground fields of the theory. One can argue that
fusion with defects in Top, preserves the set of such boundary states. This means that each

defect £ € Tope can be associated with a Z-linear map (endomorphism) L € End(I‘}l%Q_OR) on

the even unimodular lattice FZ;%%OR of D-brane R-R charges. The endomorphism L is further
constrained by the requirement that the defect cannot mix R-R ground fields belonging to
different representations of the N'=(4,4) algebra. The map Top, %End(F;lézOR) gives rise
to a ring homomorphism from the fusion ring of Top, the ring End(F?DLQ_OR) (or rather the
subring of endomorphisms satisfying suitable properties), so that properties of the former
ring can be deduced by studying the latter. One can argue that the property of a defect L to

be preserved by some marginal deformation of the model depends only on L.

Using this simple idea, we are able to derive several properties of topological defects in
generic K3 models (see in particular section 3.2). We argue that Top is trivial (i.e. the only
simple defect is the identity) in most K3 models C, except a subset with null measure in the
moduli space (Claim 3). While the map Top, — End(l“‘;zoR) is not injective, we can show that
an endomorphism L proportional to the identity can only be associated to a superposition
of n copies of the identity defect. Given a point C in the moduli space of K3 models, we
will spell out some necessary conditions for Top, to be an integral category, i.e. such that
the quantum dimensions of all topological defects are integral (Claim 2). In particular, this



condition is satisfied for the points in the moduli space of K3 models that are attractor points
for some 1/2 BPS configuration of D-branes [38-41]. We also derive some weaker constraints
on the quantum dimensions that are valid everywhere in the moduli space.

While we know some examples of K3 models C where Top, contains a continuum of
topological defects, Claim 3 implies that this cannot be the generic situation. It is natural to
ask for a characterization of K3 models where such a continuum exists. In section 4.5, we
conjecture that this only happens for (generalised) orbifolds of torus models.

The main limitations in our approach comes from the fact that the map Top, —
End(F%%OR) is, in general, neither injective, nor surjective. In particular, whenever Top,
admits a continuum of defect Ly, parametrised by some real parameter(s) 6, all such defects
Ly are necessarily mapped to the same endomorphism L. As for surjectivity, while we are
able to put some constraints on the endomorphisms L € End(FZEEOR) that arise from a defect
L, we cannot determine precisely what the image of the map Top, — End(I‘ZEQ_OR) is.

The article is structured as follows. In section 2, we review some basic facts about
topological defects in two dimensional CFTs, and fix the notation that we will use in the
rest of the paper. Section 3 is the core of the article: after reviewing the main properties
of K3 models, we describe and prove the main results of our work in sections 3.2 and 3.3.
We stress that the proofs are on a physics level of rigour, as they are based on various
assumptions about K3 models and boundary states that are not mathematically rigorous.
This is why we prefer to call such statements ‘Claim’ rather than ‘Theorem’. In section 4
we focus on K3 models that can be described as torus orbifolds. We show that, in general,
they admit a continuum of topological defects in Top. In section 4.5, we conjecture that
the converse might be true: generalised torus orbifolds are actually the only K3 models for
which such a continuum exists. In sections 5 and 6, we describe some topological defects
in Tope in a couple of interesting K3 models. While in none of these two models we were
able to determine precisely the category Top., the examples are useful both to confirm some
of the general arguments of section 3.2, and were used in the proof of some of the claims.
Finally, in section 7 we describe some avenues for future investigation. Various technical
details of our calculations are relegated in the appendices.

2 Generalities on topological defects in 2D CFT

In this section we give a simple and concise review about defects in two dimensional CFTs.
We refer to [13, 16, 42] for more detailed information.

Usually, when we talk about a generic CFT, we characterize it by specifying the whole
set of local operators and their corresponding OPEs. However, it is well known that in many
cases further extended objects associated with non-local operators can also exist in the theory.
Such objects encode additional properties of the quantum field theory that are not visible at
the level of the spectrum, and they are easily understood in the language of the defects.

In a generic QFT defined over a d-dimensional spacetime My, such extended objects can
be described through operators D, (./\/ld*q) supported on (d—q)—dimensional submanifolds
of My, with ¢ < d. These operators are called topological in the sense that small deformations
of their support manifold, which do not cross other operators of the theory, do not affect
the physical observables.



Figure 1. Invertible TDL in 2d associated to the element g € G.

In the limit where the support manifolds of two distinct defects D, and Dy overlap,
the generalized OPE between the corresponding operators defines a fusion algebra among
defects of the form:

Dy (MP1) x Dy (M?0) =7 Ng, D (M*9). (2.1)

The simplest example of defects we can encounter in a QFT are the invertible defects, which
encode information about the standard and higher-form global symmetries owned by the
theory. More specifically, let G be the group of p-form global symmetries in our QFT, then
we can associate to each element g € G a (d—p—1)—dimensional topological defect D, such
that the induced fusion algebra (2.1) satisfies the same group multiplication law as G:

D, (./\/ld_p_l) XDy (./\/ld_p_l) =Dy (./\/ld_p_l) , d" =gq. (2.2)

The name invertible for this class of defects comes from the fact that for each of them, i.e.
Dy, there exists a second defect D,-1 such that their fusion produces the trivial defect D,
associated with the identity operator:

DyxDy-1=Dy1xDy= DL, Do (2.3)

The above definitions apply to any QFT of generic dimension d, where topological defects
supported on submanifolds of different codimensions may be present. In the rest of the
discussion we will focus our attention on 2D QFT, where topological defects have support on
oriented 1—dimensional manifolds (lines) of the 2d spacetime. For this reason, we will refer
to them as Topological Defect Lines (TDLs) and denote them with the notation L.

In particular, if G is the symmetry group of our CFT, we can associate to each element
g€ G an invertible TDL L,.

By definition of global symmetry, the elements of the group G define a non-trivial action
on the bulk operators:

g: Oi(xi) =  pg)-Oi(xi) (2.4)

while they leave the correlators invariant:
vgeG — ([[Oi(z)) =] (p(g)-Oi(zi))). (2.5)
i i
We can represent the action (2.4) in the language of topological defects through the loop
contraction of the TDL L, encircling the bulk operator Oy (z;) as depicted on the left side
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Figure 2. (a) Action of £, on the bulk operator Oy(z;). (b) Action of £, on the asymptotic
state |¢).

of figure 2. This mechanism is also valid for general TDLs that are not associated with a
global symmetry group. From now on we will use the hat notation L to denote the extended
operator supported on the line L.

Invertible defects associated with the elements of a continuous global symmetry group G
offer the simplest explicit construction of an extended operator supported on an oriented line.
In this case the Noether’s theorem provides us a set of conserved currents Ji,y, such that:

<d*J(r)(.%')...>:0, (2.6)

where the dots denote any operator insertion away from the point x. Exponentiating the
integral of the Noether’s currents on the support line L:

ﬁg _ eia(7') f[; *J(r) ) (27)

we get the extended operator ﬁg associated with the element g € G specified by the group
parameters {a(r)}. The operator ﬁg is topological due to the conservation law in (2.6).

Similarly, we can define extended operators associated with elements of discrete symmetry
groups satisfying the same above proprieties.

Beyond these objects, we can equip our theory with other point like operators where
TDLs can terminate or join. In the first case we can associate to each TDL L the space H,
of possible point like operators on which the line £ can end. If H, # (), then the line £ is
said endable, and the point like operators of H, are called defect operators.

2.1 Defining properties of topological defect lines

Let us now focus on the case of topological defects £() supported on lines 7 in unitary
Euclidean two dimensional CFTs. In the same line of the Introduction, we can think about
topological defects as a generalization of global symmetries. As we spell out below, the set
of such defects is equipped with a composition law (2.1) that is generally non-invertible.
This means that one cannot define on this set the standard group structure, as for ordinary
symmetries, but rather a fusion category.
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Figure 3. (a) Involution map £+ £*. (b) Identity operator in the trivial line.

In this subsection we will summarize the basic properties that we need in order to
specify this structure.

As stated above, topological defect lines (TDLs) L represent the fundamental objects
of the structure. They are supported on oriented lines v on the worldsheet. On the set of
distinct defects {L£} is defined an involution £~ £*, shown in figure 3(a), that corresponds
to inverting the orientation of the support. A defect £ is unoriented if £*= L.

Correlation functions with the insertions of topological defects are invariant under
deformation of the support line, as long as the line is not moved past another operator
insertion. We will say that a defect £ and a local operator ¢ are ‘transparent’ to each other,
or that £ preserves ¢, if the support £ can be moved past the support of ¢ without changing
any correlation function. In general, the holomorphic and anti-holomorphic stress tensors
T(z) and T(Z) are always preserved by any topological defects. In the following sections,
we will consider topological defects that preserve all supercurrents generating the N = (4,4)
superconformal algebra of a K3 sigma model.

The set of TDLs in a 2d QFT always includes the Identity defect Z, typically represented
by the dotted lines as depicted in figure 3 (b). The insertion or removal of the identity
defect does not change any correlation function; equivalently, Z is transparent to all local
operators of the theory.

Let us consider the two-dimensional CFT on the cylinder S'xR. A TDL £ inserted
along the circle S' defines a linear operator L :H — H on the Hilbert space H of states on S!
(see figure 2.b). Equivalently, we can consider a closed line £ encircling the insertion point
of a local operator ¢(z,z), corresponding to a state ¢ € H. By shrinking the circle around
the point z we obtain a new local operator (£¢)(z,%).!

On the other hand, inserting the defect line £ along the Euclidean time direction R of
S1 xR, correspond to modifying the space of states H. We denote by H the new Hilbert space
of states on the circle S' that are ‘twisted’ by the defect £. For example, if £ is an invertible
defect associated with a symmetry g € G, then H is simply the g-twisted sector of the theory.

'To be precise, the definition of £ on the sphere might differ from the definition of the cylinder by a phase,
see section 2.4 in [13]. In this case, we reserve the notation L for the operator defined on the cylinder.
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Figure 4. An endable TDL in the cylinder (figure a) produces a non-local operator in the complex
plane (figure b).

The state/operator correspondence defined by the conformal mapping from the cylinder
St xR to the plane C\{0}, allows us to identify every state |)) € H on the cylinder with a
non-local defect operator O, on the plane, i.e. an operator attached to an outgoing defect
L, as shown in figure 4. Using this identification, we will refer to H, indifferently as the
space of L-twisted states or as the space of £ defect operators. When £ =7 we recover the
ordinary space Hz ="H of local point-like operators of the CFT.

If the defect L is transparent for a certain set of local (anti-)holomorphic operators, then
the space H. is a representation of the corresponding (anti-)chiral algebra. In particular,
H, is always a representations of the holomorphic and antiholomorphic Virasoro algebra.
More generally, the space H, is a L-twisted representation of the algebra of local operators
on the cylinder. This means that for every ¢ € H, ¢(z,z) defines a linear operator on the
Hilbert space H, that obeys the OPE relations with other local operators. By L-twisted, we
mean that correlation functions on S xR with the insertion of a point operator ¢(z,z) and a
defect line £ along R are not quite periodic as z moves around S!, but have some non-trivial
discontinuities at the support of the defect that depend on L. A defect L is simple if the
space H, is irreducible as a twisted representation of the algebra of local operators.

When the CFT is defined on a torus S* x.S', the modular S-transformation exchanges the
insertion of a line £ along the ‘space’ circle with the insertion along the Euclidean ‘time’ circle.
This establishes a relation between the linear operator L on H and the twisted space H.

The 2-point correlation functions on the sphere with two defect operators ¢(z, z), 1 (w,w)
connected by a defect line £ define a natural non-degenerate bilinear pairing (¢, 1)) between
H, and Hp«. The bilinear pairing is related to the hermitian product on the Hilbert space
H, by a anti-linear involution ¢:H s — Hpx, such that (¢1|p2) = (t(f1), P2)-

The set of TDLs is endowed with the algebraic structure of a generally non-commutative
(semi-)ring defined by the two operations of direct sum (or superposition) (+) and fusion ().

The direct sum allows to associate to each pair of topological defects £, and L a third
defect L£,+ Ly such that:

Hiovo, =He, DHe,- (2.8)



Figure 5. Fusion of two TDLs.

This first operation is associative and commutative. Unitary CFTs are expected to be
semi-simple, i.e. every defect £ can be written as a superposition of simple defects

L= Z nlﬁl s (2.9)

simple L;

for some non-negative multiplicities n; € Z>¢. Correspondingly, each reducible H, can be
decomposed into a direct sum of irreducible components H, = ®;n;Hr, .

If there are no additional intermediate insertions between two TDLs £ and Lo, we can
define the fusion deforming one defect into the other, as shown in figure 5. The resulting
object is again a topological defect line denoted as:

LA>Lo=L1L5. (2.10)
Fusion defines a notion of tensor product between defect operator spaces
Hey @Mey =Heic, (2.11)

This second operation is associative but it is in general not commutative. The fusion of two
simple defects £; and £; is not necessarily simple, so that one has a decomposition

LiLij= > NiL, (2.12)

simple Ly

for some fusion coefficients NZ-]; € Z>o. Formally, this means that the set of defects has the

structure of a fusion ring, with the simple defects playing the role of a distinguished basis.
Sets of defects that also satisfy commutativity for the fusion form commutative rings.
The trivial line T is the neutral element under fusion

LI=TL=CL. (2.13)

In analogy with the construction of the spaces H,, we can consider k parallel defect
lines Lq,...,L inserted in the time-like direction on the cylinder. The corresponding Hilbert
space H, .., of states on St is identified, via the state/operator correspondence, with
the space of k-junction operators. As a convention, we choose that all the involved lines
are outgoing from the junction. Once again, H.,  z, are genuine representations of the



chiral and anti-chiral algebras preserved by the defects, and a suitable twisted representation
of the algebra of local operators.

By moving the parallel lines L1,..., L) on the cylinder S' xR very close to each other,
we get the identification

Hevoon EHeyo, EHe, ®@--QH e, (2.14)

between the k-junction space Hr, ...z, and the space of defect operators of the fusion L1 --- L.

The subspace Vg, . r, CHe, ..z, of states with conformal weights (0,0) correspond to
junction operators that are themselves topological, i.e. such that the junction point can be
moved without changing a correlation function (as long as the insertion point is not moved
past the support of some other operator). We can restrict ourselves to consider the correlation
functions where all the k-junctions with k> 1 are topological, because all the other junction
operators can be obtained by suitable OPE with local operators.

For a simple defect £, the only topological L-twisted operator is the vacuum operator
for L=17, so that

. 1 for L=T
dimV; = (2.15)
0 for simple LF#T .

For k>1, a topological operator u€V;, . ., can also be interpreted as a linear map u:
Hﬁi —Hr,,...c,, that is a homomorphism of twisted representations of the algebra of local
operators. In particular, Vg o~ =Hom(H,H ) has always dimension at least 1, because it
contains (multiples) of the identity map 1, :H, — He. A defect £ is simple if and only if
dimV p» =1. Furthermore, for two simple defects £ and L',

1 ifL=r"

dim V£/7 L*x = .
0 otherwise

As for topological 3-junctions, one can prove that if £;, £;, and £, are simple defects,
then the dimension of topological junction operators is exactly the fusion coefficient

dim Vg, £, 0 = N . (2.16)

This fits with the idea that Vghghcz is the space Hom(Hgk,Hgigj) of morphisms from H.,
to He,z, ZEBzNZ-legl. Notice that for £ simple, one can think of the identity 2-junction
1€V, + as a 3-junction with the identity defect. As a consequence, L is simple if and only if
dim V. 0+ 7 =1, i.e. if and only if 7 appears with multiplicity 1 in the fusion of £ with its dual

LL =T+... . (2.17)

Here, ... denotes a sum with non-negative multiplicities over simple defects distinct from
the identity.

At this point it is important to emphasize that the set of topological defect lines equipped
by fusion multiplication in general does not form a group. The reason is the absence of
an inverse element associated to each TDL. Only a subclass of all possible TDLs admit an

,10,
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Figure 6. Equivalent configurations under the action of the fusion matrices Fleff

inverse under fusion. They are the invertible TDLs, and they form a group with respect
to this operation.
The remaining TDLs are called non-invertible and, equipped with the fusion multiplication
and the direct sum, they form a more complicated algebraic structure named Fusion Ring.
A fundamental quantity that we can associate with each TDL L is the quantum dimension
(L)=(L)g1 xR, defined as the vacuum expectation value of a defect £ wrapping the circle
S on the cylinder:

(L) = (L) 51 := (0I£]0). (2.18)

Using the modular invariance properties of the partition function with the defect £ inserted,
it is easy to prove that for unitary theories with a unique vacuum the quantum dimension
is bounded from below:

(£)>0. (2.19)

Such constraint is more restrictive when we consider a unitary, compact CFT, where the
condition becomes:

(£) = 1. (2.20)

Notice that the quantum dimension is also the absolute value of the vacuum expectation
value (L)g> on the sphere, defined by considering an loop encircling only the vacuum on S?

[{L)s2| = (L),

but in general the phase might be different. The quantum dimensions provide a 1-dimensional
representation of the fusion ring, so that, in particular,

(L) (Ly) =D NE(Lr), (2.21)
k

for any simple £;,L;, L. Together with the condition (£)>1, this means that for every
simple £;, £; of finite quantum dimension, there are only finitely many non-zero fusion
coefficients Ni];. In this article, we only consider defects with finite quantum dimension;
see [22] for a discussion about more general possibilities.

The topology of a network of defects can be modified using the fusion rules shown in

figure 6, where the fusion matrices F' f;f;(£5,£6) map the topological junctions Vg, £, £z ®

— 11 —
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Figure 7. Equivalent configurations under the action of the fusion move. In the second term on the

right: the red defect is the superposition (with multiplicity) of the simple defects Ly #Z appearing

in the fusion £L£*; the topological 3-junction operators are given by the images of 1®1 by matrices
L,L*

Frr (T,Ly).

<

Z S0 oy
& <5.f )
= +
R Y 4>—V>;

Figure 8. Moving of a simple defect line through the local operator ¢(z,z). The defect in the
second term on the right is a superposition of all simple defect lines £; #Z appearing in the fusion
LL*=T+.... The factor 1/(L) is determined by observing that the defect must be transparent to the
vacuum operator and to its descendants.

Vis,coca 0 Vi £6,0,®Ve, £4.0;- In particular, Ff;i(I,I) maps 1®1 to ﬁl@l, see
figure 7. °

This can be used to determine how the correlation function is modified when a simple
defect £ is moved past a local operator ¢(z,z), see figure 8. In particular, £ is transparent
to ¢ if and only if £(¢) = (L)¢, because in this case one can prove that the term £Y(¢) in
figure 8 vanishes. We will use this property repeatedly in the following.

Formally, the properties of TDLs described in this section can be formulated in terms
of a fusion category, where the defects £ are the objects and the topological junctions
wEVe, o5 = Hom (L9, L) are the morphisms. Sometimes in the definition of fusion categories
one requires that the number of simple objects is finite. This condition might be in general
violated when a CFT is not rational with respect to the chiral and anti-chiral algebra preserved

by the topological defects, as will be the case in this article.

3 Topological defects in K3 models

In this section, after a short review of non-linear sigma models on K3, we discuss the general
properties of topological defects in such models.
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3.1 General properties of K3 models

Let us review some of the main properties of supersymmetric non-linear sigma models on
K3 (or K3 models, for short), and fix our notation for the rest of the article. See [25, 27]
for more information.

All K3 models contain a holomorphic and an anti-holomorphic copy of the small N'=4
superconformal algebra at central charge ¢=6 [43-45]. The bosonic subalgebra of N'=4 is
generated by the stress-tensor and the three currents in a su(2); current algebra. The SU(2)
group generated by the zero modes of such holomorphic currents is the R-symmetry group,
and the four supercurrents belong to two R-symmetry doublets. The unitary representations
of the N'=4 algebra at ¢=6 can be labeled by a pair (h,q), where h is the conformal weight
and ¢ € {0,1/2} the SU(2) highest weight of the ground states in the representation; similarly,
we will denote by (h,q;h,§) the representations of the full (holomorphic and antiholomorphic)
N =(4,4) algebra at (¢,¢) =(6,6). The Neveu-Schwarz (NS) version of the A'=4 algebra
contains two unitary short (BPS) representations (h,q) = (0,0) and (h,q) = (3, ) and infinitely
many long (massive) representations (h,0) with h>0. The spectral flow automorphism
relating the NS and the Ramond (R) versions of N'=4 maps the NS shorts representations
(0,0) and (3,%) to the short R representations (,3) and (5,0), respectively, and the long
(h,0) with 2> 0 to the long R representation (h+7%,3).

Every K3 model contains a single (0,0;0,0) representation of N'=(4,4) (the vacuum and
its descendants) and 20 (2, 55 %, ;) representations. There are no fields in the (é, 5,0 0) or
(0, 0;1 oL 2) such holomorphic and anti-holomorphic free fermions are a characteristic feature of
supersymmetric sigma models on T, where they are part of a ‘large’ V' = (4,4) superconformal
algebra at (c,¢)=(6,6). Besides these short-short (BPS) representations, a K3 model
contains infinitely many different short-long, long-short and long-long representations, with
multiplicities depending on the particular model. It is believed that the A" =4 superconformal
algebra is the full chiral algebra of a generic K3 model, that is therefore not a rational CFT.
At special points in the moduli space of K3 models, the chiral algebra might be extended
so that the CFT is rational.

K3 models are invariant under spectral flow exchanging the NS-NS sector and R-R sector.
This implies that the R-R sector contains a single (3, 3;%,3) and 20 (%,0; 1,0) representations,

4729402 » 4>

,%;fz, %), with h+h > 1/2. The four R-R ground fields of (i, %; i, %)

transform in a (2,2) representation of the holomorphic and anti-holomorphic SU(2) xSU(2)

as well as infinitely many (h

R-symmetry group; the OPE with such fields generate the spectral flow between the NS-NS
and the R-R sectors. For this reason, we will refer to such fields as the spectral flow generators.

It is often useful to think of the K3 model as the internal CFT in a six dimensional
compactification of type ITA superstring on R x K3. In this case, one should also consider
the NS-R and R-NS sectors of the K3 sigma model, tensored with the corresponding sectors
of the space-time and superghost CF'Ts, and with the correct GSO projections. The NS-R
and R-NS sectors are also related to the NS-NS and R-R sectors by spectral flow, so that they
1 570 0) and (0,0; T 2) representations. The corresponding physical string
states are the space-time gravitinos, whose zero modes is associated with the space-time

contain a single (X

N =(1,1) supersymmetry in six dimensions.
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In general, sigma models on K3 and on 7% are the only known (and, conjecturally, the
only consistent) unitary SCFTs with N/ = (4,4) superconformal algebra at (¢,¢) = (6,6) and
whose spectrum is invariant under spectral flow.

Every K3 model admits deformations that preserve the full N'= (4,4) superconformal
symmetry, corresponding to an 80-dimensional space of exactly marginal operators contained
in the 20 NS-NS (3, 3;1,3) representations of V"= (4,4). There are compelling arguments
suggesting that conformal perturbation by any such operator converges in a neighborhood
of each model; we will assume that this is true. The corresponding 80-dimensional moduli

space M s of K3 models is given by a quotient
Mpgs=0(4,20,Z)\Tks (3.1)

where 0(4,20,Z) is the integral orthogonal group. Here, the Teichmiiller space T3 is an
open subset in the Grassmannian

Trs CO(4,20,R)/(O(4) x O(20)) (3.2)

parametrising positive definite four-dimensional subspaces II within the real space R%?20
with signature (4,20). The moduli space M g3 admits the following physical interpretation:
0(4,20,7) is the T-duality group, and can be identified with the group of automorphisms of the

lattice 7420

of D-brane charges, which is an even unimodular lattice of signature (4,20). One
can think of this lattice (or rather its dual) as being embedded in the 24-dimensional real space

V of (CPT self-conjugate) Ramond-Ramond ground states with conformal weights h=h = %:
29 ¢V := {R-R ground states} 2T’ @R =R (3.3)
The space V contains a positive definite subspace

V D 1I:= {spectral flow generators} =R*? (3.4)

.11
' 40 §)
representation of A= (4,4). The orthogonal complement IT* C V is the space of R-R ground

states in the 20 A = (4,4) representations (%,0;%,0)

spanned by the four spectral flow generators, i.e. the R-R ground states in a (%,%

1 1
V DII+ := {states in (1,0; Z’O) representations} = R%0 . (3.5)

Then, M3 is essentially the Grassmannian of the four-dimensional subspaces IT=R*0
within V 2 T%2°®R, modulo lattice automorphisms (T-dualities) O(4,20,Z) = O(I'*2?%). To
be precise, one needs to exclude some points in this Grassmannian, where the CFT is believed
to be inconsistent [25]. From a string theoretical point of view, these are the points in the
moduli space of type IIA superstrings where some D-brane becomes exactly massless, so that
the perturbative description breaks down even at small string coupling.

Henceforth, we will denote by

Crr := K3 model corresponding to IIC V =T4*gR (3.6)

the K3 model corresponding to a choice of IIC V, i.e. to a point in the Grassmannian Txs3.
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3.2 Symmetries and topological defects

The main focus of this article are the topological defects in non-linear sigma models of K3. A
generic topological defect commutes only with the chiral and anti-chiral Virasoro algebra,
i.e. it is ‘transparent’ only to the holomorphic and antiholomorphic stress-energy tensor
T(z) and T(%). In this article, we will focus on a subcategory of topological defects £ that
satisfy some further constraints, namely:

1. They commute with the full N'= (4,4) superconformal algebra, i.e. they are transparent
to all supercurrents and to the su(2); R-symmetry currents, besides the stress-energy
tensor;

2. They commute with spectral flow generators. This implies that they are transparent
to the four R-R ground fields in the (%, %; %, %) representation of A’ =(4,4). When the
K3 model is the internal SCFT in a full type IIA compactification, we also require the
defect to be transparent with respect to the NS-R and R-NS ground fields corresponding
to the space-time gravitini. These fields generate the purely holomorphic or purely

anti-holomorphic spectral flows.

For a K3 model C =Cyy, corresponding to a choice of a four dimensional positive definite
subspace IICT*2°®@R, we denote by

Tope = Topyg (3.7)

the category of topological defects of Cpy satisfying the properties 1 and 2.
Properties 1 and 2 lead to a number of important consequences:

e As explained in section 2, each topological defect £ is associated with a linear operator

A

L:H—H (3.8)

on the Hilbert space of states on the circle S! (or, equivalently, the space of local
point-like operators) of the K3 model C. The action of L is defined by inserting a
defect £ along the circle S! on a cylinder S'xR. Because of the properties 1 and 2,
this operator commutes with the "= (4,4) algebra and the spectral flow. Therefore, it
maps N =4 primaries into A/ =4 primaries in the same representation. Furthermore,
because the defect L is transparent with respect to the spectral flow generators, once
the action of £ is known on one of the sectors (Hns—Ns, Hr-Rr, Hr—Ns or HNs—R),
then it is uniquely determined in all the other sectors as well.

o In general, the properties of topological defects in fermionic CF'Ts are more complicated
than the ones in purely bosonic ones. In particular, fermionic CFTs can contain
topological defects £ of ‘g-type’, that admit topological 2-junctions ¢ € V. £+ with odd
fermion number (—1)F2+Fr = —1 see [46, 47]. However, none of the topological defects
in the category Top is of g-type. Indeed, in the K3 models we consider, the holomorphic
and anti-holomorphic fermion numbers (—1)fZ and (—1)f® can be identified with the
central Zy elements in the holomorphic and anti-holomorphic SU(2) R-symmetry group.
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The topological defects £ € Top are transparent to the su(2); currents in the N'=(4,4)
algebra, and, as a consequence, they commute with the SU(2) R-symmmetry groups
generated by their zero modes, and therefore with the fermion numbers (—1)f% and
(—1)F R, Furthermore, all spaces of defect and junction operators are representations
of the N'=(4,4) superconformal algebra, and the fermion number of each state is
determined by their SU(2) R-symmetry charges. In particular, topological operators
with A =0=h have zero R-symmetry charges, and therefore they are always bosons.

In fact, each £ € Top, induces a topological defect in the purely bosonic CFT C%*
obtained by a type 0 GSO projection, i.e. by including only the NS-NS and R-R fields
of the K3 model C with positive fermion number. Furthermore, all properties of the
topological defect £ in the original supersymmetric model C are completely determined
in terms of the action of the operator £ in the bosonic model C?%. Note, however,
that the definition of the category Top, is much more natural in the supersymmetric
setup. In particular, we do not know whether the condition of preserving the N'=(4,4)
superconformal algebra admits an equivalent formulation in the bosonic model C%*.

o With each defect L is associated a L-twisted space of states H ., with different sectors
”HgstS, ”HIZ‘*R, HIL%*NS, Hgsz. When £ € Top., each of these sectors decomposes
into representations of the N'=(4,4) superconformal algebra. Furthermore, the sectors
are related to each other by spectral flow.

Topological defects that are invertible form the group of symmetries of the K3 model.
In [26], all group of symmetries commuting with the N'=(4,4) algebra and the spectral
flow generators have been classified. In particular, consider a K3 model C; in the moduli
space M s, corresponding to the choice of the positive definite four-dimensional subspace
IT of spectral flow generators in the space of RR ground fields V 2T%2@R. Then, the
group Gy of symmetries of Cpy satisfying 1 and 2 is isomorphic to the subgroup Stab(II) of
O(I'*+20) =~ 0(4,20,7) fixing II pointwise [26].

Let us revisit the argument that led to this result, and then discuss to what extent such
argument can be generalized to the case of topological defects. Every symmetry g € G maps
1/2 BPS boundary states to 1/2 BPS boundary states, and therefore maps the lattice I'*2°
of RR charge vectors into itself. The map must be linear and preserve the bilinear form
of the lattice — indeed, the bilinear form is a Witten index counting the Ramond ground
states for open strings suspended between two D-branes, and is invariant under the action of
Gr. Therefore, every g € Gy induces an automorphism of the lattice I'#2°. Furthermore, by
property 2, the induced action on RR ground states must act trivially on the spectral flow
generators in II. We conclude that there is a homomorphism p: G — Stab(II) C O(T'4%0).
Then one proves that such homomorphism is both injective and surjective. To show surjectivity,
one notices that O(I'%?Y) 22 (0(4,20,7Z) is the T-duality group, and Stab(II) is a subgroup
of dualities mapping the model Cy into itself, i.e. self-dualities. But all self-dualities are
symmetries of the model, so they must correspond to some g € G;. As for injectivity, let

K1 C G be the kernel of p. Then K acts trivially on I'*?°, and, by linearity, on all RR
1
’ 40
are related by spectral flow to the 80-dimensional space of exactly marginal operators in the

ground states. But the RR ground states in the twenty (%,0 0) representations of N'=4
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NS-NS sector. Thus, the symmetries in K7 act trivially on all such exactly marginal operators,
and as a consequence they are not broken by any deformation of the model. Given that the
moduli space M g3 is connected, we conclude that the kernel of p is the same group Kp=K
for all K3 models. At this point, one just needs to consider a simple example of non-linear
sigma model on K3, where the group K can be explicitly described — for example the model
considered in section 5. It turns out that K is trivial in that model, and therefore is trivial
everywhere in the moduli space M 3. We conclude that p: G — Stab(II) is an isomorphism.
In [26], it was then proved that every group of the form Stab(II) is isomorphic to a subgroup of
the Conway group Cog, the group of automorphisms of the Leech lattice A, fixing a sublattice
of A of rank at least 4. All subgroups of C'oy that are lattice stabilizers were classified in [48].

Let us now discuss how a similar argument could be generalized to a classification of
topological defects £ € Top. As described in section 3.3, the fusion of a boundary state ||a))
and a defect £ yields a new boundary state |[La)). In particular, the defects £ € Top preserve
the space-time supersymmetry, so they map 1/2 BPS D-branes into 1/2 BPS D-branes, and
RR charge vectors to RR charge vectors. Therefore, we have a map

Topy — End(I'*?°) (3.9)

L—L
that assigns a Z-linear function L:I'*20 — T'%2Y to each defect £ € Topy. This map is com-
patible with fusion product, i.e. it gives rise to a ring homomorphism from the fusion ring of

Topy to End(I'*?%). The extension of L by linearity to the real space of R-R ground fields
V2T429QR coincides with the restriction EA‘V € Endgr (V) of the linear operator LtoV,

Ly:V—=V. (3.10)
To summarize:

(a) The restriction ﬁ|V :V —V maps I'*?° CV into T'4?°) i.e. it is the extension by R-
linearity of some lattice endomorphism L : %20 — 1420,

Henceforth, we use the symbol L to denote both maps L:I'%20 - T%20 and ﬁ|V V=V,
Because £ commutes with the A = (4,4) algebra, it cannot mix RR ground fields in different
representations. Furthermore, the condition that the spectral flow generators are transparent
with respect to £ implies that the map £ acts on them in the same way as on the vacuum, i.e.
by multiplication by the quantum dimension (£) > 1. The following property then follows:

(b) L:V =V is block-diagonal with respect to the orthogonal decomposition V =II@II+,
i.e. L(IT) CII and L(IT+) CII*. Furthermore, the restriction Ly is proportional to the
identity L= (£)idy, where (£) >1 is the quantum dimension of the defect.

It is useful to introduce the real vector space

b20x20

BYO(R):={ (<t 0 ) [d€R,baog,o0 € Matanxan(R) | (3.11)

of block diagonal real 24 x 24 matrices, with a 4 x4 upper left-corner proportional to the
identity and an unconstrained 20x 20 lower-right block, and its subset

By?(R) = {(d.lgX4 b200><20) |d>1,b2020 € Mat20x20(R)} cB"(R) . (3.12)
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Upon choosing a suitable orthonormal basis of V, compatible with the splitting V = IIQII+,
the space of linear maps V — V that satisfy property (b) can be identified with Bi’% (R).
Furthermore, if we define

Bi*(2) :=End(I**°)nB*2(R), By (2) =End(T**)NBy*(R), (3.13)
then the maps V — V satisfying both properties (a) and (b) can be identified with Bﬁ’aO(Z).
Then the image of the map (3.9) is actually contained in Bﬁ’io (Z), so that we can restrict
the target and consider the map

Topyy — Byt (Z) C End(I'*2°) (3.14)
L—L

which gives rise to a homomorphism of semirings. As the notation suggests, the intersections
B?I’QO(Z) and BI%[’?J?(Z) depend on the way the four-dimensional space II is embedded in
I'*?Y®R, i.e. on the point on the moduli space Mgs.

It is plausible that the maps L satisfy some further constraints associated with unitarity.
Let £ be a simple defect, so that the Hilbert space H ,,+ admits an orthogonal decomposition as

Hepr EHOHoo—1,

where Hppx—7 is a sum (with suitable multiplicities) of simple defect spaces Hp, with £; #Z.
Suppose that, in a correlation function, we move the support of the defect line £ past the
insertion point z of a point-like operator ¢(z), with ¢ € H. Then, ¢(z) gets replaced with
the sum of an operator ﬁﬁ(qﬁ) € H plus (possibly vanishing) contributions from each of the
components of Hor+_7 (see figure 8 in section 2). This move defines a linear map H — Hrx.
In a unitary CF'T, it is natural to expect such a map to be an isometry; we call this assumption
a strong unitarity hypothesis. Because for a simple defect, the contribution ﬁﬁ(gb) €eHis
orthogonal to the contributions from H,,+_7, we get as a consequence

I£(@)I1?

G <lel*,  VoeH, (3.15)

where the equality holds if and only if all the other contributions vanish. We call the
condition (3.15) the weak unitarity hypothesis. Notice that if (3.15) holds for all simple
defects £, then it must hold for all superpositions as well. While we do not know any
counterexample to these hypotheses,? we are not aware of any general proof either. A proof
of (3.15) was given in [22] (see proposition 8), under certain conditions on £ and ¢. In
particular, eq. (3.15) holds for all Verlinde lines in unitary rational CFT. Unfortunately,
K3 models are not rational with respect to the N'=(4,4) algebra and we were not able
to prove that such conditions are satisfied for all £ & Top. If (3.15) holds, an immediate
consequence is the following:

2There are well-known counterexamples in non-unitary theories though. For example, the Lee-Yang

model with central charge 725—2 admits a simple defect £ of quantum dimension (£) = @ where one of the

eigenvalues of £ is @ > (L) [13].
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C Assuming 3.15) holds.) The operatorial norm ||L||:= sup LLU” equals L). Here,
0AvEV |
|lv|| denotes the Euclidean norm on V.

Let us define the ‘bounded’ sets

BYP®)={ (14,0 ) 14> 1,b2.20 € Mataouao(R), [[bao 20l <d} € BE*(R), (3.16)

and
Byi*) ,(Z) =End(I***)NB}Y(R) . (3.17)
If property (c) holds we can further restrict the target of the map (3.14) to

Topy — By (%) C End(I*?°) (3.18)
L—L.

The map (3.18) still gives rise to a homomorphism of semirings. Notice that, for any given real
number d > 0, there are finitely many maps L € Bﬁ’?f,b(Z) with quantum dimension (£) <d.
We will not use property (c) to prove any of the claims in the rest of the paper.

The set Bf—fi?(Z) contains the group Stab(II) € O(I'%?Y) of lattice automorphisms fixing
IT. In fact, Stab(II) can be characterized as the subset of invertible elements in Bﬁ’io(Z),
this follows immediately by noticing that if L € End(I'%?Y) admits a multiplicative inverse
L=! € End(I'*%°), then both L and L=! are in O(I'%?7).

Therefore, the semiring homomorphism (3.14) (or (3.18), if (3.15) holds) can be under-
stood as an extension of the group isomorphism p: Gy — Stab(II).

Unfortunately, in general we expect the homomorphism (3.14) to be neither injective nor
surjective. As for surjectivity, recall that a topological defect L is invertible if and only if its
quantum dimension is (£) =1. On the other hand, it is quite easy to construct elements of
Bﬁ’?f(Z) that have dimension d =1 but are not invertible, and therefore are not in the image
of p. Of course, one could put further restrictions on Bﬁ’i(_)(Z) by simply excluding such
elements. However, we have no guarantee that all the elements of Bﬁ’?_g () with dimension
larger than 1 are associated with topological defects.

As for injectivity, we can try to run an argument analogous to the one used in [26] to
classify the symmetry groups Gp. Let Ky denote the subcategory of topological defects £
of the model Cyy preserving N'=(4,4) and spectral flow, and such that the corresponding
maps L are proportional to the identity on V', i.e. such that

p(Kn) C{L=d-idy, d>1} C B3 (Z) . (3.19)
We can prove the following:

Claim 1. For all K3 models Cry the category Ky of defects preserving N = (4,4) and spectral
flow, and acting by multiplication by some d€R on the space of RR ground fields V 1is
generated by the trivial defect

Ki={dZ, deN} . (3.20)
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Proof. Let L be a defect in Kj. Because L is transparent to the spectral flow generators,
the real number d must be the quantum dimension d=(L£). As a consequence, all R-R
ground fields are transparent to £. This implies that £ is transparent to all exactly marginal
operators of Crr, and it cannot be lifted by any deformation of the model. Because the moduli
space of K3 is connected, this means that the category Ky is the same for all K3 models.
Therefore, it is sufficient to determine Ky =K in a specific model. In section 5, we will show
that in a certain torus orbifold the defects of Ky are necessarily superpositions of d copies of
the identity defect (see Claim 7); in particular, d is a natural number. O

This result generalizes the analogous statement for symmetry groups that the kernel of p
is trivial. However, in the case of defects, this is not sufficient to conclude that p is injective.
If g,h are elements of the group GTy, then p(g) = p(h) implies that p(gh~!) = p(g)p(h) "t =1,
and therefore gh~! € ker p must be the identity and g=h. But if £ and £’ are non-invertible
defects, the fact that p(L) = p(L") does not imply that £ and £’ can be obtained from each
other by fusion with a defect in K. Indeed, in sections 4, 5 and 6 we will see examples of
continuous families of distinct defects Ly, all with the same image L.

The possible quantum dimensions of defect £ € Topy are strongly constrained by prop-
erties (a) and (b). In section 3.3 we will prove the following:

Claim 2. The quantum dimension (L) of a defect L € Topy; is an algebraic integer of degree
at most 6. Furthermore, if IINT%20=£0, then (L) is integral for all £ € Topy.

We recall that an algebraic integer is the root of a monic polynomial p(x) with integral
coefficients, and its degree is d if any such p(x) has degree at least d. We do not know
whether the upper bound on the degree is sharp. A slightly weaker necessary condition for
the quantum dimension to be integral is given in proposition 4 in section 3.3.

The condition IINT'*20 £ 0 has a nice physical interpretation. Let v # 0 be a primitive
vector in IINT'*2°, Because the subspace II is positive definite, the vector v has positive norm
v? > 0. From the viewpoint of type ITA superstring, a primitive vector v € I'*?° with v2 >0
represents the charge of a BPS D0-D2-D4-brane configuration.?> The mass of such a BPS
configuration depends on the moduli, and is proportional to vlz-[, where v and v are the

orthogonal projections of v along II and II*, so that v? = v%—vi. An attractor point in the

moduli space for the BPS state with charge v is a point where the BPS mass v =v?+v?
is minimized, and this happens if and only if v € IT [38-41]. Thus, the points in the moduli
space where IINT%2Y £ () are exactly the attractor points for some BPS brane configurations.
Claim 2 then implies that whenever the K3 model C is ‘attractive’, all topological defects
L € Top, have integral quantum dimension.

By combining Claims 1 and 2, we show that generically, i.e. outside of a subset of null

measure in the moduli space M3, the category Topy is essentially trivial:

Claim 3. For a generic K3 sigma model Cry, the only topological defects in Topy are integral
multiples of the identity.

3While the charges of BPS D-branes span the lattice T*2°, a generic vector v € I'*?? is the charge of a
system of branes and anti-branes that is not by itself BPS.
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Figure 9. Amplitude {(a|®) in the half-cylinder S* xR« with boundary ||a)) at t=0.

See section 3.3 for the proof. As a consequence, for any non-trivial topological defect
L € Topyy there is a deformation of the K3 model Cpy that lifts it. This is in particular true
for the K3 sigma models allowing for a non-trivial Stab(IT), whose elements can in general be
characterized as the invertible topological defect lines in Topy;. We stress that our result does
not exclude that the subset of the moduli space where Top is non-trivial is dense in M 3.

3.3 Action on D-branes

Let us consider the set of BPS boundary states in a K3 model Cyy, corresponding to D-
branes in the full string theory that are 1/2-BPS; i.e. that preserve 8 out of 16 space-time
supersymmetries.

As in the previous section, we denote by V' the 24-dimensional real space of RR ground
states that are CPT self-conjugate. The hermitian form on H induces a positive definite
bilinear form on V.

With each 1/2-BPS boundary state ||a)) is associated a 24-dimensional charge vector
Go. € V*. The pairing of g, with a R-R ground state 1) € V is given by the amplitude

() = ((al[¢) €R, (3.21)

on a half-cylinder
S'xReg={(z,t) |z €R/20Z, t <0} (3.22)

where |1)) is the asymptotic state at t — —oo and « the boundary condition at ¢t = 0, see figure 9.

Geometrically, if S is the target K3 surface, we can identify V with the even real
cohomology H"(S,R) (in fact, RR ground fields correspond to harmonic forms on 5),
and the lattice of D-brane charges with Heypen(S,7Z), the integral even homology. We can
define a bilinear form (g, gg) on the lattice of D-brane charges, corresponding to the Mukai
pairing on Heyen(S,Z):

(ga-g8) = Tryggpen (g7 (=1)T) = (a|(= )T+ g e || ) o (3.23)

Physically, the bilinear form is given by a string amplitude on a bounded cylinder S* x[0,1]
with boundaries o and 3, describing a loop of Ramond open strings with periodic conditions
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Figure 10. Amplitude ((a|£|¢) in the half-cylinder S* xR« with insertion of a TDL L € Top.

for the fermions. This amplitude reduces to an index counting Ramond ground states in
the space H%‘j&?ﬁ of open strings with Chan-Paton factors a—3. In particular, (¢a,qg) is just
an integral (in fact, even) number independent of the size of the cylinder. With respect to
this pairing, the RR charge lattice is isomorphic to the (unique) even unimodular lattice
with signature (4,20).

In the closed string channel, the amplitude gets contributions only from the Ramond-
Ramond ground fields propagating between the corresponding boundary states, with the
insertion of a left-moving fermion number (—1)f2+1. The latter acts by +1 on II (i.e. on
the spectral flow generators in the (%, %; %,%) representation of A= (4,4)) and by —1 on
II+ (i.e. on states in (%,O; %,0)), and can be used to define a non-degenerate bilinear form
with signature (4,20) on V

(W, 0") == (| (=) " |y) . (3.24)

Let us focus on the dual of the charge lattice, i.e. the lattice I'**0 C V of states with respect
to which the charge of any boundary state is integral

2. ={W eV |{(aV)€Z, V||a)} . (3.25)

Since the charge lattice is self-dual, I'*?° is again an even unimodular lattice of signature

(4,20) with respect to the bilinear form (3.24).

Let us now consider, as above, a half-cylinder amplitude ((a|£]4)) for a boundary o
and a state ¥ € V, with the insertion of a topological defect line £ & Top wrapping once
along the circle S*.

By moving the line £ along the cylinder to t — —oco or t — 0, ((|£]1h) can be interpreted
as either the RR charge of the D-brane o with respect to £|t)), or as the charge of £*||a))
with respect to [¢). Therefore,

o (L) = (a|L]Y) = qp., () - (3.26)

As in the previous section, we denote by L := EA‘V, the restriction of £ to V. In particular,
if WeI*2°CV, then

Go(L¥) =gz (V) EZ, (3.27)
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for all ||o)). Tt follows that L(¥) e %20, i.e. £ gives rise to an endomorphism L € Endz(I'*20)
of the unimodular lattice T'%2°

L7420 _, 74,20

Ui L(D) .

The operator £ commutes with the left-moving fermion number (—1)*

A

[(—1)",£]=0, (3.28)

so that the linear map L preserves the orthogonal decomposition V =II@II+. In particular,
it is block diagonal with respect to an orthonormal basis {11,...,1%24} CV satisfying

wlv"'aw4€H7 w5a"'7¢24€HJ_- (329>

Finally, we notice that on a spectral flow generators ¢ €II, L acts by
L) =(L)y, WellCV, (3.30)

i.e. the 4 x4 upper-left block of L is just (£) times the identity. This argument leads to the
conditions (a) and (b) described in section 3.2.
An easy but powerful consequence of this construction is the following;:

Proposition 4. Let £ € Topg,,, and suppose there is some W € 420 W £0, such that L(¥) =
(LYW, where (L) is the quantum dimension of L. Then, (L) is integral. In particular, if for a
certain model Cry, one has IINT420£0, then all £ € Tope,, have integral quantum dimension.

Indeed, without loss of generality, we can assume the vector ¥ € I'*?0 is primitive (i.e.,
not an integral multiple of a shorter vector in the lattice). Then, because (L)W € 420 it
must necessarily be an integral multiple of W.

More generally, because the matrix L representing the action of L on the space of RR
ground fields is an integral 24 x 24 matrix, it satisfies p(L) =0 where p(x), the characteristic
polynomial, is a monic polynomial of degree 24 with integral coefficients. This implies that
the quantum dimension (L), which is an eigenvalue of L, is also a root of the same monic
polynomial, i.e. it is an algebraic integer. Let d= (L) be an algebraic integer, and let r(x) be
the minimal polynomial for d, i.e. the least degree monic polynomial with integral coefficient
having d as a root. Since d has multiplicity at least 4 as an eigenvalue, it follows that r(z)*
divides p(x), so that r(z) must have degree at most 6. We conclude that:

Proposition 5. The quantum dimension (L) of any defect L € Top is an algebraic integer of

degree at most 6.
This result, together with Claim 1, leads us to a proof of Claim 3.

Proof of Claim 3. Consider a K3 model Cr. Let Wq,...,Wyy be generators of the lattice
20 C V. let d:= (L) be the quantum dimension of a defect £ € Topyy, and let Q[d] be the
extension of the field Q by the algebraic integer d. Then, for a generic model Cry, we expect
the scalar products (|¥1),...,(¢|Way4), with some spectral flow generator ¢ € Il, to generate
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a space of maximal rank 24 over the field extension Q[d]. Indeed, because the set of algebraic
numbers has measure zero in R, for a generic model Cpy every non-trivial linear relation among
(Y| W1),..., (| Waq) will contain some transcendental coefficient. Let us define the matrix
elements L;; by L|W;) =3";L;;|¥;), so that L;; € Z. Using

24
d(| i) = (PILIT) = > Lij (0] P;), (3.31)
j=1
we get
D (doij—Li)(w|¥;) =0  Vi=1,....24 . (3.32)

J
Because dd;; —L;j € Q[d] and (¢|V;) are linearly independent over Q[d], it follows that
do;—Ly;=0  Vij=1,...,24 . (3.33)

This means that L is d times the identity, and by proposition 4 d is integral. By Claim 1,
this means that £ =dZ, and we conclude. ]

3.4 Defects as boundaries in the doubled theory and other approaches

In this section we discuss other approaches to topological defects that are not used elsewhere
in this article.

First of all, a topological defect in a CF'T C can be described as a boundary state in
the doubled theory C xC*, where C* is obtained from C by worldsheet parity. In particular,
when C is a sigma model on K3, the doubled theory C xC* is a sigma model on the Cartesian
product of two K3 surfaces. This CFT contains a N = (4,4) superconformal algebra at
central charge ¢=¢=12. Notice that the N'=4 algebra at ¢=12 contains a copy of su(2)2
at level 2, rather than 1.

The space of R-R ground fields of weight h="h :% of CxC* has dimension 242 = 576,
and is isomorphic to V®@V* =2 Endg (V). Similarly, the lattice of RR charges is the tensor
product? I'*29® (I'20)* = Endz(I'*?°). Therefore, for each given £ € Top, one can naturally
identify L € Endz(I'*?°) with the RR charge of the corresponding boundary state in CxC*.
It follows that property (a) is just quantization of RR charges in the doubled theory.

In order to understand the analogue of property (b), let us consider the decomposition
of the space

VeV 2VeV = (Iellt)e(Ielt) (3.34)

into representations of the N'=(4,4) algebra. There are three kinds of (short) Ramond
representations of N'=4 at ¢=12 with h= %, that are labeled by the highest weight (charge)
q€{0,1/2,1} with respect to the 5u(2)2 algebra. In particular, the subspace I+ ®II* is
contained in 202 =400 representations of "= (4,4) with holomorphic and antiholomorphic
charges ¢=G§=0; the 80-dimensional subspaces IIQII+ and IIT®II are contained in 40

4Actually, because I'*?? is unimodular, the non-degenerate bilinear form defines isomorphisms I'*20 2

(T429* and V= V™.
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N = (4,4)-representations with (¢,q) = (%,0) and (q,q) = (0,%), respectively; finally, the 16-
dimensional subspace II®II decomposes into one N = (4,4)-representation with (¢,q) = (1,1)
(9 RR ground states), one representation with (¢,§) = (1,0) (3 states), one with (¢,§) =(0,1)

(3 states) and one with (¢,¢) =(0,0) (one state). This gives an orthogonal decomposition
V®V*:2070@2%70@207%@2170@20716921,1, (3.35)

where X, 5 is the subspace of RR ground states of C xC* contained in the (g, §) representation
of N'=(4,4). Here,

dimXgp=401, dimX;,=dimY;1 =80, dimX;p=dimYp;=3, dimX;;=9.
2 2

It is clear that property (b) for £ & Topg is equivalent to the condition the corresponding
boundary state in C xC* is charged only under the 401 RR ground states in ¥ o, and neutral
with respect to the other ones. In particular, the condition that the restriction of L to II is
proportional to the identity implies that the map L commutes with the left- and right-moving
SU(2) R-symmetry groups; in turn, this means that the corresponding boundary state in
C xC* can only be charged under the singlet in II®QIL. In other words, the space B*?°(R) can
be identified with the 401-dimensional subspace ¥ of R-R ground states of CxC*.

This construction also provides some intuition as for why, for a generic K3 sigma model
C, the only simple defect in Top, is the identity. Indeed, while there are infinitely many
boundary states in C xC*, whose RR charges span the whole lattice I'*2°® (I'*20)* it is not
obvious at all that any of these lattice vectors is contained in the subspace ¥ = B**(R).
Let us elaborate on this point in more detail. We know that in any K3 model C there is the
identity defect Z, and the charge of the corresponding boundary state in the doubled theory
is an element 1€ 20 (I'*2%)* lying in the 401-dimensional subspace Yo ¢ with (g,q) = (0,0).
Under the identification I'*?0® (I'#29)* = End(I'*2?°), 1 simply corresponds to the identity
map. Therefore, the intersection

(I*206 (M20)") 00 = End (M) N B (R) = B (2) (3.36)

is always at least one-dimensional. Now, deformations of the K3 model correspond to
0O(4,20,R) transformations of V = II@II+ within I'*?°®@R. While V is an irreducible repre-
sentation of the orthogonal group O(4,20,R) (the vector representation), the tensor product
VeV*=2V® decomposes as

V2 =1oA*VeSymdV,

where 1, A2V, and Sym%V are, respectively, the trivial, the anti-symmetric and the traceless
symmetric representations of O(4,20,R). Under the identification V®@V* = Endgr(V), clearly
the trivial representation 1 corresponds to the identity map, i.e. to the charge 1 of the
identity defect Z. Because it is invariant under O(4,20,R) transformations, the charge
1€M@ (I*20)* is always contained in . This fits with the obvious fact that the identity
defect is not lifted by any deformation of the K3 model. On the other hand, both irreducible
representations A2V, and Sym%V have non-trivial intersection with g and with other ¥, .
Thus, a generic O(4,20,R) transformation will mix any vector in the 400-dimensional space

(onoﬂlj') C /\QV@SymgV
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with vectors in the other components ¥, 5. Therefore, generically, we do not expect any other
lattice vector in T'*#20® (I'+20)* to lie along Y oN1+. This means that the intersection (3.36)
is generically one-dimensional, and contains only the maps L that are multiple of the identity.
By claim 1, we conclude that £ is a superposition of identity defects.

We stress that this result is not in contrast with the possibility that Topp is non-
trivial in a subset of null measure in the moduli space — in fact, we know that there
are families of K3 models with non-trivial symmetry group Gy. Indeed, one can tune a
O(4,20,R) rotation so that the space ¥ contains a non-trivial sublattice of T'#?% (I'+20)*,
In fact, this happens whenever E(wﬂlL has a non-trivial intersection with the rational space
(M2 (I*29*")@Q C VeV*. Starting from such a point in the moduli space M3 of K3
models, corresponding to some Il C V, and acting by a rational orthogonal transformation
0(4,20,Q), one gets another point in M3 with non-trivial intersection, and therefore
potentially non-trivial defects. Thus, the subset of M g3 where the category Top is potentially
non-trivial is dense in M g3 (though we stress that, apart from invertible symmetries, we
are not able to prove that such potential defects actually exist). Our argument, however,
shows that such a subset cannot contain a full open neighborhood of any point in the moduli
space, and therefore has zero measure. Indeed, a real O(4,20,R) transformation of IIC V,

even an infinitesimal one, will generically lift any intersection.®

There is one point in our argument where we have been slightly naive. In general,
boundary states in C xC* correspond to defects in C that are conformal, but not necessarily
topological, i.e. they preserve a particular linear combination of the holomorphic and anti-
holomorphic stress energy tensor, but not 7'(z) and T'(2) separately. The topological defects in
Top correspond to a particular choice of gluing conditions for boundary states in C xC*, where
the two copies of the holomorphic N'=4 algebra are identified with the two anti-holomorphic
copies up to an automorphism exchanging them (i.e., they are ‘permutation branes’). In our
treatment, we are ignoring this restriction, and therefore what we get is an upper bound on the
actual number of topological defects. Boundary states satisfying the correct gluing conditions
are in one-to-one correspondence with topological defect operators L:H—H commuting
with the "= (4,4) algebra. The requirement that the defect preserves the spectral flow puts
further constraints on the R-R charge of the corresponding boundary states. In particular,
the boundary state must preserve space-time supersymmetry, so that it must carry a non-zero
R-R charge in I'*2°® (I'*20)*. The argument above then shows that, outside of a null measure
subset in the moduli space, all operators L corresponding to a defect £ € Topyy must act on
the space of R-R ground fields as a multiple of the identity. Then, one needs to use claim 1
to conclude that all such defects £ are multiples of the trivial one.

Let us now comment on other common approaches to determine topological defects in two
dimensional conformal field theories. One simple and powerful method pioneered by Petkova
and Zuber in [8] consists in imposing the analogue of the Cardy condition for boundary
states. In practice, a generic defect £ preserving the chiral and antichiral algebra A x A is

®The subset of Mx3 with non-trivial Topy, however, might contain submanifolds of strictly positive
codimension, corresponding to rotations of II by proper subgroups of the real group O(4,20,R). Again, this
is compatible with the known fact that there are families of K3 models with the same non-trivial group of
symmetries.
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parametrized in terms of the (unknown) eigenvalues of £ on the primary fields. One can
then compute the torus L-twined partition function, obtained by inserting the £-line along
the ‘space’ direction of the worldsheet torus, as a function of these parameters. A modular
S-transformation relates this £L-twined partition function to the L-twisted one, where the
defect runs along the ‘time’ direction. Because the L-twisted partition function is just a trace
over the L-twisted space H ., it must decompose into characters of the Ax A algebra with
non-negative integral coeflicients. Imposing such property on the latter coefficients gives a
set of quantization conditions on the unknown parameters of the defect £, whose solutions
form a lattice. In rational CFTs, where there is a finite number of primary fields and of
unknown parameters, this method is very effective and very often allows one to determine
all possible topological defects in the theory.’

The main difficulty in applying this method to study Top. in a K3 model C is that the
theory is not rational with respect to the N'=(4,4) algebra, so that there infinitely many
primary operators and unknown parameters. It is known that the character of the N'=4
algebra (in particular, for the BPS representations) are mock modular forms [43-45], and
their S-tranformations give rise to a continuum of massive characters. As is well-known
from the study of boundary states in non-rational theories, imposing Cardy-like conditions
to these cases is technically very difficult.

Despite these obstacles, modular properties of torus amplitudes have been successfully
used in the past to get information about the action of finite symmetry groups on the space
H (or, at least, on some subspace) of states of a K3 model. In particular, when £ is an
invertible defect preserving the superconformal algebra, one can consider the L-twined elliptic
genus, which is a (weakly) holomorphic Jacobi function for a certain subgroup of the modular
group SL(2,Z). Because the space of such Jacobi functions is finite dimensional, the problem
is once again reduced to determining a finite number of unknown coefficients. In particular,
these methods were applied in the context of Moonshine conjectures for K3 models [49-54].

One crucial step in these methods is the fact that, for an invertible symmetry of order
n, the L-twined genus is modular with respect to a level n congruence subgroup of SL(2,Z).
This is a consequence of the fusion relation £™ =Z. Furthermore, all possible orders n of these
symmetries can be determined by the general classification theorem of [26]. Unfortunately,
when £ is an unknown non-invertible defect in some K3 model, we do not have any information
about the relations in the fusion ring generated by L. In principle, the decomposition of
L£F might involve new simple defects at every power k. For this reason, one cannot predict
what the modular properties of the £-twined genus are. In fact, we hope that the methods
developed in the present article will provide enough information about the fusion ring of
Top. so as to make these methods effective.

Finally, when the CFT C can be obtained as a IR fixed of a RG flow from a Landau-
Ginzburg model, there are well-developed techniques to study its topological defects and
their fusion with supersymmetric boundary conditions, relying in particular on matrix

5More generally, in order to determine all simple defects in a rational CFT, one needs to impose a Cardy-like
condition to all possible products £1.L3, for all pairs of simple defects £1, L2. In the doubled theory, the
Petkova-Zuber method just corresponds to imposing the Cardy condition for open strings stretched between
any pair of boundary states.

— 27 —



factorization [55-61]. It would be interesting to apply these methods to K3 models and use
them to verify and extend the general results of our article.

4 Topological defects in torus orbifolds

Many interesting examples of K3 models can be described in terms of orbifolds of super-
symmetric sigma models on 7% by some finite group of symmetries. In this section, we will
show that for all such K3 models C the category Top, contains some family of simple defects
Ly parametrized by continuous parameters 6. This result is an immediate generalization of
known properties of the orbifold S!/Zs of a single free boson on a circle [15, 22, 23, 62].

4.1 Supersymmetric sigma models on T*

A supersymmetric sigma model 7 on T* contains four holomorphic and four anti-holomorphic
u(1) currents i0X*, i0X*, k=1,...,4, as well as their superpartners, the four holomorphic
and anti-holomorphic free fermions ¥, ¥ with weights (h,h) = (3,0) and (0, 3), respectively.
The full current algebra is 50(4)1 ®u(1)*, where the six currents of 50(4)1 = 5u(2); D5u(2)1
are given by normal-ordered products :ip1: of pairs of free fermions. These fields generate
the full chiral and anti-chiral algebra of the 7% model at a generic point in the moduli space
— the algebra can be enhanced at subloci of positive codimension.

The NS-NS primary operators with respect to this algebra are the vertex operators
Vi(z,z) labeled by vectors

A=A, Ar) = (AL, AL A, AR ERE, (4.1)

with conformal weights h = % and h= %. For each given T* model, the allowed vectors
A€ RS are the points of a 8-dimensional lattice T** (the Narain lattice) that is even and
unimodular with respect to the bilinear form

()\,M)Z:)\L'/,LL—/\R'/.LR, )\,/.LEF4’4, (42)

with signature (4,4). Notice that all even unimodular lattices I'** with signature (4,4) are
isomorphic to each other. There is a (non-unique) choice of basis {n,...,n4,w1,...,wya} for
I'** with respect to which the bilinear form is

(ni,nj)zoz(wi,wj), (ni,wj)zéij . (4.3)

The vector A € R® represents the weights of the corresponding primary state |\) with respect
to the U(1)*xU(1)* group generated by the four bosonic currents i0X*, i0X*. In other
words, the invertible defects

W, e (M*oR)/T** = (R/Z)8, (4.4)
corresponding to the U(1)® symmetries, commute with the full chiral algebra and act by

WalA) = 2|, (4.5)
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on the primary state A. Geometrically, U(1)® = U(1)*xU(1)* is the product of the U(1)*
group of translations along the four direction of the torus 7, times the U(1)* group of
translations along the T-dual torus.

The RR sector representations of the chiral algebra are labeled by the same vectors A € T4,
For each such A € I'**, there are 16 degenerate ground states with conformal weights h =
%—Fi and h= %—F%, which form an irreducible representation of the Clifford algebra
of zero modes of the 8 fermions ¥*¢*, k=1,...,4. With respect to the holomorphic and
antiholomorphic s0(4); = su(2);®su(2); algebras and the corresponding Spin(4) = SU(2) x
SU(2) groups, the 16 ground states decompose into four irreducible representations with
weights (s1,$2;51,352)

1 1 11 11 1 1
1,1 200~ i Z.0,- ) . 4.
(2707270)ﬂ (27()’072)7 (072727())7 (0727072) (6>

The chiral algebra of the 7% model conta/irg several copies of the small N/ =4 supercon-
formal algebra, corresponding to a choice of su(2), current algebra (the R-symmetry algebra)
inside s;\(él)l; we choose a small N'=(4,4) once and for all. The four R-R ground states with
A=0 (i.e. conformal weights h =h = i) that are charged with respect to both the holomorphic
and antiholomorphic su(2); algebra are the spectral flow generators, and belong to a single
1.3 1> 5) representation of "= (4,4). The remaining 12 RR ground states belong to two
(3.3:5.0), two (3,051, 3), and four (,0;,0) representations of N = (4,4).

For a generic 7% model T, the group G of symmetries preserving the small N = (4,4)
algebra and the spectral flow generators is

Gr=U(1)¥xZs, (4.7)
where the Zo symmetry R is the coordinate reflection
oxXF - —axk, OXF - —axk Yk —yF, PP Pk (4.8)
The fusion of R with Wy is
RWy=W_g¢R . (4.9)

At special loci in the moduli space, G7 can be enhanced to a larger group. In general, the
group G7 is always a group extension

1—U1)®—Gr— Gy —1, (4.10)

where G C O(I'**)~0(4,4,Z) is a finite group of lattice automorphisms, that always
contains the reflection (4.8) as a central element. Physically, O(I'**) = 0(4,4,Z) is the group
of torus T-dualities, and Gg- is the group self-dualities of the model 7. See [63] for a complete
classification of the groups Gg—.

The orbifold of a 7% model 7 by a non-anomalous finite group of symmetries H C G is
again a N = (4,4) superconformal field theory at ¢=¢=6, so it is a sigma model on either
K3 or T*. In this case, the elements g € G that normalize H, i.e. such that gHg ' = H,
commute with », 5 £ and therefore give rise to invertible defects in the orbifold theory
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T/H. On the other hand, if g€ G7 does not commute with >,z Ly, then it can induce
a non-invertible defect in 7 /H. In the next sections, we will see some examples where H
is cyclic and the orbifold 7/H is a K3 model.

If H is a finite non-anomalous subgroup of U(1)®, then the orbifold 7/H is again a
torus model. If the symmetry group of 7 is the generic G = U(1)® xZs, then every g € G
normalizes” H C U(1)%, and therefore necessarily induces an invertible symmetry in 7 /H.
On the other hand, if one starts from a model 7 with non-trivial GY%, then one can get
non-invertible defects in infinitely many different torus models 7 /H, by varying the orbifold
subgroups H C U(1)3. This is the higher dimensional analogue of a phenomenon observed
for a single free boson on S! [23, 24]: at the self-dual radius R,y there is a SU(2)xSU(2)
group of symmetries commuting with the Virasoro algebra; by taking orbifolds by suitable
non-anomalous H = Zy x Zy; groups, one can get S’ models at every rational multiple %de
of the self-dual radius, so that in every such model there are non-invertible topological
symmetries labeled by a pair (g,h) € SU(2) xSU(2) [23]. A simple T* model example is given
by the product T = (S1)* of four S* free bosons at the self-dual radius (this corresponds to
the model denoted as A} in [63]). The model T is self-dual under T-duality along each of the
four circles; furthermore, T-dualities in an even number of direction preserve the N = (4,4)
algebra and spectral flow, so that they correspond to elements g € G7. By taking orbifolds
by finite subgroups H C U(1)8, one can get infinitely many 7% models with non-invertible
topological defects induced by g. We stress that while the subset of such T* models is dense
in the moduli space, it is still of measure zero.

4.2 Continuous defects in T* /7

Given any torus model 7T, the orbifold C =T /Zy by the Zs symmetry (4.8) is a non-linear
sigma model on K3.

A torus orbifold C =T /Zs always admits an invertible defect @) (the quantum symmetry)
acting by —1 on the twisted sector and trivially on the untwisted one. Besides @), it also
contains some invertible simple defects that are induced by the simple defects Wy of the torus
model 7 that commute with R, i.e such that #=—0 mod I'**. More precisely, with each
defect W% , A4 /2144 of T are associated two defects 7 A My =Qn A of C. In particular,

2

for A=0, one has ny=1 (the identity defect) and n=Q.
While the defects Wi, A€ '** generate an abelian group of symmetries Z§ CU(1)8 of
2

the torus model 7, the group generated by the 7/, is a non-abelian extension of 78§ by a
central Zy generated by the quantum symmetry ). Consider a basis {ni,...,n4,w1,...,wa}
for T4* as in (4.3). The defects n,,, N, and Q obey the following relations

Ui

N

=I=nb, @=1, nuQ=Qnu, nuQ=Qnw (4.11)
3 2 2 2 P}
If A\=3";(ain;+byw;), a;,b; € Z/27Z, is an element of ['**/2I'*, then we define

=Qn (4.12)

77% :nlz (a2n1+blwl) = 7”(112711 ...na42n4 771715’1 "'77174;4 , ,'7

2 12

[V P
o[>

"Notice in particular that RhR =h"" for all h € U(1)®.
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We have the fusion rules

Q=I, mQ=Qny, (1)?=Q"V? (4.13)
which imply
M =T=nb,  mane=QMnun, (4.14)
2 2 2 2
Different choices of the basis {ni,...,nq,w1,...,ws} just lead to exchanging 7, <>, for some
2 2

values of # — this is just a relabeling of the defects. Altogether, these invertible elements
have group-like fusion rules, corresponding to an extraspecial group 28 [64]

1—(Q)=2Zy —2118 — 78— 1. (4.15)

Besides invertible defects, torus orbifolds 7 /Zy always contain a continuum of defects Ty,
parametrized by 0 € ((R/Z)®)/41, that preserve the N = (4,4) algebra and the spectral flow
generators, and that are induced by the R-invariant superposition Wy+W_y of topological
defects of the torus model 7. The defects Ty have dimension 2 and satisfy the fusion rules

ToTy =Tyro+Th—_pr,

While Wy+W_gy are clearly a superposition, the Ty are actually simple for generic values
of 6. The only exceptions are when @ is one of the R-fixed points 6 = % € %F474 /T44 and
in this case they are superpositions

Tr=mnr+Qnx . (4.16)
2 2 2
Notice that Ty =Z+Q), so that
(Ty)* =To+Tap=T+Q+Thg, (4.17)
that implies that Ty is unoriented, (7p)* =Tpy. The fusion with the invertible defects is

QTy=TyQ=Tp,  mTy=Timr=T, (4.18)

Ay
+3

where in the last identity, one uses %E —% mod I'**, so that T9+% :Te_%.

According to [15], the operators Ty associated with these defects act on the untwisted
sector as the operators Wg—l—W_g in the original theory, while they annihilate the twisted
sector. On the RR ground states, all Ty act by twice the identity on the states in the untwisted
sector, and annihilate all the states in the twisted sector.

If 20 € (T**®@R)/T** is a R-fixed point, i.e. if 20 =—20 mod I'**, then 6 = 3 for some
AeT*4 and the fusion product (4.17) becomes

(Ty)* =Z+Q+ny+Qny - (4.19)

The right-hand side is just the sum over all invertible defects in the order 4 group generated
by @ and R (this is either ZgxZso or Z4, depending on whether (77%)2 equals Z or Q, i.e.
if (A\,\) equals 0 or 2 mod 4). Therefore, T% is a duality defect, providing an equivalence
of our theory to the orbifold by this subgroup.
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4.3 Topological defects in T%/Zx models

Let us generalize the construction of the previous sections to the case of a K3 model C
obtained as the orbifold 7/Zy of a torus model T by a cyclic group (g) = Zy.

In order for 7 /Zy to be a K3 model, all holomorphic and anti-holomorphic fields of spin
1/2 must be projected out. Because the U(1)*x U(1)* group generated by Wy acts trivially
on such fields, this implies that g must be a lift of an automorphism of the Narain lattice I'*%.
Furthermore, because the eight fermions transform in the same representation as I'*®@R, we
require g to have no fixed vectors in such representation. Notice that, for N > 2, the group G
preserving the small N'= (4,4) algebra and spectral flow contains such lifts only at special loci
in the moduli space of torus models. All such models and symmetries were classified in [63].

The quantum symmetry ¢ has order N and acts by multiplication by a phase e** on
the gF-twisted sector. The orbifold procedure can be described as the gauging of the finite
group (g), and defect line Q¥ is interpreted as a Wilson line associated with the 1-dimensional
representation py of (g), where pi(g) = . In particular, operators that were local in the
original torus model 7 and transforming in the pj representation of (g) become operators
in the defect space Hpr in the orbifold C.

For each § € M*®@R/I'*4, there is a continuum of topological defects Ty € Top, of dimen-
sion N induced by a superposition of defects Wk o) of the torus model T

Wa-l—Wg(g) +.. .—i—WgNﬂ(g) — Ty . (4.20)

The defect Ty only depends on the orbit of 6 with respect to the action of (g), and its dual is
(Ty)* =T_g. For generic 0, when the Zy-orbit has N distinct elements g*(#), Ty is simple,
while it decomposes into a sum of N/d simple defects when 6 has a non-trivial stabiliser
Zn)q CZN. More precisely, when the stabiliser subgroup Stab() is (g% = ZN/4 for some
d|N, there are N/d simple defects 1y, Qng, @*n, .. ., QN/d=1p, of dimension d induced by

d—1
Z ng(g) — 7 (4.21)
k=0
and we have a decomposition
Ty=ng+Qno+...+Q " ny . (4.22)

This decomposition can be understood as follows: when ¢g%(6) =6, each defect space Hng(e)

in the torus model, with k=0,...,d—1, carries a non-trivial representation of (¢?), and
operators in Hngw) with different g?-charge must belong to different (non-isomorphic)
irreducible modules of the orbifold theory C. The OPE with defect operators in Hg modifies
the g?-charge, and therefore maps each of these N/d modules into one another. Therefore, the
defect lines for these modules can be written as Q*ny =nyQ*, k=0,...,N/d—1. We notice
that operators in QV/? have trivial g% charge, so that we have the fusion rule

Qg =ngQ"N/" =ny . (4.23)
This fusion rule also implies that the linear operator 7jy: H — H associated with 7y must
annihilate all g*-twisted states, unless k is a multiple of d. Similarly, the fusion rule

QTy=TyQ =1y, (4.24)
implies that Ty annihilates all g*-twisted sectors, for all k#0 mod N.
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The fusion rules are

N-1
TQTQI = Z T9+gk(01) B (425)
k=0
and, in particular, for generic 6,
N-1 N-1
TQT_Q :T()—I- Z T@_gk(g) = 1+Q—|—. . .—I—QN_1—|— Z T(l_gk)(g) . (4.26)
k=1 k=1

Finally, because the reflection (4.8) commutes with every automorphism of the lattice I'**,
we have that R is also an invertible topological defect of the orbifold model C.

The elements @ that are stabilised by g are all the solutions z € (I**®@R)/T** of the
equation

(1—g)(z)=0 modI'** . (4.27)
Because by hypothesis ¢ has no fixed vectors on I'**®R then
1+g+...gV 1t=0, (4.28)

and (1—g) is invertible, with inverse

(1-9) 7 = {428+ A (N 1)), (4.29)

as can be easily verified. Thus, the fixed vectors x are all elements of
1
((1_9)—11—\4,4)/1‘\4,4 g <N1—\4,4> /1‘\4,4 . (430)

The number of distinct points in this quotient is given by det(1—g) and can be easily
computed once the eigenvalues of g are known.

Consider for example the case when N is prime. The analysis in [63] shows that the
possible values are N =2,3,5 (for N =5, the symmetry g has no geometric interpretation
as an automorphism of the target 7% torus.). In this case, for any 6 € (T**®@R)/T'*4, either
the orbit of # contains N distinct elements, or € is fixed by the full group (g). For each N,
the eigenvalues of g are all primitive N-th roots of unity with the same multiplicity [63].
Therefore, the number det(1—g) of distinct points in the quotient ((1—g)~'I'*)/I'** equals
28 for N =2, 3% for N =3 and 5% for N =5. The corresponding simple defects 7, are invertible,
and together with ) they generate some non-abelian central extension of Z3, Z% and Z2
called extraspecial groups 2'+%, 3+4 and 572 for N =2, N =3 and N =5, respectively:

1—(Q)=Zy — NTF 7k 1. (4.31)
In particular, two lines 1, and 7,» do not necessarily commute
MNear = Q%™ Inymy . (4.32)

The 2-cocycle cy4(z,2") (4.32) characterizing the central extension N are determined by
the 't Hooft anomaly in the U(1)® symmetry of the torus model, see [65-68].
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Similar arguments hold when N is not prime. The possible values of N, in this case, are
4,6,8,10,12 (they are the values o(£gp) in table 2 of [63]; the eigenvalues of g when acting
on the space I'**®R are denoted by iCL,:tCR,iCL_l,iC}EI in the same table). For each
d|N, consider the element g?. If 1 is an eigenvalue of g%, then the points z € (I"*®@R)/T*4
stabilized by ¢ form a continuum, corresponding to the g?-fixed subspace of T**®@R. On the
other hand, suppose that none of the eigenvalues of g¢ equals 1, so that (1—g?) is invertible.
In this case, the g? fixed vectors z € I**®@R/T** are the det(1—g?) elements in the quotient
(1—ghH~r44)/T44. When d=1, the corresponding defects 7, are invertible, and form a
group that is a central extension of some Zf\, by the quantum symmetry Q.

Consider the case where g has prime order N, and (1—g) is invertible. Let x € (I'**®
R)/T*4 2 #0, be a non-trivial fixed point of g, i.e. such that x=g(z) mod I'**; this is
the image = (1—g)~ '\ of some vector A€ I'**. If we apply the operator (1—g)~! once
again to x, we obtain a vector

v:=(1-g) 'z, (4.33)
with some special properties. In particular, we get
(1—g"o=>04g+...+¢* H(1-9g)(1—g) lz=kzr modI**. (4.34)

Let us define the simple defect

N-1 N—-1
Ne:=RT,=R> Wy =R > Wy e - (4.35)
k=0 k=0
We get
N—-1 N-1
NZ=RT,RT, =TTy => T, griy= 2, Tha
k=0 k=0
=(14m+. . AnN-1)) (1+Q+...+Q" 1), (4.36)
and
N-1 N-1
an:c =RTyn. = RTv-{—.t =R Z vaka:er =R Z WU—(k—l)x :NLB (437>
k=0 k=0

Therefore, A is a duality defect for the abelian group of order N? generated by 7, and
Q. This group could be isomorphic to either Zy xXZy or Zy2, depending on the norm of
x. This argument shows that the torus orbifold 7/(g) is self-orbifold with respect to any
such group of symmetries.

More generally, one expects a continuum of defects in Top, whenever C can be described
as an orbifold of a torus model 7 by some (possibly non-abelian) symmetry group G of
T. Such defects are induced by superpositions » o Wy of topological defects of torus
models, and are simple for generic values of 6.
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4.4 An example of torus orbifold T%/Z,4

Let us consider an example of the general theory described in the previous section. We
consider a torus model 7 with a large group U(1)% >4GOT of symmetries commuting with
a small N =(4,4) superconformal algebra, where G has order 192. This is the torus
model described in section 4.4.1 of [63], and contains a $0(8); chiral and anti-chiral algebra.
The Zs orbifold by R (the centre of Gg—) gives the K3 model with the ‘largest symmetry
group’ [69, 70] that we will consider in section 5.

The winding-momentum lattice I'** of this model is given by the columns of the fol-
lowing matrix

200-1111
020-1100
002-1010
000-1001
0000 111
000 0 100-1
00000100
000 0 001 O

_ O O ==

(4.38)

Sl

In each column, the first four coordinates are the eigenvalues >‘1L» . .,)\% of the zero modes
of X1, ...,0X*, while the last four are the eigenvalues )\}z,...,)\‘}% of the zero modes of
0X',...,0Xx%

Notice that the vertex operators V)(z) corresponding to the first four columns are
holomorphic currents (h = % =1, h= % =0), which together with X" generate the
50(8)1 current algebra.

Let us focus on a symmetry g € GOT of order N =4, acting by

-10 0 0 0000
0 -10 0 0O0O0O
0 0-10 0O0O0O
0 0 0-100O0O0
0 000 0O1O0O (4.39)
0 00 0-1000
0 00 0O 00O0T1
0 00 0O 0O0O-10

on I'**®R. One can easily verify that this is a lattice automorphism, g € O(I'**), and that
det(1—g) =64 #0. This is a symmetry in the class —4A, in the notation of [63], and the
orbifold 7 /(g) is again the K3 model with largest symmetry group that we will describe
in section 5 (see section 6 of [69]).

Let us consider the g-fixed points in T**®@R/T'*4. As explained in the previous section
they correspond to the points

(1—g) ') /T 2 2y X Zy X Za X Za (4.40)

,35,



with generators

0 ~1/2 3/2 3/2
1 ~1/2 3/2 0
0 ~1/2 0 1
y1= 8 Yo = 2/2 UL = (1) Ug = ;?; , (4.41)
0 0 0 1/2
0 0 0 1/2
0 0 0 1/2

where y; and yo have order 2, while u; and uy have order 4 (modulo F4’4).

The invertible topological defects W, of the torus model T, where z € ((1—g)~1T44) /T4
are g-fixed points, induce invertible defects 1., Qn., @0z, Q37, in the K3 model T /(g), where
Q is the quantum symmetry of order 4. The group they generate is a central extension
of ((1—g)~'I*4) /T4 27y x Zo x Zyx Zy by (Q)=7Z,. In order to determine the central
extension in detail, one needs to know the 't Hooft anomaly for the abelian group

H={(g)x((1—g) 1T /T 2 2y x Zy x Ly x Ly x Ly, . (4.42)

The anomaly is encoded in a cohomology class [w] € H3(H,U(1)), with representative a
3-cocycle w: Hx HxH —U(1). It is known that

H3(Z3x73,U(1)) 2 Z¥ < 7, (4.43)

and a basis of generators can be found, for example, in [71]. In order to determine which
class in H3(H,U(1)) is relevant in this case, one can just consider, for each k € H, the failure
of the level matching condition for the k-twisted sector of 7. In particular, if kK € H has order
o(k), the level matching condition is satisfied if the spin spin(k) (i.e. the difference h—h of
conformal weights) of the k-twisted states take values in ﬁZ; in this case, the restriction of
the anomaly class [w] to the cyclic group (k) is trivial. More generally, if the restriction of
[w] to (k) is non-trivial, one has the following relation [16, 65-67, 72]

o(k)—1
eQwio(k)spin(k) _ H UJ(/{?, ]{Ji, k‘) ’ (4‘44)
i=1
between the spin and the cocycle w. If we know the spin of the k-twisted sectors for all k € H,
we can use (4.44) to determine the class [w]. In fact, for elements x € ((1—g)~'T'*4)/I** c H
the spin of the z-twisted ground state is

(z,2)
2

spin(z) = (4.45)
On the other hand, the cohomology class [w] is trivial when restricted to the cyclic subgroup
(9) C H (see [63]). More generally, the restriction of [w] to any cyclic group of the form
(gx) C H is trivial for all z € ((1—g)~'T'%*)/T*4, because g and gz are conjugate within the
group G. These data are sufficient to determine the class [w] uniquely.

— 36 —



Once the cocycle w representing the 't Hooft anomaly of H is known, one can determine
the central extension of ((1—g)~'T'%4)/T'** by the quantum symmetry @ that is induced on
the orbifold theory 7%/{g). In particular, the commutation relations are

Mys Mye = Q%Mo Ty, s Thaz = Qs My + Nyt = Qg s Gk=12.
Furthermore, while 7,, and 7, can be chosen of order 2
Moy =1=1,, (4.46)
the symmetries n,, and 7,, have order 8
Ny = Q2 =1, Q'=1. (4.47)

The orbifold theory 7 /(g) contains a continuum of topological defects Ty of dimension 4,
with 6 € (T**®@R) /T4, that are simple for generic 6. These defects, as well as the defects of
the form Q*Ty, k=0,1,2,3, are induced by the superpositions Z?:o Wyi (o) In the torus model

Wo+Wy(a)+ W2+ Wes9) — Ty, QTy, Q*Ty, Q*Ty . (4.48)

When =x¢c ((1—g)~'I'**)/T** is one of the g-fixed points, Ty =T, is not simple, but
becomes a superposition of four invertible defects

T, :7730+Q77m+Q2771+Q377x7 (4'49>

and satisfies QT,=1T,.
An intermediate case occurs when 6 is fixed by g2, but not by ¢g. This happens when 6 is
of the form 0= (6r,0), so that g(#) =—6. In this case, Ty decomposes as a sum

Ty=E+Q¢%, (4.50)
where & and Q& are dimension two defects induced by Wy+W_g on T
Wo+W_p — &0, QS - (4.51)

The defects &, where 8 = (01,,0), are simple for generic 01, while they decompose as &, =1, +
Qn, when x=(0r,0) is fixed by g. Furthermore, the £y are always unoriented and satisfy

Q% =6Q*=¢&, §olor = Eoror +Eo—p - (4.52)

As described in the previous section, for each g-fixed vector x € ((1—g) 'T*4)/T*4, we
can consider v = (1—g)~!z. There are two cases to be considered, depending on whether z is
fixed by ¢? or not. In the first case, x is a linear combination

= a1y1 +a2ys+2b1u +2bous, (4.53)
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with ay,as,b1,bs € {0,1}. Notice the = has always order 2 in this case, 2z € I'**, and g(z) = —x
mod I'**. In this case, we have

0 —1/4 3/4 —1/2
12 —1/4 3/4 0
0 —1/4 0 0
v=aq 8 “+as 1)/4 +b1 8 +bo 2/2 (4.54)
0 0 0 0
0 0 0 0
0 0 0 0

so that g(v) = —v and ¢%(v) =v. Thus, in the orbifold theory 7/(g) there are two dimension
2 unoriented simple topological defects, &, and Q&,, induced by the defect W,+W_, of T,
as in (4.51). The fusion of &, and Q&, with themselves gives

2 =(Q6) =&+&=1+Q*+1:+Q%n, . (4.55)
Furthermore, because v+z=—v mod I'**, one gets
oMz = N6 =& - (4.56)

Therefore, both &, and Q¢, are duality defects for the Zo x Zo group generated by 7, and Q2.
In the second case, where z is not fixed by g%, we have

T = a1y1 +a2y2+crug +coug, (4.57)

where aq,a2,c1,c0 € {0,1}, with at least one among c¢; and ¢y being odd. In this case,  has
order 4, i.e. 4x € I'**, and v:= (1—g) 'z is not fixed by either g or g?. Thus, the orbifold
theory 7 /(g) contains four dimension 4 defects Q*T,, k=0,1,2,3, induced by S3_, Wk (o)
as in (4.48). The treatment is analogous to the case described in the previous section, where
the order N of g was a prime number. One defines

Ny :=RT,, (4.58)
and the resulting topological defect N, is unoriented and satisfies
N = (1+Q+Q*+ Q%) (1+1: +12e +132) (4.59)

Thus, it is a duality defect for the Zg x Zg group with generators 7, of order 8 and Qn?
of order 2.

4.5 K3 models with continuous defects: a conjecture

In the previous sections, we have seen that all K3 models C that can be described as torus
orbifolds contain a continuous family of topological defects £y € Top., that preserve the
N = (4,4) algebra and spectral flow, and that are simple for generic values of A\. On the other
hand, in claim 3 we argued that for a generic K3 model Top, is trivial, and in particular has
no such family of defects. Thus, it is natural to look for a characterisation of the K3 models
admitting such continuous families. We propose the following conjecture:
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Conjecture 6. Let C be a K3 model that admits a continuous family of topological defects
L € Tope, preserving the N = (4,4) superconformal algebra and spectral flow, and simple
for all \ except possibly a zero measure set. Then, C is the (generalised) orbifold of a torus
model T .

Let us recall the notion of generalised orbifold [16, 61, 73]. In a ‘standard’ orbifold of a
CFT C by a finite group of symmetries (7, one can consider the superposition A=3%" L,
of all invertible defects in the group. Then, the Hilbert space of local operators in the
orbifold theory C/G is just the subspace of G-invariant operators in H 4, and their correlation
functions can be obtained as correlation functions in the original theory with an insertion
of a fine enough network of defects of type A. This construction can be generalised to any
topological defect A, for which there exist some ‘multiplication’ and ‘co-multiplication’ maps,
i.e. topological junction operators p: HAQ@Hs —Ha and fi: Ha — HaQH 4 satisfying some
suitable conditions — essentially, that the associator of the multiplication map is trivial, and
that fiou is the identity. When such properties are satisfied, one can define a new consistent
CFT, the generalised orbifold C/A, whose space of local operators is a suitable subspace of
‘H 4, and whose correlation functions are obtained by inserting networks of defects A in the
C correlators, with the operators y and [i inserted at trivalent junctions. Furthermore, the
generalised orbifold procedure is always reversible: if C'=C/A is obtained as a generalised
orbifold of some CFT C, then C=C'/A’ is a generalised orbifold of C’.

Let us now sketch an argument for a possible proof of conjecture 6. According to [15],
the presence of a continuum of operators L) is related to the presence of a conserved current

je ,Hﬁxﬁ;:
ji=J(2)dz+J(2)dz, (4.60)

where d.J(z) =0=09.J(%). This current is such that an infinitesimal deformation £y sy of
the defect £, can be obtained as

Laror=Lreé? i, (4.61)

where j€H,, cx =H Q@?’-{ZA is interpreted as a linear operator from H., to itself, and the
integration [j is over the support of the defect L.

In the case we are interested in, since £y and £, sy are defects in Top., then the current j
must preserve the N = (4,4) superconformal algebra and the spectral flow. In particular, J(z)
and J(Z) must be neutral with respect to the holomorphic and anti-holomorphic 5u(2); R-
symmetry, and must be the supersymmetric descendants of holomorphic and anti-holomorphic
spin 1/2 fields. This implies that the NS-NS sector of Hz, .+ contains two N =(4,4) BPS
representation (3, 3;0,0) and (0,0;1,3) containing the currents J(z) and J(2). As a matter of
fact, because the ground states of these representations are a su(2); doublet on complex spin
1/2 fields, and because (L)L3)* = L,L}, there must be 4 holomorphic and 4 anti-holomorphic
Majorana spin 1/2 fields (in other words, one needs to include also the CPT conjugates of these
BPS representations). The OPE of the four holomorphic spin 1/2 fields is very constrained,
and only the vacuum operator can appear in a singular term. We can take L., C £y L} to
be the smallest unoriented (L Lorp) defect containing I, with L5 C (Lorp)?, and such

orb —
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that # ., contains the four holomorphic and antiholomorphic spin 1/2 fields and is closed
under OPE. Then H,
generated by A =4 and the free fermions. This is just the chiral algebra of a generic T¢ model,

.., contains a holomorphic and a antiholomorphic copy of the algebra
i.e. the algebra of four free bosons and four free fermions. Furthermore, H., , decomposes
into (possibly twisted) representations of this chiral and anti-chiral algebra. What remains
to prove is that A:= L, (or possibly some extension of L), satisfies all properties such
that the generalised orbifold C/A is well-defined. It might be possible to prove this fact using
properties of the category of (twisted) representations of the chiral algebra of T#. If the
orbifold C/A is consistent, then it contains four free fermions and four free bosons and has
central charges ¢=6=¢, so that it is necessarily a sigma model 7 on T*. By reversibility of
the orbifold procedure, we conclude that C is a generalised orbifold of the torus model 7.

In the examples of continuous defects discussed in the previous sections, L., was given
by I4+Q+...+QN"1, and indeed the orbifold of C by L, gives back 7.

5 An example: a K3 model with Z3 : M5, symmetry group

In this section, we discuss the topological defects £ € Top, preserving the N'= (4,4) supercon-
formal algebra (SCA) in a particular K3 sigma model Cgryw, the ‘most symmetric model’
of [69] (see also [70]). The bosonic parts of the holomorphic and anti-holomorphic chiral
algebras of this model are isomorphic to A := (51(2)1)% (six copies of the su(2) current algebra
at level 1). Recall that su(2); has two irreducible representations with conformal weights
0 and 1/4, and the fusion ring of su(2); is the group ring of the cyclic group Zs of order
two, which we represent as the additive group with elements 0,1. Each irreducible .A-module
is labeled by an element in Z$, as My, 44, a; €{0,1}.
The NS-NS sector of Coryw is given by the sum

@ Mal:-~~7a6®Mb1,...,bG ) (51)

[a1,...,a65b1,....b6] EANS NS
where the set Ayg_ns C Zg ng is given by the disjoint union
Ans-ns=Ans—ns)+ UANs—Ns)- (5.2)
of a ‘bosonic’ subset (corresponding to the subsector with positive fermion number)

A(NS_NS)+:{[al,...,a6;b1,...,b6]engZg\ai:bi, ZaiEO mod2} (5.3)

and a ‘fermionic’ one

A(NS_NS)_:{[al,...,a6;b1,...,b6]EZSXZg|ai=bi+1, ZCLZEO mod2} . (54)

Similarly, the R-R sector is a sum over the modules whose labels take values in the set
Ap-r=(Ap-pr)"U(AR_pg)~ with

A(R_R)+:{[al,...,aﬁ;bl,...,b6]GZSXZg\ai:bi, ZaiEl m0d2} (5.5)
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and

Ap-py- ={las,...,a6;b1,...,bg] €ZIXZ5 |a;=b;+1, Y a;=1 mod2}.  (5.6)

The bosonic CFT C2%:;, that contains only the states in the (NS—NS)* and (R—R)*
sectors of the SCFT Caryw is just the diagonal modular invariant of the (51(2)1)®% algebra.

The K3 model Coryw can also be defined as the orbifold T /Zg of a particular torus
model 7 by the Zy symmetry R reflecting all torus coordinates, see section 4. Alternatively,
it can be described as a 7 /Z4 orbifold of the same torus model 7 by a symmetry of order 4,
as described in section 4.4. See also [69] for more details on this construction.

This model contains several different copies of the N = (4,4) superconformal algebra,
related to each other by symmetries of the CFT. We focus on one of them, such that the
5u(2); subalgebra of the (anti-)holomorphic N'=4 is identified with the first factor in the
(anti-)chiral algebra (5u(2)1)%. The four supercurrents of the holomorphic N = (4,4) are
suitably chosen ground states in the M 111,11 ®M07070,0,070 module of AxA. The space
of ground states of this module is isomorphic to a tensor product (C?)®® and the N =4
supercurrents can be nicely described in terms of a quantum error correcting code [70]. The
full (bosonic and fermionic) chiral algebra of the theory is generated by the bosonic (5u(2)1)°
and one of the supercurrents.

The 24 (real) Ramond-Ramond states with conformal weight h=h = i generating the
space V are the ground states in the six Ax.A representations

[1,0,0,0,0,0;1,0,0,0,0,0], [0,1,0,0,0,0;0,1,0,0,0,0], [0,0,1,0,0,0;0,0,1,0,0,0]
0,0,0,1,0,0;0,0,0,1,0,0], [0,0,0,0,1,0;0,0,0,0,1,0], [0,0,0,0,0,1;0,0,0,0,0,1]  (5.7)

each one containing 4 ground states; we will call any such a set of four states a tetrad. In
particular, the first tetrad, i.e. the ground states in [1,0,0,0,0,0;1,0,0,0,0,0], are the spectral
flow generators, spanning IIC V.

The full group of symmetry of Caryw is (SU(2)8x SU(2)%) x S8, where the two SU(2)¢
subgroups are generated by the zero modes of the holomorphic and anti-holomorphic currents,
while S is the group of permutations of the six 5u(2); factors in (5u(2)1)% acting diagonally
on the holomorphic and anti-holomorphic currents. To be precise, such a group does not
act faithfully on #H, because a certain subgroup Zy C SU(2)®xSU(2) acts trivially on all
the states of the theory. Indeed, let

tidi,  i=1,...,6, (5.8)

be the generators of the centre Z$xZ$ of SU(2)°xSU(2)%, where t; and #; act on the
representation Mal,,,,,%@Mblw,bﬁ by multiplication by (—1)% and (—1)%, respectively. Then,
the subgroup

6 6
Zo={]J &))" |> rie22} =73 (5.9)
i=1 i=1
acts trivially on all states of the theory. Thus, the group acting faithfully is ((SU(2)%x

SU(2)%)/Zy) x S6. In particular, the quotient (Z$§xZ$)/Zy = Z] is the group of symmetries
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commuting with the full bosonic chiral algebra A, and we can take
tl,...,t(},fl, (510)

as representatives of the generators (modulo Zp).

In [69] it was shown that the subgroup Geryvw C ((SU(2)® xSU(2)%)/Zy) x S° fixing the
N = (4,4) superconformal algebra and the spectral flow generators is finite and isomorphic
to a split extension Z§: My of the Mathieu group Masg by Z5. In turn, My is a split
extension Zj : A5 of the alternating group As by Zj. See appendix A for a description of
the generators. The intersection

6 6
GarvwN(ZSxZ8) ) Zo={][ i |> _ri€22} =173, (5.11)
=2 =2

is the subgroup of symmetries commuting with both A'=(4,4) superconformal algebra and
with the bosonic current algebra (5u(2)1)° x (51(2)1)°.

5.1 Topological defects

Let us now consider the possible topological defects £ € Topgryy = Tope,,,.,,, Preserving
the N = (4,4) algebra and spectral flow. The following result was used in section 3.2 to
prove that an analogous statement holds for the category of defects Topp of any K3 models
Cr (see claim 1).

Claim 7. The only defects L € Topgryw that are transparent to all 24 R-R operators in V
are integral multiples of the identity defect.

To prove this statement, we notice that if £ is transparent to the N'=(4,4) algebra and
to all R-R operators in V, then it is also transparent to all the operators that can be obtained
from their OPE. Thus, we just need to prove that one can obtain all operators in ‘H by OPE
of R-R operators in V and their N'= (4,4) descendants. In fact, by taking the OPE of the
four operators the i-th tetrad, i=1,...,6, one can obtain the currents in the holomorphic
and anti-holomorphic i-th su(2); factor. Thus, in this way we can generate the full chiral
and antichiral algebra A x.A. Furthermore, the fusion rules between A modules imply that
the OPE of the Ax A primary fields in the six modules (5.7), together with the ones in the
1,1,1,1,1,1;0,0,0,0,0,0] and [0,0,0,0,0,0;1,1,1,1,1,1] modules, where the supercurrents
live, generate every other Ax A primary operator in the spectrum, and we conclude.

Some examples of defects in Topgryy are as follows:

1. Invertible defects. We have one simple defect £, for each g € Garvw =78 : Moy 275 :
(Z% : A5) .

2. Defects induced by the torus orbifold description. Since the model Caryw can be defined
as a torus orbifold 7 /Zs, it inherits all defects from the torus model 7. In particular,
as described in section 4, Topgryyy contains a continuum of non-invertible defects
Ty, 0 € (T*+*®@R)/T** of dimension 2 that are simple for generic values of §. One can
identify the first two tetrads in (5.7) as the RR ground states in the untwisted sector
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of the orbifold, and the last four tetrads as the twisted sector. Then, all operators Tp
act on the first two tetrads by multiplication by 2, while they annihilate the last four
tetrads. Notice that symmetries in Ggryw permute the second tetrad with the last
four, while keeping the first tetrad of spectral flow generators fixed; therefore, they
change the identification of the tetrads with the twisted or untwisted sector of the
orbifold. This means that fusion of Ty with invertible defects in Topgpyy provide
further sets of continuous defects of dimension 2. Any such defect acts by multiplication
by 2 on the spectral flow generators (the first tetrad) and on one more tetrad (the
untwisted sector RR ground states), while annihilating the remaining four tetrads (the
twisted sector).

The model Coryw can also be described as a T*/Zj4 orbifold. In fact, this is exactly the
model described in section 4.4. We denote by Q)4 the quantum symmetry of order 4 in
this torus orbifold description. Among the elements of the group Ggryw, the quantum
symmetries (4 can be characterised by their eigenvalues on the 24-dimensional space
V of RR ground states (£1 with multiplicity 4 each, and +i with multiplicity 8 each).
From the T*/Z, description, one can deduce that Topgyy -y must contain a continuum
of topological defects T9(4) of order 4 and a continuum of topological defects & of order
2. The former act on the first tetrad of RR ground states by multiplication by 4, while
they annihilate all other 5 tetrads. The latter act by multiplication by 2 on two tetrads
(including the first), while they annihilate the remaining four tetrads.

. Verlinde lines for (5u(2)1)®%. Since this SCFT is rational with respect to the chiral
algebra A, it is useful to consider the topological defects that preserve the whole algebra
A. For rational CFTs, there is a finite number of such defects. In particular, for a
bosonic CFT corresponding to the diagonal invariant of A, simple topological defects
preserving A are completely classified, and are given by the Verlinde line defects. In
general, Verlinde lines are in one-to-one correspondence with representations of the
algebra A, and their fusion ring is the same as the fusion ring of A representations. Let
us consider the simple topological defects of the bosonic CFT Cg’i‘ivw that preserve
the (5u(2)1)® chiral and anti-chiral algebras. They are 2% Verlinde lines, one for each
(SZ\(Q)I)G% representation, and obey group-like Z$ fusion rules; this means that they are
all invertible, so that they form a Z$ group of symmetries. The lifts of such symmetries
from the bosonic CFT Cg)isz to the SCFT Cgryw, together with the fermion number,
generate the full group (Z§xZ$)/Zy = Z% of symmetries fixing all (5u(2);)®%. Notice
that not all Verlinde defects preserve the N'=(4,4) superconformal algebra and the
spectral flow generators — A only contains the even subalgebra of A'=4, but not the
supercurrent. In fact, only the subgroup (5.11) of (Z$xZ$)/Zy is contained in Goryvw
and therefore gives rise to defects in Topgpy . In particular, ¢q, 1, and ¢; ---tg can be
identified, respectively, with the left-moving and right-moving fermion number, and
with the Z, symmetry acting by —1 on all R-R states. In conclusion, Verlinde lines
only provide topological defects that are generated by ordinary symmetries.

. Lines preserving some ‘large’ chiral algebra. There are two ways we can generalize
the construction of Verlinde lines in the previous point. One is to consider topological
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defects that act on the (51(2)1)®® chiral and anti-chiral algebra by some non-trivial
automorphism. The full analysis is performed in appendix C. The final outcome
is that, besides the invertible defects, there are a few more duality defects (see the
next point), related to the fact that the SCET Topgryw is self-orbifold Topgryw =
Toparyw/H with respect to certain subgroups H of the subgroup Gearyvw N (Z$x
78)/Zy of symmetries fixing all the (51(2);)®% currents. Actually, it turns out that the
duality defects obtained in this way are elements in the family of continuous defects Tp,
at special values of . The possibility that some Ty are duality defects was discussed in
section 4.

The other possibility to discover new objects in Topary1y7 is to consider the defects
that preserve some chiral algebra B that is smaller than the full chiral algebra of the
theory, but such that the theory is still rational with respect to 3. There are many
simple subalgebras of the bosonic (5%(2);)®% whose representation theory are well
known, such as, for example, products of affine subalgebras h C (51(2)1)®% and cosets
(5u(2)1)®% /h. The main difficulty with this approach is to find the defects that preserve
the N =4 supercurrents. We were not able to find any new defects in Topgpyyy using
this technique.

. Duality defects. By definition, a duality defect N is such that the fusion with the
reversed orientation defect N* is a superposition of invertible defects

N*N=>" L, NL,=N, (5.12)
heH

for some group H of symmetries. Duality defects occur when a model C is self-orbifold
with respect to the group H, i.e. if the orbifold theory C/H is a consistent CFT
isomorphic to C. This means that there is an isomorphism between the space H of local
operators of C and the one of C/H such that correlation functions are the same. In this
case, moving a local operator of C through N gives the corresponding operator in C/H.
In particular, when N = N* is unoriented, and H is an abelian group, the category
generated by N and L, h € H, is called a Tambara-Yamagami (TY) category, with

fusions

N*=3"r,, LoN=N=NL . (5.13)
heH

If N € Topgryw is a duality defect, then the corresponding H must be an subgroup
of Geryw, the group of symmetries acting trivially on the N = (4,4) superconformal
algebra and spectral flow. Notice, however, that the converse is not true in general: even
if a certain subgroup H C Ggryw is such that Corvw /H = Carvw, the corresponding
duality defect N is not necessarily transparent to the N'=(4,4) algebra and spectral
flow, and in this case it is not in Topgpy s (see appendix B for an example).

Let us discuss the possible abelian groups H for which Cgpryw /H is isomorphic to
Corvw. One necessary condition is that the orbifold model contains bosonic chiral and
antichiral algebras isomorphic to (51(2)1)®%. We can separate the subgrops H C Garvw
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into two classes, depending on whether they act trivially on the chiral and anti-chiral
Ax A or not.

In the first case, H must be a subgroup of (5.11), i.e. the intersection of Ggryw and the
centre (Z§xZ8)/Zy. Furthermore, —X &6,
( 2 2)/ 0 \/ﬁ

All such defects IV € Top are discussed in appendix C. The results are as follows. We find

must act by an automorphism on (5u(2);)

three kind of duality defects (up to conjugation in Garyw): Niji for all 2<i < j <k <6,
with ./\/Zk =T+L;t;+ Lt +Lity s Nijr for all pairwise distinct 4,7, k,1 € {2,...,6}, with
j\/;%kl =T+Lyt; + Lyt Lttt and Nozgse where NZy456 equals to the superposition

of the 16 invertible defects in Garyw N(ZS X ZS) /) Zo =2 73.

Let us now consider the case where H acts non-trivially on the chiral algebra. In order
for C/H to be isomorphic to C, there must be holomorophic currents in some twisted

sector Hy,, for some h e H.

By a direct calculation of the h-twisted partition function, we found that the group
Gorvw admits only three conjugacy classes of elements h such that Hj; contains
holomorphic currents. One class is given by symmmetries of the form ¢;t;t;t;, 2 <i <
j <k <1<6, that are contained in the group (5.11). Each of them can be interpreted
as the quantum symmetry in a description of the model as a torus orbifold 7% /Zs.
This means that the orbifold of the CFT Coryw by Zs group generated by any such
symmetries is a torus model, and in particular cannot be isomorphic to Capyw itself.
However, there could be larger abelian groups containing symmetries of the form ¢;t;t5;,
under which C is self-orbifold. In fact, we already found some of these abelian groups
among the ones acting trivially on currents.

The second class are given by symmetries (04 of order four, such as, for example
(1lzzzz; 111111)(1)8 (5.14)

in the notation of appendix A; the third class is related to the second by exchanging
the action on the holomorphic and anti-holomorphic sectors. The elements (4 in either
the second or the third conjugacy class are quantum symmetries in a description of the
model Caryw as a Zy torus orbifold 74 /Z4. As in the previous case, this means that
the orbifold of C by (Q4)=Z, is a torus model (more precisely, the model described in
section 4.4), and therefore is not isomorphic to Caryw. On the other hand, from the
results in section 4.4, we know that there are duality defects N, € Topgpyy of order
4 for groups of the form Zs x Zg generated by ()4 and by some other symmetry 7, of
order 8. In principle, there could be even larger abelian groups with respect to which C
is self-orbifold, but we did not attempt a full classification.

5.2 D-branes and RR charges

Let us describe the lattice %20 of RR charges of the K3 model Coryw, expressed in the
orthonormal basis {|1,4),|2,7),|3,1),|4,7) }i=1,... 6 of the space V of R-R ground fields that is de-
scribed in appendix A. In particular, for each fixed i =1,...,6, the subset {|1,7),|2,7),|3,7),|4,7) }
corresponds to a ‘tetrad’ of states, belonging to one of the six representations of A x A listed
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in eq. (5.7). The first tetrad (i =1) is given by the spectral flow generators and spans the
subspace II C V, while IT'* is spanned by the remaining tetrads with i =2,...,6.

In order to find I'*?? the most direct way would be to find an explicit description of a
suitable set of 24 boundary states. However, we will consider a simpler method, that uses the
group of symmetries Ggryw. The outcome of this analysis is that the only even unimodular
lattice T' C V with signature (4,20) that is invariant under the action of the Ggryw on V, as
described in appendix A, is the one spanned by the columns of the following matrix:

(5.15)

Sl
DO DD OO DD OO DD OO DD DD oo oo oo oo
S OO DO DD DODOD DO DD DD DD OO OO =k
OO DD DD OO OO OO DD OO DODDOD OO OO OO O
DO DD DD OO OO O DODOD OO DODOD OO O OO OO
SO DO DO DD OO DD OO DD OO DD OO OO HRRODOO
OO DD DD OO DD DD OO DD OO OO OO R OODODOO -
DO DD DD OO OO OO OO OO OO OO HRRDODODODODOO
S OO OO OO0 ONDNDNDNDNNNN
OO DD DD OO OO OO OO OO OO HRRDODODODDODODOO -
DO DD DO DD OO OO OO OO OO HRRODODDODDODDODODODOO
OO DD DD OO ODODDODODOD DO O R IDODOD DO DODOODODOO -
OO OO OO OO NN INOODOODODONNDDNDDN
SO DD DO OO O OO R DD DODODDDDODODDODOODODOO
OO OO OO OO INIOODONNINDDONNDDNDODONDIN
O OO OO OO INNONONONONNONONON
SOOI INOONNODONNODONDNDOON
OO OO OO O R ODODOD DD OO DD DODODDODOD OO O -
OO OO NN NODODOODOONNNNNODONONON
SOOI NIOINOODODODOONIONODIONDNDNDOON
OO OO NIOODNOODO OO NODODNIDODNNIONODO NN
SO IN OO ONOODOOINDODODIODNDODODONDODODON
OO NN NOODOODNNNOODONNNODONINDDODDODODODODOoDOO O
O NN OO NIONNDODNIODNIDODINDODODDODODODOoDOoOO O
[ e T e T e e G e e g e e N e T T T T S S S S

This is a slight modification (necessary because of the different signature) of the basis of vectors
of the Leech lattice in [74]. It is easy to verify by a direct calculation that the lattice generated
by these vectors is invariant under the group Ggryw, and that it is even and unimodular
with respect to the diagonal metric n=diag(1,1,1,1,—1,...,—1) of signature (4,20).

The proof that the lattice with these properties is unique (up to O(4)xO(20) trans-
formations that do not affect the splitting V =II®II+) is as follows. It is known from [26]
that the group of symmetries G¢ of any K3 model C is isomorphic to a subgroup G of the
Conway group O(A) = Cog, the group of automorphisms of the Leech lattice A. Furthermore,
if T cT%2% and A“ C A denote the sublattices of G-fixed vectors and T'g:=I'*20n(T'¢)+
and Ag:=AN(A®)L their orthogonal complement, then there is an isomorphism I'q 2 Ag
(reversing the sign of the quadratic form) that is compatible with the action of G¢ = G. The
relevant subgroups of Cog were classified by Hohn and Mason in [48], and Ggryw appears
as group 99 in their table. In particular, up to conjugation in Coy, [48] shows that there
is a unique sublattice Ag =T’ for this group; this means that I'NII+ 2T is unique up to
O(20) transformations of II*+. As described, for example, in [75] (see also [48]), the genus of
the primitive sublattice I'¢ C T'%?Y determines the genus of its orthogonal complement I'® in
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the even unimodular lattice I'#2°. We checked, with some computer aid, that such a genus
contains a unique isomorphism class of lattices; this means that TNIT= T is also uniquely
determined up to O(4) transformations. Therefore, for any choice of even unimodular lattice
I' C V invariant under Ggryw, there is a primitive embedding of T¢@T¢ into T. Different
choice of the lattice I' would lead to primitive embedddings that are not related by either
O(T%) x0O(T'¢) or O(T') automorphisms (the latter can thought of as changes of basis in
a given lattice I'). The possible equivalence classes of such primitive embeddings, up to
O(T'%)xO(I'¢) and O(T') transformations, are described by proposition 2.1 of [48], which is a
reformulation of propositions 1.4.1 and 1.6.1 of [75]. In particular, the fact that for group 99
in [48] the index iq equals 1, implies that there is a unique class of such embeddings, and this
concludes the proof. We refer to [48, 75] for more information about embeddings of primitive
sublattices into even unimodular lattices, and in particular for the meaning of the index ig.
Notice that the first four vectors in the lattice basis

L. (LD, (LB, (L)), (516
are contained in the subspace II C V' of spectral flow operators. By Claim (2), this implies
that all topological defects £ € Topgpyyy in this model have integral quantum dimension.

As described in section 3.2, with each £ € Topgpy 1y is associated a lattice endomorphism
L:1%20 517420 which is contained in the intersection BI%I’ZO(Z) =End(I'*?°)nB420(R) of
End(T'%?%) with the 401-dimensional real space B*2°(R) of block diagonal matrices defined
in eq. (3.11).

Using some computer aid [76], we found that for the model Cgryw the Z-module Bﬁ’m(Z)
has maximal rank, and computed a set of 401 generators {L;};—1,. 401, so that any such
map L can be written as

L=> kli, heZ. (5.17)

We stress that not all elements L € Bf‘I’zo(Z) are expected to correspond to actual topological

defects in Topgpyy. The Z-module By 2o(Z) contains a submodule,

B2 (7) c By*(Z) (5.18)

IIinv

generated by all maps L, induced by invertible defects L4, g € Ggryvw. Notice that, since
the 24-dimensional representation of Ggryw is faithful, Bﬁ’igv (Z) is isomorphic to the group
ring Z|Garyvw]. We found that Bﬁ’i?w(Z) has also maximal rank, has index 268 in Bﬁ’zo(Z),
and that for all L e Bﬁ’zo(Z) one has 4-L € BE*® (7). In particular,

II,inv

4,20 4,20 ~
By (Z)/ By i, (2) 2 L3 L5 . (5.19)

In fact, all the examples of topological defects £ € Topory 1 described in this section,
including the simple non-invertible ones, correspond to elements L in Bﬁ’i»?w (Z) (recall that
the map £ — L is not injective). Unfortunately, we were not able to determine which elements
(if any) L € Bﬁ’go(Z), L¢ B2 (Z), are actually induced by topological defects in Topary -

I1,inv
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It is interesting to consider the action on RR charges of the duality defects N;;j, described
in appendix C. For example, the map Nosg related to the defect Nosg is

20000000 0 0O O 00O O O00000D0D0O0O
020000000 0O O O0O0OO O 000000000
002000000 0O 0O 00O O 000000000
000200000 0O 0O 00O O O0O0000D0D0O0O
000000000 O O OOO O 000000000
000000000 O O OOO O O0O0000D0DO0O00O
000000000 O O OOO O O0O0000OD0DO0O0O
000000000 O O OOO O 000000000
000000000 O O 0 1-1-1-100000000
000000000 O O O1 1 -1 100000000
000000000 O O O1 1 1 —-100000000

Noe | 000000000 0 0 01-11 100000000 (5.20)

26=1 00000000 1 1 1 1 00 0 000000000 :
00000000-11 1 —-100 0 000000000
00000000-1-11 100 0 000000000
00000000-11 —-1100 0 000000000
000000000 O O OOO O OO0O00D0OD0ODO0O0O
000000000 O O OOO O 000000000
000000000 O O OOO O O0O0000D0DO0O0O
000000000 O O OOO O O0O0000OD0DO0O0O
000000000 O O OOO O O00000D0DO0O0O
000000000 O O OOO O 000000000
000000000 O O OOO O O0O0000OD0DO0O0O
000000000 O O OOO O 000000000

While Ngsg € Bﬁ’igv(Z), it cannot be written as a sum of the form L,+Ly,, for some g,h €
Gervw: one always needs an integral linear combination of (at least) four Ly, g € Garvw
with (at least) one negative coefficient. This can be proved, for example, by noticing that
each L, acts by a signed permutation in this basis, so that each row or column in L, has
always a single non-zero entry, equal to &1. Thus, any sum L,+L;, has at most two non-zero
entries in each row or column, so it cannot be equal to Nosg. This example shows that the
image of Topgryw in End(I'*2Y) by £ — L is strictly larger than the image of the subcategory
generated only by invertible defects.

Finally, let us show an example of a deformation of this model lifting all topological
defects in Topgpyy- Let us relabel {|1)1),...,|124)} the ordered basis of R-R ground states,

where |t45_3),...,|Y4k) are the states in the k-th tetrad

‘¢4k73>:’17k>7 |¢4k—2>:’27k>7 |¢4k71>:‘37k>7 ’¢4k>:‘47k>

We denote by 1,...,194 the corresponding operators. The exactly marginal operators are
%
OPE of one of the spectral flow operators 11,...,14 and one of the other 20 RR ground

the supersymmetric descendants of NS-NS operators of weights h=h= 1, obtained from
fields v5,...,124. Thus, we can label a basis of such NS-NS operators by x;;, t=1,...,4,
j=0>5,...,24. Each infinitesimal deformation is generated by a linear combination x of the
Xij- A defect L is preserved by the deformation generated by x if and only if ) is transparent
with respect to the defect £. This is equivalent to saying that the operator L acts on the
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state |y) in the same way as on the vacuum, i.e.

L) =(L)[x) - (5.21)

Let us consider the following linear combination

24
IX) = Ix15) +7lxae) +r0xes) o A0 x2a) = D7 0 xa ) (5.22)
j=5
where m=3.14.... Because L is transparent to the spectral flow operators 1,...,14, the

action of £ on Xi,j is the same as on ;
. 24
LIxij) = Liklxik) -
k=5

Thus, for the deformation (5.22), the condition (5.21) reads

24 24
> Pl = (£) D> 7 Xk,
k,j=5 k=5
which is equivalent to
24|
S owithdk g, Vk=5,...,24 . (5.23)
2" )

It is now sufficient to observe that, in this basis, the matrix ﬁLﬂg has rational entries, so
that the only way this relation can be satisfied is

Lix _{1 for j—k

o for j £k .

o (5.24)

Thus, the only topological defects that are preserved by the deformation y are the ones
that are proportional to the identity, in agreement with the general statements in section 3.
The same result would hold for any linear combination |x) :ZJQ»; aj|xi,j) such that the
ratios o /oy, are irrational for all j#k.

6 Another example: the Gepner model (1)¢

The second example of K3 model we will analyse is the Gepner model (1)%, that was considered
in [26]. In general, Gepner models are obtained by considering products of N'=2 minimal
models, each one having central charge c; = k% with k € N, and then taking an orbifold that
projects on the states carrying integral total U(1) R-charge. When the total central charge is
¢=6 and the spectrum is invariant under spectral flow, then the N'=(2,2) superconformal
algebra is enhanced to N'=(4,4) and the CFT is always a non-linear sigma model on K3.

In particular, as the name suggests, the (1)% model C(1)s is obtained by taking six copies
of the k=1 minimal model with ¢;—; =1. We refer to [26] for a description of this CFT
as a Gepner model. Here, we notice that this particular Gepner model admits different

descriptions that might be more useful to study symmetries, defects and D-branes.
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6.1 The (1)® Gepner model as a free scalar CFT

Let us describe the K3 model C(;)s as a rational CFT. Both chiral and anti-chiral superalgebras
A and A contain® the product of six copies of the A’ =2 superconformal algebra at c=1. It
is known (see appendix D) that the bosonic subalgebra of N'=2 at ¢=1 can be completely
described in terms of a chiral free boson on a circle of suitable radius. This means that the
K3 model C(ys is generated by 6 holomorphic and six antiholomorphic chiral free bosons

i0X%(2), i0X%(2), k=1,....,6,

together with Ehe vertex operators V)\(z,Z) o @O XL () 43m-Xr(2) . of conformal weights
(hp,hgr)= (%, %), where A= (A1, \) takes values in a suitable integral (odd) lattice T € RS,
Let {ej,...,€6,€1,...,66} denote an orthonormal basis of R66, so that )\L:Z? Aie; and
)\Rzzg Mi€;. The lattice Y is given by the union YT =YVNS-NSyTE-E of 5 NS-NS and
a R-R component.

The chiral and anti-chiral algebras A and A are generated by the currents i0X* and

i0X"*, and by purely holomorphic (respectively, anti-holomorphic) vertex operators V(XL 0)(z)

(respectively, Vo XR)(E)) with X, takes values in a suitable six dimensional positive definite
lattice A4 C RS, such that

(TNS—NSOR6,0> ~ Ay, (TNS—NSﬁRlLG) ~Au(—1), (6.1)

where A 4(—1) denotes the lattices with opposite quadratic form. In particular, the (V' =2)5 C
A algebra can be described as the lattice super vertex operator algebra (SVOA) associated
with the odd lattice (v/3Z) = (v/3Z)®...®(\/3Z) (six copies), so that

(\/§Z)6CAA .

The (N =2)6 algebra is not the full chiral algebra A of the model C(1)s: one needs to extend this
SVOA by two additional holomorphic currents VE( AL.0) (z), corresponding to the lattice vectors

N~ 1 1 1 1 1 1
+A —i(,,,,,)CRﬁ.
F\VEVBVETVE VBB
The full chiral and antichiral algebras A and A of the theory are therefore both isomorphic
to the lattice SVOA associated with the integral odd lattice

AA:{%(1,1,1,1,1,1)+\/§(x1,...,x6)\n,xl,...,xgeZ}CRG . (6.2)

The bosonic chiral algebra is the lattice VOA associated with the even lattice

A% = (1L,L,1,1,1,1)+V3(x1,...,26) [ n,21,...,06 €Z, Y 2, €2L} CAg.  (6.3)
%

(L

V3
Therefore, the NS-NS lattice YV9~N9 contains A@A(—1) as a sublattice, corresponding to
the chiral and anti-chiral algebra Ax A.

8Notice that this is not the full chiral algebra of this CFT.
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The representations of the algebra Ax A are labeled by cosets [v] : v+(A4@A4(—1)), for
suitable v € R66 so that TVS—NS and YHE-F decompose as unions of cosets

YNSNS= | v+ (Aa®AA(-1)) (6.4)
[VI€Ans—nNs)
and
ThR-E — U v+ (AgDAA(—)) (6.5)
[v]€EA(R_R)

In particular, the NS-NS sector contains the representations

6
A(NS,NS):{[%(al,...,aﬁ;al,...,aﬁ)] ’ CLZ'EZ/3Z,, Zai€3Z}
i=1

while the R-R sector includes

1 6
— 1 .
A(R_R)—{[ﬁ(al,...,aﬁ,al,...,ag)] | ai€§+Z/SZ,, i_glaiE?)Z} .

Notice that we have the identifications
1
v|~v+—(1,1,1,1,1,1;1,1,1,1,1,1
[v] ~ \/3( )]
and the fusion rules
[w]x [0] = [v+0]

In this description, the N'=4 superconformal algebra at ¢=6 is given as follows. The
su(2); R-symmetry algebra is generated by

6
73 (z) = 2\1/5 SUOXE), T =Vieo 1o 0(2) (6.6)

while the supercurrents are given by

2 . 2.5
+ 2 : + 2 :
G (Z) = \/;k_lvi\/gek (Z), G (Z) = \/;k_IV:F\/geki(\}gv“'v\}g?o"“io)(z) (67)

The 24 R-R ground states are given by Vy with the following vectors A € TR 1:

1 1
+—(1,...,1;1,...,1 +—(1,...,1;-1,...,—1 4 spectral flow generators
2\/3( ) ( ) p g

1
—(1,1,1,—-1,-1,—-1;1,1,1,—1,—1,—1) and permutations 20 operators .

2V3

The symmetries of the model preserving the N = (4,4) algebra form a group

Gy 2Z3x Ag, (6.8)
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i.e. the extension by Zj3 of the alternating group Ag of even permutations of six objects [26].
Here, the normal subgroup Z3 is the group of CFT symmetries acting trivially on the chiral
and anti-chiral algebras AxA. It is generated by elements 7" ---#5'¢ acting by

6 T 6 1
Ht?k(VA):e% k=1TRARYN N € —=(ay,...,a6;a1,. .. a6)+(AaDA4(—1)), (6.9)
i1 V3

where my,...,mg € Z/37Z satisfy the condition >-9_; mj; =0 mod 3. Notice that, because of
the condition 22:1 ar =0 mod 3, we have that the action is trivial whenever my =...=mg

titotstatste = totatatitota=1. (6.10)

The alternating group Ag acts by even permutations o on the left- and right-moving
@(1) currents, and transforms the vertex operators accordingly:

. k . o(k) -y k -ayo(k) - -
ZaX — Z@X 3 'laX — Z@X 3 Vzk(Akek"")‘kék) — ivzk()‘kea(k)+)‘kéa(k)) 3

where the sign in front of each V) must be chosen in such a way that the OPE between
vertex operators is preserved.

The full group of symmetries of the CFT is [(SU(2) x U(1)?) x (SU(2) x U(1)5)] x Sg, where
the two SU(2) x U(1)® factors are generated by the zero modes of the holomorphic and anti-
holomorphic currents. The permutation group Sg acts simultaneously on each of the U(1)?
factors as in the 5-dimensional irreducible representation.

6.2 The (1)® model as a torus orbifold T%/Z3

The C(1)s Gepner model can also be described in terms of a torus orbifold T%/Z3. In fact,
there are actually many different ways to obtain this model from an orbifold. One simple
way to prove that C(j)e is a torus orbifold is to notice that the symmetry group Z3: Ag
contains some symmetry @ of order 3 (e.g. the element of Z3 with mj =mgs=m3=1 and
my4 =ms =mg=0) whose trace on the 24 dimensional representation of RR ground states V' is
—3. The orbifold of C(1ys by @ gives a sigma model 7 :=C1)s/(Q) on T*, as can be checked by
verifying that the elliptic genus of C1)s /(Q) is 0 [77]. By reversibility of the orbifold procedure,
because T =C(1)s /(Q) with (Q) = Z3, we must conclude that the K3 model C(y)s is an orbifold
Cays =T /(g) of the T* model T by a cyclic group (g) = Zs, and Q is the ‘quantum symmetry’
acting trivially on the untwisted sector and multiplying by e¥5" the g*-twisted sector.

Knowing the action of @ on the states of C(;)s allows us to identify the untwisted sector
and the ¢F twisted sector in the bosonic description of the previous section:

untwisted sector: z1+x2+x3=0 mod 3,

gktwisted sector: x1+xo+x3=k mod3 .

It is easy to construct the sigma model 7 on T* corresponding to the orbifold 7 =
Cays/(Q). We know that the symmetry @ can be written as

Vi 627ri(5L‘)\L*5R‘)‘R)V)\ =V, (611>
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where

1
0=—-=(4,4,4,0,0,0;0,0,0,0,0,0 6.12
Sl ) (6.12)
is a vector such that 36 € ' and 67 —6% € 2Z. The untwisted sector of Cr1ys/(Q) contains the
currents 10X *(z),i0X*(%), as well as the vertex operators Vy, A € Y9, where

Te={\eY|6,-A\—0r-AgEZ} . (6.13)

The full orbifold C(1)s/(Q) is generated by the i0X'(2),i0X"(Z) currents together with the
vertex operators V) with A taking values in the extended lattice

T =TCUB+T?)U(20+719) . (6.14)

Let us consider the holomorphic fields of this orbifold. As expected for a supersymmetric
sigma model on T4, there are four holomorphic fields of weight 1/2, namely
+ +
~V ~V .
Xi (2) ~ (2,2, 2-,0000,..0) Xz (2)~ £(0,0,0, 7=, 7=, 7=30,...0)
By taking normal ordered products of pairs of these four fermions, one obtains the 6 currents
of a ‘fermionic’ so(4); = su(2)1®su(2); algebra, where one of the su(2); is the R-symmetry
of the N'=4 superconformal algebra with currents (6.6), and the second commuting su(2);

algebra is generated by

3
Yo (xF-axt) v |
zkz::l( ) (L, L L L L L
Besides the so(4); currents that can be obtained from the OPE of the spin 1/2 fields,

the orbifold Cyys/(Q) contains 16 additional spin 1 fields, that can be arranged into two
commuting algebras

7 (0X2-0X3)

V:I:(‘—i,%,%,(),O,O;O,...,O) (2) Vﬁ:(% 7§ %,0,0,0;0,...,0)(2)7 Vﬁ:(%,% /52.0,0,00,.. ,0)('3)
and
7 )
—(0X*—0X?5), —(0X°—0X5)
V2 V2
Vj:(OOO Z.Z=. 50, ,0)(2) V000, 252,350, ,0)(Z)= V:I:(O,O,O,f 25 20, ,0)(2)'

These two commuting algebras have dimension 8 and rank 2, and this is enough to conclude
that they are both isomorphic to su(3);. Thus, the orbifold model C(;)s /(Q) has both a chiral
and anti-chiral algebras isomorphic to (su(3)1)?, besides the so(4 ) from the free fermions.
For this reason, we denote this torus model as TAg, so that

Cays/(Q)=Taz - (6.15)
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The (su(3)1)? currents include the superconformal descendants i9Z:= of the free fermions
X;t. The scalar fields Zfr ,Z; can be identified with the complex coordinates on the target
torus 7%, with Z1 ,Z5 their complex conjugate. Notice that the currents i('?ZZ-jE are linear
combinations of the i0X* and of suitable vertex operators V; this means that one cannot
give the X* any geometric interpretation as the coordinates on the target torus.

As a CFT, any supersymmetric non-linear sigma model TA% on T? can be described as
the product Tz = F(4)® F(4)x Tbos of a theory F(4)® F(4) of four chiral and four antichiral
free fermions with central charges (2,2), times the bosonic sigma model Tbos on the same

torus 7%, with central charges (4,4). Let us focus on the bosonic sigma model factor, whose
fields are characterised by having non-singular OPE with all the chiral and anti-chiral free
fermions (i.e. they commute with all the free fermion modes). This is an honest bosonic CFT,
with modular invariant partition function. It contains the chiral algebra (su(3)1)? — the free
fermions have zero charge with respect to this algebra, so their OPE with the currents is
non-singular. More generally, every V) with A orthogonal to the vectors

1 1 1 1

i(\f\[\[OOOO .,0), (oooff\[,,

and their anti-holomorphic counterparts, belong to the bosonic sigma model.

As we show below, the bosonic sigma model Tbos on T* is just the product TjSS = Tbos

T}{gs of two isomorphic bosonic sigma models Tj;s on T2, each one corresponding to the

-,0)

diagonal modular invariant for the algebra su(3);. Recall that su(3); admits three different
modules, which we denote by My (the vacuum), M3 and Mj; the latter modules are charge
conjugate of each other, and their highest weight vector has weight 2/3. Therefore, the
spectrum of the diagonal modular invariant is

(M1®@M1)®(M3@M3z)d (M@ Ms) .

More precisely, the first 7;’1’;5 is generated by the first (holomorphic and anti-holomorphic)
su(3); factor, by the 9 non-holomorphic vertex operators of conformal weights (2/3,2/3)

V(L3 e 0000,\} f,oooo) V(o,f *fl,oooo,} },000) V(;—%,0,%,0,0,0;%,0,%,0,0,0)
V 1 —1 V —1 —1 Vfl 1 . 1 -1

(ﬁ 77000’0’\f70 000) (0»\/* \/*’OOOa\f \/7,0000) (ﬁ:ovﬁ70»070707ﬁ:ﬁ7070»0)
V —1 1 V —1 —1 1 Vfl —1

(f 5:0,0,0,0:0, =, f,ooo) (o,f —5:0.0,0;7%.0,9-,0,0,0) (750, f, ,0,0 ,f ,75+0,0,0,0)

that are the ground states of the M3® M3 modules, and by the 9 vertex operators V) with
the opposite signs for A, namely

V 1 -1 .1 -1 V 1 1 V 1 1 —1 1
7(ﬁa%a07070707ﬁ7%70’07070) 7(07% 70000’f f&OOO) ( 0 000,\/7’0 \/—,000)
V 1 -1 =1 1 V 1 -1 .1 -1 V 1 1 -1
_(\/gaﬁ’ozovoyov\/g70a 3a07070) _(07 3 370’0707 3 370)070’0) (\/’70 00007\/’ \/»,000)
V -1 1 =1 V 1 =1 -1 1 V 1 =
—(,540,0,0,00,5,54000)  V=(0,45,7,000,540,22,000)  V=(5£,0,25,0,0,0,2,54,0,0,0,0)

that are the ground states of the charge conjugate module Mgz ®M§,. The second 7;’1’;’5 torus
model is generated in a similar way, by exchanging the first free set of bosonic coordinates
X1, X2, X3 with the second set X%, X%, X6,
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The analysis in this section is sufficient to identify 7'A§ with the supersymmetric 7%
sigma model denoted by A3 in section 4.4.4 of [63]. Geometrically, the target space is the
product T2 xT? of two tori T2 :C/(Z—I—e%Z) with a suitable B-field.

The K3 model C(;)s can be obtained by the orbifold of 7’A§ by a symmetry g of order 3.
More precisely, g belongs the class denoted by 3A in [63], and corresponds to a geometric
rotation obtained by multiplying the complex coordinates (z1,z2) parametrizing the first and
second torus T2 :(C/(ZJre%Z) by (z1,22)— (6%21,67%22). Indeed, only for this class
of symmetries the orbifold 7;; /{g) contains 6 R-R ground states in the untwisted sector
and 949 in the two twisted sectors, as expected for the model we are considering. The
g-invariant untwisted sector contains a subalgebra su(2);®u(1) from the ‘fermionic’ s0(4);
algebra of Tz, as well as subalgebras @(1)? C 5u(3); for each of the factors in the bosonic
5u(3)1. Altogether, we get 5u(2)1®u(1)%, which is the current algebra of Cq)s :TA§/<9> —
no further currents come from the twisted sectors.

The full symmetry group of the TA% torus model preserving the small V"= (4,4) algebra
and the spectral flow generators is U(1)®x Gy where Gy is a group of order 36 acting by
automorphisms on the winding-momentum lattice. The subgroup commuting with g is
(9) x (Z3xZg), where Z3 C U(1)® and Zg is generated R : (21, 22) > (—21,—22) and by a non-
geometric symmetry of order 3 that rotates only the holomorphic currents (0Z1,022) —
(e% 8Z1,6_%8Z2) while keeping the anti-holomorphic currents (9Z1,07,) fixed. These
torus symmetries induce a group of symmetries of the orbifold C(1ys = T3 /{g) isomorphic
to 3174 xZg, obtained from (g) x (Z4xZg) by first quotienting out (g), and then taking a
non-trivial central extension by the quantum symmetry (Q) = Zs, as described in section 4.

6.3 Symmetries and topological defects

After describing in some detail the model C(;ys, we are now ready to discuss the topological
defects in Top(;ys that preserve the N = (4,4) algebra and the spectral flow. Such a category
includes:

L. Invertible defects. There is one defect Ly € Top(yys for each g € G(qye = Z3x Ag.

2. Defects acting by automorphisms on the chiral algebra. The Verlinde lines preserving
the full chiral and anti-chiral algebras Ax.4 must be in one-to-one correspondence
with the representations of A x A and with the same fusion rules. This implies that the
Verlinde lines are all invertible, and generate the subgroup Zj C G(1ys-

It is more interesting to consider topological lines acting on Ax A by algebra automor-
phisms that fix the N'=(4,4) subalgebra, and do not lift to CFT symmetries. The
analysis is very similar to the one in appendix C, so we just summarize the main
points. Recall that the full group of symmetries of the CFT is ((SU(2) x U(1)?)2)xSe).
Up to conjugation by such CFT symmetries, we can focus on defects that act on the
chiral algebra A by an outer automorphism pr, while acting trivially on A. Outer
automorphisms preserving the A/ =4 subalgebra correspond to even permutations in
Ag; it is sufficient to consider a representative py, for each even conjugacy class in Sg,
i.e. for each even cycle shape. There are five possible cycle shapes, corresponding to

the partitions 1+1+2+2, 1+1+1+3, 3+3, 2+4, 1+5. Let £ denote one of these

val)
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Partition oL (N) H Generators of H

1H1+242 | (ig) (kD) Z3x 73 tit; ', bt

1+1+143 (ij) Zi3 X s titj_l, titjtk
3+3 (ijk)(Imn) Zyx Ly | tit; 't ', titjts
2+4 (i) (klmn) Z3 All T, ¢
145 (ijklm) Z} AL T, "

O © W W W

Table 1. For each partition of {1,...,6}, we report the cycle shape of a generic automorphism py, € 4g,
the dimension (V) of the duality defect N acting on Ax A by automorphisms (p ,p%) as in (6.17),
the group H C Z3 appearing in (6.18), and the generators of H in the form (6.9).

defects. Then, the Ax A representation labeled by ar,...,as € 7./37 is annihilated by

the operator ﬁ( unless it satisfies

pLal)
(@p, (1) (6)) = (a1,...,a6)+n(1,...,1), (6.16)

for some n€Z/3Z. For a given (pr,1), the number of simple defects L(,, 1) equals
the number of representations satisfying (6.16), and can be obtained from each other
o)Ly by invertible defects £, with g €ZicC G(1)s. Let us also
notice that for every invertible defect £, with g € Z3 C G(1)s and acting trivially on all
=L Ly=L

by conjugation L,L(

representations satisfying (6.16), one has L£,L,, 1) 1) pr1)-
For all £, 1) we can find an invertible £, such that N =Ly4L, is unoriented — this

implies that A acts on the chiral and antichiral algebras by involutions (o7, p’),
r2 4 72 ;o
P =1=pr", PLPR=PL - (6.17)

Furthermore, because A/? acts trivially on the chiral and antichiral algebra, it must be
a superposition of Verlinde lines, i.e. invertible defects in Z3 C G (1)s. This implies that
all the A obtained in this way are duality defects for some subgroup H C Zj

N?=>" Ly, (6.18)

heH

of order |H|= (N)2. The basic information about these duality defects is contained in
table 1. This analysis implies that the K3 model C(yys is self-orbifold with respect to
the groups H C Z3 in this table.

3. Defects induced by the description as a torus orbifold T*/Z3. We have seen in section 6.2
that C(qys :’7?4% /{g) for a suitable torus symmetry g of order 3 preserving the small
N = (4,4) superconformal algebra. From the general analysis of section 4, this implies
Top(ys contains a continuum of topological defects Ty of quantum dimension 3, that
are induced by superpositions Wy~+Wg)+ W24 of torus model defects, and that are
simple for generic § € T**/(I'**®R). When x € T**/(I'**®R) is a g-fixed point, i.e.
g(z) =2 mod T'**, the defect T, decomposes as a superposition 7,4+ Qmn, +Q>1,, where
Q@ is a quantum symmetry of order 3 and 7, are invertible defects. The invertible
defects 7, obtained in this way, together with Q, generate an extraspecial group 3'4,
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that must be a subgroup of G(;)s. Indeed, the quantum symmetry ¢ can be identified,
for example, with a symmetry t1tot3 =t4t5t6 acting as in (6.9), and the subgroup of
G(1)s commuting with @ is isomorphic to 3174 % Zg. The generators of the latter group
are induced by the symmetries of the torus model 7 that commute with g. The group
3174 % Zg contains the subgroup Z3 fixing the chiral and anti-chiral algebra AxA —
indeed, the index of 34 % Z¢ in G (1ys is 20, which is not divisible by 3. However, none
of the elements 7, are contained in this Zj group, because they all act non-trivially on
some holomorphic or antiholomorphic operator.

4. Duality defects. We do not attempt a classification of all abelian groups H C G qys
with respect to which C(y)s is self-orbifold, i.e C/(H)=C( s, but just mention a few
examples. When H leaves invariant the full chiral and anti-chiral algebra, then the
corresponding duality defect A" must act on Ax A by automorphisms. All cases where
N preserves the ' = (4,4) algebra were considered in point 2 above. As discussed in 4,
the continuum of defects induced by the torus orbifold construction contains also the
duality defects N for the order 9 groups H generated by 7, and Q. Notice that the
element 7,, and therefore the group H, does not act trivially on Ax A, so that N is
not one of the defects considered in point 2 above.

Let us describe the lattice I'*20 of R-R charges in this model. A set of boundary states
generating the full lattice was determined in [26], using the Gepner model description. The
same lattice can be also obtained in a way similar as section 5.2, using arguments based
purely on the symmetry group G(j)s of the model and on lattice theory. In particular, G s
correspond to group 101 in the list of [48], and their results imply that there is a unique point
in the moduli space of K3 models with this symmetry group. It is easier to describe I'%?9 as
a complex lattice in C*19, the complex vector space with indefinite sesquilinear form

(2,w) = Zyw1 + Zowa — Z3wz —. .. — Z12wW12,

of signature (2,10), where z=(z1,...212) €C?% and w=(wy,...w2) €C*Y. Using the

notation w:=e% and f =w—w = iv/3, we find that T'%20 ¢ C>10 is generated by the rows
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of the following matrix

3 0 0 0 0 0O 0 0 0O O 0 O
3w 0 0 0 0 0O 0 0 0 O 0 O
0 30 0 0 0 0O 0 0 0O O 0 O
0 30w 0 0 0 0O 0 0 0 O 0 O
0 -3 =3 0 0 0O 0 0 0 0 0 O
0 3w 3w 0 0 0O 0 0 0O O 0 O
0 -3 0o -3 0 0O 0 0 0O O 0 O
0 3w 0 3w 0 0O 0 0 0 0 0 O
0 -3 0 0 -3 0 0 0O 0O O 0 O
0 3w 0 0 3 0 0 O O O 0 O
0 -3 0 0 0O -3 0 0 0 O 0 O
V2 0 3 0 0 0 3 0 0 0 0 0 O 6.19
3| w —bw —bw —bw 6w —bOw b 0 0 0 0 O (6.19)
0w —0Ow Ow —0Ow —0w —O0uw 0 6w 0O 0 0 O
—bw 0 0 6w —0Ow —6w 0 0 6w 0 0 O
0 —bw Ow 0 Ow —-6w 0 0 0 6w 0 O
Ow 0 —0w  Ow 0 06w 0 0 0 0 6w O
0 Ow v Ow Ow 0O 0 0 0 0 0 fw
0 -6 -6 -6 6 -6 6 0 0 0 0 O
-6 -0 e -6 -6 -6 0 6 0 0 0 O
—0 0 0 e -6 -6 0 0 6 0 0 O
0 —0 0 0 g -6 0 0 0 6 0 O
0 0 0 0 0 0O 0 0 0O O 0 ¢
0 2w—w 1 1 1 1 1 1 1 1 1 4

The image of this complex lattice with respect to the standard map
C*10 € (21,...,212) = (R(21),Im(21), ..., R(212), Im(212)) € RH?,

defines a real even unimodular lattice of signature (4,20), as can be checked by a direct
computation. The construction is analogous to the definition of the complex Leech lattice (see
for example chapter 7 section 8 in [74]), with some modifications due to the different signature.
The first two columns in (6.19) correspond to complex coordinates zj, zo for the space IIC V
of spectral flow generators, while the remaining 10 columns are complex coordinates z3,..., 212
for its orthogonal complement. Notice that first four vectors (rows) in the lattice basis, namely

(3 0 0000000000)
(3w 0 000000000 O0)
(0 30 000000000 0)
(0 30w 000000000 0)

are contained in the subspace II. By claim 2, the existence of such charges imply that all
defects L€ Top(l)s have integral quantum dimension.

The coordinates z3,..., 212 are a complex basis for the space VNII+ of R-R ground states
in the (%,0; i,O) representation on N'=(4,4). In particular, the basis consists of the 20
highest weight vectors for the chiral and anti-chiral algebra A x A labeled by
11 1 1

—= and permutations.

[ )= [+5, 42+
at,...,06] = 27 27 27 25 27 2

,58,



Let us denote by |i,7,k), 1<i<j<k<6, the highest weight vector with the + signs in
positions 4,7, k, i.e. in the Ax A representation [a1,...,ag] with

12 itnefige
~1/2 ifnd{ijk} .

This is a complex basis, since the CPT conjugate of [ai,...,ag] is the opposite [—a1,...,—ag].
We identify the states |i,j,k) with the complex coordinates z3,23,...,212, 279 as follows:

23— [1,2,3) 25— |4,5,6) 25— [1,3,4) 22— 12,5,6)
24— |1,2,4) 27 —13,5,6) 29— 1,5,6) z5—12,3,4)
25— |1,2,5) 22 —13,4,6) z10—|1,3,5) 27, —2,4,6) (6.20)
26— |1,4,6) 2§ —12,3,5) z11 —1,3,6) 211 —|2,4,5)
27— |1,4,5) 25 —12,3,6) z12—|1,2,6) 275 —|3,4,5)

The group of invertible defect in Top(yys is G(1)s = Z3x Ag. All such symmetries act trivially
on the spectral flow operators, and therefore on the complex coordinates z1,25. A permutation
o € Ag acts in the obvious way on the states |i,7,k)

|, k) = o (i), 0(4),0(K)) - (6.21)

Using the correspondence (6.20), it is immediate to derive the action of o on the coordinates
23,25)‘, cen ,Zlg,zikQ.

The elements of the subgroup Z3 are labeled by (m1,...,mg) € (Z/3Z)8, with the condition
>;mi=0 mod 3 and modulo (1,1,1,1,1,1). They multiply the states |i,j, k), and therefore

complex coordinates zs,...,z12, by some cubic roots of unity, determined by
o 2mi .
‘Z,j,k>'—>eXp ? Z My — Z My ‘Z7]7k> . (622>
ned{ijk} n¢{i,j,k}

It is easy to check that these transformations of the space C*1° correspond to automorphisms
of the lattice spanned by the rows of 6.19.
As for the model Caryw, we computed a set of generators for the intersection
4,20 L 4,20 4,20
B(1)6 (Z) :=End(I'**")NB>*"(R),

between the Z-linear endomorphisms of the lattice I'*2? and the 401-dimensional real space

B*?(R) of block diagonal 24 x 24 matrices, with a upper left 4 x4 block proportional to the
identity, and an unconstrained lower right 20 x 20 block, see (3.11). As in the previous example,
the Z-module B?‘l’ig (Z) has maximal rank 401, i.e. equal to the dimension of B*2°(R).

We also computed the submodule

B () C B3 (Z)

generated by the L where £ is a superposition of invertible defects in Top(;)s. As in the

previous example, we find that the submodule BE‘@S o (Z) has full rank 401, with quotient

B30 (Z)/ B30 ino D) =25 (6.23)

,inv
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For all the defects EETop(l)e that are discussed above, the corresponding map L is
contained in BE‘@S (Z), i.e. it can be written as an integral linear combination L=} ngL, of
maps Ly related to invertible defects Ly, g € G (qys, for some ny € Z. However, some L cannot
be written as linear combinations »_ ngl, with non-negative integral coefficients ng € Z>.
An example is given by the duality defect -/\/(12)(34) considered in point 2 above, that acts
on the chiral algebra A by a permutation with cycle shape (12)(34), while preserving the
anti-chiral algebra A. The square of J\/'(lg)(34) is a superposition of 9 invertible defects in
the Z3xZs3 group generated by t1t2 and t3t3

M212)(34) = (I+5t1t3 +Et§t2)(1+£t3t§ +‘Ct§t4) . (6.24)

This determines (up to a sign) the action of N(j9)(34) on the basis (6.20) of RR ground
states in the (%,O; %,0) representation of A= (4,4), and therefore on the space C>!0 with

coordinates z1,...,212. In particular, the action is via the diagonal matrix
30 0 000O0O0OO0ODO0ODO0OO
03 0 00O0O0ODO0ODO0OO0OO0OO
00-3000000000
00 0 OOOODOOOOO
00 0 OOOODOOOOO
00 0 OOOODOOOOO
Na2s9=100 0 000000000 (6.25)
00 0 OOOODOOOOO
00 0 OOOODOOOOO
00 0 OOO0ODOOOO0OO
00 0 OOOODOOOOO
00 0 OOOODOOOOO

where the minus sign is fixed by the requirement that this linear map induces an endomor-
phisms of the lattice of D-brane charges. On the other hand, all invertible defects £, act
on the basis (6.20) by multiplication by some cubic root of unity followed by a permutation.
This means that in the corresponding matrix L, the sum of the entries in each row or
column is a cubic root of unity. Because it is impossible to obtain —3 as a sum over three
cubic roots of unity, it follows that N(13)34) cannot be written as a sum of three matrices
Lg, +Lg,+Lgs for any gi1,92,93 € G(yys.

As for the GTVW model, it is easy to exhibit a deformation of the model that lifts all
non-trivial topological defects £ € Top(yys. It is sufficient to consider a basis x;;, i1=1,...,4,
7=05,...,24 of the 80-dimensional space of exactly marginal operators with respect to which
all the linear operators L are represented by matrices with rational entries — or, more
generally, entries in some algebraic number field. For example, one could take the |x;;) to be
the states related by spectral flow to the R-R |i,7,k) in (6.20). With respect to this basis,
the operators L are represented by matrices with entries in the algebraic number field Q[w],
where w = e2™/3. Then, one can take a linear combination y = 2?4:5 a;x1,j whose coefficients
have transcendental ratios a;/ag, for example a; =7/75 as in (5.22). The same argument
as in section 5.2 shows that the only defects that satisfy (5.21), and are therefore preserved
by the deformation y, are the ones proportional to the identity.
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7 Conclusions

In this article, we discuss some general properties of the categories Top, of topological defects
preserving the N = (4,4) superconformal algebra and the spectral flow in a supersymmetric
non-linear sigma model on K3 C. In particular, we focus on the fusion of such topological
defects with boundary states corresponding to BPS D-branes, and define a homomorphism
from the fusion ring of Top to the ring of Z-linear endomorphisms on the lattice of D-brane
charges. This construction, together with some standard assumptions about the moduli space
of K3 models, allows us to derive a number of general properties of the topological defects in
Tope. For example, we show that the set of K3 models where Top is not trivial (i.e., where
there are simple defects distinct from the identity) has zero measure in the moduli space.
Furthermore, we provide some restrictions on the possible quantum dimensions of the defects
in Top and a sufficient condition on the model C (or rather on the corresponding point in
the moduli space) for all quantum dimensions to be integral. Finally, we apply our methods
in a couple of well understood examples of K3 models.

There are many directions of investigation that would be interesting to pursue:

1. One of the main tools in our analysis is the map Top — End(I'*?") that associates
with each topological defect £ a Z-linear endomorphism L of the lattice I'%?° of RR
charges of the model. In section 3.2 we provided some conditions that must be satisfied
by the endomorphisms L that are associated with some defect. It is clear, though,
that in general these conditions are not sharp enough to identify the image of the
Top — End(I'*?°). Can we refine them?

2. Similarly, we know that the map Top — End(T'#?) is in general not injective. In fact,
in the two K3 models C that we studied, we found some families of defects Ly € Top,
depending on real parameters 6, corresponding to the same L € End(I'*??). On the
other hand, there are some cases (for example, when L is a multiple of the identity)
where we were able to prove that L is the image of a single £. Can we determine for
which L the corresponding defect £ is unique?

Let us give some more insight into this question. It is known that each topological
defect £ in the CFT C can be described as a boundary state in the double theory C xC,
see section 3.4. In this description, it is natural to identify L € End(I'*?°) with the
R-R charge L € T2 (I'*29)* of the boundary state in the double theory. Thus, a
continuum of defects for L in the model C corresponds to a moduli space of D-branes
with a given charge L in the double theory. In particular, the twisted conserved currents
implementing the deformations of the topological defect (see the discussion in section 4.2
and references therein) should correspond to suitable massless modes for open strings
with both ends on the D-brane in the double theory. It is natural to wonder whether
there can be examples where there is a discrete set of defects £ € Top with the same
image L via the map Top — End(I'*?"). They would correspond to a discrete set of
different BPS D-branes carrying the same R-R charge in some non-linear sigma model
on K3x K3.
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As a second observation, we notice that a given topological defect L is preserved by a
marginal deformation of the K3 model if and only if the defect is ‘transparent’ for the
corresponding exactly marginal operator. This property is completely encoded in the
form of L. As a consequence, all defects £ with the same L are either all lifted or all
preserved by a certain deformation. Thus, for each L, one can identify some connected
families of K3 models C in the moduli space, with the property that Top, contains a
set of defects £ with action L on the D-brane charges. These arguments suggest that
the cardinality of this set of defects might only depend on the connected family, and
not on the particular K3 model.

. In section 4.2 we conjectured that Top, contains a continuum of defects only if C is a
(possibly generalised) orbifold of a torus model. It would be very interesting to either
prove this conjecture or to find a counterexample. Notice that both models studied in
our article are actually torus models. In this respect, it would be very useful to study
an example of K3 model that is not a torus model. Unfortunately, while torus orbifolds
are necessarily a zero measure set in the moduli space of K3 models (they are a discrete
union of subloci of dimension at most 16), finding such an example of K3 model that is
reasonably under control (e.g. it is rational) is not an easy task. In particular, we do
not know of any simple criterion to determine whether a given K3 model admits or not
a description as a generalised orbifold of a torus model.

. In [28], the authors study the topological defects in various CY manifolds, including
some K3 models. The idea is to classify the topological defects for some rational models
(Gepner models), and then consider deformations by exactly marginal operators that
preserve some of the defects. In this way, one can obtain information about topological
defects in models that are (probably) not rational. This method is very effective in
establishing the existence of topological defects in a neighborhood of known rational
CFTs. In contrast, our approach, based on the action of topological defects on D-brane
charges, allows us to provide information about possible defects even at points in the
moduli space that are far from any (known) rational point. On the other hand, while
our methods are effective in putting restrictions on properties of putative defects, they
are not sufficient to prove the existence of such defects without an explicit description of
the model. It would be very interesting to combine the two approaches: one could study
the topological defects in many Gepner models, and then use our methods to determine
precisely the sublocus of the moduli space where the topological defect is preserved.
Furthermore, by considering the points in the moduli space at the intersection of several
such loci, one might be able to establish the existence of K3 models with large categories
of topological defects.

. Given a symmetry g of a K3 model C, one can define a twining genus ¢4(7,2) by
computing the elliptic genus of the model C with the insertion of the topological defect
L4 along one of the cycles of the torus. In the same spirit, one can define a twining
genus ¢, (7,z) for any topological defect £ € Top,. On general grounds, one expects
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such functions to be holomorphic and modular, in a suitable sense.” Twining genera
play a prominent role in the calculation of the microstates degeneracy for 1/4-BPS black
hole in string compactifications on K3 and on orbifolds thereof (CHL models). See for
example [54, 78-88]. They are also the main characters in the ‘moonshine’ conjectures
for string theory on K3 [49-53, 89, 90].

The study of twining genera related to topological defects, rather than symmetries,
opens a number of new paths for the research in these subjects.

6. A mysterious correspondence has been observed [91] between symmetries of K3 sigma
models and automorphisms of a certain N'=1 supersymmetric vertex operator algebra
& (a holomorphic superconformal field theory, in physics parlance) with central charge
12. In particular, most (though, probably, not all) of the twining genera ¢4 of K3 models
can be exactly reproduced by certain g-twisted supertraces in V1. It is reasonable
to expect the SCFT V% to admit suitable topological defects that preserve the A" =1
superconformal symmetry — to the best of our knowledge, such defects have not been
studied yet. While one cannot define boundary states in a purely holomorphic theory,
we do expect some modification of our methods to apply to this case as well. We are
planning to describe such methods in a forthcoming paper [92]. It is natural to wonder
whether the K3-VOA correspondence extends to the case of defects.
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A Generators of Z3: My

In this section, we provide an explicit description of the group of symmetries Goryw 273 :
M> of the K3 model Caryw considered in section 5; see [69] and [70] for a derivation. Recall
that the full symmetry group of the CFT is (SU(2)® x SU(2)%) : Sg, where the SU(2)° factors are
generated by the zero modes of the holomorphic and antiholomorphic currents, while Ggpryw =
Z§ : My is the subgroup that preserves the A” = (4,4) superconformal algebra and the spectral
flow. Every element of (SU(2)%xSU(2)%):Ss can be written as (Aj,...,A¢ Bi,...,Bg)T
where A; and B; are SU(2) matrices, and 7 € Sg is a permutation. As discussed in section 5,
SU(2)%xSU(2)% does not act faithfully on the operators of the CFT. There is a subgroup
Zo =735 of the center Z3xZ$ of SU(2)6xSU(2)® that acts trivially on all states of the

9More precisely, we expect them to be weak Jacobi forms of weight 0 and index 1 with respect to a suitable
subgroup of SL(2,Z).
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theory (see eq. (5.9)). This means that there is an ambiguity in writing the symmetries as
(Ay,...,Ag Bi,...,Bg)m, as one can multiply by any element in Zy = Z3.
The SU(2) matrices that one needs to write all elements of Z§ : Mg are

N CH R A
01 —10 1 0 00—z

and their opposite matrices

10 0-1 0 —i i 0
12(01)’ xz(lO)’ yZ(z’O)’ Z:<0¢>' (A-2)

Notice that z,y,z obey the quaternionic relations x? =y? = 22 = —1, 2y = z = —yx. Finally
we need the matrices
Q:(_%_i 13) QT:<12_Z. 13) (A.3)
2 2 2 2

that satisfy Q3=—1, so that Q6=1 and Qf =—-Q%. Furthermore, QzQf =2, QyQf ==z,
Q20 =y. The permutations © will be denoted by their non-trivial cycles.
In this notation, the generators of Z§: Msg are as follows:

« Generators in the Z$ x Z$ subgroup of SU(2)® x SU(2)S:

1111 111111)(1)° (A.4)
111111 111111)(1)° (A.5)
111111 111111)(1)° (A.6)

to = (111111 111111)(1)° (A7)

= (111
=(
=(
(11

These generators form a Z3 group, with Z3 C Z§ C Z§ : My, that contains 10 elements
tij, 2 <1< j <6 with non-trivial SU(2) factors A; = A; =1, and 5 elements #;;;, 2 <i <
Jj <k <1<6, with non-trivial SU(2) factors A;=A4;=A,=A;=1.

« Further generators of the Z§ normal subgroup of Z§ : Mag

si=11lzzzz; 1lzzzz)(1)8 (A.8)
so=(11yyyy; 11yyyy)(1)° (A.9)
ss3=(lzzyzl; lazyzl)(1)° (A.10)
sa=(lzyzzl; lzyzz1)(1)° (A.11)

¢ Generators of the Z% subgroup of Mog %Z%.A5 (modulo elements of the form t;;x;)

v=1lzzzzr; 112222)(1)° (A.12)
vo=(11yyyy; 1lzzzr)(1)° (A.13)
v3=(lyylaez; lazxlzy)(1)8 (A.14)
vy=(1zyzlz; 1zzylz)(1)° (A.15)
Altogether, the t;;, s1,...,54, and v1,...,v4 generate the subgroup of Zg : Mg contained

in SU(2)%xSU(2)°.
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« Generators of the quotient As of Moy~ 7Z3. A5

pr=(111111; 111111)(34)(56) (A.16)
pp=(111111; 111111)(35)(46) (A.17)
ps=(1101Q11; 1101Q11)(25)(34) (A.18)

Action on the currents. The 18 left-moving currents of su(2)® can be denoted by a
pair (6-1,i)r, where i=1,...,6 denotes the su(2); factors, and &-7 is a traceless hermitian
matrix, written a linear combination of Pauli matrices with coefficients 7 = (n1,n2,n3) € R3,
n-n=1. The action of g=(A4,...,A¢;B1,...,Bs)m on (&-7,)r, is

g+(371,1)1, = (A &AL )7 ()1 (A.19)

where we make the permutation act before the SU(2)%xSU(2)¢ adjoint action. Similarly,
the action on the right-moving currents is

g+(6+71,i) r = (Ba(y@ 1B ), (i) - (A.20)

Action on the RR ground states. An orthonormal basis of the 24-dimensional space
of RR ground states is given by six ‘tetrads’ of states |1,1), |2,1), |3,4), |4,7), i=1,...,6. One
can assign with each element |a,i) in a tetrad a 2x2 matrix U,, a=1,2,3,4, as follows

11,4) —>U1:\}§ (_01 é) :\% (A.21)
12,4) — Uy = \}i ((1) ?) _ \}i (A.22)
13,4) — Uy — \}i (é _OZ) _ —% (A.23)

|4,i) — Uy = \2 (? é) = % (A.24)

in such a way that (a,i|b,j) =0;; Tr(UlU,). The action of g=(Ai,...,Ae;B1,...,Bs)m on
la,i) = (Ug,i), a=1,...,4, i=1,...,6 is

g (Uaai) = (Aﬂ(z)Uanr(z)vﬂ-(Z)) . (A25)

B A duality defect not in Topgryw

Consider the K3 model Coaryw described in section 5 and let H C Ggryw the abelian group
H =75 generated by the symmetry g =tsts. By computing its partition function, one can
show that the orbifold C/H is a consistent K3 model with the same bosonic chiral and anti-
chiral algebras and representations as C; therefore, the two CFTs must be isomorphic C=C/H.
In particular, all holomorphic and anti-holomorphic currents are g-invariant; the g-twisted
sector contains no further currents. Thus, we expect a topological duality defect N such that

N2 =T+L,,  LN=NLy=N . (B.1)
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In this section, we describe the duality defect N and show that N & Toporyw, and in
particular that A/ does not preserve the N'=(4,4) superconformal algebra.

The fusion rules for "= Nsg imply that A must act with eigenvalues ++/2 on the states
that are fixed by g, while eigenstates of g with eigenvalue —1 must be in the kernel. On the
other hand, these topological defects A/ cannot commute with the whole (5u(2);)®° algebra

— we have already identified all such defects, and they are all invertible.

What is the possible action on the chiral algebra?

o Consider moving a defect N through local holomorphic operators in A, we obtain a
map from A to itself in a way compatible with OPE. This means that the defect should
act on A by an automorphism of order 2.

o The action of N on A should not lift to a symmetry of the whole CFT. Indeed, if this
was the case, then for a suitable CFT symmetry h, the fusion £, N would act trivially
on A. But the only simple defects with this property are the Verlinde lines for the
algebra A and all such defects are invertible. It would follow that N is a superposition
of invertible defects, which cannot be true for a duality defect.

« Because N2 acts trivially on the g-invariant space of states H9, then N acts by
permutations on the set of Ax A representations contained in #¢. In particular, it
cannot map any such representation into one that is not contained in HY.

The group of outer automorphisms of the chiral and antichiral algebra is the Sgx Sg permu-
tation group acting separately on the holomophic and anti-holomorphic currents. Only the
diagonal Sg C Sg x S¢ lifts to a symmetry of the whole theory; the other elements of do not
preserve the set of Ax A representations in the space of states #. If instead we consider the
subgroup of Sgx .Sg that preserve only the set of representations contained in the subspace
H9 CH of g-invariant states, then there is one non-trivial choice (modulo the diagonal Sg
symmetry): the involution exchanging the 5-th and the 6-th su(2); components on the (say)
holomorphic side, while keeping the anti-holomorphic side fixed.

Therefore, modulo automorphisms that lift to CFT symmetries, this is the only possible
action of N on the algebra (5u(2)1)°.

We can calculate the N -twined partition functions

2V =Trns_nsNghomaaghoman), ZVNS = Trys_ys((—1)F TN glo—zigho o)

(B.2)
2% =Trp_p(Ngo-sighosi), ZIR = Tep_p((-1)T T Nrglo~Figho—31) (B.3)
using the characters of su(2);, namely
27,2 27,2
chyo(r,2) = M’ ch, 1 (7,2) = M7 (B.4)
n(7) 2 n(r)
from which
03(27,0) n(27)° 02(27,0) n(4r)?
Ch1,0 7’,0 = = s ch 1 T,O = =2 . B.5
CO="0m a0 = T T = emm o (PP
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The S-transformations are

1 1
Ch170(—%,0) = ﬁ (chy,o(r, 0)+Ch17% (7,0)), chl,% (—%, 0)= ﬁ (chi,0(7,0) _Chl,% (r, O()) |
B.6

Recall N acts on the #5t¢ invariant states by v/2 times the permutation of the fifth and sixth
holomorphic 5u(2); components. It follows that the N-twined partition function are

4
2N =2 Y ] lehia(r0)P (chl,g(QT,0)ch170(r,0)2+ch17% (27,0)chy 1 (,0))
al,...,a4€{0,%} =1

ZaiEZ

4
+HChlyai(T,O)chLéfai(T,O)(ch170(27',O)chlé(T,O)ZqLchL (QT,O)ChLO(T,O)?)}

1
- 2
i=1

4
~ —_2 —_—2
ZNNS—ve Y {H|ch17ai(7,0)|2(ch1,0(27,0)0h170(7,0) +chy 1 (27,0)ch, 1 (7,0)")
al,...,a4€{0,é} =1

ZaiEZ
4

fHchlyai(r,())chléfai(ﬂ())(ch170(27',O)ch17%(7,0)2+ch17 (QT,O)ChLO(T,O)?)}

1
- 2
i=1

4
—2 —2
28=v2 > [ITlehie (7,0)[ (chio(27,0)chs o(,0) +chy 1 (27,0)chy 1 (7,0))
al,...,a4€{0,%} =1
Za¢€%+z
1 —_— _—2 _—
+HChlyai(T,O)ChL%wi(T,O)(Ch170(27',0)ch17%(7,0) +chy 1(27,0)ch o(7,0) )}

1
- 2
=1

2

)

4
~ 72 e
ZB=v2 Y {H|ch17ai(7,0)|2(ch1,0(27,0)ch170(7,0) +chy 1 (27,0)ch, 1 (7,0)
a1,...,a46{07%} =1
Zai€%+z

4
~TLchia,(7,0)chy 1, (7.0)(chi o(27,0)chy 1 (7,0) +chy 1 (27,0)chi o(7,0))]
72 1 K b

1 1
2 2
i=1
By a direct calculation we obtain
Z{ = (16+36¢+96¢>+...)+O(q") . (B.7)

This shows that A/ does not preserve any holomorphic supercurrent. Indeed, if a holomorphic
supercurrent were preserved by A, then fof} would receive contributions only from the RR
ground states, and it would be a constant in gq.

C Defects acting by automorphisms of the chiral algebra

In this section we classify the topological defects £ & Topgry s of the model Coryw of
section 5, such that £ acts on all holomorphic fields generating the bosonic chiral algebra
A= (51(2)1)% by an algebra automorphism py times the quantum dimension (£). This
implies that when a defect line £ is moved past the insertion point of one of the holomorphic

— 67 —



currents j(z), the latter gets simply transformed into the current pr(j(z)). Similarly, we
require the defect to act on the anti-holomorphic fields by a (possibly different) automorphism
pr- The group of automorphisms of (5u(2)1)% is SO(3)%x Sg, where SO(3)% are the inner
automorphisms generated by the zero modes of the currents; note that the center Z$ of
SU(2)8 acts trivially on the algebra itself. We still require p;, and pg to act trivially on
the A= (4,4) superconformal algebra; this condition constrains p;, and pg to be in a finite
subgroup of SO(3)%x Sg. If the automorphisms (pr, pr) extends to a symmetry of the CFT,
then there is an invertible defect £, for some g € Garvw = Zg : Mo, such that the fusion
L4L acts trivially on the whole A®A. The only simple defects with this property are the
Verlinde lines discussed in section 5.1, where it is shown that they are all invertible. This
means that, in this case, £ is just a superposition of invertible defects.

Therefore, in order to get some new defects, we have to require that (pr,pr) does not
lift to a symmetry of the CFT. Now, inner automorphisms SU(2)%xSU(2)% are generated
by the current zero modes, and therefore always define CFT symmetries. The group of
outer automorphisms of Ax A is Sgx Sg, and in this case, only the diagonal Sgiag C Sg xS,
permuting the holomorphic and antiholomorphic su(2); factors in the same way, lifts to a
CFT symmetry. Thus, the defects acting by algebra automorphisms, modulo fusion with
invertible defects from the left or from the right, correspond to non-trivial double cosets in

((SU@)°xSU(2)%) S5 )\ ((SU(2)° xSU(2)%) 1 (S5 x S6) ) /((SU(2)° x SU(2)°) % S§7%) .
(C.1)
For each such coset, we can always choose a representative (pr,pr) with pg = 1. Further-
more, we can choose one py, for each Sg-conjugacy class, i.e. for each possible cycle shape.
Finally, we require p7, to preserve the N'=4 superconformal algebra and the spectral
flow generators. This implies that the induced permutation must be contained in the As C Sg
subgroup of even permutations fixing the first su(2); factor. There are only three possible
non-trivial cycle shapes, corresponding to the partitions 1+1+1+3, 1+142+2 and 1+5.
Let us consider each of these three cases in detail.

Partition 1+1+143. It is known (see appendix A), that Ggryw contains a symmetry
g3=piops=(11Q0711; 11Q0711)(265), (C.2)

where we denote the elements of (SU(2)6 xSU(2)%) %S¢ *8 by (A1, ..., As; Bi,...,Bs)m, with
A;, B;€SU(2) and 7€ S8 and where

1-i 14
Q= ( i 1-2H> €SU(2) . (C.3)
— it Lt
This means that if we define (pr,pr) as

pr=(11Q0711)(265),  pr=1.

the left automorphism py, acts on the holomorphic algebra in the same way as the symmetry
element g3. This ensures that the holomorphic A/ =4 supercurrents are invariant under
pr- However, pr is not the same as for g3, and in particular the left- and right-moving
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su(2); factors are permuted in different ways. This means that the pair (pr,pr) cannot
be extended to a symmetry of the whole CFT.

More explicitly, any such symmetry would have to map any field in the representation
[110000; 110000], for example, to a field in a representation [100010;110000]; however, while
the former field is in the spectrum of the theory, the latter is not. This implies that there
cannot be any invertible defect acting by (pr,pr) on the chiral and antichiral algebras.
However, there is no obstruction to having a non-invertible defect with such an action. Indeed,
a non-invertible defect £, when circling a field in the [110000;110000] representation, can
simply annihilate it. More generally, the operator £ associated with any such defect needs to
annihilate any field in a representation [a; ...,a6;b1...bg] such that [pr(ai...,a6);pr(b1...b6)]
is not in the spectrum. The NS-NS representations [a; ...,a¢;b1 ...bg] that are not necessarily
annihilated by L are the ones satisfying

az =as = ag, by =bs =bs, (C4)
and can be grouped into four sets:

Q; = {[000000;000000], [111111;000000], [000000;111111], [111111;111111]
QQ—{[101000;101000], [010111;101000], [101000;010111], [010111;010111]
= {[100100;100100], [011011;100100], [100100;011011], [011011;011011]
= {[001100;001100], [110011;001100], [001100;110011], [110011;110011]} .

}7
}s
Y }?

) 9

The four members in each set are related to each other by the action of the N =(4,4)
supercurrents. Therefore, the requirement that the N'= (4,4) algebra is invariant under L
implies that the action of L is the same on all representations in the same set €2;. We conclude

that the action of £ on the NS-NS sector depends only on four parameters aq,...,a4 as
ZOQ PLPR * (0‘5)
Here, for each i=1,...,4, PZL pr aCts by the automorphism (pr,pr) on the representations

in the set );, while it annihilates all fields in the representations in €2; for j # .

Requiring £ to commute with the spectral flow operators fixes the action of L on the
R-R sector to be of the same form (C.5) with the same parameters «;, where now each PZL .
is non-zero only on the set of representations €2; with

= {[100000;100000], [011111;100000], [100000;011111], [011111;011111]},
Q = {[001000;001000], [110111;001000], [001000;110111], [110111;110111]},
Q ={[000100;000100], [111011;000100], [000100;111011], [111011;111011]},
={[101100;101100], [010011;101100], [101100;010011], [010011;010011]}
The four parameters aq, ..., a4 are constrained by the Cardy-like conditions that are obtained

by considering the torus partition function with the defect line £ wrapping one of the
cycles. Notice that if (a1, a9,a3,a4) correspond to a consistent defect £ acting by (pr,pr)
on the chiral and antichiral algebras, then also (a1, —ag,—asz,a4), (a1,a2,—as,—ay), and

— 069 —



(a1, —ag,a3,—ay) correspond to consistent defects, since they can be obtained by fusion
of £ with the invertible defects acting trivially on all the currents and all the N = (4,4)
supercurrents (in particular, fusion with the symmetries tots, tot4 and tst4 gives all such
defects; fusion with the symmetries tot5, tatg, and t5tg leaves each of these defects invariant).

Let us consider the possible fusion products of the simple defect £ with a;=...=ay.
The dual defect £* acts on the space of states by the adjoint operator

4
L*:;a;‘kpézlvpgl (CG)
so that the product LL* acts by
4
LL="|ay|* P, (C.7)
i=1

where P! is the projector on the representations in the set ;. On the other hand, we
know that £LL£*=T+... acts trivially on the whole algebra su(2){®5u(2)¢ as well as on the
N = (4,4) algebra. This means that it must be a superposition of the invertible defects Lyt
generating the Zj subgroup of Z§: My that is contained in the centre of SU(2)%x SU(2)S.
Furthermore, ££* must annihilate the representations [ay,...,bg] of the chiral algebra that
do not satisfy (C.4), and must be a sum with positive coefficients of the projectors P;. The
only possibility is

LL" =T+ Ligts +Liyts+Lists » (C.8)
so that
sl = (£) = (£5) =2
The torus partition function with the insertion of L is

7 g 4 . c 7 _ &
Zp(r)=Tr(Lg o 21gh0721) = oy Te(P:, ,.q 0 3igh ), (C.9)
=1

i c _J c 1 1
i Lo—55 sLo—55
Te(Pi , ghodigh 24):[ Zb}eQ [chal(T,O)Cha2(37,0)cha3(7,é)chM(T,é)
at,...,06 i

(chy, (7,0) chy, (7,0)3 chi, (7, 0) chy, (7,0) )

Let us calculate Z, with the ansatz

a1:a2:a3:a4:<£> (0.10)
Using the su(2) characters, Z,(7) takes the form:
= —<£> T T T T T 1 i T T T 1 i
ZL(T) = Wﬁ(q—)&n(zh—) {(93(2 )6—|—02(2 )6) l93(2 )93(6 )93 (2 s 3) +92(2 )02(6 )02 (2 s 3) +

+ (93(27)292(27)4%2(27)293(27)4) [2 (93 (27, ;) 0, (27, ;)) (05(27)05(67) +02(27)05(67)) +

4 <03<27)93<6T)92 (27, ;)2+92(2T)92(67)93 (27, ;)2” } .
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Applying the transformation 7+ —1/7 we get:

7= 0 A0 (D))o (i) w0 (3o () (5:5)7) +
w20 (500 (30) (B (5 >+e4< wgm <eg< Vo () e (5) m(5))
[0 G o (5G] (5 () G))}

which series expansion in ¢ and ¢ is:

c (£) g% 3 19 93 e 5/6 7/6 4/3 39 39 5/3 11/6
z"= 1/4g1/4 +-q*+2¢7°4+3¢°"°+6q+9q¢"°+12¢"°+ —q°* +28¢°/°+36¢" "/ °+
q 2 2 2

149

+54q” + —¢"/0 + 96474+ = T 512 1182487 423497040 (g ))+q1/2(6q1/6+40q1/3+
+82¢"/2+128¢%/3 +196¢°/0+320¢+524¢"/® +776¢*/3 +1098¢%/% +1616¢°/> +2320¢" /0 +
+0 (q2)> +q (33q1/6+160q1/3+355q1/2+548q2/3+838q5/6+0 (q)) +0 ( 3/2)]

As predicted above, we find that such expansion produces only integer non-negative coefficients
if (£)=

Notice that the automorphism (pr,, pr) has order 3, so that £? acts on the chiral algebra
by (02,0%)=(p;',pgr') (the same as £*), while £3 acts trivially on the chiral algebra. This
suggests

L£:=2r*, (C.11)
and
L3=2LL% = 2T+ Liyts +Liyte +Lists) (C.12)

which fits with the quantum dimensions.
We notice that if £,, is the invertible defect corresponding to the symmetry

=(111111; 111111)(34)(56)
of order 2, then L, LL,, acts by (pzl, p]_{l) on the chiral algebra. This suggests that
Lp LL, =L . (C.13)
As a consequence, if we define
Nose :=LLy, , (C.14)
then Nasg is unoriented Nasg=N354, and
N2256 =T+ Lyt +Ligts+ Lists - (C.15)

This means that Nas6 is the duality defect related to the fact that the theory is self-orbifold
with respect to the Zo xZs group of symmetries with generators tst; and totg. Similarly,
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by conjugating by invertible defects, for every 1 <i < j <k <6 one can find duality defects
Niji of order 2 such that

Mjk‘ —Z+£t¢tj +£t]’tk +£titk . (016)

Partition 14+1+2+2. Let us now consider the class of defects acting by

pr=(111111)(34)(56),  pr=1, (C.17)

(34)(56)

on the chiral and anti-chiral algebra. We denote such defects by Ly ,a=1,2,.... Because

4)(56)

pr act in the same way as p; € Goryw on the chiral algebra, 223 must preserve the
N =(4,4) SCA. The only representations where £(34)(56)

satisfying

can be non-zero are the ones

a3 =agq, as = aeg , b3:b4, b5:b6 . (018)

Once again, we arrange such representations (in the NS-NS sector) in sets

2y ={[000000;000000], [111111;000000], [000000;111111], [111111;111111]},

Q9 ={[110000;110000], [001111;110000], [110000;001111], [001111;001111]},

3 ={[001100;001100], [110011;001100], [001100;110011], [110011;110011]},

Q4 =1{[000011;000011], [111100;000011], [000011;111100], [111100;111100]},
so that

34) (56)
ZO‘Z (34)(56) -

Because there are 4 parameters «;, we expect (at most) 4 simple defects of this kind. Let us
denote by L:= 5(34)(56) one of these defects. Then, by fusion of £BY56) with the invertible

£(34)(56) £(34)(56) £4(134)(56)

defects Ltyty, Liots, Ligts, we find three more simple defects whose

parameters «; differ only by signs. The product LL*=L*L=T+... acts trivially on the
whole chiral and antichiral algebra, as well as on the N'= (4,4) superconformal algebra, and
annihilate the representations that do not satisfy (C.18). This leads to

EAC*:I+£t3t4+£t5t6+£t3t4t5t6 . (019)
It follows that
1| =az| =|as| = |as| =[L] =2 . (C.20)

The torus partition function is

L c 1 ; c 7 c
Zp(r)=Tr(Lg"o zaglom21) = Z o Tr(PpleRqLO*ﬂqLO*ﬂ)
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where

Tr(P(i34)(56)qLo—2‘Z(jLo—2i;)_[ Z] [chal(r,o)chGQ(T,o)cha3(27,0)cha5(2r,0)
ai,...,bg] €

(ch, (7,0) chy, (7, 0) chig (,0)2 chy (,0)?)]

Using the ansatz o; = (LBY60)) the partition function with a £B906) insertion can be
written in terms of the Theta functions as:

<£(34)(56)>
n(7)%n(7)*n(27)
+ (02(27)205(27) 3+ 03(27)%05(27)7 ) (0a(27)205(47)2 + 03(27)%05(47)? ) +

+2 (03(27)705 (27)2 +05(27)202(27)7 ) (03(27)205(47)0 (47) +0(27)203(47)02(47) ) }

Z o0 (1) = S { (B3020)5+05(27)F ) (0(27)205(47)2+ 05(27)%05(47)? ) +

Upon an S-transformation, we obtain the twisted function ZLEDEO (T)=Z p3ays6) (—1/7)
in the form:

e QURAON CORGRIGEIGY
(03 o (5) (5 () ) |[( () w () () n(5))-
(o (5)a(3) (=) ()]}

whose expansion in ¢ and ¢ and is:

6

7 L3(E0) (7)
LoV (1 47 403¢* 10309
:<1/8771/4> §+5q1/2+ 2q+75q3/2+ 2q +501q5/2—|—1158q3—|—2502q7/2+Tq4_|_
q'/%q

110228¢°2+0 (q5)) g2 (6+32q1/4+128q3/8+60q1/ 2 1192¢3/44+-512¢7/8 +282¢+
1672¢°/4 +1792¢M/8 1900432 +1984¢7/4 + 512045/ +-0 (q2)) +7 (33+128q1/ 41512438+
+330q"/+768¢%/4+2048¢/5+1551¢+2688¢°/ 1+ 7168¢"/*+0 (¢7/2) ) + 0 (/2]

The minimal integer value required for the quantum dimension of £B%(6) in order to have
just positive integer coefficients in this expansion is (£(39(6)) =2 The three additional
simple defects, obtained by fusion with Ly,,, Lt and Ly, act on the representations €2;
through the operators :|:2P(ig4)(56), where the minus sign appears for i =2,3, or t=2,5, or
1=3,5, respectively. In all such cases, the g-expansion of the resulting L-twisted partition
functions have positive integer coefficients, as expected.

Because the coefficients «; are real and (pr,pr) has order two, we find that £*=L
is unoriented, and

c? :Z+£t3t4 +£t5t6 +£t3t4t5t6 : (0'21>
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This implies that £BYG6) coincides with the duality defect N3y 56 = L3066 related to the
fact that the theory is self-orbifold with respect to the Zso x Zo subgroup of Zg : Moy generated
by tst4 and tstg. Similarly, for every choice of pairwise distinct i,7,k,l € {2,...,6}, we have
duality defects Njjp =N i; of dimension 2 such that

'/\/Z',kl :I+‘Ctitj +£tktl +£titjtktz : (0'22>

Notice that, in a suitable description of the model Cqryw as a torus orbifold 7% /Zs, the
symmetries t;t;, txt; and ¢;t;t5t; can be identified, respectively, with » A Qn% , and @), where
nx is induced by the half-periods along one of the directions of 7%, and @ is the quantum
s;mmetry of the orbifold, see sections 4.2. This suggests that Nj; can be identified with
the topological defect T% in eq. (4.19).

Partition 14 5. Finally, let us consider the class of defects that act by the automorphism
pr=(11Q0711)(23645),  pr=1 (C.23)

of order 5, preserving the N = (4,4) supercurrents (in our conventions, the permutation acts

(23645)

after the SU(2)% transformation). The only possible for a simple defect £ in this class

23645)

is as follows (we set £=L( in this part)

A

L= (L) P23645) » (C.24)
where P(93645) acts by the automorphism (pr,pr) on the four NS-NS representations
[000000;000000], [111111;000000], [000000;111111], [111111;111111]
that satisfy
as =a3z=a4=as=ag, by = b3 =by = b5 =bg (C.25)

and annihilates any other representation in the NS-NS sector. The characters contributing
to torus NS-NS partition function are:

1
Zpsonsy (1) = (L) 3 cha(r,0) chy (57,0)chy(7,0) (C.26)
a,b=0

which expressions in terms of the su(2) characters is:

1 1
n(r)8 n(r)n(57)

ZL(23645) (7') :<£>

(0:27)° +8:(27)° ) (65(27)05(107)+05(27)82(107))

The twined partition function, obtained from the previous one by modular transformation,
takes the form:

6

7 it (0 (5) 5 () ) (5 5) s (i) o0 () (5)
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with corresponding series expansion given by:

(L)
(r)= W

£(28645)

44

<1+3q1/5+q3/1o+q2/5+q1/2+Zq3/5+3q7/1o+fq4/5+4q9/10+121q+

19 55¢7/5 83 129
_~_7q11/10+?q6/5+11q13/10_~_ i q7/5+18q3/2+4q8/5+26q17/10+4q9/5+39q19/10+0(q2)> +

+g'/? (15+45q1/ 54+ 60¢%/ 10 +60¢%°+60q">+105¢%/° +180¢"/ 10 +195¢*/° +240¢"/° + O (q)) +

12 1
+7 <29+3§7q1/5+258q3/1°+258q2/5+258q1/2+9(2)3q3/5+774q7/10+6277q4/5+0 (q9/1°)>
+0(@?)

From such expansion we can extract the condition for the minimal value of the quantum
dimension at (L) =4.

The product £L* must act trivially on the whole chiral and antichiral algebra and
annihilate any representation that does not satisfy (C.25). Because the defect with smallest
quantum dimension satisfying these properties has dimension 16, this implies (£) =4 and

6
LL =T+ Y Ly, +Y Litgtstatsts - (C.27)
2<i<j<6 i=2

The defects £(26534)  £(24356)  £(25463) = £* can be obtained by conjugation £gﬁ(23645)£;
with suitable invertible defects £ , with g € Z§ : Moy, so that all such defects have dimension 4,
and are the unique simple defects acting with the given automorphism on the chiral algebra.

Let pa € Z§ : Moo be the order 2 symmetry acting by po=(111111; 111111)(35)(46),
so that L*=L,,LL,,. Then (L,,L)* = L,,L is unoriented, has dimension 4, and

6
(['pzﬁ)Q :I+ Z ‘Ctitj +Z £t¢t2t3t4t5t6 . (028)
2<i<j<6 =2

This means that Nagase := Ly, L is the duality defect related to the fact that the theory is
self-orbifold under the Z3 group of symmetries generated by ¢;t;, 2<i<j <6.

D The N =2 c=1 superconformal algebra as a free boson.

The N =2 superconformal algebra at central charge cj, = kS—JZ, k € N, can be described in terms
of a coset su(@)p@u(l)s
u(1)2k+4

case of k=1, the bosonic subalgebra of the A/ =2 algebra, simplifies and becomes essentially
the 4(1)12 algebra [93-95]. Here, (1)y denotes!® the ¢=1 chiral algebra generated by
a single chiral free boson 90X (2) =3, a2z " ! (whose modes generate the Heisenberg

, which provides the bosonic subalgebra of N'=2. In the particular

algebra), together with the holomorphic vertex operators V, z(2)~: inV2IXL(2) :;, NEZ,
of ag-eigenvalue nv/2l and conformal weight n?l. In other words, this is the lattice VOA

YOur normalization differs by a factor 2 from the conventions in [96]: the algebra @(1); in this paper is
denoted as 4(1); in [96].
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associated with the lattice v/2IZ. The irreducible representations M, [lx] of 4(1)y are labeled
by [x] € Z/2lZ, and the characters are given by

2.Qez+2.4 Q%@
n(T)

[2551](7' z)= y =™ (D.1)
where Q is the ag-eigenvalue divided by v/20 (this strange normalization is justified below).
In particular, the ground state of M [ZI] has conformal weight h = ”fl—? and charge @ = 5;, where
x €Z is a representative of [x] € Z/2I7Z in the range —I+1 <z <I.

The N =2 superconformal algebra at ¢=1 is obtained by adjoining the bosonic algebra
@(1)12 (i.e., I =06) with its module M, [66], which contains the two supercurrents and the other
fermionic fields. The charge @ is the U(1) R-charge with the standard normalization such
that the supercurrents have charge +1/2. In general, the N'=2 modules are given by sums
M, [w}@M [r-+6] of 4(1)12 modules, and the representations are NS or Ramond depending on
whether [z] is even or odd, respectively. In other words, the N'=2 algebra at ¢=1 can be
identified with the lattice SVOA related with the odd lattice v/3Z. The representations of
this superalgebra are given by Rj, = [g] b M, [(; +6] where now x € Z/67Z, and correspond to
the lattice cosets f—l—\fZC fZ

Gepner models are usually described in terms of the coset algebra (su(2);®4(1)4)/a(1)s,
whose representations are labeled as [[,m,s] =[1—1,m+3,s+2],1=0,1, m€Z/6Z, s € /AL
with [+m+s=0 mod 2. As mentioned above, the algebra (su(2);®u(1)4)/4(1)g is isomor-
phic to 4(1)12, and the respective representations can be identified as follows:

[0,m,0] = M, m e {0,+£2},

[0,m,2] = Mp, g m € {0,42}

[0,m, 1] = M, me{3,+1},
[0,m, 1]EM[§n+6] me{3,£1} .

In terms of representations of the A'=2 superconformal algebra, one has the following
identifications

[0,m,0]®[0,m,2] = Ry m € {0,£2},
[O,m,l}@[o,m,—l] ER[m] m€{3,:|:1} .

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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