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1 Introduction

The IKKT-matrix model [1] can be considered as an alternative and constructive description
of type IIB superstring theory. It also provides a promising approach towards a quantum
theory of gravity in 3 + 1 dimensions, since both spacetime and physical fields emerge
from the same matrix degrees of freedom; see e.g. [2] for a review. Recently, it was shown
that the Einstein-Hilbert action can be obtained from the one-loop effective action on non-
commutative branes in the presence of fuzzy extra dimensions [3, 4]. From this perspective,
the gravitational theory induced by the IKKT-matrix model is closely related to the idea of
induced gravity of Sakharov [5, 6].

Some natural backgrounds of the IKKT model are given by covariant fuzzy spaces such
as the fuzzy 4-sphere S%; [7] or fuzzy 4-hyperboloid Hj; [8]. These are the total spaces of
quantized sphere P}-bundle over the base manifold S* or H 4 respectively. From this point
of view, S}, can be viewed as a compact fuzzy twistor space P3; while Hj; is understood as
a non-compact fuzzy twistor space IP’Jl\}Q. What is significant about these fuzzy spaces is that
their algebra of functions % is truncated. As a result, the higher-spin algebra ths, which is



a subspace of ¢, is also truncated for finite N [7, 9]. Since this truncated symmetry must
be accompanied by higher-spin gauge fields,! it is obvious that the IKKT-matrix model can
induce a higher-spin gauge theory (HS-IKKT) whose spectrum is finite.

The connection between (HS-)IKKT matrix model and twistor theory naturally leads
to a spinorial formulation of the resulting gauge theory, which was explored for the case of
Sjlv in [10]. However this only leads to a background with Euclidean signature. To overcome
that limitation, we generalize in the present paper the analysis in [10] to backgrounds
defined using Hy. Indeed, it is known that Hp can be projected to a fuzzy FLRW
cosmological spacetime with Lorentzian signature. Then the IKKT-matrix model defined
on this background becomes a more ‘conventional’ field theory.?

In this work we will consider two projections of Hjlv: (i) a stereographic projection to a
4-hyperboloid (or equivalently Euclidean AdS) as the base manifold, and (ii) a SO(1, 3)-
invariant projection which defines a FLRW type cosmology [13-15]. In the first case, we
essentially recover the same results of [10] (up to signs) for the spinorial formulation of
the IKKT-matrix model on H?. In the second case, we provide a novel formulation of the
IKKT-matrix model in terms of twistor/spinor variables on the FLRW spacetime. However,
in that case the spinorial description turns out to be rather unconventional, making it hard
to study scattering processes in the flat limit.

As an application of the spinorial formulation, we compute tree-level on-shell scattering
amplitudes of massless fields of the Yang-Mills (YM) sector of HS-IKKT theory in the
complexified Euclidean case, and show that all n-point tree-level amplitudes of this sector
vanish for n > 4 in the flat limit. To obtain an alternative understanding of this result, we
also project all vertices of this sector to the light-cone gauge, and observe that the MHV
sector can be removed by a local field redefinition. Due to the unconventional space-like
spinor formalism in the Lorentzian case, we compute the tree-level scattering amplitudes of
HS-IKKT theory only in Euclidean signature in the present paper, and set the stage to
elaborate the Lorentzian case elsewhere.

The paper is structured as follows. Section 2 provides a brief review of the IKKT-
matrix model and almost-commutative 4-hyperboloid. Section 3 elaborates the relation
between Hj‘{, and ]P’}f using spinor formalism from the stereographic projection point of
view. Section 4 studies the spinorial description of the SO(1, 3)-invariant projection. The
gauge-fixing procedure and decompositions of modes are specified in section 5. Section 6
derives spacetime action of HS-IKKT. Section 7 computes the scattering amplitudes of the
HS-IKKT. We conclude in section 8 and collect some technicalities in the appendices.

Notation. Throughout the paper, we use a,b as SO(1, 4)-indices where a,b =0, 1,2, 3,4
while a, b stand for SO(2, 3)-indices for a,b=0,1,2,3,5. The Sp(4) and twistorial indices
will be denoted as A, B where A, B = 1,2, 3,4. Note that o, 3 = 0,1 while &, 8 = 0,1. We
will use the strength-one symmetrization convention, e.g. AqB, = 4 (Aq, Bay + Ay Ba, ); and
write fully symmetric rank-s tensor as Tos) =Ty ..as for short.

!Note that the truncated higher-spin algebra ths coincides with the usual higher-spin algebra hs of
4-dimensional target space in the semi-classical (large N) limit as discussed in e.g. [2, 10].
2See also [11, 12] for somewhat related realization of twistor geometry in similar matrix models.



2 Review on the IKKT matrix model and the fuzzy 4-hyperboloid
We consider the following SO(1, 9)-invariant action functional
S =Te(V1, YY1, Yol + 2m®Y Yy + WA B[Ys, 0s]), T=0,1,...,9, (21)

known as IKKT model amended by a mass term.? This model describes 941 hermitian
N x N matrices Y1, as well as matrix-valued Majorana-Weyl spinors ¥y associated with
SO(1,9). Since Y are matrices, they generically do not commute. This non-commutativity
can naturally be interpreted in terms of a quantized Poisson structure #I7 on a brane
embedded in target space R viz.

I yd]=ielt. (2.2)

To extract classical coordinate functions {y!} describing R, it is reasonable to assume
that there are localized quasi-coherent states |y) € H (with H being some Hilbert space on
which the matrices act) such that the y! arise as expectation value of Y viz.

y' = y[Yly) e RY. (2.3)

The resolution of the coordinate functions y! will increase with the size of the matrices Y7,
which suggests to consider the large N (or semi-classical) limit or regime where matrices
are almost-commutative [17-20]. In this regime, we can replace (2.2) with Poisson brackets

{y',y7} = 0" (2.4)

Here y! can be used to define an almost-commutative variety embedded in target space via
y! : M < RY. Then classical functions in terms of y are related to matrices via

E(M) ~ Mat(H)
) = WlE)ly) ~ FE).
The matrix algebra (Mat(#),[,]) generated by Y7 is interpreted as quantized version of

the Poisson algebra defined by the pair (¢'(M), {, }). Furthermore, the trace in (2.1) will
be replaced by some appropriate integral, as discussed below.

(2.5)

For our purpose of constructing a higher-spin theory from the IKKT-matrix model on
Hﬁ,, it is sufficient to consider the semi-classical limit or -regime, where we can work with
ordinary functions as familiar from field theory. The non-commutativity then reduces to

the explicit Poisson brackets

{9y =10 = —m™,  a,b=0,1,2,3,4, (2.6)
where m® are functions on twistor space P2 (as explained below) arising from the semi-

classical limit of so(1,4) generators in certain representations [8], and ¢, is a natural
length scale.

3The mass term is added in order to stabilize the background under consideration as a classical solution.
This mass should be considered as parametrically small, and will be negligible for the local physics in the
flat limit, which is the focus of the present this paper. Ultimately, quantum effects are expected to stabilize
a slightly deformed version of the present background, cf. [16].



It is worth noting that the Poisson bracket (2.6) involves two derivatives in y®. This
means that even though the IKKT-matrix model has the structure of a Yang-Mills gauge
theory, it behaves like a gravitational theory. To study the IKKT model perturbatively [21],
we will consider fluctuations y® = 4@ + a% of a background y* on Hj; [22]. This defines an
almost-commutative Yang-Mills-type gauge theory on H3, [8] that is invariant under the
gauge transformations U ~!(7%+a%)U where U is any unitary matrix, replacing commutators
by Poisson brackets.

Algebra of functions on semi-classical Hf(,. Endowing the ambient space R'* with
the metric 1., = (—, +, +, +, +) allows us to describe a 4-dimensional hyperboloid Hﬁ, of
radius R in terms of a space of functions @ with the following so(1, 4)-covariant semi-classical
relations [8]:*

{mab, Med} = +(MadMbe — MacTbd — MbdTac + MbeNad) (2.7a)

{mab, yet = +(Yabe — YoMac) » (2.7b)

{Yas 9} = =5 mab (2.7¢)

Yay® = —y5 +vay* = —R* = —612’51\72 , a=1,234, (2.7d)

€abedem"y" = _4€7dee (2.7¢)
P

with large N. Here the curvature radius of Hj is set by the mass parameter in (2.1) via
(2.8)

The relation (2.7e) is a self-duality relation, which allows us to restrict the space of functions
on Hy to

k]
=" fetbyatm)pmyyPm? . m® = P m + (2.9)
Py n —m ]

a(m) a

corresponding to two-row Young tableaux, where the convention y means y(@ .. yom),

Within €, we can find a subspace

ths(so0(1,4)) Zgam ypmm®...m™ =P z , (2.10)

which consists of polynomials purely in terms of m?®, thus defining a truncated higher-spin
algebra ths. Note that ths coincides with the usual higher-spin algebra hs of Euclidean
AdS, in N — oo limit.

The above algebra of function implies that the IKK T-matrix model on a H3; background
induces a higher-spin gauge theory (HS-IKKT) [8]. Remarkably, the higher-spin fields
mitigate the violation of Lorentz invariance through noncommutativity (cf. (2.6)), while

“Note the sign difference with the case of Sy [7].



parity invariance is broken due to the presence of €gpeqe tensors [7]. This causes the HS-
IKKT to exhibit some sort of ‘chiral’ feature [8], and reflects the fact that HS-IKKT can be
formulated on twistor space [10].

Twistor realization of semi-classical Ha,. It is manifest that (2.7) is related to the Lie
algebra s0(2,4); more precisely, they arise in the semiclassical limit of a specific “doubleton”
representation Hy of s0(2,4).

Instead of working with so(2,4), it is sometimes more convenient to use the su(2,2)
formulation. As is well-known, the non-compact twistor space P12 can be realized either
as SO(1, 4)-equivariant bundle over H*, or a 6-dimensional co-adjoint orbit of SU(2,2), i.e
Oz = {9gZg7', g € SO(2,4)} where Z = (N, 0,0) has the stabilizer U(1) x SU(1,2) [8].
This allows us to identify Hﬁ, with the non-compact P*2. More explicitly, consider the
following identifications:

1
yAB — _yBA — E lya7é437 lAB — lBA — §mabEaAbB (211)
where vy, = —2%,5 are the gamma matrices of s0(1,4) realized by the following basis adapted

to the compact SU(2)r x SU(2)r C SU(2,2) subgroup:

N ) R T e )

(2.12)
form=1,2,3, and
Pt = -2mabh, P = SP =SB = Lhoa®?. 213)
This allows us to express the Hﬁ, using su(2, 2) representation as:
(IAB1CPY = 4 (JACOBD 4 |ADCBC | |BDOAC | | BCGADY (2.14a)
(1B yCPY — 4 (yACCBD 4 yBCCAD _ ADGBC _ BDCACY (2.14b)
(yAB yCPY} = _(JACOBD _ |ADCBC _BCGAD 4 |BDGACY (2.14c)
yapy? = 1apl"? = —4R?, (2.14d)
eascpy’’ = yop (2.14e)
where
CAB = —0BA = diag(e™?, %) (2.15)

01 _

is the so(1,4)-invariant matrix and we use € —e!0 = 1,6 = ¢,5 as our sp(2)-invariant

matrix. These matrices allow us to raise and lower su(2,2) and/or sp(2) indices as
VBC'AB ZUA7 VBCBA =Upy, u® :uﬁ€a67 Uq Zu’865a. (2.16)

The Poisson algebra in su(2,2) representation becomes

0 =3 e P~ T

k,m




We can identify the following subspace:

ts(sp(1) = gyt ”” 17 = D (2.18)
m
as the truncated higher-spin algbera ths(sp(4)). This allows us to identify semi-classical
Hﬁ, with the non-compact semi-classical twistor space P}\}Z spanned by the su(2,2) vectors
Z4 and their complex conjugate ZL.
For later convenience, we also note that by lowering the indices of the gamma matrices
n (2.12), we obtain

€ 0 0 o™ ) 0  €as
’Y%B - ( gﬁ _ ) ) ’Yle = ~m 8/8 ) 7;443 =1 < . (Sa> . <219)
€43 ~0p, —€aa

The Hilbert space Hy underlying Hj*v is the lowest-weight irreducible representation
(07 0, N)ﬁu(2,2) (220)

which can be realized using an oscillator construction in terms of operators Z4, Z4 subject
to the constraint

N = 2474 = 2L (%) 2P = N = QE—R (2.21)

P
where Z, = ZI(’yO)‘A is the Dirac conjugate of Z4; and the “number operator” N is
invariant under SU(2,2) rather than SU(4) (cf. section 3.3 in [8]). Note that the A indices
are chiral w.r.t. SU(2,2).

The space of operators

Mz

CK(P}\}Z) = End(Hn) = (N,0, 0)5u(2 2) ® (0,0,N) 5u (2,2) (n,0,n 5u(22
n=1
(2.22)

=Y fawP™MzA . 2425 ... Zp

is given by the space of polynomials in Z4, Zg with equal number of Z and Z. Its semi-
classical limit is given by the space of commutative functions generated by Z4, Zp with
equal number of Z and Z subject to the constraint (2.21) modulo U(1) endowed with the
Poisson structure

{z4,Zp} = 6%p ie. {2z4,ZBY=_-C"B. (2.23)
This is nothing but the space of functions on €’ (P*?). We can check that
(N, 24 =24, {N,Za} =+Z4. (2.24)

Thus A gives the Poisson algebra defined by the pair (€(P'2),{,}) a gradation as shown.
Moreover, we can use N to define an H3* c C* as

H3 ~ H" .= {Z4 € C*| Z,Z" = N}. (2.25)



This allows us to understand P12 from the point of view of the following Hopf fibration:®

P! — P2 = g31/U(1) — H* c R,

0 (2.26)

ZA — ya — EPZA(’Y(I)ABZB;

where 7 = 2X%°. This means that IP’}\}Q can be understood as P}-bundle over H*. Here the
subscript N indicates not only the radius constraint (2.21) but also the origin of P} as a
fuzzy sphere S%; in the non-commutative regime, as explained further in section 3. Note
that H* has Euclidean signature even though the ambient space R is endowed with a
SO(1,4) metric [8]. The PL; will be described in terms of ‘negative chirality’ spinors which
transform under the local SU(2)r.

Semi-classical sz\}z. For later discussion related to a matrix-model cosmology with
Lorentzian signature, we recall that P12 can be also viewed as P-bundle over a split
signature 4-hyperboloid H%2. This is realized by the following Hopf map:

P! — P12 = g31/U(1) — H*? c R*3
1 (2.27)

1 =
74 s t, = EZA(EM)ABZB = HMat a=0,1,2,3,5,

where t; transform as vectors under SO(2,3) whose generators are m_;. They satisfy the
following relations

PP 1 A7 ~
{t 1°) = ?m“b, a,b=0,1,2,3,5, (2.28a)
g 4 1 .
mtitt = —td + it — 2 = Z0  1=123, (2.28b)
p
Yat® =0 = y,t*, pw=0,1,2,3, (2.28c¢)

where the metric of R?3 is Map = diag(—,+,+,+, —). Due to the last relations, the t* can
be understood as generators of the internal S%, underlying the higher spin structure. They
are associated with the gamma matrices 44 =: %'y“'y‘l = %1” given by

1/ 0 1 ; ~ 1{o; O N
0NA _ — 2 A YA T ? S

0 —o;
We also note that the above definitions imply y4 = —{,Rts5.

Flat limit of semi-classical H]‘{]. In the later sections of this paper, we will focus on
the flat limit R — oo of the semi-classical Hy. If y2, a = 1,...,4 are local coordinates
near the “south pole” y* = (R, 0,0,0,0), it is natural to consider a second set of vector
generators ¢ (different from but analogous to the generators % in (2.27)) which arises from
the underlying representation of s0(2,4):

y? = mea5
1

t* = —m* 2.30
Rm ( )

5Note that for 50(1,4) both indices of the gamma matrices are equivalent since the spinor representation
is self-dual due to Cag, unlike for s0(2,4).



fora=1,...,4, which satisfy

{Ya, o} = —Lomay , a,b=1,234, (2.31a)
Yay® = —R* +yf = —g’%ivz + 93, (2.31b)
{1, t°} = %mab, (2.31c)
Sapt?t® = Elg : (2.31d)
Yal® =0. (2.31e)

Due to the last relations, t can be considered as generators of the internal 512\, underlying
the higher spin structure. We will use this representation of “momentum” on H* to analyze
the degrees of freedom for higher-spin fields in section 5.

Semi-classical M]l\’,3 spacetime. To get the desired Lorentzian signature from either
H* or H*?, we can consider the following projections to a SO(1, 3)-covariant spacetime:

Tyt m® eyt = LmHS (2.32a)
A 1
m e m st = Em““. (2.32D)

The projections (2.32) can be realized explicitly as follows:

Nuwy"y”’ = —R* —yi = —R?cosh?(7), (2.33a)
v 1 Z/i -2 2
Nuth't” = — + =+ “cosh*(1), (2.33b)
2" 2R? P

where 1, = diag(—,+,+,+) and 7 is a time parameter that defines a space-like foliation
for a cosmological FLRW spacetime with k£ = —1. In particular, 7 is defined by

Y4 = Rsinh(7), (2.34)

which features a big-bounce at 7 = 0. Here, t* defines internal space-like sphere S? with
radius £,2 cosh?(7) (cf., (2.28¢) and (2.33b)) whose local stabilizer is SO(3) ~ SU(2). For
this reason, one may use t* as auxiliary vectors to describe higher-spin modes. Further
relations include [8, 15]:

Ui

{t",y"} = +y" =" sinh(r), (2.352)
n
oyt = -2 2.35b
{t",y"} Ik ( )
v 2 v : v v vo
mt = R*{tH' t"} = m(smh(ﬂ(y“t —yth) + € pygtp> . (2.35¢)

The above suggests that we can identify y* as coordinates on M}\}?’, and t* as momentum
generators. In fact, by virtue of (2.35a), we have

{tu, #(y)} = sinh(7)9ue(y) - (2.36)



There is an important global time-like vector field:
T =y"0, (2.37)

which describes the time evolution of the FLRW cosmological background with £ = —1 and
is compatible with SO(1, 3) isometry. The coordinates of the FLRW patch read [13]:

y(l) cosh(x)

Y| — Reosh(r sinh(x) sin(#) cos(y)

vl R cosh(r) sinh(x) sin(0) sin(¢) |’ (2.38)
3 sinh(y) cos(0)

for which the metric can be computed as

ds? = —R?sinh®(7)dr? + R?sinh(7) cosh?(r)dx?

2.39
= —dt? + a*(t)d¥?. (2.39)

Here, d¥? = dy? + si]nhQ(X)dQ2 is the metric on the unit hyperboloid H?3; and the scale
parameter a(t) is determined by

a(t)? = R%sinh(7) cosh?(7), (2.40a)
dt = Rsinh(r)2dr. (2.40Db)
One can show that around
early time : a(t) ~ /5, (2.41a)
late time : a(t) ~t. (2.41b)

The above features a FLRW cosmology that is asymptotically coasting at late times, and
has a Big Bounce at the initial time ¢ = 0 since the timeline changes its direction as it
‘jumps’ from one sheet of M3 to the other [23, 24].

3 Fuzzy twistor geometry and 4-hyperboloid

We now study the spinorial versions of H4 in a stereographic projection which naturally
admits a smooth flat limit. The spinorial effective vielbein and metric are also derived. We
begin with a brief review of twistor geometry following [25].
3.1 Twistor space
We define the commutative twistor space PT to be an open subset of P12 (for a review, see
e.g. [26] and [27-30])

PT = {24 = (21,22, 723, 2% = (A%, u®) e PM2 | N # 0} . (3.1)

Here Z4 ~ r Z4, Vr € C* are homogeneous coordinates of P2, and \*, u® transform in
the fundamental of the compact subgroups SU(2)z, x SU(2)r of SU(2,2). Note that these



are not Weyl spinors, as any non-compact transformation (such as boosts in SO(1, 3)) will
mix these two spinors. The complex conjugation of the twistor Z4 denoted as ZIE

A <:Z> (3.2)

transforms in the anti-fundamental representation of su(2,2) so that the Dirac conjugation
of Z4 reads

Za=Z5(10)"a = (_/\5) : (3.3)

Restricting ourselves to s0(1,4) C su(2,2), we can also use the anti-symmetric matrix C45
to define the ‘quaternionic’ conjugate twistor Z4A of Z4 as

74 = (3o, 0% = ZLoAP | (3.4)

which is manifestly compatible with SO(1,4). Note that the hat conjugation acts on spinors
with the following rules

A= (A% AN = A% =R = (A1, =)

= (W0, ) e % = e = (7, —ig) - (3.5)
It is useful to check that
AA) = Age®Phy = =230 = (AA), (3.6a)
A= e, (3.6b)
% = —pd . (3.6¢)

This means at the level of spinors, we can interchangeably use (A, i) for (A, 7). In terms of
spinors, the number operator N = Z4Z* becomes

A

N=AX—[np)=N, (3.7)

where the angle and square brackets are defined by (uv) = u®v,, [uv] = u%v4.
The correspondence between PT and H* is given by the incidence relations

/Ld = Xad)\a = Xad = T 5 (38)

which state that a point x € H* corresponds to a holomorphic embedded Riemann sphere.

We emphasize that all spinors and the 2 x 2 matrix x®® are dimensionless [10]. Furthermore,
we have the following reality condition:

e (3.9)
The Poisson structure (2.23) in terms of spinors read:

AN} = —ef {us, 1%} = €7, (3.10)

~10 -



which leads us to the following gradations:

{Nv )\a} = _)‘av {Na /Ld} = _:ud7 (3113)
{Na XOé} = +xa7 {/\77 ﬂa} = +ﬁd7 (311b)
{N,x%%} = 0. (3.11c)

The algebra of functions (2.22) on P'2 in this language becomes:

%(PLQ) _ Z f /3(10 (q) \a(n) a(m)/_\b’(p)/:‘ﬁ'(q) , (3.12)
n+m=p+q

which can be reduced further to polynomials in terms of A, A

€ (PH?) Z Fan) ™ () A N5,y (3.13)

by using the incident relation (3.8). Due to the constraint {N, f} = 0 where f € €(P2),
the number of A and \ generators must be the same at this point. Therefore, all higher-spin
modes can be viewed as functions on the internal (fuzzy) Riemann sphere P.

3.2 The stereographic projection to H*

Following the lines of [10], we can recover the above twistorial construction and the
incidence relations from the Hopf map (2.26) P12 — H* (or Euclidean AdS,) followed by a
stereographic projection H* — R*. Using (2.26), we get

~

14

Yt = EPZ A(v)ApZ8 = —§p<A M) (6%)aax™, a=1,2,34, (3.14a)
ly - by o - _
v =240 82" =+ (Al + (AN) = R+ bplufi] > R (3.14D)

where 62, = (674, €aa) for m = 1,2,3. Note that when the spinors u% = (0, 0), we will be at
the center 4 = R of the projection, reflecting the fact that the underlying doubleton irrep
Hy of s0(4,2) is a lowest-weight representation [8]. Furthermore, y° can be also written as

¥ = —R4L,(AN) = =R+ £,(A ). (3.15)

It is then convenient to define

R y°
r? = —y, f= 14+ = |2® 3.16
oon’ ! ( R) 10
fora=1,2,3,4. We obtain
R(z? + R?) 2R?x2
0 a 2 a 2

=——- = —— =, R“. 3.17
Y a2 VT oy T mrs (3.17)

It is a simple matter to show that
— P =-R?, a=1,234, (3.18)

- 11 -



so that the above 22 define a stereographic projection H* — R*. The conformally flat
metric corresponding to H* can then be obtained by the pullback:

dy® Oy’ 4R napdarda®
2 _ b._ b _ a — 02 b
ds* = <8:1:a @nab dz?dz® := gapda®da® = w = Q" Napdrida (3.19)
thus defining the conformal factor 92, where 1., = diag(+,+,+,+). Although this
coordinate system does not give us the desired Lorentzian signature, the metric (3.19) can
have a smooth flat limit where R — oo. Lastly, it is worth noting that (3.14b) implies

0 2
AR = g (1 + y) = % _ Mo, (3.20a)

[ ) = ) (3.20b)

which allows us to parametrize A%, A\ fiber coordinates as

N 1
)\Oé = L z R )\CM = L _': , (321)
R? — 22\ -1 RZ — 22\ 2

where 1+ |z|? = N for z € C*.

Effective vielbein and metric. Using the explicit form of the gamma matrices we
recover the incidence relation (3.8), which takes a simpler form in terms of

~

YOO = (AN = NY — Xt 7O = (AN). (3.22)

The reality condition of y*®, which is §2¢ = y*&, follows directly from (3.9) since A = —\
and f/, = —L.

It is convenient to work with the projective spinor bundle P12 ~ PS = P! x R* where
PS has coordinates (A%, y*%) and is a trivial bundle [10]. Note that we can make a conformal
transformation to recover H* whenever it is appropriate. From this consideration, the
algebra of functions %' (P1:2) reduces to:

€ (PS) = €(P) x C*(RY). (3.23)

As in [10], we will consider Hj as a background in the IKKT model via the matrix
configuration given by the (fuzzy version of) y*. Such a background defines an effective
frame or vielbein via the Hamiltonian vector field {y®, —} [8]. Using (3.10), we obtain the
spinorial form of the effective vielbein in analogous to [10]:

04 1= {yoo, yP} = o(=ACADe p pls e, (3.24a)
50|o¢d — {YO,Yad} _ _(S\aﬂd + )\aﬂd) ] (3.24b)

We also find
{yad7 )\B} — +€aﬂ#o'c ’ {yo‘d, j\ﬂ} _ _eaﬁﬂd ) (3.25&)
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If p(y) is a hs-valued smooth section of € (PS), then

{y*% eI\ A} - = ({5 71055 + {724 A5 + {4, A7)

o . R (3.26)
— (gaalﬁﬂaﬁﬂ. + gaalﬁaﬁ + gaalﬁaﬁ)¢7
where 0,4 := 0/0y"%, 0, 1= 0/O\Y and Dy 1= a/ o\, Similarly, we define
(7%, 0N N} = ({50, 57730,55 + (3%, A300 + {y°, A"} 0a) @ 327

= (50‘65365 +50|585 + éolﬂag)gp.

Note that all contributions from 18 | £adlB ang £018 | £0I8 are subleading in the flat limit
as in the case of S%, (cf., [10]). Therefore, whenever we take a flat limit, they can be
neglected. Finally, to compute effective metric, say GoaBB , it is sufficient to consider a
scalar field ¥(y) whose kinetic Lagrangian reads

— 01449 £ 550770 + E€1°9 0,50 €

cc1pp0”"0 =GP 0,60 050 (3.28)

Proceeding as in [10], we get

Gaaﬁ,@(y) _ _(N2€a/36a/3 4 yod /36) ’ (3.29a)
o R N2 . . .
GoPP(x) = —(AN)? | ——e*Pet + x4 ) | (3.29b)
AN)?

which matches with the result of [31]. Note that in the flat limit where we send the
dimensionless ratio 1"%—22 — 0, the effective metric G5 1 N ¢*3¢48 | which is simply the
standard metric of flat space in spinor form.

4 Spinor description in the SO(1, 3)-invariant projection

So far we have developed a natural spinor formalism for the fuzzy 4-hyperboloid along
with a suitable stereographic projection to H* and then R* (when we consider the flat
limit), generalizing the framework in [10]. However, the corresponding fields of the gauge
theory resulting from the IKKT matrix model do not propagate, since the base manifold
H* has all-plus (Euclidean) signature. This can be circumvented by considering a different
SO(1, 3)-invariant projection (2.32) as in [15], which leads to a FLRW type spacetime with
Lorentzian signature.

Recall that the projection (2.32) is realized in the IKKT model by choosing the
background to be (the fuzzy versions of) t* defined as

1. 1 -
th = EZA(E“‘*)ABZB = EZA@L)ABZB, n=0,1,2,3. (4.1)

Furthermore, as discussed in section 3, the spinors A%, u® are not Lorentz spinors here, but
spinors of the compact subgroups SU(2)z, and SU(2)r of SU(2,2) which are mixed by the
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SO(1,3) generators ¥*. Using the gamma matrices (2.29), we obtain explicit spinorial
expressions for t#:

1 - 1
0 _ m = T T
, 1 - . L
i na B 4 5 (). B -
t' = 4R(Aa(a)ﬁ)\ + pa(0") gu ), i=1,2,3. (4.2b)
This leads to the following Poisson brackets
. 1 ) N 1 -~ .
ioyay iafB AN i\ Ba 4
{07} = +52(0) s {#,3%) = 450, (43a)
o 1 . . S 1 Y
NS R A A< 1C N R MW A e 4
We also provide the explicit spinorial expressions for the y* (cf. (3.14)):
i bp 3 iva B, - (G ¢ i i
y' =5 (a0 51’ + fa(0)sN") = = (o' + plo') (4.4)
¥’ = R+l (4.5)

It is clear from these formulas that the spinorial representation of coordinates and
derivatives on the FLRW background is quite distinct — and perhaps less appealing — than
the familiar form on Minkowski space, because our spinors transform under the space-like
isometry group SU(2) x SU(2) C SO(1,4) rather than the local SL(2,C). This reflects the
lack of manifest local Lorentz invariance in the model, which is expected to be recovered only
effectively for the physical fields. We delegate a full treatment this problem to future work,
and avoid this step in the following. However, we shall illustrate how the local relativistic
propagation is recovered properly in this spinorial setting.

Effective vielbein and metric. To derive the effective frame and metric on the FLRW
background® M3 defined by ¢* in the spinorial framework, we need an explicit realization
of general hs-valued fields on M3 in terms of spinors. We have just seen that in contrast
to the previous case of H*, it is no longer possible to define the t* globally in terms of a
single pair of spinors. However since we are mainly interested in local scattering amplitudes,
we can choose (using the SO(1, 3) isometry of the FLRW background) some reference point
p= (p°0,0,00 € M3, Then t* = 0 and t#|, ~ t' spans the local P!, which can be
described effectively in terms of spinors A%. To see this, the following observation is useful:
combining the above expression for t° with (4.4) and recalling that tY = 0 at the reference
point y* = (3°,0,0,0), it follows that

Moty = —plfot A (4.6)

which implies AT ® p = —uf ® X and therefore A o p. As a consequence, the generator of
the local P!

= NoA+ plotp o AMofx (4.7)

SNote that the present background t* play the role of momentum generators, while the y® in the case
of H* are position generators. Nevertheless, both backgrounds define a higher-spin gauge theory on the
respective base manifold.
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can be expressed in terms of A only. Hence we can choose an open subset U, C M3 around
the reference point p, with local trivialization ]P’1’2|Up =P x Up, and write the most general
function as (cf. (6.38))

y\t Zt i(s) =~ Z)\’B(S)S\’B(S)(p/g@s) . (4.8)
s=0

This provides a spinorial representation for the hs modes on the FLRW background.
Now consider

o o 0 «
w _ I B\ B ja
{t*, o(ylA, A)lu, ({t Y } S+t A }BAQ +{t", A }axa)w(ylx\,/\)lup

9 fula?

5 | ’ ) (4.9)
= (B"—— + BHlo— - A A
< ayy + 8)\0‘ a)\a> (&O(y’ ’ )|Up7

where @(y|A, 5\)|Up € €(P1?)|y, and E¥* is the effective vielbein in this coordinate. To
compute effective metric of FLRW patch, it is sufficient to consider a scalar field ¢(y) and
the kinetic term {t*, o(y)}tu, »(y)}. We obtain”

{t", o) Htw (W)} = 7" OupW)Buiply), A =0 sinb?(7). (4.10)
Flat limit. In the limit where R — oo, it is obvious that
EM = nH sinh(T) (4.11)

will be the only effective vielbein that survives. Since contributions resulting from the
Poisson bracket (3.10) on fiber coordinates ), A are subleading in the flat limit (except in
the extreme IR regime), they can be neglected to a good approximation; this is denoted as
“asymptotic regime” in [32]. Hence, in the flat limit, we simply factorize all fiber coordinates
A, A outside the Poisson brackets, which implies that the Poisson bracket only acts on
functions in the flat limit. This is also the limit where we can effectively replace t for a
pair of spinors A%, \? as discussed above. In particular, we will drop the mass term m?2 in

the action henceforth, since it is negligible in the flat limit.

5 Vector description of higher-spin modes in the flat limit

Before analyzing higher-spin modes on semi-classical IP’}\’,2 in the spinor formalism, it is
worthwhile to work out the vector description using ¢t* and ¢ as generators of the internal
SJQV to describe higher-spin modes in the flat limit. The goal of this section is to simplify
some of the results obtained using the group theory approach in [§].

If we consider H* and M3 in the flat limit, then higher-spin valued functions can be
parametrized by the internal generators t* and t* as:

6= baeyW, s FR x 5?),

6= Gy, ¢ e TR x 5?),

"Strictly speaking the effective metric involves an extra conformal factor given by the dilaton, which we
can assume to be constant on the local patch.
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and we recall that ¢ is defined in (2.30) while t* is defined in (2.32). The hs-valued gauge
potential A, and A, can be defined analogously as

A, = ZAb(S)|atb(s) , A, = ZA,,(S)WtV(S) . (5.1)
S S

Since t* and t* are generators of SO(3), we can use the Littlewood-Richardson rule to count
independent components in A, or A, respectively. It is worth noting that even though
HS-IKKT theory does not possess a mass parameter, its higher-spin modes should be viewed
as “would-be massive”. In the above representation, the tensors A, )|, are space-like (due
to (2.31e)) but not divergence-free.® For instance, A, has a total of 4(2s + 1) off-shell
degrees of freedom as previously shown in [15].

Gauge fixing and propagating dof. To count the physical degrees of freedom in the
higher-spin gauge potential A, we must impose a gauge fixing condition.” As usual in
Yang-Mills matrix models (see e.g. [33]), a suitable gauge fixing function on a fluctuating
background YT 4 Al is given by

G(A) = {yr, A"} (5.2)

This is a good choice because there is always a gauge such that G(A) = 0, provided
O = {yr,{y!,-}} is surjective. Note that an admissible/integrable fluctuation mode A
satisfies the gauge-fixing condition {yr, A’} = 0 if and only if it is orthogonal to all pure
gauge modes AW i.e.

<A(g)’ A) =0, A(g) [S] = {yI7 f} ) (5‘3)

for £ € €(M). Since the gauge fixing condition removes 2s + 1 modes, the gauge-fixed
potential Ay(,)ja has 3(2s + 1) degrees of freedom. Moreover, we can use (5.3) to remove
s)|u on the Lorentzian FLRW
s)|u has 2(2s + 1) physical dof. Note that in
contrast to more conventional gauge theories, these physical modes always include the extra

further (2s 4+ 1) on-shell pure gauge components of Ay
background. As a result, the Lorentzian A,
dof of the would-be massive higher-spin fields.

Mode ansatz and decomposition. In the flat limit, we can further decompose the
above into the following irreducible modes:

A= 3 [Awtn) + daoBogot) + Uaoge) + Duba 1
: A = (5.4)
Ay = Z {A(V(S)H) + N Au(s—1) + Ypu(s) + 8“£V(s):|tlj($) )

Note that the last mode is the pure gauge mode in the Minkowski case, and the second
mode can be written as

nuuAV(s—l)tV(S) X t,uAl/(s—l)tV(S_l) (55)

81t is also possible to represent the modes in terms of divergence-free but not space-like tensors.
9We shall not discuss the corresponding ghost sector explicitly here but refer the readers to [33].
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and similarly in the Euclidean case, up to normalization. This is simpler and more coherent
than the organization of modes in the curved case [8, 34], which should be useful to study
the resulting physics. Since the Ay(y), coefficient has 2s + 3 components while Ab(sq) has
2s — 1 components, we recover precisely all

(2s+3)+(2s—1)+2(2s+1) =4(2s+1)

components of the hs-valued gauge potential A, (or A, repsectively).'Y Furthermore,
gauge-fixing removes 2 x (2s 4 1) on-shell modes in Minkowski signature; essentially, the
higher-spin modes associated with the coefficients & and € will be removed by gauge fixing.
To show that the two modes A and A are linearly independent, it suffices to show that their
inner product matrix is non-degenerate, which we will verify for the spin 1 modes below.

Kinetic action in the flat limit. Now, let us focus on the Lorentzian case and consider
the kinetic actions of the 4, mode [9]

S = [0 A b A+ 2 H A A = {1 A (5.6)
Using (2.31), we obtain for instance
{t', A" Ht,, AL} = E“iEMjBiAyajAy = 0, AMO'A,, . (5.7)
Here, we rise and lower coordinate indices with
v = EMEY . i,5=0,1,2,3, (5.8)

which we can consider as (locally constant) effective metric in the flat limit. On the other
hand, the term {t*,t"}{.A,, A, } is sub-leading for local scales where {t# ,t"} ~ 0" can be
treated as constant, i.e. for modes with wavelength much shorter than the curvature scale.
This is certainly true in the flat limit, where A, {{t",t"}, A,} (after partial integration)
is a one-derivative term with scale set by the geometric curvature, and therefore can be
neglected. This should be sufficient for the study of scattering amplitudes. Then the kinetic
action without the gauge fixing term is simply the Box operator, i.e.

Set = — / A0, O:=00 (5.9)

as it should, since {y,,, A*}? is removed upon gauge fixing. It is then sufficient to analyze
the physical modes using the expansion

= ZAV(S)‘#tV(S) = Z (A(l/(s)/,L) + nMVAV(sfl)>tV(S) (510)

S

where A, (,),) and Al,(s_l) are traceless, after gauge fixing and removing pure gauge modes.
This encodes the 2(2s + 1) physical components of the hs-valued gauge potential A,. Since

10Recall that a massive spin-s field in 4d has 2s + 1 degrees of freedom.
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th is space-like (2.31e), we can demand the tensors A, (y),) and A,,(S,l) to be not only
traceless but also space-like!!

AT  =0=AT", (5.11)

but not divergence-free.!? This also shows that the resulting theory is ghost-free (cf., [34]),
even though (local) Lorentz invariance is not manifest, in accordance with the fact that the
matrix model defines a preferred frame.

Averaging over the fiber. Following the procedure in [34], we can average over the
fiber coordinates t¥ to obtain the spacetime kinetic action of higher-spin modes in vectorial
description. We illustrate this for the spin 1 fields, whose modes expansion (5.10) gives

Sup = — / AOA" + (A, DA, + A,DA) T + A, OA71

1 cosh®(7) ~ _~
— WApDAO—KJ P (512)

3 (A, OA, + A, 04,k +

- —/AMDA’HL

using (2.33b), and averaging over fiber coordinates in the flat limit using

1
[#1"]0 = 58" (5.13)
P
Here
oV
KM = cosh? (1) + % (5.14)

is the space-like projector orthogonal to the time-like FLRW vector field T cf. (2.37). By
virtue of the space-like constraints (5.11), the second term in (5.14) will not contribute
upon choosing space-like tensors as discussed above,'® and the kinetic action takes the form

Sep = — / A,0A" + oA, OM + oA, 04" + BAYOA,, (5.15)

where a = cosh2(7')/3€12) and 8 = cosh4(7)/3€§. The inner product of the modes (A, A) is
obtained similarly, dropping the [J. This boils down to the matrix

M = (; g) (5.16)

2 cosh? (7

with non-vanishing determinant det M = =55 ) # 0. Therefore these two modes are
P

independent, but not orthogonal.'*

“The time-like component of A is contained in the third term in (5.4) which is unphysical.

2Note that since the fields are not divergence-free, one cannot introduce a shift-symmetry of type
Nuw¥y(s—1) to gauge away the second A modes as in standard approach in higher-spin literature, see e.g.
section 3 of [35].

13The restriction to time-like tensors might be avoided by absorbing the third mode in (5.4) into the first.
This issue will be avoided in the spinorial approach below.

MFor a similar analysis of the full fluctuation spectrum on the curved FLRW background see [34].
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While the analysis can be continued also at non-linear level, we find it cumbersome to
integrate out fiber coordinates using vectorial description. This problem can be simplified
by using spinorial formalism (cf., sections 3 and 4 and appendix B). In particular, when the
two higher-spin modes A and A written in spinoral language will completely disentangle
with each others in the flat limit. As a result, we can make a field redefinition to bring
them into a “helicity” base and perform scattering amplitude calculation.

6 Spinorial reduction to 4 dimensions

In this section we rewrite the IKKT-matrix model in spinorial language and obtain its
spacetime actions for the massless sector from two aforementioned projections of va.
Note that unlike [10], we will study the IKKT-matrix model in second-order formalism
as in [8]. Moreover, while the stereographic projection allows us to obtain the spacetime
action of HS-IKKT in a global manner, reducing the twistor action to spacetime one in
SO(1, 3)-invariant projection can only be achieved locally, i.e. around certain reference point
p € M where we can set the temporal component t° of the momentum t* to zero.

6.1 Reduced Euclidean action on H*

We start with the SO(1,4)-invariant action on the Euclidean hyperboloid H3;, which is
embedded along the first 1 + 4 coordinates of the target space. The chiral basis of so0(1,4)
~-matrices in (2.12) allows us to cast y into spinorial form:

B ap
AB _ AB , .AB _ (47 0 0 p
yoo=q T +pT = ( 0 qd5> + (_pga 0 (6.1)

where ¢4P represents the zeroth direction associated to vy matrix. Since the external
symmetry group SO(1,4) acts on ¢°, supersymmetry will be broken by the background,
while the underlying matrix model is of course still supersymmetric. We also note that the
reality condition for y4Z is

(y*P) = —(CT'YC)pa = (CT'YC)ap. (6.2)
In terms of components, we have

(@) = —('a€)pa = (¢ 'ae)ap, ()" = ~(€ 'Psa = (¢ 'pe)as  (6.3)

due to anti-symmetry. Next, let the remaining 5 coordinates of SO(1,9) in (2.1), which
SO(1,4) does not act on, be the scalar fields 7; on H* associated to the internal symmetry
group SO(5) [36], where i = 5,6,7,8,9. The local isomorphism so(5) ~ sp(4) allows us
to write:

TR = 7,7 =1,2,3,4, (6.4)

where ¢77 = —¢77 can be written in terms of 2 x 2 block matrices ¢!”.
Next, consider the fermions ¥ := W47 as 4-spinors of SO(1,4). Let us clarify on the
notation of W. Here, A is a 4-spinor index of SO(1,4) and Z is a spinor index of SO(5).
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Upon imposing the 941-dimensional Majorana-Weyl condition, this amounts to 4 Weyl
spinors on space-time. Using the decomposition (6.1) of bosonic coordinates, we can write
the Yukawa term as

(V) = 1 Daz{p"?, 05T} +10az{e"?, UsT) +1Tar{s™7, 0 ) (6.5)

In terms of 2-spinors, AT and U,z := \IIEI(%)B A can be decomposed as

Az Va7 = (XaZ) —Xaz) (6.6)

::(XaI7XdI)7

where the two Weyl spinors for each 7 are related by the Majorana condition ¥ = CW?
through the charge conjugation matrix C' in 9 4+ 1 -dimensions, which means that

R4 = (O3 (OO 5 (6.7)
Then, the Yukawa term can be written in the following form:

(Y) = +1i Xz {p™, 057} — ixaz{p™, T57) + iXaz{a®®, X7} — iRaz{a®, ¥57)
+iXaz{0"7, X 7} — iXaz{o™ X" 7} (6.8)
where half of the terms are redundant due to the Majorana condition.

Let the H* ¢ R'* background be parametrized by y*¢ (the tangential direction) and
yo (the transversal direction). Then p®* and ¢®° can be decomposed as:

pad yad aad
) = ) () o0

where (aad,é) stand for hs-valued fluctuations, which are subject to reality conditions
analogous to (6.3). Together, (a%%, b, #') constitute the set of bosonic dynamical fields,
while (, x) are fermionic dynamical fields. Note that we do not have a fermionic ‘background’
in our setup. Using the above organization, we arrive at the following spinorial action for
the IKKT-matrix model in the semi-classical limit on the projective spinor bundle PS:

1 1. 1.
S=| © (Qfmfw + 510 O Hpoa, 0} + 5 {0, " Hpos, é17}
PS
i—a - i « = i e i_ a
= X TP X+ 5x T{Pag X7 + G Raz{yo, X} = SXaz{yo, X*}
1 . 1, N
+ §{y07p }{YO7pOéd}+ §{y07¢}{y07¢} + Z{y07¢1J}{YO7¢1J} (610)
1z RTS) i ININe i a i S
+ 5Xaz {0, X} = SXaz{0: X} = SXa" {027, X} + S X" {077, XV}
1
2

+ 506,045, 8) + 50,0} b 015 + 5 (6" 0 Hors, ourn} ).

where

A

oo = {p%,p™},  fo=fo, (6.11)
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and we have rescaled fields/coordinates appropriately. Here, the commutators [,] have
been replaced by the Poisson brackets i{, }, and the ‘trace’ in (2.1) is substituted by an
appropriate integral on PS with the measure

R® AN A (AdX)

U:=DZAD*Z = - 6.12
(R2 — 421 X N2 (6.12)
which comes from wedging the SU(4)-invariant holomorphic measure D37 [37]:
4 ad B .
D*Z = eanepzAdzPazCazP = TAAA AN A dx A dxs (6.13)

(R2 — 22)2 )

and the anti-holomorphic measure D3Z =€ ABCDZ A42Bd2CdZP. Tt can be easily checked
that {N, 0} = 0 where N is the number operator defined in (2.21).

It is worth noting that the IKKT-matrix model on H* admits a smooth flat limit where
R — o0, and all contributions associated with yo can be dropped as shown in [10]. We will
assume this limit from now on to study scattering amplitudes of the IKKT matrix model.

A sketch on self-dual sector. Let us look at the Yang-Mills term in the action (6.10).
In terms of ‘background’ coordinates y*® and fluctuations a, the Yang-Mills term reads:

1 _ ) . . .
LM = faaf* = Llfac + 2{Ya77 a"" Hyas, 2"} + {Ya% 7" Haas, 3"}

2 ' o ' ' (6.14)
+ 2{ya77 aa’y}{aada aoca} + i{aa% aa'y}{aad’ aoca} )

which is analogous with the field strength term in non-commutative gauge theory, cf. [9, 33].

Here, the ‘background’ action Lf, consists of terms that are Oth order or 1st order in

fields. The term {y%s, %" }Haas, aa’ }, which always occurs in non-commutative field theory,

can be absored in the background by introducing an auxiliary field b, and writing the

Yang-Mills term in the first-order form as

1
SYM — / U (baafm - baab“a) : (6.15)
PS 2

b** and

Note that we can also obtain the self-dual sector of (6.15) by dropping the by
maintaining gauge-invariance. Intriguingly, in the flat limit, all higher-spin fields in the
self-dual sector of HS-IKKT theory are effectively massless since there is an ‘emergent’ shift
symmetry which can be used to gauge away the higher-spin modes A in A [10]. We discuss

below that this shift-symmetry, however, is not a symmetry of the full HS-IKKT model.

Higher-spin modes in spinor formalism. For concreteness, let us analyze the pure
Yang-Mills sector of the IKKT-matrix model in the flat limit.

If an4 is a section with values in the algebra €' (IPS), it has the following expansion:!®
0 A
aaa = 3 NN Ag0010, N =20 N ete. (6.16)
s=0

15Recall that the “time-like” fluctuations qAS drop out in the flat limit.
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Observe that

o0

dac = 3 (=) NOXNE Ag00 04 » (6.17)
s=0

aly = S (=PNONE (Aga0a) - (6.18)
s=0
Therefore, if we want ass to be hs-valued real field, Ag(zs)aq need to be complex and
subject to the reality conditions

Asesias = 1 Ag0s0as  (Asesaa)’ = 1 As@s)as (6.19)

As a consequence, if we expand the hs-valued field strength f*® in terms of A will become
complex. This fact will be exploited in appendix B when we obtained the interacting
vertices from the self-dual sector.

For now, we will decompose the coefficients Ag4)jaq into the following irreps:

Ags)las = ABEs)a)a + CapPp@s—1)a - (6.20)

We therefore have Y 2(2s + 2) + 2(2s) = >_,4(2s + 1) off-shell degrees of freedom, in
complete agreement with the organization using the vector formalism in section 5. Notice
that when we integrate out all fiber coordinates, the coefficients A,(25-1)4 and Aa@s,g) &
will become tensorial fields in the maximally unbalanced/chiral representation [38, 39].1
This is in perfect agreement with the results in vector description [8] where the €gpeqe tensor
breaks parity-invariance (see the discussion in section 2).

Gauge fixing and dof. In spinorial language and in the flat limit, the gauge-fixing
condition takes the form

0 = {yaa, APZNady — 1y ABEs)e)ay 4 cabry  APs—1ay

= {YVad, A(B(2s)a)d} . {Y’Ba, AB(?s—l)a} . (6.21)

The linearized gauge transformation for higher-spin gauge potentials Ag(24)aq reads

5§AB(25)|ad = {yozda 55(25)} = A(g) [gﬂ(Qs)] . (622)

We can then use (6.21) and (6.22) to remove (2s + 1) components of A9l which leaves
us with 3(2s + 1) off-shell degrees of freedom of APl on H* (without the ghosts).
To understand this, we recall from section 5 and [8] that even though the IKKT-matrix
model does not possess a mass parameter, it leads to three off-shell towers of “would-be
massive” higher-spin degrees of freedom on H*. These extra dof. arise from divergence-like
components, which are physical on the curved background [34], but expected to decouple in
the flat limit.'"

16 A representation features fields with more un-dotted and dotted indices and allows us to work with
lowest possible number of derivatives in the interactions.

17Tt would be interesting to understand whether they can be described by a more complicated net of
gauge symmetry as in Zinoviev’s system [40].
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On shift symmetry. Note that in other constructions of 3d or 4d higher-spin gauge
theories using spinor formalism (see e.g. [38, 39, 41]), one often imposes by hand an extra
“shift” gauge symmetry of the form

69 AB(25)ac = €a VB(25-1) & (6.23)

to remove the second mode AB(QS_D o from Agog)ag given that ang is divergence-free. This
symmetry was shown to be a symmetry of the self-dual Yang-Mills sector in HS-IKKT theory
in the flat limit [10]. However, in the full matrix model, there is no such gauge symmetry
(see appendix A). As a result, we cannot use ¢ to remove the second higher-spin modes

Aa(2s—3)¢- This is consistent with the fact that all higher-spin modes are not divergence-free
a priori.

On kinetic action. Let us first look at the kinetic part of the action (6.14) in the flat
limit for the hs-valued gauge potential agg:

S2= [6(245%5 8 Hras 20"} + {555 Hawr 2a"}) (6.24)

Let us first check gauge invariance explicitly: under a local gauge transformation, we get

S = [0 (205" 8 Hyas {7a® €1 + 2805 {557 1 a5 €1)) . (6:25)

where we have made an integration by part. The second term can be rewritten as

/{ya%yaﬁ/}{aadv {Yadaf}} == /{Ya’%yod}({Yada {§ 2061} + 1§, {aaé’yad}})

= /{ya"’v (%4, 7" HE ans} + {6 (5%, 7 Haas, 707}
(6.26)

using Jacobi identity. The first term in (6.26) vanishes due to background eom
{y*5, v} 32"} = 0. (6.27)

Furthermore, the second term in (6.26) cancels with the first tem in (6.25) if we use Jacobi
identity to write

JH6 65" Hawn v} = = [55 57 € Haan "} (629)
noting that [{&, —} = 0. This establishes the gauge invariance of (6.24).

Gauge-fixed kinetic action. Note that the quadratic action (6.24) can be simplified
further in the flat limit by dropping the term {y®:,y*"}{ans,a,°} in the flat limit (see
appendix B). Therefore, we can consider the following gauge-fixed quadratic action

SE' — 5y 42 / (Yo, 2%)2 (6.29)
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Here, the contributions from the gauge-fixing term removes certain contributions from So
in the flat limit leaving us with the standard kinetic [J terms in the quadratic action as
shown in appendix B. In particular, we obtain

a(2s—1) & .
ng /d4 ) DA+(2$ l)a 5 Ai@s 1) = Aa(25—1)d + lAa(QS—l)d . (630)

This fact is convenient for us to compute the propagator of HS-IKKT theory using spinor
formalism. We detail this fact further below.

Euclidean action of massless sector. A complete action of the (HS-) IKKT matrix
model on Hj; can be obtained using the following integral over P! [42-44]:

~

/KAc«m)Aﬂ " QAVAGRAY) A AT 2w 5
Pl

(6.31)

o 2 AT (1) 6o

As discussed in [10, 25], in the present almost-commutative twistor construction, there
are more contributions (after integrating out fiber coordinates) than the usual twistor
construction using only holomorphic data on twistor space, see e.g. [45, 46]. The reason is
that the Poisson bracket (cf., (3.10)) acts both on spacetime fields and fiber coordinates.
However in flat limit, the effective vielbeins £¥¢5, £0dl8 and 018 £018 are sub-leading, and
all contributions associated to u, fi spinors will be suppressed since they scale as 1/ VR [10].
For this reason, we will only need to consider terms where all fiber coordinates factorized
outside the Poisson brackets. For example,

Aole=D R Dy A oe )t} = AleDRleDg a8, 6 (6.32)

.88

will be the leading contribution in the higher-spin extension for {y,%,ass} in the flat limit.
Below we only present the final result of the spacetime action of HS-IKKT on H* for
massless sector, delegating the detail of the computation to appendix B.

The Euclidean gauge-fixed kinetic action for the hs-valued gauge potential a,g reads

%= /PSU (2{3'&"'” 2" H¥as 20"} + {775, 7 Haas, 22"} + 2/{Yaéu a‘m}2>
a(2s—1)
N2Z/d4 DAJF(QS e

where the composite field A, see (6.30). Here the (0 = 0%%0,, in the flat limit, cf. (3.28),
and we have integrated out all fiber coordinates in the second line of (6.33). We also note

(6.33)

that the A%2s=1 & component originate from the second higher-spin mode of the spin-(s+1)
gauge potential A (2541|883 This combination of higher-spin fields allows us to diagonalize
the O operator in the flat limit in a trivial way using spinorial formalism. Intriguingly, one
may think of A, as a positive helicity field while A_ as a negative helicity field in the flat
limit. It is worth emphasizing once again that even though AL may look massless, they
have more degrees of freedom than usual massless higher-spin fields due to the fact that
their original twistor fields are not divergence-free a priori.
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Next, we find at cubic order that

Sy~4 Y / A*x Oaa Ay, 1) 0as AP0, 00557, 4 55 (6.3)
s$2+s83=51+2

where S3 are terms that are irrelevant for scattering process of massless modes as they vanish
upon plugging in the plane-wave solutions with higher-spin polarization tensors in (7.4).
Unlike the usual story of higher-spin Yang-Mills [39], here all helicity configurations are
allowed. However, most of the 3-pt amplitudes resulting from gluing the cubic vertices (6.34)
with external states vanish on-shell (see section 7). One can check that the above cubic
vertex has two transverse derivatives 8% = 9 in the light-cone gauge by following the
procedure in [38, 47]. For this reason, the HS-IKKT matrix model can be referred to as a
two-derivative higher-spin theory. Lastly, the quartic term reads

Sy~ 2/d4ZE (aa;ﬂ Ai(?a—l)daa‘h Ai(st_l)&) (aa’hAi ’faa’V?A:(Qsél_l)_i_) —|—§4 . (635)

a(2s3—1)

Similar to S3, S, contains irrelevant terms that do not contribute in scattering amplitudes
upon plugging plane-wave solutions (7.4); and thus can be ignored in the flat limit. We
use the above action to compute scattering amplitudes of the HS-IKKT in section 7. Note
that while the above action is defined on a background with Euclidean signature, it is
nevertheless possible to use some of the standard techniques in quantum field theory to
compute the scattering amplitudes if we work with complexified kinematics. In fact, it
is natural to do so since our ‘spacetime’ fields are generically chiral, i.e. they have more
un-dotted indices than dotted ones.

It is worth emphasizing that although there are more structures after integrating out
fiber coordinates in almost-commutative twistor approach compared to the conventional
twistor construction (see e.g. [46]), the non-vanishing contributions of the massless sector
in spacetime action on flat space S-matrix in both approaches turn out to be the same.'®
The main advantage of the present non-commutative twistor approach in [7-10, 15] is that
it allows us to study quantization of twistor space, and to consider models which appear to
define a well-defined quantum theory.

6.2 Reduced action on the FLRW spacetime
Now we consider similarly the HS-IKKT theory on the FLRW-like spacetime after doing an

SO(1, 3)-invariant projection as described in section 4. Using the spinorial description of
t" in (4.2) where we set t° = 0 at the referent point p € M3, we can effectively replace
the “momentum” generators ¢ by a pair of fiber coordinates (A%, 3\0‘) in the flat limit.
Recall that by flat limit, we simply mean the limit where we can factorize all other fiber
coordinates (A, 5\) outside the Poisson brackets, and drop the explicit u, it spinors for the
z-dependent fields.

Consider a local trivialization at p € M3 such that IP’L2|UP =P! x Up, where U, is an
open subset around p. Then the measure on our twistor space is given by [15]

1
—Kpydly=K—— ¢ .
UO=Kpmdy ECIR (6.36)

18We leave the study of the scattering of extra divergence modes for future study.
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where K is again the top form on P! fiber (cf., (6.31)). This measure is invariant under
symplectomorphism on PT, and it is in fact globally well defined. The local split allows us
to average over fiber coordinates of P! on an open subset U, around p € M, and to obtain
a spacetime action for the HS-IKKT matrix model on our background defining a FLRW
cosmology.

Recalling that the background M3 is defined in terms of ‘momentum’ generators t*,
the action for the fluctuations a# of the (HS-)IKKT model in the semi-classical limit reads

S = [ (G003 Htwask + it} ) 4 5 (0,3) 4 (1, 0T H b 1)
{3 Haa} + {1, 6T 1)
(o (@) + {8 6 @ dr} + 3 (6,07 o oa) + ) + e (637)

where I =4,5,...,9 indicates the 6 extra dimensions and Sgg are the ‘background’ action
which consists of zeroth or first order in fluctuations. Note that we have identified ¢! = ¢?
as scalar fields in non-commutative N' = 4 SYM and we have suppressed the fermionic
terms by using the ellipses.

Higher-spin modes and dof. As pointed out above, we can realize ¢ in terms of the
pair of (A%, 3\0‘) fiber coordinates. This allows to parametrize the higher-spin modes of the
Yang-Mills gauge potential a,, around a reference point p € M (cf., (4.2)) as follows

an =Dt A = 3NN Aoy, (6.38)
s=0 5=0

cf. (5.10), which encodes >, 4(2s + 1) off-shell degrees of freedom of the higher-spin valued
gauge potential a,. The degeneracy of the kinetic term is removed as usual by imposing
the gauge-fixing condition

0= {t“, au} (6.39)
and factoring out the pure gauge modes, defining the physical Hilbert space as

Hphys = {gauge-fixed on-shell modes}/ {pure gauge modes} (6.40)

(at ghost number zero). This removes two towers of higher-spin modes, leaving us with
5", 2(2s + 1) physical degrees of freedom.'® A more detailed analysis in vectorial form is
given in [34], where Hphys was shown to be free of negative modes, i.e. ghosts. The basic
reason is that Y = 0 around the reference point p, so that there are no time-like higher-spin
components in (6.38).

In the following, we will focus on certain specific degrees of freedom among these modes.

19Recall that these spinorial modes are not divergence-free here.
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Spacetime action in the flat limit. Let us focus on the Yang-Mills sector of the
action (6.37) in quadratic, cubic and quatic orders as:

1 v 1 12 v
S= [, 0 (50" Htwau )+ st Hat 2" 2,1t 2,) .

+{t“,a”}{au,ay}+%{a“,a”}{a“,ay}+. . ) .

where un-hatted indices are contracted with n*”. The last term in the first line drops out
upon gauge fixing. Using the effective metric (4.10) and (2.36), we can write the gauge-fixed
kinetic term explicitly as

m™ } . (6.42)

1
= 1K [ inh m o ald, 12 .
So /Pmd yK |5sin (7)(7 Ouafoya,+(0,a") >+2R2\sinh(r)]{a“’a }

where mH = R2{t* t"} defined in (2.35¢), and the metric ¥ is given in (4.10), which
locally reduces to n*¥. As explained above, the term %{tu, t,}{a*,a"} is suppressed in the
flat limit of the FLRW matrix model-like spacetime, where R — oo and sinh(7) can be
treated as (large) constant at late time 7. Therefore, in the flat limit

1 4 2
Sp—5 | d yK(a“Dau + (9,a") ) . u=0,1,23 (6.43)
where the last term drops out upon gauge fixing. The fluctuations a* are real functions on
PT, since the matrices of the IKKT model are hermitian. In particular, the d’Alembertian
is given by

0 =~"9,0, (6.44)

where p, v =0,1,2,3 dropping a conformal factor from the FLRW background, which can
be considered as locally constant in the present context.

The appropriate spinorial formulation of this action is not evident, since the spinors on
the present background transforms under the SU(2); x SU(2) g space-like isometry group
rather than SL(2,C). Then the time-like components take a non-standard form, and local
Lorentz-invariance is not manifest. Nevertheless, a close relation with the Euclidean case
on H* is expected, since the underlying space of functions on PT is the same, given by
(principal series) unitary irreps of s0(2,4). Therefore the interactions arising from the
matrix model are the same in both signatures, while the kinetic terms should be related by
some sort of Wick rotation. We expect that this relation should work most naturally for the
physical fields, because then the time-like components of a, are unphysical, while for the
space-like components we do recover the ususal spinorial representation due to (4.4). We
could thus declare that the spinors transforms as SL(2, C) spinors under the local Lorentz
group, thereby extending the local SO(3) to SO(1,3). Since the averaging over the local
S? fiber is uniquely defined by SO(3) invariance for irreducible fields, it should respect the
local Lorentz invariance automatically.

Another possible strategy would be to perform an analytic continuation in the yy*
plane, so that the actions on two different coordinates can be analytically continued into
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each others in the flat limit. Moreover for irreducible (divergence-free) tensor fields, there is
a natural map from the FLRW background to the H* background. This could also provide
some sort of Wick rotation, relating these two backgrounds with different signature via the
embedding in R, However, a thorough treatment of this issue is left for future work.

7 Amplitudes of the Yang-Mills massless sector in Euclidean signature

In this section, we start with the reduced action of the HS-IKKT matrix model on H* in
the flat limit elaborated in section 6 (see also appendix B), and study tree-level scattering
amplitudes of the higher-spin modes

Ai(gsfl) & Aa(Zs—l)d + iAoz(2$—1) G- (71)
Of course, fields do not propagate on a manifold with Euclidean signature, instead they
“decay” with the distance. Nevertheless, it is possible to study scattering amplitudes by
analytic continuation of the real kinematics into the complex domain. This will allow us to
compute scattering amplitudes using well-known recursion techniques as in [48]. Note that
all higher-spin fields with s > 1 thereby become complex-valued.

We recall from section 5 that the bosonic higher-spin gauge fields carry 3(2s+1) degrees
of freedom in Euclidean signature, and 2(2s + 1) propagating dof on the physical FLRW
space-time. Since these are more degrees of freedom compared to the usual cases of massless
with 2 and massive with 2s + 1 degrees of freedom in 4 dimension, there will be more
higher-spin modes to consider when computing scattering amplitudes. For simplicity, we
will only consider the massless sector in this section which contains the fields that satisfy
the Lorenz gauge condition 80“5‘&5(25_2)&& = 0. Our notation for an n-point scattering
amplitude is then M,, (1™

Sy ,n?g), where h; = £ indicates whether the ith particle of

spin-s; has positive or negative helicity.
To determine helicity of the external states, we note that the kinetic action can be
written in the form [39]:

Sy = / dix A D agpt s> 1, (7.2)
M

a(2s—1) &>
for the appropriately chosen integration domain M, in terms of the complex fields (7.1),
where + denotes positive/negative helicity fields. Then by imposing the Lorenz gauge

a’yaAa(Qs—Z)'yd =0, (73)

on the base manifold M, we can select only massless modes out of 3(2s + 1) components of
the Ai(%_l)a fields. Suppose k%% = k%% is an on-shell complex 4-momentum. We define
positive and negative helicity polarization tensors associated to external higher-spin states
as [39]:

Ca(2sfl)'%dc _ Ka(2s—1) Ca
62;(25—1)(51 = (kC)2-1 Ca(2s—1)a — 7d (7.4)
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where (,, fa are constant/reference spinors. The above representatives for polarization
tensors are chosen such that they obey the normalization [49]

+
Ca(2s—1) -

With the choice of polarization tensors in (7.4), it can be checked that

aam;(%_m =0, (7.6a)
074057 A ge_1y)5 =0 (7.6b)

The propagator between positive and negative helicity fields in the Lorenz gauge (7.3) is

’ . . 5 B s 525/71)5,5.
2s'—1 s— &
<Az(25—1)a(P)A€( )B(PI» =54 (p+p')o(s—5) (o a;Q 1) , (7.7)
where § is a Kronecker delta:
N Oa Oa
S =1, z f ; (7.8)

)

Note that since the standard linearized gauge transformation 6Aq25-1)4 = Oaca(2s—2) 18
not a symmetry of HS-IKKT theory a priori,2 there is no restriction on the positive helicity
of a massless field compared to the cases studied in [39, 50]. To this end, we recall that
since A,(25-1) has more un-dotted than dotted spinorial indices, they belong to what is
so-called chiral representation (see footnote 16).

7.1 'Tree-level amplitudes

Since we are working with complex-valued fields and complex kinematics, the on-shell
tree-level 3-point amplitudes are not vanishing a priori. They will act as seeds to construct
higher-point tree-level S-matrices.

3-point amplitudes. There are eight possible helicity configurations:
(+> +a +) ’ (_7 =+, +) ) (+a ) +) ) (+7 +7 _) 5 (_a B +) ’ (_7 =+, _) ) (+a ] _) ) (_7 ) _) 5

at 3-points, where we recall that the positions of fields in the cubic vertices are important.
Since we work with complex kinematics where &% is not the complex conjugate of k%, the

momentum conservation implies:2!

3 3
S k=) k¥R =0 & (ij)=0 or [ij]=0, Vij=123. (7.9)

As a result, there can be non-vanishing 3-point amplitudes with complex kinematics whose
forms must be written explicitly only in terms of angled or square brackets (cf., [51-53]).

20Recall that all higher-spin fields in HS-IKKT are “would-be massive” fields with more degrees of freedom
than the massless ones.
211t is important to recall that k; is dimensionless since we work with dimensionless spinors.
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This analytic continuation between real momentum and complex kinematics is significant
for constructing higher-multiplicity scattering amplitudes from 3-point building blocks [48].

The tree-level 3-point amplitudes of the Yang-Mills sector are given by substituting the
polarization tensors (7.4) to the cubic interaction:

5(2—(so+s3—51)) /M d'x (aama@s_mawAa@srl)Baa"’Aa(?ss*U 5) - (7.10)

It is a simple computation to show that both M3(17,2% 3") and M3(17,27,37) vanish.
Therefore, we can concentrate on the six others helicity configurations.

Notice that M3(17, 2h2 3h3) vanishes on-shell, which leaves us with only three possible
non-vanishing contributions at cubic order. Namely,

(—++), (=—=+), (=+-). (7.11)

These are the vertices that feature minimal couplings — the couplings with lowest number
of derivatives given a triplet of external spins (s, S2, $3).

Upon substituting (7.4) to the cubic vertex (7.10), we obtain the (—,+,+) or MHV3
scattering amplitude as:

[23]% (G2 1)%272 (¢ 1) 72
(C22)?272((33)%72

where the overall momentum conserving delta function has been suppressed, and we ignored

Ms(1,2F,35) =6(s1 — 50 — s34+ 2)

8§17 <827 %83

(7.12)

the overall factor of i. The following useful relation:
(GQLA3]+(2)[23]=0,  (G1)[12]+((3)[32]=0, (7.13)

can be obtained on the support of momentum conservation. Then taking advantage of (7.13),
we arrive at the following result for the MHV3 amplitude:

[2 3]232+253—2
[1 2]23372 [3 1]23272 :

Ms(1;,28 .38 ) = 6(s1 — 82— s3+2)

517 89> (7.14)
This is in agreement with the 3-pt amplitudes of the self-dual higher-spin gravity [10, 38].
Next, we find the following MHV3 amplitudes:

1 (12)2(s2+53)=2[3 1]

17.22.35) = 6(s; — 89 — 2) — 12 1
M3( 519 527333) 5(81 S9 — 83 + )2 <23>253—2<31> +( &~ ), (7 5)

where we have symmetrized the positions of two negative helicity external fields. The result
of M3(1;,,2{,,3;,) is similar where we simply swap (2 < 3).

Observe that while all constant spinors have dropped out of the final MHV 3 amplitudes,
due to the appearance of both angled and square brackets in (7.15), it is obvious that the
above MHV3 amplitude vanishes even with complex kinematic. In fact, we can directly

verify this statement by writing

31] (ki +k3)?
31) " (31)2

=0 (7.16)
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by virtue of (7.9) and momentum conservation. In the next subsection, by projecting
the MHV3 amplitudes to light-cone gauge, we argue that they are spurious and can be
removed by a local field redefinition. This is the general feature of any (higher-spin)
gauge theories described by the chiral representation whose interactions have two or higher
number of derivatives [50]. It would be interesting to investigate the gauge-matter and
matter-matter sectors in the HS-IKKT matrix model to see if this pattern persists. We
leave this investigation for future work.

4-point amplitudes. Besides contributions from the exchanges, we also have potential
contributions from the contact interaction:

3(s1+ 82— 83— 84) / dx <aar'ylAa(28171)daa;ylAa(Zsail)é') (aa’ygAa(253—1)+8a’y2Aa(2S471)7")
M

(7.17)

when considering 4-point scattering amplitudes. Below we consider different cases of

the 4-point scattering amplitudes between massless modes in the Yang-Mills sector of
HS-IKKT theory.

Case 1: consider the 4-point amplitudes with helicity configuration (4, +,+,+). The ex-
change channels of this amplitude are obtained by gluing (+, +, +) and (—, +, +) ver-
tices together. Since M3(17,21 .27 ) = 0, one can show that all M4(17,,27,, 31,47, )-
related exchange channels in the Yang-Mills sector of HS-IKKT theory are zero. By
making suitable choices for the reference spinors, the contributions from the contact

terms also vanish. As a result, the 4-point amplitude My (11,27,3%,47) = 0.
Case 2: next, consider the 4-point My4(17,2%,3%,4%) amplitude:
My(15 25,38 48) = A5 + AL+ A + AP,

where A = {A5, A}, A}, A"} is the set of contributions coming from the s, ¢, u-
channel exchanges and the contact interaction. Let us keep the spins arbitrary
for now, and denote the spin of the exchange as w. It is a simple computation to
show that:

[12] —Ss1+s2tw {34]83+84—w

Af = (=)M5(4 — 52— 53— 54+ 51) (o1 £ k)2 f(¢2,G3,Ca),
(7.18)
where Ay = —s1 + s9 + s3 + s4, and
(DN ((G)NT (GNP ((G3)\* (G 1I{G2)\”
rewa=(igy) () (ey) (y) (o)
(7.19)

is a rational function f whose homogeneity in reference spinors of the positive
helicity external particles is zero.
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Case 3:

Using residue gauge freedom to set (& = (§' = (§ = k¢, it follows that f({2, (3,(4) =
0. Thus, A5 = 0. Similarly, we also obtain A} = 0 and A% = 0. Lastly, the
contribution of contact interaction reads

S(S +59—53—54) [12][52][34]2<1C3>253—252<1g4>254—2<62g3>252_2
e 1612 2357 Zage s ?

Since we have chosen (; = k1 (for i # 1), the contributions from the contact terms

also vanish in this case. Therefore, the final result is My(1;,,2/,35,4%) = 0.

The vanishing of this amplitude reflects the deep connection between chiral field

—(24>3). (7.20)

representations and self-dual theories such as self-dual Yang-Mills, self-dual gravity,
or self-dual/chiral higher-spin theories [54-60]. Namely, tree-level amplitudes
compose of (—, 4+, +) vertices with all but one positive (or negative) helicity vanish
for any number of external legs greater than or equal to three.

next, we consider the 4-point MHV amplitude My (15,25, ,3% ,4F ). We shall fix

8177827 7837 “S4

G =G =K,

ch ra -4 (7.21)
¢ = =Ry,
to simplify the computation. The s-channel contribution is given by:?
0(s1 — 52)0(4 — s3 — 12)25172 ((31)% ((32)2 [34)?
A5 = (51— 52)0(4 — 53 — sa) (12)™7" ((31)°(G32)° [34]7 (142). (7.22)

2 (3g)?5372 (4 (3)%4—2

Here the spin constraints fix the two negative helicity particles to have identical
spin, while the spins of the two positive helicity particles have to sum up to four.
Since (§' = k{, the s-channel vanishes. Similar computations also lead to the
vanishing of the ¢- and u- channels, as well as the contributions coming from the
contact terms. As a result, the 4-point MHV amplitude is

My(15,25,,35,45) =0. (7.23)

8177827 7837 "84

We find similar results in the case where the negative helicity particles are not
consecutive, e.g. My(15;,2F,3,.,45) =0.

8177827 7837 7S84

n-point amplitudes. As a consequence of the above considerations, we conclude that all

n-point tree-level amplitudes of the Yang-Mills sector in HS-IKKT model vanish, since they

cannot be constructed from lower point amplitudes.

7.2 HS-IKKT vertices in the light-cone gauge

The fact that (7.23) is vanishing for generic higher-spin fields with s > 1 is, in fact, not

a surprise. As observed in [50], what determines the existence of non-trivial higher-spin

tree-level scattering is not spin but rather the number of transverse derivatives in the cubic

interactions of type Vs *+_ In particular, if the number of transverse derivatives is greater

22Q0nce again, we ignore overall factor.
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than or equal to two, non-trivial tree-level scattering amplitudes would be very unlikely
to exist. To support this statement, let us project the cubic interactions (7.10) to the
light-cone gauge in momentum space using the dictionary in [61, 62]. In particular, the
map between spinors and momenta in the light-cone gauge are:

r a1/ a-1/2
i =24 (kl_%lﬂ > : i) = 2l/4 (kl_%lﬂ ) 7 (7.24)

K3 7

where kj = fB; and

ac __ /BZ Ez
Jo% = (k k) . (7.25)

Note that k; and k; are referred to as transverse derivatives. Using the above, we can
express the square and angle brackets as

5 a] = i*“ i':’i--
[Z]] - \/;@szv < ]> Biﬂjpm (726)

for Ej = I;:iﬁj — I;;jﬁi and P;; = k;5; — k;3;. By virtue of momentum conservation, one can
show that

Py =Py3 =Py =P = % {(51 — Ba)ks + (B2 — B3)k1 + (B3 — 51)’_62} (7.27)

at the level of 3-point amplitudes.?? Thus, in terms of these new variables, the cubic
vertices (7.10) reduce to

VHSIKKT _ (4 p22—1)p, (7.28)

schematically, and z,y are coefficients in terms of ; variables. According to light-cone
recipe (see e.g. [54-56, 63]), one can always make a local field redefinition at cubic order if
there is a combination of type PP to remove unnecessary data from the interactions. This
goes hand in hand with the fact that there must be only one type of bracket in the final
form of cubic amplitudes (cf., (7.9)): either angled or square bracket, but not both of them
at the same time. As a result, the cubic interaction of HS-IKKT theory reduces further to

- =2 ~
‘/3HS IKKT ~ T IP) ~ %Self dual HSGR (729)

Thus, HS-IKKT theory in the flat limit is ‘secretly’ a supersymmetric chiral higher-spin
theory with two-derivative interactions (see e.g. [58-60]).24

8 Discussion

In this work, we established the connections between the almost-commutative 4-hyperboloid
and non-compact semi-classical twistor space IP’}\’? in the spinor formalism. Using this as

#3Note that this effect can also be achieved in the spinor formalism if we use the parametrization (3.21).
24We choose the word chiral instead of self-dual here because the HS-IKKT theory has scalar fields in
the spectrum.
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a background in the IKKT model, we studied the resulting higher-spin gauge theory for
two spaces with distinct signatures: (i) a Euclidean 4-hyperboloid; (i) and a FLRW-like
cosmological spacetime. We also furnished a simple vectorial description of HS-IKKT in
the flat limit of these two cases, which simplifies some of the technical steps in counting
and organizing the degrees of freedom of higher-spin modes in HS-IKKT in [8] and [34].

Armed with this setup, we then shown that all tree-level n-point on-shell amplitudes
(for n > 4) with an appropriate analytic continuation of the massless sector within the
Yang-Mills part of the Euclidean HS-IKKT theory vanish in the flat limit. This result is
expected, since HS-IKKT is a ‘parity-violating’ higher-spin theory featuring two-derivative
interactions when we express it in terms of chiral representation.?® Indeed, as observed
in [50], massless higher-spin theories constructed from the chiral representation in the
flat space with the number of derivatives in the cubic vertices higher than one must have
trivial tree-level scattering amplitudes. Thus, the massless sector of HS-IKKT is also in
argreement with the result of [50]. This can be explained by projecting the cubic vertices
of the Yang-Mills sector in the flat limit to the light-cone gauge, we observe that the
MHV3 amplitudes vanish so no other higher-point amplitudes can be formed using just the
non-vanishing MHV3 amplitudes.

This allows to identify the massless YM sector with self-dual higher-spin gravity with
2-derivative interactions considered in [38]. In this sense, the massless sector of HS-IKKT
theory in the flat limit falls into the class of (quasi-)chiral theories. We conclude that
S =1 at tree-level, at least for the modes under consideration. However, the triviality
of the S-matrix at tree level does not imply that the theory is trivial or not interesting;
rather, it should be viewed as a consistency check. It would be then interesting to study
the scattering amplitudes of HS-IKKT or any other higher-spin theories at loop-level, see
the discussions in e.g. [39, 66, 67].

The structure of the higher-spin gauge theory under consideration is quite interesting.
In contrast to more conventional attempts to formulate higher-spin gauge theory using free
differential algebra (see e.g. [68-71]) and the chiral formulation (see e.g. [41, 47, 72-76]),
the framework of (HS-)IKKT matrix model leads naturally to a local action, albeit at the
expense of manifest local Lorentz invariance and a larger number of propagating degrees of
freedom compared to massless or massive higher-spin gravities in 4-dimensional spacetime.
This is due to the fact that the higher-spin fields are not divergence-free as discussed?® in
section 5. The lack of local Lorentz invariance is also reflected in the preferred frame, which
encodes not only a metric but also a dilaton and an axion. The Levi-Civita connection is
accordingly replaced by the Weitzenbdck connection, whose torsion encodes the Riemannian
curvature; see e.g. [32, 77, 78]. Nevertheless, the propagation of all modes is governed
by a universal effective metric, and the preferred frame naturally leads to a Cartan-type
framework to describe gravitational couplings in (HS-)IKKT model. While the bare action

25This representation gives the lowest number of derivatives in the interactions, and unveils an intrigu-
ing relation between standard No-go theorems [64, 65] in flat space and the number of derivatives in
the interaction.

26Recall that in Lorentzian signature we have 2(2s + 1) dof. and in Euclidean signature we have 3(2s 4 1)
dof. for the would-be massive higher-spin fields of HS-IKKT theory.
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is of Yang-Mills type, the Einstein-Hilbert action does arise at one loop, under certain
assumptions for the background [3, 4]. Non-Abelian gauge theory would then arise on a
stack of such background branes, coupled to the effective metric. It is hence clear that the
theory does contain interesting physics, even if the local scattering of its abelian sector
vanishes at tree level.

From the physics point of view, it would be important to elaborate in more detail the
spinorial formulation on the FLRW background with Minkowski signature. This leads to an
unusual type of spinors adapted to the space-like isometries rather than the local Lorentz
invariance, which we have only briefly touched upon. Due to the common origin from
PT, a close relation with the present Euclidean computation is expected. Moreover, the
rather complicated organization of modes in [15, 34] is expected to simplify in the spinorial
formalism, which needs to be studied in more detail. This may allow to compute amplitudes
directly in Minkowski signature, while avoiding complexification of the Euclidean case. This
problem will be addressed in future work.
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A On the shift symmetry in the flat limit

We verify that the ¢ transformation (6.23) is not a symmetry of HS-IKKT model in the
flat limit. Recall that

a0a = 3 = NEOME 4500106 =3 AERIE [A(5(2s)a)d + EaﬂAB(Zs—l)d} ;o (AT
s=0 s=0

and

69 A3(2s) e = €aB VB(25—1) c - (A.2)

Using the above, the linearized action in the flat limit transforms as
0959 = 22/U)\B(Sl)5\5(51))\7(52)5\7(32){y%,Aﬁ(gsl)aﬁ}{yad, eaTﬁT(QSTl)d}, (A.3)

where we note that the term {y®s,y*'}{ans, 2%} vanishes in the flat limit using spinorial
description of HS-IKKT theory (see appendix B) and therefore can be neglected henceforth.
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The above can be reduced further to

698 =3 / O REED T 362 g Ao @Y G050 0y 1) )

£ 3 [ONEORIONTEDITEN 3%, Ay H o Dross )7} 0
The first term denoted as @ in (A.4) can be written as
D=5 [BRERONEID 0o, (gase (s Aszan™ V- (A5)
after integrating by part. Since
{yr3: Agsn ™} ~ (AN + >\65\T)35w4ﬂ(251)a77 (A.6)
we get
D [ANN RN (0830, g P51 Aoy ™ .
T

- / AN NI EDREE AT D RTE N N A L XA O (20, -1)" Do 530 Ap261) "

Observe that by grouping the red and green terms in (A.7) together and using the identity
Ale)sl = — 2P (A A), we can simplify the above to

1 ~ ~ ~ ~ . .
DO=-3 / AT QAPNEDNINTE DA )57 06505 Apasn) ™ (A.8)
1 ~ ~ ~ ~ . . '
+ 5 / Ao A )\>2)\3(51))\5(81))\7(82*1))\7(32*1) 197(282,2)508<d35»y¢45(251)a7 ,

which can be reduced one more time to

1 )\ A\ —1)y71(s2— G .
@ ~ 7 /()\ AN JB(s1) \7(s2—1) Rm(s2—1) 0 (259-2)5 Bcda(s‘yAﬁ(Qsl)Cﬂ/- (A.9)

Decomposing Ag(2s)|aa = A2s)aa + €aﬁ/5\5(25_1)d, we get
503 Ag(as1)* T = 060’5 A(as)® T — 0550’4 Ag(26, 1) - (A.10)

The contribution associated with Aﬁ(gsl)c;y vanishes since there are a pair of MNP that
contract with Aﬁ(gsl)c'y. Therefore, after integrating out fiber coordinates we obtain a trace
in Aﬂ(gsl)ﬁ which is zero due to tracelessness. This means that

1 3 3 —1)37(s2— & A j
@: I (AN)BNB) JB(s1) \m(s2=1) {7 (s2=1) 0. (255 2)5 3563‘5&/\5(28171)” (A.11)

Notice that @ # 0. So the only way 9 can be a symmetry of HS-IKKT theory is that
combines with other contributions in (A.4) to give zero. We show below that it is not
the case.
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Consider the second line of (A.4) for which we denote as @ Using (3.24), we get
(i) ~ / BAPD A8 762 3762 [NaRE 4 AR A A + AR0] %

X 85&A5(251)ﬂ6@797(232_1)"’ (A.12)
~3 / OAPEDRBE AT (2 3720\ R) (AIAS — NPAC) Dy A2sy ) Ocs V(2891

which can be simplifed further to

1 « « « . .

()~ P / ONEIRPENTE T (N R) 2 055 A a00)r T O Dr (255 1)”
15" ) ) ) _ (A.13)

~ = S / OAPEDRBEIAT(2) R0 (N8N A g 4,174 092551y

where we have made an integration by part and used the identity 85,-Y85(-, = —Dess.

Since one of the spinors A" or AT is contracted with Aq(261)r 45 it Tesults in a trace of

T
this coefficient when we integrate out fiber coordinates. However, based on the decompo-
sition (A.1), it is clear that we will obtain A, g(9s_2)4 Which is traceless. The remaining

contribution from the second modes A gives

@)= [BORN VNI ey Ay 13Ty (A1)

which clearly does not vanish by itself. In addition, @ and @ will not cancel each others.
As such ¥ is not a symmetry of the HS-IKKT model in the flat limit.?” As a result, there
are more propagating degrees of freedom in HS-IKKT compared to massless higher-spin
fields in (A)dS4 5. Intriguingly, in the flat limit, the would-be massive degrees of freedom
modes can be mapped into a helicity basis. We can further select all the massless modes by

imposing the Lorenz gauge condition OWAO(( = 0 as discussed in the main text.

25—2)75
B Averaging over the fibers

The explicit spacetime action of the Yang-Mills sector in the Euclidean case can be obtained
by avaraging over the P! fiber using (6.31). Consider the first term in (6.33) where

= @ a® 5307 —W
11—2/]?1K{y 2 a Hyas aa’}, K= Y (B.1)

In the flat limit, the main contribution from the Poisson brackets yield

=23 [ KE 307 a0 E, 50 a7 (B2)
s,s’

where £2688 ~ 2\(@}8)¢8 The contraction between two effective spinor vielbein gives

E%, 53€ai 05 = —2ANABA € 5655 = €ps€s gess AN, (B.3)

*"Note that ¥ is nevertheless a symmetry of the self-dual sector of HS-TKKT in the flat limit [10].

— 37 —



where 2A[a3\5] = —eap(A ). We obtain

I\ 2 a’d qo & B\ B\ o a1yQe . a0
I =+2 o1 K<)\ )\> c‘)wa T0%as’ — 8/IFDl K)\(az)\o))\(al)\,)a 4@ 179%,a%27 (B.4)
Observe that the second term above cancels the gauging fixing term
/2{}’ad, aad}2 -8 /Pl )\(a2)\0))\(a1)\.)ao’_yaafyaodaazc'r ) (B.5)
Thus,
I+ / 2 yu,a")2 = 2 / K (AN)20052%7 85207 . (B.6)
Pt

Next, the second contribution in (6.33) reads

= [ (v Hour 2’} = =2 [ Ky aa My a0} (B)
where we have made an integration by parts and used Jacobi identity. In the flat limit, I
reduces to
_1 I\2 _ajaz o L . g\ __
I, = K(A )€ aa; “ag,e — anyean,” ) =0. (B.8)
4 Jp1

Therefore, the contribution coming from the term {y®,y*"}{ans, 2.} vanishes in the flat
limit. We conclude that the kinetic action in the flat limit reduces to

Sy = /d4x/Ka°‘dDaad. (B.9)

Expanding aqgs = A5 () \B(s) [Aﬁ(zs)aa + EaﬁAB(gs_l)d}, we can elaborate the following
explicit cases:

e Spin 1. The kinetic action (B.9) consists of the following contributions coming from
spin-1 fields:

SiM = / A0 A e —APOAP A A g+ A OAza APV + (A N)2AOA .4 . (B.10)

Making an appropriate field redefinition to fit with the form of the integral (6.31),
we get

s — / A% Ay + A%TA L . (B.11)

Thus, the two modes decouple from each others at the quadratic level, and hence are
two independent modes. Intriguingly, we can make the following change of variables

AGY = A% 4O (B.12)
to bring the kinetic term at level-1 to a more standard form:

s - / ADAY (B.13)
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e Spin 2. There are the following contributions at level 2:

sy = / APROO A )06 As Mg XX —APDRDAT (5) 5 A Ap) A A

o R R R o o R (B.14)
+ / AP OAL 3y AP D NN A+ (AN A AGAPDXEOA ), 4, AAS
which gives
S / A0 g 4 + AP OA g 4. (B.15)
Inductively, we get the full kinetic term as
Sy = — Z /d4X(Aa(2S_1)dDAa(25—l)d + Aa(%_l)dm'&a(%—l)d)
o= o1 (B.16)
4 a(2s—1) &
= _Z/d xAZ DA;(%A)&
s>1
where
AGPTDE  fo(2s-D)a 4 j fe(2s-D)a (B.17)

The same change of variables can also be made at cubic and quartic interactions. Therefore,
we may interpret Ay as higher-spin fields with positive/negative “helicity”.

We can now understand better the role of the “would-be massive” higher-spin fields.
These extra dof arise because the above fields A%(25~D & gtc. are not divergence-free. Hence
they contain extra dof arising as pure divergence mode, which should behave like ordinary
pure gauge modes in the flat limit, and are thus expected to decouple. This is consistent
with the lack of a scale parameter in the flat limit.

Next, the cubic vertices read:

_ ., Q) . o\ __ o' . ,Bﬁ ay 000,00 g . 4 O
I3 =2 /[P’l K{y v a ’y}{aaoa g } - 2/191 KE »y”fjga a 75 6ooaaa aooaa
A A ' A A o (B.18)
= =2 | K(AAg +A3A%)075a%7 (A°A® + A"A%) Dos2as 0 “aa”
P

This means that

L= —2 / (AP RGATRS AR GA R EAG RIS £ AG AN 3D 2 DosansBan’.  (B.19)

From here, we can reposition indices to obtain € symbols using (6.31). While there is no
shortcut to contract indices, we observe that there are many contributions cancel each
others, as well as contributions vanish on-shell (cf., (7.4)). For instance, contributions
such as

ADBysC (B.20)

can be discarded since it vanishes on-shell on support of momentum conservation in the flat
limit. Furthermore, contributions that produce both types of angled and square brackets
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in terms of physical (but complex) spinors at 3-points will also vanish (see discussion in
section 7). The vertices that produce these contributions will be ‘irrelevant’ when computing
scattering amplitudes, and thus can be neglected.

Notice that due to gravitational interactions coming from the Poisson structure (3.10),
the lowest possible spins entering the cubic vertices should be (1,1,2). In expanding
higher-spin modes, we obtain

Iy = 42/ a6|o o|< 2s2)|p(2s3) BAT(Qsl a, ooAC 252)wa Ap(283) , (B.21)

7(2s1)

where we have introduced the notation

a,f|o,e|C(2s 2s al oje $2)3C(s s3) 3 p(s 3
FT(2L1)| (252)lp(2s3) _ (a0 §B) (0 ]®) \¢(52) {¢(52) \pls3) {A( Do) Ar (o) (B.22)

etc., for convenience. The results can be summarized into the form

OA{A, A} + OA{A A} + DA{A, A} + OA{A, A}
+OA{A, A} + OA{A, A} + DA{A, A} + OA{A A}

where {, } indicate the contributions coming from the Poisson brackets. Here, the positions
of fields are important since we are working with almost-commutative field theory. In terms
of AL we have all possible configuration of “helicities” at cubic order. Very roughly,

Ig ~ V+++ + V_++ + V+_+ + V++_ + V__+ + V_+_ + V+__ +V___. (B23)

Without specifying the + subscript below A, we can write the cubic action as

D D B - TR \-ET)
so+s3=s1+2

where S3 denotes the irrelevant part of the action for massless sector, i.e. contributions
that vanish on-shell. Here, the un-dotted indices in the partial derivatives are contracted
to those of the gauge potentials in all possible way. This way of writing is possible due to
our symmetrization convention, i.e. the sum of all coefficients coming from contracting of
€ tensors in (6.31) with fields and derivatives is one. While the non-commutative twistor
approach produces more contributions than the standard approach in twistor literature, we
observe that the non-vanishing contributions in non-commutative twistor approach coincide
with the ones using the standard approach of twistor theory in the flat limit.
Finally, let us look at the quartic term:

Iy = 5/ K {aa% aa’y}{aaif’ 3040} = 7/ K8007"80(3aOl"yaobaa’y 800"‘80630(&8.‘3@0
o ° (2 (2 o] )
=2 Z/ e T 9, AP 2000592 AN A (51 500" Ar 20"

(B.25)
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Thanks to the plane-wave solutions (7.4) and the specific gauge choice we made in section 7,
all contributions resulting from the integral over P! vanish on-shell. For this reason, we can
either ignore the quartic, or write it as

S4 ~9 / d4X (804"/1Aa(281_1) dﬁa’;ﬂAaQSQ_l)d) (aa,'yAa(233_1)7‘—80/3/2&0[(284—1) 7'.) +§4 . (B26)

Unlike the construction of higher-spin Yang-Mills [39], all possible configuration of helicities
are allowed due to the helicity-like solutions A.

Vertices from the self-dual sector. To obtain the above result, one can also start from
the self-dual sector. This provides a simpler way to contract indices in the interactions. But
we first need to know how the higher-spin modes of the b, field talk to each others. Recall
that the action of the YM sector in first order formalism has the form cf. section 6

GYM _ / N (baafaa _ 1bwbaa) (B.27)
PS 2

Now, we let by, to have the following higher-spin expansion (see the discussion around (6.19)
for the reality condition of hs-valued f** and by ):

baa = (B,B(Zs)aa - ieﬁaéﬁ(stl)a))‘/B(s)j‘ﬁ(s) : (B28)

It can be checked that there is no mixed term between B and B. For instance, consider
spin-1 case

/lﬁ)(wlbo‘("L:1 = /BaaBaa + iBaaeﬁaBﬁa/\Bjxg — iBaaeﬁaéﬁa)\g;\,@ + )\ﬁ;\ﬁqyae’yaégaé’m)w;\,y
_ / BaaB® + AP35 BsaB1ON K, . (B.29)
We can shorten the last term in (B.29) to
1, c92 = 1 45055 o= < -~
/ ) 2BaaB + SXNATBS 1B A ~ / A4z BoaBoO . (B.30)

Therefore, the B and B modes do not couple to each other (other higher-spin cases are
analogous). Observe that we can use B as Lagrangian multipliers for the fuzzy Lorenz gauge
condition (6.21)

/ 0 B jas) {Yaa, AP@Nod) (B.31)

so that only the first modes B, (25 propagate and B becomes non-dynamical. Therefore,
it is suggestive to treat Bg(a,) as negative helicity modes. To proceed, we will look at the
kinetic terms

> [ BNV By o aa{y® e, ATEDNA )X ) - (B.32)

51,52
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By decomposing APs)lad — ABRs)ad 4 jeaBAB(2s=1) 6 e can check that
Ly = / ONEVEON (030 Basyan ({776, ATV} 4 ie27{y%, A2t 4} )
_ / 442 By 507 AV (B.33)

Thus, as always, the kinetic terms decrible the coupling between negative and positive
helicity fields. From here, we can express A and A in terms of AL as

Aa(stl) d+Ag(2571) &

a(2s—1)a a(2s—1)a
AO[(2871)0'1: + A ( : _Af( :

Aa(Zsfl)o'z _ T+
2 ' 2i
to study the cubic interactions [ b{.A, A}.
In this first-order formalism, the interaction terms have much less structure compared

(B.34)

to the second-order case. In particular, after integrating out fiber coordinates, we end up
with three main structures

B0 A S AT, (B.350)
B0, 0y AL 40T ALY, (B.35b)
Bo_é(zsl)aaﬁAi@Srl) daaﬁAi(erl)a ) (B.35¢)

where, as always, all un-dotted indices of the lower level are understood to be contracted in

all possible way with the indices of the upper level. Notice that the difference between the

above structures are merely the positions of the undotted indices in the partial derivatives.
Besides the polarization tensors (7.4) for the AL fields, we set

€o2s) = Aa(2s) (B-36)

to the polarization tensor associated with the B, o, negative helicity fields [38]. Note

that there is no auxiliary/reference spinors e . Then, upon plugging in the plane-wave

ao(2s)
solutions, it can be checked that (B.35c) is the only structure that survives. It is worth

mentioning that there are no combination such as
Ba(QSl){Aa(walfm)ﬁ(m) o'z’ Aa(233717m)ﬁ(m) d} (B37)

where un-dotted indices of the A fields contracted with each others since it results in trivial
amplitudes. In fact, this can also be understood from the light-cone point of view where
we set A%(25-2)00 —  and choose A125~D0 ¢o he the components carry physical degrees of
the A fields. Then, for any combination such as (B.37), it will vanish on the nose in the
light-cone gauge.

Further scrutiny shows that non-trivial cubic amplitudes will come from

_ a(2s2—1) & Y oaa(2s3—1
By gy 0as ATV 40, A5, (B.38)

These are the vertices that give us the MHV3 amplitudes (7.14) in the main text. As a
result, the b,of*® can be written as

/ Ubaaf™ ~ / d'w B, ) (B.39)
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where for convenience we have defined

. _ 1 16 . _
FEP) e goap Bl o = ST 9,550 g, aq Bl (B.40)
m+n=s+2
Of course, the above BF action (B.39) in flat space is only the self-dual sector which
features the MHV3 amplitudes. To go back to the second-order formalism, we can integrate
out the B;(Zs) which results in

Sy = / Fo(25) %) (B.41)

As this stage, one can give the higher-spin fields A®25=1¢ 4]] possible helicity when we
consider cubic and quartic interactions. The reason is that the negative helicity modes

(2s—1)

B;(Qs) need to be replaced by A% . Lastly, so as not to forget about other structures,

we can write the final action as

sYM =% / A% F(05) %) + S5+ Sy, (B.42)

where S; for i = 3,4 denote terms that are irrelevant when studying scattering amplitudes.
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