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1 Introduction

AdS/CFT duality [2] is a paradigm shift in our understanding of quantum gravity. This
duality relates a conformal field theory to a theory of gravity in one higher dimension.
In a strict sense there are no local observables in theory of quantum gravity and all the
dynamics are encoded in the boundary (hologram). Though in an effective description
of classical gravity, the notion of locality is well defined as is obvious in our universe.
Therefore emergence of bulk locality is a natural question that people have been curious
about from the beginning days of AdS/CFT. Here we revisit the ideas introduced in [1]



and look for further evidence in support of this claim. There are two natural length scales
in the problem, the AdS radius R and the string length I;. Now if we consider an effective
field theory in AdS the locality is supposed to hold down till l,. Since R = A/4l, and
A\ = ¢2N where N is the number of color in the boundary conformal gauge theory and g is
the coupling constant, it is expected that, for local description A has to be very large so that
R is parametrically larger than ls. AdS/CFT [2-4], therefore implies that the dimension
of the operators, dual to string excitations, will have large dimensions.! So a local bulk
theory in AdS will correspond to a perturbative CFT in large central charge (¢ ~ N?)
expansion with large gap in the spectrum, i.e., all single trace operators with spin greater
than 2 will have large dimensions.

In [1], the authors made a remarkable conjecture that these implications run in the
opposite direction as well, a CFT with a large gap in the spectrum necessarily is described
by a local bulk dual.? They studied the crossing equation of four point correlator of a
single trace operator, O, in a theory containing just the single trace operator itself and
its double traces in large central charge expansion (to order O (c_l)). There are as many
independent solutions to the crossing equations as there are local bulk counterterms with
the specified support in spin. The independent data of the crossing is encoded in the
anomalous dimensions of the double trace operators O, ; = O0"9,,,0,, - - - 9,0 — traces.
The number of undetermined anomalous dimensions due to crossing are in agreement
with the number of local counterterms for a given support in spin. The consistency of
the crossing equation therefore requires the existence of a local bulk dual. The explicit
expressions for the anomalous dimensions have also been computed for explicit bulk counter
terms [1, 5]. In [6] the authors have proved the assumptions of [1] from CFT axioms for
the case of identical scalars (see also [7] which arrived at similar bounds motivated from
Regge boundedness of the corresponding Lorentzian CFT correlator). In this present paper
we provide more evidence for this conjecture by considering (d = 4) scalars and (d = 1)
fermions charged under global symmetry. The results for scalars can be extended to any
dimensions using the analytical functions discussed in subsection 2.5.

We consider holographic CFTs of coloured scalars (in d = 4 initially) charged under the
fundamental and adjoint representations of SO(N) and SU(NV) respectively. Following [1,
5], we solve the crossing equation of four point correlators to order O(c™1) or O (N—2) with
finite support over spin L. We note that the parameter N in the large N expansion of the
correlator is different from the N of SO(N) and SU(N) respectively. We find that for a
fixed spin L support, we can encode the number of undetermined parameters for O (¢71)
crossing in terms of partition functions. A comprehensive list of such partition functions
are given in table 1.

We also verify this counting by bootstrapping large ¢ CF'Ts using analytic function-
als [8, 9]. Construction of analytic functionals in CFTs have been of interest in recent
years [10-15]. In [8], the authors construct analytic functionals for CFTs in d > 1 and re-
late them to Regge bounded Witten diagrams and in [9] it was shown that for holographic
CFTs consisting of just scalars and its double traces, such functionals reproduce the count-

'AdS/CFT dictionary tells us A(A —d) = m*R%.

2Throughout the text we will denote the bulk dimensions as D, while the boundary dimensions will be
labelled by d.




Group | Representations | Spin support: Even and Odd spin
SO(N) Fundamental H(L+2)(3L+4), £(L+1)3L+5)
SO(N) Adjoint $(L+2)3L+4), (L+1)(3L+5)
SU(N) Fundamental SL(L+2)+1, 3(L+1)?
SU(N) Adjoint $(L+2)BL+4), (L+1)(3L+5)

Table 1. Spin support for bulk contact terms: scalars with global symmetry

Group | Representations | Derivative support

:174b+2

SO(N) Fundamental (14 22%)z*

Table 2. Bulk contact terms (D = 2): fermions with and without global symmetry

S-matrix Lagrangian | S3 representations Module structure
Lsow),f 3 Zm,n Am,n Hglzl H?:1 (Opy O, Pihi) (00 007 ¢;)
LéO(N),a 3 Yo @mon Loy Tloey (04,00, 0i504i) (O G110 Pus,)
Lionya 3 > mm @mon [lpey Tloey (0, 00, 050" i 911 0%< B1:)
Ly 3 S O T TTiy (00 0367 ) (040010 0})
L%U(N),a 3 Zm,n Am,n H?:l H?:1 (aﬂbaVc ¢§0ub¢i¢f8% ¢i)
Lsu(w).f 6 PR | [ § (aurbauc@ﬁ”@i) (¢j3"b5j)

Table 3. Generators of scalar local module with global symmetry.

ing of bulk counterterms in terms of anomalous dimensions. A remarkable achievement is
that, the finite spin support is not an assumption in their analysis but rather an outcome
in trying to bootstrap in this method. We extend their analysis to construct function-
als for scalar correlators with global symmetry and verify the counting of undetermined
anomalous dimensions obtained using usual bootstrap methods.

We also consider flat space S-matrices in D = 2 for massive Majorana fermions charged
under global symmetry which are dual to d = 1 fermions in CFT. In order to solve the
crossing equation, we write down the functionals and the necessary subtractions for d = 1
fermions charged under global symmetry following [15, 16]. The ambiguities obtained can,
similar to the scalars, be encoded in terms of a partition function however with the vital
difference from the higher dimensional case in the sense that the support is over derivatives
rather than spin (See table 2 where exponent of x denotes order of derivatives).

In order to evaluate the bulk contact interaction, we follow the techniques of [17, 18]
to group theoretically evaluate the “local module” for the four point scalar and fermions
charged under global symmetry. As defined in [17], local modules are in one-to-one cor-
respondence with local bulk Lagrangians and are graded by order of derivatives and Ss
transformation properties (Sy for D = 2 fermion S-matrices).

We obtain the following module of bulk scalar Lagrangians (table 3). In this table
the entry in the Lh.s. denotes the details of the local Lagrangian (the subscript denotes



S-matrix Lagrangian | S3 representations Spin support
Lsowy,r 3 nr, (L) +np, (L) + ng, (L)
Lo(ny.a 3 nr, (L) +np, (L) + ni, (L)
Liony.a 3 nr, (L) +np, (L) +ni, (L)
LéU(N),a 3 nr, (L) +ng, (L) + nr, (L)
Liu(n),a 3 nr, (L) +np, (L) + ni, (L)
Lsuw).s 6 np, (L) + 2n1, (L) + 20, (L) 4+ 1, (L)

Table 4. Spin support for scalar S-matrices.
S-matrix Lagrangian Module structure
L¥ Y @mon [IpZy TTez1 (O, Ov 904 2)) (07 000))
Loz > @mon ey Tloey (O, 0, 00;0M0405) (8% jabi)

Table 5. Generators of fermion local module w/o global symmetry

the lie group and the irreducible representation: f for fundamental and a for adjoint), the
middle column denotes the S5 transformation property and the right most column denotes
the explicit generator upto a given order (2m + 2n) in derivatives. For (bulk) dimensions
D > 3, we also evaluate the support of the scalar flat space S-matrices (and equivalently
the bulk Lagrangians) over spin. This can be encoded in the form of a partition function
for every bulk Lagrangian corresponding to an irreducible representation of S3. This can
be summarised by the following table 4. In this table the entries in the first two columns
have the same significance as table 3 and the right most column denotes the number of
independent Lagrangians contributing to a spin support L, where

() (2],
nIQ(L):;<_L2_1 +1)(L2_1 +2>,
nIS(L):;(_L_Q +1)<L2_2 +2>,

2
= (552 1) (|55 +2). 0

For the case of coloured fermions in D = 2, we explicitly evaluate the module of local
Lagrangians charged under the fundamental of SO(/N) and obtain a perfect match with
the number of functional ambiguities at a particular derivative order. The Lagrangians are
listed in table 5.

The paper is organised as follows, we obtain the solutions to the crossing equation
at O (c™!) with finite support in spin for identical scalars (d > 2) with colour (SO(N)
and SU(N) fundamental and adjoint) in section 2. We find independent group theoretic
agreement of scalar bulk contact terms with finite support in spin in subsection 2.3 and



also list out the explicit flat-space Lagrangians for the same. We analyse the large N CFT
crossing equations in terms of analytic functionals in subsection 2.5 and find agreement
with results obtained using usual bootstrap. In section 3, we study the solutions of crossing
of d = 1 fermions charged under fundamental of SO(NN) using analytic functionals and
derive the number of contact terms required as a function order by order in derivatives.
We match the counting in subsection 3.2 by an independent method of evaluating and
explicitly writing down Lagrangians which generate flat-space Majorana fermion S-matrices
in D = 2 bulk.

2 Scalars with global symmetry in d = 4

In this section we consider crossing of four point functions of scalars and its double traces
charged under a global symmetry group at large central charge [1]. For concreteness we
consider scalars charged under the fundamental and adjoint of SO(NN) and SU(NN) respec-
tively but in principle these methods can be applied to any lie group. The theory we
consider has no other single trace operator and hence the spectrum consists of just the
single trace coloured scalar and its double traces. We write down the crossing equation
(with finite support in spin) along with the different types of double trace operators being
exchanged. We consider the bulk local operators (charged under the same global symmetry
group) and evaluate the most general contact terms with derivatives.

2.1 Constraints from crossing SO(INV)

Let us consider the four point function of identical scalars transforming under fundamental
representation of SO(N),

U, v) ijke G (u. v
(61(a)6y ) on(z)on(ea)) = T D) 5 ()G LD o)

215 w3 ” R T12 T34
where the cross ratios are given by,
=2 20 =2 20 :
L13L24 L13L24

ikt

and (t(R)>U are given by,
ijke ijke 0;k0i¢ + 0005k 1
(t(s)) = 0ijOke, (t(T)) = (Z ’ 5 — N&‘j&w) ;

(t(A))ijké _ 5ik5j€ — 5%(5]'16. (2'3)
2

The indices R run over the labels which represent the irreducible structures which appear in

the tensor product of two fundamentals of SO(IV), we choose to label them by (Singlet (),

Traceless symmetric (7"), Anti-symmetric (A)) corresponding to the following irreducible

representations, in terms of SO(N) young tableaux

(]IDjH)



The crossing symmetry implies the following constraints [19-24],

u u

Ay Ay
gijkg(u,v):<v) Grjie(v,u),  GW(uv) = MEG () G (v,u), (24)

v

where ¢ = 1,2, 3 denotes S, T and A respectively and the crossing matrix Mgo (), s is given
in (A.1). Now we have conformal block decomposition for each sector of the correlator,

G B (u,v) = CR, gas(u,v), (2.5)
YAW

where R could stand for singlet(S), traceless symmetric(T) or antisymmetric(A) sectors.
Note that throught this section we assume that N is large enough so that we can ignore
specific representations which might appear for low enough N. We show in later in this
section, that this counting works for SO(4) where we have additional structures in the
crossing. The double trace operators corresponding to the different irreducible sectors are
as follows,

57«” n n
Ol = 6i0"d'¢i, O = 6u0"'y) — U0 dor, O = o009y (2.6)

nd

Note that the S and T sectors can take on only even values of spin and the A sector has
support only over odd spins. We now study the crossing equation in a large central charge
(c) expansion.

AR(z7) = AB(2,2) + S ARGz 2) + o |
C
1
CR(n,ER) = C(l)lz(n>£R) + EC{%(T%KR) +
1
AR(na£R> = A(})%(nﬁgR) + EVF(”’?ER) + (27)

We want to solve (2.4), order by order in ¢ assuming the ansatz (2.7). Schematically,

o0 o
Af(z,2) = 1+ Z Z Ce(n, CR) G2yt 2nttp b5 (%5 Z),
n=0 /=0

B o> o0 a B
A{{(Zv Z) = z%)z (C’f%(n,ER) + Cé%(na ZR)'Yl (nv ER)an) 92A¢+2n+£R7€R('Z7 Z) : (2'8)
n=0/¢=0

Solution for O (c®). The Mean field amplitude is given by,

A AN
(Gi(w1)j(w2)Pp(x3)Pe(24)) = 03j0pal + Sidjeu=% + 040 (v> - (2.9)

Decomposing it into irreducible sectors one finds,

1 u Ay u Ay
(9) _ il VAV e (T) N i =
G/ (u,v) 1—|—N<u +<v> >, G (u,v) <u +<v> >7

G (u,v) = (uA¢ — (5)A¢>.

(2.10)



Assuming that the conformal block decompositions are given by ,

G(R) (U,U) = ZC(A{?QA,Z(UJ}% (211)
AL
we can solve for C’(ARg. In order to do so, we use (2.8) and the explicit form of the d = 4
blocks listed below.
anye = zZ* (K(A—I—@,Z)H(A—E—Q’?) —H(A+£7§)/€(A—€—272)),

zZ—z

K (2,y) = y2 o F1 (2, 7; 223 y). (2.12)
We expand (2.10) and (2.11) in the limit z — 0,Z — 0 and solve order by order to get,?

CMFT
(8) _ “nt o) _ oMFT oY) _ _ oMFT
AT TN Al = Ynl > AL~ ndt
CMFT _ (0 + 1)2 4B 2447 QA + 0+ 2n — 2)T(n+ Ay — DT (n + 244 — 3)T(L +n + Ay)
T —
" (Mg — 120(Ag)20(n+ DT +n+2)T (n+ Ay — 3) T (£4+n+ 2, — 1)

X T(L+n+ 205 —2) (2.13)

with A = 2A4 + 2n + £. We note that only even spins appear in singlet and traceless

symmetric representations whereas only odd spins appear in antisymmetric representation.*

Solution for O (¢71). At order O(c™!), we write down the equations which we have to
solve to find anomalous dimension from (2.8) and (2.11). We will focus on the coefficient
of the non-analytic pieces proportional to log zlog(l — Z) and restrict ourselves to finite
spin cut-off L.

alt = Még(]v),f&;’l, (2.14)

n,l

where,

L

y4 _ =~ _

=D C%%(fz) e (ZnH?n YFAynst(2)Fay4n-1(1— %)
;

~(n+0) & (n-1)),

|
]

z—1
z

L
Gl =33 U = (= 2" (1= 2)" T a1 (1= 2) Fa e (2)
n ¢

~(n+0) & (n—1)) (2.15)
and = 1,2,3 denotes S, T and A respectively and we have used

Fa(-r): 2F1(Oé,04;201;$), ﬁa(x) :{—:E?yo)QQFl(ava;l;l‘)'

3Note that this is differs from the respective answers in [19] by a factor of 2 in the S and T sectors
since they use a different normalisation of the symmetric and anti-symmetric projectors. Also note that the
O(c%) OPE coefficients are negative in certain sectors because of our normalisation of the conformal blocks.

“In general dimensions, we can use the expansions listed in [25] to get C’MZFT in general dimensions.



We now project using orthogonality conditions of the Hypergeometric function,
42 memiip F =4 2.1

2 A—i—m(z) l—A—m’(Z) = Om,m/; ( . 6)
C 27

to give us,

Bpg = MS%(N),fﬁg,p’ (2.17)
where B is defined in equation (A.2). The set of equations (2.17) can be solved by
choosing particular values of (p, ¢) analogous to [1, 5]. We have solved these set of equations
upto a very large order of finite cut-off L and present the pattern below. The number of
undetermined anomalous dimensions can be encoded in the form of a partition function.

zk=even = 1(L +2)(3L 4 4) zkoodd = 1(L +1)(3L+5).  (2.18)
CFTSO(N).f = g 5 CFTSO(N).f = g
Adjoint scalars of SO(IN). In this subsection we consider scalars charged under adjoint
of SO(N). The crossing equation is a bit more intricate and we follow the conventions of [19]
and avoid giving explicit tedious expressions.

; . igs G (u,v
(62 (1) (22) 012 (23) 002 (wa)) = 3 () 202020 xmfxmi’ (2.19)
r 12 34

1272k2l2
Q12304
not reproduce them here. The labels r run over the irreducible representations that oc-

where the tensor structures (¢") have been listed in appendix B of [19] and we do

cur in the tensor product of two Adjoints of SO(NV), for convenience we label them by

(S,F,T,R, Ms, A) and they respectively correspond to the following irreducible represen-

tations of SO(N).
o3

The crossing equation then can be encoded in form of a matrix.

Ag
G 0) = My (2) 6V o), (2.20)

where the matrix Mgo(y),, is defined in (A.4). The conformal block decomposition of
GW) (u,v) is given by,
R
GP(u,v) = 3 CRgae(u,v). (221)
A
The spin support of the different sectors can be encoded as (even, odd, even, even, odd,
even). The projected crossing equations at O (c‘l) are,
_ A
opq = Mso

)0 (2.22)

where of | is defined in (A.5). We have solved these set of equations upto a very large order
of L and present the pattern below. The number of undetermined anomalous dimensions
can be encoded in the form of a partition function.

e 1 _ 1
ZER T SO )a = 7L +2)BL+4), ZERS0 ()0 = JLHDEL+5). (2.23)

Note that these are exactly twice the partition function counting we evaluated for SO(V)
fundamental (see (2.18)).



Fundamental of SO(4). In the previous subsections we have worked out the crossing
equations for scalars charged under fundamental or adjoint of SO(N) for a generic N.
In general for low values of N, there are more tensor structures possible for the crossing
equation (and similarly the bulk counting also is different). In this subsection we provide
evidence that the correspondence holds true even for low values of NV by explicitly evaluating
the spin support of crossing equations for SO(4) fundamental scalars. Let us consider
the four point function of identical scalars transforming under fundamental representation
of SO(4),

(6e@1)s (@) ulws)gula)) = T2, (2.2

T12 T34

Where G;jre(u,v) is modified from the large N [22, 23, 26],
Oikdje + 0iedje 1

Ggee (1, v) = 61640 G ) (u, v) + ( 5@-5,%) G0 (u, v)

2 N
Sikdje — Suedjre | €7\ )
+ < 1 + ) GV (w0) (2.25)
ijkl
+ Oirdje — diedste _ € G (u, v).
4 2
Note the presence of the fully-antisymmetric ¢* due to SO(4). The crossing symmetry
requires,
w2
Gies(u.0) = () Gugivr). (226)

From this we arrive at the following constraints coming from crossing symmetry,

Ay — /
GO (u,v) = ( (iG(S) (v,u) + gG(T)(v,u) + 1—2 (G(A)(v,u) + G )(v,u)) ),

16

:)
v
(T) w2 () Lam La (a')
G (u,v) = " G (v,u) + ZG (v,u) + 1 (G (v,u) + G (v,u)) ,
(4) w) % () 3am) L (3g) (4)
G (u,v) = (v) (— GY (v, u) + ZG (v,u) + 1 <3G (v,u) — G (U,u)) >,
() AN (8) 3 ) L (3q@ (')
G (u,v) = (v) (— G*¥/ (v, u) + ZG (v,u) + 1 (3G’ (v,u) — G (U,u)) >
(2.27)
Now we have conformal block decomposition for each part of the correlator,
G (u,v) =" CR, gae(u,v), (2.28)

AL

where R could stand for singlet (S), traceless symmetric (T) or antisymmetric (A,A’)
sectors. The double twist operators corresponding to the different irreducible sectors are

as follows,
.
On = 6161, 0, = 6a"d'6)) — SF "0
Of) = 66, O = éiikmey, ol g, . (2.29)



Note that the S and T sectors can take on only even values of spin and the A, A’ sectors
have support only over odd spins. The MFT solutions are,

) _ Cmit (T) (A) (A)
, MFT MFT MFT
CA,Z = 4 CA,e = Cn,e ) CA,Z = ~Lne > CA,Z = _Cn,e (230)

with A = 2A4 +2n 44, CITXI{ T is given by (2.13) and only even spins appear in singlet and
traceless symmetric representations whereas only odd spins appear in the two antisymmet-
ric representations. The projected crossing equation at O(c™!) is given by,

noo_ v v
B'pa = Moy 18 a (2.31)

where, B’Z’q is defined in equation (A.16) and matrix Mgq4) 5 is defined in equation (A.15).
The partition function for the solutions takes the form

—ev L _ L-1 2
ZERTS0@,f = (2 + 1) L+l Z&RSou.s =2 <2 + 1) L (232

2.2 Constraints from crossing: SU(INV)

In this section we consider scalars charged under the fundamental and anti-fundamental of
SU(N). We can consider the following correlator,

. It el
(@i(21)0™ (w2) P (x3)9™ (24)) = % =y (bm);i ﬁ (2.33)
T12 T34 r T1g Ty

il
where (b(’"))Jk is given by,

il . N1 ; i
(s =siaf, (9 = (ool — sl ) (2:34)

Now the crossing symmetry requires (this is the equivalence of s and ¢ channel),
G (u,v) = G (u,v) (2.35)
ik \™ ki\™ ¥ /- :

This gives us the following constraints,

1 . U Ay .
G (u,v) = NG(AdJ)(Ua v) = (v) G(Adj)(v,u),
(2.36)

A () — (M) (o 1 qady
G (u,v) = " G (v,u)—NG (v,u) ).

In this crossing equation, the sum over spins for the S and Adj sector runs over all
spins. To be more precise, let us label the sum over even and odd spins for a particular
irreducible sector in the following manner [20]

> Woaswr) =61, Y O\ga(u,v) = G, (2.37)
{=even f=odd

~10 -



Reflection positivity of the euclidean correlator (2.33) implies that, on both sides of the
crossing equation (2.36), the sum over spins run over both even and odd spins with the
same sign. In equations,

) . .
(G(+S) (u,0) + G (u, v)) N (GSrAdJ)(UW) + G(—AdJ)(“’U>)

N
= (Z>A¢ (GS_Adj)(v,u) + GSAdj)(v,u)) ,
(G (w,v) + GEY (w,v)) (2.38)
_ (Z>A¢ ( (6,0 + 69 (w,0)) — - (LY (0, 0) + G4V 0, u) )

We can now consider the u-channel crossing of correlator (2.33). Instead of directly
evaluating it, we can consider the t-channel and the s-channel expansion of the following
transposed correlator,

(Gi(21)d (w2) ™ (w3) 9™ (w4)) - (2.39)
The s and t- channel expansions are,
(12)(34) = mlm( (5% + 8¢85) GO (u,v) + (—F8! + ofok) GUAmtimsrm y, v)),
L12 ¢5U34 ¢
1 U\ [ pop (s ket L ook A(Adj
(14)(23) = s () (5iajG< ) (v, ) + (51. 5t~ 51.5].) Gl J)(U,u)>, (2.40)
21 ¢$34 o \v N

where the GOY™) and GAMH—sym) ryp over even and odd spins respectively. Equating
different tensor structures on both sides of s = ¢ equation, will lead us to following con-
straint equations,

(64 (w,0) = ), 0)) = = (G (u,0) — GAD ,0)

N
Ag .
— (Z) (G(Sym) (U, u) + G(Antl—sym) (U, u)>’
(68w, v) - AV (w,v)) (2.41)
Ag .
_ (Z) (G(Sym) (U, u) - G(Antl—sym) (U, u)) )

Note the change in sign of the odd spin sum in Lh.s. of (2.41) compared to (2.38).
This is because the transposed correlator is no longer reflection positive in the t-channel.’
Using orthogonality conditions of the Hypergeometric function ((2.16)) we get,

M, Qv (2.42)

oo v v
Fpg = Mgy SU(N),f*"ap

v nwoo_
(N),fa.p Tpq =

where xf 74, and Qf - are defined in (A.11). The matrices Mgy(n),r and Mgy(ny,s are

defined in equation (A.9) and (A.10). The number of undetermined anomalous dimensions
can be encoded in the form of a partition function.

. 3 _ 3
ZErStmny.g = JLL+2)+1, ZESuny.y = 1Lt 1) (2.43)

®See section 2.1 of [20] for a group theoretic understanding of this.
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Adjoint scalars of SU(IN). In this subsection we consider scalars charged under adjoint
of SU(N) [19, 27].

i j ring G (u,v
(612 (21)97: (w2) 832 (23) 92 (22)) = D ()i A(A) (2.44)
r 12 34

where the tensor structures (s’")ﬁiii Qilf have been listed in appendix B.3 of [19]. The labels

r run over the irreducible representations that occur in the tensor product of two adjoints
of SU(N), for convenience we label them by (S, Adj_, Adj, AS, AA,SS). The crossing

equation then can be encoded in form of a matrix.

v U A¢ v
GW (u,v) = MS“U(N)’G (v) G (u,v), (2.45)

where the matrix Mgy(y),, is defined in (A.12). The conformal block decomposition of
G (u,v) is given by,

G (u,v) = ZC(ARggA,g(u,v). (2.46)
Al
The  spin  support of the  different sectors can  be  encoded as
(even,odd, even, odd, even, even). We now project using the orthogonality of the
Hypergeometric function (2.16) to get,

Apg= Mgg(N),aAZ,p (2.47)

where Ap is defined in (A.13). The matrix Mgy(y), is given in equation (A.12). The
number of undetermined anomalous dimensions can be encoded in the form of a partition
function.

=even 1 =0 1
ZéET,SU(N),a = Z(L +2)(3L +4), Z(%FT?SdU(N),a = Z(L +1)(BL+5).  (2.48)

Note that these are exactly the partition function counting we evaluated for SO(N) adjoint
(see (2.23)).

2.3 Counting flat space S-matrices

In this section we follow [17, 18] to evaluate flat space S-matrices for scalars in D > 4
and determine the number of bulk contact terms with finite support over spin. Local
Lagrangians are isomorphic to flat space s-matrices upto field re-definitions and equations
of motion. We evaluate this by deriving an integral formula using plethystic techniques.
Let us summarise the procedure in brief . We construct the single letter partition function
for the particle with internal symmetry label and impose equations of motion [28, 29]. We
evaluate the multi particle partition function by plethystic exponentiation and project the
resulting group theoretic expression onto the singlets of the space-time symmetry and the
internal symmetry. From general group theoretic arguments, it is known that the flat space
S-matrices can be organised by their S transformation properties. More precisely,

ZS—matrix(f) = ZZ'AJZRJ (l’) (2.49)
J
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where Zr,(z) are listed in (D.7) and are the partition functions of irreducible represen-
tations Ry of S3. More generally, from the partition function (2.49), we can count how
many linearly independent flat-space S-matrices are there at a particular derivative order.
As an aside, in [17], the authors obtained a nice mathematical structure of the S-matrices
in terms of local and bare module generators.® For scalars the local and bare module gen-
erators are the same and (2.49) can be viewed as a partition function encoding the various
local module generators with their respective Ss transformation properties. In order to
generate the S-matrices, this way of viewing the partition function will play a crucial role
for finding the spin support of the local Lagrangians of a particular derivative order. We
will also construct the explicit local Lagrangians (or the local modules) for the respective
partition functions.

Scalar flat-space S matrices with internal symmetry. Using AdS/CFT correspon-
dence we can say that the boundary operator ¢f!) which transforms under an irreducible
representation R of some global symmetry group is dual to the field ®) which trans-
forms under the same representation. In this section we first enumerate and construct the
R)

Lorentz scalars that can be built out of scalar fields ®@ charged under

o Fundamental and adjoint of SO(N).
o Fundamental-anti fundamental and adjoint of SU(N).

The single letter partition function for scalars charged under some internal symmetry
is a simple generalisation of the scalars with no internal symmetry; it is given by

is(z,y,2) = Tr 2%y"y7 = xr(2)(1 — 2*)D(z, ).

D)2 -1
D(z,y) = ( H(l —zy)(1 — Sin_l)) for D even,
i=1
-1

|D/2]
= ((1 — ) H (1—zy)(1 — myi_l)> for D odd. (2.50)

i=1

Here H; and z; stands for the Cartan elements of SO(D) and G respectively. D(x,y) encodes
the tower of derivatives on ®(z) keeping track of the degree and the charges under the
Cartan subgroup of SO(D). The factor xg(z), basically the character of the representation
R of the internal symmetry group G, keeps track of the internal symmetry of the field
dF)(@). For scalar fields charged under fundamental, adjoint representation of SO(N)
and adjoint representation of SU(N), the Bose symmetrized multi letter partition function
consisting of four letters is given by:

. L/ . . .
i (. 2) = o (i, y,2) + 622,y 2)is(a®, 17, 2%) + 322 (2,47, 2°)

(2.51)
+ 8is(2,9, 2)is (2%, 4%, 2%) + Gis(a, g, 2 ).

6See section 2.4 of [17] for a self contained discussion on modules in the context of flat space S-matrices.
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Once we construct this, we recall that the equivalence class of scalar Lagrangians are given
by scalar quartic polynomials (along with derivatives) modulo polynomials that are total
derivatives. This is easily implemented by dividing the four letter partition function by
D(z,y), the generator for towers of derivatives.

i (2,y,2)/D(z,y).

Finally to project onto the singlet sector of both SO(D) and SO(N)/SU(N), we perform
a Haar integral over the Haar measure of the respective groups. Schematically this is
given by,

1) = fdng § dusorp) i,y 2)/D(w.y) (2:52)

where dugo(p is the Haar measure associated with the Lorentz group SO(D) and dug
is the Haar measure associated with the colour group G. Using techniques outlined in
appendix C of [18] and appendix H.1 of [17], the Haar integral over the SO(D) can be
performed and (2.52) then takes the schematic form,

= EENGE? | GED i)
i '_7{%< Ti-a) TI0-20 " m(e 1
G(,2)2 G (231G (4
+23>(<§2(_)1)2 3@5 +)§2Ri i)> (2.53)

We delegate the evaluation of the Haar colour integrals to the appendices (see appendix D)

and present the results in the main section.”

SO(N): fundamental and adjoint. For scalars charged under the fundamental and
the adjoint representation of SO(N), using the integrals listed in table 7, (2.53) evaluates
to the partition function,

¥ _ 1+ 2%+ a4 _ a _ 2 + 222 + 27
IS7 SO(N)(x) - (1 — $4)(1 — $6) = Zs, s, SO(N)(x) - (1 — $4)(1 — $6)

=275, (2.54)

Note that the evaluation has been done for large N [18]. From the analysis done in [17],
we see that this is the partition function corresponding to a local module that transforms
in the 3g of S3. This is an reducible representation of Sj3.

3 =15 P 2, (2.55)

where recall that 1g and 2np are the irreducible one and two dimensional representations
of S3. Let us suppose that the colour module generators transforming the 3 of Ss is
denoted by |e(123)). We follow the same conventions of [17], where [e()), [e®), [e®)) are
the module elements which are symmetric under particle swap (3 <+ 4), (2 <> 4) and (2 <> 3)
respectively. The local module at 2r order in derivatives is then given by the scalar products
of the module generators with polynomial of mandelstam invariants which transform in the

same irreducible representation. In equations, considering the basis of polynomials which

"See also [30—-36] for recent progress using similar formalism and related interesting applications.
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transform in 3 of S3 to be given by (f(t,u), f(t,s), f(s,u)), one constructs the elements of
the most general descendant module as

(FEwle®), f(t,5)e®), f(s,u)e®))

where f(i,§) = i"%j*+4i*j7=F. The corresponding local scalar modules and its descendants

can be easily obtained from the following tower of Lagrangians.

Lsov),; = Zamn T T (8.,00. ::) (942 ® ;07 @) . (2.56)
b=1c=1
Lso(n),a Z i [T TT (000 @35 @) (00 Prid” i) ,
b=1c=1
Lio Zamn]_[ 11 (84,00, i 0" @1 D1y @) - (2.57)
m,n b=1c=1

Our condensed notation for the derivatives can be explained by considering the follow-
ing expression,

IT 0, @10 @2 = 8,,0,, - - - Oy, B1 OM10H2 ... OM™ By, (2.58)
b=1

for some operators ®; and ®5. The same notation is also used for the second tower of
derivatives indexed as d,,. In particular, each term denotes a Lorentz invariant Lagrangian
term with 2m+ 2n derivatives. The Lagrangians (2.56) and (2.57) encode the most general
higher derivative Lagrangians that we can build out of identical scalars charged under
SO(N) fundamental and adjoint respectively. The partition functions (2.54) tells us of the
Ss transformation properties of the local Lagrangian structures.

SU(N): adjoint. From [18] we can compute the large N plethystic integrals for SU(V).
Using table 8, (2.53) for SU(N) adjoint representation turns out to be

7o 2+ 227 + 227
s, SU(N)(x) - (1 — .1‘4)<1 _ .’IJG)

= 273. (2.59)

The local modules transform in 3g and the associated Lagrangians are given by

Liu(v)a Z mn H H (04,0, @07 ) (9 @f 00}

b=1c=1

Liu(v).a Zamn H H (3 , O, DLO DT BF O D ) (2.60)
b=1c=1

SU(N): fundamental. We now turn to the problem of evaluating flat space S-matrices
of scalars charged under fundamental and anti-fundamental representation of SU(N). The
four letter partition function relevant for counting singlets is a bit different for this case
than (2.51). Two of the scalar fields is charged under the fundamental representation while
the other two have to be charged under the anti-fundamental representation for non-zero
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singlets. The symmetry group is now Zy ® Zs instead of the full Sy while the S3 is replaced
by Zy.8 The singlet condition is therefore given by

1+ PigPsy) . . . . 1 _ _
Zy 5= Z | (11223314\y1y‘](2)111223334) =3 (P(x)%(ﬂ?)Z + 0(352)/)(952))
11,22,73,74
= S*(p @) (2.61)

where p denotes the fundamental representation and p denotes the anti-fundamental rep-
resentation of SU(N). The resulting modules are charged under Zs of the Zg x Zy and the
number of such modules are given by

- g (1P (L4 PPy $%(p) ® S*(p),
Zf_? = Z (i1i2j3daly’y 5 B liriogaja) =
11,42,J3,J4 A? (P) ® A2 (ﬁ)
(2.62)
For N > 3, we find S?(p) @ S?(p) = A%(p) ® A%(p) = 1. Without loss of generality, we
can take particles 1 and 4 to transform in the fundamental representation while particles
2 and 3 transform in the anti-fundamental representation. The two Zs invariant modules

for N > 3 are?

le1) = (¢i(p1)" (02)) (95 (p)®” (13)),  le2) = (¢i(p1)¢' (p3)) (05 (pa) (p2)).  (2.63)

Defining the modules under Ps4/Pjo symmetry and anti symmetry as
") =ler) +le2),  [e7) = lex) —lea), (2.64)

the most general descendant module is generated by

Ji = (Z U (5t) ™ (5% + 12 + u?) ) (|e+ )

Jg—(Zamn(stu s +t2+u ><s+t!e

J3 = (Z A (stu) ™ (8% + 12 4 u?) ) < s—t)le”) , (2.65)
J4:<Zamn(stu s2 4+t 4+ u?) >< s e )\e >>

Js = (Z A (stu)™ (8% + % 4 u?) ) ( s —t2 \e ),

JG - (Z am7n(8tu)m(82 + tz + U2)n> < (S2t - t25 + t2u — U2t + u25 — 52U> |6>) .
m,n

8We thank Abhijit Gadde for discussions regarding this point.
9We have used [37] to evaluate (2.62) for various values of N.
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The local Lagrangian which gives rise to this module is given by

Lsy(ny,s = D_ tmn ﬁ ﬁ (%b@uc@i@”@i) (‘Pja“@j) : (2.66)

b=1c=1

The generators (2.65) are in one-to-one correspondence with the descendent module
from the Lagrangian (2.66), where the factors of s and ¢ count two derivative orders each.
The number of linearly independent S-matrices at a given order of 2k derivatives are the
number of solutions to 6m + 4n = 2k + «; for each J; (to be precise, a1 = 0,2 = a3 =
2, a4 = a5 = 4,6 = 6). The spin support for the module generated by this Lagrangian is
the same as that of a module transforming in 6 = 1g + 2 2ng + 14 of Ss.

2.4 Counting independent data labelled by spin

In this section we evaluate the number of distinct contact terms contributing to a spin [
exchange (following [1]). Consider, as an warm-up, S-matrices generated by the scalars
without global symmetry, that can be put into the generic form [17]

(stu)™ (st + tu + us)"|es). (2.67)

In order to count for spin exchanged, we note that s,t and u in centre-of-mass frame can

be expressed as,

tz?(l—cos@), uz?(l%—cos@). (2.68)

Consider a scattering process where the highest spin being exchanged is L (an even integer

since we are considering identical scalars) corresponding to a non-coloured scalar S-matrix
of 2k derivative order. We can write the following set of equations,

3m+2n =k, 2m+2n=1L. (2.69)

Thus we can see that the allowed terms contributing to highest spin exchange L are
derivative terms with k : L, L+1,--- L+ % Total number of flat space s-matrices therefore
contributing upto L exchange is [1],

(14a)= MS(LM (2.70)

NIES

0

a

Recall that a most general S-matrix is given by a S, invariant polynomial of momenta
and global symmetry charges (and also polarizations for spinning particles). The Zgs X Zg
group is a normal subgroup for S4 and consequently the S-matrices can be labelled by
their S3 transformation properties alone. As explained in the previous section, we can
view the most general S-matrix as being generated by the scalar product of polynomials of
mandelstam variables with the module. S-matrix from the local Lagrangians listed in the
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previous sections thus are given by a linear combination of the S5 modules listed in [17],
I = (stu)™(st + tu +us)" (les)) ,
I = (ot 2+ ) (G4 000 00 1)+ o 1)
I = (Z i (5100)™ (52 + 12 + u2)n> ( (52 442 2u2> |e(211\)4> + <t2 +u? - 252) |e(2213[>
+(u? + 5 — 2t |e(2?;)4>>,
L = (Z G (st0) (5% + 12 + u2>”> (2= s Pum it s = u) Jeny) ).

m,n

(2.71)

where |eg), |6(2213/I> and |ej,) are the module for Lagrangians transforming in 1g, 2p and
14 respectively (these are the only three irreducible representations of S3). In the context
of present paper, the local modules are basically contractions of generator matrices under
which the fields are charged. Note that I, I, Is and I4 essentially encode the information
contained in the partition functions (2.54), (2.58) and (2.58). We have to find the corre-
sponding number of flat-space S-matrices contributing to a particular spin Lg from each of
11, Is, Is and I, respectively and sum them up. The contribution from I; has been already
worked out in (2.70) [1]. The contribution from I3, Is and I can be worked out similarly
and is given by,

=3 (] ) (5] )

na (L) _;<L2_1 +1> (_Lgl_ +2>,

nr, (L) =;<L2_2 +1) (_L;2_ +2>,

np, (L) = % (LQ?’ ) (_L23_ +2>, (2.72)

where |z] implies the integer less than or equal to . Therefore the maximum number of
linearly independent flat space S-matrices contributing upto spin Ly exchange for a module
that is transforming in a 6 of Ss is given by

n(L()) =nr (L()) + 27],[2 (LO) + 2n13 (L0> +ny, (L()) . (273)

We list the spin support of the scalar S-matrices egs. (2.56), (2.57), (2.60), and (2.66) in
order of their S3 representations in table 6.

We obtain perfect agreement with the respective partition functions for spin support
from CFT computation (see (2.18), (2.23), (2.43) and (2.48)).

~ 18 —



S-matrix Lagrangian | S3 representations Spin support L
Lso(ny.f 3 nr, (L) +np, (L) + ni, (L)
Lo(n).a 3 nr, (L) +nr, (L) +nr, (L)
L%O(N) 3 nr, (L) +nr, (L) +ng, (L)
Ly, 3 nr, (L) + np, (L) + ng (L)
LSU(N),a 3 nr, (L) +nr, (L) +nr, (L)
Lsu(ny,f 6 nr, (L) + 2n5, (L) + 2ng, (L) +n5, (L)

Table 6. Spin support for scalar S-matrices
Counting bulk Lagrangians and support on spin for SO(4). The multi particle
partition function for SO(4) gives the following result,

1 2 4 6
If 804(@: +xr+r+x
= S0(4) (1 —a®)(1 — )

=Z3 —|—Z1A. (274)

This implies in addition to the usual Lagrangians (2.56), we have the additional Lagrangian
given by the bulk Lagrangian,

Lso),r = Z Am,n H H €TR (D)4, 00, Pith; O D107 ) . (2.75)
b=1c=1

The module generators transform in a 15 of S3 and are given by,

<Z Ao (stu)™ (8% 4 12 + u2)"> ( (s2t — 1?5 4 t2u — u’t + uts — s2u> !61A>>,
mn
le1,) = €7, (2.76)
The spin support is therefore given by,
ngo@),f = nn (L) +np (L) +nr (L) +ng, (L), (2.77)
where n(/;)s are given in (2.72) and we obtain perfect agreement with (2.32).

2.5 Counting bulk ambiguities using functionals

The conformal bootstrap program in position space has been very successful numerically,
though it’s often hard to analytically constrain the OPE data. Recently interest has been
rekindled in analytic constrains in the form of pursuit of extremal analytic functionals [38],
where it was found for CFTs in d = 1 and also for special external dimensions of the
operators. It was further extended to general cases in [11-13, 15, 39-41] in one dimension.
These constructions naturally lead to a crossing symmetric formulation in terms of all
three channels unlike the more conventional bootstrap equation. These d = 1 functionals
have nice positivity properties and that enabled the authors to construct the extremal
functionals analytically and put analytic bounds on OPE coefficient.
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Construction of analytic functionals in higher dimension was first carried out in [8] but
this time the crossing symmetry was respected with respect to two channels unlike d = 1
case. These functionals (without any further non trivial modifications) don’t have good
positivity properties. Nevertheless they are still useful and it has many advantages when
applied to holographic CFTs and perturbative CETs ([42, 43]). In [8] the authors proposed
the following expansion of any unitary Regge superbounded!'® CFTs,

G(2,2) =G+, (2.78)
where G* and G? are such that,
dDisci(G®) =0, dDiscs(G") =0, (2.79)

where dDisc means double discontinuity of the correlator. Using this property G* and G!
can be expanded in t channel and s channel double trace conformal blocks (denoted by
GtAn’M(z,E) and G, ,(2,%) respectively),

G(z,2) = on oGA, . 0(2,2) + By 0aGh, ,(2,7) + (s < 1). (2.80)

n,l

s g, B g ab g, By, form a dual basis of linear functionals and by definition G*(z,%) =
G*(1 — z,1 —Z). When these elements of dual basis act on crossing equation they lead to
sum rule of the form,

3 anw[FR4(2,7)] = 0,
AL
FA(2,7) = (22) 2 Gay(2,2) — (L - 2)(1 —2)) 22 Gh(z,2)  (2.81)

where w can be a or §. These are dual to GFF solutions, i.e., they have double zeroes at
Ay =2A4 4+ 2n+ L. Therefore in a perturbative expansion around GFF (e.g. holographic
CFTs) the double trace operators get suppressed and the sum rules constrain the single
trace data.

In this context we should discuss the u channel regge limit to introduce few terminology.
The u channel regge limit is defined by taking the limit z,% goes to ioco with Z fixed. The
correlators G(z, %) are bounded by (z?)% The correlators are superbounded if the Regge
spin is negative, on the other hand the unitary correlators are only bounded as J < 2. Note
that G* and G' are linearly independent when they are inside the space of superbounded
functions. But in the space of bounded functions these are not independent. The dual

basis satisfy the following orthonormality conditions,

ano[Ga, el = 07 Onbper, o [OAGA , 01 =0,
¢ ¢ \ (2.82)
’I’L,Z[GA,”/’@/ ,f] = 07 ﬁn7£[8AGAn/7e/,€] = 5‘1 67’1”/5[6/'

where ¢, stand for either s or ¢t channel.

10T% be defined below.
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Now we use the techniques described in [8] to write down functionals which can act on
the crossing equation we have written down above for various internal symmetry groups.
Though it’s an straightforward generalization but the class of functionals are different and
therefore, we find worth mentioning few aspects of it here. This method is democratic
to spacetime dimensions unlike HPPS functionals which were applied to two and four
spacetime dimensions. The functional action on the conformal blocks has a nice physical
interpretation in terms of exchange Witten diagram and a class of contact diagrams which
are bounded in the u channel Regge limit, eg, a Regge bounded exchange Witten diagram
has the following OPE decomposition in the direct channel,

WRo(22) = GA(2,2) + ) AntGSa, 1ons0,0(2:2) + Y ButOGSA, opsr(2,7). (2.83)

nt n,t

Ap ¢ and B, are related to functional actions on block as,
An,@ = _O‘;é Bn,@ = _6274- (284)

The functional actions on the block also has a nice integral representation,

e = [ w4 H(w, )G (. ). (2.85)
where H(w,w) is constrained by the u— channel Regge growth of the correlator and
[dw] = 22 In [8] a recipe to construct such kernel was given when the correlator is

Regge superbounded, so the following fall of kernel was sufficient,

H(w, W) — w™ ', asw — 0o, W — 0o, with w/w = fixed. (2.86)

But in a unitary theory the u— channel Regge spin is bounded by 2. So we require
kernels to have stronger fall off as we probe the Regge limit. In [9] was shown that we
can get these better behaved kernels by taking suitable linear combinations of those poor
behaved kernels. These kernels were acted upon a s—t antisymmetric crossing equation, i.e.

Bue: FA(2,2) = ((22) 7% G(2,2) = (1 - 2)(1 - 2)) 2 G'(2,2)), (2.87)

Further the above action can be written down as an action only on direct channel blocks
such as,

e = [ dulldlH(w,m) ( (wm) ™2 G*(w,m) - (1 - w)(1 =)~ G'(w,w))

(2.88)

_ /[dw] (4] (H(w, ) — H(1 — w, 1 — ) (wi)~2¢ G (w, D).
For unitary theories we expect that,

H(w, @) — H(l —w,1 —w) - w3, asw — 0o, W — oo, with w/w = fixed.  (2.89)

These are also called spin-2 convergent functionals. Examples of such functionals
include the following [9] (see appendix B),

vij = (i4+1)2Bis1j — (G +1)2Bijy1 — (i — )i+ 7+ 1)Bi . (2.90)
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These are not good functionals for the crossing equations we have at hand as these are
not s — t symmetric. Indeed their action on the crossing symmetric function FA¢(Z,§) is
non trivial but their action on crossing antisymmetric combination H?¢(z,%) is trivially
zero.'' In general in the analysis of crossing symmetry equations of four scalar fields
with global symmetry F2¢(z,%Z) and H®4(z,%) both appear. One way forward is that we
can take a larger set of Regge bounded functionals so that the final kernels arising from
their subtractions will have a better fall off, i.e. instead of demanding better fall off of
the combination of H(w,w) — H(1 — w,1 — W), individually we can improve it.'? Let us
explicitly write down few examples of such functionals,

V12 =12+ 2v02 — 31,3,
13 =113+ 6193 — 81y,
17174 =Vvig4+ 121/074 — 151/075, (2.91)

Up3 = —3123 — 3v1 3 + 4V 4,

52,4 = 8V274 + 201/174 — 25V175.

All of these combinations are well behaved in the u— channel Regge limit (to be precise
W
fall-off behaviour only in the combination s — ¢.) so that we can act them on our O(V)

their fall off property in individual channels is —5 in contrast with (2.90), which has similar

crossing equations,

(22) 2G5 (z,2) — (1 - 2)(1 - 7))

1 sy, oy, (NH2)(N+1)
X <Ng (2,2) + N

‘ _ 1-N ¢ _
gT( )(Z, Z) + WQA( )(Z, Z) = 0,
(22) 2 G709 (z,2) — (1 - 2)(1— 7)) %

SO = L N =2) opwy oy, Loaw >_
x(Q (2,%2) + oN g (z,z)+2g (2,z] =0,

(2.92)

(22) 22 G40 (2,2) — (1 - 2)(1 = 7))
N +2 1
< (-050m + W2 gros,z) + G10(z,7) = 0.

2N 2
So we can act 7 on the above equations and those will give us nonperturbative sum rules
for O(N) fundamental theories. We can act these to crossing equations arising from other

groups and different representations as well without any further modifications.

Let us now turn our attention to AdS contact diagrams with four scalar fields trans-
forming in the fundamental representation of O(N). These contact terms have no dDisc
and therefore they can be expanded in the s— channel conformal blocks and its derivatives

MHR (2,7) = ((22)7%¢ G*(2,2) + (1 — 2)(1 — 2)) ¢ G'(2,%)).

20Qur equations have different sectors corresponding to irreducible representations of the internal sym-
metry group. So one can also consider subtracting equations arising from different sectors to achieve better
fall off of the kernel. We do not try this here.
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with dimensions A = 2A4 + 2n + ¢,

B 1
G5%(2,2) =) (Csl} + 2027g77€,gaA) Ganyt+2n+60;

n,l
1
G"(zz2) =) (ngl + 202,[)’7?7@8A) Ganyt+2n+oes (2.93)
n,l
1
G2z =) (qﬁj + 202,4%{@%) Gan,+anti,e-
n,l

Also there will be only even spin exchanges in the singlet and traceless symmetric
sector, whereas there will be only odd spin exchanges in the antisymmetric sector. Now
we can act our  on these equations to find the following relation in d = 4 and Ay = 2,

27 27 27
S S S A A
Y2,0 = N (’71,0 - ')’0,0) ) ’YQT,O = N (’YlT,o - 'Y()T,o) ) M1 = %70:1’ (2.94)

These results agree with our previous computation. Also we know that we have two
contact terms, one zero derivative and a two derivative term whose Regge behaviour is
bounded by spin 2. Both terms contribute to anomalous dimensions of singlet and trace-
less symmetric sector and only the two derivative term contributes to anomalous dimension
of antisymmetric operator. We have constructed more functionals and checked that they
all agree with results derived from other method whenever available. Note that in this
computation that we have presented, although we have “assumed” spin support, in prin-
ciple, following [9], one can find linear combinations of 7; ; functionals which tells us that

the spin support is finite. To give further example the following functional falls off as w™?,

~ 3. 3. 3
V14 — §V273 — ZI/Lg = _Z (6V073 — 241/0’4 + 201/0’5 + 3V1’3 — 41/1’4 =+ 2V273) (295)

and it can bootstrap contact diagrams in AdS which has support till spin 2. This way we
can always start with the kernels which are well behaved in the regge limit and then find a
combination of them to improve the Regge behaviour further. We have not exhausted the
algorithm but hopefully have been able to convey to the interested reader, the novelty of
this approach.

3 Majorana fermions in d = 1 with global symmetry

In this section we consider solutions to crossing in the case when external particles are
Majorana fermions in d = 1. We will use the functional techniques to derive the CFT data.
The structure of D = 2 S-matrices will be related to bootstrap solutions of d =1 CFTs.

3.1 Counting using functionals

In this case the functionals are defined as an integral action on the crossing equations but
they lead to crossing symmetric functionals unlike the cases we described in subsection 2.5,
where three channel crossing symmetry is broken. The important difference between these
two constructions are as follows: first, there are spinning exchange operators in higher
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dimensions and there are only scalars or fermions to consider in one dimensional CFTs
because of lack of rotation in one dimension. More significant difference comes from the
fact that the functionals in higher dimension acts on channels individually and therefore
its action on the crossing equation is trivial. This lead to a two channel crossing symmetric
construction of functionals in higher dimensions. On the other hand in one dimension we
will see that the kernels are built in a way so that its action on the crossing equation is non-
trivial and that leads to three channel crossing symmetric functionals having important
positivity properties which are lacking in those functionals discussed in previous sections
unless we take infinite combinations of them cleverly [9].

To be precise, let us write the conformal block expansion of four point function of
Majorana fermions charged under fundamental of SO(N).

(Yi(w1)Yj(z2)Yn(23) i (74))

1 2
= W <5ij5kl Z aiGA(z) + <5il5jk + 0kl — Ndij(skl> Z GZGA(Z) (3.1)
12 34 A A

+ (6ubjk — 6indt) Y aﬁGMz)),
A

where,
2 .2

TioT

Ti3T
13424

This can be expressed more compactly in the following manner

Ay Ay

0 Fy(2) —F " (2)
SIOX| () |+ 0K | 1= 3F() [+ X CR| FR(e) | =00 (32)
2o\mre)) t \ashEre) 0 e
where
Fo¥(2) =2?24Ga(z) — (1-2) Gl - 2),
HY¥ (2) = 2 220G A (2) + (1 - 2) 20 Ga(l - 2)
and Ga(z) is the d = 1 conformal block.
Ga(z) = 22 9 F1(A, A 24 2).
The functional action can be represented by,
> ah(w-FA) =0, (3.3)

r,A

where the functional action itself is represented by the following integral action.

1 tico 1
weFh== [ @ ) ) TR [ a2 lar(2) (), 9520} Fa s (34)
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F for O(N) group is defined as the column vectors in (3.2) and 7 denotes the represen-
tations (5,7, A). To illustrate this let us consider the simplified kernels for Ay = 3 [16],'3

~(Z)_{ 2 <P1+2m(3;2)+P1+2m(iii’)) . N+1<P1+2m(2;2) P1+zm(ifi)>
- y “Ym 9

5 il _
fm amN P 1. N B -
; N -1 (P1+2m(zz2) B P1+2m(i+i))}
"N z 1—2z
T Prion(332) Priam (%) Piiom(22) P om(1£2)
fm(z) =93 —am + y —Am + )
z 1-=2 z 1—2
<P1+2m(Z;2) B P1+2m(i+'f)>}
" z 1—=2
- 1 _
A(Z):{b (Pgm(zz% +P2m<;§)> _%(Pm(z;) +P2m(i:i>)
m m » 172 9 2 P 172 5
bm<P2m(Z;2) B P2m(5_rf)>} (3.5)
2 z 1—-2 )
where P,,(z) are Legendre polynomials and
(2 +2 T2(1 + 2
0, —_LC@+2m) o, P +2m) (3.6)

Cw20(3+4m) -~ w202(1 4 4m)

Now in the Regge limit, the kernel has a fall off O(Z%) in Singlet and Traceless sym-
metric sector whereas it has slower fall off, O(1), in the Antisymmetric channel. We know
that the unitary CFT correlator grows at most like a constant in the Regge limit. So the
third component of the kernel requires to be improved by further subtraction. In presence
of global symmetry, there is exactly one contact term (deformation) in AdSs which is regge
bounded, i.e., the four fermi interaction term without any derivatives, which vanishes due
to anticommuting property if there is no color. So we have to subtract among the unim-
proved kernels for different m such that the subtracted kernels will have correct fall off
to bootstrap the regge bounded unitary CFT correlators. One such choice is to subtract
m = ( functional and our improved kernel will take the following form,

fi(2) = fi.(2) + emfi2), (3.7)

with ¢, is determined by demanding O(Z%) fall off in all sectors and this depends on Ay
and A. Thus the idea is that to bound correlation functions that are badly regge behaved,
we subtract the prefunctionals amongst each other. The form of the above kernels are fixed
such that the following orthogonality conditions are satisfied,

al(s, A%,) = 0nmd™ On0k, (s, A%,) = —d 0m,0,
Brls, Ag) =0, 0aB(5, A%,) = 0nmd™ — ¢°0m.0,

where c;* are some constants which depends on the subtractions we have to make such
that the integration is finite. Also the labels t,s stands for different irreps of O(N). The

(3.8)

13Kernels for general Ay can be found in [16] and the subtraction scheme described above does not depend
on dimension of external operators. So we quoted a simplified example for A, = % in our discussion above.
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double trace operator dimensions for different sectors is given by, A,Sn/ = 204 +2m + 1
and A7t = 2A,, +2m. Then if we have the CFT correlator which grows like 2P, we have to
demand stronger fall off for the kernel and that will introduce more subtractions. These
are in one-to-one correspondence number of bulk contact terms upto 2p derivatives. E.g.
for p = 1, we can take combinations like,

Fi(2) = fi(2) + em f(2) + dm fA(2) + em O (2), (3.9)

so that this falls off like Z%, in all sectors. This tells us that there are three contact terms if
we consider contact terms involving at most with two derivatives. Proceeding in a similar
manner, this exercise tells us that as we increase 4 derivatives, another 3 contact terms
are added to the list. The counting problem of the number of subtractions for a particular
Regge behaviour can be encoded in the form of a partition function,

ISO(N) . 1+ 212

fp (T) = A=z (3.10)

This partition function is to be understood as a series expansion about x = 0. Sum of
coefficient upto z" in this expansion denotes the number of subtractions required from our
basis in order to bootstrap a correlator which grows like " in the Regge limit. We will
show that this matches an independent counting of flat space S-matrix in the next section.

3.2 Majorana fermion flat space S-matrices in 141 dimensions

We first enumerate and construct the Lorentz scalars that can be built out of massive Ma-
jorana fields in two spacetime dimensions charged under fundamental of SO(N). Consider
a theory of massive Majorana (@) charged under some irreducible representation R of
an internal symmetry group G (« is the spinor index which we will not explicitly indicate
from this point onwards). We wish to study the most general local action for this theory,
retaining only those terms that affect four fermion scattering. We consider the equation of
motion for our field ¥*(G) to be

WG =my™(@),  —d9"(G) =mp" (@), (3.11)

We adopt the Majorana conventions of [44] for our gamma matrices.

01 01

0 : 1

= = = =o01. 12
! (—1 O) o 7 <1 0) o (8.12)

In this representation the Majorana condition and the Majorana conjugate becomes,
=9,  Y=9'C (3.13)

where C' = i7%. In appendix C, we construct the explicit plane wave solutions to equa-
tion (3.11), necessary to construct the flat space S-matrices. For Majorana fermion fields
we first construct the multi letter partition function consisting of four letters by Bose
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anti-symmetrizing the single letter partition function. The four-letter partition function -
relevant for counting quartic Lagrangians is given by:

1
) =%
+ 8ie(x,y, 2)is (xS, 3, 23) — 6is (334, y4, z4)).

i§4)($, Y,z (ZZfL(JI, Y, Z) - 61?('%.73/7 Z)if(x27y2’ 22) + 31%(%2, y2’ 22)

(3.14)

where is(z,y, z) is the Majorana single letter partition function where z keeps track of the
operator dimension while y; and z; are chemical potentials corresponding to the cartan
charges of the Lorentz group and the internal symmetry group respectively. Once we
construct this, we recall that the equivalence class of fermion Lagrangians are given by
fermion quartic polynomials (along with derivatives) modulo polynomials that are total
derivatives. This is easily implemented by dividing the four letter partition function by
D(z,y), the generator for towers of derivatives.

it (x,y,2) /D(x,y) .

Finally to project onto the singlet sector of both space time symmetry group and internal
symmetry, we perform a Haar integral over the Haar measure of the respective groups.
Schematically this is given by,

If(@) == fdpa $ dusop) s (@, ) /D, p) (3.15)

where duso(p) is the Haar measure associated with the Lorentz group SO(D) and dug is
the Haar measure associated with the colour group G. In this subsection we will restrict
the Lorentz group to SO(2). The integral at hand, (3.15), therefore has two Haar integrals
one of which pertains to projecting onto Lorentz singlets, while the other is to project onto
the colour singlets. We perform the Haar integral for both using numerical techniques used
in [17].

3.2.1 Fermions without colour

In this subsection we derive the partition function for Majorana fermions without any
colour. The single letter partition function for Majorana fermions is given by [28, 45],

it(z,y) = Tr 22y = x;(y)(1 — 2)Da(z,y),

Dafar.y) = ((1— o) (1 — 2y )

Xf(y) = (x/yT + (3.16)

)
i)
Here H; stands for the Cartan elements of SO(2). The denominator factor Da(x,y) encodes
the tower of derivatives on 1(z) keeping track of the degree and the charges under the
Cartan subgroup of SO(2) while the factor x(z), basically encodes the character of the
spinor representation. These are necessary since we will eventually project onto singlets of
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SO(2).'* Although we have expressed this for D = 2, in principle this can be extended to
higher dimensions. Using numerical integration, we find that (3.14) evaluates to

932

(o) = =y = Za (3.17)

In this partition function, = keeps track of the derivative order and indicates that the
module transforms in the antisymmetric irreducible representation of Sy (see appendix E).
The number of independent fermion Lagrangians, at a particular derivative order m, is
obtained from (3.17) by taylor expanding this partition function about z = 0 and looking
at the coefficient of ™. The Lagrangian giving rise to the flat space S-matrices can be

listed as m n
L7 =" amn [ T1 (000 00"00) (8" 00), (3.18)

m,n b=1c=1

where we have used the following condensed notation for the derivatives,

m

II 0, ©10" 02 = 0,,0,, . .. Oy, O1 O*1 0" ... 0" Os. (3.19)

b=1
for some operators O and Oy. The same notation is also used for the second tower of
derivatives indexed as d,,. In particular, each term denotes a Lorentz invariant Lagrangian
term with 2m + 2n derivatives. Now the Lagrangians, as written, are not linearly indepen-
dent. The linearly independent grassmann modules are as follows.

e m+n = even > 0: there is no linearly independent S-matrix. These S-matrices are

given by m® times the lower derivative-order S-matrices.

e m+n = odd > 1: there is one linearly independent module which is given by

any G, n-

3.2.2 Fermions charged under fundamental of SO(INV)

The single letter partition function for Majorana fermions charged under fundamental of
SO(N) is a simple generalisation of (3.16) and is given by [28, 45],

. 2z SO(N
it(2,y,2) = Tr 2®yfy7 = 0™ () x (1) (1 — 2)Da(z, ).

so(N) [N/2]
Xf (y) = Z (

yi + ) for N even,
i=1

)

SO(N [N/2] 1

M) = Y (y + ) +1  for N odd. (3.20)
i=1 i

The Haar integrals for the colour is done using the large N integrals listed in table 7, while

the space time integral has been done numerically. The final result is given by,

S0y _ 1L + 222

£,f (z) = m =7Zs+27Zn. (3.21)

Note that we recover the Majorana fermion letter partition function in [28] (see eqn B.11) if we set
yi = 0 in (3.16).
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The Lagrangian which saturates the paritition function counting is given by

Liowy.s = D aman [ [ 110 000:0"00) (070 ). (3.22)

m,n b:1 c=1

The linearly independent grassmann modules are as follows.

e m+n = even > 0: there is one linearly independent S-matrix for any a, .

e m+n = odd > 1: there are two linearly independent modules which are given
canonically by a,,4n,0 and agm4n-

4 Conclusions

In this paper we have revisited to the investigation of locality of bulk physics in AdS
by a counting argument on both sides of the duality following [1]. We considered CFTs
with scalars in d = 4 and fermions in d = 1 charged under various global symmetry
group. Then assuming a large central charge expansion we have counted the number of
independent solutions to crossing equation at first non trivial order in O (c_l) expansion
using HPPS functionals and also the analytic functionals introduced in [8, 9, 16]. The
analytical functionals can be used to find CFT data in any spacetime dimension. There
is a correspondence between number of independent CFT solutions and S matrices in flat
space which we evaluated through plethystic counting and obtained a perfect agreement.
Apart from charged scalars we have also computed the S matrices of charged fermions in
two dimensions.

Demanding polynomial boundedness in the Regge limit and no double discontinuity in
the Mellin amplitude makes the counting argument identical for CFT in Mellin variables
and QFT in Mandelstam variables'® [46, 47]. However we explored a different direction by
computing the possible solutions of crossing equation. On the way we have developed non
perturbative analytic functionals that can act on crossing equations arising in the presence
of global symmetry. Also we have tried to extend our discussion to fermions. To our
knowledge an explicit formula relating Mellin amplitude to flat space S matrix amplitudes
for spinning particles is not fleshed out clearly yet (building on the seminal work of [48])
and is a direction worth pursuing.

In [17, 18] the flat space four graviton and four gluon S matrices were constructed.
We would like to extend the notion of bulk locality in the sense of HPPS to spinning
operators also. In the same spirit, it will be to interesting to consider three dimensional
Majorana fermions in the CFT [49, 50]. The group theoretic counting of fermion S-matrices,
introduced in this paper, can be generalised to D = 4. We are hoping to extend the analytic
functional methods of [8, 9] to obtain the CFT data. This exercise of classification of flat
space S-matrix counting also has implications for the S-matrix bootstrap [51]. We expect
functional methods of [6] (as well as formalism of [7]) can be extended in presence of global
symmetry and non-integer spin, putting the conjecture of [1] on further concrete footing.
Recently in [52] the blocks for five point correlator was found. Therefore we can also test
the notion of bulk locality in higher point functions given the plethystic counting for scalars

15\We thank the anonymous referee for raising this point.
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are already known in literature. Another possibility is to push this computations to next
order in large central charge expansion. With the CFT data found in this work we can
now construct the thermal two point functions which are also dual to the same theories of
charged fields as considered here in AdS but with non zero temperature. Following [53, 54]
we can assume that there are no new operators in the OPE of two fields apart from those
which appeared in our analysis at zero temperature. Then using KMS conditions and
assuming polynomial boundedness of thermal two point functions in the Regge limit we
can compute the correction to mean field theory thermal two point functions. In particular
it will be interesting to explore this possibility for d = 3 fermionic CFTs which will be dual
to fields in AdSjy.

Another interesting direction is to explore the Colour kinematics and Double Copy
relations in AdS [55-58]. In [59] it was pointed out that there is a tension in establishing
CK duality in four point amplitudes due to EFT corrections to pure non abelian gauge
field. It will be interesting to explore the status of the same in AdS for gluons, gravitons
and fermion EFT corrections.

We leave a detailed analysis for further work.
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A Detalils of crossing matrices

In this section we write down explicitly the crossing matrices that we will refer to in the
main text. The crossing matrix for scalars charged under fundamental of SO(N) is given by,
1 (N+2)(N—-1) 1-N

N 2N?2 2N
Msoms=|1 G2 4 (A1)
1 (N+2) 1
2N 2

The matrix 84, used in (2.17) is defined as

s L (e p = 1,0 T2 (b p—1,9) —vs(p, ) T2+ p+1,9)
Boa=1{ 2 - )
/=0,even

T _ ( ZL: V’T(—«Hp—l,l)JA‘l(—ﬁﬂ)—LQ)—W’T(pJ)JA‘l(HpﬂLLq))

/=0,even n
A _ XL: Ya(—L+p—1,0)J> Nl +p—1,q) —4(p,0)J* (L +p+1,q)
e ¢=1,0dd n

(A.2)
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where

% = A1y 79 (n,0) (4.3)

and J271(p, q) has been defined in (A.7). Note that the negative sign in P;}q is due to the
negative sign in the solution of the MFT OPE coefficient in (2.13).
The crossing matrix for SO(N) adjoint is given by [19],

2 4(N—2) 4(N—2)(N+2) N3_7N—6 —N24N+6 (N—3)(N-2)
(N-1)N (N-1)N ~ (N—1)N? (N—1)2N N—_N2 (N—-DN
1 1 —N24+2N+8 —N3+7N+6 0 N-3
2(N-2) 2 4AN—2N? 4(N—2)Z(N—1) 2(N=2)
1 N—4 N2-8 N3 _—6N245N+12 3-N _ N-3
2(N—2) 2(N—2) 2(N—2)N I(N—2)2(N—1) (N—2)2 2(N—2)
Mso(ny,a = 1 2 2(N—4) N2_6N4+11  _ N—4 1 . (A4)
3 3 3N 3NZ—9N+6 3(N-2) 3
1 0 4 —N243N+4 1 1
2 N 2N2—6N+4 2 2
1 2 _ 2(N+2) N243N+2 N+2 1
6 3 3N 6(N2—3N+2) 12—6N 6
The matrices of , used in (2.22) is defined as
L _ _
RS JVs(=t4p = 1L,0J2 (Lt p—1,9) = 5. )T (¢ +p+1,0)
7q —
£=0,even N(N 1)
o[ & el p— LIS Nl p—1,q) = vp(p, OTA (C+p+1,q)
Tpq = Z B N —9
f=1,0dd
r [ &= ApLtp =1L D)IA N+ p—1.9) = p(p, OTA (L +p+1,9)
£=0,even

R 2( ZL: vﬁq(—Hp—l,l)JA1(—€+p—1,q)—7}a(p,€)JA1(€+p+1,q))
3

{=0,even

L
ohs = — ( S Vs~ p— 10T (0 +p—1,9) — V(0. OT> (U +p+ Lq))
(=1,0dd

A (XL: ’V’A(—HP—LZ)JA1(—€+p—1,q)—vf4(p,€)JA1(€+p+1,q))

g, =
i £=0,even 3
(A.5)
where
Y = (A—1)2 Y (TL,E)
(A.6)

and J271(p, q) is defined as,

_ Cn dz (1 —2)™
JA l(m, m,) — C /I(m, m,)’ _[(Tn/7 m/) e %mwFA—l+m(z)F2_A_m/(z)
r 20A —1) = 1T A —1)2
o - T+ 2 ) —DI'(p + ) (A7)

P oplD(A = 1)2T(2p+2(A—1)—1) °
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In [1, 5], the closed form expressions for .J A*1(m, m') were also given

~ T(2p+2A -2)C ) ((p+ A —1)4)?
JA 1 , / — q
(mm) =~ Tt a—1ec q;) D(q—(+1)2
X4 F35(0 —q, 0 —q,—q— A +2,—q— A +2; (A.8)

—p—q+l—A+2,—p—q+l—A+2,-29g—-2A+4;1).

The crossing matrix corresponding to (2.42) are given by,

11
Msy(ny,; = (]1[ 1N2> (A.9)
N
— 1+ L 14
Msu(ny.; = ( , N _1N> . (A.10)

The matrices f , and 7}/, used in (2.42) are given by,

(8) _ Sico(is(-l+p=LDJ(A-1,-l+p—1,9) —v(p,)J(A = 1,1+ p+1,q))
K:p7q - N
L (Adj) _ Yo (vs(=l+p—1,0)J(A = 1,—14p—1,9) — vs(p, ) J(A — 1,14+p+1,q))
pzq - N
~(5) _ Ylico(—D (rs(=l+p—=1,0J(A -1, -l+p—1,9) = 7(p,)J(A - LI+ p+1,q))
p7q N
S(Ad)) _ Sto(—D  (rs(~l+p—1,0)J(A = 1,~l+p—1,9) — v(p,)J(A = 1,1+ p+1,q))
pq N
Q(Sym) _ ZEL:O,even (’78(_l+p_Ll)J(A_lv_l"_p_LQ) _’Ys(pJ)J(A_ 17l+p+1aQ))
D,q - N
Q(Anti—sym) _ Z%:Lodd (78(_1 +p - 17Z)J(A - 17 _l +p - 17q) - 75(]77 Z)J(A - 1al +p + 1a q))
p?q - N .
(A.11)

The crossing matrix Mgy, defined in (2.45) is given by,

1 2N 8—2N?2 N2—4 (N—3)N? N2(N+3)
N2-1 N2-1 N-N3 N2-1 (N—=1)2(N+1) (N=1)(N+1)2
1 112 141 N+43
2N 2 27 NZ N T2 T 2N+2
N N2 N2-12 N (N-3)N? N3(N+3)
M. — | 2(W?—4) 2(N?-4) 2(N%-4) 4-N7  2(N-2)2(N?4+N-2) 2(N-2)(N+1)(N+2)2
SUN).a 1 0 20 1 1) a1
2 N 2 N—=2TI1-N" 2 N+2 T N+1 ~ 2
1 1 _Nt2 N2 14 11 N3
1 2 2N 4N N TN—2T1 4N+4
1 1  1_1 _N=2 N-3 _N?4+N4+2
1 2 27 N AN 4(N-1) AN?+12N+8
(A.12)
The matrices Af | used in (2.47) is defined as
L
AS — Z ) 7:5'(_[+p_17Z)J(A_1’_l+p_1’Q)_’YIS(p:l)J(A_1>l+p+17Q)
(N+1)(N-1)
£=0,even
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Adj_ L ’YlAdji(_l—‘f_p_l?l)J(A_17_l+p_17Q)_PYIAdj,(pJ)J(A_17l+p+17Q)
Ap,q = Z - N
/=1,0dd

1o
AN XL: ~ Yagj (FlAPp=1,0)J(A =1, =l4+p=1,q) = Ypg; (0, 1)J(A = 1,1+p+1,q)
P (N +2)(N —2)
£=0,even

L
A = N (sl p—LDJ(A = 1, —l4p—1,q) — Y4s(p, ) J(A = 1,14p+1,q))

/=1,0dd
L
AAA — Z (7:4A(_l+p_lal)‘](A_la_l+p_1aq)_’Yfé\A(pal)J(A_Ll"'_p_"LQ))
P9
/=0,even 2

L
ASS = % (v/ss(—l +p—LDJA-1,-l4+p-1,9 =755, DJ(A-L1+p+ Lq))
P.q

0,even 2

/=
(A.13)

where

20+ 1)(2A+2n+¢—-2)

(A.14)

and J21(p,q) has been defined in (A.7). The matrices "oq and Mgoay ¢ used in (2.31)
are defined as

|es
|

|es

19
4 16 16 16
1 3 1 i
Mso),r = 13 _1 3 (A.15)
g
-1y 1 -1
L _
g 3 Ve(—L+p—1,00J5 Y (~L+p—1,q9) — 5P, ) J> (L +p+1,q)
p,q
£=0,even "
L _
g7~ v Vp(—L4p— 1,0 JAH(~L+p—1,9) — A(p, )T (L +p+1,q)
p,q
£=0,even "
L _
o > V(=L +p—1L0)JA Y (L +p—1,q) —v4(p, )Tl +p+1,9)
p,q
(=1,0dd "
L
g 3 Vi (—l+p—1,0)J> (=l +p—1,q) — 4 (p, ) J> 1l +p+1,q)
p,q - *
(=1,0dd n

(A.16)

B Relation between Bi,j and B, ¢

Here we briefly discuss the relation between BU and f; ; following [8]. Let’s define the
following generating functional,

> Gape(z.2)ome+ Y 0aGa(2,%)Bny (B.1)

n,l n,l
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where Ap = 2A4 + 2n + £. Using the explicit form of conformal block [25, 60, 61],

oo
Gae=>_> AniPains, (B.2)
n=0 j
where, '
Prs(s.) = L0, (B3)
(2v);
The coeflicients A,, ; satisfy the following recursion relation,
(Catng = Cae) Anjg = Yapn-1j-14n-15-1 + Vagn-1j414n-1541 (B.4)
where,
. 2 . . 2 .
L _(EPG+2v) (B 20)% B5
L IR A ) 9

and we have the initial conditions Ag ; = d;;. Using this the generating functional will take
the following form,

> (am‘ +Bij logézz)) 27 (B.6)

i,j=0
@; j, B ; are independent of spacetime dimension and dimension of external operator.

These are easy to compute and using the expansion of conformal block we can always
translate o j, Bi; to o g, Bne-

C Scattering of four Majorana fermions in 14+1 dimensions

In this appendix we set up the scattering kinematics and the necessary ingredients for
massive Majorana fermion scattering in 1+1 dimensions. In particular, we review the 141
dimensional scattering kinematics and also provide the explicit expressions for S-matrix
for the Lagrangians listed in subsection 3.2. Our results are consistent with the analysis
of [62] when restricted to 141 dimensions.

Kinematics. Consider the scattering of four identical massive particles in 2-dimensional
Minkowski space. Let p! be momentum of the ith particle with mass m. Momentum
conservation and on-shell condition implies

p? = —m?, pl+ph—ph—pi=0. (C.1)

For convenience we parametrize the momenta in the following manner,
pi' = (mcosha;, sinha;). (C.2)

We use the convention that particles with momenta p; and ps are incoming and ps and
p4 are outgoing. Momentum conservation implies p; = pg, p2 = p3. The Mandelstam
variables can be defined as follows,

s:=—(p1+p2)® = —(p3 +pa)* = 2m* — 2p1.py,

t:=—(p1 —p3)° = —(ps — p2)* = 2m* + 2p1.p3, (C.3)

wi=—(p1 —pa)? = —(p2 — p3)* = 0.
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The equalities in (C.3) follow from (C.1). Due to momentum conservation the Mandelstam
invariants are related by s + ¢ = 4m?2. Contrary to D > 3, for the special case D = 2, the
kinematics of four particle scattering degenerates and variables u and t can be solved for

in terms of s and m? (in particlar u = 0).

Plane wave solutions to Majorana equation. We consider the plane wave solutions
to (3.11) for Majorana fermions with no colour as

vle) = [ ot (b)) + o)) (C4)

where, the commutation relations and the Majorana condition (3.13) implies
cp) =bp),  w(p)=vp),  {bp),b' ()} = 2m6(p — p')2po (C.5)

The momentum space Majorana equation becomes,

(ipuy" — m)u(p) = 0, (=ipuy" —m)v(p) =0
u(p)(ippy* —m) =0,  v(p)(—ipyy*" —m) =0. (C.6)

The general procedure for evaluating this involves going to the rest frame and then boosting
the solution obtained. This procedure gives the following solutions to u(p) and v(p),

u(pi) = vVm(e™®/%ie* ), w(p;) = Vm(e /2, —ie™/?) (C.7)
We then evaluate the relevant inner products as,
U(p1) - u(p2) = \/2m? — 2p; - po, (p1) - v(p2) = —/2m?% — 2p1 - po
(p1) - v(p2) = \/—2m2 — 2p1 - pa, (p1) - u(p2) = —\/—2m2 —2p1 - p2
(p2) -v(p1) = —\/—27”2 — 2p1 - p2, T(p2) - u(p1) = \/—2m2 —2p1-p2 (C.8)

where A = ATC as defined in (3.13).

S|

gl
<

gl

Fermion S-matrix. In this subsection we write the explicit form of the fermion S-
matrix which is generated by the local Lagrangians listed in (3.18) and (3.22) respectively.
Consider the scattering process of four identical Majorana fermions

Yo +Pp = 1y + Y5

where the subscript denotes the spinor index. Using the plane wave solutions listed in (C.7),

the fermion S-matrix can be written as

S = (u(ps) - w(p2)u(ps) - w(pr) + v(p2) - v(p3)0(p1) - v(pa))(p3 - P2)™ (—p3 - pa)”
+(a( (p2) - v(pa) +0(p1) - v(p3)u(pa) - ulp2))(ps - p2)™ (p3 - p1)"
1 p2) +U Ju

u(ps) - u(p1)v v p1) v
+(u( v(pa)0(p1) - u( (p4) - ulps

D3 D
p3) - (p2) - v(p1))(p3 - p1)™ (—p3 - pa)™ -
(C.9)
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Consider the scattering process of four identical Majorana fermions charged under the
fundamental of SO(N),

Yo+ h = Y5+ Y5
where the superscript denotes the internal symmetry index while the subscript denotes the
spinor index as usual. Using the plane wave solutions listed in (C.7), the fermion S-matrix
can be written as
SLgO(N), f
= (u(ps) - u(p2)u(pa) - u(p1) +0(p2) - v(p3)0(p1) - v(pa))(p3 - P2)" (—p3 - P4)" Sbclad

+(u(ps) - u(pr)v(p2) - v(pa) +0(p1) - v(p3)u(pa) - u(p2))(P3 - P2)™ (P3 - P1)"dacOba
+(u(ps) - v(pa)v(p1) - u(p2) + 0(pa) - u(ps)ulp2) - v(p1)) (3 - P1)™ (=P3 - Pa)"Oabdca -
(C.10)
D Plethystic integrals
In this appendix we detail the evaluation of colour integral of (2.52) and (3.15)
]{dua ]gd/tso (z,y,2)/D(z,y),
1f(2) = §dpc $ dusorp z% )(@,y,2)/D(x,y). (D.1)

where dugo(p)y is the Haar measure associated with the Lorentz group SO(D) and dug is
the Haar measure associated with the colour group G. The Haar measure for SO(D) for
even dimensions (D = 2N) and odd dimensions (D = 2N + 1) are given by,

vy 2T ot )
o (2mi)N2N NI TV, v

N o(1—y— L VO (it = 1))
NN S TSR

)

and the integral over y; in (2.52) is a closed circular contour about y; = 0. The Haar
measure for SU(NV) is given by [63],

N1 s
dusy(ny = H 7 ) (D.3)

(2m

where ¢q(z1,...2nv_1)|); are the coordinates on the maximal torus of SU(N) with
[IV, ¢ = 1 and A(¢) = [T1<acpen(Pa — @) is the Vandermonde determinant. Simi-
lar to SO(D), the integral over z in (2.52) is a closed circular contour about z; = 0.
Explicitly written out, the coordinates on the maximal torus take the form,

¢1 = 21, or = 25 2 ON =25, - (D.4)
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We, therefore, have to perform two Haar integrals one of which projects onto Lorentz
singlets, while the other projects onto the colour singlets. We perform the Haar integral
for the Lorentz singlets first using the Large D techniques used in [17], keeping in mind
that the Haar integral for the lorentz group stabilizes for D > 3 for scalars. We obtain the
following general result

GG | GE L e
D(x) := j{d,uG (X]Z (1 _XI;4) + 4)(<1R_ ey + 24?52 1
XG(zQ)Q XG(Zg)XG(Z)
S+ SN o

Now let us consider the colour projections case by case. For the cases where the scalar
field is transforming in the fundamental and adjoint of SO(N) and SU(NV), we expect the
final partition function to be a sum of the partition functions Z of representations of S3
(see subsection 2.9 of [17]). More precisely we expect,

ZS-matrix(x) = ZxAJZRJ (x) (D6)
J

where Zg, () are listed in (D.7).

Z1g (z) =D, Zya(7) = x° Zan (@) = (x2 + x4)D7
Z3($):Z15+22M l‘) (1—|—J) +x )
Z3p(x) = Z1p + Z2y(2) = (x +a?+a ) (D.7)
Zo(x) = Zag + Z1n + 222y (2) = (14227 + 20" 4+ 2°) D
1

h D= .
where 1= 1) (1 = )

D.1 Integrals for SO(N) fundamental and adjoint

In this subsection, we set up the computation for the cases when G = SO(N) and R is the
fundamental and the adjoint representation of SO(N). Since we are interested in large N
computation, it suffices to perform the Haar integral over colour singlets using the large
N techniques of [17, 18]. We obtain the following results for fundamental and adjoint
representation of SO(N), see table 7, where

So(N) LNv/2] 1
O =3 ()

=1 i

X0 (y) = (XiO(N)(y)Q _ XiO(N)(yQ)) . (D.8)

2

For low N, the integrals can be done using numerical integrations outlined in [17, 18].
We list the results of the Haar integral in table 7.
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Integral SO(N) fundamental | SO(N) adjoint
$TI dys Awa) X3 W2 ()2 1 2
$ T dys A(y:) SO(N)( 4 1 2
FTIN dys Alys) X5 () 3 6
FTIE dys Aw) 15 (02)? 3 6
$ T dys Adw) X3 2™ W) 0 0

Table 7. Large N integrals for SO(N).

Integral SU(N) adjoint
(2772)(N mwaN 1 dzll SU(N)(ZZ) SU(N)( )2 1
(zm)(N DN SIS dzz,l xa© (24 3
WN o ST 2 X" (2) 9
(2m)<N e B VR R G 5
(27rz)(N D NI fHN ' dzz,l SU(N)(Z) ( %) 0

Table 8. Large N integrals for SU(N) adjoint.

D.2 Integrals for SU(N) adjoint

The results for the adjoint representation has already been listed in [18] and reproduced in
table 8 for convenience, where

al SU(N) ol
:Zzia X? (2)222;1
=1 =1
M (z) = 3V (23 (2) -1 (D.9)

D.3 Fermions

In this subsection we present the Haar integral over the D = 2 space-time for fermions.
Quoting (3.15),

1
Ifi( fdua j{duso 24(%(96 y,z) — 6z (2, y, 2)iz(2*, 9, 2%)
+ 3i3(2%, 92, 22) + 8is (2,9, 2)is (%, 2°) — Gig (2, y, 21)). (D10

The lorentz integral was done numerically while the colour integral has been done using
the large N techniques explained in the previous section. An important difference from the
previous section is the following fact that, in D = 2, the number of invariant Mandelstam
invariants is just one instead of two for higher dimensions. This implies the final result can
be written in the form

S matrlx ZxAJZRJ (Dll)
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where Zr, (z) are the partition functions corresponding to the irreducible representations
of S5 as outlined in appendix E.

2

Za(z) = (D.12)

1—2a%’

We obtained (3.17) and (3.21) in this manner.

E Representation theory of S; and action on Mandelstam invariants

We present the representation theory for two dimensional discrete group S and its action
on the Mandelstam invariants. The permutation group of two elements has two one-
dimensional irreducible representations — the totally symmetric representation and the
totally anti-symmetric representation. The generator for the S5 is a Zs flip and it is almost
immediately obvious the two irrducible represenations can be labelled by their Zs charges.
The standard young’s diagrams associated with these representations are

Zs =[], Za =H. (E.1)

To be precise, denoting the Zs generator by Pja, the representation Zg has the charge “+7”

7

while Za has the charge* —” under the actions of Pjs. We now construct the action of
Sy on the Mandelstam invariants s,¢ subject to the constraint s +¢ = 0 (we focus on the
massless case first, the massive case is a trivial generalisation of this case). Before trying to
construct polynomials that transform in the two irreducible representations of So, we first
present the partition function counting. Following [17], we can define the single variable

partition function as

1

= Tra?? =
z(x) r -

5. (E.2)

Here A is the degree of momentum homogeneity. The partition functions over polynomials
of two variables with given transformation property and the constraint s +¢ = 0 are

Zs(z) = % (@) + (%) (1 —2%) = ﬁ
— 1 2 /.2 a2y a?
Za() = (2(@) = 2(z%) (1 - 2?) =t (E.3)

The modules built out of polynomials of Mandelstam invariants, corresponding to these
partition functions can also be constructed as follows

Mz, (n) = SQn, Mz, (n) = g2ntl (E4)

where the Sy properties of the modules are self-explanatory. Therefore in two dimensions,
the S-matrix partition function is expected to be of the form

ZS matrix = Z xAJZAJ (.T}) (E5)
Ay

where Z ,(x) can be either one of (E.3). For the massive case the modules become

Mz (n) = (s(4m? — 5))", Mz, (n) = s(s(4m? — s))". (E.6)
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