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1 Introduction

It is difficult to overstate the importance of conformal field theories (CFTs). They serve
as the endpoints of renormalization group flows, they are realized in numerous condensed
matter systems at second order phase transitions, they appear to describe consistent the-
ories of quantum gravity through the AdS/CFT correspondence, and they may play some
interesting role in physics beyond the Standard Model. While CFTs are in general strongly
coupled and difficult to study using the conventional techniques of perturbation theory, it
has become apparent in recent years that the conformal bootstrap [1] approach — studying
the general constraints from symmetries, unitarity, and associativity of the operator prod-
uct expansion (OPE) — can be highly successful at making predictions for CFTs in any
space-time dimension [2-23]. The bootstrap is particularly interesting for supersymmetric
theories [5, 8, 9, 16, 22, 23], where in addition to having extra symmetry and stronger



unitarity constraints, we typically have a greater handle on the space of such theories as
well as knowledge of protected aspects of the spectrum.

An essential ingredient to pursuing the conformal bootstrap is knowing how to decom-
pose 4-point functions into conformal blocks (or conformal partial waves) corresponding to
the exchange of primary operators and all of their descendants. In superconformal theories,
4-point functions can be decomposed into superconformal blocks, corresponding to the ex-
change of superconformal primary operators and all of their superconformal descendants.
Past work on superconformal blocks in 4d includes [24, 25] in N' = 2,4 and [5, 26] in A = 1.

In the present paper, we develop two complementary approaches to understanding
superconformal blocks, focusing on 4d superconformal field theories. The first approach
is to utilize the fact that superconformal blocks can be viewed as eigenfunctions of the
super-Casimir differential operator. This approach is particularly straightforward when
applied to 4-point functions containing two chiral and two anti-chiral operators, and we
derive simple expressions for the corresponding superconformal blocks for any number of
supersymmetries A/. However, this approach becomes more cumbersome when applied to
more general operators, where the superconformal block can depend on a large number of
nilpotent superconformal invariants.

The second approach is to generalize the shadow formalism of Ferrara, Gatto, Grillo,
and Parisi [27-30], recently developed further in [31], to superconformal theories. The
original idea is that given a CFT operator O(x) of dimension A in a d—dimensional CFT,
one can define a non-local shadow operator @(w) with dimension A = d — A. Then the
integral

/ddw(x)\oxoy@(:c) (1.1)

is dimensionless, invariant under conformal transformations, and can be inserted into four-
point functions as a projector onto the corresponding conformal block:

/ddx<¢(x1)¢(x2)0(m)><@(m)¢(x3)¢(x4)) x go(x;) + “shadow block”, (1.2)

where the shadow block can be easily subtracted off. Similarly, we will show how in a 4d
N = 1 SCFT one can take a superconformal primary operator on superspace O(z,6,0)
and define a non-local “supershadow” operator (5(3:, 6,0). Then by constructing a super-
conformally-invariant projector we can project 4-point functions onto simple integral ex-
pressions for superconformal blocks. We also apply this method to 4-point functions con-
taining two chiral and two antichiral operators in theories with A'-extended supersymmetry,
reproducing the results obtained from the super-Casimir approach. In a companion pa-
per [32] we will further apply it to 4-point functions of real scalar operators in 4d ' =1
theories.

Both of the two approaches are simplest when described in supertwistor or superem-
bedding space, where the action of the superconformal group SU(2,2|N) is linearly real-
ized [33-42]. We review this formalism in section 2. In section 3 we study the super-Casimir
differential equation, focusing on 4-point functions containing chiral operators. In section 4



we develop an approach to superconformal blocks based on supershadow operators and ap-
ply it to the 4-point function containing chiral operators. We conclude in section 5.

2 Superembedding methods

2.1 Superspace from supertwistors

In this section, we review the construction of superspace in terms of objects which trans-
form linearly under superconformal transformations. We closely follow the discussion
of [35, 39, 41], though our notation and conventions are slightly different. Our construction
will enable us to describe certain local operators in a way that makes their superconformal
transformation properties manifest. In particular, it will be sufficient to describe gen-
eral AV = 1 superconformal multiplets and some A > 1 multiplets.! More complicated
constructions are required for describing arbitrary multiplets in theories with extended su-
persymmetry [44-49]. It would be interesting to generalize the techniques in this paper to
incorporate all N' > 1 multiplets.
The building blocks of our construction are supertwistors [50],

Zy= |24 ecW, (2.1)

which have four bosonic components Z,, Z* and N fermionic components Z;. The super-
conformal group SU(2,2|N) is the subgroup of SL(4|A\) that preserves the inner product

0 6% 0
(Z1,22) = Z{0Zs, Q=6 0 0 |. (2.2)
0 0 4

Objects of the form Z = Z'Q transform in the dual representation to the supertwistors
Z 4. We will call them “dual supertwistors,” with components

74 = (Z“ Z. 7") , (2.3)

so that 711422,4 is SU(2, 2|NV) invariant.
Chiral superspace, with coordinates (xiw‘, 6¢'), is equivalent to the space of two-planes
in supertwistor space. To see why, note that two-planes are spanned by a pair of super-

twistors Z9, a = 1,2, subject to a GL(2,C) gauge redundancy that acts as a change of
basis

Z% ~ Z%q%, g% € GL(2,C). (2.4)

L The precise statement is that it can describe multiplets whose superconformal primary is invariant under
a nonabelian R-symmetry group. This includes all A/ = 1 multiplets, since there the R-symmetry group
is U(1). However, it does not include many interesting multiplets in theories with N' = 2,4, for instance
the N' = 4 stress-tensor multiplet. Four point functions of some of these extended SUSY multiplets are
discussed in [24, 25, 43].



“wo”

Here, “~” means “is equivalent to.” Under the action of this GL(2,C), a generic pair of
supertwistors Z4 can be rotated to the form

5o’
Z4 = |izge | . (2.5)
20¢

We refer to this choice of gauge as the “Poincare slice”.

As we see above, the Poincare slice is parameterized by a bosonic vector xi“ and N/
fermionic spinors 2, which are the usual coordinates on chiral superspace.? The advantage
of describing them with the above coset construction is that it makes their transformation
law under SU(2,2|N) completely manifest. If M € SU(2,2|N) is a superconformal trans-
formation, then we first transform Z%4 — M2 Z%. We then choose a matrix g € GL(2,C)
such that M5B Z%gb“ returns back to the Poincare slice. The composition of these two
transformations defines a map (z,0) — (2/_,0") representing the action of SU(2,2|N):

0a” 5ab
izt | =245 — MaPZ%  ~ MsPZhg = |ialte | . (2.6)
267 26/

This precisely reproduces the usual action of the superconformal group on chiral superspace.

We can similarly describe anti-chiral superspace with the dual twistors Z"". However,
together the objects 2%, 7 describe 8 real bosonic degrees of freedom (the complex vector
z,) and 4N fermionic degrees of freedom (the spinors %,8"). We need 4 real bosonic
constraints to recover the correct degrees of freedom to describe superspace. Furthermore,
these constraints should be superconformally covariant. The only possibility is

778 =0, aa=12 (2.7)
In components, this implies

xo — (o} ) — 4o = o, (2.8)
which can be solved by writing 2§ = 2%* + 2i§di9?, r_ = gcj_, with x real. In this way, we

recover the usual relation between superspace coordiantes (z,6,6) and chiral coordinates
(x4,0).

In what follows, it will often be useful to consider complexified superspace. For exam-
ple, correlation functions of local operators can be analytically continued, so they naturally
live in complexified superspace. We will also discuss superspace integration, where one can
consider different real contours inside complexified superspace. In terms of supertwistors,
complexification simply means we regard Z4 and 7" as independent, each with their own
GL(2,C) redundancy

74 ~ 20", 7~ 2, (2.9)

2The tensor §,° in the upper two components of (2.5) lets us identify the GL(2,C) index a with a
left-spinor index a.



and subject to the (now complex) condition (2.7). The independent supertwistor Z and
dual supertwistor Z transform such that the pairing Z~ Z4 is invariant under the complex-
ified superconformal group SL(4|N).

2.2 Superembedding space

To describe superspace in terms of supertwistors, we were forced to introduce the GL(2, C) x
GL(2, C) redundancies (2.9). Physical quantities should be independent of these redundan-
cies, so it’s useful to work with objects which transform simply under them. This motivates
the introduction of bitwistors

AB _ =aA=bB

Xap = 2% 2%¢q, X =777 ¢, (2.10)
which are well-defined up to rescaling
(X, X) ~ (AX,\X), A =det g, A = detg. (2.11)

The bitwistor X (and similarly X) satisfies the graded antisymmetry relation,?

Xap=—(—1)PAP5Xps,  pa= { (1) i j z j‘a (2.12)
By construction, (X, X) also satisfy the equations
X" Xpe =0, (2.13)
and
XupXeyp =0,  XAPXOP (2.14)
where [...} denotes graded antisymmetrization of indices.

The space in which (X, X) live is called “superembedding space.” Instead of begin-
ning with supertwistors as we did above, it’s possible to describe superspace by working
entirely in superembedding space and imposing the equations (2.13), (2.14) together with
the redundancy (2.11), see for example [33, 35, 41]. Both points of view are useful.

Superconformal invariants are given by supertraces of products of X’s and X's, for
example?

- —A
(1) = X5 Xipa, (2.15)
1321) = X, P X350 X5 Xipa(—1)Pe. (2.16)

By construction, these invariants are chiral in unbarred coordinates and antichiral in barred
coordinates.

#Note that our definition of X 45 differs from that in [33, 35], where they satisfy a different antisymmetry
condition.

4The factor (—1)P¢ is necessary to preserve superconformal invariance, since C' is contracted from bottom
to top, while the superconformally invariant pairing is defined with indices contracted top to bottom.



On the Poincare slice, the bitwistors X 5 and X are given by

€af —i(w+e)a5 26;
Xap = |i(zye)ds —ale?® 2i(x10;)% |, (2.17)
—2915 —2i(a:+0i)5 40i9j

—x2 e i(ex—)%s —2i(5jx_)°‘
~AB j

X7 = —iler)s®  eqp 20, : (2.18)
2i(0'z_)°  —205  —40'¢’

A quantity that will appear frequently is the two-point invariant, which becomes

(21) = -2 (xg_ — x4+ + 22’91052)2 (Poincare slice). (2.19)

2.3 Lifting A/ = 1 fields to superembedding space

The superembedding space we’ve constructed is capable of describing all superconformal
multiplets in N = 1 theories, and some special multiplets in theories with extended SUSY.
In this section, we briefly summarize the procedure for uplifting fields to superembedding
space [33-35], focusing on the A" = 1 case.” A four-dimensional N' = 1 superconformal
primary superfield is labeled by its SL(2,C) Lorentz quantum numbers (%, %), its scaling
dimension A, and its U(1)g charge R. It is convenient to summarize these labels as

(%, %, q,q), where the superconformal weights q,q are defined by

1 3 _ 1 3

A scalar primary ¢(z,6,0) ~ (0,0,q,g) simply gets lifted to a homogeneous scalar
(X, X) on superembedding space [33],

¢ — D, (2.21)
®:(q,9), (2.22)

where the notation in eq. (2.22) is shorthand for ®(AX, AX) = A~9\ "®(X, X).
Handling more general Lorentz representations requires uplifting spinors. A spinor
primary ¢q ~ (%, 0, q,q) gets lifted to a homogeneous dual twistor,

bo — P4, (2.23)
4 . <q + ;,q> . (2.24)

Similarly, a conjugate spinor ¢% ~ (0,

, 5,4, q) gets lifted to a twistor ® 4 with homogeneity
Da:(q,q+ 3)

5This is a supersymmetric version of what was presented in [31].



The relation between the four-dimensional superfields and their superembedding coun-
terparts is simple,

¢(2,0,0) = (X, X)|poincare (2.25)
da(2,0,0) = P (X, X) XBapoineare (2.26)
¢d(m707§) = YC.MB(I)B(*XV?Y)

(2.27)

Poincare

where the right-hand side is restricted to the Poincare slice. For operators with spin,
we see that contraction with the bitwistors X, X projects ® — ¢. In particular, since
xx Bc = 0, there is a gauge-redundancy in the definition of the uplifted field, for
instance

oA ~ o4 + X, (2.28)
/Z ~ (%,%,q,q) lifts to

A4 ith homogeneity @ ¢+ %,6 + %) It is

The spinor case generalizes readily. A generic superfield qbgll
a gauge-redundant multi-twistor ® BB
J

. . . . . - . —A
convenient to introduce index-free notation by using auxiliary twistors S4,.5  to absorb
the indices of the superembedding fields. Thus, we define

®(X,X,8,5)=57...5%0, NG, S (2.29)
J

In this language, the gauge-redundancy of ® allows us to restrict S, .S to be transverse and
null®

XS =0, SX =0, S8 =0. (2.30)
Finally, the four-dimensional superfield is recovered by
b 11—\ B —=\F7 - =
oo = W5 (Xa_g) 1<X8_>§> $(X,X,5,9) (%X)

(%)

a1 @j | Poincare

(2.31)

In what follows, we will be interested primarily in chiral superfields. In superembedding
space, chiral fields correspond to holomorphic fields ®(X) [33], i.e. fields that depend only
on X, not X, and hence have § = 0. From the projection prescription, eq. (2.31), it is
evident that such a field can only project onto a chiral superfield if j = 0, so that no new
X dependence is introduced upon projection. This is consistent with the four-dimensional
constraint that chiral fields must have j = g = 0 [51]. Likewise, antichiral fields correspond
to antiholomorphic fields ®(X) with j = ¢ = 0.

2.4 Correlation functions

General constraints on superconformally covariant correlation functions were studied for
N =1 theories in [51, 52] and for N' = 2,4 theories in [24, 53]. More recently, superem-
bedding methods were used to provide a manifestly covariant form for superconformal cor-
relators [33-42]. In superembedding space, correlators of fields ®(X, X, S, S) are functions
of superconformal invariants built with S;, S;, X;, and X; that respect the homogeneity

5Nullness follows because the transverse conditions can be solved by S = XT, S = XT for some T,T.



of the constituent fields. In the following discussion we will abbreviate the coordinates X;
and X; simply as 4, i and suppress factors of (—1)PA.

There are two types of such invariants. The first consist of supertraces of coordinates
described in section 2.2, such as (ijk ...l). There are an infinite number of such supertraces.
But for any given number of points, only a finite subset of them are independent. For
example, all 3-point invariants built with coordinates are functions of 6 non-vanishing
2-traces: (ij), where 4,7 = 1,2,3 and i # j.”

Correlation functions of scalar operators are built with such invariants only. In the
simple example of the 2-point function of scalar operators (®1(X7, X1)®2(X2, X3)), the
invariants available are (12) and (21). Imposing homogeneity, one finds that given ®; ~
(0,0,q,7), the correlator vanishes unless ®5 ~ (0,0,7, q), in which case

1
(12)(20)0

To write down the correlator consisting of operators with non-trivial Lorentz repre-

(@1(X1, X1)P2(X2, X)) = (2.32)

sentation, we need invariants that involve auxiliary twistors. In general, these are strings
such as Spijk...1S,. But not all of them are independent. The following facts facilitate
the construction of a non-trivial, independent set of such invariants:

e By transverseness, eq. (2.30), S; cannot be contracted with X;, nor S; with X;.

e As a consequence of the graded antisymmetry of X, eq. (2.12), SXT = 0 and SXT =
0.

e Eq. (2.14) can sometimes be used to reduce long strings of X’s and X’s, for instance
(i}i)AB x <Z}>ZAB

For the 2-point function (®1(X1, X1, S1,S51)®2(X2, X2,52,52)), the considerations

above restrict the independent invariants to (12), S21251, and their complex conjugates.

Note that the auxiliary twistors only appear in the numerator and their total numbers are

restricted by eq. (2.29). Imposing homogeneity, one finds that given ®; ~ (%, %, q,q), the

correlator vanishes unless ®3 ~ (4, 4,,¢), in which case

(551251)7(51215,)7

®1(X1, X1, 51,51)P2(Xa, X2, 52,52)) = R ——
<1( 1 1,21 1) 2( 2 2,92 2)> <1§>q+%1<2i>q+%]

(2.33)

The special case that ®; is chiral and ® is antichiral is given by g = j = 0.
Similar considerations can be used to work out the three-point correlator of a chiral
scalar ® ~ (0,0, gp,0), its antichiral counterpart ®' ~ (0,0,0, ¢3), and a real spin-¢ tensor

O~ (55,49,
(S128)*
<1§>Q<1>—¢I+% <16>Q+§ <0§>Q+§ '

This correlator will be a starting ingredient for our computation of chiral superconformal

(®(X1)2"(X2)0(X0,X0,5,5)) = Apato (2.34)

blocks via shadow methods in section 4.4.

"For three points, there is one invariant cross-ratio, which can be taken to be u = % and which

can appear in three-point correlators of non-chiral fields. We will not need it here.



3 Superconformal Casimir approach

Conformal partial waves represent the exchange of a definite irreducible representation of

C/(\'f) is an operator

the conformal group between pairs of operators. The conformal Casimir
that commutes with all conformal generators, so it must have a definite eigenvalue when
acting on any single irreducible representation. Thus the conformal partial waves can
be elegantly computed by the eigenvalue problem associated with the conformal Casimir,
represented as a differential operator acting on the space of conformally invariant functions.
Let us see how to generalize these ideas to superconformal partial waves.

As a warm-up that is interesting on its own, let us begin by generalizing the two
dimensional global or SL(2, C) conformal partial waves to superconformal symmetry. The
conformal algebra can be separated into commuting holomorphic and anti-holomorphic

parts; the holomorphic part is
[Ln, Lo] == nLn and [Ll, Lfl] = 2L0, (31)

with n restricted to the values —1,0,1. The central charge does not appear in the global
conformal algebra. The holomorphic conformal Casimir

1
P =12 g(LLoy+ Loy Ly) (3.2)

commutes with each of the L,,. The global conformal partial waves in the representation
(h,h) of the full SL(2,C) have dimension A = h + h and spin £ = h — h; these partial
waves are eigenvectors of the Casimir operator 082) with eigenvalue h(h — 1), and similarly
for the anti-holomorphic Casimir. To make this explicit one computes C(()Z) as a differential
operator acting on the product ¢(x1)¢(z2) within a 4-pt correlator, and then re-writes the

result in terms of conformally invariant cross-ratios.

3.1 N = 1 superconformal blocks in two dimensions

To generalize to global superconformal symmetry in two dimensions, we extend the holo-
morphic algebra to include the fermionic generators G,, with r = +1/2 and with the
(anti-)commutation relations

n 1
{G,,Gs} =2L,+s and [Ln,Gi%] = (2 F 2) Gi%Jm. (3.3)

This is the global part of the Neveu-Schwarz superconformal sector, where the r indices
of the G, take half-integral values [54]. The index r takes integral values in the Ramond
sector, but this sector does not have a non-trivial global limit. Global superconformal
primaries are annihilated by both L; and G 1. The quadratic Casimir

1

1
e =12 5 (Ll +Loala) + 4 (G+%G G+§) (3.4)

commutes with all the generators. For a helpful review see e.g. [55]. To compute the

_1 —
2

4

superconformal blocks [56] we need to represent this algebra as an action on superconformal
primaries.



For this purpose it is sufficient to introduce a single fermionic coordinate 6; supercon-
formal primaries become functions of (z, 0), where x is a complex coordinate parameterizing
the 2-d Euclidean space. We can represent the action of the algebra on these coordinates as

L_y = —0,, (3.5)
1

Ly = —20y — 5089, (3.6)

Ly = —2%0, — 200, (3.7)

supplemented by the fermionic generators

G

=0y — 00, and G+% =20y — 0x0;. (3.8)

=

We will be studying a 4-pt correlator

A(zi, 0;) = (p(x1, 01)P(22, 02)d(23, 03)P(24, 04)) (3.9)

and so we need to determine on which superconformal invariants the correlator can depend.
The holomorphic coordinate differences

xij = X; — .,”Uj — 9192 (3.10)

are supersymmetric, but not superconformally invariant. We can construct a pair of su-

perconformal invariants

1234 X1 — X2 — 0102 T13T24 X1
U = — and v= """+ & —

(3.11)
L1423 €2 14723 €2

from the x;;, where the latter relations follow when we use a conformal transformation to
set x3 = 0 and x4 = co. We can write the correlator or partial wave in this limit as

1 T 0102 T
G(xlax2701792) = 2A¢(.’L’3 — $4)2A¢ |:g(] (1 - .%'2) + —099 <1 — x2>:| . (312)

(:L’l — 3;2) )

In terms of the usual variable z =1 — %, the conformal Casimir eigen-equation is
2 2 1
2 ((1=2)02 = 0:) 9o+ 5200 = ango(2), (3.13)
1 1
22(1 = 2)02 + 2(2 - 32)0, — 2z + 2} 9o + 57 (1- 2)0? — d:) g0 = qange(z),

where ¢, = h(h— %) is the Casimir eigenvalue, where h is the Lg eigenvalue of the primary.

These equations can be solved in terms of hypergeometric functions as

go(2) = 2"9Fy (h,h,2h, 2), (3.14)
go(z) = h2""19Fy (h,h,2h, 2). (3.15)

~10 -



3.2 N = 2 superconformal blocks in two dimensions
The N = 2 superconformal algebra has commutation relations
+ e 1 cf o 1
[Lm, Jn] = —nJm+n, {Gr ’Gs } = Lr+s =+ 5(7" — 8)J7«+s + 6 Tt — Z 5s+r,0 (316)
[, GF] = £GF

m—+r

(656G =0={G;.GT} 1L GHl= (5

2 _T>Gi

r+m>»
along with the standard relations for the L,,, alone. Note the addition of the bosonic gen-
erator J,, so that we have a new operator Jy in the global limit. The full Ramond and
Neveu-Schwarz algebras are isomorphic in the case of two dimensional N’ = 2 superconfor-
mal symmetry. However, since we are studying the global limit, we will again consider only
the NS sector. The N' = 1 generators G, are G, = G;" + G;". One can see that dropping
Jm for m # 0 and taking r, s = :t% and m,n = —1,0, 1, the global algebra closes and the
central charge drops out of the commutation relations. The quadratic Casimir is

9 1 1 1. 1 _
P =12- 178 — gL L} + 567,67 + 56167l (3.17)

One can represent the N' = 2 generators on superspace as

L_| = —0,, (3.18)
1 1
LO = —x&,; - 591891 - 502892, (319)
Ll == x28x - 3391891 - 1?(92892, (320)
1 1
Gt = —0p, — —=090,, 3.21
== 50 5 (3.21)
1 1
G- = ———0,0, + —0p,, 3.22
\/i 1 \/i (3 ( )
Gt = 129 +i998 ~ Lo (3.23)
+ \/5 91 \/5 1V2 91 \/§ 2 T .
1 1 1
G, = —=x0p, — —=01020p, — —=06120,, 3.24
Jo = —0109, + 0209, . (3.25)

We can restrict to chiral and anti-chiral fields, meaning fields that are annihilated by
D and D, respectively:

D = 3y, + 020,
D = 8y, + 610, (3.26)

Then, a chiral field ®(z, 01, 02) depends only on = — 016, and 603, while an anti-chiral field
depends only on x + 6102 and 6.

To compute the superconformal blocks [57] we need to specify the correlator and param-
eterize it in terms of superconformal invariants. First, we need to know the supersymmetric
distance between two points (z,61,62) and (y,n1,72) in superspace. At linear (quadratic)
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order in the bosonic (fermionic) components, there are two linearly independent combina-
tions that are invariant under supersymmetric translations and have vanishing R-charge:

(yz) = (y — mn2) — (x + 6162) — 22061,
(27) = (v — 0162) — (y +mn2) — 20271 (3.27)

A correlator of generic fields can depend on both of these; however, when chiral or anti-
chiral fields are involved, clearly at most one of the above is allowed. Under conformal
inversions, individual points transform according to

1
R:z— ——, 01 — ﬁ, 0o — b2 (3.28)
€T €T xT

Note that under inversions, the chiral position x — #1602 just becomes the inverse of a chiral

position:
R 1 6102 1
T x 22 z — 0109 ( )
Then, it is easy to see that the chiral-anti-chiral distance (z7) transforms as
_\ R (z7)
xyY) — . 3.30
O ey ) (3:30)
With two chiral and two anti-chiral fields, we can therefore form the invariant u = Egigg;

We are restricting to purely holomorphic fields, in which case in turns out that this is the
only invariant. This means that our superconformal block depends only on u. Taking the
limit where the bosonic component of 4 goes to infinity and all components of 3 vanish,
this simplifies to

— 2ym 6 01602 — 6.0
u_>_<1_95+5m71?72 Yymoz + ythta — mn2by 2>. (3.31)
Y )
So, we can act with our Casimir in differential form on the function
x — 2ymi102 + y0,6 x
o) = go(e) + (TN 0, Lo bamman(s)  (332)
where now z = 1 — £, and g2(2) = g0(2),94(2) = g4 (=) — %. We are computing the

blocks in the ¢ x ¢! channel, so we take R-charge to be zero for the internal operator; thus
the eigenvalue of Céz) is ATQ. Acting with the Casimir equation, it is now straightforward
to find

go(z) = 2o F1(h, b, 2h + 1, 2). (3.33)

As a check, one can use the fact that the anomalous dimension of chiral operators is

protected. As discussed in [14] section 2.3.1, this implies that the superconformal block

cannot have a log(1 — z) singularity as z — 1, which is indeed true of the above expression.®

8In fact, this constraint combined with the fact that the N/ = 2 blocks must decompose into N' = 0
blocks is independently sufficient to solve for go(z). Let go(2) = ga=0(h, z) + bgn=o(h + 1, 2), where gy=o
are the non-supersymmetric conformal blocks, and b is an arbitrary constant. Demanding that the log(1—z2)
singularity cancel between the two blocks sets b = —h/(2(2h+1)), which provides an independent derivation
of go(z) above.
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3.3 Chiral blocks in four dimensions

The same methods can be used to compute superconformal partial waves in four dimen-
sions. The main challenge that one faces in applying this method is the proliferation of
independent superconformal invariants. For this reason, the method is most feasible when
applied to superconformal partial waves with chiral and anti-chiral operators.

The N = 1 superconformal Casimir operator? (in the conventions of appendix A
of [5]) is

1 3 1 1 1, .
Y = SMy, MM — D24 SR 4 S (B, K"} — -[Q%,Sa] — 2[Q%,Sa]  (334)
2 4 2 4 4
and it takes the eigenvalue
S 1- - _ _ 1 _
3 =500+ 2+ 500+ + @+ Da+7-2) ~ 50—’ (3.35)

when acting on a state created by a primary operator in the (%, %) Lorentz representation
and (q,q) labels the superconformal representation.

Differential operators representing the superconformal generators are easiest to write
down in supertwistor space. Let us first define generators of GL(4|A') which commute with
our GL(2) x GL(2) redundancies and preserve the pairing Z - Z,

0 —aB 0
7 -7 aZaA(_l)pApB' (3.36)

The generators of the superconformal group are given by contracting with super-traceless

LAB =74

matrices T%, where k indexes the adjoint representation of SU(2, 2|\,
(T*) AL AP (—1)PB. (3.37)

To avoid keeping track of sign factors (—1)PAPB etc. coming from the grading of the
components of Z, Z, we can make use of the following trick. Let us pretend that Z, Z are
purely bosonic and transform under SL(n) for some n. SL(n) invariance will guarantee that
the n-dependence of our calculations always comes from the trace of the identity matrix
61’2 = n. In the super case, this trace simply becomes a supertrace. In other words, we may
perform the computation pretending that Z, Z € C"*2, and then set n = 4 — A/ to recover
the answer for the superconformal group SU(2,2|N).

As an example of this trick, let us recover the correct action of the superconformal
Casimir on a two-point function. The Casimir operator for SL(n) is

1
Chn=LsPLp" — ~L,4Lg". (3.38)
n

Acting on a two-point function, we get

4

n

1
O e = <2q(2 —n+q)+2q(2—-n+7q) (3.39)

n <1§>‘1<2T> (q _Q)2>

9Superconformal Casimir operators were constructed in [47]. Together with other invariant differential

(12)0(21)7

operators, they were used to classify positive energy unitary irreducible representations of the superconfor-
mal group in [48]. For more recent development, see [49].
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(1)

where the superscript on Cy "’ indicates that the differential operator should act only on
Z1,7Z1. Setting n = 4, corresponding to N' = 0, the quantity in parentheses becomes
(¢ +q)(q +q—4), which is the correct Casimir eigenvalue for an operator of dimension
q + ¢ in a four-dimensional CFT. Setting n = 3, corresponding to N’ = 1, we recover cgg
n (3.35).

Now let us consider a four-point function of chiral and anti-chiral operators

(3(X1)9"(X2)p(X3)9" (X 1)) (3.40)
The only superconformal four-point invariants that can be built out of X, X, X3, X4 are
(1281) _ —ltu+v (120D _u (3.41)

(14)(32) v (14)(32) v

where we have defined them in such a way that they reduce to the usual conformal cross-
ratios when all the 6;,6; are set to zero.
Acting with the Casimir C7(11,2) on the ansatz

1

(6(X1)9"(X2)d(X3)9"(X4)) = WG(U,U% (3.42)
we obtain the equation
DG(u,v) = AG(u,v) (3.43)
D= ((1—v)* —u(l +v)0vdy + (1 — u+ v)udyudy, — 2(1 4+ u — v)uvd,0d,
—nudy, + 2(n —4)((u — v)udy, + (1 +u — v)vdy). (3.44)

where A is the Casimir eigenvalue for the exchanged operator. This equation is closely
related to the Casimir equation for a conformal block for scalars ¢; with nonzero A;; =
A; — Aj in a 4d CFT [58]. By relating the differential operators present in the two cases,
one can show that (3.43) is solved by

G (u,v) = uN2gReey» =N (u,v), (3.45)
where
GATA (,0) = (1) o (hase(2)ha e 2(2) — (2 4 7)) (3.46)
ks(z) = /% F, <6 2A12 5+A34,5, ) (3.47)
w=2z v = (1-2)(1-32), (3.48)

is the usual 4d conformal block.

Let us make a few comments about this result. When N = 1, eq. (3.45) provides a
new compact expression for the chiral-antichiral block originally derived in [5]. Although
it is not obvious from the above expression, Gr—1 can be decomposed into a finite sum of
N = 0 blocks with Ao = Agy = 0, as required by the conformal symmetry.
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Although our main focus in this paper has been on A/ = 1 theories, the expression
eq. (3.45) also has meaning when A/ = 2. While in general one needs more complicated
superspaces to describe CFTs with extended supersymmetry, the superspace defined in
section 2 suffices to describe operators which are annihilated by all supersymmetries of
one chirality.!? Scalar operators of this type live in so-called &Er(0,0) multiplets [59], and
their VEVs parameterize the Coulomb branch of the theory. In theories with Lagrangian
descriptions, examples include Tr(¢*), where ¢ is the adjoint scalar in a N' = 2 vector
multiplet. Eq. (3.45) with N' = 2 gives the superconformal block for a four point function
of such operators and their conjugates.

When N = 4, the constraint that a scalar be invariant under all supersymmetries of
one chirality is overly restrictive, and satisfied only by the identity.

4 Supershadow approach

In theories whose dynamics respect a symmetry, it is usually fruitful to be able to project
transition amplitudes or correlators onto irreducible representations of that symmetry. The
shadow operator formalism of Ferrara, Gatto, Grillo, and Parisi [27-30] was invented to
simplify this projection in conformal field theories. The first observation of this approach
is that operators can have non-vanishing two-point function only if they are in represen-
tations with the same conformal Casimir, which in terms of the dimension A and Lorentz
representation (j,7) of the primary operator is

CF = A(A—4) + O, (4.1)

in d = 4. Here, C;5 = 23(j +2) + 3j(j + 2) is the Casimir of the Lorentz group. For a

given C&j and ij, there are therefore two different possible primary operator dimensions
in the same selection sector, related by A <> 4 — A. The representation with primary
dimension 4 — A is referred to as the shadow representation of the primary dimension A
representation, and the primary operator with dimension 4 — A is the shadow operator.
Since both the operator @ and the shadow operator O sit in the same selection sector,
either may be used to project onto irreps of O, but there are certain advantages to using
the shadow operator. Primary among these are that the product [ d*zO(z)O(z) has zero
projective weight. In an appropriately regulated sense, (O(x)O(y)) x 6 (z — y), so the
shadow operator not only projects onto the irrep of O, but it also strips out unwanted two-
point functions that would arise if we used O instead. This fact was used in [27] in order
to provide an efficient means of computing the OPE coefficients of descendant operators
in terms of those of the primary operators. The shadow operators are non-local operators;
for j = j = 0 they are

O(z) = /d4y1(’)(y). (4.2)

EEMESD

This manifestly transforms like a primary operator under translations, and by acting with
a conformal inversion on O(y) and changing integration variables, it is not too hard to

10We thank Leonardo Rastelli and Chris Beem for discussions on this point.
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see that O transforms like a primary operator of dimension 4 — A under inversions. Con-
sequently, it transforms like a primary operator of dimension 4 — A under all conformal
transformations. The two-point function (O(z)O(y)) can easily be regulated and computed
by Fourier transforming.
A similar construction is possible and useful in superconformal theories. For NV = 1,
the superconformal Casimir is
Cil = (q+D(a+7-2) - (-0 + O (4.3)
4, 3 3,
Thus, in order to satisfy the constraints of R-symmetry on the two-point function and
have the same superconformal Casimir, the shadow operator must have § — ¢ = g — ¢ and
G+q=2—q—q, respectively, so § =1 —q,§ = 1 — g. This is correct dimensionfully for
the product [ d*zd*0O(x, 0,0)O(x,0,0) to have zero projective weight. One can construct
the shadow operators explicitly as before by using the supersymmetric measure; for L = 0,

now they are'!

O(z,0,8) = /d4yd477 !

(z- — yy +4i0n)21-D(y_ — 2, + 4in)2(1-9)

Ot (y,n,7). (4.4)

This can be checked by taking a conformal inversion and seeing that O transforms
the correct way. This follows relatively straightforwardly once one has the transformations
under conformal inversions R for O, the coordinates, and the integration measure, as we
discuss in section 4.1.2.

One again sees that this is explicitly a non-local operator. Consequently, when this is
used in conjunction with the OPE, one in general has to be careful about the presence of
singularities that may arise when the region of integration brings O(y) inside the minimal
ball surrounding the operators whose OPE is being taken [31]. Writing the explicit inte-
grals constructing the shadow operators becomes more involved in standard superspace for
operators of higher spin, and it is convenient to pass instead to the super-embedding space.
In section 4.4, we will use the shadow operator formalism together with twistor space to
write down integrals that compute the superconformal blocks.

4.1 Superconformal integration

A crucial tool in the shadow formalism is a notion of conformally invariant integration [31].
Similarly, here we will need a notion of superconformally invariant integration. The final
answer is simply [ d*zd*N 0 with some restrictions on the integrand. We will arrive at
it in two ways: firstly using our realization of superspace in terms of supertwistors, and
secondly by a more conventional superspace computation.

4.1.1 Manifestly covariant derivation

Recall that superspace is given by supertwistors Z4, ZdA subject to the condition 7dAZf}1 =
0 with a GL(2,C) x GL(2,C) gauge redundancy (2.9). The obvious measure

I] a~Vze [T aWzZ* (4.5)

a=1,2 a=1,2

HGee [51] for details of the conventions adopted here.
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is invariant under SL(4|N), since each term d*W Z transforms with a superdeterminant
sdet(M) under a transformation Z — M Z. ‘

To integrate over superspace itself, we should include the four constraints 7aAZg =0
with a four-dimensional delta function,

w= [[ dWVze [ a*VZz'"(Z - 2). (4.6)
a=1,2 a=1,2

Finally, while superconformally invariant, this expression transforms nontrivially under the
gauge redundancies (2.9),

w — (det 9)> N (det g)> N w. (4.7)

Thus, it is only well-defined to integrate w against a function that transforms oppositely
under GL(2,C) x GL(2,C):

£(29.92) = (det )N 2 (det )N 2 f(2,Z). (4.8)

For a function f satisfying (4.8), we may define the superconformal integral

/D[Z,Z]f(Z,Z) - V01(GL(2,(C)1>< Coexe) /wf(Z,Z). (4.9)

The integral is gauge-invariant, so it is defined via the Faddeev-Popov procedure.

Passing from the formal definition (4.9) to a more conventional expression is straight-
forward. We gauge-fix by choosing Z and Z to lie on the Poincare slice (2.5) and its dual.
The Faddeev-Popov determinant is trivial, and the argument of the delta function is given
by (2.8), so that we have (up to overall constants which we discard)

/D[Za 7]f(Z7 7) = /d4$+ d4.1'_ dwe 54($+ — T = 425191)f(z> 7)|Poincare slice (410)
= /d4x d4N0 f(Z, Z)IPoincare slice- (4-11)

We stress that the integral in this simple form is only conformally invariant if f(Z,Z)
satisfies the correct homogeneity condition (4.8).

4.1.2 Conventional derivation

We can also understand the appropriate superconformally invariant integral in more con-
ventional N© = 1 superfield notation. The integration measure [ d*zd*6 is manifestly
invariant under translations in superspace, and transforms very simply under dilatations,
so the only non-trivial transformation to check is that of conformal inversions. In general,
under a change of variables, the integration measure transforms according to

/d4xd49 = /d4yd4nBer_1, (4.12)
where Ber is the Berezinian for the transformation:
a(y,n)
Ber = sdet . 4.13
er = sde (8(:1:,9) ( )
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Since we are interested in conformal inversions, the change in coordinates is

da _ T do _ 15" 7 (1) & — 0 (p 1)
Yy = ?, Yy = .’LT’ Ng = —Z(.%'+ ) Oa, n = lad(x— ) : (414)
:F

The computation of Ber for this coordinate change is straightforward but quite long and
tedious; the result is

Ber yiy% (4.15)

Consequently, under a conformal inversion, the coordinates, fields, and integration measure
transform according to

~ R _ _
Ty = zlixlngE, (4.16)
\ R = _
O(y,n,m) = (¥ (/)"0 7,7, (4.17)
d4y’d477’
dhydiy = / 418
] dtua CALUME (4.18)

The shadow field operator is constructed in terms of the original operator O through the
integral

1
(275)207 (25,)2(1-9)

@(xl,el,gl) = /d4x2d402 @(xg,ez,gg). (4.19)
We can take ROR by acting on the left and right with R on the right-hand side above.
Crucially, all factors of (x5, )? and (24_)? from the transformation of the operator cancels
inside the integrand against the change of the measure and the change of the denominators,
to obtain

1 Yo 7 A
@)D (af jaig O @2 02, 02), (4:20)
12 21

05 (2} 21(af 210 [ dtatats

exactly as necessary for O to transform like a superconformal primary operator with § =
1- 675 =1- q.

4.2 Bitwistors, shadows, and projectors

Working in superembedding space, we can use bitwistors X, Y and the index-free formalism
of section 2.3 to define shadow operators and partial-wave projectors in a manifestly-
covariant way. For O(X, X, S, S) ~ (%, Z q,ﬁ), its shadow is given by

1 — o
— . —_O(Y,YS,Y5), (4.21)
2-N—q+3% <XY>2_N_’1+§

where D[Y,Y], shorthand for D[Zy, Z5/], is the superconformal measure from eq. (4.9) and

O~ (%, %) is the Lorentz-conjugate of @. Overall, O ~ (%, %, 2—-N—q,2—N —7) as was
noted earlier. Eq. (4.21) is simply the generalization of eq. (4.4) to arbitrary spin, lifted to
superembedding space.
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Given a correlation function, the dimensionless projector onto the superconformal mul-
tiplet of O is!?

1 — N — —\J —— ~ —
01 = < [ DX RO X.5,9) (85x57) (55X07) (OX. X 1D | (422
J-7- M
In particular, for a four-point function (®;P2®3P,) the superconformal partial wave Wo
corresponding to O-exchange in the (12)(34)-channel is given (up to some normaliza-
tion) by
WO X <(I)1(I)2 ’O’ @3@4)’]\/] . (4.23)

In the equations above, |,, schematically denotes a “monodromy projection” [31].
Such a projection should restrict the integral in eq. (4.22) to only those X compatible with
the OPE of the fields ®; appearing in a given correlator. For instance, in eq. (4.23), the
monodromy projection should restrict the integration away from X o and X34 so that the
® X Py and P3 x P4 OPEs remain valid. Without it, one would have additional “shadow”
partial-wave contributions appearing on the left-hand side of eq. (4.23). In what follows, we
will not need to formulate a supersymmetric definition of monodromy projection, because
we will only encounter projections of (non-SUSY) conformal integrals, which have been
worked out previously [31, 60]. The result is in eq. (4.55).

From egs. (4.22), (4.23) we see that in the shadow formalism, the computation of
superconformal partial waves boils down to evaluating integrals of the form

Wo ~ /D[X,X]f(X,X) (4.24)
M

where f(X,X) is essentially a product of a three-point function (®;®20) and a shadow
three-point function ((’5@3@4}. Here, we will not attempt to evaluate these integrals in
full generality. Rather, we will focus our attention on the case where the superfields ®;
in the four-point function, which we refer to as the “external” fields, are restricted to
their lowest component field. The exchanged operator O remains a full-fledged superfield,
so this restricted scenario is still motivated by supersymmetric bootstrap applications.
Operationally, setting all ®; to their lowest component is achieved by simply setting their
fermionic superspace coordinates 6;,0; to zero. In the next section, we will show how
setting these external thetas to zero in eq. (4.24) can be handled in a manner that preserves
manifest (non-SUSY) conformal invariance, reducing the integral in eq. (4.24) to (a possible
sum over) known monodromy-projected bosonic conformal integrals.

4.3 Conformally covariant evaluation of superconformal integrals

As explained above, we will be interested in evaluating superconformal integrals with ex-
ternal fermionic coordinates 6;,6; set to zero. In this subsection, we explain how such
integrals reduce to non-SUSY conformal integrals of the type discussed in [31]. The result
is a compact formula that lets us efficiently evaluate superconformal blocks in terms of
conformal blocks.

12This is the straightforward SUSY generalization of the bosonic embedding-space projector in [31].
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In our discussion, we will need to distinguish between supertwistors and their bosonic
twistor components. For clarity, it will be helpful to modify our notation slightly from
that used in previous sections. Henceforth, we use caligraphic letters Z9, Xap to denote
supertwistors and objects built from them, while reserving roman letters Z3, X, for re-
striction to the (bosonic) twistor part, o, p = «, &. Throughout our computations, we will
use the equivalence between antisymmetric bitwistors X, and vectors in the embedding
space X € CS.

Consider a superconformal integral

1= [ bz, Zglx. ) (4.25)
where X4p, x4 are bi-supertwistors built from Z, Z according to (2.10), and g is a func-
tion of weight ' — 2 in both X and X. We can imagine that g is built from external
bi-supertwistors X;, X'; together with the integration variables X, X

Let us define the fermionic components

0t =ze, gl =2, (4.26)
Where I = 1...N labels the fermionic coordinates of supertwistor space. We will be
interested in integrals with the property that when all external Grassmann numbers are
set to zero, g is independent of 7,7. The only dependence of the integrand on 7,7 is then
through the delta function in the measure, so we can immediately integrate over fermionic

variables
1 — i . —

I=—— [ $#2d8ZdNndN564Z 28 + 1% n?)g(X, X 4.2
VOI(GLQ)Q/ nd=* 6% o T np)g(X, X) (4.27)
S / B37Z &7 (eabedf’a . -)N54(7. 7)) g(X,X) (4.28)

vol(GLg)? e T '

Consider now just the integral over Z,
_ 1 87 ab_abn o . N 4,7 ~

= oG / 457 ((e ¢ aaaabb) §4Z - 2) ) h(X), (4.29)

where h(X) = g(X, X) and for the moment we are pretending that Z and X are constant.
Note that as in eq. (4.8), h is homogeneous of degree N' — 2. To proceed, it suffices to
compute the above integral on a basis of homogeneous functions of degree N'— 2. As we
show in appendix A, we can always write h in the form

— re2e-nN)
MX) =) ——5x (4.30)
7 (P-X)
where P, X € C% are vectors in the embedding space, and the sum over P could be an
integral with various weights. In the case N’ = 2, one should make sense of this via the

replacement

re2-nN)

PR log(P - X). (4.31)

13 Although log(P - X) transforms via a constant shift under rescalings of X, this constant ambiguity will

always cancel after taking linear combinations ) 5, so that h(X) is invariant under rescalings, as required.
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Thus, let us temporarily replace h(X) with the basis function I'(2 — N')(P - X}V =2 for
some P € C8. The answer for the integral is then fixed up to a constant by demanding that
it has SO(4, 2) invariance, the correct homogeneity in P, and also transform appropriately
under the GLy redundancy acting on Z,

1 — (b ai N ym o T2=N) PN
dSZ ab _ab a0 54 7.7
VOI(GLQ)/ (6 "o 8bb) ( )(PY)Q—N x (PX)2+N
1
x 2N — — . (4.32)
(P ' X) X=X
By linearity, we find
In o< OV h(X)|5_y - (4.33)
Substituting this result into (4.28), we get
1 —
Tox ——— [ 72N g(X,X)|+_, - 4.34
XX VOI(GLQ)/ X g( ’ )‘X:X ( )

An integral of this type over a pair of twistors Z% is equivalent to an integral over the
projective null cone in the embedding space

I /D4X 02 g(X. X) |5 » (4.35)
where
4 _ 1 6 2
/D XIX) = 6 /d X5(X2)£(X) (4.36)

is the conformally invariant integral defined in [31]. A simple way to establish the equiva-
lence between these two types of integrals is to show that they agree on a basis of functions
with the appropriate homogeneity in X, for instance

1 1 1
vol(GLy) / T2 = / DX g1 & (P (4.37)

where P € CY is an embedding space vector. The Z-integral above is evaluated in [61], while
the X-integral is evaluated in [31]. They both equal (P?)~2 (up to numerical constants
which can be absorbed into the definition of the integration measure), which is the only
possibility consistent with conformal invariance and homogeneity.

To summarize, we have derived

/ D2, Z]g(X, ) (4.38)

_ 4 2N ¥
= /D X 02 9(X, X)|5_y -
0;,8:=0
Let us conclude with a brief comment about the meaning of the integrand on the right-
hand side. Since the embedding space vector X is constrained to be null, the operator

82%\/ naively seems ill-defined. (Since the components of X are not independent, we can’t
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differentiate with respect to each individually.) However, it happens to be well-defined in
the special case we're considering, precisely because g(X, X) is constrained to have degree
N —2in X.

To see why, consider a homogeneous function h(X) with degree n in X. As a function
on the null-cone, h(X) is ambiguous up to a shift h(X) ~ h(X) + YQK(X ), where k(X) is
any function of degree n — 2. Acting with our differential operator on the ambiguous term,
we find

2N (X°K(X)) = 4N (n — N + 2)8°V k(X)) + X 02 k(X) (4.39)

where we've used X -Ok(X) = (n—2)k(X), and 8%?2 = 12, which is twice the dimension
of the embedding space. Precisely when n = N — 2, we have

XN (XTk(X)) = X 0% k(X) (4.40)
Thus, we can set X? = 0 either before or after acting with 62V, and the result will be

_ X
consistent. In other words, when h(X) is restricted to have degree N'— 2, the operator 82%\[

maps the ideal generated by X to itself, and thus gives a well-defined map on functions
on the null-cone.

4.4 Chiral blocks in four dimensions

As a simple illustration of the shadow approach, we consider the four-point function of
chiral and antichiral superfields in superembedding space,

(B (X)) DT (Xo)D(X3)DT(X4)), (4.41)

where ® ~ (0,0, ¢g,0) and ®F ~ (0,0,0,¢s), and compute superconformal blocks corre-

sponding to the exchange of a real spin-¢ operator O ~ (%, g, q, q) in the ® x &' channel.
The initial ingredients are the three-point function (®®T0), eq. (2.34), and its shadow

(O®®'), which can be obtained by simply taking ¢ — 2 — N — ¢ in eq. (2.34), i.e.,

(O(X, o, T, T)D(X3) () (T347)° (4.42)
0sto, 1, 3 4 <3Z>qq,—2+/\/+q+§<36>2—N—q+§<01>2_j\/_q+%- )
We will not need to keep track of overall constants.
e tull superconformal partial wave, given eqs. (4.22), (4.23), 1s then
The full sup f 1 partial gi by egs. (4.22), (4.23), is th
1 — Ny
D[0,5]— 4.43
Wo <12>q¢q+§<34>q¢2+/\/+q+§/ 0, ]Dg’ ( )
where
| SN 0 7a =a \L Aol
Ne = 57 (5125) (95007)" (95507) (T34T)" (4.44)
Dy = (15)1% 5 (02)0+3 (35)2 N 045 (042N ot s, (4.45)
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and we have relabeled X5 — A% to avoid confusion when taking derivatives below.' Mon-
odromy projection is understood in all integrals, and we will not write it explicitly.

We now restrict our attention to the lowest component field of ® and ®, setting
fext = 0. This amounts to the replacement X; — X;, where X; is the top-left 4 x 4
submatrix of the bi-supertwistor A;, along with S — S, 7 — T, where S and T are the
twistor parts of the supertwistors S, 7. As in the previous subsection, we will often
think of X; as a vector in the 6-dimensional embedding space via X = %ermaﬂ and
Xog = %megnﬂ, where I, T are six-dimensional “sigma”-matrices. After our replacement,
the two-point invariants become (ij) — —2X;; = 4X;- X;. Our conventions for embedding
space vectors and spinors are those of [31].

We then use eq. (4.38) to obtain:

1 Ny
Wolg,...— Dix, 92Nt
O|6ext70 x (X12)qq>*Q+§ (X34)Q<1>72+N+Q+§ / 0% Dy

(4.46)

5=0

At this point, our computation boils down to the differentiation in eq. (4.46), which
turns out to be trivial. First, 8%]\7@ x (%Pm%) (%Fmﬁf) x eawagaamagw(% =0, so

2N, = 0. (4.47)

The mixed derivative (O5N;) - (9sDy) contains a term with (S125) (95197) in it and a term
with (8g307) (T34T) in it, both of which vanish since 1T = 33 = 0, so

(O5Ne) - (95D¢) = 0. (4.48)

Thus the only non-vanishing derivative is

1 X3 1
02— —. (4.49)
5Dy X5Xs5 Dy
The only additional fact [31] we need is that with fexs = 0,
Nilso x s2C{V8), (4.50)
where le” (t) are Gegenbauer polynomials and
—X13X20X40
t=——— (12— (3+4), 4.51
SET_(1652) =30 4) (451)
s = X10X20X30X40X12X34. (4.52)
Therefore,
N £ oM
an Ne X3 (X12X34)2 C, 70 (1)
0" — x o (4.53)
Dy l5-0 X10X30 /) (X10X20)7 (X30X40) e
! The numerator N, can be written as a Gegenbauer polynomial, N, = (fl)ls%Cém(t), where s =
55 (15)(02)(35)(04) (12)(34) and ¢ = <2125¢3§0> . We will not need to use this fact.

15Note that the superconformal relations XX = 0, SS = 0, etc., do not necessarily imply analogous
relations among the bosonic twistor components X X # 0,55 # 0.
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Plugging this into eq. (4.46), we get that

N (1)

(X13) 4 Cy ()

WOlgp=0 & - — v | D' Xo—x . (454)
U (X12) 1T (X ag) 1N X IX G X0 1 X0

The integral in eq. (4.54) is a known (monodromy-projected) conformal integral [31]:

C{ (to) X Xo\ P a s _
4 7 (o 14 24 A,
/D XOXA+2A12XAEAIQXA+2A34X572A34 = X3 X4 X12” Xsa® ga(u,0)

10 20 30 40 M

(4.55)

2 2 2
Z‘ — .
where u = ;2 4 =z2zand v = % = (1 - 2)(1 — %) are the conformal cross-ratios and
13 24 13424

gﬁie(u, v) are the usual non-SUSY conformal blocks given in eq. (3.46).
Using eq. (4.55) to evaluate eq. (4.54) and dropping the overall constant, our result for
the partial wave is

1 SN A= Ag=N
Wo|eext=0: (X12)7® (X34)q<pu 92q1+2N£34 (u,v). (4.56)

Peeling off the prefactor W yields the superconformal block for O-exchange,

gA,€|9 —u 2 gAf_A54_N(u, v), (4.57)

ext =0

where A = Ap = 2q. This agrees with our super-Casimir computation, eq. (3.45).

It is worth emphasizing that the only calculation involved here were the trivial deriva-
tives in eqs. (4.47)—(4.49). After performing these embedding-space derivatives, the integral
expression for the partial wave simply reduces to a known conformal integral. This is the
essence of the shadow approach.

5 Discussion

Correlation functions in superconformal field theories can be decomposed into partial waves
that transform in irreducible representations of the superconformal group. The supercon-
formal bootstrap program uses these partial waves as atomic ingredients in the bootstrap
equation. The exploration of the SCFT bootstrap is limited by our knowledge of these
partial waves in a suitably explicit form.

In this paper we have presented two formalisms for computing the superconformal
partial waves, each generalizing techniques for the computation of conformal partial waves.
In the superconformal Casimir approach, we used the fact that conformal partial waves
are eigenfunctions of the quadratic Casimir operator of the superconformal group with an
eigenvalue determined by the quantum numbers of the representation. This approach can
be applied in any number of spacetime dimensions, and we gave examples in both d = 2
and d = 4. In the case of chiral and anti-chiral operators, we were able to show that the
superconformal blocks can be arranged into a new form equivalent to conformal blocks with
quantum numbers shifted by N. In particular, we present new results for superconformal
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blocks of &, (g gy multiplets (and their conjugates) in N = 2 theories. These expressions are
immediately applicable to the N' = 2 superconformal bootstrap.

However, the super-Casimir approach seems to be of limited utility in the general case
due to the proliferation of nilpotent superconformal invariants. It becomes difficult to solve
a differential equation for a function of a large number of independent variables.

Our other approach generalizes the shadow formalism [27-31] to the superconformal
case. We specialized to d = 4 in order to write the superembedding space coordinates in
terms of supertwistors, which transform naturally under the SU(2, 2|N') group. This made
it possible to write a manifestly invariant projector onto an irreducible representation of
the superconformal group using supershadow operators. The superconformal partial waves
were then written as manifestly invariant supertwistor integrals. In this paper we evaluated
a few simple examples involving chiral and anti-chiral primaries. In a follow-up work [32]
some of us will use these methods to derive A/ = 1 superconformal blocks for real scalar
operators (including the interesting case of conserved currents [26]). These blocks will be
essential ingredients for further bootstrap investigations.

One future direction is to generalize the supershadow approach to incorporate more
complicated superspaces describing other N’ > 1 multiplets. In particular the harmonic
superspace for A/ = 2 would be an interesting starting point.

Acknowledgments

We thank D. Skinner for essential discussions at the initial stages of this project. We
are also grateful to C. Beem, K. Intriligator, L. Rastelli, and A. Stergiou for discussions.
We additionally thank the organizers of the “Back to the Bootstrap 2” workshop at the
Perimeter Institute and the “Back to the Bootstrap 3” workshop at CERN for facilitating
discussions related to this work. DSD was supported by DOE grant DE-SC0009988. JK
was supported in part by the National Science Foundation grant PHY-0756174. ALF was
partially supported by ERC grant BSMOXFORD no. 228169. ZUK is supported by DOE
grant 9500302471.

A A basis for homogeneous functions

Consider a homogeneous function h(X) of degree —d in a vector X. We claim that h can
be written as a linear combination of functions of the form (P - X)~¢. For the purposes of
this work, it suffices to consider products

n(x) = T[4 - %)~ (A1)

i
where ) . a; = d. Feynman parameters don’t work if any of the a; are negative. To address
this, choose integers k; such that a; + k; > 0. We may now safely write
_ (Ai- X)M
h(X) - H (A . X)ai‘Hfi

jaithi I'(d)
Hf‘al—i—k /5 Zt +’“a’f7(P(ti)_X)d. (A.2)
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where P(t;) = >, t;A;. When d = 0, we can replace

P X — log(P(t;) - X) (A.3)

and eq. (A.2) remains true.
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