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1 Introduction

Various No-go theorems in flat space [3, 4] and AdS space [5] have been the main arguments

obstructing the construction of viable massless interacting higher-spin theories using field

theory approaches.

1

Building toy models of higher-spin theories which can avoid No-

go theorems usually requires to give up at least one of the important features of field

theory, notably unitarity and locality. A few examples of higher-spin theories with local

!See [6] for a review.



interactions are (quasi-)topological theories [1, 7-16], or higher-spin extensions of Weyl
gravity [17-19]. In any case, the (holographic) S-matrix turns out to be trivial or simple,
which indicates that possible interactions are severely constrained by higher-spin symmetry
(an infinite-dimensional symmetry), and are forced to cancel each other out in the physical
amplitudes.

Nevertheless, various attempts during recent years towards a construction of interact-
ing higher-spin theories using Fronsdal fields as the main objects [20-25] taught us some
lessons on how to build up toy models for higher-spin theories:

e First of all, if we willingly forgo covariance, then the light-front approach [15, 16, 26-30]
is the very first approach that provides positive results on perturbatively local interact-
ing higher-spin theories with propagating degrees of freedom. The chiral higher-spin
theories [15, 29-32] are the first theories that can avoid No-go theorems in both flat
and AdS spaces. The flat space chiral theories were shown to be integrable in [16] and
proven to be UV finite at one-loop in [33-35]. We expect that the chiral theories are
one-loop exact.

e Secondly, one can start with an auxiliary space where non-locality is under control,
and find a map to spacetime with the requirement that the interacting vertices in
spacetime should not be too non-local. In particular, twistor space provides such a
framework to construct (covariant) theories of interacting higher-spin fields in space-
time. For instance, by deforming the complex structure on twistor space, one can
obtain conformal higher-spin gravity in AdSy [36, 37]. The higher-spin extensions of
(self-dual) Yang-Mills (HS-(SD)YM) [1, 2] and self-dual gravity (HS-SDGRA) [1] were
obtained recently, using also some methods with deep roots in twistor theory. The
main advantage of constructing higher-spin theories using twistor theory is that we
can carefully maintain the covariance.

On the other hand, the IKKT-matrix model [38] — which can be viewed as an alterna-
tive and constructive description of type IIB superstring theory — was recently shown to
induce a higher-spin gauge theory on a fuzzy 4-sphere/hyperboloid S4 /Hj in the large-N
(semi-classical) limit [39-42]. We shall refer to this higher-spin gauge theory as HS-IKKT
for short. In four dimensions, the HS-IKKT contains N/ = 4 super-symmetric Yang-Mills
(SYM) as a subsector. Therefore, it can be thought of as a higher-spin extensions of N' = 4
SYM on a fuzzy manifold. However, the interactions of the HS-IKKT are of gravitational
type, since its vertices can contain more than two-derivatives. Fuzzy Sj’{] or Hj‘{, can be
understood as quantized SZQV-bundle over the base manifold, which is either S* or H*. Since
S? is isomorphic to CP*, the total space is nothing but a fuzzy twistor space CP3;. Being
related to both type IIB string theory and twistor theory, the IKKT-matrix model offers a
remarkable opportunity to construct a complete higher-spin theory in spacetime with inter-
actions reaching up to the quartic. In particular, previous analysis [43] showed that there
is no ghost (no physical mode with negative norm) in the HS-IKKT, albeit on a slightly
different background. Therefore, it is reasonable to expect that the higher-spin gauge the-



ory that emerges from the IKKT-matrix model is a rare example of a local higher-spin
theory that may avoid the No-go theorems in some way.

Up to now, the HS-IKKT-matrix model on the fuzzy 4-sphere has been mostly studied
using the representation of so(5) algebra, where 5 is the dimensions of the ambient space
of the 4-dimensional spacetime manifold. The rotational symmetry is recovered through
the extra structure of covariant background geometries which induces a higher-spin theory,
see [44] for a review. One noteworthy feature of the HS-IKKT model is that the tower of
highes spin modes is truncated, due to the non-commutativity of the coordinates. However,
one can recover the usual spectrum of higher-spin theories in the large N limit where
matrices are effectively commutative. The space of functions is then taking value in a
higher-spin algebra associated to so(5). The cases of the fuzzy 4-sphere and 4-hyperboloid
were studied in [40, 41]. Instead of using so(5) to study the HS-IKKT on S%, it may
be more suggestive to consider sp(4) ~ s0(5) as an alternative realization.? Noting that
Sp(4) € SU(4), and therefore, we can refer to Sp(4)-vectors as twistors, which we will
denote as Z4. Since Sp(4) D SU(2)r, x SU(2)r, we can write the space of functions on a
fuzzy sphere as polynomials in terms of spinors. This will significantly simplify the analysis
of higher-spin modes arising from the IKKT model.

In this work, we will study the HS-IKKT on a fuzzy 4-sphere using the spinorial
representation SU(2)7, x SU(2)g of Sp(4). All the higher-spin modes described by spinors
are said to live in balanced weight representation (BWR) on fuzzy twistor space. Upon
integrating out all fiber coordinates, which are the auxiliary spinors on fuzzy twistor space,
we end up with a spacetime description of the HS-IKKT model. These spacetime higher-
spin fields live in the mazimally unbalanced representation (MUR) of the Lorentz group [1]
— a representation inspired by twistor theory [45-47]. It has a crucial property of allowing
us to control spins and derivatives in the interactions almost independently. Written in
terms of spinorial indices, the (HS)-IKKT model can be further decomposed into a self-dual
sector and a non-self-dual one. We exhibit the similarity between the (self-dual) IKKT and
(self-dual) N = 4 SYM in 4d. Moreover, the higher-spin extensions of (self-dual) Yang-
Mills HS-(SD)YM obtained in [1, 2] can be understood as the deformed gauge sectors of
the (self-dual) HS-IKKT in the semi-classical and flat (SCF) limit, after integrating out
fibre coordinates. We also show that the action of the self-dual Yang-Mills sector of the
(HS)-IKKT can be rewritten as a deformed BF action on commutative twistor space.
As a consequence, it is natural to conjecture that the self-dual N = 4 HS-IKKT is a
deformed Chern-Simons theory on super twistor space CP?*, along the lines of [48, 49].
From a geometrical perspective, the self-dual HS-IKKT should be integrable. Finally,
the action of the HS-IKKT model written in terms of spinorial indices shows that it has
higher-derivative vertices, where the interactions at the lowest order are of gravitational
(two-derivative) type due to the Poisson brackets. It is plausible that even though the
HS-TKKT has higher-derivative interactions at the quartic, it should be a local interacting
higher-spin theory.

2We will be somewhat cavalier on the real structure in this paper. Most considerations will be restricted
to the Euclidean case, but might be extended by some sort of analytic continuation. sp(4) is understood as
the appropriate real sector of sp(4)c.



The paper is organized as follows. In section 2, we will give a brief review of the
fuzzy 4-sphere and explain how spacetime emerges from it. We also discuss an alternative
realization of Sjlv using the representation theory of sp(4), and briefly discuss the space of
functions on S% in terms of sp(4). In section 3, we describe how the incidence relations of
twistor theory can be understood in terms of a projection of fuzzy twistor space CP%; to Sj“\,
via the Hopf fibration followed by a stereographic projection, in the large IV limit. We also
briefly study the complex structure of CP%,. Next, we describe the spinorial representations
for higher-spin valued functions, fermionic modes and vector modes on S]A‘V. The spinorial
effective vielbein, metric and torsion are also discussed. Section 4 is dedicated to rewriting
the IKKT-matrix model in terms of spinorial indices. As a result, one can write the IKKT
model as a self-dual sector plus a non-self-dual one. We then study the twistorial higher-
spin theory induced from the IKKT model and perform the Penrose transform to obtain
the spacetime action for the HS-IKKT model. In the SCF limit, we study the simplest
example of the 3-point scattering amplitude for the Yang-Mills sector of the HS-IKKT in
section 5. Next, in section 6, the self-dual gauge sector of the HS-IKKT in spacetime is
shown to be a deformed BF theory on commutative twistor space. Finally we conclude in
section 7. Various technicalities are collected in the appendix.

Conventions. Let us briefly introduce our convention of indices used in this paper. First
of all, we will use the Latin letters a,b as SO(5)-indices and the capital letters A, B for
SO(6). The Greek indices u, v are used as spacetime indices, while «, 5 (and their primes)
are spinorial indices. We will use the curly Latin indices A, B as sp(4)- and twistor indices.
The background vielbein contain spacetime indices p,v and typewriter type font letters
a,b stand for tangent space indices. We note that a,b = 1,2,3,4 in our paper. Next,
indices that are symmetrized are denoted by the same Greek letters, e.g. A, B, denotes
%(ACHBQ2 + Aq, B, ). Fully symmetric rank-s tensor will be denoted by Tots) = Toy...00-
Lastly, we denote the Poisson bracket as {, } and the anti-commutator as {, };. We will
write non-commutative coordinates as capital letters, e.g. Y, X, P, ) while we will denote
them as lower-case letters, e.g. y,x,p,q, in the semi-classical limit. Coordinates with
vectorial indices, for example Y, have dimension of length ,while coordinates with spinorial
indices are dimensionless, e.g. Y@ . We denote the dimensionless coordinates in the semi-
classical limit by lower-case typewriter font letters y, x.

2 Preliminaries

2.1 The IKKT model, matrix backgrounds and emergent gauge theory

To set up the stage, we briefly recall how the IKKT matrix model leads to a gauge theory
on emergent space(time) backgrounds. The SO(10)-invariant action of the Euclidean IKKT
model reads

S =Te([YT,Y7)vp, Yol + WAy, 05)),  I=1,...,10. (2.1)



Here the YI are N x N hermitian matrices, and U are matrix-valued spinors.® For our
purpose, the most important feature of IKKT-type matrix models is that they define a
gauge theory on suitable matrix backgrounds. Such a background is defined by a set of 10
“almost-commutative” matrices Y!, and typically defines a noncommutative or quantized
space(time) as follows [50-53]: One can define optimally localized quasi-coherent states
ly) € H, which are approximate common eigenstates of the Y%, localized at some point in
target space

y' =Y ly) eR. (22)
These y! sweep out some variety M in target space, and
Yicayl: MR (2.3)

is interpreted as quantized embedding of some “brane” M in target space R%!. More
generally, one can then associate classical functions to the matrices via

Mat(H) ~ C(M)

(2.4)
O ~ (y[®ly) = d(y),

and the matrix algebra Mat(#H) generated by the Y is interpreted as quantized algebra of
functions on M. The non-commutativity

VeR (2.5)

amounts to a quantized Poisson structure on M. In this way, a fuzzy notion of geometry
is extracted from nearly-commuting matrix configurations in the matrix model. A priori,
such a Poisson structure breaks Lorentz invariance. This is mitigated on covariant quantum
spaces such as Sjl\, which carry a collection of such the Poisson structures

[V Y] =i = ir? M2, a=1,...,5, (2.6)

which form an S? bundle; in the case of fuzzy S% under consideration, the M are the
generators of s0(5), and r > 0 is a natural length scale. We will be related to twistor space
in section 3.

Adding fluctuations Y® + A® to the background, the action defines a non-commutative
Yang-Mills-type gauge theory on M [54], with the gauge transformations U~(Y® + A%)U.
On the S} background, this was elaborated in [40], leading to a tower of 4 tangential
(off-shell) higher-spin modes. We will reconsider this in the following using a spinorial
approach, which considerably simplifies the analysis in the flat limit.

3Strictly speaking the model should be considered in Minkowski signature, where the fermions are
Majorana-Weyl spinors of SO(9,1). Then the S% background should be replaced by H, [41]. Since we
focus on the bosonic sector, there is no obstacle going to the Euclidean case.



2.2 Fuzzy 4-sphere S%, and so(5) representations

We recall the definition of a fuzzy 4-sphere S4;, using s0(5) representation theory [55, 56].
A 4-dimensional sphere of radius R living in a 5-dimensional flat ambient space R® obeys
to the following constraint

Y, Y = R?, a=1,...,5. (2.7)

Here, Y% are the N x N Hermitian matrices and are the coordinates of the ambient space
endowed with the metric n®® = diag(+, +, +,+,+). By requiring Y to transform as
vectors under SO(5) equipped with the generators M,,, we have the following algebra

[Map, Meq) = i(Magdpe — MacOpd — Mpadac + Mpcdad) (2.8a)
[Mab7 )/c] = Z'(Ya(sbc - }/b(sac) y (28b)
Yo, Yy) = ir? My, . (2.8c)

The relations (2.7) and (2.8) define a S%. The above algebra of so(5) can be embedded
into an s0(6) algebra

[JaB, Jop] = i(Japdpc — Jacdsp — JBpdac + Jpcdap), A= (a,6), (2.9)
by the following identifications
Mab = Jaba Y, = TJaG s (210)

where the “6” is an additional direction. To obtain a 4-sphere, we must choose the highest
weight irreducible representation of so(6) = su(4), say = = (N,0,0), denoted by Hy
henceforth. Then the following relations hold

2
4
YaYa = R2 = %N(N + 4) ) 6(JLbcdej\Ialj]\ICCl = ;(N + 2)}/6 . (211)

which provide the basis for the interpretation as fuzzy 4-sphere.

2.3 so(5) ~sp(4) as subalgebra of su(4)

There is another way to describe S%; in term of sp(4) instead of so(5) as in [39, 40], which
is more natural from the spinorial point of view. We note that our realization is slightly
different with the previous literature [57-59]. Consider first the so(5) ~ sp(4) gamma
matrices v,, a = 1,...,5, which satisfy the Clifford algebra

({’Vavfyb}Jr)J% = 26{1(76}}3’ AvB = 07 172a3' (212)

One useful realization for the « matrices is the chiral representation. Explicitly,

Om )b = i (_(;;)% (””Qaﬁ’) b= (f “0> b= (1(1) _%) @)



There is a unique so(5)-invariant tensor in (4) ® (4), given by

€ 0
Cup=—Cpa = ( 05 ) /ﬁ/) , (2.14)

which we can use to raise and lower A, B indices as

UsCPA=UB,  UACu5="Us. (2.15)
Then the y-matrices are anti-symmetric and traceless, i.e.

B ==t PCas=0. (2.16)

Our convention for the € tensor is €*? = €qp is that "' = —¢!9 = 1. Spinorial indices are
raised and lowered as follows

u® = uge® Uy = U ey . (2.17)
Then the generators
)
5’ = -85 =g = 70wl (2.18)

provide the spinorial representation of so(5) ~ sp(4). We, then, consider the following
identifications that map so(6) generators to su(4) ones

1
Y.AB — _YB.A — r—lya,y(.;437 L.AB — LB.A — §Mab2$3 ) (219)
Note that the YA satisfy the hermiticity relations
(YB) = —(C7'YO)pa, (2.20)

where 1 denotes the hermitian conjugation of the matrices. Roughly speaking, we have
changed the symmetries of the generators Y and M as

Y~ YABNH, M“bNH — LB~ . (2.21)

The su(4) algebra reads [60]

[L'AB,LCD] — i(LACCBD + L.ADCBC + LBDC.AC + LBCC«AD)7 (2.22&)
[L'AB, YCD] — ’i(YACCBD + YBCCAD o Y.ADchC o YBDCAC) , (222b)
[YABJ/CD] _ ,L-(LACCB'D o L.A'DchC - LBCcAD + LBDCAC) ) (222C)
Here, we recognize the LAB as sp(4) generators, and YAB as “vectors” that transform

under sp(4).



2.4 Higher-spin modes on S%

The space of functions & consists of higher-spin modules which are polynomials in LB
and Y4B, Using (B.5), we can write ¢ as

yAC  yACIBB BB _ k+2m |

—gz : : (2.23)

C =) fawBEm)cE)
k.m

Note that the spectrum looks similar to % (so(5)) in [40] in terms of Young diagrams.
Consider a subspace ths C ¥ with the following higher-spin modules

ths = 3 Yisom) L ... L5 = ) , (2.24)
m m

where the coeflicients 15(2,,) are totally symmetric and traceless. Then, the above subspace

ths defines a truncated higher-spin algebra. Compare with the case of s0(5), we have the

following dictionary

ths(s0(5)) = P 11 ths(sp(4))

m

® . @)

Relation with hs(sp(4)). We note that, at large N limit, the above truncated higher-
spin algebra is identical with the usual higher-spin algebra defined by the quotient of the
universal enveloping algebra of sp(4) by the two-sided Joseph ideal [61-63] generated by

1
Ch = —§WABWAB, (2.26a)
)
H = {Wiane, Wi} — 1648, (2.26b)
1 1
EB = {W[A[BvWC]D]}-i- = 7 Wanm, Wi}, CPP — il P WML C e — trace,
(2.26¢)

in the units of the cosmological constant that is 1. Here, W are generators of sp(4) algebra
in 4-dimensional target space that obey

[WAB, WC'D} — W.A'DchC + WACCBD + WB'DchC 4 WDCCAD ) (227)

The higher-spin algebra generated by the sp(4) generators W45 is defined as

ve(ap(t) = R — €D , (228)

m

where the universal enveloping algebra U(sp(4)) reads

Usp(4) =ee[Je ((Ie[T])g® -
—eo[o (so(TTHeHoH])e ...

(2.29)




Here, ()s denotes the symmetrized tensor product of Wygz,* and the first bullet e is the
singlet of U(sp(4)) while the second is the quadratic Casimir operator Cy. The two-sided
Joseph ideal is defined as

@ =us@) o (C:-N e H e HH)sue@), r=—. @)

The main difference between ths(sp(4)) and hs(sp(4)) is that ths(sp(4)) is defined on the
ambient space R while hs(sp(4)) is defined on spacetime S*. Moreover, the latter is infinite-

dimensional while the former is not. However, these two higher-spin algebras coincide in
the large N limit.

We note that the above realization of ths(sp(4)) allows us to make a connection with
fuzzy twistor space CP%;. Roughly speaking, CP* C C* is spanned by sp(4) or su(4) vectors
ZA and their dual vectors Z4. These are known as twistors. Then, functions on CP%; are
represented by “balanced” polynomials of ZA,ZA with cutoff at N. In particular, the
space of functions on CP%; reads (cf. (3.31))

2

CPY = End(Hn) = (0,0, N)gy(a) @ (N, 0,0)q50a) = >_ (1,0, 1) g1
=l (2.31)

N
=" fampm Zt... 2428 .. Z5.
n=0

It is clear from (2.31) that the spectrum of higher-spin modes on CP%; is bounded from
above, which is an appealing feature of the IKKT-matrix model compared to usual higher-
spin theories (see further discussion in [64]).

2.5 Spacetime geometry in the semi-classical limit

From the relation (2.11), we see that the natural length scale r scales as 72 ~ %. In

the semi-classical (large N) limit, the coordinates can be considered as commutative. In
this limit, we replace capital letters to the normal ones, namely Y* — y®, and replace the
commutator (2.6) with the Poisson bracket i{ , }

{y* '} = r*m?. (2.32)

The Poisson bracket is the only structure which exhibits the non-commutativity of the ge-
ometry in the semi-classical limit, while the functions are considered as commutative. This
is in contrast to the fuzzy or noncommutative case, where the functions do not commute
and the higher spin modes discussed in section 2.4 are truncated. In the following, we will
use y, with g =1,2,3,4 to represent spacetime coordinates and write (2.7) as

Yyt +yE = R*. (2.33)
To describe a 4-dimensional sphere in the target space, we can choose the following stere-

ographic parametrization

2R2.T‘u 5 R(R2 - JJ2) 2

o A = = ", 2.34
Yy (R2+$2)7 Yy (R2+{E2) ) €T xux ( 3)

4 Any anti-symmetrization between the generators W will reduce to lower orders due to the algebra (2.27).



The background metric is therefore
4R4dxﬂdx“

Ay Oyt
ds® = (82;# 8;{” %b) datda” = g dztdz” = R+ 27 (2.35)
The vielbein reads
—a 2R2 a
6“ = méﬂ, a— 1,2,3,4. (236)

Note that the typewriter type font indices a, b are different with the indices a, b on ambient
space. They are used to describe tangent space of the S* in the semi-classical limit. The
above is also known as the affine patch of the S*. We note that the metric is conformally
flat, which is a nice feature of the stereographic projection. Clearly the SO(4) which
stabilizes y° acts linearly on the z#, leaving da*dz,, invariant, while SO(5) acts as part of
the conformal group of the flat 4-dimensional metric dz#dx,,.

Flat limit. From (2.35), it is obvious that at the limit where R — oo, we obtain the flat
metric as

ds?* = dz,dz* (2.37)

where we have rescaled z# with a factor of 1/2. In this limit, the SO(5) isometry of S*
reduces to the I1SO(4) isometry of flat R*. We will often take the semi-classical (large
N) limit first before considering the flat limit. The combination of both limits, i.e. the
semi-classical and flat limit, will be denoted as SCF limit. The SCF limit will be useful to
study scattering amplitudes of the HS-IKKT in spacetime in section 6.

Higher-rank tensors. In the ambient space formulation, a tangential, traceless and
divergence-free symmetric rank-s tensor on S%; is characterized by [39, 40]

T =0, (2.38a)
Tcda(s—Q)UCd =0, (238b)
" Th(s—1) =0, (2.38c¢)

where derivations 0% are defined through [41]
2m®ye := {3, e} . (2.39)

To obtain a rank-s covariant tensor T}, on S* from an SO(5)-tensor Ty, 4., We can use
the following pullback

. gyy*  Oy*

™o Tal.‘.as — TIJ'I'“,U'S = w e W Ta1..‘as . (240)

3 Fuzzy twistor space and spinors

In this section, we first give a brief review on commutative twistor space. Then, we describe
what is a quantized (or fuzzy) twistor space using the Hopf fibration and spinors. Next, we
define the complex structures of the fuzzy twistor space in the semi-classical limit where
we have S* as a classical base manifold and the S? ~ CP! as the fibers at each point
on the manifold S*. We also study spinorial effective vielbein, metric and torsion in the
semi-classical limit as a preparation for the next section.

~10 -



3.1 Commutative twistor space

Consider homogeneous coordinates on the usual complex projective space CP?
ZA= (24,722,723, 2 = (X, ) e CY, 240 (i=1,2,3,4). (3.1)

Here A%, ,u“, are Weyl spinors of opposite chirality. We note that the twistor Z4 transforms
in the fundamental representation of su(4), which will be useful to define quantized or fuzzy
twistor space in the following. Let us consider the complex conjugation of the twistor Z+
denoted as Z4. Then,

Z.A = (5\(1, ﬂo/) ) (3'2)

and it transforms in the anti-fundamental representation of su(4). By restricting ourselves
to sp(4) C su(4), we can use the anti-symmetric matrix C8 to define the dual twistor Z4
of ZA as

ZA = ZCAB (3.3)
In terms of spinors, the dual twistor Z4 reads
74 = (A, 0. (3.4)
Here,

A = Nge? | A = fge? (3.5)

The above is also known as the quaternionic conjugation in twistor literature. Note that
the inner product between the twistor Z and its complex conjugate (or dual) twistor is
SU(4)-invariant

N = ZaZ" = —=(0\) — [yl

“ R N (3.6)
= —(\\) =[] = =242,
and defines an S7 ¢ C*. The angle and square brackets are defined as
(uwo) = u®v, , [uv] = u® vy . (3.7)

Here N is a dimensionless number, which will be quantized in the fuzzy case. We define
twistor space PT as the open subset of CP? where®

PT = {Z* € CP3|A* # 0 and N # 0}, (3.8)

with the projective line {\* = 0} removed.® The radius of S* is obtained using the Fierz
identity as

N\?2 N
Yay® = R = <T2> = R="". (3.9)

®See, e.g. [65, 66], for a nice review on twistor theory.
®From the point of view of the Hopf map (3.13) this amounts to removing the South pole, which is
mapped to infinity by the stereographic projection.
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Beside the SU(4)-invariant product (3.6), we also have an inner product that is Sp(4)-
invariant” by considering another twistor Zy # Z;

Z{ZBCup = ~[pipa) — (M Aa). (3.10)

Now we can understand the correspondence between twistor space and spacetime through
the following incident relation:

!

p® =x% X, . (3.11)
The inverse of the above reads
, Xalula’ _ )\alaa’
W

(707

(3.12)

This can be understood in terms of the Hopf map
CP' — CP? ~ 57 /yy1) = S*,
r o roa (3.13)
74—yt = QZA(WG)“%ZB = *§ZA(7‘1)ABZB,

cf. (B.2) and (3.33). We can make the Hopf map more explicit by using the chiral basis
of the y-matrices in (2.13). They become manifestly anti-symmetric if the first index is
lowered with the sp(4)-invariant matrix C45. Explicitly,

_ 0 (&m)a,@’ _ 0 —€aw [ —€aB 0
('Ym)AB-(_(&m)B,a 0 >7 (V4)AB—<€M, 0 >, (’YB)AB—( 0 %/5/)

(3.14)
where ¢, = —i(0ym)®, €en- This allows us to define a new basis of Pauli’s matrices as
6t = (Gowrs €aar) = (i03, 1y, —ioy, i0g) . (3.15)
Comparing with (3.12), we recognize
g = =524 () anZ® = SN (6" aarx™ p=14 (316)
and,
v = 52400 asZ® = (] — AN) = ~(R+r(M) 2 -R. (317)
using (3.12) and (3.6). The relation (3.17) implies
2
DR = ];7<1 + 12) = }gfx?, (3.18)

where we have used the stereographic parametrization (2.34). From (3.6), we can deduce
that

]_ N2
R2 422

A

(it (3.19)

"This relation corresponds to (2.11) from the S3 point of view.
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Note that we can further rewrite (3.16) as

_ Nr ’ N’I"RZ ’ 2R2$“

s % A S PN T
y,u— 4 <]-+ R)(O-u)aozx 2(R2+l’2) (Uu)aax (R2+$2) (320)

which is in agreement with (2.34) where we have defined

rN / R

aa A !

I"u = T(&#)aa/X = 5(0'#)(10/}(0[& . (321)

Therefore, the incidence relation (3.11) of the twistor construction corresponds precisely
to the Hopf map followed by a stereographic projection. By denoting 22 = x,xt, and
x? = xaa/xa“/, we see that
R2
2t = —x2. (3.22)
4
In other words, by moving from Lorentz indices to spinorial indices, the coordinates x* is
automatically rescaled with a factor of %. Phrased differently, # has dimension of length
while x* is dimensionless. In the following, we will let A, A be the coordinates of CP".
Then, the equation (3.18) allows us to parametrize the spinors A, Min a projective way as

.. R . _ R we $ ., R 5 _ R 1
VR 2T VR 2\ -1) T T VR 2TYT VR a2 \we )

(3.23)

where (1 +w?) = N and w € R*, § € [0,27]. On the other hand, from (3.19), we can
parametrize the spinors u, fi as

o |$‘ o |x’ a ~a! ’(E‘ ~a! |$’ —b
— = , G e =0 _ |,
: NG VR? + a2 \b : N VR + 2%\ a
(3.24)

where |a]? + |b|> = N for a,b € C*. As we will see, it will be convenient to perform the
Penrose transform with the above quaternionic parametrization. Henceforth, all spinors
are weightless (without conformal factor) unless otherwise stated.

3.2 Quantized twistor space

Poisson structure and functions on CP3. To understand the quantization of twistor
space, we must first describe the space of functions on CP?. It acquires a Poisson structure
from the su(4)-invariant canonical brackets

(ZA Zg)y = —i6%y, {24,725} = —icAB | (3.25)
Then the “number” generator

N = Z4Z% = —[pp] — (A\) = =24 Z4 (3.26)
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defines a gradation via
(N, ZAy =+iZ4, AN, 24} = —izh. (3.27)
Then functions on CP? are spanned by polynomials in Z,Z that have total grade zero:

€ = {P(Z, 2)| {N,P(Z,2)} = o} . (3.28)

It is worth to emphasize that only polynomials that are balanced in Z, 7 will respect the
definition of (CIP’?’V. This property will be “forwarded” to the quantization space. Due to
our definition of the twistor Z4 = (A%, u®'), (3.27) implies that (), 1) have grade plus one
while (A, ) have grade minus one in the quantized case where we have i{,} — [,].

Quantized twistor space. In the non-commutative case, we can define the following
relations that describes quantized (or fuzzy) twistor space [57, 67-69]

(24, Zs) = 6%, (24, 28] = ¢4P (3.29)

which arise from the above Poisson structure. The second relation above follows directly
from the definition of the dual twistor Z4 = ZgCAB and CAB is given explicitly in (2.14).
Henceforth, we will use explicitly Z4 and its dual ZA to describe quantized twistor space.
Let us impose the following su(4)-invariant constraint

N=2Z72*=-24Z,=N (3.30)
which holds on the N-particle Fock space
Hy = (0,0, N)gyqay = (0,0, )%=, (3.31)

We can understand Hy as the space generated by N creation operators Z;fb for m =
1,...,N,ie. Hn =21 ... ZN|O> . Then the algebra

€ := End(HnN) (3.32)

is recognized as quantized space of functions on CP3, which is known as fuzzy
(CIP’;’V [39, 40, 70, 71]. We once again emphasize that % comprises only balanced poly-
nomials in Z, Z. This reflects the classical definition CP? = S7/ u(n) (3.13). Because any
polynomial with more than N annihilation operators will vanish identically upon normal
ordering, % is a finite-dimensional space. For this reason, the fuzzy (CIP’?’V is nothing but
quantized twistor space, or more precisely it is a quantization of compactified twistor space.
An uncompactified version of the fuzzy twistor space can be defined similarly in terms of
CP*!, see for example [41].

The fuzzy twistor space can be understood in terms of the following non-commutative
version of the Hopf fibration

CPy — CP ~ 57 /yy — S*,

) 3.33
ZA|—>Y“:£Z7‘1Z. (3:33)
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Consider a point 29 € S* as a reference point. Then the fiber over zq is determined by [64]
27 =1. (3.34)

The above defines 53, which can be reduced to S? by quotienting out U(1). Hence, the
fuzzy S% can be understood as projection of fuzzy twistor space CP%. We note that
in the non-commutative case, the incident relation (3.11) does not have a well-defined
inverse. Moreover, since there is not a geometry in the usual sense, differential forms and
complex structures are not defined a priori. We will therefore restrict ourselves mostly
to the semi-classical or large N regime, where the non-commutative structure reduces to
classical Poisson geometry.

The above construction can also be described in terms of two spinorial creation- and
anihilation operators, noting that (3.29) implies the commutation relations

AN =€ [ 0 = e (3.35)

which are quantizations of the Poisson structure

/

AN} = —ief {7y = —ie (3.36)

Hence, the fuzziness of twistor space is encoded by the non-commutativity of the spinors
X and 1.8 The space of functions can also be described in terms of these spinors

€ = Z wa(n),@(n),a’(n),@’(n)/\a c. )\aﬂa’ . /,Lalj\lg e Xﬁﬂﬁ/ . ﬂg/ . (337)

Here, any normal ordering can be chosen, and we have spelled out the balance condition
explicitly. For convenience, we note the following useful relations

L), AV} = 4id>, {ON), A% = —idg . (3.38)
We also find
{lan], '} = ip®, {{an], 5}y = —ip® . (3.39)
As a consequence,
(N, x*} =0, (3.40)

. ! .
which means x** has grade zero, as it must.

Balanced weight representations (BWR) for higher-spin modes. Using the inci-
dent relation (3.11) in the semi-classical limit, we can cast any function w(), z; A, 1) into
w(x, A, 5\) In particular, the space of functions on twistor space comprises of polynomials
purely in terms of the spinors A, A,

~ ~

¢ =Y [P ()N, Aadg. . A (3.41)

8The spinors \, i are also known as doubletons [72-74].
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In the semi-classical limit, the coefficient f a(n)B(n) (x) becomes a tensorial field in spacetime,
which for irreducible modes is totally symmetric in all 2n indices;’ this provides the link
to the maximally unbalanced (MUR) representation in section 4.4. Besides the space of
functions %', we also need to have the notion of the space of higher-spin valued vector modes,
which we will denote 7. Using the same argument about balanced weight representation
(BWR), our space of vector-modes reads

o = AP ()N, A Ag .. g (3.42)

m=n
Here, ~,+" are two independent indices which can be converted into the usual Lorentz

@’ is a tensorial field that is

index p by Pauli’s matrices. In spacetime, the coefficient A%(™):
symmetric in the first group of unprimed indices and represent generalized gauge potentials.

We also need the spaces of higher-spin valued (fermionic) spinor modes,

7 {Zm:n on(m)ﬁ(n)’Y(x))\a o )\aS\/B o 5\5 ’

, A 3.43
S e XOTBA ()N A As L Ag (3.43)

To this end, let us make the following remark. Due to the condition of balancing the weight
in twistors (or spinors) oscillators, we have the BWR on fuzzy twistor space. However, after
integrating out all fibre coordinates (A, 5\), we end up with the MUR in spacetime. It is
astonishing how the Penrose transform can help us move from one to another representation
(see section 4).

3.3 Complex structures of the fuzzy twistor space in the semi-classical limit

At large N, where coordinates are effectively commutative, we can define a symplectic form
Q on fuzzy twistor space as [67, 75]

dx A dx” o

Q=dZANdZa= (1+%%)|DX*A Do+ Aa——55%
dZ7NdZ = (1+x7)| DAY AN DAy + A 152 3|

(3.44)

where we have used the incident relation (3.11) and x? := x*'x,,. This is nothing but
the Kirillov-Kostant symplectic form on CP3, which is underlying fuzzy CIP’?V. Here,

< N de;g/xaB/ - xaﬁ/dxﬁﬁl
DAY = d\Y + 22—\ DXy =d g+ ————)3. 4
TS N T (345)
We note that for K = Z4Z4,
_ P _ .
Q= 00K |, 0=dz 574 0=dZ G54 (3.46)

Hence, in the semi-classical limit, we have the following fibration
CP}, — CP3 — 54,

Here, S4 is the base space and C]P’}V are the fibers. Moreover, we will take 0 as our definition
of integrable complex structure on CP%; since 92 = 0.

9Note that any anti-symmetric combination of a and 8 reduces to <)\5\), which would have lower spin
due to (3.18).
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3.4 Background kinetic term in semi-classical limit

For the S* background, the kinetic term of the matrix model arises from the Poisson
brackets with the background configuration Y* = y®, which acts on the fields ¢ € € as

{ya’ ¢} = r2mabab¢a a = 17 27 37 47 5. (347)

In terms of components, the above reduces to

RZ
{yu, 0} = {RQQ+$2%’¢} ) p=1,234, (3.48a)
R(R? — 22

— R _ad
where z, = 504

spondence is equivalent to a Hopf map followed by a rescaling of %. We note that in
the flat limit,

Xaor and we have used (2.34). As discussed above, the twistor corre-

{0} = 2,0}, {ys5,0} = 0. (3.49)

Spinorial effective vielbein and derivativation. To evaluate the Poisson bracket
{y*, ¢} in terms of spinorial indices, namely {y*®, ¢(x|\, \)}, we can use (3.16) to see that

/ 2~ ’ ey T /
v = T = ATY) s = 5(0)aary™ (3.50)
Then, we first evaluate
{yaa’, yﬁﬁl} — Qi(A(O‘Xﬁ)EO/IBI + M(a/ﬂﬁl)eaﬁ) , (351)

where A@BP) = %(AO‘B/B + AP B?) as explained in the convention. Next, we find
{yo AP} = 4P’ (3.52a)
{y*' N} = —ie*Pp (3.52D)

Now, we make a crucial observation that follows directly from (3.16). Instead of working
with hs-valued functions on S* where the fibers depend on coordinates x® € 5%, we
can also work with hs-valued functions ¢(y) on the ambient space R* C R® and make a
conformal transformation that maps ¢(y) to ¢(x) later. The reason is that the fibers will
be the same everywhere on R*. Hence, CP? = CP! x R* as in the flat limit. It is an
important difference to the Sjl\, point of view in [39, 40|, where the internal fiber depends
on x € S*. The total space is now an (infinite-dimensional) bundle .#~ = %(CP!) x R%.
Since it is now a Cartesian product, our bundle is a trivial one. It, then, makes sense to
consider ((y) as a section of the bundle of hs-valued functions over R*. Using the above
information, we can compute {y*®, ¢} where ¢(y|\,A) € € as

, , , (‘-) / a RS 8
ao R o BB oo P aa A
{y* o} : <{y Y }ayﬁﬁ’ N e YA }85\ﬁ><ﬁ

(3.53)

! / ! 8 A ! 6
—godBB g, ., god'|p godlB_=_
3P + EyCAd 2387

17 -



The Poisson bracket for the fifth coordinate reads

0 <o O
{y57()0} = <{y5 yﬁﬁ }a BA’ + {Y A }a)\a {y57)\ }Aa>(’0

0A (3.54)
e g4 98 0y gol8 0
ON8 ONB
where

{y°, 72} = —i(A%p® + X2 0), (3.55a)
{y°, A} = +i)\“, (3.55b)
{y°, A%} = —i)e. (3.55¢)

We will refer £ to as the effective spinorial vielbeins. Explicitly,
g001B8; — fyao! yBB'Y = 9i(N@ [P B 4 (o ) 0By (3.56a)
oo’ s = {y® oy = —i(Ap® + N (3.56b)

We note that in the flat limit where R — oo, the effective vielbein £2¢'185" coincides with
the tensor J185" in [47] up to a conformal rescaling. It is an important fact that can
help us obtain the action of the HS-IKKT in flat space, see section 4.

On higher-spin valued derivation. The above suggests a natural way to define a frame
and a derivation 9 for the hs-valued functions ¢ on R* as

{Faes 0} 1= Ennd” Bpprip = Eu0” (95 + S ) o (3.57)

where

£00BE S 00 = ( aa’ \8 aa’ 39 > 3.58

o= (% NV} g + W)= (3.59

The above Poisson brackets will be the same for A°(y|A\,\) € & and
XA A, XY (AN} € F (cf. (3.42), (3.43)). Here, it is clear that the ¥ operator
acts only on the fibre and can be thought of as “spin” operator. By contracting with

gfm/

wo’» We obtain the following expression

/ ! / ! 8 A ! a
kKB Yo = EFF l(gaa |o gaa |o ~ )
9 BB'P aa e PYCYAL
. Fv_A AK K]/ 8 '\H, a N Ii, a AK)I 8
—z(A Aa + Ao )< W 8%)@0“[##}(# o T 8&)%

Here, gao‘/ﬂﬁ/ is the effective metric in the tangential direction that will be defined in (C.2).
Due to the parametrization (3.24), we see that the r.h.s. vanishes in the flat limit. Hence,
to a good approximation, the contribution of ¥ can be neglected when the radius R is large
enough. This observation will be useful when we study the scattering amplitudes of the
HS-IKKT model in the semi-classical and flat limit.
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The effective metric. Combining (3.53) and (3.54), the effective metric is obtained as
follow

(7 0 Hyee 0} + (0P 0Hy?, 0} = £ 00009 £0015 077 0 + E51°% 0000851507 9
—. gao/ﬂﬁ’ + Qaa’ﬂﬁ/
=: GOVPB Y0 D9
(3.60)

where ¥(y) is some scalar field. Explicitly, the effective metric is (see the derivation in
appendix C)

G’O‘a/wl(y) = N2e2Be'f _ yo‘a/yB’Bl i (3.61)

It is remarkable that the total effective metric depends only on the coordinates ywl of R4
and not on the “internal” spinors, which is in consistent with (2.33) in [76]. In terms of
x| the effective metric reads

!/ ’ a N2 =1 / !
GPP (x) = (AN)? (Weaﬂea R i ) : (3.62)

It is clear from (3.18) and (3.62) that (A)) plays the role of the conformal factor.

Torsion. On the fuzzy S* background, the torsion related to the Witzenbéck connection
can be computed as [77]

! ! / 8 oco/ 1 !l ! 12l ! vl ! !~ /
({5 v 1, v} X"/ = (oS H P’ B BCgal! y Bl gaB | B B Ca
dy (AN
2 v / / ’ !
_ 0 [¢7¢ ealByQa’ | (B! (8'yac)]

(3.63)

We would like to emphasize that the Weitzenbock connection only makes sense for 4 dimen-
sional frames £2*'F%" . However, as shown above, the 5th direction is crucial for obtaining
the effective metric. Hence, it would be interesting to develop further the definition of tor-
sion and covariant derivative in [77] for the decomposition of fuzzy twistor space considered
in this paper. We will return to this question in a future work.

4 A twistorial description of the (HS)-IKKT

In this section, we first rewrite the IKKT-matrix model using sp(4)-indices which can be
reduced further down to spinorial indices. By dropping some terms in the interactions with
the requirement that the action is still gauge invariant and has the same degrees of freedom,
we obtain the self-dual sector of the IKKT-matrix model. In the semi-classical limit, we
perform the Penrose transform to obtain an effective spacetime action for the (self-dual)
IKKT model. As discussed in the previous sections, all functions, fermionic spinor modes
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and vector modes of the IKKT model takes values in €, %, &, respectively, which can be
thought of as quantized functions on twistor space or as hs-valued functions on R* in the
SCF limit. Therefore, the spacetime action for the IKKT model is a higher-spin theory
that exhibits many twistorial features. We will also briefly discuss about the maximally
unbalanced representation (MUR) in 4d. It is interesting to note that the Penrose transform
will move fields from BWR on CP3; to MUR in spacetime.

4.1 Spinorial representation for the action of the IKKT model

We have learnt that the Sjlv generators Y, can be mapped to YAB = PAB 1 Q4B Due to
the realization of the so(5) y-matrices, we can decompose

0 p Q¥ 0
AB _ pAB AB _
e (—Pﬁ’a 0 >+< 0 Q)" )

where P are off-diagonal, and () represents the fifth direction and is diagonal. In particular,

Pao/ _ Pua-go/7 6_ga’ _ (’L.0'37 ]127 —2‘0'17’[0'2) (42&)
0 = vy, O = +¥e (4.2b)

The remaining 5 coordinates of SO(10) in (2.1) that SO(5) does not act on will be denoted
asY; fori =6,7,8,9,10. They will be treated as scalar fields. The y-matrices that associate
to these extra coordinates will form another so(5) ~ sp(4) algebra. Hence, we can write
them as

Vinkd o 61T 7,7 =1,2,3,4. (4.3)

Here, the Z, J indices are understood as the indices that associates to the internal symmetry
group SU(4) of N =4 SYM. In principle, we would like to have 6 scalar fields transform in
the adjoint of SU(4). However, since the external SO(5) acts on one of the scalar fields, it
breaks the internal group SU(4) explicitly. Therefore, we cannot treat Q8 and ¢*7 on the
same footing at this stage. Note that the internal group SU(4), can be recovered in the flat
limit, see e.g. [78]. Hence, in the flat limit the IKKT is said to be higher-spin extensions
of N'=4 SYM. After the substitution of (4.1) and (4.3), the IKKT model becomes

S = Tr([PAC, PPP][Pac, Pop) + 2[PA°, QPP)[Pac, Qup) + 2[PA¢, 77 ][ Pac, ¢Ij])
+ Tr(DA[Pag, U] + $A[Qu5, UF] + W [677,07))

+Tr(1Q", Q°P)[Quc, Qo) + 2@, ™ )[Quc, dz51 + 1677, " V[6z7, aan])
(4.4)

Using (4.1), we can further write the IKKT-model in terms of spinorial indices as
S = Tr(4[P*, P ][Pagr, Paw] + 8[P°, Q% |[Pagr, Qa] + 16[P*, 6] [P, 61]

+ 32X [Pagr, %] + 16X [Qurrs X7 1+ 16X% Qg x*) 16X (617, X1 +16% (61707, 7]
+ 4[roﬁ’ Q,Y(S] [Qoz,37 Q’y(5] + 8[Qaﬁa d)[J} [Qaﬂa ¢IJ] + 16[¢1J7 d)MN] [¢IJ7 (Z)MN]) . (45)
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where A = (y*,¥*) and OT = ([, X" for I,I' = 1,2. From the discussion in the
subsection 2.3, we note that ¢77 = —¢77T can be written in terms of 2 x 2 block matrices
¢! and ¢!’ = —¢!7 10 Note that we have rescaled ¥ — 4 for later convenience. Let us
explicitly compute the Yang-Mills part of the above action. First of all,

L i I O e e (4.6)

where our definition of the field strength F' is

aK __ (o w)y
F — [P 7/7 P ] 9 (47)
which is symmetric in @ and x. Since P* = —P%'® we obtain
[P P [Paws, Poy] = 4F o FO%. (4.8)

Now, we can consider the following fluctuation

Paa’ Yaa/ Aaa/
pu— A 4.9
(Q“ﬂ ) (YSG"‘ﬁ ) ’ (‘bfaﬁ ) ’ )
where Y describes the background and (A4, ngS) stand for fluctuations. Note that ngS is the
scalar field that SO(5) ~ Sp(4) acts on. The above action can be simplified further to

1 1 PN A 1 / _ A
S :Tr(2FaaFaa + i[Paa 7¢][Paa’a¢] + i[Paa a¢IJ][Paa’a¢IJ] +Xa[Paﬁ’vX'6]

4 5 ¥, P)[Ys, Pa] + 5 (Y5, 0l[¥s, 6] + 115, 6 )1¥5, 61] — & Koo [¥5, 2 o
.10
1 1~ ~ ;1 - 1 1~p ,
+ 5 Xal¥s, X = Xl KT+ S Xald X+ 5X 610, X1+ 5X (610, X]
| 1 - A 1
+ 316.6106,81+ 510,016, 6151+ 5167 6N grs 6a1n1 )

We note that the commutator [(;3, dA)] is non-trivial since <Z§ takes value in hs. In terms of the
fluctuations, the field strength takes the explicit form

ak _ [y(a k)Y (o k)Y (a k)Y (o k)Y

FOr =[O, YOV [V, AT 4+ [A, YT+ (AT, AT

(Oc n) / (a n) / (a Ii) / (4-11)
= [, YT+ 2l AP 4+ [A AT

where lifting and lowering a pair of spinorial indices comes with a minus sign. Then

Tr(Fan %) = 4T [¥%, A |V oer, A, + 200, Y97 )[A e, A, ]

+ATYS, A [Aper, A ) + Te[AY, A9 ][ A, A5

Due to symmetrization, the above includes terms of the form

(4.12)

ATE[Y, A Y o, AK)C/] =20y, A Yop, A, 0] + 2Ty, A [V, AL (4.13)

0These block matrices can be diagonal or off-diagonal inside the 4 x 4 ¢77 matrices but the detail does

not effect the computation below.
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etc. which is in complete analogy to the field strength in non-commutative gauge theory,
cf. [40, 79]. To shorten the expressions, we shall use the convention F** = F(ar) £ express
the symmetrization over unprimed spinorial indices. Then, the Yang-Mills part of the
IKKT action reads

LT (FoaFO) = S+ Tr (2[Y ALY, A% 4 (Yo ¥ |[A%, A%

9 ao BG ar’s ¢ ar’y ta ¢

«

1 (4.14)
+ 2¥an, AL A% AT+ S [Aaw, AL [A%, A"‘Cl]) :

(67

where 55@ consists of terms that are Oth order or 1st order in fields. It can be considered
as the background action for the Yang-Mills part of the IKKT-matrix model. Notice that
in the present spinorial formalism, there is no explicit “gauge-fixing” term of the form

[Yoor, A%')2 which appears in [39, 40]. The term [Yo,, Ya”/][AO‘C/, A°¢'] looks non-standard

but is familiar in non-commutative gauge theory and matrix models. We can avoid to deal
with this troublesome term as follow.

First-order formulation. By introducing an auxiliary field B, we can absorb the term
(Y, Y**'[Aar, AJ'] into the background and write the Yang-Mills part as

SYM Tr(BaaFw - ;BMBO‘O‘) : (4.15)

The above action is invariant under
U-lFeay, U 1B. U, (4.16)

where U = €% for ¢ is some hs-valued gauge parameter. Next, we consider a fluctuation of

the B field as
Boo = Baa + Baa s (4.17)

where B can be understood as the background of the B field. Then, in terms of components,
the Yang-Mills action in first order can be written as

— ! / 1
SYM — g¥MIA B, B,Y] + ﬂ(QBaa[Yaa,,Aaa ] 4+ BaalA%,, A%] — 2BMB°“"> ., (4.18)

where the background Yang-Mills action Sg%\;/[ [A, B, B,Y] is Oth order or 1st order in fluc-
tuation modes. Observe that there is no gauge fixing term or the troublesome term
[Y,Y]|[A, A] since they are absorbed by the background. Therefore, the total action
S = Spag + 59 + S3 + 5S4 consists of:

(1) the quadratic action

’

1 UV T N
52 =Tr <2Baa [Ya—yH A ] - §BocOzBaa + X [Yaﬁv Xﬁ ] + §[Y ) (ZS] [YCKO/ 5 ¢] + i[Y 5 QSIJ] [YCE(X/ 5 ¢IJ]

+ 505 A5, Aaer] + 5115, 815,81+ 3105, 07 1. 012] = 55 X1+ a7 )

2 2
(4.19)
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(2) the cubic action

S3 ="Tr (Baa [Aayfa Aa’y’] + [ch/7 (Z)] [Aoza’a Qg] + [Yaa/a ¢IJ] [Aaa’> (Z)IJ]

— ~3 1 ~ Y ~a! 1 _ ~ o 1 _ ~I/
X o 71— Rl X1+ 3Ralbox + 5 o)+ 37 10 21)
(4.20)
and (3) the quartic action
1 roA | /
1= T (514 B[ 61 + 514, 6 [ Aawr 61
(4.21)

~

+ 516.8106.81+ 516, 6106. 6121 + 5167, 0 1. 6urx)).

l\D\»—t

The self-dual sector. Similar to the story of N'=4 SYM in [80], we can also obtain
the self-dual sector of the IKKT-matrix model by dropping some of the terms in the
action (4.18) with the requirement that the reduced action is still gauge-invariant and has
the same degrees of freedom as before. The self-dual sector of the IKKT-model reads

1 A /
SSD:Tr<BaaFaa+2[Paa ¢H aa’#ﬁ] [Paa ¢UH aa’7¢1J]+X [Paﬁ’aj(vﬁ}

+ 5105, A% ¥s, Agor] + 3 [¥5, 9)[¥5, 8] + 5[¥5, 6| ¥s, 61/ (422
1~ / 1~ ~ o) 1~ 4 ~.J
2Xo/[Y57X ] - §>2a’[¢7 Xa ] =+ 5)21 [¢I’J/7XJ ]) .

We note that unlike the case of 4d self-dual N' = 4 SYM, the action for self-dual IKKT
on the S* has extra contributions from [Ys,-]. These contributions, however, vanish in the
semi-classical and flat (SCF) limit.!!

The SCF limit. From (2.34), we see that at large R, y5 scales as R. Hence, {R,-} =0
as expected. To make sure the contribution from {x2,-} does not contribute in the SCF
limit, let us compute it explicitly,

RJ? ao! kK 0 _ R aa’ kK 0
{ R2 ¥ 22’ } Rxqo {X Y }ay’“ = <5\)\> Xaa'€ 8ym€/ ° O(T‘) (423)

where we have use (3.18). Since it scales as O(r), all of the Poisson brackets involving ys
in the SCF limit can be neglected, i.e. {ys, -} ~ 0. Hence, the (4.22) action reduces to

sso = [ (BF P B Par, 0} + 5 1P 01} (P, 010}
X ,2 (4.24)
X Pa ) = SR T} + 37 {0 X

which is reminiscent of self-dual N/ =4 SYM in 4d [48, 69, 80]. However, the interactions
are gravitational due to the Poisson brackets.

HSee also the work of [69] from a different perspective.
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4.2 The HS-IKKT on twistor space in the semi-classical limit

As mentioned, at large N where functions are effectively commutative, one can replace the
commutators by the Poisson brackets, i.e. [,] — i{,}. We also replace

yeo oyl = (AN)x (4.25)

by using eq. (3.50). Since there is an emergence of geometry in this limit, see discussion in
sections 2 and 3, we can consider fields with smooth enough distribution. Hence, we can
insert an integral as to average out these distribution. Therefore, the action for the IKKT
model on the infinite dimensional bundle .#" = % (CP') x R* becomes

S— / [2Baa{yaa,,Aw’} + Baa{A%,, A%} + LB, B
0% 2
i aa’ ] " i ao’ i aa’
+§{P 7¢}{Paa’a¢}+§{P 7¢1J}{Paa’7¢f=]}+§{y57‘4 }{y5>Aa0/}

+ 5 {75 6Hs, ) + 575, 6™ Hys, 61} + X{Fa X7} + X{ Aag ¥}

— SR (5 B} + 5 Xalys X} = 3R XV} JRald X} + 5 {0101}
37 (0 XY+ A6, BHB.) + 2 18.0"7M (B, 615} + (07,6} (o1, dn)|.
(4.26)

As discussed above, since fields are hs-valued, all of the Poisson brackets are non-trivial.
Next, we want to have a measure that is SU(4)-invariant and have complex form degree 3
since the total space is a CP%,. A nature candidate for the measure is [48]

RYNN) A ldu Adp] R MNaAg(AdA) A dxe A dx”,

D37 = ZAdz8dzCdzP = —
CABCD (R + a2)? (R? + 22)?

(4.27)

The above define a holomorphic measure on our fuzzy twistor space. We also have an
anti-holomorphic measure which is D3Z that is also invariant under SU(4) and has form
degree (0,3). In terms of spinors, we just need to replace A by \ and u for i to describe
D3Z. Notice that we have a conformal factor of (1%21174952)2 from the parametrization (3.23)
and (3.24), which addresses the fact that our target space is a 4-sphere. It is easy to see
that we can have a smooth flat limit when R — oo. The total measure for the above
integral reads

A:=D3ZAND3Z. (4.28)

Note that the measure A is unique and is a (3, 3)-form. The above action (4.26) reveals an
interesting feature of the fuzzy twistor construction. Specifically, the spacetime action of
the IKKT model is already recognized in (4.26) without the need of referring to the twistor
cohomology. Therefore, we can have the same measure for both the self-dual sector and
the non-self-dual one. This is different from the usual twistor construction of non-self-dual
theories, see e.g. [81].
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By varying the action (4.26) with respect to B, we obtain the free equations of motion
for A as

{y%, A} = 0. (4.29)
The free equation of motion for the B field reads
2{yaa’7 Baa} + iD5Aaa/ =0, (430)

where (5 @ = {y5, {y5,0}}. Let us also list the free equations of motion for the scalar fields
and the fermions. The free EOMs for the scalar fields reads

N

(O+05)¢ =0, (4.31a)
(O+0s)¢" =0, (4.31b)

where o = {y®® {yaqas, ®}}. The free EOMs for the fermions are

o 1 o

{Yaa’a X } + 5{}’57 X } =0, (4.32&)
I

{Yaoc’a X } - 5{}’57 Xo/} =0. (4.32b)

It may seem strange that a (gravitational) Yang-Mills theory is described in terms of
first-order equations of motion. However, there is no contradiction since the missing “mo-
mentum” degrees of freedom of the gauge field A are encoded in the B modes. It is also
interesting to note that even though our target space is a 4-sphere, the free equations of
motion for higher-spin fields are also coupled to the transversal modes on the 5th direction.

The semi-classical and flat (SCF) limit of IKKT-matrix model. The contribu-
tions from the 5th direction will vanish in the flat limit as discussed above. In the SCF
limit, the free equations of motion read

{y%,, A%} =0, (%, Baa} =0, (4.33a)
O¢ =0, O¢' =0, (4.33D)
{yaa/75<va’} =0, {Yao/axa} =0. (4'33C)

. /.. .
The equation of A** is invariant under

§AX = [y €}, (4.34)
where ¢ is some hs-valued section on . Let us prove the above statement by computing
explicitly

/ 1 ! / 8 / K/ 8 4 K/ 8
Oy G U o™ o €= T e = ey e

(4.35)

Here, the torsion 7' is defined in (3.63) and we have used Jacobi identity. The torsion
vanishes in the flat limit since it scales at 1/R. We note that the contribution from the
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spin operator ¥ (cf. subsection 3.4) can be neglected in the same limit. Moreover, the
external SO(5) group is degenerated in this limit and no longer acts on <Z§ Together, gg and
¢! will become the usual six adjoint scalars ¢77 = —¢7Z of the internal symmetry group
SU(4). Hence, the action for the IKKT-matrix model in this limit becomes

) . / _ Y
SSCF = /){ I:BaocFaa + §BaaBaa + Z{Paa 7¢Ij}{Paa’a (bIj} =+ QXQ{Paﬁ’7 XB }
(4.36)

+ X {027 X7} + X {0z 27) + 507 0"V o7, daun) |

where we have rescale ¢ — 2¢ and y — /2 for convenience.

4.3 bs-valued eigenmodes of the first-order equations

In this section, we will provide the explicit solutions of the first-order equations of mo-
tion (4.33a) as functions on twistor space, or equivalently as hs-valued functions (or 1-
forms) on R*!. This is analogous to the tower of hs solutions found in [41] translated to
the spinor formalism, which simplifies in the flat limit as some extra terms in the equations
of motion disappear as discussed above. Recall that the gauge fields A can be expanded in
terms of

Aa,a’(x) _ Z AH(S)T(S)W’O‘/(x))\,$ .. )\55\7 . 5\7 . (437)

We can again assume that A%(5)7()leo’(x) is totally symmetric in x(s)7(s), but the (o, o)
are independent indices. Therefore, there are 4 independent (off-shell) A modes, cor-
responding precisely to the 4 tangential modes identified in [41]. The present spinorial
formalism allows a more transparent organization of these modes in terms of the following
two modes (in the maximally unbalanced representation):

A?élo)/ _ An(Zs)a,a’Azj\Z’ (4.38a)
A?QC;I — EQHAH(zsil)’a/)\zj\z — )\QAH(2S*1):C‘/)\Z*15\Z + S\O‘A“@S*l)va/)\ZS\zfl . (438b)

Here AF(25)2:0" g totally symmetric in k(2s)a. We shall sometime use the notation ~ to
denote the SCF limit, and

Ab = Ao Aas (4.39)

s times

to shorten our expressions. To check completeness, we note that A‘("lo)‘/ provides 2(2s + 2)
components, and A?QO)‘/ provides other 2(2s) ones. Taken together, this provides 4(2s + 1)
components, which is the correct number of components in (4.37) and is consistent with [40].
Similarly, we also have 2 eigenmodes of the B, they are

Bleo) _ BH(QS)Q.AZS\Z, (440&)
B&.) _ Gochn(st1)(:\:)@&,8€ ' (440b)
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Here, o is the index of B that contract with the index of the coordinate y®, ,. Now, let
us discuss about the symmetry of the free action. Besides the usual gauge transformation
{y“,, &} where  is some section on J#", the tensorial fields Ar2s)laa’ 3156 have an algebraic

(28) |,

gauge symmetry. The gauge transformation for d A® reads

6§,ﬁAN(25)|a,a’ _ {yaa’7§n(25)} + enaﬁn(Qs—l),a’ ) (441)

The algebraic symmetry ¢ ensures that the (unwanted) second eigenmode A(y) does not
propagate. Indeed, as a simple exercise, one can check that

d82= [ 8O AYE Biaapely'ar 7070} )" ()"

, (4.42)
~ /A Byz/a(Zn){yao/? 790((271—1),0( } =0,

since B is traceless when we consider it as element in the MUR. Here, we have used (C.1)
to derive the above expression. The second mode of B plays the role of a Lagrangian
multiplier and provides us the usual generalized Lorenz gauge condition of the form

/ ABo o1y {Yaar, AXCD'Y (4.43)

Therefore, only the first eigenmodes of A% and B*® propagate.

Equations of motion. Now, we consider the equations of motion. Since non-trivial
solutions exist only in Minkowski signature, the following considerations are somewhat

formal, assuming a suitable analytic continuation. For the A?l‘”)‘, modes, we have

(7%, AT} = {y %, AT ()N N A

= [y®,, AR (1 A A (4.44)

— 1 o |BB’ 0 K(2s)a,0’ N
__ﬁga, A () A+ Ao A

where we have used (4.25) and

AR Ly N A A} = s RNl AR A AT

_ B L (4.45)
= 8 X AFZST D) AT~
This leads to the first-order equation of motion
, Am(Qs)a,a' . An(2s)a,o/
g0 188 QAT (s 94T (4.46)

o oxPY oxPe!

in the flat limit, cf. (3.56a). Note that the fields A" does not depend on the fibre
coordinates. The above equation admits the following plane-wave solution:

a0 4k(28)oy0’ s 3 s
Afy = ArPRO AL

Y
Aa(?s—i—l),a’ _ ¢*...¢ 0" WYKo O
- <CU>25+1

, (4.47)
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in terms of 2s + 1 auxiliary spinors (, which generates the monomials of degree 2s + 1. It
is easy to check that this ansatz indeed satisfies (4.44):

{yaa/’ ?16;/}2>\(a;\5) 0 ~ ~

g AN A d A

= iINONDCE N A A D Drvget Faa ™ =

(4.48)

in the SCF limit. For later use, we note that A(j) also satisfies the gauge-fixing condition

0

Oxo’

A =0. (4.49)

This solution encodes 2(2s 4 2) components, and therefore provides all components of
the first eigenmode A?‘l")‘,. We will show that after the Penrose transform, the above
ansatz (4.47) is indeed the plane-wave solution for positive helicity (gauge) fields in space-

time, see subsection 4.5. Similarly, we find the following solution for the Bfﬁ mode as

/

BO29) — & | @ Faw (4.50)

Therefore we have obtained the most general solutions of the first-order equations of motion
for the A and B fields.

Finally, to count the propagating degrees of freedom for the A and B fields, we can
follow the instruction in [82]. There are in total 2s + 1 equations in {y®,, A*2s=1):%"} and
there are 2s — 1 number of components in the gauge symmetry generator £&. Hence, we have

2s+1—(25s—1)
2

=1 (4.51)

propagating degree of freedom for the A field. For the B field, there are in total 4s equations

in {y’,,B 12

ya(2s—1)} and there are 2s — 1 fuzzy Bianchi identities

{y’ya ) {y’yo/v waa(25—2)}} ~0. (4.52)
These are 2nd order identities. Therefore, we have

4s —2(2s — 1)

: =1 (4.53)

propagating degree of freedom for the B field. Together, A and B (which correspond to
positive/negative helicity fields) describe massless higher-spin fields that have two dof as
they must. The factor of 1/2 accounts for the fact that we are counting the degrees of
freedom on phase space, where the fields (A, B) play the roles of coordinates. It may seem
strange that the B-field carries one degree of freedom, since it is an auxiliary field. This can
be explained as follows. In the original Yang-Mills term F,,F*“, the A field should carry
2 dof. However, after the introducing of the B field, extra relations and gauge symmetries
arise. As a consequence the B field takes away 1 dof from the A field, to describe the
negative helicity mode.

12We call them Bianchi identities in the sense of (4.35).
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To compare these modes with the results in [41], we recall that the present spinorial
approach is geared towards the on-shell modes. A systematic account of off-shell modes
in a Euclidean second-order formulation was given in [40, 41] without using the spinor
formalism, which leads to 4 towers of off-shell hs modes. This is consistent with the above
counting of 4(2s 4+ 1) modes in (4.38). The discussion of on-shell modes strictly speaking
makes sense only in Minkowski signature, which is done here formally by assuming a
suitable analytic extension of the spinors. A different way to carry over the higher-spin
structures to Minkowski signature within the IKKT model was discussed in [42, 43], which
is not equivalent to the present approach. A spinorial re-formulation of that approach
would certainly be very useful, and is postponed to future work.

4.4 Maximally unbalanced representation in spacetime

Before performing the Penrose transform to obtain the effective spacetime action for the
IKKT-matrix model in the semi-classical limit, we would like to discuss briefly about the
maximally unbalanced representation (MUR). In 4d spacetime, a field that lives in an
irreducible finite dimensional representation can be characterized by two numbers (m,n).
These two numbers represent for the number of unprimed and primed indices in a tensorial
field 72(m)2'(n) respectively. Here, the tensorial fields 7¢("):2'(") are totally symmetric in
each group of indices. Then, instead of dealing with general objects in S(m,n), we would
like to locate ourselves at one “corner” of S(m,n), say S(m,0) and S(m,1). Together,
S(m,0) and S(m, 1) define MUR [1].

The fundamental objects in S(m,0) are the higher-spin generalization of Maxwell- and
Weyl- tensors, denoted as B“™). On the other hand, the fundamental objects in S (m, 1)
are the higher-spin generalizations of the gauge potential A* which we will denote as
Ax(m).e’  The free equations of motion for B and A are known long ago from twistor
theory [46, 47, 83, 84]. We will simply quote them here

Ve BP0 = ¢, (4.54a)
vaa,Aa(m—l),a’ =0, 5Ao¢(m—1),o/ _ vaa’ga(m—Z) ) (454b)

The gauge invariance of the equations above requires half of the Weyl tensor to vanish. In
this case, it is the component B4 of the Weyl tensor. There are two remarkable features
of the MUR:

o It allows us to treat spins and derivatives in the interactions almost independently.
This is not possible in the approaches using Fronsdal fields as the main objects to
construct toy models for higher-spin theories. There, the number of derivatives rise
with spins and there is no standard 2-derivatives interaction that is important to
describe gravitational interactions of higher-spin fields [85-92].

e It is closely related to twistor cohomology. Hence, one can employ techniques
used in twistor theory to construct spacetime action for higher-spin theories, see
e.g. [2, 36, 37]. However, the twistor construction using MUR is mainly designed for
chiral theories, see e.g. [36, 37, 81, 93].
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4.5 Spacetime actions for the (self-dual) HS-IKKT model

HS-IKKT on twistor space. As mentioned, in the large-N regime, there is an emer-
gence of higher-spin modes from the IKKT-matrix model. From the analysis in section 3
and 4.3, the higher-spin extensions of the fields in (4.26) reads

A~

Baa 7Y Boan(s)yr(s A" - ATAT AT A% 3T ATty N

(4.55a)

X SRR N A A, XY s DIty A A
(4.55b)
G S TN N LA Srr =3 TN LK A, (4.55¢)

for s,m,n > 0. Note that at s = 0 we have B,,. Since fields on fuzzy twistor space live
in the BWR, their higher-spin extensions result in a remarkable simple action of the HS-
IKKT matrix model where there is an equal in the numbers of A and \. Note that due to
the balance of weights between A\ and :\, the higher-rank tensors will increase with integers
in spins. Therefore, the higher-spin version of the IKKT model schematically reads

Ao daN N ofs
S = ZS: /{ A T (higher-rank tensors)ﬁ(s) (s) (4.56)
The integral over the fibres in (4.56) can be done with the help of the Penrose transform.
Here, we insert the conformal factors (5\)\> so that the integrals over CP! are weightless in
fibre coordinates. It can be understood as some suitable field re-definitions.

One of the intriguing features of the HS-IKKT is that the Poisson brackets provide
more structures that mix left- and right-handed spinors (cf. subsection 3.4) through the
spin operator X. For this reason, the spacetime action resulting from the Penrose transform
of the HS-IKKT model is not standard compared to usual field theories even in the SCF
limit where the contribution from ¥ is approximately negligible. However, the “asymptotic
states” for the HS-IKKT model in SCF limit are identical with the usual ones of free higher-
spin theory in [1]. Another intriguing feature of the HS-IKKT model is that the cubic and
quartic vertices in the IKKT model are naturally higher-spin extensible since we just need
to contract all unprimed indices in all possible way. We will elaborate this fact below.

The Penrose transform and spacetime actions. Using the incident relations (3.11),
we can rewrite the measure D*Z A D37 as

D37 A DT — Red'x  (AdA) A (M) 16d'x (AdA) A (AdX) (4.57)
(R2+x2)4 <5\)\>2 (1+X2)4 <5\/\>2 ) .

which is just another way of writing the symplectic volume form on CP3?. Note that we
have used (3.22) and rescaled x — 2x to obtain the second equality. In the following, we
will denote

16d*x (AdX) A (AdN)
dX:m7 K:W, (4..58)
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for convenience. Next, we will integrate out fibre coordinates using the following inte-
gral [47, 49, 94]'3

PO LD VI o
/ K = A A 577’171 == — m Gﬁa . .Gﬁa . (459)
cp! (A " im0

Loosely speaking, the above integral simply tells us that all fibre coordinates will transform
into the Van der Waerden symbols € in spacetime. It is the “vehicle” that allows us to move

from BWR on twistor space to MUR on spacetime. The spacetime action for the self-dual
HS-IKKT then reads

S N PR
Ssp = / X << (BaaFaa + X Pag XY+ AP S Paars 0} — 5 X0l )
i o 2 2 (4.60)
4 2P 61 H P 15} + 31 (01 X))

Here, the doubled angle bracket ((...)) means all possible contractions between un-
primed indices from higher-spin extensions of the fields in (4.55). The action for the
non-self-dual part reads

_ i aa 1_ e’ 1 =TI J ion 22
Suso = [ X ({ (5BaaB + 5Xaldix"} + 57 {6100} + 5 (8,016.9) o
+ 58,91 18,010) + 5 (676"} o1 6n} ) )

After integrating out the higher-spin fields B, we obtain spacetime action for the HS-IKKT
model on S* as

i PRV IR N P
8 = [ X {{(3Faab + X ParrX} + P I Paars B} = 3R (3.3
7 ’ 15[’ N 7 1 _ A a 1 _
+ i{Paa >¢IJ}{P040/7 ¢IJ} + EX {¢I’J’a XJ } + §Xa{¢,X } + §XI{¢IJ7XJ} (462)

+ %{QZA}? 9?)}{&7 QZA)} + %{é) ¢1J}{¢§7 d)IJ} + %{¢1J’ ¢MN}{¢IJ7 d)MN}) >> .

It is noteworthy to mention that the action of the HS-IKKT in spacetime has minimally two
derivative in the interactions. Hence, the HS-IKKT is a gravitational higher-spin theory
as pointed out previously in [41, 43, 95].

The flat limit of HS-IKKT. As discussed above, together with 5 other scalar fields
associated to the remaining extra dimensions, we have in total 6 scalar fields that transform
in the adjoint representation of SU(4)r — the R-internal symmetry group. Moreover, x, X
also carry internal indices and transform in the fundamental representation of SU(4)g. The
spacetime effective action of the HS-IKKT in the SCF limit reads

8 = [ ([BaaF™® + 3 BuaB™ +{P* 65 H Paars b1} + 26 Pasrs 3}
22 Z, (4.63)
4 oz 1T+ T o, T} + {67, 6 N6z, o) ).

13This averaging operator was previously used in the semi-classical limit of the fuzzy geometry S and
H3, with different notation denoted as []o, see [41] for more information.
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for Z,7, M\N = 1,2,3,4. This is reminiscent of the action for N' = 4 SYM in
4d [48, 49, 80]. Therefore, we can view the (self-dual) HS-IKKT as higher-spin extension
of N'=4 (self-dual) SYM in the SCF limit but with gravitational interactions.

Yang-Mills sector. In this work, we will consider only the Yang-Mills sector of the HS-
IKKT model in the SCF limit while saving other sectors for future work. Namely, we will
consider only the following action

S = / dX K << (23aa{yaa,, A%} 1 Boo{A®,, A%} 4 ;BMBO‘O‘) >> . (4.64)
H

We recall that the contribution from the spin operator ¥ can be neglected in the SCF
limit, hence all fibre dependence drops out from the Poisson brackets in the kinetic term.
From (4.33a), the kinetic action reads

2 /

52 = Z /2)\5 PN )\65\’y PN 5\’7)\4‘ e )\45\7— PN )\7- (Baaﬁ(m),y(m)gaa,.. 8../14((”)7_(")0"0/) , (465)

where we have shown in the subsection 4.3 that A and B are totally symmetric in their
unprimed indices. Using (3.56), (4.49) and (4.59), we end up with the following free
spacetime action

Sy =2 / d'x B0 0% A*5 71" (4.66)

Note that we have discarded all terms that look like the generalized Lorenz gauge condition,
and we have used the fact that pu ~ O(R_%) cf. (3.24). The free action (4.66) is precisely
the one obtained in [1]. Moreover, it can be shown that the solutions for the free equations
of motion for the spacetime fields A and B are exactly the ones in (4.47) and (4.50). It
is remarkable that even though the free equations of motion for the higher-spin gauge
potentials A and Lagrangian multiplier fields B in the HS-IKKT model on J# are more
complicated compared to those of [1], the spacetime EOMs are exactly the same with the
standard EOMs of free higher-spin fields in flat space after the Penrose transform. We also
stress once again that the solutions (4.47) and (4.50) belong to MUR.* Next, the term B>
on twistor space reduces to'?

: 1
L / AX K (BauB%®) > —= / dX By B, (4.67)
2 ) 2

on spacetime. It can be understood as a perturbation around the self-dual sector that
contributes to the full Yang-Mills structure in the HS-IKKT model.

Now we move on to the cubic interaction term for the Yang-Mills sector of the HS-
IKKT.'% Recall that the Poisson bracket of {A%,, A"} involves both the fibre and space-
time derivatives on #". Therefore, there will be two types of contributions in the B{A, A}

4 The free spacetime action for hs-valued scalar fields ¢77 and fermionic fields x, X can also be obtained
similarly.

15The coefficients resulting from the Penrose transform can always be absorbed via an appropriate field
redefinition.

Y6We will study the other interaction terms in the action (4.63) in a later work.
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vertex. The leading contribution is the one which arises from pure spacetime derivatives,
where all fibre coordinates factor out from the {, } bracket. Explicitly,

))\’ij\gn)\zj\:_z{A“/(m)Mm)a,a/(X)’ Ar(m)T(n)a,e’ (x)}
(®) )\zmj\gnAzj\Zgoo’oo’ﬁoolA’Y(m)cs(m)a,a/ a../Am(n)T(n)oc,o/ )

(/\B)S (xp)sBaaﬁ(s)p(s

A (4.68)
~ (AB)S(Ap)SBaaﬁ(

s)p

We note that the spacetime fields are traceless with respect to € tensors since they arise
from the first eigenmodes (4.47) and (4.50) of the twistor field A and B. Hence, using the
Penrose transform (4.59) i.e. integrating over the CP' fibre space, we obtain the following
spacetime vertex

Vi = N By Oaw AT 0,0 Aty yielevant (4.69)
m+n=2s—2

Due to the restriction on the contraction between unprimed indices, the « indices in the
derivatives will be contracted with the « indices of the fields As in all possible way. However,
because of the plane-wave solution (4.47) we will receive only the contribution of type
(Ci)(¢j) for i) = v; being the external spinors associated to the external fields A; (see
section 5). For this reason, we do not need to specify how the a indices of the derivatives
contract to the ones of the A fields. In (4.69), Virrelevant denotes other contributions of
V?}ead that vanish when we compute the 3pt-scattering amplitudes using the asymptotic
states (4.47) and (4.50). It is remarkable that the cubic vertex (4.69) is closely related to
the one of the higher-spin extension of self-dual gravity (HS-SDGRA) in [1]. Hence, even
though the HS-IKKT looks like a higher-spin extension of N' = 4 SYM, it behaves like a
gravitational theory of higher spins!

Let us now consider the subleading terms that result from {A\n, Ag} = —ieag in (3.36).
Observe that we will get contributions that have a pair of unprimed spinorial indices
contracted between the gauge potentials A2@s=1).0" We first compute

Do Aadg. . Ag Ay A As o Ag} = imm ey g AN T NG T AT —imin eqs AL ATIAY AR

n times  p times  m times ™M times
(4.70)
In spacetime, the subleading vertex read
Vvssub —9 Z mn Ba(2s_2)Aa(m). .,Aa(n)'w’ ] (4.71)

m4n=2s—2

Their contributions to the scattering amplitudes vanish due to the plane-wave solu-
tions (4.47). Note also that the vertex (4.71) vanishes identically in the light-cone gauge.
Hence, the only non-vanishing contribution of the Poisson bracket between two higher-spin
gauge potentials A is the one that has all fibre coordinates outside of the {, } bracket. As
a remark, although the Poisson brackets will provide more structures compared to higher-
spin interactions in field theory approaches on twistor space, the spacetime action is simple
thanks to the Penrose transform (4.59).
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5 Scattering of the HS-IKKT in the flat limit

We are now in a position to study the 3-pt tree-level amplitude of the SDYM sector of the
HS-IKKT in the flat limit where S* — R*. The action for this sector is

S = Z/d4x Ba(29G*®Y, (5-1)
where
Ga(2s) _ aaa/Aa(Zs—l)ﬂ’ + Z 3a./Aa(m)’,i/8a'/Aa(n)’n/ . (52)
m+n=2s+2

The above action is closely related to the action of HS-SDGRA in [1]. Indeed, the light-
cone action for the above is identical with the one of HS-SDGRA. It can be seen as follow.

First of all, we can impose A*(2s-2)0.0'

= 0 in the light-cone gauge. Then, the physical
component of the higher-spin gauge potential is A@s=1).0" — ®, ;. We recall that « =0, 1
and o/ = 0/,1’. Similarly, the physical component of the B field is B9 = 9t®_,. We
will split the partial derivative in spacetime as 9* = (9+,97,0,0). Upon integrating out

auxiliary components of the gauge fields , we end up with the following action

1 Oé, /
S = Z/délxi(q)*qu)ﬁs’) - Z (q)—(82+83—2)80a’606’q>+8260 0" (I)+83)- (5.3)

52,53

In momentum space the above reduces to

S = _% Z/d4p(q)—sq)+s)p2 + Z /d4p1,2,364 (sz) p2(¢7(82+8372)@+82©+53)7 (54)
s $9,83

where p := (8,p™,p,p) and P;; = p;3; — p;B; for p; being the 4-momenta of the external
field ®,.

Next, it is well-known that the 3-pt amplitude vanishes for real momenta. Hence,
we will work in a complexified setting to compute the 3-pt amplitude and we will not
discuss reality/positive energy conditions explicitly. To address momentum conservation,
we choose a convention such that the sum of momenta entering a vertex is zero. To this
end, let us compute the simplest tree-point amplitudes between (B *', A5?, A3*). Using
the plane-wave solutions (4.47) and (4.50), we obtain
<C1>231+25274

M g 153,85 = 0(2 = (s2 4 53 — 51))[23]° C)B g Eat (5.5)
Due to conservation of momentum p; + py + p3 = 0, we have
€ _py by 55
(€2) (B (¢3) [12] '
Therefore, the three-point amplitude reads
[23]2s2+233—2
M781|82,S3 - 5(2 - (82 + 53 — Sl)) (5'7)

[31]252—2[12]253—2 :
We obtain the usual result for gravity at s = 2. Note that the action (5.1) can be viewed
as a closed subsector of the HS-IKKT model. We shall refer this theory as gravitational
HS-SDYM or gravHS-SDYM for short. In the next section, we will reconstruct this theory
from a different point of view.
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6 Twistor construction for gravHS-SDYM

Let us summarize what we have done so far. We started with the IKKT model on a
background given by fuzzy CP?, which is recognized as quantized twistor space. In the
semi-classical limit, higher-spin fields emerge naturally in the BWR. After integrating out
the fibres using the Penrose transform, we end up with the spacetime description of the HS-
IKKT, with fields in the MUR. Since the resulting system is a field theory on spacetime,
it is natural to ask whether we can arrive at the same spacetime action in a different,
more commutative manner. We will propose how this can be achieved using the twistor
construction for higher-spin fields in [2, 36, 37]. For the twistor constructions of lower-spin
theories, we shall refer the readers to e.g. [81, 93, 96] for further details.

Our goal is to arrive at the gravHS-SDYM action that gives the same scattering ampli-
tudes as in (5.7). Hence, it is appropriate to consider a curved/deformed projective twistor
space PT [97] associated to flat Eulidean space R*. Since no confusion can arise, we will
simply call PT as twistor space. The twistor action has the form of “gravitational” BF
action on the uncompactified twistor space and is closely related to the twistor action of
SDGRA studied in [93]. Our derivation follows closely to the references [2, 81, 96].

To begin, recall that the twistor space corresponding to R?* is isomorphic to the pro-
jectivisation of the unprimed spinor bundle denoted as PS =2 CP! x R*. Hence, as before,
we can use A as coordinates on the CP! fiber while the spinors ua/ are coordinates up the
fibers of the normal bundle!”

T(PT)|cpr /T(CPY) = O(1) @ O(1), (6.1)

in the view of the fibration 7 : PT — CP!. It is convenient to define the following basis
for the (0, 1)-vector fields on the projectivisation of the unprimed spinor bundle PS [81]
0 0

Jo = —(AN)Aa—— Ot = =N —— . 6.2
0 < > a)\a ) oo ( )
Their dual (0, 1)-forms read
g0 = N g — Aadt™ (6.3)
(AX)? (AN
It is easy to check that = &%9y + e 8, = dZAA%. Essentially, the above basis is

based on the fact that T(CP') ~ O(2) and T*((CP?) ~ O(-2), where O(n) is the line
bundles whose sections are polynomials of homogeneity n in A. The above basis provides
a convenient way to work with Penrose transform in the Woodhouse’s gauge (also known
as harmonic gauge).

Since the vertices of gravHS-SDYM involve derivatives, it is convenient to define the
following (1,0)-vector fields and their dual (1,0)-forms on PS:

Ao Ae

9y e - 0 7 Dot 1= ——— Ot » (6.4a)
(AN) Do (AN)

¥ = (Ad)), e = Agdz®® . (6.4b)

Notice that e is the holomorphic top-form of the fiber CP'.
1"See e.g. [75, 97-99] for an explanation.
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Now, let us consider the following action on deformed projective twistor space PT
Sep = / D3ZBF + S., (6.5)
PT

where B is a (0, 1)-form Lagrangian multiplier and F is a curvature (0,2)-form. Here, S,
is the correction part of the action that addresses the non-gauge-invariance of the measure
D3Z under higher-spin diffeomorphism on P7T viz.

57 = (2.6, (6.6)

where £ is some hs-valued (gauge parameter) section on P7T. Furthermore, {, }, with the
subscript h is the holomorphic Poisson bracket on P7T that has the following property

{a,b}s = —{b.a}s. (6.7)
The gauge transformations for B and F read

We observe that if we work with PS & CP! x R?* instead of PT, the correction S, to
the higher-spin diffeomorphism can be dropped since we can write the anti-holomorphic
measure D37 as

D3Z = N[ Ney], (6.9)
using the basis (6.3). We, then, have

A A

(AA) A (AdA)

D3Z ND3Z = d*a LA (6.10)
(AN)?
when the base manifold is R*. The holomorphic Poisson bracket on PS is defined as
{f g}n =00 fNO¥ —@a fA9Y (6.11)
y9sh - [} g <5\)\>2 a B 9, .

where 0, is defined in (6.4).!® Here, f and g are holomorphic forms/sections on PS = PT.
Hence, the holomorphic Poisson bracket preserves the holomorphicity of the wedge product
between f and g. One can check that (6.11) satisfies the property (6.7). Moreover, the
action (6.5) on PS is now gauge invariant under (6.8) since we can freely move the 0,
derivatives around without creating additional terms when 9,/ acting on the measure.

Let us now define our fundamental fields on PT by recalling that a free massless spin-s
field on 4d spacetime corresponds to a twistor cohomology representative in the Dolbeault
cohomology group H%(PT, O(2s — 2)) if it has positive helicity, and H%!(PT, O(—2s —2))
otherwise [45-47, 102], where!”

0.1 . WE QYL(PT)(n)|0w = 0}
HYY(PT, O(n)) : =28 .

18This deformation was previously used in the context of non-linear graviton construction,
see e.g. [100, 101].
19Gee [94, 103] for a nice review.

(6.12)
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Here, QU(PT)(n) is the space of (0, 1)-forms on PT of weight n, i.e. f(tZ) =t"f(Z). Note
that PT is the twistor space where there is no deformation of the complex structures, and
we will take the spinors A to be our reference of weight.

Now, to address interactions between higher-spin fields, we can consider the following

twistor representatives [2] in the Woodhouse gauge

w = éa/wa/ = szzéa, = Z A%\ Aa(28_1)7a/éa/ s (613)
S

S 2s5—1 times

and

_ s =0 s =o'\ __ Ja . ja <5‘d5‘> s =o'
B_%:(Boe +BEY) =) (25 +1) A% A Ba(28)7<:\)\>25+2 +§S:Ba,e . (6.14)

S 2s times

Note that ¢ and e” are defined in (6.3). We will refer w to as the generalized connection
that is a twistor representative of @, Q% (PT,O(2s —2)). On the other hand, the B field
is referred to as the generalized Lagrangian multiplier twistorial field that belongs to the
following group @, Q" (PT,O(—2s —2)). Note that the above twistor representatives of
w and B allows us to get HS-SDYM in spacetime [2] through the Penrose transform (4.59).
Furthermore, we will assume that all deformations are sufficiently small so that they will
not affect the complex structures on twistor space to avoid the complication arise from
Kodaira’s theory [104].
Next, the field strength F is defined as®’

0=F:= 5w+%{w,w}h. (6.15)

By varying the action

S=[ Al Aeo] B(éw + 1{w,w}h> , (6.16)
PS 2

with respect to w, we obtain the equation of motion for B as
DB =0+ {w, B} =0. (6.17)

The above equation is invariant under B — B+ Dy due to Bianchi identity. Therefore, the
gauge transformations for w and B read

bw = 0¢ + {w, &}, 6B = {B, &}, + 0x + {w, x} - (6.18)

To obtain spacetime description of the above BF theory, we will rewrite the field strength
F as

F = (50(,00/ — ﬁa/w(])éo A& + ﬁa/wﬁ/éa/ Nt = , (6.19)

20A derivation for this field strength will appear elsewhere.

— 37 —



where we have used the basis (6.3) to decomposed D, B and w in terms of coefficients of
e and €. The above can be understood as the integrability condition with the deformed
complex structure D. We note that

Dywoy = Oprwo + {wa/,wo}h , Da/wgr = aa/(.«.)ﬁ/ + {wa/,W5/}h, (620)

according to (6.15). Since, Dywoe’ A & = D(wpe®), we can remove this contribution by
the gauge transformation (6.18). Namely, we can set wy = 0 as a natural gauge fixing
condition on commutative twistor space. This particular gauge is the aforementioned
Woodhouse gauge or harmonic gauge. It indeed agrees with various theorems [45-47, 102]
that tightly constrain twistor cohomology representatives which are harmonic on the fibres.
In the end, we only have to consider the following decomposition of B and w:

B=Y (85 +e”B), w=>Y e¥wl, (6.21)

where the letter s indicates the spins of fields that take value in bs.
The integrability condition (6.15) contains two sub-equations

> dwiy =0, > 0w+ Y {wih,whith (6.22)
s S m-+n=s
The first equation does not contain spacetime derivative and is solved by (6.13). It tells us
that w?, are holomorphic in A. The second equation, which contain spacetime derivatives,
addresses interactions and can be written as

0= € Y A% A" [3a-'14a(251),°/+ > {Aamyes Aagn)” In |- (6.23)

m—+n=2s—2

After integrating out the fibre, we will obtain the two-derivative vertices for higher spins
as in (4.69) without the yirrelevant ters On spacetime, it is interesting to note that
the gauge transformation of higher-spin fields contain two derivatives in the holomorphic
Poisson bracket {,}; after the Penrose transform. It is somewhat similar to the case of
Moyal-like higher-spin theories studied in [105].

Remarks. We have just shown that the twistor action for the gravitational self-dual
Yang-Mills sector of the HS-IKKT model on commutative twistor space is a gravitational
BF one. Therefore, from the geometrical point of view, it should be integrable in accor-
dance with the light-cone result in [16]. It is then reasonable to conjecture that the twistor
action of the N' = 4 self-dual HS-IKKT is a deformed Chern-Simons action on super twistor
space CP31*. It would be interesting to check whether the non-self-dual (n.SD) part of the
action (4.61) can have a twistor analogue like the one in [49, 106]. Namely,

HSD = /)( _DX log det ((5 ‘I— A)‘(CPI)(@")

o (6.24)
- _ 1, i [ (Aady) AndAn)
_/XDXTr[logaangln(%) /<AnA1> B S
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where A is some super field that contains the gauge fields (w, B), the fermionic fields (xZ, x%)
and the scalar fields 7. The above action exhibits an interesting feature of twistor space:
the interactions on twistor space can be non-local as long as the effective spacetime vertices
are local. We shall refer the readers to [48, 49, 106] for further discussions.

Recall that by averaging out the fibre on fuzzy twistor space, we obtain a term
dos Ba(gs)Bo‘(%) in the action of the HS-IKKT on spacetime. This term can be understood
as a deformation away from the self-dual gauge sector of the HS-IKKT model. Therefore,
it is natural to consider the following action

1
S=3 [ da BapyGo®) — 53 [ dt By B2 (6.25)

By integrating out the B fields, we end up with a gravitational-type HS-YM (gravHS-YM)
action

1 4 a(2s
5= 2;/65 £ G2 GO (6.26)

It is easy to see that the above action contains at most 4 derivatives in the interactions.
Hence, it is a local gravitational higher-spin theory. This theory is can be thought of as the
higher-derivative extension version of the HS-YM in [2]. Note that due to the expansion
purely in terms of unprimed indices, the above theory is intrinsically chiral.

7 Discussion

In this work, we established a relation between two different approaches to higher-spin
theories: one based on the IKKT matrix model on covariant quantum spaces [40, 42, 76],
and another based on a Poisson deformation of twistor space with higher-spin symmetry
encoded in the twistor cohomology representatives [2, 36, 37].

More specifically, we clarified the relation between the fuzzy 4-sphere S%, and (fuzzy)
twistor space, and studied the hs-valued fields which naturally arise in the balanced weight
representation (BWR). This allows for a transparent analysis of higher-spin modes in the
IKKT matrix model on such a background. We have also spelled out the effective vielbein
and metric in spinorial language. This provides us a novel twistorial description for the
IKKT-matrix model on fuzzy twistor space in full non-linearity. We then studied in detail
the higher-spin gauge theory induced by the IKKT model in the large N (semi-classical)
the flat limit. Upon performing the Penrose transform, we obtained the spacetime action
for the HS-IKKT. We also studied the simplest 3-pt scattering tree-level amplitude of
the gravitational self-dual Yang-Mills sector of the HS-IKKT (gravHS-SDYM). The result
matches with the 3-pt amplitude of the HS-SDGRA considered in [1].

Having the spacetime action of gravHS-SDYM, we also show that its twistor action
can also be formulated as a gravitational BF theory on deformed projective twistor space
PT. Therefore, the gravHS-SDYM is integrable. This strongly suggests that the self-dual
sector of the HS-IKKT model is also integrable along the line of [48, 49].

The remarkable feature of the IKK'T model is that it provides a simple non-perturbative
definition of a higher-spin gauge theory, which appears to have good locality properties,
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and is well suited for quantization. Even though the action is different from the more
standard definitions of gravity, quantum effects are expected to bridge this gap [107]. Due
to this non-standard formulation, the significance of the resulting higher-spin theory is not
evident. The present re-formulation in terms of spinors and the relation to twistor space
should be very useful to clarify its physical significance, as illustrated by the computation
of a simple scattering amplitude.

Some further remarks are in order. First of all, the hs-valued fields in the fuzzy twistor
construction naturally arise in the BWR, while the twistor construction uses MUR. Never-
theless, the higher-spin fields on spacetime always belong to MUR. The main advantage of
the fuzzy twistor construction is that we do not need to rely on twistor cohomology, and it is
more natural to consider higher-spin interactions on twistor space compared to the twistor
construction using MUR. Indeed, one can straightforwardly write down the non-self-dual
interactions involving higher-spin fields in the fuzzy twistor construction. Moreover, we
can maintain locality all the way from twistor space to spacetime in this construction com-
pared to the usual twistor construction in [49, 81]. However, it does not give us a clear
interpretation of why the self-dual sector of HS-IKKT is integrable.?! We believe that
the fuzzy twistor construction considered in this paper and usual the twistor construc-
tion in [2, 36, 37, 49, 81, 93] can complement each other in finding consistent twistorial
higher-spin theories in spacetime.

In the past, it was relatively simple to rule out the existence of higher-spin the-
ories under the requirement that the S-matrix should be Poincare invariant, analytic
and local [3, 4, 109-111]. It turned out that the assumption about higher-spin symme-
tries [86, 112-114], i.e. interactions between higher-spin fields, is crucial for higher-spin
theories to exist. However, it is not always possible. For example, if we use the Frons-
dal approach to tackle the problem of higher-spin interactions, sooner or later we will
once again run into No-go results [5, 22, 24, 25]. The reason is that most of the parity-
invariant higher-spin theories using Fronsdal fields as the main objects in the literature
exhibit non-local features starting from the quartic interactions. Specifically, in the Frons-
dal’s approach, spins and the number of derivatives in the vertices are closely correlated.
In particular, as the spins of the fields increase, so do the numbers of derivatives.

The difficulty of non-locality in the Fronsdal’s approach is overcome by the light-
cone [15, 16, 26, 27, 29, 30, 115, 116] and twistor/spinor formalisms [1]. There, one can
handle the number of derivatives and spins/helicities almost independently. However, the
higher-spin theories constructed by the light-front or twistor /spinor approaches are usually
non-unitary and self-dual. Being tailored for mainly constructing chiral theories, twistor
theory might be an appropriate framework to formulate higher-spin theories that can avoid
No-go theorems/results.

21 The spacetime theory of self-dual HS-IKKT matrix model should be a quasi-topological theory. Namely,
it has propagating degrees of freedom and interactions, but has trivial scattering amplitudes. Moreover,
it should be a gravitational supersymmetric extension of HS-SDYM [1, 16]. See also [108] for a recent
development of supersymmetric extension of chiral higher-spin gravities in the light-cone gauge.
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A Spinor algebra
First of all, the ¥-matrices provide a realization of so(5) algebra
[Eab, Xed) = (Baddbe — XacObd — Zbddac + LocOad) - (A.1)

For v-matrices, we have the following useful relations (u =1,2,3,4)

(V)L ()" = =887 +2(0 L85 + CacCPP) (A.2a)
() as(Vu)ep) =0, (A.2b)
YA Ay = ()5 (4 =28 Ly (A.2¢)

We use CAB to raise and lower indices as
PA=pPgCB Pu=PBCra, CamCPM=6F. (A.3)
We also have the following relations € matrices

u? = u, e, ug = u'eyg, ea.y/em/ =67, (A.4)

«

from which we can define the angle and square brackets often used in the literature
(ab) = a“by , [ab] = a® by . (A.5)

We note that for a generic tensor T3, it can be decomposed as

1
Taﬁ = T(a,B) + §€a5T,Y’Y . (Aﬁ)

As a consequence, one can write an sp(4)-tensor TABLABs a9

Ty B as BBy pa(s)B(s) oy By alf + T ($)B' () cnfr casPs : (A.7)
where
- $ ! !
Ta(23) _ ( 25) T.A1Bl,‘..,.ASBS (O,Al)a% (O_Bl )a'yl o (O'As)a'yg (O_Bs)a'ys ) (AS)
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The tensor 729 and T (25) are referred to as the self-dual and anti-self-dual components
of the tensor T8 AsBs 22 There are also useful relations of o-matrices

| 1
(Ua)aal(o_b)ﬁa _ §nab6a5 + §[O_a’ O_b]ocﬁ’ (A.9a)
(O—a)aa/(ab)aa’ = 5ab ) (A.9b)
(0a)* (0%)pp = €5€5 (A.9¢c)
oo’ ! 1 cyaa! !
(U[a) (Ub})oﬁg = —§€abcd(0 ) (Ud)a’B , (A.9d)
for a,b=1,2,3,4.
B Relations of S%
s0(5) relations. Beside (2.11), we also have the following identities [39, 41]:
(M, Y}, =0, (B.1a)
. R2 1
{MacvMb }+ - 5 5ab - W{Yayn}-i— ) (Blb)
N
e MqYe = r(N +2)Me (B.1c)

Note that the relation with the €,pqqe tensor is a self-duality constraint that makes all
possible Young diagrams associated to higher-spin modules in the space of functions on Sﬁ,
into two-row ones [39, 40].

The identities (B.1) follow directly from Y,Y% = R? by acting with [V e]. The
identities in eq. (2.11) which are related to the highest weight = = (NN, 0,0) of s0(6) ~ su(4)
can be obtained as follow. First of all, the oscillator relations of Y, that satisfy (2.6) reads

Yo= 5 (Za) (va) b 2" (B.2)

By putting the dagger, we want to emphasize that ZL and Z4 are non-commutative vari-
ables that obey (3.29).
For convenience we reproduce the computation of the radius:

VoY, = T2\ ZE 2 ) 2
N iZit( V(125 2] + 2L2°) () D 2P
szfm )E(1) 527 + ﬁZT 1 Zh () 5 (va)p 2B 2P (B.3)
= ifom )’5(va) %2 + < Z;ZC(ZAZC S AAS
%N(N +4),

22We note that in Lorentzian signature, 7°(>*) are 7% 29 are complex conjugate of each other otherwise
the corresponding field strength of T will be complex.
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where we have used (3.29) and (A.2a). Similarly, using the fact that My, = (Z4)"(Zap) 525
together with (A.1) and (3.29), we arrive at

4
€apede MM = 1227806 Z + AN ZT806Z — 21806 2) = —(N +2)Y,, (B.4)
T

where X9 = 14 This is the self-duality constraint (B.1b).

sp(4) and su(4) relations. The relations (B.1), which hold on Hy, take the following
form in terms of the new generators L and Y:

YusY B = LapL™P = 4R%, = N(N +4), (B.5a)

{L[AMayB]/Vl}-‘r =0, (B5b)
B D B D

(L8 L e = =8 Y (B.5c)

eascpY P = —Yep . (B.5d)

In obtaining the above, we have used some useful relations in the appendix A.

The first relation in (B.5) can be obtained directly by the map Yy B = YAB while
others can be obtained by acting with [Y45 e] on Y 5Y 48 = 4R%. To derive the self-
duality constraint (B.5d), we note the following identification:

ye = EYA%;B. (B.6)

Now recall the following so(5) Fierz identity from [76]
o1 3
Ya ® Y :§(II+P)—§(]I—P)+8P1, (B.7)

where P is the permutation operator, and P; = iC ®C'is the projector on the s0(5) singlet
in (4)®(4) = ((10)s ® (5)as @ (1),45)50(5). In terms of indices, the identity (B.7) reads
(v*)aB(Ya)ep = —CasCep + 2CapCes + 2CacChp (B.8)
which is nothing but the identity (A.2a). This allows us to compute
eacp(1a)™ P (1)°F = ¢bap = eapep(va)F(v*)°P = 5e, (B.9)
which gives
—5e4cpCAPCOP = 5¢. (B.10)
Therefore, we can fix the normalization constant
c=—4. (B.11)
The self-dual constraint for sp(4) reads

GABCDYABYCD — 7’72€ABCD (,Ya).AB(,Yb)CDyayb

; (B.12)
=cr Y'Y, =—-N(N +4)
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or equivalently
c
eapepY 4 = £ Yep = —Yep. (B.13)
Further identities are obtained by noting that
1
TAB = §YAB + LAB (B.14)
satisfies the relations of su(4), as well as the characteristic equation [117]
4
(T —3) (T+1+N)=o (B.15)

on M. This is the origin of (B.1b).

C Derivation of effective metric

Let gaa/ﬂﬁ/ is the effective metric in the tangential direction while 0°¥' BB’ is the effective
metric in the transversal one. By using the following identities

~ 1 ~ -1 1 -7
NN = 2e (AN, p® = S (), (C.1)
we can write the first term ¢ %% in (3.60) as
g = P (BN [f?) + A )
= N2e*Be?8" _ o] (AN PP 4 gAONP) (e 3B (C.2)
= N2eBeB L oM 1 + AN .
The second term **#% in (3.60) reads
P = — (AR AN 4 XN e N @) (C.3)
Combine them together, we obtain the full metric in (3.61).
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