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Abstract

We determine the simple currents and fixed points of the orbifold the-
ory CFT®QCFT/Zs, given the simple currents and fixed point of the orig-
inal CFT. We see in detail how this works for the SU(2)r WZW model,
focusing on the field content (i.e. h-spectrum of the primary fields) of the
theory. We also look at the fixed point resolution of the simple current ex-
tended orbifold theory and determine the S7 matrices associated to each
simple current for SU(2)2 and for the B(n): and D(n); series.
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Introduction

Conformal field theories [I] are well established tools in String Theory. Orbifold
conformal field theories are standard way of deriving new conformal fields the-
ories out of existing ones. The prototype example is a of the form G/H where,
after moding out the symmetry group H, one is left with H-invariant states plus
twisted fields, necessary to ensure modular invariance. Orbifold CFT’s appear
all over the place in string theory, for example in Gepner models [2 [3] where one



builds the “internal” sector of string compactifications out of tensor products
of N =2 minimal models with total conformal anomaly ¢ =3, ¢; = 9.

In this paper we will consider orbifolds by cyclic permutations of tensor
product conformal field theories. We start with a given CFT, take the ten-
sor product of A copies of it and mod out by the cyclic symmetry Zy, which
generates the full permutation group Sy. The field content of such cyclic orb-
ifold theories was worked out already long ago by Klemm and Schmidt [4] who
were able to read off the twisted fields using modular invariance. Later, Borisov,
Halpen and Schweigert [5] introduced an orbifold induction procedure, providing
a systematic construction of cyclic orbifolds, including their twisted sector, and
determining orbifold characters and, in the A = 2 case, their modular transfor-
mation properties. Generalizations to arbitrary permutation groups were done
by Bantay [0 [7].

Extensions with integer spin simple currents [8, [9] are essential tools in con-
formal field theories (see [I1] for a review). In string theory, they appear when
it is needed to make projections (e.g. GSO projection) or implement constraints
(such as world-sheet supersymmetry constraints, or the so-called 3-constraints
in Gepner models, which impose world-sheet and space-time supersymmetry).
Simple current extensions are also used to implement field identification in coset
models. In extensions, some fields of the original theory are projected out while
the remaining ones organize themselves into orbits of the current. Fixed points
are very particular orbits, those with length one; more generally if a simple
current discrete group has an order that is not prime, there can be orbits whose
length is a divisor of the order, due to fixed points of powers of the generator
of the group. In presence of fixed points, extensions are much more compli-
cated to handle, since each of them give rise to a number of “splitted” fields
on which there is a priori no control. In particular, determining the S matrix
of the extended theory is straightforward if there are no fixed points, but it is
highly non-trivial otherwise. In presence of fixed points, the knowledge of the
full S matrix is parametrized by a set of “S”” matrices [14], one for each simple
current .J: knowing all the S’ matrices amounts to knowing the S matrix of the
extended theory. Fixed points can also appear for half-integer spin currents, and
the corresponding matrices S” are important when these currents are combined
to form integer spin currents. Furthermore, simple current fixed points and
their resolution matrices are essential ingredients for determining the boundary
coefficients in a large class of rational CFT’s [I8] [19].

The determination of fixed point matrices S” was first considered in [17].
There an empirical approach was used, based on the information that these
matrices must satisfy modular group properties. Hence an ansatz could be
guessed in some simple cases from the known fixed point spectrum. These
ansdtze were proved and extended in [12], where they were related to foldings of
Dynkin diagrams. Starting from these results, the S’ matrices are now known
in many cases, such as for WZW models [111 [I5] and coset models [I7]. Here we
would like to determine the set of S matrices for cyclic permutation orbifolds.
In this paper we restrict ourselves to Zs permutation orbifolds of an original
CFT. We will manage to determine the S” matrices in a few, but interesting,
cases, namely for the SU(2)2 WZW and for the B(n); and D(n); series. The
method we use is based on the fact that the extensions corresponding to these
cases are CF'T’s whose matrix S can also be obtained by other means. However,
even though the matrices S7 are not needed to construct the matrix S of the



extension, the result still provides important new information, because these
matrices can also be used in tensor products and coset CFT’s for combinations
of currents. A case that is particularly interesting is the application to N = 2
minimal models, where SO(2); factor appears in the definition in terms of the
coset CFT. We hope to return to this case in the future. We expect that the
solution we present here for an infinite series of special cases will provide insight
in the general case, and leads to an ansatz that can be checked. This is also left
for future work.

The outline of the paper is as follows.
In section 2] we define the problem that we would like to address, namely the
resolution of the fixed points in extension of permutation orbifolds. Fixed points
are problematic since basic CFT quantities, such as the S matrix of the extended
theory, cannot be easily derived. Moreover, they carry an intrinsic ambiguity,
that in some case does not matter, e.g. when we look at the S matrix of the
extended theory, but in other situations is important and might change the
result, e.g when we look at the set of S” matrices.
Before going into the details of the problem, in section Bl we study a bit more
systematically the structure of simple currents and corresponding fixed points
in orbifold CFT’s. In particular, we will see which simple currents and fixed
points can arise in the orbifold theory starting from simple currents and fixed
points in the mother theory. This is an application of [5].
Section Ml provides an example where the mother theory is SU(2).
Next we move to the main problem, i.e. the fixed point resolution in extension
of permutation orbifolds. We present the results in section [B] and section [ for
SU(2); and SO(N);. We say something about arbitrary level k as well.
In the appendix some extracts from calculations are given.
We do not solve the problem in full generality, i.e. for every value of k and for
any arbitrary mother CFT: this is left for future work. In the first part of the
paper we will mostly work with simple currents .J of order two, i.e. J? = 2,
whose orbits can have length one or two. In the second part, higher-order
currents will become important.

2 Definition of the problem

Given a certain CFT, we would like to look at the orbifold theory with A = 2:
(CFT)perm = CFT x CFT/Zs. (2.1)

Moding out by Z, means that the spectrum must contain fields that are symmet-
ric under the interchange of the two factors. This theory admits an untwisted
and a twisted sector. The untwisted fields are those combinations of the origi-
nal tensor product fields that are invariant under this flipping symmetry. Their
weights are simply given by the sum of the two weights of each single factor.
Twisted fields are required by modular invariance. In general, for any field ¢;
in the original CFT, there are exactly A twisted fields in the orbifold theory,
labelled by ¥ = 0,1,..., A — 1. Their weights were derived in [4] and are given
by ,
hi c ()\ - 1) 1/)

T3t oA T2 22)

where h; = hg, and c is the central charge of the original CFT.



If there is any integer or half-integer spin simple current in the original
CFT, it gives rise to an integer spin simple current in the orbifold CFT, which
can be used to extend the orbifold CFT itself. In the extension, some fields are
projected out while the remaining organize themselves into orbits of the current.
Typically untwisted and twisted fields do not mix among themselves. As far as
the new spectrum is concerned, we do know that these orbits become the new
fields of the extended orbifold CFT, but we do not normally know the new S
matrix. From now on we will write S with a tilde to denote the S matrix of the
extended theory.

If there are no fixed points, i.e. orbits of length one, the S matrix of the
extended theory, S, is simply given by the S matrix of the unextended theory
(in case of permutation orbifolds it is the BHS S matrix given in [5]) multiplied
by the order of the extending simple current. Unfortunately, often this is not
the case: normally there will be fixed points and the extended S matrix cannot
be easily determined.

Using the formalism developed in [14], we can trade our ignorance about
S with a set of matrices S”, one for every simple current J, according to the
formula

: G ()5 (T) (2.3)

Sa,i b,j) — i
N P ATEATAEN] ZG

These S7,’s are non-zero only if both a and b are fixed points. This equation
can be viewed as a Fourier transform and the S”’s as Fourier coefficients of S.
The prefactor is a group theoretical factor acting as a normalization and the
U,;(J)’s are the group characters acting as phases. In our calculations, where
all the simple currents have order two, the normalization prefactor is 1/2 and
the group characters are just signs.

In this way, the problem of finding S is equivalent to the problem of finding
the set of matrices S”. In this paper we want to address exactly this problem,
but in the case of permutation orbifolds. Suppose we know (and we do!) the
S matrix of the orbifold theory, then extend it by any of its simple currents;
what is the matrix S of the new extended theory? Equivalently, given the fact
that there will be fixed points in the extension, what are the matrices S” for all
the integer spin simple currents J? Hence, we are dealing with the fixed point
resolution in extensions of permutation orbifolds.

3 Simple currents of the orbifold CFT

Consider a CFT which admits a set of integer-spin simple currents J. This
means that the S matrix satisfies the sufficient and necessary condition [16]
S0 = Sog, where 0 denotes the identity field of the CFT. Every CFT has at
least one simple current, namely the identity. Here we would like to determine
the simple currents of the orbifold theory CFT ® CFT/Zs. The only thing we
need is the orbifold S matrix given by BHS [5]. Remember that the identity
field of the orbifold theory is the symmetric representation of the identity “0”
of the original CFT, here denoted by (0,0).

It is probably useful to recall the BHS S matrix. The conventi(wr the
orbifold fields is as follows. Orbifold twisted fields carry a hat: (i,%); off-
diagonal fields are denoted by (i) with i # j, diagonal fields by (¢,%). Here ¢, j



are fields of the mother theory and ¥ = 0,..., A — 1. The orbifold S matrix for
A =2 is then [5]:

Stij)pe) = SipSjg + Sig Sjp

Sinww) = SipSip

Sinea = O (3.1)

1

Sawio = 5555
_ 1 27 /2 Q.

Siwmaen = 3¢ Sip (3.2)
_ 1 2mi(Y+x)/2 p.

Sean ~ 3¢ Py (3.3)

where the P matrix is defined by P = TST25v/T. Sometimes we will write
SBHS to refer to the orbifold S matrix.

3.1 Simple current structure

Let us start with the off-diagonal fields of the orbifold and ask if any of them
can be a simple current. If 7 and j are two arbitrary fields of the original CFT,
denoting by (i, j), with i # j, the corresponding off-diagonal field in the orbifold,
in order for (7, ) to be a simple current we have to demand for the S matrix of
the orbifold theory

5(,1)(0,0) = 5(0,0)(0,0) (3.4)

which, upon using BHS formula, amounts to satisfying the constraint
1
Si0Sjo = 5500500 (3.5)

for the S matrix of the original CFT. This relation is never satisfied because of
the constraint S;o > Spp, which holds for unitary CFT’s. Consequently there
are no simple currents coming from off-diagonal fields.

Let us do the same analysis for twisted fields. Twisted fields are denoted by

w, where k is a field in the original CFT and ¢ = 0, 1. Now the constraint

Sa0.0) = 50,000 (3.6)
would read . ,
§Sk0 = 5500S00. (3.7)

This is also never satisfied, because of the same unitarity constraints as before.
Once again there are no simple currents coming from twisted fields.

Finally let us study the more interesting situation of diagonal fields as sim-
ple currents. A diagonal field is denoted by (i,%), where i is a field in the
original CFT and % = 0, 1 corresponding to symmetric and anti-symmetric
representation. Here the constraint

S(i,9)(0,0) = 5(0,0)(0,0) (3.8)



gives
1 1
551‘051‘0 = 5500500 ; (3.9)

which is satisfied if and only if i is a simple current.

Hence we conclude that, despite the fact that the existence of simple cur-
rents in the orbifold theory is in general related to the S matrix of the original
CFT, there always exist definite simple currents in the orbifold theory: they
are the symmetric and anti-symmetric representations of those diagonal fields
corresponding to the simple currents of the original theory. In particular, since
in the original CFT there is at least one simple current, namely the identity, in
the orbifold theory there will be at least two, namely (0,0) (trivial, because it
plays the role of the identity) and (0, 1).

We will soon see that this pattern is respected for SU(2), WZW models.
They admit one integer-spin simple current (the identity) for £ odd and two
(one of which is again the identity) integer-spin simple currents for k even.
Consequently, we will always find (0,0) and (0,1) as orbifold simple currents
when £ is odd; when k is even, there will be two additional ones denoted by
(k,0) and (k,1).

3.2 Fixed point structure

Given our simple currents of the CFT @ CFT/Zy theory, hereafter denoted by
(J,v) with J a simple current of the original CFT, we now move on to study
the structure of their fixed points. We start from the following general relation
[13, @] which holds for any simple current .J:

& _ eQﬂi(hJ+hi—h.l-i) ) (310)
Sos

In the exponent, we recognize the monodromy charge @ ;(7) of ¢ with respect to
J:
QJ(i):hj+hi—hJ.i mod Z . (311)

When i = 0, this gives back the relation used above for integer spin simple
currents: Sjg = Spo. Moreover fixed points f of integer spin simple currents
satisty

Srr = Sor. (3.12)

Observe that this does not guarantee that if f satisfies (812 then f is a fixed
pointﬂ What might happen then is that we find additional solutions to this
condition that might not be fixed points: so we might want to remove some of
them. We will see later by looking at the fusion coefficients when this necessary
condition is also sufficient. Nevertheless we will use here this relation to identify
possible fixed points of integer spin simple currents:

S(1p)(e,0) = 5(0,0)(e,0) - (3.13)

As we will see soon, this condition is in some cases necessary and sufficient to
find fixed points. Fixed points can be untwisted (diagonal and/or off-diagonal)
and/or twisted fields and we will find that only for diagonal fields a more careful
analysis of the fusion coefficients is needed.

n fact, hy drops out from eq. [@I0) and we are left with hj.; = h; mod 1.



3.2.1 Twisted sector

Let us start by looking for fixed points coming from the twisted sector, since
these are the easiest ones. The condition to be imposed is

S — (3.14)

D = 00w
After using BHS this reduces to

1 5. 1

562”“”/25@ = 550;0 (315)
in terms of the S matrix of the original CFT. Let us first notice that when J
is the identity, there is no news, since this constraint is either trivially satisfied
(for ¢» = 0 all the twisted fields are fixed points of the identity) or impossible
(for » = 1 there are now fixed points coming from the twisted sector). When

_—

instead J is not the identity, we find that (p,x) is a fixed point of (J, 1) in the
following cases (according to ([BI0)):

e if ¢y = 0, when p has integer monodromy charge with respect to J, i.e.

Q.(p) =0;
e if ¢y = 1, when p has half-integer monodromy charge with respect to J,
ie. Qs(p) = %
3.2.2 Off-diagonal fields

Fixed points coming from off-diagonal fields must satisfy:

S = 50,0)w.a) - (3.16)
with p # gq. BHS then gives

SJpSJq = SopS()q . (3.17)

According to ([3I2), this is definitely satisfied if p and ¢ are both fixed points
of J. In particular, when J is the identity, this relation is always true. Con-
sequently, all possible off-diagonal fields (p,q) are fixed points of the simple
currents (0,).

Focusing now on J # 0, other two possibilities, corresponding to different
sign choices, are given by

{SJP = 5 (3.18)

Sie = +So,.

This is solved by p and g belonging to the same J-orbit, i.e. p = Jgq, with either
integer or half-integer monodromy charge with respect to J. In fact,

Sip="570.74= e2m'QJ(q)€2ﬂiQ./(0)62ﬂiQ./(J)SOq — eQﬂiQ.z(q)SOq ) (3.19)

However there might be more solutions.



3.2.3 Diagonal fields

For diagonal fixed points the condition is:

S1) 600 = 50,06, » (3.20)

which reduces to 1 1
5(5@')2 = 5(503‘)2- (3.21)

after using BHS. The case J = 0 is again trivial. Consequently, there are fixed
points of (0,v) for every j of the original CFT. For J # 0, using [BI0), we
see that Sy; = €2™Qs0) Sy hence this constraint is solved by all fields j with
integer or half-integer monodromy charge. In particular, they include fixed
points of J.

3.3 Fixed points from fusion coefficients

It is easy to understand that in general the constraint ([BI2)) is a necessary but
non sufficient condition for the fixed points. Hence the solutions found earlier
might actually be too many, in the sense that some of them might not be fixed
points. Then it is more useful to be a little bit more systematic and study the
structure of the fixed points directly from the fusion coefficients.

3.3.1 Twisted sector

Let us start again from the twisted sector. For twisted fixed points we have to
demand that

—

N ¥y (3.22)
(1))

On the other hand, if N is an arbitrary field of the orbifold theory, in terms of
the S and P matrix of the original theory we have

EED)
Ny GD ZS<J,¢>NS<7ENSN _
(1.6)(F9) ~ S0
ot T
_ Z S01.00.0 T w0 v.0) T
(p,9) 500@a)
gt T
N Z 82,0605 5 60" G0 4
5(00)(J,x)
(J¢> P0G ) Px) (p,x) _
+ Z . =
™ (0,0)(p,x)
1 S, PPt
_ 52 S ST+ m"ﬂsf# . (3.23)
J 07



More in general one has

Sy Pl
Soj

—

T I | B5)2¢ ot 5 imorv—u)
voTH =3 f12 e

(505)2
(3.24)
It is important to remember that here we want (f, ) to be a fixed point of
(J,9), ie.
W 55y 3.25
(L&) ¥ U (3.25)

By itself, f is not a fixed point of J in the original theory.

Now use formula (3I0) in the first sum. In the following, we will restrict
ourselves to order-2 simple currents. Because of the square and the fact that the
monodromy charge of j is either integer of half—integer@, the exponent cancels
out. Then we are left with S times ST, which gives 5?.

We need to be more careful with the second piece, which involves the integer-
valued [20; 21] Y, 7 _tensor. Our constraint reads then

’ ’ 1 ’ . ’ 1 /
51 68 = 55]{ + (Y= )§Y1ff , (3.26)
which reduces to ' , ,
embny o 5}{ (Y =) (3.27)
or , , , ,
ety o5l (£ ). (3.28)

Since we are considering currents with order 2, we can simplify the minus sign
on the r.h.s. with e™(¥=%") on the Lh.s., thus re-obtaining the same expression
of the case 9 = 1)’ for our constraint, which explicitly reads:

= S PPt
e 4’2%:5}‘ : (3.29)
j J

In order to solve it, let us study for the moment the equation:

> wpy Pl =61 (3.30)
J

for some z;. Define a vector vy with components
(vf)j =z Pyj . (3.31)

Then we have , ,
> () PLT =61 (3.32)
J
The vector vy is then orthogonal to all the columns of the matrix P, except for
the column f with which it has unit scalar product. Since P is unitary, this
implies that
(vr)j = Py s (3.33)

2For order-2 simple currents.

10



which by definition yieldsﬁ
=1 Vj. (3.34)
Going back to our situation where z; = ¢™?S;/Sy;, we arrive at the final

form of our constraint: ‘
€™ Sy; = So; - (3.35)

This is precisely the constraint (810 used previously. Hence the twisted fixed
points are the same as before. This also shows that the previous constraint is
a necessary and sufficient condition for the twisted fixed points of integer spin
simple currents.

3.3.2 Off-diagonal fields

Similar arguments apply for the untwisted sector. Starting with off-diagonal
fixed points one has

T (ps
SN(:DQ)

P _ ZS(J7¢)NS(p7q)N

N
(J,0)(p,9) ~ S0

p,q)

T«
_ ZS(m)(i,j)s(p,q)(@j)s(i,j) +

S o
(Z,]) (070)(7’7.7)

t ()
3 S80S ma)6)S (i)

o S0.0i.)

+

o ot a9
Z S(J@)(i,w)S(p,q)(wS G)

—

o 0.0
= (BHS) =
— N, PN, 4N, IN,”. (3.36)

This must be equal to 1. Moreover N,.*

; are positive integers. Hence we have
two possibilities:

e cither

{ N, =N, =1 = p & q are fixed points of J (3.37)
NJpq = NJqp =0
e or
{ N,," =N, =0
NJpq = NJqp =1 = p & q are in the same J—orbit,i.e. p = Jgq

(3.38)

These two options are again the ones derived already before using the naive
approach of the previous section (see discussion around (BI8).).

3A shorter derivation is the following. Consider a diagonal matrix X whose diagonal
entries are z;. Then the constraint in matrix form is: PXPT = 1. Recalling that PPt =1
by unitarity, one can write P(X — 1)PJr = 0, which gives the solution X = 1.

11



3.3.3 Diagonal fields

For diagonal fixed points one has

t (y)
Ny o = 30 SonSennSy 7
(J,6)(6:%) ~ S0,00N8
S S, gt ()
_ Z ) (P,a)° (4,9)(p,q) (p,q) +
5(0.0)(p.a)
(i)
S0.0)6:056.0)6:05 G
+ Z +
50,0)(.x)
S0 D)
L Z J¢)(J X)) (G,x) _
) 0,00
= (BHS) =
1 7 [ [
= iNJi (Ny;* +e™?). (339)
Again we must demand
(i) _ .
Niss)iw) =1 (3.40)

then the only solution is wherf] N, =1, ie. iis a fixed point of J, and ¢ = 0,
i.e. these fixed points appear only for the symmetric diagonal representation
of the simple current. In the case of diagonal fields then, only a subset of the
naive guess as in the previous section gives the correct fixed points.

4 Example: SU(2);

Here we consider some examples of the previous general theory. We take our
CFT to be an SU(2);, WZW model and work out spectrum and fusion rules of
the orbifold theory.

Let us recall a few facts about affine Lie algebras [23], 24]. In an affine Lie
algebra with group G, the weights of the highest weight representations A are
given by

%O()\)

M) = 2= (4.1)

where C()\) denotes the quadratic Casimir eigenvalue, g is the dual Coxeter
number (equal to half the Casimir of the adjoint representation) and k is the
level. The central charge is

kdim G
G,k) = 4.2
(G.b) = S 4.2
and the matrix element is
S(A, 1) = const - Z W) exp < 27”9 (wA+6), p+ 5)) . (4.3)

4We can exclude the other possibility ¢ = 1 and NJii = 2, because J is a simple current.

12



Here the sum is over all the elements of the Weyl group and € is the determinant
of w. The normalization constant is fixed by unitarity and the requirement
Soo > 0.

Now we can apply these general pieces of information to our SU(2); models
(and later to B(n); and D(n); series).

4.1 Generalities about SU(2);, WZW model
In the SU(2)y theory, the level k specifies both the central charge

3k
= — 4.4
“Thte2 (4.4)
and the spectrum of the primary fields through their weights
JiG+1) :
;= 2j=0,1,...k. 4.
hQJ k‘ ¥ 9 ) J 07 ) k ( 5)

Moreover, the field corresponding to the last value 2j = k is a simple current
of order two, the fusion being:

(k) x (27) = (k = 2j). (4.6)

Its weight is hoj—, = %. This is integer or half-integer if k is even. Furthermore,
in the latter case, there is also a fixed point, given by the median value 25 = %:

(k) x (5) = (5)- (4.7)

There are no fixed points for odd k.
We can label these k + 1 fields using their value of j. It will be convenient
to call them

{¢2it ={do =1, 1, ..., o} (4.8)
The S matrix is given by [10]
Saom = 1| —— sin | ——(2j + 1)(2m + 1) (4.9)
2j,2m — k+2sm k—|—2 ] m . .

4.2 SU(2), ® SU(2)r/Zy Orbifold: particular level

Now let us consider the orbifold theory at some particular level k. The notation
we will be using is as follows. First of all we need to distinguish the three types
of fields in the orbifold theory: diagonal, off-diagonal and twisted fields.

Diagonal fields are generated by taking the symmetric tensor product of each
field in the original theory with itself or the antisymmetric tensor product with
the same field with its first non-vanishing descendant. Hence there are 2(k + 1)
diagonal fields, that will be denoted as:

(24,%) P=0,1 (4.10)

5Note that j is either integer or half-integer.

13



with 25 = 0,1,...k. Here v = 0 (¢p = 1) for the symmetric (anti-symmetric)
representation. These fields have weights
JjG+1)
hioip) =2 —=——=+ 62500yp.1- 4.11
25:9) w2 02,0001 (4.11)
The factor 2 in front comes from the sum of weights of the fields appearing in
the tensor product. In the anti-symmetric representation (¢ = 1) of the identity
(2§ = 0), one has to include the contribution to the weight coming from the
Virasoro operators L_;. The ground state is degenerate with dimension three
due to the three SU(2) generators.
Off-diagonal fields are obtained by taking the symmetric tensor product of

each field in the original theory with a different field. Hence there are @
non-diagonal fields, that will be denoted as:

(P2i, P2;) 21 < 27. (4.12)
These fields have weights

b kD) G
(p2i, p25) — k+2 k+2

(4.13)

which is simply the sum of the weights of the fields in the tensor product.

Twisted fields of any orbifold theory were described in [4]. After adapting
their result (Z2) to our Z, orbifold, we find that there are two twisted fields
associated to each primary of the original theory. Hence there are 2(k + 1)
twisted fields, that will be denoted as:

—

(2j,m)  m=0,1, (4.14)
with 25 = 0,1,...k as usual. Their weights are given by:

1[G+ 3k
h(%m)— 2[ s +m +16(k+2)' (4.15)

The next step is to compute the S matrix for this orbifold theory using the
BHS formulas B B2 B3]). Using the Verlinde formula [22] we will then be
able to compute the fusion rules, which will allow us to look for simple currents
in the orbifold theory. In appendix [Bl we summarize the simple currents and
corresponding fixed points for particular values of the level k. We will consider
only “integer spin” simple currents, namely those with integer weight.

4.3 SU(2), ® SU(2)r/Zy Orbifold: generic level

From the results corresponding to a few values of k, we can determine important
generalizations for arbitrary k.
First of all, for all k£ there is at least one non-trivial integer spin simple current,

namely (0, 1) with A = 1, whose fixed points are all the off-diagonal fields. Their
k+1) _ k(k+1)

number is ( M —5

In addition, if k is even, there are other two integer spin simple currentsd.
They are the symmetric and anti-symmetric diagonal fields corresponding to

6These are actually the only ones with integer spin.
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the last value 2j = k: (k,0) and (k,1), both with h = %. This reflects the
general structure of the SU(2), simple currents. Their fixed points are also
easily determined. For the current (k,0) they come from diagonal, off-diagonal
and twisted fields according to some rules which are given below, while those of
(k,1) come only from off-diagonal and twisted fields.

Summarizing:

Simple current Fixed point

(0,1), h=1 all the @ off-diagonal fields

(k,0), h= 2 diag. + % off-diag. + (k+2) twisted fields
(k,1), h= % off-diag. + k twisted fields

INES SIS

The rule to construct the fixed points of the additional simple currents when
k is even is as follows.

The diagonal fields appearing as fixed points of (k,0) are always the two
fields in the middle: (£,0) and (£,1). These are & and have weights

_ 1k(k+4)

50 =hey = 8 k+2 (4.16)

The off-diagonal fields appearing as fixed points are the same for both the
two additional currents and are given by the fields (¢a;, pr—2;), i.e. the fields
2¢ and k — 2i belong to the same orbit under J = ¢;. The weights of these
off-diagonal fixed points are:

, (4.17)

h(¢2i7¢k—2i) = m

with 2i = 0,1,.. ., k.

The fixed points coming from the twisted sector are “complementary” for
the two additional simple currents, in the sense that (k,0) has (4/],%)7 m=0,1
and 25 =0,1,...,k, as fixed pointslj, while (k, 1) has (4j/+1\,m), m =20, 1 and
27 =0,1,...,k—1, as fixed pointsﬁ. Their weights are:

1 (2525 +1) 3
(45,m) 2 [ K+z T 16(k + 2) (4.18)
and
1 1 1 o1 3
h(4j/+?m) =3 |:k——|—2 <2] + 5) <2] + 5 + 1) + m] + m (4.19)

for (4j,m) and (47 + 1, m) respectively.
As last remark, let us stress that all this structure agrees with the general
theory of the previous section.

"Explicitly, these fixed points are m, (?,-77), m, el m, m = 0, 1, with the
first argument even. In total, k + 2.
8Explicitly, these fixed points are (1,m), (3,m), (5,m), ..., (k—1,m), m = 0, 1, with

the first argument odd. In total, k.
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5 Fixed point resolution in SU(2); orbifolds

We would like to determine the S matrices corresponding to the simple currents
given above using formula (Z3) which relates them to the S matrix of the
extended theory via the group characters W;(J). As we will now explain, we
know what the S7 matrix is in the case J = (0,1). It is given by an expression
analogous to the off-diagonal/off-diagonal BHS S matrix, but with a minus
(instead of the plus) sign. This is a fortunate situation because the current
J = (0,1) is omnipresent, since it appears for all values of the level k. The
other two currents that appear occasionally are slightly more complicated since
they involve twisted fields.

In reading this section, the reader might find it useful to consult appendix

Al

5.1 S’ matrices
5.1.1 S’ matrix for J = (0,1)

The general procedure when we make an extension via integer spin simple cur-
rents is as follows: keep states that are invariant under the symmetry generated
by the current, namely those with integer monodromy charge w.r.t. J, and
organize fields into orbits. Fixed points are particular orbits: orbits with length
one.

Consider the current J = (0,1) of order 2. The extension projects out the
twisted fields, since they are all non-local w.r.t. this current. Only untwisted
fields are left, both diagonal and off-diagonal. Off-diagonal fields are fixed points
of (0, 1), so they get doubled by the extension, while diagonal fields group them-
selves into orbits of length two containing symmetric and anti-symmetric repre-
sentation of each original field. It is interesting to see that the resulting theory
is equal to the tensor product SU(2); ® SU(2),. What happens is the follow-
ing. The length-two orbits come from diagonal fields and correspond to fields
h2; @ ¢9; of the tensor product, while the two fields coming from the fixed points
correspond to ¢2; @ ¢ and ¢2; ® ¢o; (with 2¢ # 2j) of the tensor product. The
weights indeed match exactly. So in the end we have the result:

(A@A/Z2)(071) = A®A (51)

The subscript (0, 1) means that we are taking the extension by the (0, 1) current.
This result is not limited to A = SU(2)g, but is true for any rational CFT.
The reason is that this simple current extension is in fact the inverse of the
permutation orbifold procedure. This follows from the fact that the permutation
orbifold splits the original chiral algebra in a symmetric and an anti-symmetric
part, and the representation space of the current (0,1) is precisely the latter.
By extending the chiral algebra with this current we re-constitute the original
chiral algebra of A ® A. This result extends straightforwardly to the other
representations, and of course the twisted field must be projected out, since by
construction they are non-local with respect to A ® A.

Resolving the fixed points is equivalent to finding a set of S/ matrices such
that

5 EI— N A T (5.2)

S(a,i b,j) =
R N A AT =
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where S is the full extended S matrix, a and b denote the fixed points of J,
while ¢ and j the fields into which the fixed points are resolved. For J = (0,1)
we know that the extended theory is the tensor product theory, whose S matrix
is the tensor product of the S matrices of the two factors. When we extend
w.r.t. (0,1) only two terms contribute on the r.h.s., namely S° = SPH#S and
S7. The indices a and b run over the off-diagonal fields. Hence it is natural to
write down the following ansatz for S” for J = (0,1):

J
S

mn)(pq)

= SpSng — SmaSnp |. (5.3)

This is unitary and satisfies the modular constraint (S777)3 = (S7)2. Here
Smp is the S matrix of the original theoryﬁ. Note that there is an apparent
sign ambiguity: the matrix elements depend on the labelling of the off-diagonal
fields, because the field (p, ¢) might just as well have been labelled (g, p). This
is irrelevant, since it merely amounts to a basis choice among the two split fields
originating from (¢,p). It is easy to check that the matrix S computed with
(23) is indeed the one of the tensor product, i.e. Sy,pSng.

5.1.2 S7 matrix for J = (k,0)

The order-2 current J = (k,0) arises only when k is even, so in this subsection
we will restrict to such values. The first thing we need to do is to determine the
orbits of the current, since they become the fields of the extended theory.

Either by looking at explicit low values of k or by general arguments, one
can observe a few facts about orbits of J = (k,0).
First, form the diagonal sector, J couples symmetric (anti-symmetric) represen-
tation of a field ¢o; with symmetric (anti-symmetric) representation of its image
J - ¢2; = ¢r_2; into length-2 orbits. In particular, the field (g,O) can couple
only to itself, hence it must be a fixed point. Similarly for the field (%, 1). So,
there are exactly k length-2 orbits and two fixed points coming from diagonal
fields.
Secondly, from the off-diagonal sector, only (¢2i, ¢2;) with 2¢ and 2j either both
even or both odd survive the projection, because only those have a well-defined
monodromy charge. Moreover, J couples the field (¢2;, ¢2;) with its image
J- (qf)gi, ¢2j) = ((bk—Qi, ¢k—2j)- In particular, fields of the form (gf)gj, (bk—Qj) must
be fixed points. There are % ((%)2 — %) length-2 orbits and % fixed points com-
ing from off-diagonal fields. In this formula, we divide by 2 because generically
fields are coupled into orbits. The contribution within brackets comes from the
number of off-diagonal fields that are not projected out minus the number of
off-diagonal fixed points.
Finally, there are no orbits coming from the twisted sector, but only &k + 2 fixed
points.

Putting everything together, the theory extended by J = (k,0) has 3k + 8
fixed points (i.e. twice the number given in section 3] plus @ length-2
orbits.

9As an exercise, one could try to write this S” matrix explicitly for k = 2. With our
conventional choice for the labels of the fields, it turns out to be numerically equal to minus
the S matrix of the original SU(2)2 theory isomorphic to the Ising model: S’ = —Ss5U(2)-
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Here an ansatz for S” is still unknown for generic values of the level k. We
have so far worked out only the simpler case k = 2, which is closely related to
the Ising model.

5.1.3 S’ matrix for J = (k1)

Also in this case k must be even in order for the current J = (k, 1) to be present.
The orbit structure here is, mutatis mutanda, analogous to the previous one.
From the diagonal sector, J couples symmetric (anti-symmetric) representation
of a field ¢o; with anti-symmetric (symmetric) representation of its image J -
¢2; = ¢r—2; into length-2 orbits. In particular, the fields (%, 0) and (%, 1) must
couple to each other, contributing an additional orbit. There are exactly k + 1
length-2 orbits and no fixed points coming from diagonal fields.

From the off-diagonal sector, one has the same length-2 orbits as for the previous
case above. So there are again % ((%)2 — %) orbits and % fixed points coming
from off-diagonal fields.

As above, there are no orbits coming from the twisted sector, but only k fixed
points.

Putting everything together, the theory extended by J = (k, 1) has 3k fixed
points (i.e. twice the number as given in section 3] plus @ + 1 length-2
orbits.

Also here an ansatz for S7 is unknown, except for the case k = 2, given
below.

5.2 S’ matrices for k =2

The case k = 2 is particularly simple to analyze, because the matrices involved
are relatively small, but it is also very interesting, because it gives us a lot
of insights. The orbit structure of this permutation orbifold is given in the
appendix.

First of all, as we have already remarked in footnote [@]

§I=01 = —SSU(z)2 ) (5.4)

resolving the three fixed points of the current (0,1) (see table[D). It is important
to remark here that the form of the S7 matrix depends very much on the choice
of the labels for the mother CFT: once we reshuffle the labeling of the original
SU(2)s spectrum, the S7 does not simply change by a reshuffling of its rows
and columns since some entries can drastically change as well.

Table 1: Fixed point Resolution: Matrix §7/=(0:1)

ST=OD 1 (g, 1) (¢o,d2)  (¢1,¢2)

(G0 1) | —3 —2 -1
(¢0, 92) —@ 0 @
(¢1, ) | —4 2 -3
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By numerical checks of unitarity and modular propertieé@7 one can also
guess the S7 matrix of the third current (2, 1):

S7=CD = —Sepa), - (5.5)

This is numerically equal to the previous one if we order the fixed point fields

according to their conformal weights in the same way as for the first current

(see table2]). Indeed, the origin of this equality is that these two extensions are
isomorphic to each other, having their fixed points and orbits equal weights.

Table 2: Fixed point Resolution: Matrix S/=(21)

SI=CD | (1,0) (g0, ¢2) (1,1)
N R

(%/,32) _\/Ti U \/75
wLy | -3

To determine the S” matrix of the second current (2,0) is a bit more compli-
cated. We would like to use the main formula (5.2) where we need the S matrix
of the extended theory. Observe that the extended theory has 16 primaries, of
which 2 x 7 come from the seven fixed points of J, all with known conformal
weights. Moreover, it also has central charge ¢ < 3. There are not many options
one has to consider. Indeed, one can show that the extended theory coincides
with the tensor product theory SU(3); x U(1l)ss extended with a particular
integer spin simple current of order three. We denote it here by (1,16). It has
no fixed points and its S matrix is known. Using (B.2]), we can now determine
the unknown S”/=20) by brute-force calculation. The result is given in table
B (more details in appendix [A]). The numbers a, b, ¢, d above are given by:

Table 3: Fixed point Resolution: Matrix S7=(20)

SJE(Q’O) (170) (17 1) (¢07¢2) (070) (07 1) (270) (27 1)

(1,0) 21a 21a 0 2ib —2ib  —2tb 2ib
(1,1) 2ia 21a 0 —2ib 2ib 2ib —2ib
(o, P2) 0 0 0 2ia —2ia  2ia  —2ia
(O,/H) 2ib —2ib 21a —2id —2id 2ic 2ic
(O,/T) —2ib 2ib —2ia —2id —2id 2ic 2ic
@ —2ib 2ib 21a 2ic 2ic 2id 2id

(2,1) 2¢b —24b —2ia 2ic 2ic 2id 2id

a=1p=_1 _ V22 d_\/2+\/§
— V= g %7773

Vo . One can check that the matrix above
is unitary, modular invariant and produces sensible fusion coefficients.

10Namely, one checks that S satisfies S7(S7)T =1 and (S/T7)3 = (S7)2.
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A few remarks are in order. First, it is interesting to observe that the
numbers @ and b are related to the S matrix of the original SU(2), CFT, while
¢ and d come from the corresponding P matrix, P = T'/2ST2ST'/2

Second, as it was derived, this matrix is not the only possible one. There in
fact exists a few other consistent] possibilities for S7 where some entries have
different sign. The reason for this is the ambiguity existing in choosing which
of the two splitted fixed points is number one and which number two. This is
important since, due to the group characters appearing in (5.2), a flip in their
order would produce a sign flip in the corresponding entry of the S7 matrix. So
all the non-diagonal entries are determined up to this sign ambiguity.

6 Fixed point resolution in SO(N); orbifolds

Another interesting example of fixed point resolution that we have worked out is
the SO(N); permutation orbifold. This is a relatively straightforward case since
we know the extended theories of all of its integer spin simple current extensions.
In fact, they can be derived from the same arguments given in section for
the SU(2)2 permutation orbifold. In the easier cases, the S’ matrix can be
computed using (B3], since the extension of the orbifold theory gives back
the tensor product theory (or a theory isomorphic to it); in more complicated
situations, the S/ matrix can be derived from (5.2]) and the knowledge of the
full, i.e. extended, S matrix via the embedding that we have mentioned before.
This embedding works as follows:

SO(N)perm

SO(2N) (6.1)

!
epl Tewt

SU(N) x U(1)

i.e. the extension of the permutation orbifold gives SU(N) x U(1) whose exten-
sion (with another particular current) is SO(2N), the group where the permu-
tation orbifold is embedded.

Let us remind a few facts about these two CFT’s [23]24]. The U(1)g CFT at
radius R has central charge ¢ = 1, R primary fields labelled by v = 0,1,..., R—1

with weight
2

u
hy, = Y7 mod Z. (6.2)

Its S matrix and corresponding fusion rules are given by

]. "U/M/

Suw = —= € 2T 6.3

VR 03

(u) - (u') = (u+ ') mod R. (6.4)

The SU(N); = A(N —1); CFT has central charge ¢ = N — 1, N primary fields
labelled by s =0,1,..., N — 1 with weight
s?2(N —1)

hs = N mod Z. (6.5)

111.e. unitary, modular invariant and with non-negative integer fusion coefficients.
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Its S matrix and corresponding fusion rules are given by

Sy = \/% 2R (6.6)
(s)-(s)=(s+s") mod N. (6.7)

For our study of SO(N) at level one, we only need to determine the level
of the SU(N) and the radius of the U(1) factors. After a few trials, it is not
difficult to convince ourselves that the level of the SU(N) factor is one and the
radius of the U(1) factor is 16N, while the integer spin simple current (with
order N) that we need to extend this product group in order to get SO(2N)
i (#,16), where the first entry denotes a particular field of the SU(N); CFT
depending' on the value N and the second entry another particular, but given,
field of the U(1)16n CFT. Explicitly,

(SO(N)l X SO(N)l/ZQ)eXt = (SU(N)l X U(l)lﬁN)eXt/ . (68)

The S matrix of the tensor product theory is simply the tensor product of the
two S matrices, Sg W) (s ) = SssSuw, while the S matrix of the extended

theory, S, is the tensor product S matrix multiplied by the order N of the
current [II]. Hence the S matrix of the extended tensor product (SU(N); x

U(l)lﬁN)(#716) is:
~ 1 2 uu’
S(su)(S’u’) = 1 exp {W <53/ - 1_6)} ) (6.9)

where the factor N in the denominator is cancelled by the order N in the
numerator. This gives the following fusion rules:

(s,u) - (s,u') = ((s+ s )mod N, (u + uv') mod 16N). (6.10)

Recall that in the extended theory only certain fields (s, ) appear, namely
those with integer monodromy charge with respect to the current (#,16). It is
given by
#-s(N—-1)4u

N
This allows us to analytically relate the labels s and u of the fields in the
extension to the fields in the permutation orbifolds, by comparing the weights
of the fields in the permutation, {hperm}, with the ones in the extension, hs,, =
hs + hy, and choosing s and u such that (61T is satisfied. This will be crucial
when we use ([&.2)).

Let us move now to study the fixed point resolution of the SO(N); permu-
tation orbifolds, distinguishing the case of N even and N odd.

Q#,16)(5,u) = — modZ . (6.11)

6.1 B(n); series

The B(n); = SO(N)1, N = 2n + 1, series has central charge ¢ = § and three

primary fields ¢; with weight h; = 0, %, % (1 = 0,1,2 respectively). The S

matrix is the same as the Ising model, as shown in table [l

121t is convenient to label fields in the tensor product by pairs (s,u), with s and u labeling
fields of the two factors. Sometimes other labels can be used, e.g. one single label [, with

Il =s-R+wuor vice versa s = Imod R and u = [%], squared brackets denoting the integer
part.

13E.g. for low values of N, # = 4.
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Table 4: S matrix for B(n);

Spy, | h=0 h=%1 h=2X
_ 1 1 V2
h=01 3 2 P}
h—1 | 1 1 _va
h=%1 2 -9 0

The B(n); series has two simple currentd™, namely the fields with hg = 0
(the identity) and h; = 3. In the tensor product they give rise to integer spin
simple currents and can both be used to extend the permutation orbifold. Hence,
according to our notation, (B(n)i)perm has four integer spin simple currents
arising from the symmetric and anti-symmetric representations of ¢g and ¢;.
Explicitly they are: (0,0), (0,1), (1,0) and (1, 1). This situation is very similar
to the one already studied in section[5.2l The extension w.r.t. the identity (0, 0)
is trivial. The extension w.r.t. the current (0,1) projects out all the twisted
sector and gives back the tensor product theory B(n); x B(n);; the fixed points
are all the three off-diagonal fields (ho; = %, hoa = %, hig = % + %) and hence
the corresponding S”, with J = (0, 1), is given by (5.3).

Also easy is the extension w.r.t. the current (1,1): it is indeed isomorphic to
the previous one. The fixed points are the off-diagonal field (¢o,$1) (h = 1)
and the two twisted fields coming from ¢, (with h = 1—]\é and % + 3). All their
weights are equal to the weights of the fixed points of the current (0, 1), hence, if
we label them according to h, the S matrix for the current (1,1) is numerically
the same as for (0,1).

A bit more involved is the S” matrix for the current (1,0). For this, we need
to use the main formula (52)).

6.1.1 (B(n)1)perm S7 matrix for J = (1,0)

There are seven fixed points for the current J = (1,0) of the permutation
orbifold (B(n)1)perm, coming from all possible sectors. From the diagonal fields,
we have (2,0) and (2,1) (both have h = &), from the off-diagonal (¢, ¢1) (with

— —

h = 1) and from the twisted (0,0) (h = &), (0,1) (h = & +1), (1,0) (h = 28

and (/1,-\1) (h = %8 4 1) We know the original S matrix for these fields, given

by SBHS. We also know the S matrix of the extended theory, S as in (G3),
given by the embedding (G.I)). Hence we can use the simplified version (A]) of
the main formula (5.2]) as given in appendix [Al to obtain the desired matrix.
Before giving the S7 matrix, there is a very important issue that we should
cover first. We mentioned before that the labels of the permutation and those
of the extension are different but related. How can we exactly relate them?
Recall in the extension, fields are defined by orbits of the current, with all the
fields in the same orbit having same weight (modulo integer) and same S matrix
(see [II]). Within each orbit in the extended theory, we choose the field with
lowest weight as representative of the splitted fields coming from the fixed point

14 And only two, because N is odd. This will be different for the D(n); series.
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resolution. According to this convention, every fixed point gets splitted in two
fields (s1,u1) and (s2,us2) given by:

o ifn=3047811,12,... <& if {"_ }isodd
(2,0) — (0,2N) &  (0,14N)
1) — (2,14N + 8) & (N -2,2N—8)
o ifn=56,910,13,14... < if {”_ }iseven
(2,0) — (2, 14N + 8) & (N -2,2N-8)
(2,1) — (0,2N) & (0,14N)
(6.12)
° for all n
(¢0,¢1) — (1,4) & (N— 1,16N—4)
0,0) — (0,N) &  (0,15N)
0,1) — (2,15N + 8) & (N-2,N-8)
1,0) — (N —1,N —4) &  (1,15N +4)
1,1 — (3,12— N) &  (1,N+4)

This table also fixes the order of which field we call “splitted field 17 and “split-
ted field 2”. We must use fields only from the first set or only from the second set
when computing S”. Both the two sets will give the same result, but we cannot
choose field representative randomly without losing unitarity and/or modular
invariance. It is interesting to check that the orbits corresponding to the two
splitted fields are “conjugate” of each other, in the sense that s; + so = 0 mod
N and uj + uo = 0 mod 16N.

The SY matrix is now given below. It is expressed in terms of the S and
P matriced™ of the mother B(n); theory; also a sign € appears, depending on
the value of N =2n+1, ¢ = (—1)[%_1], square brackets denoting the integer
part. We have checked that it is unitary (S”(S7)" = 1), modular invariant
((S7T7)? = —1 = (S8J)?) and it gives correct fusion coefficients.

15The P matrix is P = T1/28T2ST'/2 and for the B(n); series reads:

cos (% sin (%) 0
P = sin (% — cos (%) 0 )
0 0 1

where N =2n + 1.
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Stoyen = —%iN
Shoen = i
Sh.oGe) = —%—520821 =0
S(J2 00,0 —es e - 1520 = —i 1sin (%)
(J270)(071) = —ege T - l520 =1 %sm (%)
S(J270)(/13) = ege - % So1 = i %sin <%>
S(JQ,O)(l,l) = eze T 28y = i %mn (%)
Sewen = —%iN
S(J271)(¢>o,¢1) = _%_520521 =0
S{z,l)(of,ﬁ) = 6%‘37# + %5'20 = —i %sin (%)
ST = e%e# + %SQQ =i %sin (%)
ST = —e%e‘# + %Sm - i%sin (%)
Sé,1)(1/,1\) - _G%eﬂm + %5’21 = —i %sin (%)
Stoo01)(G091) = % — (Soo S11 + So1 501) = 0
SE]¢0,¢1>® - _%
SR B % .
g - _!
(¢0.61)(1.0) 2
S{¢07¢1)(1/:1\) - %
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1 o L /xN
J 01l a1 1
0,000,00 2e 8 Poo ) 2sm <—8 >
1 rin 1 TN
J _ 1 1 1
Sgmen = “3¢° t3fw = zQSm(_g)
1 wilN ]. 1 7TN
J = N N - = — Q
S<070><17o> - o3'e 2P01 = i 5 cos (_8 )
1 miIN T
J = a - = ) — Q
S@(TJ\) = 2Z€ 8 + P()l 1 2COb <—8 )
1 wilN ]. 1 7TN
J = —_ - - _ _4 - .
S@@ - 2¢ 7 2Poo = —tsin (—8 )
1 mn 1 1 N
J _ 1. 1 1
coam — i’ tgfu z2cos<—8>
T | 1 N
J . )
—_— = —_ __P — -
(CEVIERD) gte ° 01 i 5 cos <_8 )
1 wilN ]. 1 7TN
J = _—— -8 _— — - 3 _ ‘.
Stoam — 3¢ ZPn_szm(_S)
1 mn 1 1 N
J = — _ s
aoan 3¢ T3 z2sm<_8>
1 mwilN ]. 1 7TN
J L 1 _ L
Sthan = "3¢ ¢ pfm = igsin (_8 )

(6.13)

6.2 D(n); series

The D(n); = SO(N);, N = 2n, series has central charge ¢ = & and four
primary fields ¢; with weight h; = 0, £ 1 2 (; = 0,1,2,3 respectively). The

S matrix is given in table

Table 5: S matrix for D(n);

N N
1 1 1 1
h=01 3 3 2 2.
h=N 1 (=9 _1 _ (=9
h—t | % it 12 _1
2 2 2. 2 2.
h=N 1 _ (=9 _1 (=9
16 2 2 2 2

All the four fields of the D(n); series are simple currents. In the permuta-
tion orbifold, they give rise to four integer spin simple currents, namely (0,0),
(0,1), (2,0) and (2, 1), and to four non-necessarily-integer spin simple current’9,

16For n multiple of 4, these currents have also integer spin.
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1,0), (1,1), (3,0) and (3,1). We focus here on the first set. Again, the

current (0,0) gives a trivial extension. The current (0, 1) gives back the tensor
product D(n); x D(n);, with the six off-diagonal fields (ho2 = %, hiz = %,
ho1 = %, his = % + %, hos = %, hos = {V—G + %) as fixed points; the S7 matrix
is again given by (E.3).
The current (2,1) gives a theory isomorphic to the tensor product. Its fixed
points are the fields (¢, ¢2) (h = 3), (¢1,¢3) (h = &), two twisted fields com-
ing from ¢; (with h = £ and £ + 1) and other two from ¢3 (also with h = &
and % + %), all with same weights as for the off-diagonal fields. The S’ ma-
trix is again equal to the one for (0,1), if the fixed points are ordered suitably
according to their weights.

As before, more difficult is to derive the S7 matrix for J = (2,0), for which we

need (.2).

namely (1,0),
0)

6.2.1 (D(n)1)perm S7 matrix for J = (2,0)

There are six fixed points for the current J = (2,0) of the permutation orbifold
(D(n)1)perm, coming from off-diagonal and twisted fields. They are: (¢o, ¢2)

-

(with h = 3), (61, ¢5) (with h = ), (0,0) (h =4, (0,1) (h =L +1), (2,0)
(h=2F8) and (2,1) (h= 258 +1).

The S7 matrix can be derived following the same procedure as before. We
know S and SBHS and we still have (A1]). We use the same principle as before
to choose the orbit representatives according to their minimal weight. The table
in this case is:

° if n is odd
(¢1,¢3) — (0,2N) & (0,14N)
° if n is even
(1,¢3) —  (1,14N+4) &  (3,14N +12)
(6.14)
° for all n
(¢o, p2) — (1,4) & (N —1,16N —4)
0,0) — (0,N) &  (0,15N)
0,1) —  (215N+8) & (N-2,N-8)
2,00 — (N-1,N—4) & (115N +4)
21 — (N-1,15-N) & (1,N+4)

This fixes our order of “splitted field 17 and “splitted field 2”7. We must use
fields only from the first set or only from the second set as before. Orbits
corresponding to these two splitted fields are conjugate of each other.
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The S7 matrix is given below. It depends on the original S and P matriced™]
of the D(n); theory. We have defined the quantity r = n mod 2 = n — 2 [%},
which is 0 if n is even and 1 if n is odd. We recall that here N = 2n. We have
checked that it is unitary (S7(S7)" = 1), modular invariant ((S/T7)? = -1 =
(SJ)?) and gives correct fusion coefficients.

J
S(¢07¢2)(¢07¢2)

J
S(¢07¢2)(¢17¢3)

J —_—
(¢0,92)(0,0)

J —_—
(¢0,92)(0,1)

J
S 0,62) 509
J

S 60,62) B

J
S(¢17¢3)(¢17¢3)

J
S(¢1,¢3)®
J —_—
(¢1,93)(0,1)
J
S(¢1,¢3)(5’0\)
J

(¢17¢3)(/27T)

EA—
(0,0)(0,0)

A
(0,0)(0,1)

I
(0,0)(2,0)

I
0,0)(2,1)

1
= 5~ (Soo S22 + So2.S02) = 0
1
= 3~ (So1 S23 + Sp3.521) = 0
_ i
2
1
2
_ i
2
i
2
1 N
= 3¢ - (S11533+ S13513) = 0
1
_5 Z‘n+6r’0
1
5 in+5r,o
1
5 Z'n+5r,0
1
_5 Z‘n+5r,0
wi 1 N
e 8N——P00:—Z.§Sln<%)
1 = .1 . /7N
-e 8N+—P00 = —l§sm<?>
- 1 1 N
ie” BN—§P20 = z—cos(%)
i 1 N
ie 8N+—P20 = igcos<%>

"The P matrix for the D(n)1 series is:

TN

cos( 3 )
_inN
0 e "8
P =
s TN
sm( s )
. _inN
0 ie 8

TN . AT TN
?> 0 ie ~8 sin <?>
— cos (%) 0
N —izN N
< ) 0 e 8 cos (—8
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1 e L /rN
J = o N - - = —_ —
Seoen T 2°¢ Foo i = sin (_8)
]- i N 1 1 7TN
J = o ) - p— y —
Sthan — 3¢ ° t3Pw 22cos<_8>
]- TiN 1 1 7TN
J y - .
;1 1,1
SenaED e ® bo = i 5 cos <_8 )
J _ 1 _mN _l 1 ] N
Seoem - 2° 2P22_125m(_8)
1 wilN 1 1 7TN
J _ 1 1 o1
Saman — 3¢ tal» = 225111(_8)
1 TilN 1 ]_ 71_]\]’
J _ 1 1 o1
Sanen - 2¢ 2P22—125m(_8)

(6.15)

6.3 Comments

A few comments are in order.
First of all, observe that the S/ matrices (6.13) and (6.15) are purely imaginary.
Secondly, S (J/\ _— does not depend on ¥ and Y.

p,¥)(a,%)
Third:
J iy
Swosnemd <€ (6.16)

i.e. this entry changes sign as we change .

7 Conclusion

In this paper we have studied the simple current and fixed point structure of
permutation orbifolds and we have asked the question of resolving fixed points
in these extensions. We did not do it in general but only for the SU(2)2 orbifolds
and for the B(n); and D(n); series. The main results were presented in sections
and

Future directions of research are the following. First we would like to solve
the problem in full generality by giving a sensible ansatz for the SY matrix
for an arbitrary CFT. We expect that this ansatz should depend neither on
the particular CFT nor on the particular current used in the extension. The
results for the special cases considered here give some hints about such a general
formula, and we hope this will lead us to an educated guess, which can then be
checked.

Secondly, the two SO(N); series are interesting since they appear in the
numerator of the coset CFT defining N=2 minimal models. Note that a per-
mutation orbifold of two identical N=2 minimal models is not an N=2 model
itself. To impose the word-sheet supersymmetry, the chiral algebra of the sepa-
rate factors must be extended by the product of the two supercurrents, a spin-3
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current. Even though our explicit formulas apply only spin-1 currents of per-
mutation orbifolds (apart from the special case (0,1)), this particular spin-3
current is included, since its factor (the supercurrent) originates from the vec-
tor representation of SO(2);. The coset construction lifts its conformal weight
to %, but the fixed point resolution procedure still applies. Using this extension,
we should be able to derive a “super-BHS” formula for permutation orbifolds
of supersymmetric RCFT’s. We intend to study this later on.
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A S7=20) in SU(2), orbifolds

In this appendix we would like to give a few details about how to compute the
matrix given in table[Bl The main tool is the use of formula (5.2), which in this
case simplifies into:

Stwmn = 5| SETS + W)LY ()] (A1)

Here, a and b run over the fixed points of J = (2,0), while 4, j = 1, 2 refer to the
two splitted fields in the extension. Our assignment for the group characters is:
Uy (J) =1,¥y(J) = —1. It is completely arbitrary and we could have very well
made the opposite choice.

SBHS is the orbifold S matrix given in table[@ The extended S matrix can
be derived from the embedding (6.1)) and is given in table [ (the dashed part
can be filled out by symmetry). The extending current is (1, 16). In details,

(SU(2)2 X SU(2)2/Z2)(2’0) = (SU(3)1 X U(1)4g)(1’16) . (A2)

Note that g(ml)(bu‘) = S’E‘a,g)(b’j), for every a, b, j. Also, observe that we could
have interchanged the indices 1 <> 2 in the order of the two splitted fields. In
deriving the matrix S below, we have chosen the following order for the two
splitted fields (s1,u1) and (s2,u2):

(1,0) — (1,46) &  (2,2)
(1,1) — (0,6) &  (0,42)
((bo,/i) — (2,44) & (1,4)
0,00 — (0,3) &  (0,45)
0,1) — (2,5 &  (1,43)
2.0) — (247) & (1,1
2.1 — (0,9 & (0,39

Table 6: Fixed point Resolution: Matrix SBHS

SBHS (150) (151) (¢07¢2) (070) (071) (270) (271)
(1L,o) | 0 0 9% 2 2 -2 2
(1,1 0 0 —2a —2b —2b 2b 2b

(¢o, d2) | —2a —2a 2a 0 0 0 0
(0,0) 2b —2b 0 2c —2c 2d —2d
01 | 26 -2 0 2% 2  —2d 2
2,00 | 26 2 0 °0d -2 -2 2
@1 | -2 2 0 2d 24 2 -2

At this point, the matrix S” as given in table (@) can be derived by subtrac-
tion.
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Table 7: Fixed point Resolution: Matrix SBHS

1€

g(aﬂ')(bd’) (1,0);  (1,0)2 (1,1);1 (,1)2  (do,P2)1 (9o, P2)2 (0, 0)1 (0, 0)2 (0, 1)1 (0, 1)2 (2, 0)1 (2, 0)2 (2, 1)1 (2, 1)2
(1,0)4 ia —ia ia —ia —a —a b+ b b—ib b—ib b+ib —-b—ib —b+ib —b+idb —b—ib
(1,0)2 —ia ia —ia ia —a —a b—ib b+1ib b+ b b—ib —b+ib —-b—ib —b—ib —b+ib
(1,1), ia —ia ia —ia —a —a -b—ib —b+ib —b+ib —b—ib b+ib b—1b b—1ib b+ib
(1,1)2 —ia ia —ia ia —a —a —b+ib —-b—ib —-b—ib —b+ib b—id b+1b b+ b b—1ib

(¢o, 2)1 —a —a —a —a a a ia —ia —ia ia ia —ia —ia ia

(d0, 2)2 —a —a —a —a a a —ia ia ia —ia —ia ia ia —ia
ml - - - - - - c—id c+id —c—id —c+id d+ic d—ic —d+ic —d—ic
mz - - - - - - c+id c—id —c+id —c—id d—ic d+ic —d—ic —-d+ic
((L/T)l - - - - - - - - c—id c+id —d+ic —-d—ic d+ic d—1ic
((L/T)Q - - - - - - - - c+id c—id —d—ic —-d+ic d-—ic d+ic
@1 - - - - - - - - - - —c+id —c—id c+id c—id
(27/?)2 - - - - - - - - - - —c—id —c+id c—1id c+id
(Q,/T)l - - - - - - - - - - - - —c+id —c—id
(Q,/T)2 - - - - - - - - - - - - —c—id —c+id




B Tables for SU(2); Orbifold

In order to help the reader follow the first part of the paper, in this appendix
we present tables of simple currents and corresponding fixed points and orbits
for the SU(2), ® SU(2)k/Z2 orbifold theory for a few values of the level k.

In the paper we have analyzed in detail the £ = 2 situation, for which we
found all the three S7 matrices. It seems then convenient to list here their orbits
corresponding to (0, 1), (2,0), (2,1).

J=(0,1) Fixed points Length-2 orbits
(b0, ¢1), h =15 (0,0),(0,1)), h=0
(b0, ¢2), h =3 (1,0),(1,1)), h=%
(61,¢2), h =15 (2,0),(2,1)), h=1
J =(2,0) Fixed points Length-2 orbits
(1,0), h:% (0,0),(2,0)), h=0
(1,1), h=4 0,1),(2,1)), h=1
(09, d2), h = 3
(0,0), h=g
(2,1), h=21
J=(2,1) Fixed points Length-2 orbits
(b0, ¢2), h =3 (0,0),(2,1)), h=0
(1,0), h= & (0,1),(2,0)), h=1
(1,1), h=4 (1,0),(1,1)), h =2

It is also interesting to look at larger orbit structures where the pattern
discussed in the paper becomes clear. We take e.g. kK = 8. We give here the
orbits of the simple currents (8,0) and (8,1). After doubling the fixed points,
these give the two extended theories. At this stage, an analogous table for the
current (0,1) should be trivial to make.

32



Fixed points

(8,0)

J

o o
o oo o mho ©ho n D& S
—ho Mmhn ©Oho Hho 9_2 =& | | ho <l _ _

DR IR e @ wiw wiw SR RS =) PR PR ane ale wiw o o <SS S S S

L e e I e e T T T Ty

—_ s~~~ ~ T~

0 0 0 © b~ b~
hahahahahahahaha%%%%@@ LM\)\)\Ia/\w\w\la/\l/\))JanmnﬁﬁJmnﬁ
T T TN R R T R T N N S T H AR X R X X »
B E R i =as 252388 £8
I I R N I T T e e oSS LT 20T T T
P P R T R Sl oo EeTEeT®
S TS TSRS N8 S8 E S s s dddadss+S€8SESE
cecocggegesssEsEs | PN I NI NP PN

~ [=-Rv=1 ~ [=Rv=1

o oo o ol 0o 2| © H[© O =[O MO IO B[O 0[O
oho oho || || Il || 3_2 SlQ s ol 9_2 @ o o 2_23_2 ® || || Il Il 3_1 1_1 o 6_8 4_8 8_8 1_1 =
T | e O T I B B T | | | | | [ R
B e e 8l 2 2 1 = = = = = e & <
R R R R R R R R R R L v ~ "o " R R R R R R R R
~ < & & & & =< < < <, =<, =<, =<, X< gl & & & < < <, < =<, <, =, =<
010;h%&0101010101 mmh%&01010101
T T EESET e \Fleieirie & EE S0\ R 0w\ i\

—~

—

)

I

J

33



References

[1]

[13]

[14]

[15]

[16]

A. A. Belavin, A. M. Polyakov and A. B. Zamolodchikov, “Infinite con-
formal symmetry in two-dimensional quantum field theory,” Nucl. Phys. B
241 (1984) 333.

D. Gepner, “Exactly Solvable String Compactifications on Manifolds of
SU(N) Holonomy,” Phys. Lett. B 199 (1987) 380.

D. Gepner, “Space-Time Supersymmetry in Compactified String Theory
and Superconformal Models,” Nucl. Phys. B 296 (1988) 757.

A. Klemm and M. G. Schmidt, “Orbifolds by cyclic permutations of tensor
product conformal field theories,” Phys. Lett. B 245 (1990) 53.

L. Borisov, M. B. Halpern and C. Schweigert, “Systematic approach
to cyclic orbifolds,” Int. J. Mod. Phys. A 13 (1998) 125 [arXiv:hep-
th/9701061].

P. Bantay, “Characters and modular properties of permutation orbifolds,”
Phys. Lett. B 419 (1998) 175 [arXiv:hep-th/9708120].

P. Bantay, “Permutation orbifolds,” Nucl. Phys. B 633 (2002) 365
[arXiv:hep-th/9910079].

A. N. Schellekens and S. Yankielowicz, “Extended Chiral Algebras and
Modular Invariant Partition Functions” Nucl. Phys. B 327 (1989) 673.

K. A. Intriligator, “Bonus Symmetry in Conformal Field Theory” Nucl.
Phys. B 332 (1990) 541.

A. Cappelli, C. Itzykson and J. B. Zuber, “Modular Invariant Partition
Functions in Two-Dimensions,” Nucl. Phys. B 280 (1987) 445.

A. N. Schellekens and S. Yankielowicz, “Simple currents, modular invari-
ants and fixed points,” Int. J. Mod. Phys. A 5 (1990) 2903.

J. Fuchs, B. Schellekens and C. Schweigert, “From Dynkin diagram sym-
metries to fixed point structures,” Commun. Math. Phys. 180, 39 (1996)
[arXiv:hep-th/9506135].

A. N. Schellekens and S. Yankielowicz, “Modular invariants from simple
currents: an explicit proof,” Phys. Lett. B 227 (1989) 387.

J. Fuchs, A. N. Schellekens and C. Schweigert, “A matrix S for all simple
current extensions,” Nucl. Phys. B 473 (1996) 323 [arXiv:hep-th/9601078].

A. N. Schellekens, “Fixed point resolution in extended WZW-models,”
Nucl. Phys. B 558 (1999) 484 [arXiv:math/9905153].

R. Dijkgraaf and E. P. Verlinde, “Modular Invariance And The Fusion
Algebra,” Nucl. Phys. Proc. Suppl. 5B (1988) 87.

A. N. Schellekens and S. Yankielowicz, “Field identification fixed points in
the coset construction,” Nucl. Phys. B 334 (1990) 67.

34



[18]

[19]

[20]

[21]

[22]

[23]

[24]

M. Bianchi, G. Pradisi and A. Sagnotti, “Planar duality in the discrete
series” Phys. Lett. B 273 (1991) 389.

J. Fuchs, L. R. Huiszoon, A. N. Schellekens, C. Schweigert and J. Walcher,
“Boundaries, crosscaps and simple currents,” Phys. Lett. B 495 (2000) 427
[arXiv:hep-th/0007174].

G. Pradisi, A. Sagnotti and Y. S. Stanev, “Planar Duality In SU(2) WZW
Models,” Phys. Lett. B 354 (1995) 279 [arXiv:hep-th/9503207].

T. Gannon, “Integers in the open string,” Phys. Lett. B 473 (2000) 80
[arXiv:hep-th/9910148].

E. P. Verlinde, “Fusion Rules And Modular Transformations In 2d Confor-
mal Field Theory,” Nucl. Phys. B 300 (1988) 360.

V. G. Knizhnik and A. B. Zamolodchikov, “Current algebra and Wess-
Zumino model in two dimensions,” Nucl. Phys. B 247, 83 (1984).

D. Gepner and E. Witten, “String Theory on Group Manifolds,” Nucl.
Phys. B 278 (1986) 493.

35



	Introduction
	Definition of the problem
	Simple currents of the orbifold CFT
	Simple current structure
	Fixed point structure
	Twisted sector
	Off-diagonal fields
	Diagonal fields

	Fixed points from fusion coefficients
	Twisted sector
	Off-diagonal fields
	Diagonal fields


	Example: SU(2)k
	Generalities about SU(2)k WZW model
	SU(2)k SU(2)k /Z2 Orbifold: particular level
	SU(2)k SU(2)k /Z2 Orbifold: generic level

	Fixed point resolution in SU(2)k orbifolds
	SJ matrices
	SJ matrix for J(0,1)
	SJ matrix for J(k,0)
	SJ matrix for J(k,1)

	SJ matrices for k=2

	Fixed point resolution in SO(N)1 orbifolds
	B(n)1 series
	(B(n)1)perm SJ matrix for J=(1,0)

	D(n)1 series
	(D(n)1)perm SJ matrix for J=(2,0)

	Comments

	Conclusion
	SJ(2,0) in SU(2)2 orbifolds
	Tables for SU(2)k Orbifold

