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Abstract Some of the operator product expansions (OPEs)
between the lowest 16 higher spin currents of spins
(1,3,3,3,3,2,2,2,2,2,2,3,3,3.3.3) in an extension
of the large A/ = 4 linear superconformal algebra were con-
structed in A = 4 superconformal coset 238; theory previ-
ously. In this paper, by rewriting these OPEs in the ' = 4
superspace developed by Schoutens (and other groups), the
remaining undetermined OPEs in which the correspond-
ing singular terms possess the composite fields with spins
s = %, 4, %, 5 are completely determined. Furthermore, by
introducing arbitrary coefficients in front of the composite
fields on the right-hand sides of the above complete 136
OPEgs, reexpressing them in the A" = 2 superspace, and using
the N/ = 2 OPEs Mathematica package by Krivonos and
Thielemans, the complete structures of the above OPEs with
fixed coefficient functions are obtained with the help of vari-
ous Jacobi identities. We then obtain ten A = 2 super OPEs
between the four A/ = 2 higher spin currents denoted by
(1,3,3,2), 3,2,2,3), (3,2,2,3), and (2, 3, 3,3) (cor-
responding 136 OPEs in the component approach) in the
N = 4 superconformal coset %&? theory. Finally, we
describe them as one single A = 4 super OPE between the
above 16 higher spin currents in the N = 4 superspace. The
fusion rule for this OPE contains the next 16 higher spin cur-
rents of spins of (2, % % % % 3,3,3,3,3,3, % % % % 4)
in addition to the quadratic ' = 4 lowest higher spin mul-
tiplet and the large N' = 4 linear superconformal family of
the identity operator. The various structure constants (fixed
coefficient functions) appearing on the right-hand side of this
OPE depend on N and the level k of the bosonic spin-1 affine
Kac—-Moody current. For convenience, the above 136 OPEs
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in the component approach for generic (N, k) with simplified
notation are given.

1 Introduction

In the large N' = 4 holography observed in [1], the duality
between matrix extended higher spin theories on AdS3 space
with large N' = 4 supersymmetry and large N' = 4 coset
theory in two-dimensional conformal field theory (CFT) was
proposed.! One of the consistency checks for this duality
is based on the matching of correlation functions. The sim-
plest three-point functions consist of two scalar primaries
and one higher spin current. Then the zero-mode eigen-
value equations of the higher spin Casimir current in the
two-dimensional N' = 4 coset model should coincide with
the zero-mode eigenvalue equations of the higher spin field
in an asymptotic (quantum) symmetry algebra of higher
spin theory on the AdS3 space. Recently, in [6], the zero-
mode eigenvalue equations (and the corresponding three-
point functions) of the bosonic (higher spin) currents of spins
s = 1,2, 3 with two scalars for any finite N and k (and for
large N ’t Hooft limit) were obtained. (Recall that the group

! In the large-level limit of type IIB string theory on AdS3 x$3 x §3 x S!,
one of the two three-spheres becomes flat and decompactifies to R> (and
to the three-torus T3) and then one obtains type IIB string theory on
AdS; x 8% x T*. In [2], a better understanding of string theory in the
tensionless limit was described from the viewpoint of Vasiliev higher
spin theory. In particular, they found that perturbative Vasiliev theory is
a subsector of tensionless string theory. In [3], unbroken stringy sym-
metry algebra is studied further. The corresponding AdS; x §° x K3
theory on the tensionless point is described in [4]. Very recently, in [5],
using conformal field perturbation theory that gives nonzero string ten-
sion, it is shown that the symmetry generators of the symmetric orbifold
theory of T* describe Regge trajectories. The leading Regge trajectory
have lowest mass for a given spin and the higher spin generators are
expressed in terms of quadratic free fields. The subleading Regge trajec-
tories where the higher spin generators are expressed in terms of cubic-
and higher-order free fields are also analyzed.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-016-4234-2&domain=pdf
mailto:ahn@knu.ac.kr
mailto:manhea@knu.ac.kr

389 Page 2 of 24

Eur. Phys. J. C (2016) 76:389

G of N = 4 coset theory is given by G = SU(N + 2) and
the level of the spin-1 Kac—Moody current is given by the
positive integer k.)

What happens for AdS3 bulk theory? How can we observe
the findings [6] on the eigenvalue equations and three-point
functions in two-dimensional CFT computations in the con-
text of higher spin theory on the AdS3 space? Itis well known,
in the similar bosonic duality studied in [7,8], that the three-
point functions for the spin-s (s = 2, 3, 4, 5) Casimir cur-
rent with two scalars in two-dimensional CFT for any finite
N and k (and for the large N ’t Hooft limit) matched those
for the spin-s field in the asymptotic symmetry algebra of
higher spin theory on the AdS3 space [9,10] (see also [11]).
It was crucial for this consistency check to have asymptotic
symmetry algebra for any N and k explicitly to calculate the
eigenvalue equations of the higher spin-s field in an asymp-
totic quantum symmetry algebra of higher spin theory on
the AdS3 space. In the large N = 4 holography, the corre-
sponding asymptotic symmetry algebra of higher spin theory
on the AdS3 space is not yet known. Therefore, we should
determine the asymptotic symmetry algebra to calculate the
three-point functions of higher spin theory on AdS3 space.
Along the lines of [8-10], we would like to construct the
operator product expansions (OPEs) between the lowest 16
higher spin currents for generic N and k.

One of the main results in [12] was that there exist com-
plete OPEs, for N = 3 and arbitrary k, between the 16 higher
spin currents (one spin-1 current, four spin—% currents, six
spin-2 currents, four spin—% currents, and one spin-2 current)
except for some singular terms possessing composite fields
with spins s = %, 4, %, 5. We would like to construct the
complete OPEs between the 16 higher spin currents for any
N and k. The ultimate goal (which will appear in the near
future) is to calculate the eigenvalue equations and corre-
sponding three-point functions of the higher spin fields in an
asymptotic symmetry algebra of higher spin theory on the
AdS3 space.

How can we obtain the general N behavior formthe N = 3
results in [12]? One way to obtain the N behavior is to cal-
culate the OPEs from the N-dependent higher spin currents
(expressed in terms of various multiple products of WZW
currents) manually as done in [9,10]. In principle, this is
possible, but there exist too many (higher spin) currents: 16
higher spin currents as well as other 16 currents from the large
N = 4 superconformal algebra. We should calculate the
136(=16+415+- - -+2+1) OPEs and rearrange them in terms
of the composite fields from the above (16 4 16) currents
and their derivatives. Then we could use another approach
to obtain the N dependence explicitly in the OPEs between
the higher spin currents. We can also proceed from what has
been done in [12] for different values of N. For example, we
can increase the valueof N as N =5,7,9, 11, 13, .... With
the help of Thielemans’ package [13], several N cases can
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give us the consistency check needed to ensure the particular
singular term. From the explicit OPEs in [12], some of the
OPEs have very complicated k dependence in the fractional
structure constants, and the numerical values appearing in the
power of k£ will be generalized to N-dependent terms (some
power of N). For the fractional k-dependent coefficient func-
tions, where the power of k is large, we need to consider more
finite N values (for example, beyond N = 13). Therefore, we
cannot determine the complete OPEs from these several N
cases because there are still undetermined OPEs for N = 3
and we should repeat the above procedures without knowing
the maximum value for N.

However, we can use the power of the ' = 4 supersym-
metry. We expect that, by using this A/ = 4 supersymmetry,
some of the unknown structures in the (higher spin) currents
or some OPEs between them can be fixed. In other words, the
N = 4 supersymmetry is the sought-after kind of constraint
that preserves behind an extension of large A/ = 4 linear
superconformal algebra. We can also use the Jacobi identity
between the (higher spin) currents. It is well known that the
above WZW construction (that is, the construction of higher
spin currents using the WZW currents) satisfies the Jacobi
identities automatically [14]. We can easily see that the pre-
vious results for N = 3 [12] satisfy the Jacobi identities. In
Thielemans’ package [13], we can check the Jacobi identities
for any given OPEs. It is natural to ask whether we can find
the complete OPEs for generic N and k by taking the same
OPEs for the N = 3 case and replacing the structure con-
stants with undetermined coefficients. Of course, these coef-
ficients reduce to the N = 3 results if we restrict the problem
to the particular N = 3 case, as done in [12]. It will turn out
that there exist consistent solutions for the above coefficients
that can be obtained by solving the various Jacobi identities.

Thielemans’ package [13] is based on the OPEs in the
component approach. However, if we use the Jacobi identities
inside of this package, too many unknown coefficients (which
should be determined later) are introduced. Some experi-
ence in using this OPE package indicates that it is better to
solve the Jacobi identities with a small number of unknown
coefficients. Fortunately, there exists the other package by
Krivonos and Thielemans [15], which is based on the OPEs
in the NV = 2 superspace. Because any current in the N/ = 2
superspace contains four component currents, we obtain a
reduced number of unknown coefficients. Therefore, we use
the Jacobi identities in the A/ = 2 superspace while to check
the consistency we can use the Jacobi identities in the com-
ponent approach (since for fixed structure constants it does
not take too much time to check the Jacobi identities). We
can easily proceed from the component results to the NV = 2
superspace results of [15] and vice versa.

How can we determine the complete structures (that is,
the possible composite fields up to spin-5 where the OPE
between the higher spin-3 currents can have composite fields
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with spin-5 at the first-order pole) appearing on the right-
hand side of the above 136 OPEs? As mentioned before, we
can proceed to the N/ = 4 superspace (or to the N' = 2
superspace) from the component results in [12]. The N = 4
single OPE between the N' = 4 multiplet and itself can be
expanded in terms of Grassmann (or fermionic) coordinates.
Then the coordinate difference for the singular terms is given
by the difference for the ordinary coordinate. To derive the
OPE in the N/ = 4 superspace, we should reexpress this
difference for the ordinary coordinate in terms of the differ-
ence for the N' = 4 superspace coordinate by subtracting
the product of Grassmann coordinates (and adding the same
quantity) from the above difference for the ordinary coor-
dinate. Then any fractional power of the difference for the
ordinary coordinate can be expanded in terms of the sum of
fractional power of the difference for the A = 4 superspace
coordinate by using a Taylor expansion with the help of the
property of Grassmann coordinates. Then any singular term
in the single A/ = 4 OPE contains the product of Grassmann
coordinates, the fractional power of the difference for the
N = 4 superspace coordinate, and the ordinary coordinate-
dependent pole terms from the OPEs between the various
16 higher spin currents. After simplifying these complicated
singular terms in an A/ = 4 supersymmetric way, we can
obtain the results in [12] in terms of a single A" = 4 OPE. In
other words, the undetermined parts of the 136 OPEs in [12]
are completely fixed.

Now we can proceed to the N/ = 2 superspace from
these component results and all the expressions are given for
N = 3. Let us replace the structure constants, which have
k dependence explicitly with arbitrary coefficients. Then we
have the complete OPEs in the A = 2 superspace with unde-
termined structure constants.” We use the Jacobi identities to
fix the structure constants. In general, the new N = 2 pri-
mary current (which transforms as a primary current under
the N = 2 stress energy tensor) can appear on the right-hand
side of the OPEs as the spins of the currents increase. The
above 16 higher spin currents can be represented by four

2 S0 far, the field contents on the right-hand side of the OPEs are the
same as the ones in [12] in the A" = 2 superspace. For the lowest V' = 4
(higher spin) multiplet, the exact relations between the 16 higher spin
currents and the ones in this paper (or the ones in [24]) are known explic-
itly. For the next lowest N/ = 4 higher spin multiplet, they will depend
on (N, k) in a complicated way. For example, the higher spin-2 current
residing in the next lowest higher spin current denoted by P?(z) in
[12] contains tb(()z) (z) (or, equivalently, V(,(Z) (2)), as well as many extra
terms with (N, k)-dependent fractional coefficient functions. The merit
of the Jacobi identity is that we do not have to determine the exact rela-
tions between the next lowest higher spin currents and the ones in this
paper. We simply introduce the unknown coefficient functions in front
of the possible composite fields. They will be fixed by using the Jacobi
identity. However, it will turn out that, if we obtain the complete OPEs
between the higher spin-1 current and the 16 higher spin current in the
SO(4) manifest basis for generic (NN, k), then all the remaining structure
constants are automatically determined via A" = 4 supersymmetry.

N = 2 multiplets. Similarly, the 16 currents of the large
N = 4 linear superconformal algebra can be combined into
four ' = 2 multiplets (where one of them is given by chiral
and antichiral currents). Then we can use the Jacobi identi-
ties by choosing one N' = 2 current and two A = 2 higher
spin currents. We cannot use the Jacobi identities by taking
three A = 2 higher spin currents because, if we consider the
OPE between any N = 2 higher spin currents and another
new N = 2 higher spin current, we do not know this OPE at
this level. Therefore, the three quantities used for the Jacobi
identities are given by one N’ = 2 current and two N = 2
higher spin currents. We can also consider the combination
of one A/ = 2 higher spin current and two A = 2 currents or
the case with three A/ = 2 currents, but these will do not pro-
duce any nontrivial equations for the unknown coefficients.
They are satisfied trivially.

There is a concern about whether we can fix all the
unknown coefficients completely even though we do not
exhaust all the Jacobi identities. It will turn out that all the
structure constants are determined except for one arbitrary
unknown coefficient. In other words, all the known structure
constants are expressed in terms of this unknown coefficient.
How can we fix this unknown quantity? One way to deter-
mine this quantity is by considering the other four N' = 2
higher spin currents in principle, but this is not so useful. This
leads to another new problem because we should consider the
OPE between the previous AV = 4 higher spin multiplet of
superspin 1 and the new N/ = 4 higher spin multiplet of
superspin 2. We can also find the above unknown coefficient
by looking at the particular OPE as values of N are varied.
Eventually, we can determine the final unknown coefficient
by using this analysis. In the component approach, the OPE
between the higher spin-1 current and the higher spin-3 cur-
rent for several N values provides the (N, k) dependence of
the above unknown coefficient.

In Sect. 2, the large N = 4 linear superconformal algebra
is reviewed. The 16 currents are expanded in an expansion
of the Grassmann coordinates in the A = 4 superspace. The
single OPE between the 16 currents in the N' = 4 superspace
is given. The various OPEs between the 16 currents in the
component approach are also described. Another basis for
the same large A/ = 4 linear superconformal algebra is also
provided. The coset realization for the large N/ = 4 linear
superconformal algebra is given by identifying the two levels
of the large N = 4 linear superconformal algebra with two
parameters appearing in N = 4 coset theory.

In Sect. 3, the 16 higher spin-s currents are introduced
in the N = 4 superspace. The definition for the N' = 4
primary current in the A" = 4 superspace is described. The
component results by projection into this definition can be
obtained. We also present the above 16 higher spin-s currents
in the primary basis. In other words, they are primary currents
under the stress energy tensor. The other component results,
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where SU(2) x SU(2) symmetry is manifest, are described.
In this basis, the higher spin-(s 4 2) current, which is the last
component of this NV = 4 multiplet (and its spin is maximum
inside of this multiplet), is not a primary current under the
stress energy tensor. The precise simple relations between
the above lowest 16 higher spin currents with the ones in
[12] are given explicitly.

Section 4 is similar to Sect. 3, but it is for the N' = 2
superspace. The N' = 4 primary current condition introduced
in Sect. 3 is rewritten in the A/ = 2 superspace. The four
N = 2 multiplets of spins s, (s + 3), (s + 1), and (s + 1)
are located at the particular components of the above N = 4
multiplet in an expansion of two Grassmann coordinates. The
precise relations between the four ' = 2 multiplets and their
16 component currents are described.

In Sect. 5, based on the previous results for N = 3 in
[12], we proceed to the A = 4 superspace. By introducing
the arbitrary coefficients in the ten A' = 2 OPEs, we solve
the various Jacobi identities to determine the above unknown
coefficients, which depend on (N, k). The final ten OPEs in
the N/ = 2 superspace are given, and the fusion rules are
described.

In Sect. 6, we proceed to the component approach from
the N' = 2 results in Sect. 5. From the precise relations found
in Sect. 5, we obtain the final N' = 4 OPE for generic N and
k. The fusion rule is also given.

In Sect. 7, a summary of this paper is given and possible
future work is presented.

In Appendices A-J, which appear in the arXiv version
only, the detailed computations in Sects. 2—7 are presented.

For a reader interested in the construction of the N' = 2
superspace description, the main text and Appendix G are
useful. For the component approach, the main text and
Appendix H are crucial. For a description of the N' = 4
superspace, refer to the main text and Appendix I.

The packages in [13,15] are used in this paper.?

2 Review of the OPEs between the 16 currents
in A/ = 4 superspace

In this section, we describe the 16 currents of the large
N = 4 linear superconformal algebra in the N” = 4 super-
space, where SO(4) symmetry is manifest. Then the corre-
sponding large N = 4 linear superconformal algebra, which
consists of 13 nontrivial OPEs in the component approach
(in Appendix A), can be expressed in terms of a single
N = 4 (super) OPE. A description in another basis, where
SU2) x SU(2) symmetry is manifest, is also reviewed.

3 We describe the 16 currents of the large V' = 4 linear superconfor-
mal algebra as “the 16 currents” simply and the 16 lowest higher spin
currents of the ' = 4 multiplet as “the 16 higher spin currents”. Some-
times we ignore the “super” appearing in supercurrent, superfield, or
super OPE because it occurs many times in this paper.
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Finally, the realization for the large AN/ = 4 linear super-
conformal algebra is also reviewed.

2.1 SO(4)-singlet N' = 4 stress energy tensor of superspin
0

The coordinates of the A' = 4 (extended) superspace can
be described as (Z, Z), where Z = (z,0%), Z = (z, 6'),
andi = 1, 2, 3, 4 and the index i is the SO(4)-vector index.
The left covariant spinor derivative is given by D' = 6’ % +
% and satisfies the following nontrivial anticommutators:
{D', D/} = 261 . Here the Kronecker delta §'/ is the rank
2 SO(4) symmetric invariant tensor. Then the A = 4 stress
energy tensor can be described as follows [18] (or see [19],
where the N/ = 1 and N/ = 2 superspace descriptions are

given):

INZ) = —A@2) + 0TI (2) — i0* Tk Tik(2)
— 0% (GT — 20i 0T ) ()
+60402L — 200°A)(2)

=-A@)+i0' T @) +i6°T(2)

+i0° T 2) +i0° T4 ()
—i0' 02 T*()+i0'0> T?(2)—i0'6* TH(2)
—i0203 TH()+i 620 TR (2)
—i0%0*T'12(2) —6%266° (G' —2ai 0T 1)(2)
—0'930%(G* = 20i IT?)(2)
—0'0%0%(G® —20i a7 () — 0 02 63
x(G* = 20i 9T%)(2)

+6'0%260% 0% 2L — 20 3°A)(2). 2.1)

In the first line of (2.1), the summation over repeated indices
(which implies that the N = 4 stress energy tensor J® (Z)
is an SO(4) singlet) is taken.* The simplified notation (in the
multiple product) 84~ is used for 6! 62 3 64, The comple-
ment 4 — i is defined such that 6* = #*~7 6'. In the second
line of (2.1), the complete 16 currents for the N = 4 stress
energy tensor are described in an expansion of Grassmann
coordinates completely. The quintic- and higher-order terms
in @' vanish owing to the property of #'. The 16 currents are
given by a single spin-0 current A(z), four spin—% currents

4 In this notation, the superscript (4) has nothing to do with the spin.
It stands for the number of the supersymmetry. Later we introduce
the NV = 4 (higher spin) multiplet ®© (Z) of superspin s. Then it
is more appropriate to write the A" = 4 stress energy tensor J* (Z) as
@ (Z), but we follow the original notation in [18]. We use boldface
notation for the N' = 4 or N/ = 2 multiplet to emphasize the fact
that the corresponding multiplet has many component currents. For
the A/ = 4 multiplet, 16 independent component currents arise while,
for the N/ = 2 multiplet, 4 independent components arise (if they are
unconstrained currents). Sometimes the right-hand side of the given
OPE contains too many multiplets and then we ignore the boldface
notation for simplicity. See also Sect. 6.
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I'i(z) transforming as a vector representation under SO(4),
six spin-1 currents 7% (z) transforming as an adjoint repre-
sentation under SO(4), four spin-% currents G* (z) transform-
ing as a vector representation under SO(4), and the spin-2
current L(z). In particular, the spin-0 and spin-2 currents are
SO(4) singlets. The spin of #' is given by —% (and the covari-
ant spinor derivative D' has spin %) and therefore the N' = 4
(super)spin of the stress energy tensor J®(Z) is equal to
zero. Each term in (2.1) has a spin-0 value.

In the cubic and quartic terms in the 9!, there exist a-
dependent terms, where the parameter is introduced in [18]
as follows:

1 (kT —k™)

T2kt +k)
The self-dual and anti-self-dual combinations of the spin-
1 current T% (z) have levels kT and k~, respectively. That
is, two commuting SU(2) Kac—Moody algebras have their
levels k™. The parameter « in (2.2) reflects the asymmetry
between the occurrences of these two SU(2) Kac—-Moody
subalgebras in the (anti)commutators involving odd currents.
More precisely, in Appendix A, the o dependence appears
in the OPEs between the spin-% currents and in the OPEs
between the spin-% currents and the spin-1 currents. For ¢ =
:i:% (or k* — ©00), one of the SU(2) subalgebras with the
currents I/ (z) and A(z) decouple and the above large N =
4 linear superconformal algebra is reduced to the SU(2)-
extended A = 4 superconformal algebra in [20].

Furthermore, the central charge appearing in the OPE
between the bosonic stress energy tensor L(z) is given by
[18]

2.2)

6kt
okt k)’

When kT = k™ (that is, @ = 0), this central charge is a pos-
itive multiple of 3 and can be realized by one real scalar and
four Majorana fermions [21]. Note that there is no twisted
anomaly, where the spin-0 current A (w) transforms as a pri-
mary field under the stress energy tensor L(z). Later we will
see the realization of the A/ = 4 stress energy tensor in
N = 4 coset theory and the above two parameters will be
given by two parameters (k + 1) and (N + 1). Accordingly,
the central charge can be characterized by k and N.

2.2 OPE of the A/ = 4 stress energy tensor

The N/ = 4 super OPE between the A = 4 stress energy
tensor and itself can be summarized by [18]
@ @ R
JVZ)IY(Zy) = 5= kT —k7) + ——D'JV(Z2)
25, 2 212

o) @
+ —=23JM(Zy) —
212

1
E(k+ +k7) log(zi) +---, (2.3)

where summation over the repeated indices is assumed
(the OPE between the SO(4)-singlet current and itself), the
fermionic coordinate difference for given index i is defined as
9{ )= 9{ — 95, and the bosonic coordinate difference is given
byzip =z1—220 — 9{95. By introducing the spin-% field in
JN(Z) = D'J¥(Z),the OPE Ji(Z}) J7 (Z5) from (2.3) does
not contain the log(z12) term and then the nonlocal operator
associated with the central term disappears [18,22,23] S Note
that there is no J® (Z,) term on the right-hand side of (2.3).
However, for a less supersymmetric theory with A/ < 3, the
corresponding stress energy tensor term appears on the right-

Y
hand side of the OPE from ‘2 4 - N)J(N)(Zz) Also the

explicit component results (whlch will be described in next
subsection) will be given in Appendix A.

2.3 OPEs of the N = 4 stress energy tensor
in the component approach

With the N' = 4 stress energy tensor given by (2.1) and
its ' = 4 OPE given by (2.3), it is straightforward to
reexpress (2.3) in the component approach by substituting
(2.1) into (2.3). In Appendix A, the SO(4)-extended lin-
ear superconformal algebra [18] is presented. Let us read
off the OPE T'!(z) T'%(z,) related to the 11th equation of
Appendix A.1 from (2.3). Multiplying the differential oper-
ator Dl1 D; D‘zt on the left-hand side of (2.3), we obtain the
OPE Dl1 J@ (Zy) Dg Dg J@ (Z3), where the (bosonic) oper-
ator D; Dg can pass the (bosonic) current J (4)(Z 1) because
the differential operator with respect to the supercoordinate
Z, commutes with the current J (Z;), which depends on
the supercoordinate Z; only. Now we take 9{ = 95 = 0 and
have the component OPE —I'!'(z;) T'2(z5) from the left-
hand side.® We then identify the above result with the 11th
equation of Appendix A.1 by using the property in the OPE
[14]. In this way, we can check that the N” = 4 OPEin (2.3) is
equivalent to the component results in Appendix A.1 by act-
ing the differential operators D’i and Dé on (2.3) and setting
0; =6, =0.

3 Recall that the superspin of the A” = 4 stress energy tensor is zero and
the OPE between the spin-0 current, A(z1) A(z2), has a term log(z; —
z2). One can see this feature from (2.3) by taking #’ = 0 on both sides.
Then the left-hand side is given by the OPE A(z1) A(z2) while the right-
hand side is given by —%(k+ + k7) log(z1 — z2). The associated OPE
is in the last equation of Appendix A.1, where we introduce U (z) =
—3dA(2).

6 Note that cubic terms in 6% can arise from the second term of
(2.3). The nontrivial terms occur from the particular term 6132 9;‘2 9112.
It is easy to see that the above differential operator Dll DS D‘z‘ acting
on thlS leads to —1. Finally, we obtain the OPE T'!(z1) T'2(zp) =
=) z I'2(w) + - - -, where 712 is reduced to (z; — z») after setting
the condition 0’ = 92 = 0. Note that the D% J¥(Z,) term reduces to
the expression iF2 (z2).-

@ Springer
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We can check the N = 4 OPE from its component results
by using the following identity:

1 1 oiol 1 0i6i6] 6]

— = — L2 ) A2
(z1—z2)" 7}, 7t 2 232
1 616167 6]0k6%
- 5"(" + D +2) T

+ %n(n + D +2)(n+3)

i ni nd nd pkpk gl gl
016,07 65676,0,0,
X ’
n+4
212

12 =21 — 22 — 6165.

2.4

This connects the structure of the nth-order pole in the
bosonic coordinate with those (plus other poles) inthe N = 4
superspace coordinate.

The next higher-order terms in (2.4) contain the expression
(9{05)5 and this is identically zero owing to the property
of the fermionic coordinates. The positive integer n can be
n = 1,2, 3, or 4 for the 16 currents of the large N' = 4 linear
superconformal algebra because the highest spin among them
is given by 2 and the highest singular term is the fourth-order
pole in the OPE.’

2.4 N = 4 stress energy tensor in another basis

Itis useful to express (2.1) in the basis of [24], where the spin-
1 currents are represented in an SU(2) x SU(2) symmetric
way, rather than in an SO(4) symmetric way. Then we would
expect that the previous SO(4) adjoint six spin-1 currents
T'J (z) can be expressed in terms of two SU(2) adjoints. The
final result is

The () = =A@ = 0" Q') +6° 0°(2) +0° 0°(2)
+6*0*2) + 6 (—AT + A7) ()
+0PAT - AT @) -0 AT + AT D)
+6B(AT — AT (@) + 6 (AT + A7) ()
+934 (A+3 + A_3)(Z) _ 9243
X (Ghep +2000")(2)
+01% (Gl + 200 07)(2)

7 Letus consider the OPET'! (z1) T'2(z»). Then the corresponding term
on the left-hand side of (2.3) is given by i 6 T'!(z1) (—i) 63 65 T'2(z2).
This becomes 01] 03 9; I''(z1) T'%(z2) (where there is no sign change).
Now we can use the component result between the spin—% current and
spin-1 current in Appendix A. Then the above expression leads to the

singular term 911 923 0; (lezz) iT2(w) + - --. By using Eq. (2.4), we

. L 016305 . . .
obtain the nontrivial singular term % i T'2(z), which can be written
03, 01, 0} N -
as % D? J¥ (Z,) by considering other nontrivial terms also. In
this way, we can check that all the component results in Appendix A can

be rewritten in terms of a single OPE (2.3) in the V' = 4 superspace.

@ Springer

+0"2 (Gl + 20007 ()
+0'7 (G +2000M(2)

+0'24 2L + 20 0U) (), (2.5)

where U(z) = —0A(z). Let us consider the spin-% cur-
rents. In Appendix A.l, the OPE I''(z) '/ (w) has a posi-
tive sign on the right-hand side. In Appendix B.1, where the
SU(2) x SU(2) subalgebra is manifest, the corresponding
OPE appearing in the second line from the bottom has a neg-
ative sign. This implies that the spin—% current Q%(z) in [25]
is given by i times the spin-% current I' (z) in the previous
subsection. Furthermore, the OPE U (z) G' (w) in Appendix
A.1 has a second-order pole with the term —i ri (w), and in
the corresponding OPE of Appendix B there is no —i fac-
tor. If the spin—% current remains the same (the spin-1 current
U (z) being common), then the corresponding spin-% currents
have an extra —i, but this is not the case. The reason is as
follows: In the OPE of G’ (z) I'/ (w) with j = i of Appendix
A, there exists a term i U (w) on the right-hand side. In con-
trast, the corresponding OPE of Appendix B does not have
the complex number i.

Therefore, the product of I (z) and G (z) should contain
the extra —i. This implies that some of the spin-% current
changes by a minus sign. Once the spin-% currents are fixed,
then the spin-% currents are also determined completely from
this property. There are still other constraints in Appendix
A. So we can proceed by assuming that the spin—% currents
Q%(z) can be written as i times the spin—% currents I (z)
and then use other nontrivial relations. It turns out that, as in
(2.5), the first component of the spin-% current has an extra
—i (Ql(z) = —il'l(2)) and the remaining ones have the
extrai (Q/(z) = il (z), where j = 2, 3, 4). Furthermore,
the first component of the spin-% current remains unchanged
(G})cg(z) = G!(z)) whereas the others change by a minus

sign (G;;Cg(z) = —Gi(z), where i = 2,3, 4) as in (2.5).

What about the spin-1 currents? For example, let us
focus on the OPE G'!(z) I'*(w) in Appendix A, which has
a first-order pole, —7'>3(w). The corresponding OPE from
Appendix B is given by the expression Gl(2) (=) Q4(w),
which contains the first-order pole (—i) X 2(—%AJrl -
%A‘l)(w) from Appendix B by substituting the values of
the « tensor explicitly. Then we conclude that the spin-1 cur-
rent T723(z) is equal to the expression —i (A1 + A~1)(z). In
this way we can determine the precise relations, as in (2.5),
between the spin-1 currents with SO(4) indices and those
with SU(2) x SU(2) indices as follows:

TR =i(AP+A) (@), TR@=-i(AT+47)(2),

T2 =i(AT =A™ @), TP @=-i(a"+47H(),

T?() = —i(AT2—A72)(2), T* ()= —i(AT? — A73)(2).
(2.6)
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Of course, with (2.6), we can also express the spin-1
currents A% (z) in terms of the spin-1 currents 7% (z).
We also identify the spin-2 current L(z) on both sides.
Therefore, the two Appendices A and B are equivalent to
each other via the explicit current identifications described
above.

2.5 Realization of the N = 4 stress energy tensor in
N = 4 coset theory

Itis well known that the above 16 currents of the large N = 4
linear superconformal algebra can be realized by the spin-
% and the spin-1 currents of N' = 4 coset SISJ[(J]E/;)Z) theory
[6,26]. The two parameters are related to the two quantities

in N' = 4 coset theory as follows [27]:

t=(k+1), Kk =({N+D. 2.7)

Here the level k appears in the central term k g° of the
OPE between the spin-1 currents V“(z1) V®(z,), where the
indices a, b, ... are the adjoint indices of the group G =
SU(N +2). The metric, structure constants, and almost com-
plex structures in the 16 currents occur in their coefficient
functions in the multiple product of spln—— and spin-1 cur-
rents. Furthermore, it is natural to ask whether there exist
the N = 4 affine Kac-Moody current Q% (Z) of superspin %
and the corresponding Sugawara construction for the N = 4
stress energy tensor J® (Z). It would be interesting to study
this aspect in detail. The point here is how we can generalize
the known N = 2 superspace description with constraints in
the N = 4 superspace.

3 OPEs between the 16 currents and the 16 higher spin
currents in the A/ = 4 superspace

In this section, we describe the N = 4 (super) primary cur-
rent, in an SO(4) symmetric way, under the N' = 4 stress
energy tensor explained in the previous section. Although
these 16 higher spin currents, in general, transform as a non-
trivial representation under group SO(4), only the SO(4)-
singlet 16 higher spin currents are described. Furthermore,
the superspin is, in general, given by the positive integer s, but
its lowest value s = 1 will be considered later when the OPEs
between them are calculated for generic N and k. The OPEs
between the 16 currents and the 16 higher spin currents in
the component approach are also given. Another basis, where
the SU(2) x SU(2) symmetry is manifest, is compared (the
higher spin-3 current not being a primary current under the
stress energy tensor) and we also give the precise relations
with the ones in [12].

3.1 SO(4)-singlet A" = 4 multiplet of superspin s

For general superspin s, we can express the ' = 4 (higher
spin) multiplet as follows:®

®®(Z) = 0 (2) + 6" () + 647 @ (7)
2
+0 o () + 040 0 ()
2
= o) +60' 00 (2) + 0% 0 (2)
2 2
+0% 012 (2) + 0% &0 (2) + 61701 (2)
2 2
+61301 () + 01407 (0) + 4P ()
+924(D(ls),31(z) + 934¢§s)’12(z)
+ 9324CD(;)11(Z)+9134 cb(é“)qz(z)_’_e 142 cb(;)ﬁ(z)
2 2 2
+9123 q:)(;)A(Z) + 91234 ¢§S> (Z)’ (31)
2
where we introduce 0% = 06/, 9k = 619/ 6%, and
6123 = 91626°6* In components, there are a single

higher spin-s current CIJ(S)(z) four higher spin-(s + %) cur-

(.&)l

rents @ " (z) transforming as a vector representation under

SO(4), six higher spin-(s + 1) currents CDES)’” (z) transform-
ing as an adjoint representatlon under SO(4), four higher
spin-(s + 2) currents CI> (z) and the higher spin-(s + 2)

current CIDS) (z). The hlgher spin-s and the higher spin-(s +2)
currents are SO(4) singlets. We can easily see that the sub-
script (0, %, 1, %, 2) in the component currents stands for the
number of Grassmann coordinates in the N' = 4 superspace
description. Depending on the superspin s, the above N = 4
(higher spin) multiplet is a bosonic higher spin current for
integer spin s or a fermionic higher spin current for half-
integer spin s. In general, the ' = 4 (higher spin) multiplet
has a nontrivial SO(4) representation [18].

3.2 N = 4 primary condition

Because the superspin of J®(Z;) is zero, the right-hand
side of the OPE J® (Z;) ®®(Z,) has a superspin s. The
pole structure of the linear term in ®®(Z,) on the right-
hand side should have spin 0 w1thout any SO(4) indices. This

implies that the structure should be 22
12

is equal to 1 and the spin of 6, is equal to — 5. The ordlnary

2, where the spin of

. . o3
derivative term can occur at the singular term 2. Further-
more, the spinor derivative terms (descendant terms) with a
triple product of 0y, arise. Finally, we obtain the following

8 In the notation of [5], this corresponds to R®)(1,1)(Z), where the
representation (1, 1) stands for the singlet under SU(2) x SU(2). In
our case, there is no SO(4) index in the A" = 4 (higher spin) multiplet
O (2).

@ Springer
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N = 4 primary condition for the 16 higher spin currents in
the A = 4 superspace [18]:

o} o
19z 0¥ (Z2) = 32 25 0¥ (Z2) + 2 D'OV(Z2)
Z12 <12
6’12 (s)
+—=2009(Zy) + -, (3.2)

<12

where 9;‘2 = 0112 9122 6132 6?2. We can understand the numer-
ical factor of 2 in the first and the last terms of (3.2)
by taking D} Df Df D‘f on both sides and setting 9{ =
0 = 95. Then the left-hand side is given by the OPE
2L(z1) CD(S)(Z2) and the right- hand side is given by the
expression o 5 28 <I><S>(zz) + o 22) 2 8®<S>(22) +-
Therefore, by cancehng out the factor of 2 in this OPE, we
obtain the usual primary condition for the higher spin current
o (22).0

How is the coefficient of the second term in (3.2)
affected? In this case, we can apply the differential opera-
tor D} Df Df D‘f D; with the condition 9{ =0= 95 to both
sides of (3.2). After this action, the left-hand side is given by
the OPE 2L(z1) CD(f)’l (z2), where we also use the fact that

2

the OPE U (z1) ®%! (z2) does not have any singular terms.
2

Also we assume that the superspin s is an integer.'?

The other cases for the remaining higher spin-(s + %) cur-
rents can be analyzed similarly. Let us emphasize that, for the
nonsinglet SO(4) representation for the ' = 4 higher spin

multiplet, there exist nontrivial extra terms in the above OPE
4—ij

[18]. In particular, the 9'2 term contracted with the SO(4)
representation T/ (Wthh is not a spin-1 current) appears.
Furthermore, one of the extra indices in 7%/ is contracted
with the index of A" = 4 (higher spin) multiplet. (See also
[22,23].)

9 We used the fact that there are no singular terms in the OPE of
U(z1) @5 (z2) by taking 6] = 0 = 62 on both sides of (3.2). For
s = 1, this is true because the lowest higher spin-1 current commutes
with the spin-1 current U(z;) (and four spin-% currents); this is the
so-called Goddard—Schwimmer mechanism [28]. For arbitrary s, the
description of [24] implies that this is also true. In this calculation, we
can easily see that there is no contribution from the second term of
(3.2) because the action of Dl1 D% Df D‘l‘ on this second term, with the
condition 9{ =0= 0%, vanishes.

10 The right-hand side from the first term in (3.2) is given by

s 42)7 2s d>(é)1(22) The second term gives the singular term

CD(S) 1 212 js used. The third

12

(21— 12)2 2 w

term glves (ZI*ZZ) 28<I>(f) l(zz). Combining all these contributions,

we obtain the following expression: L(z1) tb(f)’l(zZ) =
2

s),1 s),1
%) qD(g), (z2)+ =) 8(1)? (22)+ -,

C. The coefficient of the second term of (3.2) is fixed by the % of the
second-order pole for the primary condition.

(71*"7)2 s+

which will appear in Appendix

@ Springer

3.3 N = 4 primary condition in the component approach

From (3.2), we can read off its component expressions. For
example, let us consider the OPE G!(z) CID(Y) 12(zz). Then
we should multiply both sides of (3.2) by the differential
operator D% D? Df Dg Dg . At the final stage, we set the
condition @) = 6} = 0. Then the left-hand side of the
OPE is given by (G' — 2ai aT'")(z1) ®{""'*(z2) while the
right-hand side is given by the contribution from the sec-
ond term of (3.2). That is, the action of D2 D3 D‘l‘ 1nto oL

gives the singular term E and the factor Dg Dg D% o© (Zz)
® (33) 2
2

provides the expression — (z2) after the projection of

9{ =0= Gi Combining all these factors leads to the final
(5),2

zz) P 2 (22) + -

tion from the left-hand side in the above, we should consider

the OPE 'l (z)) d>§5)’12(z2).“ Therefore we obtain the fol-

lowing OPE G!(z) @53)*12(@) as — 2 c1>(” 2(z2)—

1 (S) 2
(z1— zz) (z2) + -

C.In thls way, we can obtain all the component results in
Appendix C.

. To see the contribu-

expression —

z)2

, which can be seen from Appendlx

3.4 N = 4 multiplet where all the component currents are
primary under the bosonic stress energy tensor

According to the OPEs in Appendix C, the higher spin cur-
rents CI>(()S)(w), QD?" (w), and <I>§s)’” (w) of spins s, (s + %),
and (s + 1), respectively, are primary fields under the
stress energy tensor L(z). However, the higher spin currents
o4 (w) and <I>;S)(w) are not primary fields. We can make
2

them primary by introducing other composite or derivative
terms as follows:

®®(Z) = 0 (2) + 6" () + 647 @ (7)
2

+04 [5(3x)’i(z) + o 8<I>(f)’i(z)}
2 2

2s+1)
4-0 | 3(s) 2 5 () ()

+0 @57 (2)+p1 0 D, (2)+p2L D, @ |

3.3)

where the coefficients depend on the spin s, N, and k as

I Again, let us multiply both sides of (3.2) by D! D3 D3. Then we
obtain that the left-hand side is given by the OPE —i r''(z)) @gs) ’ 12(22)
after projection. The nontrivial contribution from the right-hand
) CD(S) 2(2 ) + ---. We conclude that

(z2) =

, which can be seen from Appendix C. Fur-

side can be written as —

(Z]
the correspondlng OPE can be written as I’ (zl)tb(‘) 12

(5),2
—Em 0@+

thermore, we have arl(z)) @is)’lz(zz) =

i <I><°> 2(@) +-

(11—'7)2
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2(k — N)(3+4+3k +3N 43k N +26s + 13ks + 13N s)

p1 =
12(k—N)s(1+s)

Q+k+N)B+3k+3N+3kN—4s+ks+ Ns+6kNs+ 1652 4 8ks2 +8N s2)’

p2=-

(34+3k+3N+3kN —4s+ks+Ns+6kNs+ 1652 + 8k s2 + 8N s2)°

34)

For N = k, these coefficients vanish. It is straightforward
to obtain these two coefficients explicitly by requiring that
3 (w) = @Y (w) — p1 320§ (w) — py L @Y (w) with
(3.4) transform as a primary current under the stress energy
tensor L(z) via Appendix C. For s = 1, this observation was
made in [12].

3.5 N = 4 multiplet in another basis

As in previous sections, we can also compare expression
(3.1) with the corresponding quantity in [24] by following
the previous procedure for the 16 currents. Let us express the
answer as follows:

VOZ) =i V() —i6' vl @) +i6> V()
2 2

+i03 VPR @ it V)
2 2
i _

Lol 5<Vl<s>,+3 e 3)(1)

—o"3 %(V“) v )(z)

i

Lo L(yot Vl(”")(z)

N |

i _
e ( Oy, 1>(z)

)

i _
_onl(yorr _yo. 2)(Z)

N

i _
+934§( _ V](S)’+3 4 Vl(S) 3) (Z)

i i 1 4o () 1-
+9243 _ V(S)’ _ s
215 Ty @
- 4 Z
_pl34 r é(s),Z _ o l(s),z (2)
2 L 2 (2S + 1) 2
o 4 3
_p#2 r Vg(‘s)’S _ o l(s),3
2 L 2 2s+1) 3
o 4 N
B L y@d Tyt
2 L 2 2s+1) ) ]
j 4o
_p24 |y _ 52y 35
212 @s+1 ° @.  (33)

Let us consider the lowest higher spin-1 current. In [24], the
normalization for the OPE VO(S) (@) VO(S)(w) for s = 1 has an
extra minus sign whereas in our case there is a positive sign.
Therefore, we introduce the complex number i as in (3.5).
Now we consider the next higher spin-(s + %) current. Let

us consider the OPE G’ (z) CD(()s) (w) in Appendix C. For the
indexi = 1, the spin—% current G (z) is the same as the one in
[24]. In other words, we obtained G}) ce (z) = G'(z) before.
By substituting ®{ (w) for i V" (w), the left-hand side is
given by i times the OPE G }mg (2) VO(S) (w), which is equal to
the expression —Cb(f)’l (w) from Appendix C. This implies

2
that the expression i CD(f)’l(w) is equal to the expression

(A) 1
2
the higher spin current dD(l‘ 1 (w) =
2

(w) from Appendlx D. Therefore, we conclude that

—i VO (w), asin (3.5).
2

For the indicesi = 2, 3, 4, the corresponding spin—% currents

have an extra minus sign (that is, Gbcg(z) = —G'(z)) and

this reflects the signs for the higher spin-(s + %) currents with
these indices as in (3.5).

Letus consider the next higher spin-(s+1) currents. Letus
look at the OPE G/ (z) q>“> J (w) with indices (i, j) = (1,2),

which contains the ﬁrst order pole CD(S) 34(w) Then the
left-hand side corresponds to the OPE Gbc g(z) (z)V(S) 2(w)
According to Appendix D, the corresponding OPE is given
by the third OPE. The first-order pole is given by the
expressioni(a+i VO La v T ) = Sv Py

(Y) )(w) This is exactly the one given in (3.5). Then we

arrive at the following results for the higher spin-(s + 1)
currents:

, i <

cI>(s) 2,y = ' (V(s) +1 Vl(s)fl) ).

CDES)AZ(Z) _ _’5 (V1<S>*+2 + VI(S)’J) (2),

"0 =1 (F v @

BP0 = -1 (- v ) @ GO0

Let us continue to describe the next higher spin-(s+ %) cur-
rents by starting from the OPE G (z) CD(A) 12 (w) in Appendix
C. The first-order pole gives —<I>< $).2 (w). From Eq. (3.6), we

can calculate the OPE (—) G}, (z) (VO _ v ()
using the results of Appendix D. It turns out that the first-order

pole is given by the expression 5 (V(A) 2 (2;‘11)8\/(5) 2,

@ Springer
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where the a;tb’i are substituted. By considering the appropri-
ate coefficients, we arrive at the final expression located at
the 613* term in (3.5). A similar analysis for other types of
higher spin-(s + %) currents can be performed.!?

3.6 Explicit relations between the higher spin currents in
different bases

Starting from the higher spin-1 current

Vil (@ = =i TV () = —i o (2), (3.7)

where relations (3.1) and (3.5) are used, we can express the
higher spin-% currents as follows:

Vf“’l(z)
2
) .2 ) ) . ()1
=i (-iG*+V2T.> + V272 ) (@ =i o\ (2).
2

1),2
viD2(z)
2

3 3
_ (Gl +var® \/§T£2)> (@) = —i d2(2),
2
Vl(l),?)(z)
2
=i (164 V2UD £ VIV D) (9 = —i (),
2
ViY@

2
- (63 V20D — 2 v@)) () =

—l (D(ll)q‘l(z).
2
(3.8)

The first relation of (3.8) was obtained in [12] and the sec-
ond can be obtained from (3.1) and (3.5). Obviously, the

higher spln— currents Ti (z) U'z2 G )(z) and V( )(z) can be
expressed 1n terrns of linear combinations of the higher spin
current CD ( ).

Slmﬂarly, the higher spin-2 currents can be expressed
in terms of linear combinations of the higher spin current

12 T et us describe the final higher spin-(s + 2) current. As done
before, we consider the OPE G (z) <I>(§)’ 1) \yith the help of Appendix

C. The first-order pole is given by —Cl>f;)(w). However, the OPE
Gllné( )V(S)‘l(w) leads to the first-order pole V;S)(w) The OPE

Gl (@) BV(A) ') () has a first-order pole of 82V,* (w). Combining

all the coefﬁc1ents gives the final expression in (3.5).

@ Springer

@51)’” (z) as follows:
Vl(l)’il(z) =42 (Ug) F (2)> (2)

— ((D<11),14 - (Dil),23) ),
V@) = 21 (U2 + V) @

=i (oM £ o) @),
Vi@ =2(19 5 W) o)

=i (-o{"* £ 0{"?) (.

In (3.9), the last relation is obtained from (3.5) and (3.1).
Furthermore, we have the following relations for the
higher spin-% currents:

(3.9)

5
vl = 2N§( wd _ ‘2)) @)
2
2
= —2i (@‘3”*1 + —aaq>‘l”'1> (2),
3 3 2
5
v 2( ) =22 (W(Z) W£2)> @)
2
=2i (00?2 = Zyo?) (o),
3 3 2

Vi@ = 2iv2 (VD - v®) @
2

2
= 2i <c1>(3”’3 - —a8¢>(11)’3> (@),
2 3 2
V2 (UD +v D) )
2
=2 <<1><3‘)’4 - —“aq>(l”’4> ).
3 3 2
The first relation of (3.10) was obtained from [12] and the
last relation was obtained from the previous results in (3.1)
and (3.5).

Finally, the higher spin-3 current obeys the following rela-
tions [6]:

1),4
vy =
2

(3.10)

4(k — N)
(AN +35)+ BN +4d)k)

1
M7 _ 2 a2p)
x(T L— 0T )}(z)
2a
. n (D)
l ( 2 3 )( ).

In (3.11), the primary higher spin-3 current W (z) under
the stress energy tensor L(z) can be expressed in terms of
" (2), 020", and @ L(z) with (3.7).

For the next higher spin A/ = 4 multiplet of superspin 2,
the exact relations between the ones in [12] and the ones in
(3.1) with s = 2, for general N and k, are rather complicated.

Vi () = 4i [W(3) +

@3.11)
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3.7 Realization of the lowest N' = 4 multiplet in N' = 4
coset theory

As done in the realization of the large A/ = 4 linear super-
conformal algebra in A/ = 4 coset theory, we can construct
the 16 higher spin currents in A = 4 coset theory, where
there are two fundamental currents (the spin-1 current and
the spin—% current) [6]. (See Sect. 2.5.) It would be inter-
esting to see whether we can construct the 16 higher spin
currents using the A = 4 affine Kac—-Moody current Q%(Z)
of superspin % via the generalized Sugawara construction.

4 OPEs between the 16 currents and the 16 higher spin
currents in the A/ = 2 superspace

From the component results in Appendix C, we would like
to construct them in the A/ = 2 superspace (in an SO(2)
symmetric way) explicitly. The exact relations between the
component higher spin currents and their A" = 2 higher spin
currents are given. Furthermore, we also express the N = 4
higher spin current multiplet in terms of four A = 2 higher
spin currents by expansion of Grassmann coordinates.

4.1 The N = 4 primary current condition in the ' = 2
superspace

The 16 higher spin currents can be represented by N' =
2 higher spin-s current T®(Z), two higher spin-(s + %)
s+1)

currents
V6t

) (Z), and higher spin-(s + 1) current

WD (7). Each A/ = 2 higher spin current has four compo-
nent currents and therefore the number of component currents
is given by 16. The U (1) charges of the N' = 2 superconfor-
mal algebra are given by zero for both T® (Z) and W&+ (Z)
and 2« for USt2)(Z) and —2a for VE+2)(Z).

It turns out that there exists the following A/ = 2 version
corresponding to (3.2):

912912

T(Z) T®(Z,) = sT® (Zy) — DT<S>(Z )

Z12

012
+— DT(S)(Z )+ ——T®(Zp) + -+,

UG+ 012012 1 UG+
T(Z1) (V(”) (Z2)=——G+9) v (22)

012612
212

212
1 Usty)
+— 1, | (Z2)
212 V&t2)
012 U+ 012 UGtz
—5 ( s+1) (22)4‘51) s+ (Z22)

01201 . [UGHD
7z .
+ i (V(s+;) (Z2) +
1 64a
T(Z) W (Zy) = — — TO(Zy)
112
012012

(1 +5) WO (Zg) —
212
012 —wist1)
+2Dw (Z2) + ——
212

UG+ 0
H(Zl>< wl | @ =%
212

(s+3) 0
H(Z) (U )(Zz) -+

(S+ ) 212

012612
712

UG+
V6+D)
UG+
v+

W(s+l)(Z )

IWED(Z5) +

)(Zz)—I—m,
)(Zz)—i—---,

DT®

H 012012 4(1 42 ®
<ﬁ)(zl>w<s+l>(22>=— i M1 2 (BT )(Zz)

212

1 (6 8s(1+2s)
O1n ) (1+2s2)
8(1 + 2s) ( DT®

2
12
1

12 (1+2s2) \ DT®

( (Z)T®(Z,) =

<1
) 212
(s+32)
( )(zn (V(s+ ))(Zz)Z
9
Zl

25 p1®(27,) i

012012 [ 2
zi2 [ (1+2s)

(14 2s2)
4(1 4 2s)

(5) @owea

2, (1+2s%)

—
z12 (14 252)
012 8((1 + $)k* + skF)

1 8 (U(S+§)

(14 2s2)

T®(2,)

912912 1

912912

«[D,D]T®

v+

212 (k* + k) (1 +252)
012 8((1 + $)kT + skT)

oz (kT k) (1 +252)
" 012012 |: 4

e | T +252)

(142s2)  \y6+)

)(Zz)+---,

Us+D
V+1) (Z2) s

25 T® (Z)

Z12

2 DT® ()

WD 4 aT(s)] (Z) 4,

V6+1)

>(Zz)

U+
D<V(s+;) (22)
_ (Ut
D(V(s+;> (22)

_ [(ustD
V(S+%)

012012 2(1 4+ 25)2 [UG+D)
- (Z2)

o [D, D]

20+29, (U(Sw )} (Z2) + @.1)
21 +29) 1 ,
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As described before, the A/ = 2 spin of four ' = 2 higher
spin currents can be read off from the 9‘29‘2 term in the OPEs

with the N/ = 2 stress energy tensor T(Z 1). The N = 2
higher spin current W®+1(Z,) is not an NV = 2 primary
under the N = 2 stress energy tensor T(Z) because there
exists a7 term in (4.1). As in the standard A/ = 2 super-

space formahsm by acting the A" = 2 currents G(Z;) and
G(Z1) on the N = 2 higher spin current T®®(Z5), the other
N = 2 higher spin currents U(s+%)(Zz) and V(s+%)(Zz)
can be generated. Furthermore, by acting the AV = 2 cur-
rents G(Z1) (or G(Z1)) on the A = 2 higher spin currents
V(SJ’%)(Zz) (or U(S+%)(Zz)), the A = 2 higher spin current
WEHD (Z,) is obtained.

How can we obtain the component results from the above
OPEs (4.1)? Let us consider the OPE G (z) ®{""*(w). From

Appendix C, we expect that the ﬁrst-order2 pole of this
OPE is given by Cb(ll)’34(w). We would like to see this
from the OPEs (4.1). From Appendix E, we should take
(Dy + D1) T(Z;). Furthermore, for the other superspace
coordinate we should take (—i)(Dz + D2) TV (Z5) because
of the decompositions, which will appear in the next sub-
section. In other words, let us multiply both sides of the
first equation of (4.1) with the conditions # = 6 = 0 by
(=i)(D1+D1)(D2+ D>). Then the left-hand side of the OPE
becomes the OPE G (z1) ¢>(ll)’2(zz).13 We can also easily see

that other contributions fror; the above differential operator

acting on the other parts on the right-hand side will vanish.
In this way, we can check all the component results in

Appendix C from its A = 2 version in (4.1) and vice versa.

4.2 Component currents in the four higher spin-s, (s + %),
(s + 3). (s + 1) currents in the A = 2 superspace

We also have the following relations between the N' = 2
higher spin currents and their components:

T |5 @) = 5 (2),

1 : ;
DT® |0:§:0 (2) = E(qD(ls),l +i q>(f)’2> (),
2 2

_ 1
DT® |,_5_y (1) = 5( — oW 4 @ﬁs)’z) (2),
2 2

13 The nonzero contributions from the right-hand side arise from the
second and third terms of the first equation of (4.1). The former gives

—l[D D] — 18)T(1)(Zz)|9 0 with the singular term ’) (where

we use the fact that Dy f:i = T after a projection) wh11e the latter
(=i)

gives (——[D D]+ B)T(l)(Zz)|9 _o With the singular term ~—=,

212
is used. This leads to the

where the property that D] 4 goes to
expression —(—i)[D, D]T(l)(zz)b:

is equal to the above <I>(11>’34 (z2), where the decompositions (which will
appear in the next subsection) are needed.

G@1-22) 1—' )
g—o in the first-order pole, which

@ Springer

1 _
—5D. DIT |5 (2) = <1><” ),

1
USt2) |, 50 @) = (@ﬁ”’3 +i d>(1s)’4)(z),
2 2

1 . !
DU(S‘-’,—%) |9:§:0 (Z) — _( _ QEA)J3 —i (D(IA),I“»

2

IRPAOE qD(rs)'M)(Z)»

— 1
DU(S+§) |9:§:O (z) =

| =

(_ B3 _j 14

+i q)gs),23 . cD(ls),24> (Z)7

—%[D,E]U(”%) lo—ico () = (cb“” +i o 4)( ).
Ve | 5 (@) = <<I>S‘”‘3 ~i @2”*“) @),

DV |, 5 (2) = %( o —i @t
i o) <I>(f)'24>(z),

BV 0= (w0 s
o,

1 |
3P DIVE*2) |, 5, (@)=3 <—<I>%“)’3+i @%”’4) (),

4i (14 2s)

WD |, 5 (@) = mdDES)’IZ(Z)
(R L]

DWOD g 0= 4 o (09 +i09) @

o o)

DWCHV |, 50 (@) = —2(1(1:235)) (cp‘g“ —i q;%s)l) @)
i oo

_E[D’ DIWOHD |,_s 0 (2) = —%dﬁ)(z)
ma 208 (2). 4.2)

For s = 1, we can also express the right-hand sides of

(4.2) using (3.8), (3.9), (3.10), and (3.11).'* The second

14 15 [15], the command N20OPEToComponents|[T_] provides the
components of the N = 2 current T(Z). We can then write
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(third) component of T (Z) contains the higher spin cur-
3

rents Tf)(z), in addition to the other % currents from (3.8),
and the last component is proportional to the higher spin cur-
rent 7 (z) from (3.9). The first component of U(%) (Z) con-
tains the higher spin current U (%)(z). The second and third
components are given by the linear combinations between
the higher spin currents Uf) (z) and Vf) (z) from (3.9). The
fourth component has the higher spin currents U (%)(Z) and
1 3 (z). Similarly, the first component of V(%) (Z) contains
the higher spin current v (z), the second and third compo-
nents are given by the linear combinations between the higher
spin currents Uf) (z) and Vf) (z), and the fourth compo-
nent has the higher spin currents V(%) (z) and 0 V(%) (z). The
first component of W@ (Z) contains the higher spin current
W@ (z) as well as the higher spin current T@ (7). The second

5
(third) component contains the higher spin currents WLZ ) (2),

3
8Tf)(z), and other spin-% currents. The fourth component
contains the higher spin current W (z) (and other nonlinear
terms) and is a quasiprimary field.
We can also rewrite the N' = 4 higher spin-s current (3.3)
in the expansion of the Grassmann coordinates 6> and 8% as
follows:

@ (2) = 0§ (@) +6'0 (2) + 0207 (2)
2 2
1616201 (2)
+93 [(D(]S)’:S(Z) _ 91 ®§S)’24(Z)
2

—02 o @) 6167 04 )
2 -l

+94[q><f>~4(z) —0' 0P ()
2

_ g2 QES)’“(z) _plp2 <I>(§)’3(z)
2 -

463 94[¢(1s),12(z) Lol <I>(;)’2(z)
2

+602 05" (2) +6' 0 @és)(z)}. 4.3)
2
As done with the J¥ (Z) in terms of the ' = 2 currents, this
expression can be rewritten without any difficulty by using
(4.2) in the next subsection. We can obtain the higher spin cur-
rents in terms of the A/ = 3 multiplets or ' = 1 multiplets,
as done for the N = 4 stress energy tensor. Furthermore, as
done before, the corresponding OPEs between the NV = 3

Footnote 14 continued . _ .

T(Z) =Tly_g_o+0 DTly_g_o+DTly_g_o—68 3 [D, DIT|y_5_,.
These components are presented in the first four equations of Appendix
E. We can also analyze the other N = 2 (higher spin) currents similarly.

currents can be obtained from (3.2) in a different basis. A
similar analysis for the N' = 1 superspace description in the
OPE between the stress energy tensor and the higher spin
currents can be made to the one above.

4.3 N = 2 superspace description of the A/ = 4 higher
spin-s current multiplet

We can rewrite (4.3) in terms of its N = 2 version. From the
explicit results in (4.2), we obtain

9 (2) =T9(z,6,0) +6° % (U<s+%> + V<S+%>) (z,6,0)
+04 5 (-USD £ VED) (2,0.9)

i
_93 94 - 1 2 2 w(S-’rl)
41+ 25) [( +259

+8a[D, D] T@}(z, 0.,9). (4.4)

Let us try to understand the ' = 4 primary condition
(3.2) in the N/ = 2 superspace described in (4.1). Let us
consider the action of Df on Eq. (3.2) and set the condition
63 = 0 = #*. Then the left-hand side of this OPE is given
by the expression 3 (G + G)(Z1) T®(Z,).!> Note that care
must be taken about the sign when operating the differential
operator into Hf{ ! The convention in [18] is such that 6% =
o4+l ol.

5 OPEs between the 16 higher spin currents in the
N = 2 superspace

To obtain the complete OPEs between the 16 higher spin
currents in the A” = 2 superspace, we need to know the
complete composite fields appearing in the OPEs. It is well
known that some of the OPEs between the 16 higher spin
currents in the component approach are found explicitly for
N = 3 [12]. One way to obtain the possible candidates for
the composite fields in the OPEs (in the N = 2 superspace) is
to find the corresponding OPEs in the component approach.

15 In contrast, the right-hand side of this OPE (coming from the sec-
1 g2 .
ond term) is given by the expression % z (—UGTD) 1 VE+D)(Z,).
Similarly, the action of D} on Eq. (3.2) with the condition 63 = 0 = 6*
leads to a left-hand side given by %(—G + G)(Z)) T®(Z,). More-
over, the right-hand side of this OPE (coming from the second term)
1 p2
becomes the following result: f% % (U(s+%> + V(S+%))(Zg). By
combining these equations, we obtain the OPE (g) (Z)TO(Z,) =
5 +3)
:I:% % ($(S+Z)) (Z3) + - -+, which is exactly what is expected.

We also use the fact that i0112 6122 = f% 012015.

@ Springer



389 Page 14 of 24

Eur. Phys. J. C (2016) 76:389

We can proceed to follow the method in [12] and obtain the
unknown OPEs, but in this paper we use the power of N = 4
supersymmetry, as emphasized in the introduction. We can
determine the undetermined OPEs in [12] by moving to the
N = 4 superspace and arranging the known OPEs in appro-
priate places in a single OPE in the N = 4 superspace. Then
we can move to the N = 2 superspace by collecting those
OPE:s in the component approach and rearranging them in an
N = 2 supersymmetric way. So far, all the coefficients in the
OPE:s are given with fixed N = 3 and arbitrary k. Now we
set these coefficients as functions of N and k and use Jacobi
identities between the A/ = 2 currents or higher spin cur-
rents. Eventually, we obtain the complete structure constants
with arbitrary N and k (2.7) appearing in the complete OPEs
in the A/ = 2 superspace.

5.1 Ansatz from the 136 OPEs in the component approach

Because the spin of ®1(Z) is given by s = 1, the OPE
between this A/ = 4 multiplet and itself has a spin s = 2.
Then the right-hand side of this OPE should preserve the total
spin with s = 2. We can then consider the singular terms %,
W’
that the spin of 9{2 is given by —% and the spin of i is
given by 1. The first singular term has a spin of (n — 2) and
then the possible n values are given by 4, 3, 2, and 1. The
right-hand sides should contain the composite fields with spin
s =0, 1, 2, or 3 at each singular term, respectively. For the
second singular term, the right-hand sides should contain the
composite fields with spin s = %, %, or % at the singular term,
respectively (in this case, the spin is given by (n — %) and
the possible n values are given by n = 3, 2, or 1). Note that
the derivative D' has a spin of % For the third singular term,
the right-hand sides should contain the composite fields with
spins = 0, 1, or 2 at the singular term, respectively (in this
case the spin is given by (n — 1) and the possible n values
are given by n = 3, 2, or 1). n = 3 is not allowed because
the spin s = 0 composite field does not contain any SO(4)
indices, which should be contracted with two SO(4) indices
ij. For the fourth singular term, the possible n values are
given by 2 or 1. Then the right-hand sides should contain
the composite fields with spin s = % or % The only s = %
case can have three SO(4) indices that are contracted with
the SO(4) indices i j k. For the last singular term, the n values
can be 2 or 1, the former having a central term and the latter
having composite fields with spin s = 1.

We can then rearrange the 136 OPEs in the component
approach with the help of (3.1) and Sect. 3.6 to rewrite the
corresponding single N' = 4 OPE in the A = 4 superspace.
(See also Appendix F.) In other words, it turns out that all
the structures (the possible composite terms) appearing on

, and Z% in the ' = 4 superspace. Recall
12
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the right-hand side of the OPEs in the component approach
are determined completely. In the next subsection, we pro-
ceed to the N = 2 superspace by taking the ansatz from the
component approach with arbitrary coefficients.

5.2 Jacobi identities

The general graded Jacobi identity (that is, (3.24) of [14])
reads

(—=DAC[[A, B}, C}(Z) + cycl. = 0, (5.1)

for general currents A(Z), B(Z), and C(Z). The command
OPEJacobiopl_, op2_,0p3_] in [15] calculates the
Jacobi identities (5.1) for the singular part of the OPEs of
the three arguments. In general, all different orderings have
been done. OPEJacobi returns a list in which all should be
zero up to null fields to be associative. The AV = 1 example of
(5.1) appears in the N’ = 1 extension of Wj algebra studied
in [29] (which was done manually). Of course, we can check
the Jacobi identities using the definition of a normal ordered
product between any two currents in the ' = 4 superspace
(for example [22,23]) manually.16

5.3 Determination of the structure constant

In this subsection, the three OPEs in the N' = 2 superspace
are given explicitly with Appendices G.1-G.3, where the
structure constants are presented explicitly, and the remain-
ing OPEs will be given in Appendices G.4-G.7 explicitly.

Because the OPEs T (Z,) T (Z,), U3 (Z1) UR)(Z,),
and V(%)(Zl)V(%)(Zz) have no higher spin currents, the
structure constants of these OPEs are completely determined
by the Jacobi identities without knowledge of the OPEs
between the higher spin currents and the next higher spin
currents. However, the remaining seven OPEs contain the
next higher spin currents, as we will see later, and we do
not have any information as regards the OPEs between the
higher spin currents and the next higher spin current at the
moment. Consequently, the insufficient Jacobi identities lead
to the one unknown structure constant.

We can fix the unknown structure constant via the coef-
ficient of the energy momentum tensor 7' (w) in the second-
order pole of the OPE TV (z) W® (w) [12]. However, since
the result in [12] is for N = 3, we need to obtain the
coefficient for arbitrary N. Let us introduce the coefficient
c1 in front of T (w) in the second-order pole of the OPE

16 Inside of [15], by using the command N20PEToComponents
[ope_, J1_, J2_]one can calculate the 16 OPEs of the components of
J1(Z1) and J2(Z3), which are any two N' = 2 (higher spin) currents.
It gives a double list, where the (m, n)th element is the component
OPE between the mth component of J;(Z;) and the nth component of
J2(2).
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T () W (w). More explicitly, we have {T(W W™} _, =
—P®w) + ¢; T(w) + ---. Let us introduce the coeffi-
cient ¢ of T(z), where in the relation between P® and
Vi, PP(z) = T (2) + V§?(z) + ---. We then have
(TOWOY ., = (¢; — ¢2)T(w) + ---. We can obtain
their N generalization by considering for low N values
(N =3,5,7,...) the following:'’

8(k — N)(4N + 4k + 5)
3(N+k+2)3Nk+4N + 4k +5)°
22k + N + 3)(5k + 8N + 10)

3(N +k +2)2
Of course, we obtain the 16 OPEs between the higher spin-1
current and the 16 higher spin currents for several N values
and their complete 16 OPEs can be expressed for generic N
and k. In particular, there is no new primary current in the
first-order pole of the OPE TV (z) W (w). This implies that
the 16 higher spin currents from the WZW currents in N = 4
coset theory in the final V' = 4 OPE &M (Z;) ®M(Z,) do
not generate the third V' = 4 multiplet ®® (Z,) on the right-
hand side.
We also obtain the same quantity from the Jacobi identity
only and solve the following equation with (5.2):
1

3k —N)Q+N)5+4k+4N +3kN)

+ 62k + 24k* + 102N + 114k N

+36k*N + 86N? + 64k N> + 12k> N? + 24N

+ 12k N? + 160X + 448k X + 496k* X

+272k3X + T4k*X + 8k° X + 448N X

+1128k N X + 1100k*N X 4 518k°N X

— 117k*N X + 10k°N X + 496N>X

+1100k N2X + 912k N2 X + 347k N2 X

—58k*N?X + 3k°N2X + 272N X + 518k N3 X

+347k* N3 X + 96k> N3 X + 9k* N X

—T4N*X + 117k N*X + S8k*N*X + 9K’ N*X

+8N>X + 10k N> X + 3k>N>X). (5.3)

ci1(N,k) =

(N, k) =

(5.2)

c1—C = 4(40

The unknown quantity (appearing as the cs; coefficient in
Sect. 5.3.2 below) from (5.3) is determined by

v (14+N)(32 + 55k+18k*>+41N + 35kN + 11N?)

These notations are used in Appendix G also.

5.3.1 OPE between the N = 2 higher spin-1 currents

The OPE between the A = 2 higher spin-1 currents, where
the four components of the A/ = 2 higher spin-1 current
are given by the first four equations of (4.2) with s = 1, is
summarized by

1 0120
TOZ)TV(Z) = 5 c1+ 50
12 b

|:cz5H+C3 DT
+caT +ces HH + c6 GE} (Z2)

012 —
+ —|c7 DT +cgdH + co DGG

212

+¢10GDG +ci1 DHH + 12 HGE} (Z2)

0 _ _ _ -
L2 |:cl3 DT + 14 0H + ¢15 DGG + ¢16 GDG
212

+c17 DHH + ci3 EG6:| (Z2)

012012
212
+c2[D, DIGG + ¢3 G[D, DIG
+cog OHH + s HIH + ¢26 9GG + ¢27 GOG
+ c28 HDGG + 29 HDGG
+¢30HGDG + ¢31 HGDG

+ |:C19 0T + cyo 35H+C21 ODH

+c DHGG + ¢33 DﬁG@} (Z)+ -, (5.6)
where the coefficients are given in Appendix G.1 and we use
the notation in (5.5).!3

The fusion rule between the N' = 2 higher spin-1 currents
is given by
[TO] - [TV] = [, (5.7)

where [I] denotes the large N = 4 linear superconfor-
mal family of the identity operator. Note that there are also

22+ N)Q2+k+ Ny
(5.4)

Therefore, all the structure constants are determined com-
pletely. In the following, we use the following currents with-
out boldface notation for simplicity:
H(Z) = H(Z),
G(2)=G(2),

HZ)=H(2),
T(Z)=T(2).

G(Z) = G(2),
(5.5)

17 We thank H. Kim for this calculation and other related computations.

18 1 et us multiply both sides of (5.6) with the condition § = 0 = @
by (D — 'D»). Then the left-hand side is given by CD(()I)(m) CD(II)‘I(Zz).
2

012
212

The nontrivial contributions come from the singular terms % and

because the D, action on the former gives the singular term B ey
and the D, action on the latter gives the singular term —ﬁ.

Then the first-order pole of CD(()I) (z1) <I>(,1) o1 (z2) contains the expression
— i p—

(=c7DT + ¢13DT) with the condition & = 0 = 6. By substituting the

coefficients, this becomes the result (D + D;)T (Z;), which reduces

to G'(z2). This term is what we expect from the component result in
Appendix H.1. The other terms can be identified similarly.
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H(Z»)-, H(Z»)-, G(Z>)-, and G(Z,)-dependent terms as
well as T'(Z;)-dependent terms in (5.6).

5.3.2 OPE between the N' = 2 higher spin-1 current and
the N = 2 higher spin-% currents

The OPE between the A/ = 2 higher spin-1 current and the
N = 2 higher spin—% currents, where four components of
the NV = 2 higher spin-1 and % currents are given by the
first four equations of (4.2) and the next eight equations with
s = 1, is described by

U(%) 012012
T“)(Zl)( 3 | @) = =5 cn1Ge(Z)
Viz 21

0
+ % |:Ci2 DGy +cx3 HGii| (Z2)
<12

0 — —

+ Z—éz |:C:|:4 DG+ +c+s HG:I:] (Z2)
12

012012

2
12

+c49TGx +c410 DHG +

|:C:|:6 [D,D]G4 +c17 HDGy + c1s HDG 4

+c411 DHG+ + c412 an:i| (Z2)

1 —_ _
+ Z_|:Ci13 [D,D]G+ +c+14a HDG +
12

+cis HHG4 + C+16 HDG+
+c417TGx +c1s DHGx + c119 DHG

012
+c420 3Gii|(Zz) + T [Cizl DG+

+c122 G DGLG_ 4 c423 HﬁDGi
+¢i00 HDHGy + c10s HDHG+
+c406 HIG +c407TDG+ +c408 THG 4

+ c409 BHDGi + c130 DﬁDGi + c131 3HGii|

2 _ _
+ Z£ |:C:|:32 0DG+ +¢c+33G: DG G
12

+c43a HHDG + + c435 ﬁDﬁGi + c136 ﬁaGi
+¢+37TDG+ + cx38 THG+ + c+3 DHDG +

+ Cc4+40 BHﬁGi +c441 DHDG+ + c442 3ﬁGii|

01,0 U3 ud
4 A7 C+43 s | +crag T® 3
Z12 v® v

+ 445 G4 DG DG + c146 G4 [D, DIGLG
+c1q7 DG+G¢BG_ + Cca48 HBBGi
+c449 HGyDG1G_ + ca50 HH[D, D]G «
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+cis1 HHDHG 4+ + c450 HHOG +

+c1s3s HDHDGy + c354 HDHHG

+c155 HDHDG 4 + c+56 HYHG+ + c+57 HODG +
+c158 HG4DG1+G_ +cy50 HDHDG +

+ci60 T[D, DG+ +c161 THDG+ + 1o THHG +
4¢3 THDGx + c2e4 TTG +

+c46s TDHG 1 + c166 TDHG 4 + c467 TG 4
+c1680[D, D1G+ + 160 DG DG+G _

+c470 DH[D, DIG+ + cx71 DHHDG

+c+77 DHDHG+ +c+73 DHDHG +

+¢474 DHIG+ + c175 DTDG4 4 c176 DTHG+
+¢477dDHG+ + c178 [D, DIT G4

+c+79 DH[D, DG+ + c150 DHDHG+

+ci81 DHIG+ + c180 DTDG4 4 c133 DTHG+
+c484 0DHG 1 + 485G LG 1G_ + c436 VIHDG
+ci870HHG: + c183 VH DG+

+¢c189 0T G+ + c190 azGii| Z)+---, (5.8)

where the coefficients are given in Appendix G.2 after sub-

stituting (5.4) explicitly. We use the notation in (5.5) and

introduce

G=0Gy, EEG_, H=H,, H=H_

to be able to express the two similar equations together.'”
The fusion rule between the N = 2 higher spin-1 current

and the A/ = 2 higher spin-% currents is given by

U TO U3 u®
M7 . _
[T [V@) M-+ ovd [Ty | (59)
where the last term, which resides in the next 16 higher spin

currents, has its component expressions in the fifth to 12th
equations of (4.2) with s = 2.%0

19 Tetus set @ = 0 = @ in (5.8). Then the left-hand side is given by
@ (21)2 ®(" (22). The right-hand side contains (c+13[D, DIG +
c_13[D, E]Gz,), which is equal to ([D, D]G 4 —[D, D]G_). This will
further reduce to 2 G3(z») with other terms. Therefore, the first-order
term of the OPE (D(Ol)(z]) @11)’3(12) contains the G3(z,) term, as we
expect in the component apprzoach.

20 We use nonstandard notation in (5.9). If we use the + notation in the
higher spin currents U(%), V(%), U(%), and V(%) (that is, U(i%) for the
first two and Uf> for the last two), then we can write them in one line

rather than as 2 x 1 matrices as in (5.9). In our notation, the currents

U(%)(Z) and U(g)(Z) reside in the different ' = 2 multiplets. The
former has s = 1 (the component of the lowest N' = 4 multiplet) and
the latter has s = 2 (the component of the next A" = 4 multiplet).
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+¢34 HDGDG + css HDHDH

+cg6 H[D, DIGG + cs7 HDGDG

+csg HDHDH + ¢c3g HDHGG + coo HIGG
+¢9 HDGDG + co» TDT + ¢co3 TGDG

+cou THDH + cos TDGG + cos TOH

+¢979DT + cos DHGDG + co9o DHDGG
+c100dDHH + c101 [D, DIG DG

+c102[D, DITH + c103 DG[D, D1G + c104 DG3G
+c10s DHGDG + c10s DHDGG

5.3.3 OPE between the N' = 2 higher spin-1 current and
the N' = 2 higher spin-2 current

The OPE between the N' = 2 higher spin-1 current and the
N = 2 higher spin-2 current, where four components of the
N = 2 higher spin-1 and spin-2 currents are given by the
first four equations of (4.2) and the last four equations with
s = 1, is summarized by

6 7o —
T (Z) W (2y) = Z%cl H(zz)+z—§2c2H(zz>
12 12

1 — — _ _
+T|:C3 T +cs DH + ¢s DH + ¢ GG + ¢7 HH}(ZZ)
212

0 _ _ _
+ %[cz; DT + ¢ GDG + cio HDH + 1y HDH
12

+ci2 HGE—FCB TH 4+ cia DGE-{-ClS 8Hi|
0 _ _ . —
+ 2 |:c16 DT +¢17GDG + c1s HDH + ¢1o HGG
12

+c0TH+c231 DGG + ¢ DHH + ¢33 8Fi|

01,0
+ 12212

- [024 T® + 25 TVTD + ¢ [D, DIT

12

+ 27 dDH + c8 G[D, 5]6 + co9 GiG

+¢30 HGDG +c3y HHDH + ¢3 HHGG

+c33 HDGG + ¢33 HDHH + c35s HOH

+c3 HGDG + ¢33 HDG G + ¢33 TT + c3o TDH
+c40TDH 4+ c41 TGG +cspp THH

+c43 9DH + cas DGDG + c45 DHDH + c46 DHDH
+¢c47 DHGG + cag DTH + ca9[D, DIGG

+c50 DGDG + csy DHDH + ¢50 DHGG

+cs3 DTH + ¢54 0GG + ¢s55 VHH + cs6 8T}(Zz)

212
+¢60 GG + c61 HGDG + ceo HHDH
+c3 HDGG + cesH DHH + ces HOH
+c66 HGDG + c67 HDGG + ces DHGG
+ce9 DTH + c79[D, DIGG + ¢71 DHGG

1 — — _
+ — |:6‘57 dDH + c530 DH + ¢59 G[D, D]1G

+¢72 DTH 4 ¢730GG + c74 0HH + ¢75 BT} (Z>)

% _
+ 12 |:C76 DT® + c77 T pT® + ¢33 GODG
212

+c79 HIDH + cgo HG[D, DIG
+¢31 HGOG + cgo HHGDG + cg3 HHDGG

+c¢107 DTDH + c1os DTDH + ¢100 DTGG
+c110 DTHH + ci1 aDGG + Cc112 aGDG
+c113 OH DH +cl14 dHDH + C115 dHGG

+ci16 OHHH +¢170TH + c118 9%H (Z7)

0 — — __
+ % |:Cn9 DT? + ¢1ogTVYDTV 4 ¢15, GIDG

12
+c122 HHGDG + c123 HHDGG
+¢124 HDGDG + c1os HVHH + c126 HG[D, DG
+¢127 HGIG + c108 HDGDG
+c120 H[D, DIG G + c130 HDGDG + c131 HIGG
+c13 TDT +c133 TGDG
+c134 TDGG + C135 TDHH + C136 ToH
+¢1379DT + c133 DG[D, D1G + ¢130 DG3G
+¢140 DTGG + c14 DHHDH + c14 DHHGG
+ 143 DHDGG + Cl44 DHDHH
+c14s DHOH + c146 DTDH + c147 DTDH
+c1us DHGDG + c140 DTHH
+¢1509DGG + ¢1510DHH + c152 [D, DIGDG
+c153[D, DITH + ¢154 DHGDG
+¢15s DHDGG + ¢156 d)DHH
+c1570GDG + cjss dHDH

+ 159 IHGG + C160 aTH + ci61 32ﬁ] (Z7)

n 012012
212

+c165 GI[D, DIG + c166 G3*G

+ 167 HGADG + C168 HHGJG + C169 HHJGG

+c¢170 HDG[D, DIG + c171HDGAG

+c172 HDHOH+c173 HIDGG+cy74 H[D, DIGDG

+c175 HaDﬁ-l-Cn@ HIGDG

+c177 HOHDH + c17s HOHGG + c179 HO*H

+c180 HGADG + c131 H[D, DIGDG

+c13o HDG[D, D]G + ¢1833 HDGAG + c134 HIDGG

+ 185 HIGDG + C186 TODH

|:c162 AT® + 163 0TVTD + €164 3°DH
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+c187 TODH+c138 TGOG+c130 THIH+c190 TAGG
+c191 TAHH + c192 DGIDG

+c193 DHIDH + c194 DHGAG + c19s DHIGG
+¢196 DTGDG + c197 DTDGG

+c198 DTAH + ¢c199 dDGDG + ¢200dDHDH
+¢201dDHDH + c00 dDHGG

+¢203dDHHH + ¢204 DT H + ¢205 [D, D1GOG
+¢206 d[D, DIGG + ¢207 DGIDG

+¢208 DHGAG + c200 DHIGG + ¢210 DTGDG
+¢211 DTDGG + c21o DTOH

+¢130DGDG + c214dDHDH + ¢2150DHGG
+¢216 DT H + 217 9G[D, DIG

+¢2180HGDG + 2199 HHDH + ¢00 d0HHGG
+¢21dHDGG + c20 dHDHH

+¢2030HIH + c04 d0HGDG + 205 dHDGG
+¢2060TT 4 207 dTDH + 308 0T DH
+¢2290TG G + ¢330 dTHH + 231 d[D, DIT

+ 232 3°GG + 233 ’HH

+¢234 0°DH + ¢35 a%] (Zo)+---, (5.10)

where the coefficients are given in Appendix G.3 and we use
the notation in (5.5).2!

The fusion rule between the N = 2 higher spin-1 current
and the A/ = 2 higher spin-2 current is given by
[TO] - (W =1+ [TV TO] 4 [T?), (5.11)
where the last term, which resides in the next 16 higher spin
currents, has its component expressions in the first four equa-
tions of (4.2) with s = 2. Recall that the next higher N' = 4
multiplet has four AV = 2 higher spin currents denoted by
T®(2), U3 (2), V3 (Z), and WP (Z). Some of the terms
on the right-hand side of (5.10) occur in (5.6) but most of the

terms in (5.10) are new. For example, the c1¢ and c3 terms
do not appear in (5.6).

5.3.4 Other remaining OPEs in the N' = 2 superspace

From Appendix G.4, the fusion rule between the NV = 2
higher spin-% currents, where four components of the AV = 2

2l et us take ® = 0 = 6 in (5.10). Then the left-hand side is given
by <I>(()l)(zl) <4i @51)’12 + 8’%@(11)’34) (z2). The right-hand side con-

tains c6(G G)(Z2), which reduces to 2i cg (I I'*)(z2) in the second-
order pole. This is what we expect from the component approach from
Appendix H.1.

@ Springer

higher spin—% currents are given by the fifth to 12th equations
of (4.2) with s = 1, is summarized by

U3 v
v [y | T

From Appendix G.5, the other fusion rule between the
N = 2 higher spin—% currents, where four components of

(5.12)

the AV = 2 higher spin-% currents are given by the fifth to
12th equations of (4.2) with s = 1, is summarized by

UE] - VO] = 1]+ (TP TO] 4 [TO W)
HUD VO] 4 [TP] 4 (W), (5.13)

where the last two terms, which reside in the next 16 higher
spin currents, have their component expressions in the first
four and the last four equations of (4.2) with s = 2. Therefore,
we see that the right-hand sides of (5.9), (5.11), and (5.13)
contain the next 16 higher spin currents in terms of its A" = 2
version.

From Appendix G.6, the fusion rule between the N = 2
higher spin-% current and the A/ = 2 higher spin-2 current,
where four components of the N = 2 higher spin—% currents
are given by the fifth to 12th equations of (4.2) and four
components of the N = 2 higher spin-2 currents are given
by the last four equations of (4.2) with s = 1, is summarized
by

€)) L yR €))
[3(; } WO = 1] + [:m 2(; } + [5<§>] L (5.14)
where the last term, which resides in the next 16 higher spin
currents, has its component expressions in the fifth to 12th
equations of (4.2) with s = 2.

Finally, from Appendix G.7, the fusion rule between the
N = 2 higher spin-2 currents, where four components of

the A/ = 2 higher spin-2 current are given by the last four
equations of (4.2) with s = 1, is described by

W1 (W] = [+ [TV T] 4 [T WP
+UD VD] 4+ [T@] 4+ (W], (5.15)
where the last two terms, which reside in the next 16 higher
spin currents, have their component expressions in the first
four and the last four equations of (4.2) with s = 2. The
presence of [W(3)] in (5.15) appears also in the N = 2
Wy 41 algebra studied in [30,31].
By adding (5.7), (5.9), (5.11), (5.12), (5.13), (5.14), and

(5.15) together, we obtain the fusion rule for the lowest 16
higher spin currents in the N = 2 superspace:

1+ <[T(1) T(l)]—l—[T(l) U(%)]—i—[T(l) V(%)]_I_[T(l) W(Z)]

HUD V) 4 (T 1+ UD VD] + (WD)
(5.16)
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In the next section, this fusion rule will be expressed in
the N = 4 superspace. At the moment, it is not clear why the
terms [U(%) U(%)], [U(%) W(Z)]’ [V(%) V(%)], [V(%) W(Z)],
and [W® W®] do not appear in the above fusion rule,
but if we proceed to the N' = 4 superspace, we can eas-
ily understand the reason as follows. In the fusion rule of
[@D] . [dD)], Eq. (4.4) has an expansion of 63 and 6% and
the normal ordered product ®@® &M at the same point of
the N' = 4 superspace coordinate contains the above nor-
mal ordered product in (5.16) because those terms are linear
in 63- or #*- or 63-*-independent terms. However, the above
five normal ordered products, which are not allowed in (5.16),
have quadratic terms in 6>* and therefore they vanish from
the viewpoint of the A" = 4 superspace.?

6 OPEs between the 16 higher spin currents in the
N = 4 superspace

In this final section, we summarize what has been obtained
in previous sections in the N = 4 superspace.

6.1 The 136 OPEs from the N = 2 superspace results

In the previous section, the complete N' = 2 OPEs with com-
plete structure constants are determined. Again, using the
package in [15], we can proceed to the component approach
where the 136 OPEs are determined completely. They are
presented in Appendix H with simplified notation. We might
ask whether or not there exists the possibility of having new
primary currents in these 136 OPEs. Because we do not check
for them from the 16 higher spin currents in N' = 4 coset
theory for generic N manually, we should be careful about
the occurrence of new primary currents in the OPEs. For
example, in the bosonic coset theory described in [9, 10], the
higher spin-4 current appears as long as N > 4; for N = 3,
there is no higher spin-4 current because the structure con-
stant appearing in the higher spin-4 current contains the factor
(N — 3). Furthermore, the higher spin-5 current appears as
long as N > 5; for N = 4, there is no higher spin-5 current
because the structure constant appearing in the higher spin-5
current contains the factor (N —4). Therefore, as the number
N increases, extra new primary currents appear.

However, in the present N/ = 4 coset theory, such a feature
does not arise. As explained with respect to (5.2) before, we
have confirmed that there are no extra primary currents in
the basic 16 OPEs between the higher spin-1 current and 16
higher spin currents using the WZW currents for several N

22 1 etus emphasize, as noticed in [12], that, if we take the basis in [24]
where the higher spin-3 current is not a primary current, then the above
nonlinear terms in the A" = 2 superspace vanish with the redefinitions
of the next 16 higher spin currents.

values. We believe that these basic 16 OPEs are satisfied even
if we try to calculate them manually. This behavior is rather
different from that from purely bosonic coset theory.

6.2 N = 4 superspace description

The final single A' = 4 OPE between the N = 4 (higher
spin current) multiplet of superspin 1 can be described as

A0 4—i '
oMz @V(Z) = B—e1 + B- 2 /' (Z2)
212 212
0/7° 1
+—5—30J(Z2) + 5 ¢4
212 12
+-12 |:c'5 J T dcg T cq eTH TR I 4 g 14‘”](22)
12
p-ir . . IR
+71§ 09147'4-6103]'—‘,-0118”]{1 Jikg!
i L

+en VT e 31/’}(22)

940
+ % c1a @@ 4 ¢15 VoM 4 ¢y g4
i L

ey P e g TR e M

oo JYTU AT ooy JU T ey JAT g
+¢2302T 4+ ¢4 0T+ c25 8]8]](22)
ik

+ IZZ [czé T 46K (3700 a8 T T Y290 J"J’] (Z2)
12

2] L Lo ..

+ 12 |:C30 T =TT Ty o3 90470
212

+c320J7 +e330(0707)
34 €K 9IF TN + e35 (JHRTRJT — ijJkJi)](Zg)

9471' ) )
+ 721122 {C36 Dl d>(2) + C37 ¢(1)Dl®(1)
+C38(Jijjijji _ J4—ijjikj4—ijk) + 3 527 Ji
+c4002 0 + a1 JTOTT +cap T T
dez JTI4T 4 cqq 007007 + a5 04
+eas 0TI T cqr TV I pegg JITTT + a0 0T T
+s"f“{c50 JIIRJU* o5y (JT g g — g gk gt — gt g gikhy
+esp JUTL TR T + o53 77%0 !
x 54 0JJI TN TN + 55 0(TL TR TN + ¢56 8]”‘]’}] (Z2)

4-0

2] X X
+-12 [657 3PP + 55 00DV OM 4059 J*19T + 90T 0
212

e AT Y 4 062 02TDT + 63 03T + cea 32T T
+eos 0TI T + cog JTTIOTY +cg70J0T T
+s"f“{c6g AT TR I + cgo 3T JH)
+c7oa(1"ff’<ﬂ)}](zz) T 6.1)
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where the following simplified notations are introduced: . 2(10 + 9k + 2k% + 14N + 7k N + 4N?)
16 =
. . 2+k+N)?
192) =12, DI®2) =7 (2) , )
D' DIJ®(z) = Jii(z), D' DI DFJP(z) = Jiik(Z), V=TT kN
D' D2 D3 DI (z) = 1847y = 14 0(2) oo — (32455 4 18K2 + 41N 435k N + 11N?)
B - ' e 30+ N2 +k+ N
Note that 64~i/k = ¢liikg! and we use unusual notation for ¢y = (3K 6K 43N kN + V)
the summation (e.g., see the c39 term, where the dummy index 42+ N)2+k+N)?
i arises four times). We can easily see that there are consis-  ,, — (20+21k +6k* +25N 4 13k N +7N?)

)

. . ; . . 2
tent SO(4) index contractions with SO(4)-invariant tensors 22+ M +k+N)
2(8 4+ 17k + 6k> + 11N + 11k N +3N?)

£k and 8/ on the right-hand side of the OPE (6.1).2 The = ¢y = — .

. . Q+N)2+k+N)3
structure constants appearing in (6.1) can be summarized by 2020 4 21k + 62 + 5N + 13k N + TN2)
2= Q+ M@ +k+N)? ’

4k(k — N)N 8kN .  2(16+26k+13k*4+2k*+6N—11k N=7k* N—10N?—15k N?— 4N)
= — = 23 =
DT Fk+NT PT QrkE N2 @Hk+N)?
 2(100495k+24k>+ 155N +83k N+3k> N+69N>+14k N*+9N?)
- 16kN o — 2kN e = (2+N)Q2+k+N)> '
T2tk N YT 2rkENY 410+ 9K + 22 + 14N + Tk N +4N?)
= Q+k+N)y? ‘
2(k—N) (k+ N)
CTTeTk+NT T Qxk+N) = 2r o=
6 6Q2+k+N)’
o W) o Ty
Q+k+ N2 BET2Hk+N) P T30k N
(k= N) 3(k — N) 30 = !
cg — P ——— cCog = D ———— - 9
T QHkEN) T QHkEN) @+k+N)
12k + 3k + 12N + 10k N + 3N? = ETN
e = U2+ 32+ 12N + / +3NY PETEYE :
24+k+N) (k — N) 1
cpy=——-—"-—", Yp=——-—-—"7-—,
oo 2Ny 2kt N) BTk N T T2 kN
=25 k+M?2 BT 2xk+ N ) 2 L]
B =, (3= 7,
4(—k + N) 5 Q2+k+ N)? 2
c13 = m, Cl4 = 4,
(60 + 77k + 22k> + 121N+115kN+20k2N+79N2+42kN2+16N3)
c15=—

Q2+ N)Q2+k+ N)?

23 Let us take a simple example to examine how the V" = 4 OPE can be
reduced to the corresponding OPE in the component approach. Nonlin-
ear terms appear from the c5 term to the c8 term in (6.1). Let us multiply
both sides of (6.1) by the operator D2 D2 with the condition of 9’

0= 9‘ Then the left-hand side is given by <I>( )(zl) (=D <I>(1) 34(12)

02

o}
In contrast, the right-hand side contains D2 D2 212 with current-
z

dependent terms. This leads to the singular term — W' Therefore,

(z1—

the second-order terms of the OPE CD(()]) (z1) CD?) 34 (z2) are given by
2(csJ3 J* + e I3 4 2¢7 J' J% + 5 J'2)(z2) at vanishing 67, Then
we obtain 2(—csT3 T% 4+ icg T12 — 2¢7 T T2 + icg T3*)(z2), where
the coefficients are given in Appendix I. We can then check that this
is equal to the particular singular terms in the corresponding OPE in
Appendix H.1.
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(60 + 77k + 22k> + 121N + 115k N + 20k*N + 79N? + 42k N?> + 16N?)
N 22+ N)2+k+N)? ’
(16 + 21k + 6k* + 19N + 13k N + 5N?)
B Q2+ N)2+k+N)3

(20 4 37k + 14k*> + 9N + 21k N + 4k*N — 9N? — 4N3)
- 2+ N)2+k+ N)3

(34k + 29k% + 6k> + 14N + 37k N + 13k2N + 6N? + 5k N?)
- Q+k+N)3

(80 + 88k + 11k2 — 6k + 136N + 110k N + 9k2N + 75N? + 36k N2 4+ 13N?3)
=T 20+ N2+ k+N)? ’

(—72k — 45k — 6k + 8N — 40k N — Tk*N + 21N? + 6k N2 +7N?)

- 2+ N)Q+k+N)?

(16 4 21k + 6k* + 19N + 13k N + 5N?)

- 20+ N)2+k+N)? ’

(k — N)(32 + 29k + 6k> + 35N + 17k N + 9N?)
- 22+ N)2+k+N)3

(10 4 17k + 6k% + 6N + 7k N)
- Q+k+ N2

(20 + 31k + 10k> + 35N + 41k N 4 8k>N + 21N? 4 14k N? + 4N?)
- Q2+ N)2+k+ N)3
(20 + 21k 4 6k* + 25N + 13k N + TN?)
- 224+ N)2+k+ N)?

(32 4 29k + 6k% + 35N + 17k N + 9N?)
- Q2+ N)2+k+N)3 ’

(13k + 6k> + 3N + 9k N + N?)
T 22+ N2+ k+N)?

(13k + 6k* + 3N + 9k N + N?)
T 20+ N)Q+k+N)
(20 + 21k 4 6k* + 25N + 13k N + TN?)
- 224+ N)2+k+N)3

(32 4 55k + 18k% + 41N + 35k N + 11N?)
- C+N)Q+k+N)*

(4+k + N)(13k + 6k> + 3N + 9k N + N?)
N 42+ N)2+k+N) ’
(32 455k + 18k* + 41N + 35k N + 11N?)
4= 30+ N2+ k+ N ’

(80 4 92k + 11k% — 6k> + 172N + 158k N 4 21k*N + 119N? + 64k N2 + 25N3)
B 62+ N)2+k+N) ’

(16 4 29k + 10k> + 27N + 25k N + 2k*N + 13N? + 4k N> + 2N?3)
€6 = 2+ N)2+k+N)3 ;57 =2,
2(60 + 77k 4+ 22k* + 121N + 115k N + 20k>N + T9N? + 42k N? + 16N?>)

o8 = 2+ N)2+kt N2 ’
8

Q4 k+N)Y

€37 =

€38

’

39 =

3

40

’

cap =

’

c43

cqq4 =

El

c45

)

c46 =

k]

c47

’

cag =

c49 =

)

50 =

)

€51

’

’

52 =

€53

€55 =

€59 =
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_ 2(10+ 9k +2k* + 14N + 7k N + 4N?)

)

€60 2+k+N)? ’

(20 + 21k + 6k% 4+ 25N + 13k N + 7N?)
o= 220+ N)2+k+N)? ’

8(10 4+ 9%k + 2k> + 14N + Tk N + 4N?)
o= CFk+N) ’

232442k +17k24+2k3 422N +5k N—3k*N—6N2—11k N2—4N3)

3= Q2+k+N)?

2(1004+99k+26k>+151 N+85k N+4k>N+65N>+14k N>+8N3)
o4 = Q+N)2+k+N)3 ’

2(164+21k+6k>*+19N+13k N+5N?)
=T Q+N)2+h+N)? ’
B 8
= 2t kt N2
16

TR kE N2

(32 4 55k + 18k% + 41N + 35k N + 11N?)
o8 = 30+ NCHhkL NS ’

(13k + 6k> + 3N 4+ 9k N + N?)
T NNy V5 Yy g v LA

(204 21k + 6k* +- 25N + 13k N + 7N?)

=" C+N)Q+k+N)? '

Of course, if one uses the description in the basis of [24]
or of [12], then the corresponding OPE, which is equivalent
to (6.1), can be obtained similarly.

Therefore, the fusion rule for the lowest 16 higher spin
currents in the A/ = 4 superspace can be written as

(D] 0D =] + [P dD] 4 [0P], 6.2)

where [I] denotes the large A/ = 4 linear superconformal
family of the identity operator. This is equivalent to the pre-
vious result (5.16) in the AV = 2 superspace. Note that the
N = 4 multiplet ®11(Z) stands for the four N = 2 higher
spin currents T (2), U(%) (2), V(%) (Z), and W®(Z) while
the next N/ = 4 multiplet ®® (Z) stands for the four ' = 2
next higher spin currents T® (Z), U(%)(Z), V(%)(Z), and
W@ (Z). The explicit component expansions for the two
N = 4 higher spin currents with s = 1, 2 were presented in
(3.1) previously.>*

24 Tt is useful to see how we can obtain the A" = 2 superspace descrip-
tion starting from its N' = 4 version in (6.1). Let us focus on the
simplest OPE given by (5.6). Setting 63 = 0 = 6% in (6.1) gives rise
to T® (Z,) TD (Z,) on the left-hand side. How then can we obtain the
nontrivial contributions from the right-hand side with the above condi-
tions? If we have 9]42 , then this does not produce nontrivial contributions.
For the terms 6%~ we do not have any nonzero contributions because
it contains either 83 or 64. For the terms 6%/, we can have nonzero
contributions for the indices i, j being 3, 4. For the terms o4=iik we

@ Springer

7 Conclusions and outlook

The single OPE between the A/ = 4 higher spin-1 multiplet
is given by (6.1) with the structure constants presented in
(6.2). From the fusion rule in (6.2), the A/ = 4 higher spin-2
multiplet occurs on the right-hand side of this OPE.

Let us list some possible future research directions:

e Orthogonal coset theory

We can also apply the present analysis of this paper to
N = 4 orthogonal coset theory. So far the higher spin exten-
sion of the large A/ = 4 nonlinear superconformal algebra
in the realization of large A/ = 4 orthogonal coset theory
was obtained in [32]. It is straightforward to construct the

Footnote 24 continued
can have nonzero contributions. Finally, for the term Z% the nonzero

contribution appears. We can easily see that the abovelzcoefﬁcient c4
in (6.1) is equal to the coefficient c; in (5.6). Furthermore, the expres-
sion (c5 3T e I+ op 3% gk gl 4 g 112) should reproduce the
corresponding quantity in (5.6). For example, the c5 term here can be

obtained and gives the expression %G G (Z3). Also we have the relation
9] 92 . 7 . 0 . .
% =3 912012 gapd we see that the coefficient of %2212 is given by

12 12 12

f% ¢5 G G(Zy), where the coefficient cs is given in Appendix I. This

becomes ¢ G G(Z>) in (5.6) with Appendix G.1, as we expect. It is
straightforward to check the other remaining terms explicitly.
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extension of the large N = 4 linear superconformal algebra,
where the group G = SO(N +4) appears in the large N' = 4
orthogonal coset theory for N = 4. It would be interesting
to obtain the final N = 4 single OPE ®@® (Z,) ®?(Z,),
where the ®?(Z) is the lowest N = 4 higher spin multi-
plet of superspin 2, corresponding to Eq. (6.1). Note that the
lowest 16 higher spin currents have the lowest higher spin-2
current, whose OPE is nontrivial, compared to the corre-
sponding higher spin-1 current for the unitary case, because
the second-order pole contains the nontrivial composite spin-
2 fields. In this direction, the work of [33-37] will be
useful.

e Extension of the large N' = 4 nonlinear superconformal
algebra in the N = 4 superspace

In this paper, the extension of the large N = 4 linear super-
conformal algebra was described. What about the extension
of the large N' = 4 nonlinear superconformal algebra by
decoupling the spin-1 current U (z) and four spin-% currents
I (z) [38-40]? Is it possible to express the 11 currents in the
N = 4 superspace (or the N = 2 superspace)?

e N = 3 holography

In the work of [41-43], A/ = 3 holography was found in
the context of the Kazama—Suzuki model for the particular
level (see also [44,45]). It would be interesting to construct
the higher spin currents. We can easily see the AV = 3 pri-
mary current condition for any N' = 3 multiplet, which con-
sists of one higher spin-s current, three higher spin-(s + %)
currents, three higher spin-(s + 1) currents, and one higher
spin-(s + %) current in the component approach. It is non-
trivial to obtain the N' = 3 OPE between the lowest N' = 3
higher spin multiplet and itself. Several (N, M) cases are
needed to understand the structure of this OPE. Therefore,
the V' = 3 description in this paper can provide some hints
for the index structure of the SO(3) group.
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