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Abstract: We provide an Operator Algebraic approach to N = 2 chiral Conformal
Field Theory and set up the Noncommutative Geometric framework. Compared to the
N = 1 case, the structure here is much richer. There are naturally associated nets of
spectral triples and the JLO cocycles separate the Ramond sectors. We construct the
N = 2 superconformal nets of von Neumann algebras in general, classify them in
the discrete series ¢ < 3, and we define and study an operator algebraic version of the
N = 2 spectral flow. We prove the coset identification for the N = 2 super-Virasoro nets
with ¢ < 3, a key result whose equivalent in the vertex algebra context has seemingly
not been completely proved so far. Finally, the chiral ring is discussed in terms of net
representations.
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1. Introduction

Quantum Field Theory (QFT) describes a quantum system with infinitely many degrees
of freedom and, from a geometrical viewpoint, can be regarded as an infinite-dimensional
noncommutative manifold. It thus becomes a natural place for merging the classical
infinite-dimensional calculus with the noncommutative quantum calculus. As explained
in [49], a QFT index theorem should manifest itself in this setting and noncommutative
geometry should provide a natural framework.

Within this program, localized representations with finite Jones index should play a
role analogous to the one of elliptic operators in the classical framework. One example
of this structure was suggested in the black hole entropy context, the Hamiltonian was
regarded in analogy with the (infinite dimensional promotion of the) Laplacian, and
spectral analysis coefficients were indeed identified with index invariants for the net and
its representations [44]. According to Connes [17], the notion of spectral triple abstracts
and generalizes the notion of Dirac operator on a spin manifold to the noncommutative
context and this naturally leads to exploring the supersymmetric context where the
supercharge operator plays the role of the Dirac operator.

A particularly interesting context where to look for this setting is provided by chiral
Conformal Field Theory in two spacetime dimensions (CFT), a building block for general
2D CFT. There are several reasons why CFT is suitable for our purposes. On the one
hand, the Operator Algebraic approach to QFT has been particularly successful within
the CFT frame leading to a deep, model independent description and understanding
of the underlying structure. On the other hand, there are different, geometrically based
approaches to CFT suggesting a noncommutative geometric interpretation ought to exist,
and in which fields represent the noncommutative variables, see e.g. [31]. Since the
root of Connes’ noncommutative geometry is operator algebraic, one is naturally led
to explore its appearance within local conformal nets of von Neumann algebras. In
particular, this approach connects subfactor theory and noncommutative geometry.

A first step in this direction was taken in [14] with the construction and structure
analysis of the N = 1 superconformal nets of von Neumann algebras, the prime class of
nets combining conformal invariance and supersymmetry. Indeed according to the above
comments, the natural QFT models where spectral triples are found are the supersym-
metric ones where the supercharge operator is an odd square root of the Hamiltonian.

Indeed, nets of spectral triples have been later constructed in [12], associated with
Ramond representations of the N = 1 super-Virasoro net, the most elementary super-
conformal net of von Neumann algebras. In particular the irreducible, unitary positive
energy representation of the Ramond N = 1 super Virasoro algebra with central charge
¢ and minimal lowest weight 7 = ¢/24 is graded and gives rise to a net of even 6-
summable spectral triples with non-zero Fredholm index. More recently, three of us
started in [13] a more systematic analysis of the noncommutative geometric aspects of
the superselection structure of (N = 1) superconformal nets. In particular, they defined
spectral triples and corresponding entire cyclic cocycles associated to representations
of the underlying nets in various relevant N = 1 superconformal field theory models
and proved that the cohomology classes of these cocycles encode relevant information
about the corresponding sectors. On the other hand, a related K-theoretical analysis of
the representation theory of conformal nets has been initiated in [10,11].
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The N = 1 super-Virasoro algebras (Neveu—Schwarz or Ramond) are infinite-
dimensional Lie superalgebras generated by the Virasoro algebra and the Fourier modes
of one Fermi field of conformal dimension 3/2. There are higher level super-Virasoro
algebras: the N = 2 ones are generated by the Virasoro algebra and the Fourier modes
of two Fermi fields and a U (1)-current that generates rotations associated with the sym-
metry of the two Fermi fields. N = 2 superconformal nets will be extensions of a net
associated with the N = 2 super-Virasoro nets. One may continue the procedure even
to N = 4, where four Fermi fields are present, acted upon by SU (2)-currents [46]. The
various supersymmetries play crucial roles in several physical contexts, in particular in
phase transitions of solid state physics and on the worldsheets of string theory.

This paper is devoted to the construction and analysis of the N = 2 superconformal
nets. As is known, the passage from the N = 1 to the N = 2 case is not a matter of
generalizing and extending results because a new and more interesting structure does
appear by considering N = 2 superconformal models, although the definition of the
respective nets is similar.

After summing up basic general preliminaries, we begin our analysis in Sect. 3,
of course, constructing the N = 2 super-Virasoro nets of von Neumann algebras by
“integrating” the corresponding infinite-dimensional Lie superalgebra unitary (vacuum)
representations and proving the necessary local energy bounds. For any given value of
the central charge ¢ corresponding to some unitary representation of the N = 2 super-
Virasoro algebras we can define the corresponding super-Virasoro net with central charge
c. Different values of ¢ give rise to nonisomorphic nets. The representations of the net
will correspond to the representations of the N = 2 super-Virasoro algebras (Neveu—
Schwarz or Ramond) [5, 18], where, in the Ramond case, the representations are actually
solitonic. This goes all in complete analogy to the N = 1 case [14].

At this point, however, there appears a remarkable new feature of the N = 2 super-
Virasoro algebra: the appearance of the spectral flow, a “homotopy” equivalence between
the Neveu—Schwarz and the Ramond algebra in the sense that there exists a deformation
of one into the other. In Sect. 4 we set up an operator algebraic version of the N = 2
spectral flow. We find that for any value of the flow parameter it gives rise to covariant
solitons of the N = 2 super-Virasoro nets. Moreover, it has a natural interpretation in
terms of a-induction [4,50]. As a consequence solitonic Ramond representations of the
nets are thus in correspondence with true (DHR) representations, an important fact of
later use to us.

Before proceeding further, Sect. 5 is devoted to clarifying a key point of our paper:
the identification for the even (Bose) subnet of the N = 2 super-Virasoro nets with
¢ < 3 as a coset for the inclusion Ay(1y,,,, C Asu), ® Auq),- This identification is
equivalent to the corresponding coset identification at the Lie algebra (or vertex algebra)
level and it is moreover equivalent to the identification of the corresponding characters,
cf. [14,42] for the analogous statements in the N = 0, 1 cases. Accordingly, it is equiv-
alent to the correctness of the known N = 2 character formulae for the discrete series
representations, see e.g. [22,24].

The N = 2 character formulae for the unitary representations with ¢ < 3 were
first derived (independently) by Dobrev [19], Kiritsis [47] and Matsuo [51]. Although
these formulae appear to be universally accepted, a closer look at the literature seems
to indicate that the mathematical validity of the proofs which have been proposed so far
and of related issues of the representation theory of the N = 2 superconformal algebras
is rather controversial, see [20-22,24,37] and [25,26,33,34]. For this reason, we think
that it is useful to give in this paper an independent complete mathematical proof of
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the N = 2 coset identification (and consequently of the N = 2 character formulae).
Our proof, which we believe in any case to be of independent interest, is obtained
largely through operator algebraic methods, a point that is certainly emblematic of the
effectiveness and power of operator algebras. Surprisingly, our operator algebraic version
of the N = 2 spectral flow plays a crucial role in the proof. As a consequence of the
coset identification the Bose subnets of the super-Virasoro nets with ¢ < 3 turn out to
be completely rational in the sense of [45], and the fusion rules of the corresponding
sectors agree with the CFT ones. In particular, the irreducible representations of these
nets give rise to finite index subfactors.

We can then proceed with the classification of the N = 2 superconformal (chiral)
minimal models in Sect. 6, i.e., the irreducible graded-local extensions of the N = 2
super-Virasoro net. As in the local (N = 0) case [42], there are simple current series
(simple current extensions, i.e., to crossed products by cyclic groups) and exceptional
nets (mirror extensions [59]). The proof is again based on combinatorics, modular in-
variants, and subfactor methods. Compared to the cases N = 0 [42] and N = 1 [14],
however, a new phenomenon appears, namely, simple current extensions with cyclic
groups of arbitrary finite order.

The noncommutative geometric analysis starts in Sect. 7, where we construct the nets
of spectral triples associated with representations of the Ramond N = 2 super-Virasoro
algebra.

The main results in noncommutative geometry then are collected in Sect. 8, where
we consider the JLO cocycles [41], see also [35], for suitable “global” spectral triples
and pair them with K-theory. This pairing is nondegenerate and allows us to separate,
by means of certain characteristic projections, all Ramond sectors of the N = 2 super-
Virasoro nets. An essential point here is that, in contrast with the N = 1 case, all the
irreducible representations of the Ramond N = 2 super-Virasoro algebra are graded.
In the N = 1 case there was only one graded Ramond irreducible sector for every
value of the central charge, i.e., the one corresponding to the minimal lowest conformal
energy h = c¢/24, and the index pairing provides no insight there if one follows the
strategy that we take here for the N = 2 super-Virasoro nets. The situation changes if
one considers the different, but related, recent constructions in [13] which also allow us
to separate certain sectors of N = 1 superconformal nets. Hence, in this paper and in
[13], noncommutative geometry is used for the first time to separate representations of
conformal nets. In contrast to [13] however, the analysis given here is deeply related to
and crucially relies on the rich structure of the N = 2 superconformal context.

Our last Sect. 9 is dedicated to the study of the chiral ring (for the minimal models)
from an operator algebraic point of view. The chiral ring associated to the N = 2 super-
Virasoro net with central charge ¢ (here we assume ¢ < 3) is defined and generated
here by the chiral sectors, a certain subset of Neveu—Schwarz sectors, and the monoidal
product by means of truncated fusion rules, hence without direct reference to pointlike
localized fields. However, the algebraic structure of the chiral ring coincides with the one
provided by the operator product expansion of chiral primary fields. The spectral flow (at
a specific value) is known to connect the chiral sectors with the Ramond vacuum sectors,
i.e., those with 4 = ¢/24, and we illustrate and exploit this in our setting, including some
comments and hints for future work. Moreover, we show that if one restricts to the family
of Ramond vacuum sectors (always assuming ¢ < 3) then the results in Sect. 8 can be
interpreted in terms of the noncommutative geometry of a finite-dimensional abelian
x-algebra.
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2. Preliminaries on Graded-Local Conformal Nets

We provide here a brief summary on graded-local conformal nets, just as much as we
need to understand the general construction in the subsequent sections. The concept is a
generalization of the notion of local conformal nets and has been explicitly introduced
and worked out in [14, Sect. 2,3,4] under the name of Fermi conformal nets (in the case
of nontrivial grading); we refer to that paper for more details, cf. also [13].

Let S = {z € C : |z| = 1} be the unit circle, let Diff(S!) be the infinite-dimensional
(real) Lie group of orientation-preserving smooth diffeomorphisms of S! and denote
by Diff (S1)™, n € N U {00}, the corresponding n-cover. In particular Diff (S!)(>
is the universal covering group of Diff(S!). For ¢ € Diff(S!) and z € S' we will
often write gz instead of g(z). By identifying the group PSL(2, R) with the group of
Mobius transformations on S* we can consider it as a three-dimensional Lie subgroup
of Diff (S!). We denote by PSL(2, R)™ c Diff(SH™, n € NU{oo}, the corresponding
n-cover so that PSL(2, R)("O) is the universal covering group of PSL(2, R). We denote
by ¢ € Diff(S!) the image of g € Diff(S')(* under the covering map. Since the latter
restricts to the covering map of PSL(2, R)(O") onto PSL(2, R) we have ¢ € PSL(2, R)
for all g € PSL(2, R)©.

Let Z denote the set of nonempty and non-dense open intervals of S'. Forany I € Z, I’
denotes the interior of S'\7. Given I € Z, the subgroup Diff (S'); of diffeomorphisms
localized in I is defined as the stabilizer of I’ in Diff(S') namely the subgroup of
Diff (') whose elements are the diffeomorphisms acting trivially on /. Then, for any
n € NU {oo}, Diff (S 1)(,") denotes the connected component of the identity of the pre-
image of Diff(S!); in Diff(S")™ under the covering map. We denote by Z" the set

of intervals in the n-cover S'™ of §! which map to an element in 7 under the covering
map. Moreover, we often identify R with § "\{—1} by means of the Cayley transform,
and we write 7 (or Z) for the set of bounded open intervals (or bounded open intervals
and open half-lines, respectively) in R.

Definition 2.1. A graded-local conformal net Aon S'isamap I — A(I) from the set of
intervals Z to the set of von Neumann algebras acting on a common infinite-dimensional
separable Hilbert space H which satisfy the following properties:

(A) Isotony. A(I}) C A(l)if I}, I € ZTand I} C I,.
(B) Mobius covariance. There is a strongly continuous unitary representation U of
PSL(2, R) such that

U()ADU(g)* = A@gI), gePSL2,R)® [eT.

(C) Positive energy. The conformal Hamiltonian Ly (i.e., the selfadjoint generator of the
restriction of the U to the lift to PSL(2, R)*® of the one-parameter anti-clockwise
rotation subgroup of PSL(2, R)) is positive.

(D) Existence and uniqueness of the vacuum. There exists a U-invariant vector Q € ‘H
which is unique up to a phase and cyclic for \/ ;.7 A(I), the von Neumann algebra
generated by the algebras A(1), I € Z.

(E) Graded locality. There exists a selfadjoint unitary I" (the grading unitary) on H
satisfying T AT = A(I) for all I € Z and I'Q2 = Q and such that

A(IY c ZA('Z*, 1TeT,
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where
1-—i

Z = —.
1—1

(F) Diffeomorphism covariance. There is a strongly continuous projective unitary repre-
sentation of Diff(S!)(®, denoted again by U, extending the unitary representation
of PSL(2, R)©® and such that

U() AU (g)* = A@gl), g eDiff(s)™, 1eT,
and
Ug)xU(g)* =x, xe Ad"), geDiff(sH'™ 1e1.

A local conformal net is a graded-local conformal net with trivial grading I' = 1.
The even subnet of a graded-local conformal net .4 is defined as the fixed point subnet
AY, with grading gauge automorphism y = AdT. It can be shown that the projective
representation U of Diff (§ 1)"O commutes with ', cf. [14, Lemma 10]. Accordingly the
restriction of A” to the even subspace of H is a local conformal net with respect to the
restriction to this subspace of the projective representation U of Diff (§1)*.

Some of the consequences [14,15,30,39] of the preceding definition are:

(1) Reeh—Schlieder Property. Q is cyclic and separating for every A([), I € Z.
(2) Bisognano—Wichmann Property. Let I € T and let Ay, J; be the modular operator
and the modular conjugation of (A(I), €2). Then we have

UG(=2r1)) = A, 1t eR.

Moreover the unitary representation U : PSL(2, R)® > B(H) extends to an
(anti-) unitary representation of PSL(2, R) xZ/2 determined by

Ulr)) =Z2J;

and acting covariantly on A. Here (8;(1)),cr is (the lift to PSL(2, R)® of) the
one-parameter dilation subgroup of PSL(2, R) with respect to I and 7; the reflection
of the interval I onto the complement I’

(3) Graded Haag Duality. A(I") = ZA(I)'Z*, for I € T.

(4) Outer regularity.

A(ly) = ﬂ A, Iy eT.

1,121y

(5) Additivity. If I = |, I with I, Iy € Z, then A(l) = \/ , A(Iy).

(6) Factoriality. A(I) is a type I11)-factor, for I € 7.

(7) Irreducibility. \/ ;.7 A(I) = B(H).

(8) Vacuum Spin-Statistics theorem. ¢ L0 = T in particular ¢!>"20 = 1 for local
nets, where L is the infinitesimal generator from above corresponding to rota-
tions. Hence the representation U of PSL(2, R)(® factors through a representa-
tion of PSL(2, R)® (PSL(2, R) in the local case) and consequently its extension
Diff (S1)(® factors through a projective representation of Diff (S1)® (Diff(S!) in
the local case).
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(9) Uniqueness of Covariance. For fixed €2, the strongly continuous projective repre-
sentation U of Diff (S')(* making the net covariant is unique.

In the sequel, G stands for either one of the two groups PSL(2, R) or Diff(S'). From
time to time we shall need covering nets of a given (graded-)local conformal net. By

this we mean the following: a G-covariant net over s1™ s a family (A, (1)) ez such
that

- Au(I) C Ap()if I, L € I™M and I) C by;
— there is a strongly continuous unitary representation U of G on H such that

U(g) A (DU (9)* = Ay (¢1), g €PSLQ2,R)™, [ 1™,

A representation of A is a family & = (;;) ;<7 of representations 7; : A(l) —
B(Hy), I € Z, on a common Hilbert space H, which is compatible with isotony, i.e.,
such that y,| 4(;;) = 7y, whenever I1 C Ir. 7 is called locally normal if every my is
normal. 7 is called G-covariant if there exists a projective unitary representation U, of
G on H; satistying

Ur (@1 () Uz (9)" =731 (U()xU()"), g€ G™, xe Al), I €T.

7 has positive energy if it is G-covariant and the infinitesimal generator of the lift of the
rotation subgroup in Uy (G®) is positive. The unitary equivalence classes of irreducible
locally normal representations are called the sectors of A. The identity representation
7o of A on H is called the vacuum representation, and it is automatically locally normal
and Diff (S1)(®)-covariant.

The above notion of representation of a graded-local conformal net .4 agrees with
the usual one for local conformal nets. In the graded-local case however it turns out to
be very natural and useful to consider a larger class of (solitonic) representations.

Definition 2.2. (1) A G-covariant soliton of a graded-local conformal net .4 on S ]_ is
a family 7 = (7r7), Tn of normal representations 7y : A(I) - B(Hyz), I € Ig,
on a common Hilbert space H, which is compatible with isotony in the sense that
wilaay = wpif I C I, together with a projective unitary representation U, of
G on B(H,) such that, for every I € Ig:

Uz (&)1 (0)Ux ()" = g (U(9)xU(9)"), g eUr, x € A(),

where U; is the connected component of the identity in G® of the open set
{g € G : gl e Ig}. If Uy, is a positive energy representation, namely the
selfadjoint generator L{j corresponding to the one parameter group of rotations has
nonnegative spectrum, we say that 7 has positive energy.

If 7 is a G-covariant soliton and the family = = (7;), 7, can be extended to Z so
that the extension is still compatible with isotony and satisfies

Uz (8)1 (x)Ur (8)" = 1 (U(9)xU(g)"), g€ G™, x € A(D),

for all I € Z, then we say that 7w is a DHR representation of A.

(2) A G-covariant general soliton of A is a G-covariant soliton such that its restriction
to the even subnet .A” is a DHR representation. In case G = Diff(S'), we shall
simply say general soliton.
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(3) We say that a G-covariant general soliton 7w of A is graded if there exists a selfad-
joint unitary I'y € B(’H), commuting with the representation U, and such that

Lm0 =a1(y(x)), x € A(), I € Ig.

(4) A G-covariant graded general soliton 7 of a superconformal net A is supersym-
metric if L — A1 admits an odd square-root for some A € R.

Remark 2.3. It can be shown (using a straightforward reasoning based on covariance
relations) that a family (77)7cz, of normal representations of A which is covariant
with respect to a given projective unitary representation of G extends automatically
from Zg to 7R, thus defines a G-covariant soliton. We shall make use of this (simpli-
fying) fact when considering explicit N = 2 super-Virasoro nets. Note also that the
G-covariant solitons of .4 which are DHR representations in the sense of the above defi-
nition corresponds to the G-covariant locally normal representations of A. In particular,
the restriction of a G-covariant general soliton 7= of .4 to the even subnet A” gives rise
to a locally normal G-covariant representation of the latter net on H .

In various cases, as a consequence of the results in [55], the positive energy condition
is automatic for G-covariant general solitons, see [14, Prop. 12 & Prop. 21]. In particular
an irreducible G-covariant general soliton is always of positive energy.

For the more common case of a local net B over S! (like the even subnet B = AY)
we recall the following associated “global algebras™ [28,29,38], see also [11,13]:

Definition 2.4. The universal C*-algebra C*(B3) of B is determined by the following
properties:

— forevery I € Z,thereare unital embeddings¢; : B(I/) — C*(B),suchthati;, 51, =
t1, whenever I} C I, and all ¢;(3(])) together generate C*(13) as a C*-algebra;

— for every representation 7 of B on some Hilbert space H,, there is a unique *-
representation 77 : C*(B) — B(H) such that

Ty =ﬁOL1, el

It can be shown to be unique up to isomorphism. Let (77, H,) be the universal repre-
sentation of C*(3): the direct sum of all GNS representations 7 of C*(B). Since it is
faithful, C*(B) can be identified with 77, (C*(B)). We call the weak closure W*(B) =
7, (C*(B))" the universal von Neumann algebra of B. We shall drop the ~ sign hence-
forth.

When no confusion can arise we will identify C*(B) with 7, (C*(B)) € W*(B).
Moreover, we will write B(7) instead of ¢;(B(I)). With these conventions, for every
I € 7 we have the inclusions B(I) Cc C*(B) Cc W*(B).

Coming back to the general case of graded-local nets, a fundamental first consequence
of Definition 2.2 is

Proposition 2.5 ([14, Sect. 4.3]). Let A be a graded-local conformal net and 7w an
irreducible G-covariant general soliton of A. Then the following three conditions are
equivalent:

— 7 is graded,
— Ay IS reducible,
- Mo =T @ =T ®m oy,
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with ;. and 7_ inequivalent irreducible DHR representations of AV on the eigenspaces
Hy.+ of Ty corresponding to the eigenvalues =1 and y a localized DHR automorphism
of AY dual to the grading. Moreover, if 7 is another irreducible G-covariant general
soliton of A then 7 is unitarily equivalent to 7 if and only if 7+ is unitarily equivalent
tomwy ortom_.

Proof. We prove only the last statement. For the proof of the remaining statements we
refer the reader to [14, Prop. 22]. If 77 is unitarily equivalenttor and u : H; — Hz isa
corresponding unitary intertwiner then ul'; u™ = £I'; so that 77, is unitarily equivalent
to . Conversely, assume that 77, is unitarily equivalent to w4. Then 7_ >~ 7, 0 7 is
unitarily equivalent to w+ =~ 74 o p and hence 7, @ 7w >~ 7, @ 7_. It follows that the
commutant of | J, ez (1 @ 71) (A (1)) is an eight-dimensional algebra and hence
7 cannot be inequivalent to 77, otherwise this commutant would be a four-dimensional
algebra. O

It has been shown in [14, Prop. 22] that for irreducible graded 7 and under the
assumption of finite statistical dimension on ., we have, up to unitary equivalence, the
two possibilities

i2m LT i2m Ll i2m Ll
e 0 =¢e 0 Pte o,

1 . . . . 1 . .
S0, e ArLT s a scalar, because, 7. being irreducible, ¢ 2Ly g a scalar.
Here “ +” will correspond to (R) in the following theorem, “ —” to (N .S). Thus every

irreducible general soliton of finite statistical dimension factorizes through a represen-
tation of a net over S'®. Since the statistical dimension in general may be infinite we
shall assume this factorization property from the beginning in the definition of Neveu—
Schwarz and Ramond representations of a graded-local conformal net, cf. Theorem 2.7
here below.

Lemma 2.6. If a G-covariant soliton 7w on a graded-local conformal net A is such that
1 T, . . . . .
e?™ L0 js either a scalar or implements the grading, then ) Av is a DHR representation,

i.e., w is a G-covariant general soliton of A.

Proof. Let U, be the covariance unitary representation of 7. We can extend w to a
representation of the promotion A to the universal cover S! (00 by setting gy =
AdU,(g) - my for every I € T As Uy (4) = e* L5 commutes with the image
of 77,  defines actually a G-covariant representation of the double cover net A® over

s1@, By assumption, Uy (2r) commutes with the image of the restriction of 7 to the
even subnet A of A, so 7 is a DHR representation of AY, cf. [14, Prop. 19]. O

Theorem 2.7 (cf. [14, Sect. 4.3]). Let A be a graded-local conformal net over S U and
let v be an irreducible G-covariant general soliton of A such that e *™ LS is a scalar,
and denote 7w | gy =: 74 ® w4y or | Ay =: 74 with an irreducible representation 7. of
AY (for graded or ungraded 1, respectively). Then 1 is of either of the subsequent two
types:

(N S) 7 is actually a DHR representation of A; equivalently,
el 27Lg implements the grading.

(R) m is not a DHR representation but only a general soliton of A; equivalently,
e 2715 is a scalar; hence does not implement the grading.
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In case (NS), 7 is called a Neveu—Schwarz representation of A, and in case (R), a
Ramond representation of A, the latter being however actually only a general soliton,

. . 2 . .
i.e., a representation of A® over S 1 ), and not a proper representation of A. A direct
sum of irreducible Neveu—Schwarz (Ramond) representations is again called a Neveu—
Schwarz (Ramond) representation.

3. N =2 Super-Virasoro Nets and Their Representations

Definition 3.1. For any t € R, the N = 2 super-Virasoro algebra SVir¥=2! is the
infinite-dimensional Lie superalgebra generated by linearly independent even elements
L,, J, and odd elements Gri, wheren € Z,r € % F t +Z, together with an even central
element ¢ and with (anti-) commutation relations

A~

C
[Lin, Lyl = (m — 1)Ly + E(’”3 — M) 8m4n.05

(L, GF] = (% - r)Gi

c 1
[G:—, Gg‘_] =2Ly5+ (r —8)Jpgs + 5("2 - Z)8r+s,07

[Gy.G{1=[G,,G,1=0,
[Lin, Jnl = —ndpyn,
[GE, Ju]l = FG

r+n’>

&
[, Jn] = §m8m+n,0-

The Neveu—Schwarz (NS) N = 2 super-Virasoro algebra is the super-Virasoro algebra
with ¢ = 0, while the Ramond (R) N = 2 super-Virasoro algebra is the one with
t = 1/2. Sometimes we shall write simply SVir¥=2 for the Neveu—Schwarz N = 2
super-Virasoro algebra SVirV =20

1

Fort € %Z, we have % +t+7 = 7 — I+ 7, hence, instead of Gj‘, one can consider

the modes

G1:=G:+Gr_ Gzzz—i(G:_G’_)
r \/E r ﬁ

and we shall use them frequently in the following.

Moreover for all # € R, the Lie superalgebra SVir is equipped with a natural
anti-linear involution (x-structure), such that the adjoints of L,, J,, GrjE are respectively
L_p, J_, GT,, and ¢ is selfadjoint.

Ift—s € Zwehave %:FHZ = %:Fs +7 and the Lie superalgebra SVirV =2/ is trivially
isomorphic (i.e. equal) to SVir¥=2 through the linear map defined by L, + L,,
Jp = T, G;t > G,i, nes,re % F t + Z. As we will see in Sect. 4, cf. Proposition
4.2, the algebras SVir¥=2/ ¢ € R, are all ismorphic trough the spectral flow although
the isomorphisms considered there 77§ ony: SVirV=21 _ §VirV=2.s t,s € R, do not
preserve the generators unless ¢ = s in contrast to the trivial isomorphism considered
above in the case t — s € Z. It should be clear from the above discussion that the

N=2,t
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reason to consider all the isomorphic Lie superalgebras SVir¥=2 is not motivated by

the corresponding Lie superalgebra structure but by the special choice of the generators.

We are interested in linear vector space representations. We restrict here to the case ¢ €
%Z, i.e. to the NS and R case. These representations should satisfy the usual conditions
explained in [12, Sect. 4], in short, they should be unitary (i.e. x-preserving) with respect
to a suitable scalar product turning the vector space into a pre-Hilbert space, ¢ should
be represented by a real scalar ¢ (the central charge), and L should be diagonalizable
with every eigenspace finite-dimensional and only nonnegative eigenvalues.

Note that in the NS case the positivity of Lo follows automatically from the commu-
tation relations 2Ly = [Gli/z, Gl;l/z]’ i = 1,2. In the R case we have 2Ly — 1%1 =
[Gg, G, 1 = 0 and hence L¢ is bounded from below. It then follows by unitarity that
¢>0"!and Lo > ﬁl > 0. Accordingly an irreducible unitary representation is com-
pletely determined by the corresponding irreducible unitary representation of the zero
modes on the lowest energy subspace (the subspace of highest weight vectors). In the
NS case the algebra of zero modes is abelian and irreducibility implies that the lowest
energy subspace is one-dimensional and spanned by a single vector . ; 4 of norm one
such that Lo2¢ g = Q¢ p,q and JoQc p,g = qS2¢,1,q. The real numbers ¢, h, g com-
pletely determine the representation (up to unitary equivalence). In the R case the algebra
of zero modes is non-abelian and there are two possibilities. If the lowest energy # is
equal to c/24, the lowest energy subspace must be one dimensional again, spanned by a
normalized common eigenvector 2., 4 of Lo and Jy with eigenvalues / and g, respec-
tively, and satisfying G{Qcng = Gy Rc,n,q = 0. In contrast if & > ¢/24, the lowest
energy subspace must be two-dimensional. Then one can choose a common normalized
eigenvector 2, for Lo and Joy, with eigenvalues & and ¢ respectively by imposing

c,h,q
the supplementary condition Gg n chg = 0. The lowest energy subspace is spanned
by Qchq and Qch a1 where Q* chg—1 = = 2h —c/12)" 2G0 1s normalized and
satisfies L()QC hg—1 = hQL hg—1 and JOQc,h,qfl =(q — I)QC hg—1- With the above

convention the numbers c, h q completely determine the representation up to unitary
equivalence also in the R case. Both in the NS and the R case we shall sometime use
the more explicit notation ¢y, i, g, instead of c, h, g for the numbers characterizing
the unitary representation . As in the cases N = 0, 1, unitarity gives restrictions on the
possible values of ¢, &, g. The situation is described in

Theorem 3.2 ([5,18,40]). For any irreducible unitary representation of the Neveu—
Schwarz N = 2 super-Virasoro algebra SVir¥=>° the corresponding values of ¢, h, q
satisfy one of the following conditions:
NSI ¢ >3 and 2h —2nq + (§ — )(n* — §) = Oforalln € § +Z.
NS2 ¢ >3 and2h —2nq + (5 — 1)(n2—%):0,
2h —2(n +sgn(n))g + (5 — 1) [(n +sgn(n))? — 1] < 0 for some n € % +Z and
26— Dh—g*+5=0.
NS3 ¢ = %, h = %, q=— n+2,wheren l,m € Zsatisfyn > 0,0 <[ <n,
l+m €27 and |m| < L.
For any irreducible unitary representation of the Ramond N = 2 super-Virasoro algebra
SVIrV=22 the corresponding values c, h, q satisfy one of the following conditions:

U If  is an eigenvector of Lo then O < (L, L_p¥) = (¥, [Ly, Ly %) = 2n(y, Loy) + ﬁ("3 —n)
for all sufficiently large positive integers n. Hence ¢ must be a non-negative real number.
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Rlc>3and2h—2n(g—H+E -2 -5 —1>0forallneZ
R2c>3and2h —2n(g— 5+ (5 — D> -1 — 1 =0,
2h —2(n+sgn(n — %))(q - %) +(5—-1 [(n +sgn(n — %))2 — %] — % < 0 for some
neZand2(5—D(h—5)—(@—3>+5>0.
R3c= %, h = %+é, q = —n%+%, where n,l, m € Z satisfy n > 0,
O0<l<nl+m+1€2Zand|m—1]| <l.
Conditions NS1, NS3, RI, R3, are also sufficient, namely if values c, h, q satisfy one of
them then there exists a corresponding irreducible unitary representation. In particular
all the values in the discrete series of representations (conditions NS3 and R3) with
¢ = 3n/(n + 2) are realized by the coset construction for the inclusion U(1)2,44 C
SU(2),, ® CAR®? for every nonnegative integer n. Here CAR®? denotes the theory
generated by two real chiral free Fermi fields.

1
1
1

IN

For every allowed value of c, there is a corresponding unique representation of the
Neveu—Schwarz N = 2 super-Virasoro algebra SVir¥=20 with h = ¢ = 0, the vacuum
representation with central charge c. Actually it can be shown, e.g. using Theorem 3.2,
that, for an irreducible unitary representation of the Neveu—Schwarz N = 2 super-
Virasoro algebra, # = 0 implies ¢ = 0 so that the vacuum representation with central
charge c is the unique irreducible unitary representation with lowest energy & = 0.

Moreover, for every allowed value of ¢ there are irreducible representations of the
Ramond N = 2 super-Virasoro algebra with 7 = ¢/24 (and the corresponding allowed
values for ¢) and we call them Ramond vacuum representations with central charge
c. Notice from Definition 3.1 that in contrast to the case N = 1, every irreducible
representation 7 is automatically graded by 'y, := e~ 177 ¢! " 5 as follows easily from
the N = 2 super-Virasoro algebra commutation relations. Moreover, as for N = 1 the
irreducible representations of the Neveu—Schwarz N = 2 super-Virasoro algebra are
graded by 'y, := e~ 127h ¢l 27 L5 In the following we shall use this standard choice so
that there is always an even lowest energy vector. Sometimes, however, we shall say that
e ™5 orel 27LG | implements the grading. Note that the latter operators are not selfadjoint
and hence do not define grading operators in the precise sense of Definition 2.2.

Our next goal in this section is to define a net associated to the vacuum representation
with central charge ¢ of the Neveu—Schwarz N = 2 super-Virasoro algebra for every
allowed value of c. This will be done in the standard way by using certain unbounded
field operators (in the vacuum representation). Moreover, we will give a description,
based on the results in [16], of the representation theory of these nets in terms of the uni-
tary representations with central charge ¢ of the Neveu—Schwarz and Ramond Virasoro
algebras super-Virasoro algebra. For these reasons we will need to consider analogous
field operators in the latter representations.

Let w be an irreducible unitary (and hence positive energy) representation of the
Neveu—Schwarz or Ramond N = 2 super-Virasoro algebra as above with central charge
¢z = c. If H; denotes the Hilbert space completion of the corresponding representation
space, we shall freely say, with some abuse of language, that 7 is a representation on

Hy. Then we denote the generators in that representation by L7, G.", J¥, n e Z,
r e % + Z in the NS case or r € Z in the R case. These generators can be considered
as densely defined operators on the separable Hilbert space 7, which are closable as a
consequence of unitarity. We shall often denote their closure by the same symbols. In

particular we consider L{ as a selfadjoint operator on . It has pure point spectrum and
in fact the dense subspace H;{ spanned by its eigenvectors coincides with the original
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representation space. Moreover, it follows from [5] that e A0 is a trace class operator
forall 8 > 0.

If # = mg is the (NS) vacuum representation with central charge c, we shall drop the
superscript .

We shall need the following estimates (energy bounds), cf. [7,12,14]. Let ¢ be any
of the allowed values of the central charge for the irreducible unitary representations of

SVirV¥=29 (or equivalently of SVir" =2.3). Then, there is a constant M, > 0 such that,
for any irreducible unitary representation r with central charge c of the Neveu—Schwarz
(resp. Ramond) N = 2 super-Virasoro algebra we have

ILT || < Me(1+ |m| )|+ LDy,
IGET | < <2+§r2>%||<1+L3>%wn, 3.1)

1
IIZy ) < (A +clmD)2 1A+ LTy,

for all Y € H;{,m e, r € %+Z(resp.r € 7).

As a consequence of the above estimates, together with the commutation relations in
Definition 3, the subspace C°°(Lg) of C vectors of L is a common invariant core for
the closed operators LT, G;™, J¥, i =1,2,n € Z,r € % +Z (resp. r € 7).

We denote by C®(S!) := C®(S!, C) the space of complex-valued smooth func-
tions on S' and, for any open interval / C S', we denote by cxr cc oS!y the
subspace of complex-valued functions with support contained in 7. We will also denote
by C*(S!,R) and by C 2°(1, R) the corresponding real subspaces of real-valued func-
tions. Moreover, for f € C®(Sh and s € R we write fs = % fn e~ ist f(eie)dé).

We first assume that 7 is an irreducible unitary representation with central charge ¢
of the Ramond N = 2 super-Virasoro algebra.

For any function f € C°°(S') the Fourier coefficients f,, n € Z, are rapidly de-
creasing, and by standard arguments based on the above energy bounds , the series

DohLE, D HGE DRGET, D RIT, i=12,

neZ reZ reZ nez

give rise to densely defined closable operators with common invariant core C*°(L{).
We denote their closures, the so-called smeared fields, by L™ (f), G (fH,i=12,
GT7(f) and J™(f) respectively. Moreover, as a further consequence of the energy
bounds it can be shown that

L") =L7()). G =G"T(f). i=12 G =",
T =TT,

so that, if f € C*(S!,R) is real, then L7 (f), G'"(f), i = 1,2 and J*(f) are
essentially selfadjoint on C*°(L{) (in fact on any core for L), cf. [7, Sect. 2], [9, Sect.
2], [15, Sect. 4] and [12, Sect. 4].

Now, if m is an irreducible unitary representation of the Neveu—Schwarz N = 2
super-Virasoro algebra, the smeared fields L™ (), J7(f), f € C*®(S!) can be defined
in the same way and have the properties discussed in the Ramond case. In particular, for
f € C*®(S', R) they are essentially selfadjoint on any core for L§. We would also like

to define G (f), i = 1,2 and G*7 (f) through the series
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>RGT DT RGET i=1.2,

1 1
res+7Z res+7Z

but, for f € C°(S l), the Fourier coefficients f,., r € % + Z are, in general, not rapidly
decreasing. This problem, however, can be overcome by restricting to functions f €
CX(S I\ {—1}). Accordingly, for the latter functions, closed operators G*7 (f),i = 1,2
and G*7 (f) with the properties discussed in the Ramond case can also be defined in
the Neveu—-Schwarz case. In particular, for any real function f € C2°(/, R), the closed
operators G (f), i = 1, 2 are essentially selfadjoint on C(L).

In order to define the N = 2 super-Virasoro nets we consider the special case when
m = mo is the (NS) vacuum representation with central charge c. As said before, in
this case we shall drop the superscript 7. We can define, similarly to [14, Sect. 6.3], an
isotonous net of von Neumann algebras over R on the Hilbert space H = Hy, by

Ay = {7 LD G0 o re e R), i=12), Ielp. (32

The extension of the net A, to S!, whose existence is guaranteed by the following
theorem, will be denoted again by A, and called the N = 2 super-Virasoro net with
central charge c.

Theorem 3.3. The family (Ac(I)) ez, extends to a graded-local conformal net A. =
(Ac(D)) ez over S'.

Proof. The proof goes in complete analogy to the one of [14, Thm. 33] for the N =1
super-Virasoro nets. Here, for the reader’s convenience, we only recall the main points
and discuss some of the adaptations which are needed in the N = 2 case. First of all,
graded locality is consequence of the fact that

[X(f). Y(e)] =0, supp(f)Nsup(g) =0,

for X and Y any of the fields L, G', J and of the energy bounds (3.1) together with
the adaptation of the arguments in [7, Sect. 2] based on [23, Thm. 3.2]. Concerning
covariance, we first define a projective unitary representation of Diff (S1)(®®) (in fact of
Diff (S')®) by integrating the projective representation of the corresponding Lie algebra
of smooth vector fields on S! associated to the representation of the Virasoro algebra on
‘H defined by the operators L,, n € Z, see [53] and [36]. Then we have to show that
all J, G', L transform covariantly with respect to the restriction of that representation
to PSL(2, R)®. In fact, going through all the steps in the proof of [14, Thm. 33], we
just have to notice that (in the notation used there)

d
—ia(f(ﬁl (exp (/1)) f2)v0)li=0 = [L(f1), J (f2)]¥o,

where 9 € C®(Lo), f1, f» € C®(S', R),
Bi1(©) ) (@) = fi(g ' (@), g€PSL2,R),zeS', i=1,2

and exp (zf1) is the one-parameter group of diffeomorphisms generated by the vector
field fi %. Once this is done, we show cyclicity of the vacuum vector €2 for the net,
and finally extension of PSL(2, R) to diffeomorphism covariance, literally as in [14,
Thm. 33]. 0O
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Now that the net A, is defined, we would like to study its representations. We shall
use the following theorem from [16] (cf. also [13, Prop. 2.14]).

Theorem 3.4 ([16]). Let 1 = (ﬂl)lefR be an irreducible Neveu—Schwarz (resp. Ra-
mond) representation of A.. Then, there is a unitary irreducible representation, also
denoted 1, of the Neveu—Schwarz (resp. Ramond) N = 2 super-Virasoro algebra with
central charge ¢ such that

7LDy = e L7 7@l = el G 7 (@l (Dy = el /)

for f € CP(,R), i =1,2, 1 € Ir. In particular every irreducible Ramond represen-
tation 7w of A, is graded by T, := e~1747 &7,

From the above theorem we see that to every irreducible Neveu—Schwarz (resp.
Ramond) representation of A, there corresponds an irreducible representation of the
Neveu-Schwarz (resp. Ramond) N = 2 super-Virasoro algebra. The converse is not
known in general but it can be shown to hold e.g. when ¢ < 3 as a consequence of the
coset construction, cf. Theorem 3.2 and Sect. 5. Cf. also [42, Sect. 6.4.] and [14, Sect. 3]
for related results in the N = 0, 1 cases. Actually, the analogue of this problem appears
to be still open for certain values of the central charge ¢ and of the lowest conformal
energy h also in the case of Virasoro nets (N = 0 case), see [9, page 268] and similarly
for the N = 1 super-Virasoro nets.

We end this section with the definition of N = 2 superconformal net. This is the
analogue of the definition of (N = 1) superconformal net in [14, Sect. 7] and [13,
Sect. 2].

Definition 3.5. A N = 2 superconformal net is a graded-local conformal net A with
central charge ¢ containing the N = 2 super-Virasoro net A, as a covariant subnet and
such that the corresponding representations of Diff(S!)(>) agree.

Note that, since the NS N = 2 super-Virasoro algebra contains copies of the NS
(N = 1) super-Virasoro algebra every N = 2 superconformal net A is also an (N = 1)
superconformal net in the sense of [13, Def. 2.11].

4. Spectral Flow for the N =2 Super-Virasoro Nets

A remarkable property of the N = 2 super-Virasoro algebra is the “homotopic” equiv-
alence of the Neveu—Schwarz and the Ramond algebra in the sense that there exists a
deformation of one into the other, first discussed in [52]:

Definition 4.1. The spectral flow of the Lie algebra SVir™ =2 is the family of linear maps
N - SVirV=2! — SVir¥=20 with t ¢ R, defined on the generators by

n(Ly) :=L,+tJ, + 2128,1,0, nez
¢
nt(Jn) =+ §t511,05 nez
1
n(GF) = G, reFr+ 3 +7Z
n(C) :=C.

In other words, the map 1; embeds SVirV=2! into SVirV=2,
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Proposition 4.2. The linear maps n; are Lie superalgebra isomorphisms, so the Lie
superalgebras SVir =21t € R, are all isomorphic. In particular, the Neveu—Schwarz
N = 2 super-Virasoro algebra and the Ramond N = 2 super-Virasoro algebra are
isomorphic.

Proof. Define a linear map 7, : SVir" =20 5 SVir¥=21 given on the generators by

A

C
n(Ly) := Ly —tJ, + 6t28n’0, neZ
77;(Jn) =Jy = §t3n,0, ne

1
n(GF) =Gy, 1€ S+Z

n(¢) == ¢.

It is straightforward to check that it is an inverse for 7;, so we have bijectivity. Moreover,
using Definition 3.1, one finds that 7, is a Lie algebra homomorphism, so we are done.
O

The main purpose of this section is to set up an operator algebraic version of the
N = 2 spectral flow. In order to treat the local algebras, we need to study the action of
the spectral flow on smeared fields.

Consider now SVir¥=2! and denote by 7o the vacuum representation with cen-
tral charge ¢ of the Neveu—Schwarz N = 2 super-Virasoro algebra SVirV=2 i.e. the
unique irreducible unitary representation with central charge ¢ and lowest energy 7 = 0
(and consequently ¢ = 0). We denote by L = mo(n:(Ly)), J! = 7o (Jn)),
G,i’t = no(n,(G;t)), the generators in the unitary representation g o n; of SVirV=21
(we suppress the superscript -* when ¢ = 0). Similarly to the case r = 0 considered in
Sect. 3, for any t € R we may consider the series

Db D KGEL DAL 4.1)

nez req:t+%+Z ne’

Forany f € CSO(SI\{—I}) the Fourier coefficients f, = % ffﬂ e 1" f(e'?)d o, with
r € Ft+ % + Z are rapidly decreasing for each fixed # € R. Hence, as in Sect. 3, it
follows from the energy bounds in Eq. (3.1) that the series define closable operators on
C*(Lo), and we denote their closures by J'(f), G/ (f), L'(f). In the light of the

analogous definition with t = 0, we also define the selfadjoint fields

(G = DG (Dlewy)
- :

As in the case t = 0 it can be shown that J'(f), L' (f), G"'(f),i = 1, 2 are selfadjoint
forall f € CX(S'\{~1},R).

We shall see that the action of 1, on the even generators corresponds, through o-
induction, to a U(1)-automorphism p, [6, Sect. 2] with charge ¢ = tc/3 of the subnet

Au(1y C Ac generated by the current J(2) = >, .7 Jzn L

GM(f) =

i=1,2. 4.2)
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Theorem 4.3. For every t € R, there is a PSL(2, R)-covariant soliton 1, of A; such
thatt — 7.1, I € IR, is a one-parameter group of automorphisms of A.(I) satisfying

e XD)y = XD fec®,R), X=1J,G', G L.

il; is unitarily equivalent to the o -induction of a localized U(1)-current automorphism
pg with charge q = 5t. Fort € Z, ij; is a Neveu-Schwarz representation of the graded-

local net A., while fort € % + 7, 1 it is a Ramond representation of Ac.

The proof proceeds in several steps. First, let us define representations for each local
algebra. Let I € T and let ¢; € C°(S l\{—1}) be a real valued function such that
o111 = —ilog, where log is determined by log(1) = 0. Set

1 () i= Ad@ ) (), x € A(D). 4.3)
Lemma 4.4. Let I € Ir. Then, forallt € R and all f € C°(I, R) we have
el /(@) X(f) e~ 117 — X'(f),

X =J, G, G%, L. Moreover, Nt.1(Ac(I)) = Ac(I) and hence the map t +— 1.1 is a
one-parameter group of automorphisms of the von Neumann algebra A.(I). If I, € IR
contains I then 0 1, A1y = Nr.1-

Proof. Let I € Zg and let f € CZ°(I,R). Then by (“smearing”) the relations in
Definition 4.1, we have

Gy = :
s = (e [ 1)w

v = (e [ r)ansa [ 7).

G5y = D KGTY = D Gy =GEEE

re%q:t+Z re%+Z

and

for all ¥ € C*°(Ly).

Now, let H; denote the Banach space obtained by endowing the domain of Lo with
the norm || ]|1 := ||(Lo + 1)v||. It contains C*°(Lg) as a dense subspace.

As a consequence of the energy bounds in Eq. (3.1), the selfadjoint operators X (f),
X =J, G G? L, give rise to bounded linear map Bx(¢) : H; — H forallt € R.
Moreover, from the energy bounds, the NS N = 2 super-Virasoro (anti-) commutation
relations and the equalities above it is straightforward to see that t — Bx(¢) € B(H1, H)
is norm-differentiable and that the derivative Cfl—lB x (1) satisfies

d .
(an(t)) v =ilJ (o). X' (NH]Y
for all v € C*°(Ly). .

By [8, Lemma 4.6], cf. also (the proof of) [53, Prop. 2.1], we have ' 1@ C®(Lg) =
C>®(Lo) forall t € R. Let 99 € C®(Lg). Then v (1) := e’/ @) yy € C®(Ly), for all
t € R and it follows from the proof of [53, Cor. 2.2] (cf. also the proof of [8, Lemma
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4.6]) that the map R — H; given by t +— ¥/ (¢) is norm differentiable with derivative
L@ =1J@ny ).

Now, let ¥x (t) := X' (f) e’/ @D s = By (1) (1), t € R. By the above discussion
we have Yy (t) € C*°(Ly) for all t € R. Moreover, the map ¢ — ¥x(t) € H is norm
differentiable with derivative

d dB B d
alﬁx(l) (E X(l))’ﬁ(t)+ X(f)al/f(l)

i (@0, X' (O @) +i X ()T (@Y (1)

=iJ@nX"(Hy @)
=iJ(n)Yx ().

The unique solution ¥y () of the above abstract Schrodinger equation with initial
value ¥x (0) = X (f)v is given by ¥x (r) = e’/ @D X (£)yg. Therefore, since ¥ €
C>(Lo) was arbitrary we find X! (f) e’/ @D yr = ¢l#/ @D X (f)y forall v € C>®(Lg)
and hence, recalling that elt@1) % (Ly) = C*®(Ly), we can conclude that X’ (Hy =
e @D X (f)e 1t/ @D y forall y € C®(Lg). Then, the desired equality of selfadjoint
operators X' (f) = e’/ @D X (f)e~11/@D follows from the fact that C>° (L) is a core
for X (f) and X' (f).

As a consequence we have 7, (e X)) = &X'V x = J G' G2, L, for all
f € CX(I, R). It follows that 7, ; does not depend on the choice of ¢;. In particular
for any given interval / € Zp containing the closure of I we can choose ¢; with
support contained in I so that 7, 1 (Ac(1) = e/ @D A (I)e™ /@D < A.(I) and
since I O I was arbitrary we can conclude that 7; ; (A.(I)) C A.(I) and hence that
e, 1 (Ac(I)) = Ac(I). Now, if I} € I contains I then the equality 7 1,1 4.1y = 7z,1
easily follows from the definition and from graded-locality of the net A.. O

Lemma 4.5. The family (1) 11y, forms a (locally normal) PSL(2, R)-covariant soli-
ton of the graded-local conformal net A..

Proof. The normality of 7, j, I € Zp, is obvious from the definition and the compati-
bility with isotony of the family (77,7) ;7 follows from Lemma 4.4. Here we have to
establish the covariance. Let U, be the unitary representation obtained by integrating

to PSL(2, R)(* the representation of the skew-adjoint part of the complex Lie algebra
generated by L' |, L{, L. We have to show that, for all I € Zg, with ¢ = § as before,

Ug (@), 1)Uy () =i, g1(U()xU()"), x € Ac(]), (4.4)
for g € Uy, where U is the connected component of the identity in PSL(2, R)(Oo) of the
open set {g € PSL(2, R)* : ¢I € Tp}.

Now, let / € Zg and let f € C2°(I, R). Arguing then as in the proof of Theorem 3.3
we obtain

Ug(@) X' (HUg(@)" = X" (Bax)(&) f), g €Ur.

Here, for d > 0 and g € PSL(2, R), B4(g) f is the function on S' defined by

. d ) 1—d ]
(Ba(2) f) €)= (— i 10 log(g ™! ele)) f(g~'el?)
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and the subscript d(X) is determined by d(J) = 1, d(G') = 3/2,d(L) = 2.
Appealing to Lemma 4.4, we find

Uy (@ins (€39) Uy (9)" = Uy () Ad(€ @) @ X DU (g)*
= Ug() XD Uy (9"
— ei(X’(ﬂd(X)(g)‘f)
— Ad(eiJ(¢z,g1))(eiX(ﬂd(x>(8)-f)))

= flis1 (eiX(ﬂd<x)(g)~f)))

=ia (V@D U@*). geur.

Thus, since the unitaries ¢! Xf), with f € C>(I,R) generate A.(I), Eq. (4.4) now
follows from the normality of 7, ¢; for all g € U; and since I € Iy was arbitrary, we
can conclude that 7, is a PSL(2, R)-covariant soliton in the sense of Definition 2.2, cf.
Remark 2.3. 0O

Lemma 4.6. Given t € R, for every Iy € IR, there is a unitary u; 1, € B(H) such that

= + 127t J -
N1 = Ad(uy, 1) o o n = Ad(E" 0 u; gy) o %l p I € I,
q > g

where péo is an endomorphism of the U(1)-subnet of A., with charge ¢ = 5t and
localized in I.

Proof. The global endomorphism of p, of the U(1)-subnet Ayi) C A, is defined by

pq(eil(f)) — D+ [ )
Given Iy € Ip, fix a smooth 27 -periodic function sy, : R — R which, restricted to
(—m, ), satisfies

0 10 < Iy
hp,(6) = { arbitrary : 6 € Iy
0—2m :0>I.

Then ,oql0 = Ad(e_’” (h’O)) o pg is an endomorphism of Ay) localized in Iy and
equivalent to p,. Recall [50] that the a-induced sectors of pql" may be expressed as
ot . — Ad(Z(quO, g1)) = Ad(etij(hgﬂothO))’

Ip
Pq

where z(péo, g) is the cocycle associated to he covariant representation péo, see e.g.
[13,39],and g+ € G are such that g_Iy < I < g4 1p.
For x € A.(I) we now obtain

Ad(e’ij(hlo)) Oailo (x) = Ad(efif(hIO)elil(hgilofhlo))(x) — Ad(etij(hgilo))(x).
Pq 1
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Since g_Ip < I < g1y, we see that hg, ;| = t|7, while hg_j |7 = t|; — 2. Thus the
definition of ¢, ; and 7, finally implies

.o

i 7] Y+
Ad etlJ(h[O) Oti = nt,l —1i - « EL)
( VO 1 T | Ade 2y 0y =7,

2

so we are done, setting u;,j, := Ad(e’ i J(hIO)), independent of /. In particular, the at-

induced solitons differ by the gauge automorphism Ad(e' ?*%) of the net A.., which is
trivial if r € Z. 0O

Proof of Theorem 4.3. By Lemma 4.4, n; has the desired action on the generators of the
N = 2 super-Virasoro net 4. and acts locally as an automorphism group (a “flow”).
Lemma 4.5 tells us that 7, is a PSL(2, R)-covariant soliton of .4, which, by Lemma 4.6,
is unitarily equivalent to the a®-induction of a localized U(1)-current automorphism o
with charge ¢ = §1.

For all r in the allowed set (depending on ¢ and on the field X = J, G*, L) we have
[L), XL = —r X! on C*®(Ly). It follows that

isLL vt —isLl _ —irs yt
et Xl e 0=¢e X,. 4.5)

For s = 27 and for X' = J!, L', we have r € Z, so the phase factor is e 271" = 1.
For X! = G"* instead, we have r € ¥t + % + 7,50 e 2TIr — _et2mil gq e27iLg
implements the grading (is a scalar) precisely whent € Z (¢ € % + Z, resp.).

Thus Lemma 2.6 implies that 7, is a PSL(2, R)-covariant general soliton iff 7 € %Z,
and it is either a Ramond or a Neveu—Schwarz PSL(2, R)-covariant general soliton in
the sense of Definition 2.2 and Theorem 2.7, depending on whether ¢ € % +Zort € Z,
resp. O

Now let 7 be an irreducible Neveu—Schwarz representation of .4, and let 7w denote
also the corresponding irreducible unitary representation of the Neveu—Schwarz N = 2
super-Virasoro algebra given by Theorem 3.4. Then, for t € Z (resp. t € % +7),wony,
is an irreducible unitary representation of the Neveu—Schwarz (resp. Ramond) N = 2
super-Virasoro algebra on H. It follows from Theorems 3.4 and 4.3 and the Trotter
product formula that for all / € Zg we have

7 Oﬁt,[(eiX(f)) — eiX”on’(f)’ f c C?O(I,]R), X=1J, Gl, G2, L.

It follows that the family 7 o 7, := (77 o 7;,1) ;75 defines an irreducible Neveu—
Schwarz (resp. Ramond) representation of A,. If 7 is a Ramond representation we have
a similar situation. We record these facts in the following proposition.

Proposition 4.7. If 7w is an irreducible Neveu—Schwarz representation of A, then w o ij;
is an irreducible Neveu—Schwarz (resp. Ramond) representation of A, for all t € 7

(resp. t € % + 7). If  is an irreducible Ramond representation of A, then 7 o 1; is

an irreducible Neveu—-Schwarz (resp. Ramond) representation of A for all t € % +7Z
(resp. t € Z). In particular 112 gives rise to a one-to one correspondence between the
irreducible Neveu—Schwarz and Ramond representations of A,
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5. The Coset Identification for the N =2 Super-Virasoro Nets with ¢ < 3

In this section we prove a crucial result for our analysis (Theorem 5.10). As explained
in the Sect. 1, claims of this result have appeared in the literature in the vertex algebraic
context, but we could not find any satisfactory and complete proof. The proof is oper-
ator algebraic in nature but it can be shown that it covers the original vertex algebraic
statement as a consequence of the close relationship between the two approaches.

Asusual, we denote by Asy(2), the completely rational local conformal net associated
to the level n positive energy representations of the loop group L SU(2), cf. [30,54].
Similarly we denote by Ay1),, the local conformal net corresponding to the positive
energy representations of the loop group L U(1) at level 2n. For every positive integer
n, Au),, is completely rational with 2n sectors, all with statistical dimension one,
cf. [57,58]. In fact the nets Ay(y),, coincide with the local extensions of the ¢ = 1
net Ay(y) generated by a chiral U(1) current first classified in [6], cf. also [58]. The
inclusion U(1) C SU(2) givesrise to the diagonal inclusion U(1) C SU(2) x U(1) which
corresponds to the inclusions of local conformal nets Ay1),,,, C Asu), ® Au), and
one can consider the corresponding coset nets, see e.g. [56,57]. We begin our analysis
of the N = 2 coset identification with the following theorem.

Theorem 5.1. The coset net corresponding to the inclusion Ayqy,,., C Asu@), ®
Auq, is completely rational for every positive integer n. Its list of irreducible repre-
sentations is numbered by the following (I, m, s) satisfyingl = 0,1,2,...,n, m =
0,1,2,....2n+3€Z/2n+4)7Z,5s =0,1,2,3 € Z/AZ withl — m + s € 27 with the
identification (I,m,s) = (n —Il,m+n+2,s+2).

The fusion rules are given as follows, treating the three components l, m, s in the
label (I, m, s) separately: For the first component I, we use the usual SU(2), fusion
rules. For the second component m, we use the group multiplication in 7/ (2n +4)7Z. For
the third component s, we use the group multiplication in 7./47. All these products are
with the identification (I,m,s) = (n —l,m+n+2,s +2).

The univalence (statistics phase) € >0 and dimension of the irreducible DHR sector
(I, m, s) are given by

W22) =" | SN o), sin(@+ 1y + 2 sinGe/ + )
X ———————+ — ) 2ni ), sin w/(n sin(r /(n .
P\ 20+ ")

Accordingly the statistical dimension is 1 (i.e. we have automorphisms) iff either [ = 0
orl =n.

Proof. This coset net is a special case of coset net studied in [56]. In the notation of
[56], this coset net is A(G(1, 1,n)). By (1) of Theorem 2.4 in [56], A(G(1, 1, n)) is
completely rational. By Theorem 4.4 in [56], the Vacuum Pairs in this case is an order
two abelian group generated (n,n + 2, 2).

Note that this group acts without fixed points on the (I, m, s) as given above. By
Theorem 4.7 in [56], (I, m, s) are irreducible representations of A(G(1, 1, n)). The rest
of the statement in the theorem follows by the remark after Theorem 4.7 in [56]. O

As already mentioned in Theorem 3.2 the unitary representations of the super-
Virasoro algebra with central charge ¢, = 3n/(n + 2) have been explicitly realized
by Di Vecchia, Petersen, Yu and Zheng, using the coset construction for the inclusion
U(D)2n4a C SUQ), ® CAR®? [18]. Now let Ay(i),,.s C Asu), ® Acage be the
corresponding inclusion of conformal nets, where A-,ge2 is the net generated by two
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real chiral free Fermi fields (equivalently one complex chiral free Fermi field), see e.g.
[2,3], and let C,, be the corresponding coset net defined by

Cu(D) = Au(1)p,a (8 N (Asu), (1) @ Acage2 (D)), 1 €T, (5.1)

where Au(1),.4 (81 1=V jez AUy (D-

Using the fact that the even part of the NS representation space of CAR®? carries the
vacuum representation of U(1)4 (see e.g. [6, Sect. 5B]) one can conclude that the even
part C) of the Fermi conformal net C, is given by the coset

CY () = Au(1)pa (SH' N (Asu), (1) ® Auay, (D), T €. (5.2)

In analogy with the cases N = 0 [42], and N = 1 [14] one can show that the results in
[18] imply that the N = 2 super Virasoro net A., is a covariant irreducible subnet of
the coset net C,,. The aim of this section is to prove that these nets actually coincide, i.e.,
that A, = C, (the N = 2 coset identification).

Let us denote by m,,, m € Z/(2n + 4)Z the irreducible representations of the net
AU1)yes DY 71,1 = 0, 1, ..., n the irreducible representations of Agyz), and by s
the vacuum (Neveu-Schwarz) representation of A, ge2. Then the inclusion Ay),,., ®
Cn C Asu@), ® Acare? gives decompositions

7T ®7TNS|AU(1)2’H4®C” = @ T ®7T(l,m)s (53)
meZ/2n+4)7

where 7 ) is the (possibly zero) NS representation of C, on the multiplicity space of
7. The corresponding Hilbert spaces H; , carries unitary representations of the NS
N = 2 super-Virasoro algebra with central charge c,,. Now let

L”([‘m)

X(l,m) (t) = trH(;ym) 1o (54)

be the character of 7(; ,,,) (branching function). Although not explicitly stated there the
following proposition follows directly from the construction in [18].

Proposition 5.2. If|m| <l andl+m € 27 then the unitary representation ofthe NS N =
2 super-Virasoro algebra on 'H; ,, with central charge c, contains a subrepresentation

2
with h = hyp, = —I(Z'(i)é;” and q = Gqum = —; 5. Moreover, xm(t) = thm 4

o(t"my ast — 0F, namely hi o is the lowest conformal energy eigenvalue on H; , and
the corresponding multiplicity is one.

The following lemma will play a crucial role in the proof of the N = 2 coset identi-
fication.

Lemma 5.3. If n is even (resp. odd) then the restriction of 7w, 0y (resp. T +1)) to Ae,
is irreducible.

Proof. Letn be even. By Proposition 5.2 the Hilbert space H ;) is a direct sum Ky @ K2
where IC; carries an irreducible representation of the NS N = 2 super-Virasoro algebra
SVirM=2 with central charge ¢, and lowest energy h,0) = n/4 and K, is either zero or
carries a unitary representation of SVirV=20 with central charge c, and lowest energy
h > n/4.Butn/4is the maximal possible value for the lowest energy and hence K, = 0.
The case n odd is similar. O
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We are interested in the (NS) DHR sectors of C,,. They are labeled with (/, m) satis-
fyingl =0,1,2,...,n,m=0,1,2,...,2n+3 € Z/(2n +4)Z, with | — m € 27 with
the identification (I, m) = (n — I, m + n + 2). The restriction of (I, m) to C} is given by
(I,m,0)® (I, m, 2). Moreover (I, m) = o, m,0) Where a0y denotes the a-induction
of (I, m, 0) from C} to C,. In view of Theorem 5.1 then we have the following fermionic
fusion rules:

(1, m) (o, ma) = o, ,mi+my).  (55)

[ly = bl <1 <min{ly +15,2n — I} — [}
I+l +1 €27

Automorphisms correspond to [ = 0, n. It follows from Theorem 5.1 and its proof
that [ m] = (I, m) for | —m € 27Z. In particular [¢,,0)] = (n,0) for n even and
[T (n,+1)] = (n, £1) for n odd where 7, oy and 7r(, +1) are the representations in Lemma
5.3. Accordingly, for n even, (n,0) remains irreducible when restricted to 4., and
similarly, for n odd, (n, £1) remain irreducible when restricted to A, .

Now let A, be the N = 2 super-Virasoro net with central charge ¢ (notnecessarily ¢ <
3)andlet J(z) = >,z Jaz " ! be the corresponding current with Fourier coefficients
satisfying the commutation relations

C
[Jn, Il = §n5n+m,0- (5.6)

The current J (z) generates a subnet Ay(j) C A, isomorphic to the U(1) net in [6]. We
can label the sectors of Ay by (¢), ¢ € R, corresponding to J(z) — J(z) + gz "
They satisfy the DHR fusions (g1)(q2) = (g1 + ¢2) see [6] and [58]. Fix an interval
Iy € Ir. For every g € R we choose an endomorphism p, of Ay1), localized in Ip and
such that [p,] = (g). Now let B be a diffeomorphism covariant graded local extension
of A.. Following [50] we shall denote by 7 the vacuum representation of B, by 1o
the vacuum representation of A, and by 7 = ()" the restriction of 7% to A,
Now, having the inclusions Ay)y C A, C B we can consider the «-inductions (say

B
Pq

ismo a;f}{”. Note also that by Theorem 4.3 aﬁ\ft is unitarily equivalent to our operator
3

at) ap,” and afq of p4 to A. and B resp. Note that the restriction to 4. of 790«

algebraic version 1, of the N = 2 spectral flow. Accordingly afgt is a natural candidate

to represent the unitary equivalence class of a possible extension of the spectral flow
on B.

Now let H 3 be the vacuum Hilbert space of B and H 4, be the vacuum Hilbert space
of A.. Since ¢!/ is the grading unitary on H 4, we have e/?"/0 = 1 on H 4, and
accordingly the spectrum of Jy on H 4, is contained in Z. In fact it is not hard to see that
this spectrum is exactly Z. However the spectrum of Jy on Hp can be in general larger
than Z even when B is an irreducible extension of .A.. This is however not the case if
e.g. ¢! /0 is still the grading unitary on B, a condition which may be seen as a regularity
condition on the extension 5.

B
p%t
is a NS representation of B. In particular it restricts to a DHR representation of the even
subnet BY of B.

Theorem 5.4. Assume that the spectrum of Jo on Hp is Z. Then, foranyt € Z, n°oa
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Proof. Let I' be the grading unitary on Hg. We have the spin statistic relation I' =
e/27Lo_ Moreover I' commutes with the a-induction, namely, for any I € Zp,

rm’oa? I =n"0ab (rb1)
3! 3!

for all b € B(I). To see this let us recall that if I € Zp is sufficiently large then there
is a unitary u € Ayq)(I) such that ubu* = afr (b), for all b € B(I). and the claim
?t

follows from the fact that # commutes with I'. Now let D be the covariant subnet of B
defined by

D) = Auy(SHY N B(I), 1eT.

Note that D is trivial iff the central charge of the net 5 is 1. Then we have the inclusion
Auyy ® D C B. Moreover the subnet Ay(1y ® D contains the Virasoro subnet of B.

The fact that the spectrum of Jy on Hp is Z implies that the restriction of 79 to Au
is unitarily equivalent to a direct sum of representations p,; with ¢ € Z. Hence the

restriction of 79 to Ay) ® D can be written as a direct sum
D eo
q€eZ

where oy is the representation of D on the (possibly zero) multiplicity space of pq.
Accordingly the conformal vacuum Hamiltonian L has the following decomposition

Lo=P(Lye1+10L]).
qeZ

B

iy

covariant soliton of 3. Moreover the restriction of A; to Ay() ® D is

@ Pg+st ® g

q€l

Now let us denote 7% o &Z by A,. Since Pe is Mobius covariant, A, is a Mdbius

and we have
Pyt &
Ly :@(LO" 3’®1+1®qu).
q€el

. A
We want to compute the univalence operator e1 2nLy"  Recall that the lowest energy in

the representatlon space of p, is given by 2 , see e.g. [6] (the factor = is due to the
factor £ 5 in the commutation relations in (5. 6)) It follows that

oi27Ly @ el 275 (G+507 g ol 27Ly’ @6127[ 3 @+50? g gi2n Ly’
= g€l

. . . . O
_ elZn%tz 6961271%112 elant ®612nL0q

qeZ

. < 2 . Pq . . agq
el 2m gt @ el 2Ly elant ®el 2Ly,

qeZ



N =2 Superconformal Nets 1309

If t € Z then e!?™4" = | for all ¢ € Z. Hence

. At . c2 . Pg . og
61271L(J — 6127161 @61271L0 ®612nL0
qeZ
. c2 . c2
6127161 elZnLo — e12716t r

for all € Z. It follows that, for any € Z, any I € Zg and b € B(I), we have

. At . At
elZn’LO )"t(b) e—lZT[LO — )\‘I(Fbr)
and the conclusion follows from Lemma 2.6. 0O

As pointed out before the spectrum of Jy on Hp is in general larger than Z for an
arbitrary extension B of A.. Hence, in particular, the unitary ei™Jo does not in general
implement the grading of B. However as a consequence of the following proposition it
always implements a gauge automorphism of 5.

Proposition 5.5. For any t € R the operator e is a gauge unitary of B namely
e Q = Qand e B(I)e " = B(I) forall I € T.

Proof. Obviously wehavee'’/0 Q@ = Q. Nowlet I € T be fixed and let I € Zbesuch that
the closure of 7 is contained in 7. Choose two real smooth functions f1, fr € C™(S I R)
such that supp f; C I, supp f> C I’ and fi + f> = 1. Then Jo = J(f1) + J(f2) on a
common core. Hence by locality and the Weyl relations we find

el B(1y e~ = &V B(1y e~ D) < B(I)
and, since / was an arbitrary interval containing the closure of /, we can infer that
e By e C B(I), teR,
and the conclusion follows. O

Now recall from Sect. 4 that for every ¢t € R there is a Mobius covariant general
soliton 7; of A, corresponding, in the sense of Theorem 4.3 (cf. also Theorem 3.4),
to the representation of SVir¥=2 obtained on the vacuum Hilbert space . A, by the
composition of the vacuum representation of the Neveu—Schwarz N = 2 super-Virasoro
algebra SVirV=2 generating the net A, with spectral flow 7,. For t € Z, SVirV=2!
coincides with SVir¥=2 and, by Theorem 4.3, 7, is a NS representation of A, on H A.-

Proposition 5.6. The representation 1) of A, corresponds to the unitary irreducible
representation of SVirN=2 with central charge ¢ and (h, q) = (g, %).

Proof. 1t is enough to show that the composition of the vacuum representation with
central charge ¢ of SVirM=2 with 7y is the irreducible representation of SVirV=2 with
central charge ¢ and (%, ¢) = (g, §) on H 4. First of all note that the irreducibility of
this representation follows from that of the vacuum representation and the invertibility
of the spectral flow. Now let 2 € H 4, be the vacuum vector. Then

1
MLn)Q = LyQ+ 5@ =0
MmUm) = J,Q2 =0,
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for every positive integer m. Moreover,

mGHR =G, Q=0

r+l

MG =G ,Q=0,

for every positive r € % +7Z, where in the second equation we used the fact that G~ , Q =

2
0. It follows that €2 is a lowest energy vector also for the representation defined by 7
and consequently

¢ ¢
hQ =mLoQ =2, q2=n0)Q =32

We now come back to the inclusion A., C C,.
Lemma 5.7. /7% = ¢127L0 = T on the vacuum Hilbert space Hc, of Cy.

Proof. By Lemma 5.3 there is a NS representation 7 whose restriction to A, is irre-
ducible. Let J(z) = > ;.7 Jrz~¥=1 be the corresponding current on ;. Then

ein’./o e—iZITLg ﬁ](x)e

. o7 ~ . . . .
i2w LG e inJy =7 (elﬂfo e z27rL0Xe i2mw Lo e mJo)

forall I € 7 and all x € C,(I). In particular,
ein’j() e—i27TL0ﬁ ﬁ](x) eiZﬂLg e—iﬂj() — ﬁ](x),

forall I € 7 and all x € A, (I) and hence, by irreducibility, o Jo e i2m L must be a
multiple of the identity. It follows that

ﬁ’] (eano e—thLo X elZnLo e—l]TJ()) — ﬁ’[ ()C),

forall I € 7 and all x € C,(I). Accordingly el Jo_e_iZ”LO is also a multiple of the
identity and the conclusion follows because ¢ 7% e 27L0 Q = Q. 0
It follows from Lemma 5.7 that we can apply Theorem 5.4 to the inclusion 4., C C,
for any positive integer n. In particular we can conclude that the «-induction ag'jn of the
3

U(1) automorphism p @ is a NS representation of C,.
Lemma 5.8. [agﬁn 1 = (n, —n) for every positive integer n.
3

Proof. agﬁn is a NS automorphism of the net C,, and hence [ag’;,l 1 = (n, m) forsomem €
ki 3
Z suchthat |m| < nandn+m € 27. The restriction of ag’;n to A, is a NS representation
3

.. . . A .
of the latter net containing the localized automorphism «,,,' as a subrepresentation. But
3

the latter is equivalent to 7 which by Proposition 5.6 corresponds to the representation
of SVir¥=2 with (h, ¢) = (ﬁ, +i5)- It follows that — -7 € %5 + Z and hence that
2—

n—+'2" € Z.Hence, recalling that [m| < n, we see thateitherm = —norm = 2.If nis odd,

m = 2 is forbidden. Now let n be even and greater than 2. It follows from Proposition 5.2
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n(n+2)—4 n(n+2)—4
that the character in the representation (n, 2) satisfies x () (t) =t ¥+ +o(t 40D )

and the equality [ozpm ] = (n,2) would be in contradiction with the fact that in the

representatlon space of aC there must be a nonzero vector with conformal energy

oy < "2’1(;3)2)4 Finally, if n = 2, the equality [ap ] = (n,2) would imply that

the representation of SVirV=2 corresponding to the restrlction to A, of o p’;i contains
the irreducible subrepresentations with (k, g) = (%, —%) and with (4, q) =3 (JT, %), in
contradiction with x2 2)(t) = t% + o(t%). O

Lemma 5.9. For any positive integer k the following hold

— Ifn = 4k then [a/’ak 1)‘" 1= (,0).

— Ifn =4k — 2 then [Olkac,L] = (n, 0).

— Ifn =4k — 1 then [aka%] =(n,—1).

— Ifn =4k — 3 then [ag;’k%n] =(n,1).

Proof. We use Lemma 5.8 and the fusion rules in Eq. (5.5). If n = 4k then

[ Cn
P(zkn) n

1=, =) = (n, =2k + Dn) = (n, —k(2n +4) + 4k — n)
= (n,0).
If n = 4k — 2 then
S 1=, —n)* = (0, —=2kn) = (0, —kn +4) +n +2)

’02k Cn

=(n,2n+4) = (n,0).
If n =4k — 1 then

[ 1= n,—n)* = (0, =2kn) = (0, =kQn +4) +n + 1)

/’zkfn
=m,2n+3) =, —1).
If n = 4k — 3 then

[ 1= (n,—n)k = (0, —2kn) = (0, —=kQ2n +4) +n +3)

pzk‘"

=m,2n+5) =(@n,1).

We are now ready to prove the main result of this section:

Theorem 5.10. A., = C, for every positive integer n.

Proof. If n is a positive integer then, by Lemmas 5.3 and 5.9, there is a j € Z such that

the restriction to A, of the representation ag;’cn of Cy is irreducible. Now let 7° and 7
3

be the vacuum representations of C, and of A, , resp., and let 7 be the restriction of 7°

.. A A .
to A, . The restriction of ag;?(l to A, iswoay, ‘& and since o piin . 1s an automorphism
we can conclude that 7 is irreducible. Hence m = 7 and the conclusion follows. 0O
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6. Classification of N =2 Superconformal Nets with ¢ < 3

We first look at the bosonic part AY of the N = 2 super-Virasoro net A, with ¢ =
3n/(n+2) and fixed n € N, realized as the coset of SU(2),, ® U(1)2/U(1),+2 according
to Sect. 5. We use the notation, labelling, and classification and dimension results for
the coset net from Theorem 5.1.

The fermionic extension arises from the irreducible DHR sector (n, n + 2, 0), which
has dimension 1, order 2 and univalence (statistics phase) —1.

The modular invariants have been classified by Gannon in [32, Theorem 4]. We are
interested in the local extensions of the bosonic part, since its fermionic extension gives
an extension of the original fermionic net, so we need to consider only the so-called type
I modular invariants. Many of the modular invariants of Gannon’s list are not of type I,
so we do not have to consider them here. Also, if (Z;,,) is a type I modular invariant,
what we need to check whether €D, Z;,,A is realized as a dual canonical endomorphism,
and if yes, then whether the realization is unique or not. (See [42, Section 4].)

First we deal with the exceptional cases related to the Dynkin diagrams E¢ and Eg.
Consider the case related to Eg, From Gannon'’s list of modular invariants, we see that
we consider the following three cases for n = 10.

(1) The endomorphism (0, 0, 0) & (6,0, 0). This is a dual canonical endomorphism
because it arises from a conformal embedding SU(2)19 C SO(5)1 as in [42, Section
4], whichis a special case of a mirror extension studied in [59]. For the same reason as
in [42, Section 4] (based on [43]), this realization as a dual canonical endomorphism
is unique. (That is, the Q-system is unique up to unitary equivalence.)

(2) The endomorphism (0, 0, 0) & (0, 12, 0). This is a dual canonical endomorphism
because it arises from a conformal embedding U(1);2 C U(1)3. The irreducible
DHR sector (0, 12, 0) has dimension 1 and statistics phase 1, so it is realized as a
crossed product by Z /27, and hence unique.

(3) The endomorphism (0, 0, 0)&(6, 0, 0)®(0, 12, 0) (6, 12, 0). This is acombination
of the above two extensions. That is, we first consider an extension in (1) and make
another extension as a crossed product by Z/27Z. For the two above reasons in (1),
(2), we conclude that this realization of a dual canonical endomorphism is again
unique.

The next exceptional case we have to deal with is the case related to the Dynkin
diagram Eg, so we now have n = 28.
We have only one modular invariant here and it gives the following.

(4) The endomorphism (0, 0, 0) & (10, 0, 0) & (18, 0, 0) & (28, 0, 0). This arises from

a conformal embedding SU(2)23 C (G2)1, and the realization is unique as in (1).

We now deal with the remaining cases of the modular invariants. From the list of
Gannon [32, Theorem 4], we see that when we consider the endomorphisms €9 5 Lk
arising from modular invariants (Z,,,), all the endomorphisms A appearing in this sum
have dimensions 1. If all the irreducible DHR sectors of a dual canonical endomorphism
have dimension 1, then the extension is a crossed product by a (finite abelian) group and
all these irreducible DHR sectors have statistics phase 1. Hence it is enough to consider
only irreducible DHR sectors of statistics phase 1 and check whether we can construct
an extension using them as a crossed product or not. We divide the cases depending
on n.

We start a general consideration. We first look at the irreducible DHR sectors with
dimension 1. This condition is equivalent to [ = 0,n. Then m can be arbitrary in
{0,1,...,2n+3},and s € {0, 1} is uniquely determined by the parity of / + m, so there
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are (4n + 8) such irreducible DHR sectors. They give an abelian group of order 4n + 8§,
and we have a simple current extension for each subgroup of this group consisting of
irreducible DHR sectors with statistics phase 1, so we need to identify such a subgroup.
This subgroup is clearly a subset of all the irreducible DHR sectors with statistics phase
1, but this subset is not a group in general.

If n = 2 mod 4, then the irreducible DHR sectors with dimension 1 give the group
(Z)2n + H)Z) x (Z/27Z), which is generated by o = (0, 1, 1) of order 2n + 4 and
T = (n, 0, 0) of order 2.

If n = 0 mod 4, then the irreducible DHR sectors with dimension 1 give the group
(Z/(2n + 4)Z) x (Z/2Z), which is generated by o = (0, 1, 1) of order 2n + 4 and
7 = (0,n + 2, 0) of order 2.

If n is odd, the irreducible DHR sectors with dimension 1 give the group Z/(4n+8)Z,
which is is generated by o = (0, 1, 1) of order 4n + 8.

The subgroup used for a simple current extension must be a subgroup of these groups.
If n is odd, it is clearly a cyclic group. If n is even, it must be a cyclic group or a cyclic
group times the cyclic group of order 2. If the latter happens, the subgroup must be of
the form

G x (Z)27) C (Z)(2n + D7) x (Z)27),

where G is a subgroup of Z/(2n + 4)Z. This means that the generator for the second
component Z /27 must have statistics phase equal to 1, but we see that this is not the case
for n = 0,2 mod 4. (In both cases, the statistics phase of the generator for the second
component Z /27, which is T in the above notation, is —1.) So also for the case of even
n, the subgroup used for a simple current extension must be cyclic.

We next note that if the statistics phase of ([, m, s) is 1 with s = 1, then n must be
a multiple of 16 for the following reason. Suppose the irreducible DHR sector (I, m, 1)
has dimension 1 and statistics phase 1. We have / = 0, n, and first suppose / = 0. Then
we have —2m? + (n +2) € 8(n+2)Z and m is odd. Then we first see n is even, so we set
n = 2a. Then we have —m? +a+1 € 8(a+1)Z. Since m is odd, we know —m?+1 =0
mod 8. This implies a is a multiple of 8, hence n is a multiple of 16. Similarly, we
now consider the case / = n. Then we have 2n(n + 2) — 2m* + (n +2) € 8(n +2)Z
and m + n is odd. This first gives n is even, so we again set n = 2a. Then we have
da@+1) —m?+a+1 € 8+ 1)Z and m is odd. We again have —m?+1 = 0 mod
8, so we have that a is a multiple of 8. That is, if n is not a multiple of 16, we need to
consider only the irreducible DHR sectors (I, m, 0).

‘We use the above notations o, t for the irreducible DHR sectors of dimensions 1, and
find the maximal cyclic subgroup which gives a simple current extension. In general, its
any (cyclic) subgroup also works.

We now consider the following four cases one by one.

[A] Case n # 0 mod 2.

We need to consider only the irreducible DHR sectors (I, m, 0) with [ + m = 0 mod
2. This shows that we need to consider only the even powers of o = (0, 1, 1). Note that
02 = (n, n+4, 0) has the statistics phase exp(2rni/(2n +4)). Then the statistics phase
of 624 is exp(27m2ni /(2n + 4)). Consider the set G consisting of 024 with statistics
phase 1. We show that this set G is a group. Suppose o>¢ and *? are G, Then we have
a’n/(2n +4) and b>n/(2n +4) are integers, and we need to show (a + b)>n/(2n +4) is
also an integer. It is enough to show that 2abn/(2n +4) is an integer. Let ji, jo, j3, ja be
the numbers of the prime factor 2 ina, b, n, (n+2), resp. . We then have 2 j; + jz > 1+ ja,
2j» + j3 > 1 + js and these imply ji; + j» + j3 > 1 + js. For an add prime factor p,
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we apply a similar argument, and we conclude that 2abn/(2n + 4) is an integer. Since
this set G is a subset of a finite group, this also shows that G is closed under the inverse
operation, so it is a subgroup of the cyclic group generated by o 2.

We summarize these arguments as follows. We look for the smallest positive integer
k with the statistics phase of o% equal to 1. (Such k is automatically even.) Then the
maximal cyclic subgroup giving a simple current extensionis {1, 0%, o2, ..., o¥+8-k},

[B] Case n = 2 mod 4.

We need to consider only (I, m,0) with/ = 0,nandm = 0,2,4,...,2m + 2. If
[ = 0, then the irreducible DHR sector (I, m, 0) has a statistics phase 1 if and only
if m? /4(n + 2) is an integer. If [ = n, then the irreducible DHR sector (/, m, 0) has
a statistics phase 1 if and only if m?/4(n +2) + 1/2 is an integer. Consider the set G
consisting of (0, 2m, 0) with statistics phase 1. As in the argument in case [A], this G is
a subgroup of the cyclic group generated by (0, 2, 0). If (n, m, 0) has a statistics phase
1, then (0, m, 0) has a statistics phase —1 and thus (0, 2m, 0) has a statistics phase 1, so
this is in G. It means now that we need to consider only the odd powers of the irreducible
DHR sector (n, k/2, 0), where k be the smallest even integer with (0, k£, 0) having the
statistics phase 1. The statistics phase of (0, k/2, 0) must be one of —1, i, — i, since the
statistics phase of (0, k, 0) is 1. If it is &1, then all the odd powers of (0, k/2, 0) have
statistics phase +1i. If itis —1, all the odd powers of (0, k/2, 0) have statistics phase —1.
Since the statistics phase of (n, 0, 0) is —1, in the former case, the maximal cyclic group
giving a simple current extensionis {(0, 0, 0), (0, k, 0), (0, 2k, 0), ..., (0, 2n+4—k, 0)},
and in the latter case, the maximal cyclic group giving a simple current extension is

{(0,0,0), (n,k/2,0), (0, k,0), (n,3k/2,0), ..., (n,2n+4 —k/2,0)}.

[C] Case n = 4, 8, 12 mod 16.

First note that both irreducible DHR sectors (0, 0, 0) and (n, 0, 0) have statistics
phase 1.

Asin [A], the set G of the irreducible DHR sectors (0, m, 0) having a statistics phase
1 is a subgroup of the cyclic group Z/(2n+4)Z. Let k be the smallest positive integer such
that kz/(4n+8) isaninteger. Then the group G is given by {(0, 0, 0), (0, k, 0), (0, 2%, 0), ...
(0,2n +4 — k, 0)}. Then the maximal group giving a simple current extension

{(0,0,0), (n,0,0), (0,k,0), (n,k,0),...,(0,2n +4 — k,0), (n,2n +4 — k, 0)}.

Note that this group is isomorphic to Z/((2n +4)/ k)Z x Z/2Z, but by a general remark
above, this also must be a cyclic group. This shows that (2n + 4)/k is always odd.

[D] Case n = 0 mod 16.

First note that the statistics phase of ¢ = (0, 1, 1) is exp(;rni/(4n + 8). The set
G consisting of powers of o with statistics phase 1 is again a group as in [A]. Let
k be the smallest positive integer such that o* has a statistics phase 1. Then G is
{1, ok, 0% ..., 02’”4’](}, where 1 stands for the identity sector (0,0, 0). We first
show that this k is odd. Indeed, the condition that the statistics phase is 1 implies that
nk?/(8(n + 2)) is an integer. Now /16 is an integer, and n and n/2 + 1 are relatively
prime, so k%/(n/2 + 1) is also an integer. Since 7/2 + 1 is odd and & is the smallest such
positive integer, we know that & is odd.

If 0’1 has a statistics phase 1, then 27 must be in the set {0, k, 2k, ..., 2n + 4 — k}.
Since k is odd, we have ¢ € {0, k, 2k, ..., 2n + 4 — k}. The statistics phase of okris

( _(—(k+n+2)2 kZ))
exp|27i| ————— + — =1,
dn+2) 8
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since k is odd, n» = O mod 16 and nkz/(Sn +16) € Z. All its powers also have a statistics
phase 1. We also compute that the statistics phase of o2%*  is equal to

- —Qak +n+2)? +4a2k2 .
ex T =—1,
P 4(n+2) 8

since n = 0 mod 16 and nk?/(8n + 16) € Z. All these together show that the set of the
irreducible DHR sectors having statistics phase 1 is

% oKy U okr 0BT, L o2 Ry,

{1, ak, o
Note that this set is not a group. The maximal subgroup giving a simple current extension
is{l,ok, o2k ... oKy or {1, 0kr, 0%, o3kt, ... oAk

We have a few remarks concerning some of the above cases. First we note that if n
is odd and the statistics phase for (I, m, s) is 1, we have [ = s = 0. This shows that all
extensions are mirror extensions arising from extensions of U(1),4>.

Second, n = 4, 8, 12 mod 16, then all the extensions come from the cosets of the
index 2 extensions of SU(2),,, the mirror extensions arising from extensions of U(1),4>
and the combinations of the two.

Finally, if n = 2 mod 4, then all the extensions come from the mirror extensions
arising from extensions of U(1),4+> and their combinations with (n, 0, 0) which has
statistics phase —1. For example, if n = 6, the irreducible DHR sector (6, 4, 0) has
dimension 1 and statistics phase 1, and it generates the cyclic group of order 4. These
four irreducible DHR sectors are all that have statistics phase 1. This is the second case
of [B]. Note that the irreducible DHR sectors (6, 0, 0) and (0, 4, 0) both have statistics
phase —1, so they do not give a coset construction or a mirror extension, but their
combination (6, 4, 0) gives a statistics phase 1. The case n = 10 gives the first case of
[B].

As an example, consider the case n = 32. The smallest k with statistics phase of
ok equal to 1 is 17. The statistics phase of o't is also 1, so we have two maximal
subgroups of order 4, {1, ol o34, 051} and {1, o7, 03, 67! t}. The union of the two
subgroups give a subset of six elements, and this set gives all the irreducible DHR sectors
of dimension 1 and statistics phase 1.

Theorem 6.1. The complete list of N = 2 superconformal nets with ¢ < 3 in the discrete
series is given as follows:

e A simple current extension arising from a subgroup of the maximal cyclic subgroup
appearing in the above [A], [B], [C] and [D].
o The exceptionals related to Eg¢ and Eg as in the above (1), (2), (3) and (4).

We finally remark that a cyclic group of an arbitrary order appears in the above
classification.

Suppose an arbitrary positive integer j is given. We show that the cyclic group of order
J appears in the above [A], [B], [C] and [D]. (This group is not necessarily maximal.)

We may assume j # 1. Set n = j> — 2. We are in Case [A] or [B], if j is odd
or even, resp. . The irreducible DHR sector (0, 27, 0) has a statistics phase 1, and the
cyclic group {(0, 0, 0), (0, 2/, 0), (0,4/,0),...(0,2n+4 —2j)} gives a simple current
extension. The order of this group is 2n +4)/2j = j.
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7. Nets of Spectral Triples

Next we study the supersymmetry properties of the N = 2 super-Virasoro net A, for
any of the allowed values of the central charge c. Since we would like to construct
spectral triples, we may treat this point in a similar way as in [12, Sect. 4] forthe N = 1
super-Virasoro algebra.

Let 7 be an irreducible general soliton of A, with e a scalar. It follows from
Theorem 3.4 (cf. also [13, Prop. 2.14]) that a supercharge, i.e., an odd selfadjoint square-
root QO of L{ — const, exists iff 7 is a Ramond representation though it need not be
unique. Then

idr Ly

Qr.s :=cos(s)Gy™ +sin(s)Ge™, s €R,

are, in fact, possible choices satisfying QJZT’ s = L{ — /24, as can be checked easily by
means of Definition 3.1. Moreover, JI acts by rotating this supercharge:

e Qroe N = Qny, sER (7.1)

We let therefore 7 be an irreducible Ramond representation, which is automatically
graded according to the discussion after Theorem 3.2. Moreover, we fix s = 0 and
Ox = 0x0= G(l)’n-

Associated to O, we have in a natural manner a superderivation (8, dom(5;)) on
B(Hy) as in [12, Sect. 2], namely

dom(87) := {x € B(Hz) : (Jy € B(Hz)) y(1)Q C Qx — y},

in which case we set 8, (x) = y. In general, it is difficult to decide whether the local
domains dom(3,) N 7 (A (1)) are nontrivial. In [12, Sect. 4] we discussed this point
for the N = 1 super-Virasoro net, and we shall perform a similar procedure here for the
N = 2 super-Virasoro net A,.

Theorem 7.1. Let w be an irreducible Ramond representation of A.. Then for every
1 € IR, the x-subalgebra nl_l(dom(Sn)) C A:(I) is weakly dense. It contains in
particular the elements

(LY +2)7N THOWLH +0T G +1)7

if f e CXU,R) and Iy € Ir are such that supp f = Iy, f(z) > O forz € Iy and
f(z) # 0 forz € Iy close to the boundary of Iy, and A € C with |3\| sufficiently large.

The proof is quite lengthy and will be subdivided into several lemmata. However,
since it borrows many ideas from [12, Sect. 4], we can shorten it a bit. We will use the
smeared fields associated to the Ramond representation = given by Theorem 3.4. We
write “Q” instead of “Q;” and “6” instead of “§,”.

Lemma 7.2. For every f € C®(S',R) and for » € C with |3I\| sufficiently large, we
have

(L™ (f)+ 1)~ C™®(LF) C dom((LY)D).

This is a special case of [12, Prop. 4.3].
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Lemma 7.3. Let f € C®(S',R) such that supp f = I, f(z) > 0 forz € I, and
f'(@) # 0 for z € I close to the boundary of 1, for some 1 € I. Then there is C > 0
such that f'* < Cf.

The proof is given in [12, Lemma 4.7].

Lemma 7.4. Let f € C®(S!,R). Then, fori = 1,2 and » € C with || sufficiently
large, we have

G (AW () +1)7" € B(Ha).

Furthermore, if f satisfies the condition in the preceding Lemma 7.3, then
G (MWL (H+17" € B(Ha).

This is an immediate consequence of [12, Prop. 4.6 & Lemma 4.7].

Lemma 7.5. Let f € C*®(S', R) satisfy the conditions in Lemma 1.3 and assume A € C
with |3\ sufficiently large. Then (L™ (f) + 1)~ € dom(8), and

S(L™ N+ == LD+ AL + 7
The proof goes as in [12, Thm. 4.8].

Lemma 7.6. Let f € C®(S!, R) satisfy the condition in Lemma 7.3, and » € C with
imaginary part sufficiently large. Then

G (HWL™(H+ML i=1,2,

are in dom($), and

(G (HW(H+M) = (ZL”(f) - ﬁ . f) (L (f)+n7"

+ %Gl’”(f)(L”(f) + 0TGN () 07
3G (LT () +07") == T (AT () +1)7"
+ %Gz’”m(m P+ G @+ 07

For the proof we shall need local energy bounds [16]: instead of bounding J7 (f),
for f € C®(S!, R), by a multiple of 1 + L{ asin (3.1), it may be bounded by smeared
fields, namely there are scalars C1, C2> > 0 depending on f such that

JT(f)* < Cil+ CL™ (f2). (7.2)
Proof. The fact that (L™ (f) +1)7! preserves dom((Lg)z) has been obtained in Lemma

7.2,50 G ()L (f) + 1)~ and J7(f) (L7 (f) + 1)~ map C®(LT) into dom(L)
by a standard application of the linear energy bounds (3.1).
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The case i = 1 corresponds to [12, Thm. 4.11] because of our choice Q = G(l)’”
here. Concerning the case i = 2, the commutation relations in Definition 3.1 imply, for
Y e C(LY):

QGH™ (LT (H+X) "W = =G (H QW™ ()+2) "'y — I (YL () + 1)y
=G> (L™ (fH+rn oy
+ %Gz’”(f)(L”(f) + TG W) A0y
— T (LT () + 1)y

We know from the assumptions of this lemma and Lemma 7.4 that both G*7 ( £) (L™ ( f)+
)~ Land G (fH(L™” (f)+)»)’1 are bounded. This shows that the operator in the second
term on the right-hand side extends to a bounded operator on H .

By making use of local energy bounds (7.2) for currents, we obtain Cy, C2 > 0 such
that

JT(fN? < C11+ CL™ (%) < Cj1+ CLL™(f).

The second inequality is obtained from the fact that f> < Cf for some C > 0 by
assumption, whence L™ (Cf — f /2) is bounded from below [27, Thm. 4.1], say by
—C’1. Then we may choose C}, := C2C and C} := C + C2C’. Consequently, for every
¥ e C*(Ly), we have

17 (YL )+ T2 =, (L) + )T T2 () + 07 )
< CUIL™ () + )72+ CHILT (L™ () + )7 gl - I ) +2) ",
so JT(f)YL™(f)+2)"Visbounded. O

Lemma 7.7. Let f € C(S!, R) satisfy the condition in Lemma 7.3, and let . € C with
imaginary part sufficiently large. Then J™ (f)(L™ (f) + A)~! € dom(8), and

S(ITHLT(H+M ) ==iGP (HL™(f)+r)"
+ T L) + 27! %Gl'”(f’)(L” (FHr+nh

Proof. The fact that J™ (f)(L™ (f) + »)~! maps C°°(L{) into dom (L) for [IA| suffi-
ciently large has been obtained in Lemma 7.2. Let us show the boundedness.

Notice first that there is C such that f?> < Cf. Using then the local energy bounds
in (7.2) as in the proof of Lemma 7.6, we find constants C|, C; > 0 such that

JT(f?) < ClL+ CA L™ (),
and analogously, we obtain, for ¢y € C*°(L{):

17 (L) + 1) w2
< CHIL™ (f) + 1) W12 + CHILT (AL () + 07 - 1T () + 1) el

hence the boundedness of J™ (f)(L™ (f) + 1)~ L.
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We already know from Lemma 7.4 that under the present assumptions on f, the
operators G5 (f')(L™ (f) + 1)~ ! are bounded and map C*(Ly) into dom(L7). Thus,
using Definition 3.1, we compute:

QI (AL (f)+ 1) =TT (HQW™ (f)+ 1) — iG> (f )L™ (f)+1) 'y
= JT(OLT()+0)TOY —iGHT (L™ (f)+ 1)y

+ IS +/\)‘1%Gl’”(f’)(L”(f) + 10"y

This completes the proof using Lemma 7.4. O

Proof of Theorem 7.1. Thanks to Theorem 3.4 and the local normality of 7, the proof
goes now almost precisely as in [12, Lemma 4.12], but for the sake of completeness
and because of its importance we present it here again. Let I € Zr. Then nl_l (dom($))
is a unital x-subalgebra of A.(I) wherefore, by the von Neumann density theorem, it
suffices to show that

77 (dom(8)) € A1)

To this end let f be an arbitrary real smooth function with support in /. Recalling that
I must be open it is easy to see that there is an interval Iy € 7 such that Iy C I and
supp f C Iy and a smooth function g on S! such that suppg C Iy, g(z) > 0 for all
z € Iy, g'(z) # 0 for all z € Iy sufficiently close to the boundary and g(z) = 1 for all
z € supp f. Accordingly, there is a real number s > O such that f(z) + sg(z) > 0 for
all z € Iy. Now let f1 = f+sgand f> = sg. Then f = f; — f». Hence it follows from
the above lemmata and the definition of A, (1) that, for |JA| sufficiently large, all the
operators

(LT +0" TTDA (N +0~ G DA+~ =12,
belong to dom(§). Thus according to Theorem 3.4, all the operators
(LH+0 TUDLUED+07 G+~ =12,
belong to 77; ' (dom(8)). Soif @ € ;' (dom(8))’, then @ commutes with L(f}), J (f;),
and G'(f}), j = 1, 2. Therefore, if Y1, ¥» € C*°(Ly) then,
(a1, L(Y2) = (ayr, L(fDY2) — (ay, L(f2)¥2)
= (aL(fD)V¥1,¥2) — (@L(f)V¥1, ¥2)
= (aL(f)V¥1, ¥2)

and, since C*°(L) is a core for L(f), it follows that a commutes with L(f) and hence
with e 2" Similarly a commutes with ! ¢' (/) and ¢!/ (/). Hence a € A.(I)’ and the
statement follows. 0O

To conclude this section then, recall from [12, Def. 3.9]:

Definition 7.8. A netof graded spectraltriples (A(1), (7, H), Ox )Ty OVer S\ {—1} ~

R consists of a graded Hilbert space H, a selfadjoint operator O, and a net 2l of unital

x-algebras on Zp acting on H via the graded general soliton 7, i.e., a map from Zp into

the family of unital x-algebras represented on B(H) which satisfies the isotony property
Al CAU) if I C b,

and such that (A(I), (7r7, H), Q) is a graded spectral triple for all I € Zp.
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Corollary 7.9. Let 7w be an irreducible Ramond representation of Ac. Then, setting
A(1) := ;' (dom(8™)), the family

CAD), (1, Hx)s Or)ieTy

forms a nontrivial net of even 0-summable graded spectral triples over S'\{—1}.

8. JLO Cocycles, Index Pairings, and Ramond Sectors for the N =2
Super-Virasoro Nets

In the preceding section, in particular in Corollary 7.9, we constructed in a canonical
manner a nontrivial net of spectral triples for a given Ramond representation of any
N = 2 super-Virasoro net. These spectral triples give rise to local JLO cocycles and
thus define an index pairing as constructed in [13]. In this section, in order to capture the
global aspects of superselection theory, we will define for any N = 2 super-Virasoro net
A, an appropriate global locally convex algebra 2, such that every irreducible Ramond
representation of the net A, gives rise to a spectral triple (K-cycle) for 2(.. The nets of
spectral triples in the previous section arise by restriction to the local subalgebras of 2A..
Moreover we will show that for inequivalent Ramond representations the corresponding
JLO cocycles belong to different entire cyclic cohomology classes. Although there are
some important differences, the strategy adopted here is similar to the one recently used
in [13]. In particular, as in [13, Sect. 5], we will use the “characteristic projections” in
order to distinguish different cohomology classes through the pairing with K-theory. For
unexplained notions of noncommutative geometry we refer to Connes’ book [17]. All
notions of noncommutative geometry needed in this section can also be found in the
brief overview given in [13, Sect. 3].

Let A, be the N = 2 super-Virasoro net with central charge ¢ and let W*(A}) be the
universal von Neumann algebra from Definition 2.4. Then every representation 77 of A
can be identified with a normal representation of W*(AY) which will also be denoted
by 7 and vice versa. In particular, every general PSL(2, R)-covariant soliton 7 of the
graded-local conformal net A, gives rise by restriction to a representation of A and
hence to a normal representation of W*(AY) which, when no confusion can arise, we
will denote again by 7.

Definition 8.1. Let A% be a maximal family of mutually inequivalent irreducible Ra-

mond representations of .A.. The differentiable global algebra associated with the local
conformal net A’ is the unital x-algebra defined as

A :={a e WHAY) : (Vr € AS) m(a) € dom(Sy)}.

The corresponding local subalgebras are defined by 2. (1) := 2. N AY (I). Endowed
with the family of norms

Il =1 Nysgary + 182 DN BH,), T € AR,

2. becomes a locally convex algebra. Here, as in Sect. 7 §;, denotes the superderivation
induced by the supercharge operator Q, := G(])’”.



N =2 Superconformal Nets 1321

Remark 8.2. Tt is straightforward to see that neither the algebra nor the corresponding
family of norms (and hence the corresponding locally convex topology) depend on the
choice of A%. In fact each norm || - ||; only depends on the unitary equivalence class
[7] of . As a consequence we have 7 (2.) C dom(8,) for every irreducible Ramond
representation of A.. Moreover, 2l is nontrivial and in fact by Theorem 7.1 (and its
proof) . (1) is weakly dense in AY(I)forall I € Z.If ¢ < 3 then, A% is finite and the
locally convex topology on A, can be induced by the norm || - ||g := ZneA% Il

Now, recall that every irreducible Ramond representation 7w of A, is graded by
[y = e imine™h that Q2 = LT — c/24,that e PL0 is a trace class operator for
every > 0 and that we can consider 7 as a representation of W*(.AY) and hence,
by restriction, as a representation of .. Moreover, by definition of the locally convex
algebra 2., the map 7 : A, — dom §, is continuous when the latter is endowed with
the Banach algebranorm | - |1 := || | g, ) + 16z (-) | B(#,,)- Moreover if 7y is unitarily
equivalent to 7 and the unitary equivalence is realized through a unitary intertwiner
u:Hg — Hy thenulqu™ =Ty and uQru™ = Qy,. As a consequence we have the
following (cf. [13, Theorem 4.10]):

Proposition 8.3. For every irreducible Ramond representation © of the net A., the
data (., (w, Hx, Tx), Or) is a nontrivial 0-summable even spectral triple such that
m : A, — dom(Sy) is continuous. Accordingly the associated JLO cocycle t; is a
well-defined even entire cyclic cocycle of the locally convex algebra .. If Ty >~ 1 then
Tg = Tr.

For every irreducible Ramond representation v of 4. we have the direct sum de-
composition Hy; = Hy + @ Hy —, where Hy + is the eigenspace of 'y corresponding
to the eigenvalue &1 and the corresponding decomposition of 7 | AY into a direct sum of
irreducible representations w4 @ 7_, cf. Proposition 2.5. Since Q 1s an odd operator, its
domain dom( Q) is preserved by the action of I';; and hence it decomposes as a direct
sum dom(Qz) = dom(Qx)+ ®dom(Q)—, withdom(Qy )+ dense in H 4+ and there-
fore there are operators Q + from H; + into H + with dense domains dom(Q)+ C
Horx satistying Qr (Vs ® ) = Qr_Y_ ® Or 4ty for Yr € dom(Qn)x, and

;kr,i = Qy,=. Now, recall from [17] (see also [13, Sect. 3]) that for every projection
p € U the operator 7 (p) Qr +7+(p) : 7(P)Hr+ — 7 (p)Hyz - is a Fredholm
operator and that the integer 7 (p) := ind (7_(p) Qx,+7+(p)) (index pairing) only de-
pends on the entire cyclic cohomology class of 7, and on the class of p in the K-theory
group Ko(2A.). We want to use this fact to show that the JLO cocycles t; give rise to
distinct entire cyclic cohomology classes for inequivalent irreducible Ramond represen-
tations 7. To this end we need to consider appropriate projections in 2, for which the
index computations are easy enough and give the desired result. A similar strategy has
been used in [13, Sect. 5].

We first note that if 7_ (p) = 0 then we have 7, (p) = dim(7,.(p)Hx +). Now, given
a representation 7w of C*(.AY) which is quasi-equivalent to a subrepresentation of the
universal representation 7, denote by s(7) € Z(W*(AY)) the central support of the
projection onto this subrepresentation so that, in particular w(s(r)) = 1. If 7 is an
irreducible Ramond representation of A, we will write s(7r) instead of s (7| AZ)- With
this convention we have s(r) = s(+) + s(7r—). Note that the unique normal extension
of 7 to W*(AY) gives rise to an isomorphism of W*(AY)s () onto 7 (C*(AY))".
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Definition 8.4. Given a graded irreducible Ramond representation 7 of A, let s(7r;) €
Z(W*(AY)) be the central projection corresponding to the irreducible subrepresenta-
tion 7y of 7| A7 on the subrepresentation . Moreover, write p;,_ 4+ € B(H;) for the
projection onto the (finite-dimensional) lowest energy subspace of H .. Then there is
a unique projection p, € W*(AY)s () such that 7 ( Pr) = pn,.+ and we call it the
characteristic projection of m.

Lemma 8.5. Let 1 and 7y be two irreducible Ramond representations of A.. Then
s(m) = s(mp) and py, = px, if m1 and 7wy are unitarily equivalent, while s(1)s (m2) =
0 and py, pr, = 0 otherwise.

Proof. 1f w1 and m; are unitarily equivalent we clearly have s(r1) = s(7r2). If the unitary
equivalence is realized by a unitary intertwiner u : Hy, — Hy, then ul'y, u* = I's, and
hence u : Hy, + — Hz, + so that 7y 4 and 72 4 are unitarily equivalent and therefore
the central supports s(m1,+) and s(72 4+) are equal. Moreover, uLg' u* = ng and hence
upp, +u* = Phyy +- Accordingly m(pr,) = umi (pr))u* = UPh,, Ut = Phyy +
and hence Pry, = Pm,. On the other hand, if m; and m are inequivalent, then, by
Proposition 2.5, 1 4 @ mp — is disjoint from 72 4 @ w2, —. Accordingly s(1)s(m2) =0
and pr, pr, = prs(@)s(m2) pr, =0. O

Proposition 8.6. Let w be an irreducible Ramond representation of A.. Then, for every
irreducible Ramond representation 7w of A;, we have

~ _ ) Phs + if 7>~mw

”(1’”)—[0 it 7 £
and

i 1if 7~

”(S(”))Z[o it Z;ﬁi

Moreover, p; and s(1) belong to ..

Proof. If 7 >~ m then, by Lemma 8.5 we have s(7) = s(7) and p; = p, and hence
a(s(m)) =7 (s(@)) = 1and 7 (pr) = 7 (pz) = phs +. If T # 7 then, again by Lemma
8.5,5()s(r) = 0and hence 7 (s(7r)) = 0and 7 (pr) = 7 (s(w) pr) = 0. Now, 1 and 0
clearly belong to the domain of the superderivation §5 . Accordingly 7 (s (;r)) € dom(83),
for every irreducible Ramond representation 77 of A, and hence s () € 2. Moreover,
since Q%{ = L” — 571 and since pj,. + commutes with Lg and has finite-dimensional
range, we see that Qn D+ 18 everywhere defined and bounded and hence pj,. + Q3 is
bounded on the domain of Q. It follows that pj,. + € dom(dz). Therefore, for every
irreducible Ramond representation 77 of 2., we have 7 (p,) € dom(83), so p, € 2.
and we are done. 0O

With all these ingredients at hand, one can now easily prove the main result of this
section, cf. also [13].

Theorem 8.7. Let r| , mp be irreducible Ramond representations of A.. Then the index
pairing between JLO cocycle ty, and the projection py, € . gives

if m ~m
if m % m.

1
Ty (pnz) = [0
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Hence, the map w1 — [t:], where [t ] denotes the entire cyclic cohomology class of
the JLO cocycle t; associated to the irreducible Ramond representation 7t of A., gives
a complete noncommutative geometric invariant for the class of irreducible Ramond
representations of the N = 2 super-Virasoro net A;, namely [tz,] = [tr,] if and only if
T X m).

9. Ramond Vacuum Representations and Chiral Rings

Let 7 be an irreducible Ramond representation of the N = 2 super-Virasoro net A..
Then we say that 7 is a Ramond vacuum representation if the corresponding irreducible
representation of the N = 2 Ramond super-Virasoro algebra is a Ramond vacuum
representation as defined in Sect. 3, namely if the corresponding lowest energy %
satisfies h; = c/24. We denote by A%, the set of equivalence classes of Ramond
vacuum representations of A.. For ¢ < 3 the set A%, is finite. The following lemma
shows that the Ramond vacuum representations can be characterized in terms of the

associated JLO cocycles and the corresponding index pairing.

Lemma 9.1. Let @ be an irreducible Ramond representation of the N = 2 super-
Virasoro net A.. Then we have t, (s(r)) = 1 if w is a Ramond vacuum representation,
and t; (s(m)) = 0 otherwise.

Proof. Recall that for every irreducible Ramond representation of A, we have 7 (s (7)) =
1 and hence t; (s(;r)) = 7, (1). It follows that

Tz (s(7)) = ind (Qr +) = dim(ker(Qy +)) — dim(ker(Qx,-))
= dim(ker(Qx,— Ox,+)) — dim(ker(Qx + Ox,-))

— dim (ker ((Lg - 2C—41)|Hﬂ‘+)) — dim (ker ((Lg - 26—41)|Hﬂ7_)) .

Now, if 7 is not a Ramond vacuum representation, we have dim (ker (LT — 531)) =0
and hence 7, (s(;r)) = 0. On the other hand, if 7 is a Ramond vacuum representation,
we see from the discussion before Theorem 3.2 that dim (ker ((L§ — 53Dl3,,)) = 1

and dim (ker (L] — 5D, _)) = 0,50 77 (s(x)) = 1. O

It follows from the previous lemma that, in order to separate the entire cyclic coho-
mology classes of the JLO cocycles associated to Ramond vacuum representations, we
can consider the central support projections s () instead of the characteristic projections
Pr used in the previous section. Note that these generate a s-subalgebra 2. A of the

center Z(A) = A N Z(W*(A.)). If ¢ < 3 then AS,__ is finite and the above commu-

Rvac
tative subalgebra is finite-dimensional and isomorphic to C*kvwc. We record these facts
in the following:

Proposition 9.2. If ¢ < 3 the central support projections associated to the Ramond
vacuum representations of A, generate a finite-dimensional x-subalgebra 2. X of

Z(RU,) isomorphic to the abelian *-algebra CA%vwc. The restriction of the JLO cocycle
T, associated to the Ramond vacuum representation i of A to this finite-dimensional
subalgebra gives rise to an entire cyclic cocycle whose entire cyclic cohomology class
is a complete noncommutative geometric invariant for the class of Ramond vacuum
representations of the N = 2 super-Virasoro net A,.
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In the rational case ¢ < 3, this lets the Ramond vacuum representation theory of
the N = 2 super-Virasoro net A, appear in still another form of noncommutative
geometry, namely in terms of the entire cyclic cohomology of the finite-dimensional
algebra 2. A = Cvac. This fact should also have interesting relations with the K-
theoretical anaiyms of the representation theory of completely rational conformal nets
given in [10,11].

In the standard approach to N = 2 superconformal field theory, the Ramond vacuum
representations are related trough the spectral flow to the so called chiral (resp. antichiral)
primary fields and the corresponding chiral ring, cf. [48] and [1, Sect. 5.3]. We now want
to give a (partial) description of these concepts in our operator algebraic framework.
The idea is that the so called primary fields correspond to representations of N = 2
superconformal nets and hence we have to define the concept of chiral (resp. antichiral)
representation. As before we will restrict to the case of N = 2 super-Virasoro nets.

Definition 9.3. We say that an irreducible Neveu—Schwarz representation w of the N =
2 super-Virasoro net A, is a chiral (resp. antichiral) representation if for the unique (up
to a phase) unit lowest energy vector 2, € H, we have

Gy =0 (resp. G_{),Q = 0).

We denote the set of equivalence classes of chiral representations by Ag,. .

It easily follows from the N = 2 NS super-Virasoro algebra (anti-) commutation
relations that a Neveu—Schwarz representation 7 is chiral (antichiral) iff h, = ¢, /2
(hx = —qx/2, resp.), cf. e.g. [1, Sect. 5.3]. In any case, the terminology is not to be
confused with the usual notion of chiral symmetry for fields where holomorphic and
anti-holomorphic components decouple.

We now restrict ourselves to the rational case ¢ < 3. In this case the equivalence
classes of chiral representations of A form an additive subgroup ZA¢, ;  of the fusion ring
generated by the equivalence classes of irreducible NS representations of A, together
with the fusion product in (5.5). It is in general not invariant under the products of NS
representations, but truncating, i.e. putting equal to zero all the non chiral irreducible
equivalence classes arising from the fusion product, the actual fermionic fusion rules in
(5.5), which are represented by the fusion coefficients N k e No, with 7, j, k running
in the set of equivalence classes of irreducible Neveu—Schwarz representations of A
adjusts this point. The corresponding truncated fusion coefficients are given by N}, =

Nk i i, j,k € Ag,;.. We denote by “x” the corresponding product operation on ZA

i chir*

Proposition 9.4. Let ¢ < 3 be an allowed value for the central charge in the N = 2
discrete series representations. The product * defined by the A¢,, -truncated fusion rules
on ZAE,;, is commutative and associative. We call the corresponding ring the chiral ring
of the N = 2 super-Virasoro net A..

Proof. The equivalence classes of irreducible Neveu—Schwarz representations of A,
are labelled by (I, m) like the corresponding irreducible unitary representations with
central charge ¢ of the N = 2 Neveu-Schwarz super-Virasoro algebra, cf. Sect. 5.
The equivalence classes of chiral representations are then selected by the condition
2h(l, m) = q(I, m). In light of Theorem 3.2(NS3), this means m = —/. Truncating then
the fusion rules (5.5) according to this condition, at most one term remains in the sum
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(5.5), namely

(ll+lz,—ll —lz) h+h <n

(h, =) * (I, =) = [O . otherwise. ] = (b, =) * (I, =),

for all 1,/ = 0, ..., n. In particular, this proves commutativity of . Similarly, we
check associativity:

I+, -l —1 I3, =) : 1+ <
((11,—11)*(12, —lz))*(l3,—l3)=[(()1 2o =R 3):oltherfzviser.l

| h+b+h, -l =L —=hB):LI+h+l3<n
—10 : otherwise.

= (1, =)+ (2, 1) % (3, =13) ).
O

Remark 9.5. As mentioned in part above, in the literature the “chiral ring” stands for the
ring defined by the OPE at coinciding points of the so-called chiral primary fields, cf.
[48]and [1, Sect. 5.3]. For the N = 2 minimal model considered here this gives the same
result that we obtained by means of the chiral representations and their truncated fusion
rules, see the example at the end of Sect. 5.5 in [1]. This is of course not surprising if
one recalls that in the formulation of the approaches to CFT based on pointlike localized
fields the fusion rules are defined in terms of the OPE of primary fields.

One can define in a similar way the rings corresponding to antichiral representations
or antichiral primary fields. Note that the models we are considering are generated by
fields depending on one light-ray coordinate only. In the general 2D case one has a richer
structure of chiral/antichiral rings: (c, ¢), (a, a), (c, a), (a, c), cf. [48, pp. 433, 437].

Note also that from the OPE point of view the associativity of the ring product has a
natural explanation, while it is not a priori evident from the point of view of truncated
fusion rules.

We now come to the relation between the chiral representations and the Ramond
vacuum representations of the N = 2 super-Virasoro nets 4. with ¢ < 3. Recall from
Proposition 4.7 that composition of an irreducible Neveu—Schwarz representation 7 of
A_ with the spectral flow automorphism #_1 > gives an irreducible Ramond representa-
tion 7w o _1,2. If  denotes the irreducible representation of the N = 2 Neveu—Schwarz
super-Virasoro algebra corresponding to the Neveu—Schwarz representation 7 of A,
then the representation of the N = 2 Ramond super-Virasoro algebra corresponding to
7 o n—1/2is w o 1—12. The following argument is standard, see e.g. [1, Sect. 5.4]. Let
2, be the unique (up to a phase) lowest energy unit vector for the irreducible Neveu—
Schwarz representation 7 of .A.. Then, using the explicit expressions for the Ramond
super-Virasoro algebra generators in the representation 77 o _1 2 in terms of the Neveu—
Schwarz super-Virasoro algebra generators in the representation 7, it is straightforward
to see that Q2 is a lowest energy vector also for the representation 7 o 1,2 which fur-
thermore satisfies Ga’m"*'/z Q. = 0. Moreover we have Gg’m"*”z Q; = Gi’f/an
and it follows that 7 is a chiral representation of A if and only if 77 0 7j_1 2 is a Ramond
vacuum representation. Now, if 7 is an irreducible Ramond representation of A, then,
again by Proposition 4.7, 7 o 1712 is an irreducible Neveu—Schwarz representation of
A.. Hence, 7 o 1712 is a chiral representation if and only if 7 = w o1 0o fj_12is a
Ramond vacuum representation of A.. Accordingly we have the following:
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Proposition 9.6. The spectral flow automorphism 11,2 of Ac gives rise to a one-to-
one correspondence between NS, and AS,. . As a consequence the noncommutative

Rvac chir-
geometric invariants for A?evac in Proposition 9.2 give rise to noncommutative geometric

: X s . c
invariants for the chiral ring ZAg;..
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