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1 Introduction

The conformal bootstrap [1-3], originally successful in elucidating 2D conformal field the-
ories (CFTs), has recently become a powerful method to constrain the operator algebra of
unitary CFTs also in D > 2 spacetime dimensions. The origin of this development is the
observation made in [4] that the combined constraints of crossing symmetry and unitarity
on a 4-point function of scalars can be explored numerically. This method achieved an
impressive degree of success, for example, by enabling accurate determinations of the di-
mensions of low-lying operators in particular CFTs, such as the 3D Ising [5-8] and critical
O(N) vector [9, 10] models. While the original ideas of [4] have been developed in myriad
ways in subsequent works, the basic objects of study have always been 4-point functions
of scalar operators. The goal of the present paper is to extend the bootstrap toolbox to
study 4-point functions of fermionic operators in 3D CFTs.

There are many motivations for bootstrapping fermionic correlators. Fermionic oper-
ators exist in many interesting CFTs, though they do not appear in the operator product
expansion (OPE) of scalar operators. Therefore, in order to access this sector of the opera-
tor algebra, one must study correlators of fermionic operators. More generally, it is of great
interest to apply the conformal bootstrap to 4-point functions of operators with non-zero
spin. For example, studying the 4-point function of a global symmetry current would lead
to universal bounds on all CFTs that admit the corresponding symmetry, without making
any additional assumptions on their operator content. Similarly, bootstrapping the 4-point
function of the stress-tensor would allow for the most general constraints, since the stress-
tensor exists in any local CFT by definition.! Our numerical study of fermion correlators
can be seen as a small step towards implementing the bootstrap for operators with spin,
as in the examples discussed above.

In implementing the bootstrap for correlators of fermionic operators, or of operators
with spin more generally, one faces two difficulties. The first is that the explicit form
of the conformal block decomposition for higher-spin correlators is not known in general
for D > 2 dimensional CFTs. The exception occurs in D = 3, where the conformal
blocks for external operators with integer spin can be determined by acting with certain
differential operators on the scalar blocks [17]. As we will see, a similar strategy applies for
operators with half-integer spin. The second difficulty has to do with the proliferation of
conformal invariants that can appear in higher-spin correlators. In particular, the number
of conformal invariants grows with the spin of the insertions (see, for instance, [18, 19]).
As we will explain, a 4-point function of primary operators of spin-1/2 generally depends
on 16 independent conformal invariants. Imposing parity symmetry reduces the number
of invariants to 8, and this number can be reduced further to 5 if we assume the fermions
are identical. In our numerical analysis, we will focus for simplicity on this latter case
and derive the conformal block decomposition of a 4-point function of identical fermionic
operators in a 3D CFT.

In some supersymmetric theories correlators of symmetry currents are related to correlators of scalars.
The numerical bootstrap has been applied to such cases in [11-16].



With the conformal blocks in hand, we then embark on a systematic study of CFTs
with a small number of relevant operators. By imposing gaps in the low-lying spectrum of
parity-even and/or parity-odd scalar operators, we use the logic originally introduced in [4]
to derive constraints on the dimensions of the first few scalar operators and on that of the
fermionic operator whose 4-point function we study. We also find a lower bound on the
coefficient C'p that appears in the two-point function of the canonically-normalized stress
tensor.

From these studies we find two exciting results. Firstly, the general bound on the
dimension of the leading parity-odd scalar A, possesses a severe discontinuity at a fermion
dimension of Ay ~ 1.27. This coincides with a kink in the general bound on the leading
parity-even scalar dimension A.. Based on these features we conjecture the existence of
a fermionic 3D CFT containing no relevant scalar operators. While we do not know of a
Lagrangian that would give rise to such a theory, this conjectured “dead-end” CF'T would
furnish a concrete example of self-organized criticality [20, 21] in 3D.

The second result is that, when we allow a second relevant parity-odd scalar in the
spectrum with dimension A, = 2 4 § for small values of J, the resulting allowed region
for (Ay, A,) possesses a sharp kink that appears to precisely coincide with the dimensions
in the O(N) Gross-Neveu models at large N. This is natural because in the large-/V limit
one has the expansion A, = 2 + 32/(372N) + .... By tracking this feature at larger
values of the gap we reveal information about the small-N Gross-Neveu models, including
the N = 1 theory which is expected to have N' = 1 supersymmetry. In addition to this
sequence of kinks, we observe the emergence of a second discontinuity in the allowed region
at (Ay, As) ~ (1.078,0.565), which we conjecture could also coincide with a 3D CFT with
fermionic operators and a large scalar gap. We believe that fully isolating these theories
will require implementing systems of mixed correlators containing fermions and scalars,
but based on the results of this study the prospects for learning more about these theories
using the conformal bootstrap looks very promising.

The rest of this paper is organized as follows. In section 2 we start by reviewing the
embedding space formalism for operators with spin and, using this formalism, derive the
conformal block decomposition of a 4-point function of identical fermions. In section 3
we set up the crossing equations and outline the strategy we will follow in our numerical
study. Next, in section 4, we present numerical results for bounds on dimensions of scalar
operators in theories with fermions that satisfy various assumptions, and also present our
lower bound on Cp. We end in section 5 with a discussion of our results.

2 Embedding formalism for 3D spinors

In order to set up the 3D fermion bootstrap, we need an efficient formalism for keeping
track of the tensor structures appearing in correlators of fermionic operators. We also need
to calculate the conformal blocks appearing in the expansion of fermion 4-point functions.
Our approach will be to use an embedding formalism where the spinorial 3D conformal
group Sp(4, R) is linearly realized. Similar CFT embedding methods have been developed
in [17-19, 22-30] and various supersymmetric extensions have been developed recently



in [31-38] and references therein. Details of our group theory conventions are given in
appendix A.

We label the 3D coordinates as z*, with p = 0,1,2, and use the Minkowski met-
ric in mostly plus signature n** = 7, = diag(—1,1,1). The coordinates x* transform
non-linearly under special conformal transformations. It is therefore convenient to intro-
duce a different set of coordinates that transform linearly under the action of conformal
transformations. Since the 3D conformal group is isomorphic to SO(3,2), we can re-
late conformal transformations to Lorentz transformations in a 5D spacetime with metric
nAB = nap = diag(—1,1,1,1,—1), where the indices A, B run from 0 to 4. The exact
relation between the generators of conformal transformations and the SO(3,2) generators

JAB can be taken to be

D=-J%  pr=gHq gt K= g = g, (2.1)

Let us denote 5D coordinates that transform linearly under SO(3,2) by capital letters,
XA, The way to embed the 3D coordinates z* in 5D space is through the projective null
cone, which is defined as the space of all points X4 that satisfy the condition X - X =0
and are identified up to a rescaling X4 ~ AX4. It will be convenient to use lightcone
coordinates X* = X% + X3, and thus write the 5D coordinates from now on as X =
(X*, X+, X7). The exact relation between z# and X4 is given by

XH

=S, X = XF(zt1,2?), (2.2)

where 22 = 1, 2#z". Note that the parameterization (2.2) obeys X - X = 0.

2.1 Embedding of scalar fields

To find the embedding of fields in 5D spacetime we follow the approach of [26]. Consider
first a real scalar primary field ¢(x). Its transformations under the conformal group are

iM*, ¢(x)] = (270" — 219") (),
iLP*, ¢(x)] = —5“¢( )5
(2.3)
i[K*, ¢(x)] = (22*2¥ 8, — 2?0 + 28 47") () ,
ilD, ¢(x)] = (2" 0u + Ag)p(x) ,

where Ay is the dimension of ¢. We can relate ¢(x) to a scalar field ®(X) defined on the
lightcone in 5D as:

1
X5 o(z), (2.4)
where z is related to X through (2.2). Explicit calculation then shows that ®(X) is a 5D
Lorentz scalar, i.e. that it transforms under 5D Lorentz transformations as

B(X) =

i[JAB, (X)) = (XBaf(A — XAai,B)@(X), (2.5)

if and only if ¢(z) is a primary scalar field in 3D with dimension Ag.



Note that the 5D field ®(X) defined in (2.4) is a homogeneous function of X of degree
—Ay. This property together with 5D Lorentz invariance restricts the form of correlation
functions in embedding space. For instance, the two-point function takes the form

(B(X1)D(X2)) = C§¢, X = —2X; - X;. (2.6)

12

>

Using (2.4), we can read off
% Bo— b 9.7
(¢(z1)d(22)) 20, Lijg =Xy — L5, (2.7)
T12

as expected. In a unitary theory, we must have ¢y > 0. We will conventionally take cy = 1
for scalar operators in this work.

2.2 Embedding of spinor fields

The above procedure can be applied to primary spinor fields as well. The main difference is
that such a field ¢*(x) transforms in a spinor representation of the double cover of SO(2, 1),
which is isomorphic to Sp(2,R). Under the full conformal group, it transforms as

iM% ()] = (2O — 2t )P® (@) — (M) 5P ()
iLPH Y (@) =~ (o), .
i[KF, 1 (2)] = (22t27 0, — x20F + 282t ) (x) + Qim,,(/\/l”“)ambﬁ(:c) )
ilD, 9% (2)] = (20 + Ay)9* (),
where MM = —%[’y“,’y’j]. Here, upper (lower) indices «, 3, ..., represent fundamental

(anti-fundamental) Sp(2, R) indices that are raised and lowered with the symplectic form
Qop = 08— see appendix A for our conventions. In 3D, the smallest spinor representation
is a 2-component Majorana spinor, which is what we will focus on. If we take the 3D ~
matrices to be real, as we do in appendix A, a Majorana spinor has real components,
()" =9*(z).

In order to efficiently keep track of the 3D spinor indices, it is convenient to introduce
a set of auxiliary commuting variables s, and consider the product

P(x,s) = sap(x). (2.9)

The quantity 1 (z, s) contains the same information as the spinor fields ¢*(z), because the
latter can be recovered through % (x) = %Qﬁ(l‘, s).

Going to the embedding space, we use the double cover of SO(3,2), which is isomor-
phic to Sp(4, R) with generators MA45 = —i[FA, I'B]. For every 3D spinor field ¥*(x), we
would like to define a 5D spinor field ¥/(X) on the lightcone (2.2), where upper (lower) in-
dices I, J, etc. denote fundamental (anti-fundamental) Sp(4, R) indices that are raised and
lowered with the symplectic form 77 = Q7. As in 3D, we can also introduce polarization
variables Sy that help us efficiently keep track of the Sp(4,R) indices,

U(X,S) =S (X). (2.10)



If we wish, we are free to treat S; as a spurionic 5D field that transforms in the anti-
fundamental of Sp(4, R), and similarly to treat s, as a position-independent spurionic field
in 3D that transforms in the anti-fundamental of Sp(2, R) and is invariant under dilatations
(in other words, s, is a primary spinor field of vanishing dimension). If we do so, then
U(X,S) and ¥ (z, s) become 5D and 3D Lorentz scalars, respectively. Just as in (2.4), one

can check that the relation .

(X+)Ae
implies that ¥(X,S) is a Lorentz scalar in 5D if and only if ¢(x, s) is a primary field in

U(X,S)= P(z,s) (2.11)

3D with dimension Ay,. Since we assumed that s, transforms as a dimension-zero primary
field, then we have that W(X,S) is a 5D scalar if and only if ¢“ is an Sp(2,R) spinor
primary field of dimension A.

To finish the identification between the 3D and 5D spinor fields, we can take?

Sr=vVX+ < Sa > , z%g =M ()% . (2.12)

Using the conventions of appendix A for the embedding of Sp(2, R) into Sp(4,R), one can
check explicitly that this relation implies that if Sy is an Sp(4, R) anti-fundamental spinor
in 5D, then s, is an Sp(2,R) anti-fundamental spinor primary field in 3D with vanishing
dimension, as desired. Notice that St satisfies the transversality condition

Six';=o, X, =x41Ta (2.13)

which is invariant under Sp(4,R) transformations and is consistent with the lightcone
condition X - X = 0. Due to this transversality condition, the 5D spinor field ¥ is defined
on the lightcone only modulo the shifts ¥/(X) — ¥/ (X) 4+ X! ;07(X), where ©7(X) is
an arbitrary spinor on the lightcone.

U(X,S) satisfies the homogeneity property

U(aX,bS) = a 2 V2pu(X,9), (2.14)

where a and b are arbitrary and independent. Homogeneity, the transversality condi-
tion (2.13), and 5D Lorentz invariance restrict the form of embedding space correlation

2Equivalently, we could have written ¥(X,S) = S; %! (X) = (z,s)/(XT)*% and identified

P! (x%zpﬁ(x)) |

(X+)A¢_1/2 ’lﬁa(l’)

such that U!(X) is a 5D spinor if and only if 1)®(z) is a primary spinor field of dimension A,. Then W(X)
would satisfy the transversality condition X! ;¥”(X) = 0 and the polarization S; would only be defined
modulo shifts S; — S; + T X7 ;. One can relate this description to the one presented in the main text by
taking S; = S;X7; and ¥!(X) = X1, 07 (X).

With this in mind, we can relate our formalism to that of [19] for traceless symmetric tensor fields.
They define a vector Z4 that satisfies transverseness Z - X = 0 and is defined up to gauge redundancy
Z — Z + AX. Such a vector can be obtained as Z* = ST4QS. Note that the gauge redundancy of S
gives Z4 — ZA + TXT4QS = 74 + XA(TQS), which is the correct gauge redundancy for Z. Similarly
Z-X = SXQS = 0 since S is transverse.



functions of W(X,S). For example, the only consistent expression for the two-point func-

tion is (515))
((X1, 81)¥(Xa, 8)) = ey —— i; : (2.15)
X P
12
for some constant c,. Here, we used the notation
(S1X2X3...8n) = Sy Xol y X357 .. QMG (2.16)

where X7 is defined in (2.13) and Q;; = Q7 is the Sp(4,R) invariant tensor (see ap-
pendix A). Using (2.11) and (2.12) in (2.15), we obtain, as expected

(63
(6 1) plaa)) = iy 22 (2.17)
T12
For Majorana fermions, we have ¢, € R, as can easily be seen by using the Majorana
condition ¥ = ¢“ and the fact that complex conjugation interchanges the order of the
Grassmann variables. (Recall that we work in a basis where the gamma matrices are real.)
In this paper, we will take ¢y, = 1 for all external operators.

2.3 Embedding of fields of higher spin

The above discussion generalizes to fields of higher spin in a natural way. In 3D, a spin-£
field is a totally symmetric tensor in 2¢ spinor indices: Q®192®2¢(z). It corresponds to an
embedding field O'17212¢( X)) that is homogeneous of degree —(A+/) in X and also totally
symmetric in its 5D spinor indices. In index-free notation, we contract all the indices with
an auxiliary spinor s in 3D or with a transverse auxiliary spinor .S in 5D:

Ou(x,8) = SaySay - * * Say, O (z) | Ou(X,S) = Sy, Sy, - - Sp,, O 12120 (X) |
(2.18)
Op(X,9) is also homogeneous in the variable S, with degree 2¢. By the same argument
that led to (2.11), we must have

Ou(X,S) = O¢(z, s) . (2.19)

(X+)Ae
With the help of (2.12) and

1 o
(20)! 050,080 - - - O5ay,

Q202 () = O(zx,s), (2.20)
one can then reconstruct the correlation functions of O“1“2-®2¢(z) from the corresponding
formulas in embedding space.

As an example, the two-point function of Oy(X, S) in embedding space is restricted to

take the form
<Sl 82>2€

(Ou(X1, 81)0u(X3, S2)) = i*co PV (2.21)
12

Here cp is real if Oy is real. If £ is an integer, we also have cp > 0 in a unitary theory for
a real operator Oy.



For future reference, we record that when ¢ is an integer, we could have represented
the spin-f operator in terms of a rank-¢ traceless symmetric tensor of SO(2,1), namely
O#1--#e This tensor is related to O*1*2¢ via

Oal...agg (;U) — Oul.../m (x),ygcllocg . _,75547101%,

(_1)6 " " _— (2.22)
2@ 70(10(2 tee 701257101250 (w) :

OHLHe () =

It is straightforward to show that for spin-1 operators, the 2-point function in (2.21) can
also be written in the more familiar form

CQI“”(xlg)

(O (21)0"(22)) = = TR (2.23)
|212]
where I*(z) = n* — 2x#2 /x?. The analogous expression for spin-2 operators is
v g CO 1 vo g 14 1 4 loa 1
(O (21) 0" (22)) = §(I”p(9€12)[ (z12) + 1" (212) 7P (212)) — 30 n” P30
12
(2.24)

For a conserved current, take O = J with A; = 2 in (2.23), and for the stress tensor take
O =T with Ar =3 in (2.24).

2.4 Three- and four-point functions

3-point functions between two scalars and a spin-£ operator of dimension A are uniquely
constrained up to an overall coefficient A4, 4,0 to be of the form

(S3X1X95)"
<¢1(X1)¢2(X2)OE(X37 S3)) = Ap1 0 Al +Ag—AFl  Ag—Aj+AFL Ay —AufAFL * (2'25)
X12 ? X23 : X31 :

This form follows from homogeneity of degree —Aj, —Ag, —(A + ¢) in X1, X9, and X3,
respectively, homogeneity of degree 2¢ in Ss, transversality of S3 with respect to X3, and
Sp(4,R) invariance. In addition, it is useful to note that { X1, Xo} = (2X; - X2)14, which,
together with X - X = 0, restricts the choice of quantities that can appear in between
(S3(---)S3) to what is written in (2.25). Note that

(B1(X1)Pa(X2)Op(X3, S3)) = (—1)(D1(X2)P2(X1)Op(X3, S5)) (2.26)

so in the case of identical operators ®; = ®4, the 3-point function necessarily vanishes if
¢ is odd. Furthermore, for real scalar operators we have (®1(X1)®2(X2)Oy(X3,S53))* =
(P1(X1)P2(X2)O0p(X3,S3)), so the structure constants Ay, 4,0 appearing in (2.25) are real.

When we come to 3-point functions containing fermions, we have the new complication
that multiple tensor structures can appear. In general, we have

_ 20 N0 T
<\Ijl(X17SI)IIIQ(X%SQ)OE(X&S?)» - A1 +Ag—A—L+1  Ag—Aj+A+L  A{—AgtAFL ) (2‘27)

2 2 2
X12 X23 X31




where the index a runs over all possible 3-point structures r,, to be given shortly. These
structures can be divided into those that are even under parity X; — —X}j and those that
are odd. A basis for the parity-even structures is given by

V4
- (5182><S3§1X253> ’ (2.28)
X12
5155)(S9593) (S5 X1 X5S5)¢1
g — (5153)(5 3>(£_31 1.X253) ’ (2.29)
X12

while a basis for the parity-odd structures is given by

(S3X1X283)!

T8= T 1 1 [X23(S193) (S2X153) + X13(5253)(S1X253)] ,
Xy 2 X5p3" Xgy? (2.30)
S3X1X583)¢! '
= < Z_Ll 313>_l [X23<5153><52X153> — X13<5253><S1X253>} .
X 7 Xp3" X3y

The dependence on (X;,S;) in (2.27)-(2.30) can be derived from the same reasoning as
that presented after eq. (2.25). The new ingredients here are the transversality of S; and
So with respect to X1 and Xo, respectively, as well as the Fierz identities

<S1X2S3><SQX153> = —<5152><53X1X253> + 2<5153><5253>X1 . Xg, (2 31)
(51X35)(S3X1 X053) = —2(5155)(S3.X153) Xo - X3 — 2(5553)(S1 X295) X1 - X3,

which can be used to show that 3-point structures proportional to the left-hand sides of
these equalities would be redundant.

When we restrict to the case of identical fermions ¥y = Wy, = W, anti-symmetry
under 1 <> 2 places further restrictions on which correlators can be nonvanishing. In
particular, if ¢ is even then we have the constraint )\i o = 0, while if ¢ is odd then
Mppor = Xppor = Xyo-
of the operators O that contribute to each structure in (2.27).) In other words, even-spin

= 0. (The + here only serves as a reminder of the parity

operators have two structures of even parity and one structure of odd parity, while odd-spin
operators have a single parity-odd structure. Further, for any spin the Grassmann nature of
fermions requires (V(X1,S1)¥(Xa, S2)O¢(X3,S3))* = —(VU(X1,S51)¥ (X2, S2)O0¢(X3,53)),
implying that all 3-point coefficients )\31 oo Must be pure imaginary.

Let us now consider the general structure of 4-point functions. Scalar 4-point functions
are constrained by conformal symmetry to have the form

X Ag—Ay X Aq—Ay ( )
2 2 u7 v
@eeCoecae) = (1) 7 (3] T e @32)
13 14 X Xy, °
where g(u,v) is an arbitrary function of the conformal cross ratios u = % and v =
X23X14
X13Xo4 "
Similarly, fermion 4-point functions must take the general form
(W1(X1, S1)Va (X2, S2)W3(X3, S3)Wa(X4, Sa)) =
Az—Ay A1—Ag I
X\ 2 Xoa\ 2 >ortrg' (u,v) (2.33)
)(713 X714 Aj+Ay 1l  AgtAyfl 0

2 2
X12 X34



where the £; are a basis of tensor structures that can appear in the 4-point function. There
are many choices of bases, but one convenient way to organize the structures is in terms of
their properties under various exchanges of the coordinates.

In general, we find that there are 8 independent structures of even parity that may
appear. Anticipating applications to the bootstrap, we will choose 4 structures to be sym-
metric under the exchange 1 +» 3, and 4 to be anti-symmetric. A basis for the symmetric
structures is:

(5153) (S2[X1, X5]S4) N (S2.54) (51[ X2, X4]S3)

2X1 - X3 2Xo - Xy ’
ty = <51X25’3><52X15’4> B <51X453><SQX154> B <51X253><52X354> " <51X453><S2X3S4>
X1 Xy X1 - Xy Xo - X3 X3- Xy ’
ty = <51X253><52X154> <51X453><SQX154> B <51X253><S2X354> B <51X453><52X3S4>
X1 X X1 - Xy X9 - X3 X3- Xy ’
t = (5153)(S2[ X1, X3]S4)  (5254)(S1[X2, X4]S3) (2.34)
2X1 - X3 2Xo - Xy ’

and a basis for the anti-symmetric structures is:

ts = (5153)(S254),
(S1[ X2, X4]S3)(S2[X1, X35]54)

e 4(X71 - X3) (X5 - Xa) :
tr = <51X253><52X154> n <51X453><SQX154> n <51X253> <52X354> n <51X453><52X3S4>
X, - X, X, - X, X, - X3 Xs- X, ’
by = (51X583)(S2X154)  (S1X4S3)(S2X154) | (51X253)(S2X354)  (S1.X4S3)(52X354) .
XXy XXy X9 X3 X3-Xy
(2.35)

When we restrict to the case that all fermions are identical, ¥1 = Uy = U3 = ¥y = U,
there are additional constraints on the allowed structures coming from exchange symme-
tries. Some of these are highly nontrivial and lead to the bootstrap conditions discussed
in the next section. However, there are also trivial constraints on the allowed tensor struc-
tures coming from exchanges that leave the cross-ratios u and v invariant: {1,2} <> {3,4},
{1,3} < {2,4}, and {1,2} +> {4,3}. Symmetry under these exchanges then forces

9 =g"=4g"=0. (2.36)

In other words, restricting to identical fermions means that there are only 5 allowed tensor
structures.

2.5 Conformal blocks

Now we would like to understand how the 4-point functions described in the previous
section can be decomposed into conformal blocks, which sum up the contributions of all
descendants of a given primary operator appearing in the ¥ x W OPE. There are many ap-
proaches to computing conformal blocks in D > 2, including direct summation [2, 39-43],
solving the Casimir differential equation [5, 44-47], pole expansions [7, 9], and evaluating
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monodromy-projected conformal integrals [27, 38, 48]. We will here adopt the latter formu-
lation, since it will allow us to express the fermion conformal blocks in terms of derivatives
of known scalar conformal blocks, similar to the approach of [17, 30].

Let us briefly review the conformal block decomposition of a four-point function of
scalars (¢102¢3¢4). Performing the s-channel OPE, one can write the function g(u,v)
appearing in the scalar 4-point function (2.32) as a sum of conformal blocks:?

9(1,0) =Y A1 6:0M050409 815,85 (1, 0) (2.37)
]
where the sum runs only over primary operators belonging to both the ¢; X ¢9 and ¢3 X ¢4
OPEs. As described in [27], the conformal block of O can be obtained from the integral
Az—Ay A=Ay
2

<X24) 2 GA LA 19,Az4 (u7v) _

INEY NN Y.V
X4 ENEZS R e

Xyt Xy ? (2.38)
A [ DXl (X0 B(X2) 00 (X)) Orl X) B X)B1 (X))

X4
Ap1 630 A3 a0 ()(13>

where Oy is the shadow operator of dimension 3 — A whose indices are contracted with
those of Oy, | A denotes a monodromy projection, and Np is a normalization factor.

Similarly, performing the s-channel OPE in the fermion 4-point function (2.33), one
can write

gl(u’ v) = Z Z )\2211/120)‘2131#40 gg?zﬁm,ﬁgz; (u, ), (2.39)
O ab

where the index I runs over 4-point structures, while a,b run over 3-point structures.
Similarly to the scalar case, the outer sum in (2.39) runs over the conformal primaries O
that belong to both the ¥; x 99 and 13 x 14 OPEs. The inner sum in (2.39) is new in the
fermion case; it is present because, for any O, there are several OPE coeflicients that need
to be specified, as in (2.27). In analogy with (2.38), the conformal blocks appearing in the
fermion 4-point function (2.33) can be expressed as

A3—Ay A1—Ao I;ab
Y b —XM ’ X24 ? 7519A74;A127A34(u’v) _
Z V1207 sa O\ x o X14 BrtBotl Aatlstl =
a,b X Xsy

1 (2.40)

T / D3 Xo (W1 (X1, 81)Wa(Xa, $2)Op(Xo))

X (On(X0)W3(X3, S3)Wa(Xa,54))| s 5

where the index I runs over 4-point function tensor structures. Thus, it is clear that if each
structure appearing in the 3-point functions (¥;¥20y) in (2.29)—(2.30) can be written as
derivatives of the scalar 3-point functions (®1P20y) in (2.25), then the fermion conformal

3Note that the correctness of this formula depends, crucially, on the normalization of the function
g. In terms of the coordinates r and 6 introduced in [47], eq. (2.37) holds provided that g(u,v) ~
(1(})2‘32 (=1)%(4r)2 Py(cosB) as 7 — 0, with ¢; normalized as in (2.6) and O normalized as in (2.21) with
co = 1.
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blocks can be computed from the known scalar blocks. This is the approach that we take
in this paper.

Concretely, the parity-even structures in eq. (2.29) can be generated by applying certain
linear differential operators to (®1®20y). In constructing these operators, we define

(ka = FAa)a(;;‘ , (2.41)

and note a few useful identities:
(S1 (5(8X182>(53X1X253> = —2(5253)(S1X253), (2.42)
<5255X281><53X1X283> = 2(5153)(S2X153), (2.43)
<51£(155X252><53X1X253> = 8(5153)(S253) (2.44)
(SlééXlSQ)(Xl - X)) = (S1XpS2) = —<5265)(251><X2 - Xk), (2.45)
<Sl(55X155X252>(X1 - X9) = 5(5152) . (2.46)

Note that in order for differential operators on X, Si to be well-defined, they must

preserve the ideal generated by the relations X ,3 =0, Xy Sk =0, (SgSk) = 0. This is indeed
o)

ox{

It can be checked that the 3-point structures appearing in the (V1 ¥20y) 3-point func-

true for the operators above, though the derivative is not well-defined on its own.

tion function can be written in terms of the structure appearing in the 3-point function of
two scalars and a spin-¢ operator. Explicitly, we have

Ta (53X1X253)"
A +Ay—A—l+1  Ag—A +A+L A -AgtAfl D, A1+Bg—A+L  Ag—A+A+L  Aj—DgfAFL | 0
X9 : Xog 7 Xy ? Xy 7 Xog  * Xy 7
(2.47)
where we defined the differential operators
Dl = <5182>H%7% s
1 ) (A+A1+As—0—4)(A—A1—Ag—0+1)
Dy = — II D
? 4£(A—1)<Sl 5X1 06X, S2ll_y 1+ 40(A—-1) b
1 ) 0
D3 = 3B 1) [<S1 X So)ll 11— <5257X251>H1 5] ;
1 ) o A — Ay
= — — — - 2.4
bi=g [<Sl S O T <525X2S1>H§7—§] 7 Ds (2.48)

and I, applies a shift to the operator dimensions as {A1, Ao} — {A1 +a, Ay + b}
Note that D; and Ds generate the parity-even 3-point structures, while D3 and Dy
generate the parity-odd ones. In addition, the operators Dy, D2, and D3 are antisymmetric
under the exchange 1 <+ 2, while Dy is symmetric. Together with (2.26), these symmetry
properties imply that in the case of identical fermions W; = Wy, we obtain three-point
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functions that obey the anti-symmetry requirement in X; and X5 provided that £ is even
when we use Di, Ds, and D3 and that ¢ is odd when we use Dy, in agreement with the
discussion following eq. (2.31).
Defining
Do = Dal,_, 2547 (2.49)

the fermion conformal blocks (2.40) are given in terms of the known scalar blocks (2.38)
according to the prescription:

Az—Ay
(%)
X13

Aj—Ag I;ab
<X24 2 tIgAl;Alz,AM (’LL, U) .
X1 Al +Ao+l  Ag+Au+l
2 2
X19 Xgy
Az—Ay A1—Ay
D, D, (X14> <X24> 2 GA LA, As (U, V)
a A1+A Ag+A
X13 X14 Slp=2 =it

Xpp? Xy ?
The explicit formulas for ¢%i% in terms of g are rather complicated, and we will not re-

(2.50)

produce them here. Writing the fermionic blocks as derivatives of scalar blocks is useful
for numerical applications. Computing derivatives of scalar blocks is straightforward, for
example we use the pole expansion derived in [7] to compute the expansion in radial co-
ordinates [47] to order p®. Derivatives of fermionic blocks are then obtained as a linear
transformation on derivatives of scalar blocks.

3 3D fermion bootstrap

Let us return to the 4-point function of identical Majorana fermions in a parity preserving
3D CFT. Using (2.12) in (2.33), we can write this 4-point function as

1
((w1, 1) (w2, s2)Y (23, 83)¢ (24, 84)) = BRI _3A,H thg u,v), (3.1)
Tip ' T3y T

where t; = t;(x;, s;) are the 5 different tensor structures that can appear. Crossing sym-
metry under 1 <+ 3 gives a constraint

1 1
vAvts Ztlg](u7v) = —uPvte Ztl‘1<_>3g](vv u), (3.2)
I 1

where the minus sign on the right-hand side comes from the Grassmann nature of fermions.
In general t;]13 = M j] t; is related by some matrix M, but in the previous section we
have chosen a basis of 4-point structures such that #;, lis = tr, and t7_ liss = —tr . In
this basis the crossing relation becomes

o_ztl [Vt 3 g (u,v) + uv T2 g (0, u)]

(3.3)
+Zt1 (02t gl (u,0) — ube gl (v,)]
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or, isolating each tensor structure,

0 = v2uta gl (u, 0) + uPetaght (v, u),

O=vw w+§g*(u’y)—u w+§gi(vvu)‘
Now, the functions g’*(u,v) have a conformal block decomposition:
I b I 3 \2 1
g+ (u,v) = Z )\?9+)\0+gaiA,z(U’U) + Z (Ao-) 933&@(“7”)

Ot,Leven O—,leven

a,b=1,2 (3.5)
2 I

+ D (A0 gt ),

O—,lodd

where O has parity £, and we have chosen a basis of parity-odd 3-point structures such
that the a = 3 structure only allows even spins and the a = 4 structure only allows odd
spins, as before. For brevity, we have written A\¢, instead of /\%MJ’ and will henceforth
continue to do so. Thus, we can write the crossing equations as

I I
0= X bAZ(uv + Y S g o)+ Y (o) Fiia(uv),
Ot Leven O~ ,leven O—,¢odd
a,b:1,2
(3.6)

1 17
By +29a§,A,e(“a v) + qu—i_aniA,Z(U? u).

This is the starting point for the usual bootstrap logic. We can exclude assumptions

WhererAZ_v

on the spectrum by applying a linear combination of functionals aj:

Z Z )‘0+)‘O+O‘Ii( abAe(“ v))

It O+, Leven

a,b:1,2 (37)
+ Z (A5-) O‘Ii( 33Az(“ v)) + Z (Ao-) (szf,A,g(%U)) )
O—,Leven O—,fodd

where we look for functionals that satisfy the constraints

Z /\‘1/\11041i abOO(u v)) >0,

a,b=1,2
ar, (F;;A,g(u, v)) =0 for all parity-even operators with ¢ even
ar, (F;;A’g(u, v)) >0, for all parity-odd operators with ¢ even
ar, (FZLI;—:A,Z(% v)) >0 for all parity-odd operators with ¢ odd.  (3.8)

Recall that in our conventions, all A}, are pure imaginary — hence the extra sign in the
first line above compared to the usual conditions for scalars. The OPE coefficients of the
unit operator are given by A§ = i67. We search for functionals satisfying these constraints
by approximating the search as a semidefinite program and implementing it in the solver
SDPB [8]. Details of this implementation are given in appendix C.

— 14 —



4 Results

We can now use the formalism derived in the previous section to derive constraints on the
space of CFTs. In particular, we consider CFTs with a Majorana fermion ¢, and focus on
scalar operators appearing in the ¢ x ¥y OPE. We assume a parity symmetry, so that we
can distinguish between parity-odd scalars, which we denote by o,0’,0”,... (in increasing
order of their dimensions), and parity-even scalars, which we denote by ¢,€',€¢’, ... (also in
increasing order of their dimensions).

Using the methods described in section 3, we first derive general bounds on the di-
mensions of these operators, observing sharp discontinuities that we conjecture to coincide
with a 3D CFT containing no relevant scalar operators. We then study the consequences of
imposing gaps in the scalar spectrum, making direct contact with the Gross-Neveu models
(described below) at large N. Finally we study bounds on the coefficient C appearing in
the two-point function of the canonically-normalized stress tensor.

4.1 Examples of fermionic theories

While presenting our numerical results, it is useful to keep in mind a few simple CFTs that
have fermionic operators:

e ['ree theory. The theory of a free Majorana fermion 1 has Lagrangian

L= 00, (1)

where 1) = )7 (i7°) is the conjugate spinor. The fermionic operator v has dimension
Ay = 1. There are no parity-even scalar operators appearing in the 1 x ¢ OPE.
The only parity-odd scalar appearing in ¢ x 1 is 11, which has dimension 2. All
correlation functions in this theory can be computed via Wick contractions using the
free fermion propagator

i(712)%s
|212[3

(W (@1)Pp(22)) (4.2)

o Mean Field Theory. Mean Field Theory is a generalization of the free theory that
in general does not have a local Lagrangian description. Its operators consist of
normal-ordered products of a fermionic operator v and its derivatives, except that
in this case all correlation functions are computed from Wick contractions using the
generalized free field propagator

i(r12)%3

|x12|2A¢+1 :

(% (z1)pp(w2)) o (4.3)
Mean Field Theory is not properly a local QFT because it doesn’t have a stress
tensor. However, it satisfies the properties of unitarity and conformal symmetry
that we study in this work. In the ¥ x ¢ OPE there are now parity-even scalar
operators with dimensions 2A,, + 1, 2A, + 3, 2A, + 5, ..., and parity-odd scalars
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2y O(N) A
¢ - 1 1—32/(372N) +...
¥ + 1% 1+4/(3mN)+ ...
Dy | — | Sym (V) | 2+32/(372N) + ...
¢? + 1 2 +32/(37%N) + ...
»? - 1 3+64/(m°N) + ...
ot | () 1 k4 16k(3k — 5)/(372N) + ...

Table 1. Representations and one-loop dimensions of low-lying operators in the large-N 3D Gross-
Neveu models. V denotes the vector representation of O(N). The dimensions of 1;, and ¢*
were computed in [51-53] and reviewed in appendix B. The dimension of @(iwj) is computed in
appendix B.

with dimensions 2A,, 2Ay, +2, 2A, +4, .... In the limit A, — 1, we recover a free
theory, plus additional operators proportional to @ whose OPE coefficients in the
1 X 1» OPE vanish. As in the free theory, the 4-point function of ¢ in Mean Field
Theory satisfies crossing symmetry.

e Gross-Neveu(-Yukawa) model. Another 3D CFT with fermionic operators is the
critical point of the Gross-Neveu model [49]. In the Gross-Neveu-Yukawa description,
one starts with N Majorana fermions 1; (with ¢ = 1,..., N a flavor index) and a
parity-odd scalar field ¢, with the Lagrangian

N
L= ST+ g0 — 560,60 — 5’6 — Ao, (4.4)
i=1

where g and \ are coupling constants. When N is even, this theory can be studied
perturbatively in d = 4 — e dimensions (see, for example [50]). It has a critical point
that can be achieved by appropriately tuning the scalar mass m? (a fermionic mass
term is forbidden by parity symmetry). This critical point is believed to survive
down to d = 3, where it can also be studied perturbatively in the 1/N expansion [50—
53]. Previous contact between the conformal OPE and the large- N expansion of this
model was made in [54].

In the context of this work, we consider a four-point function of the fermionic operator
1 =1p1. (We leave the study of global symmetries in fermionic CETs to future work.)
The dimensions of operators in this CFT are not currently available at finite N. At
large N, the dimensions of the lowest few operators are shown in table 1 (see also
appendix B).

e The N = 1 super-Ising model. Another example of a 3D CFT with a Majorana
fermion ) is the NV = 1 supersymmetric Ising model. It is defined as the IR fixed
point of the UV Lagrangian

1— 1 — 1
L=~ 50 — 50"00,6 — 600 — S(99° + h), (4.5)
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(with the parameter h tuned appropriately), which, when setting m? = gh/2 and
A = ¢?/8, is nothing but the N = 1 case of the Gross-Neveu-Yukawa model. This
Lagrangian has N/ = 1 SUSY and can be described in terms of a real superfield
Y =0¢+0y+ %59}7’ with superpotential

W = h3 + %23. (4.6)
Note that a superpotential with quadratic or quartic terms in ¥ is forbidden by parity
symmetry, since X is parity-odd. In the IR this theory is believed to be described by
the N' = 1 superconformal algebra osp(1[4).

Just like for the Gross-Neveu-Yukawa CFT, the dimensions of operators in the
N = 1 super-Ising model are not known precisely (but may be experimentally probe-
able [55]).* They must obey, however, relations imposed by supersymmetry such as
Ay =0;+1/2=A,—1/20r Ay = Ay + 1, where 0 = ¢, 0/ = ¢, e = ¢2, ¢ = ¢*
are the lowest few scalar operators. The relation A = A, 4+ 1 was used in [59] to
derive A, > 0.565. This inequality was obtained by intersecting the supersymmetric
line A, = A, + 1 with the bootstrap bounds derived from the crossing symmetry of
unitary Zs-invariant CFTs.

4.2 TUniversal dimension bounds

Let us start by computing general upper bounds on the dimensions of scalars appearing in
the ¥ x ¢ OPE. For the moment, we assume only conformal symmetry, parity symmetry,
and unitarity.

4.2.1 The lowest dimension parity odd scalar

In figure 1, we plot a universal upper bound on A, (the lowest dimension parity-odd scalar)
as a function of Ay in any unitary, parity-invariant 3D CFT. The bound starts at the point
(Ay, Ay) = (1,2), corresponding to the free theory. It then grows monotonically with A,
up to Ay ~ 1.27, at which point a sharp vertical discontinuity occurs, and the bound
jumps from A, ~ 2.9 to A, ~ 7.7. This striking jump suggests that the value A, ~ 1.27
has special significance. We discuss possible interpretations below.

At the least, we can conclude that any CFT with a fermionic operator of dimension
Ay S 1.27 must have a relevant parity-odd scalar in the 1) x ¢» OPE. Conversely, a CFT
with no relevant parity-odd scalars in the 1 x 1y OPE must have A, 2 1.27. In addition,
we see that any CFT with a fermion of sufficiently low dimension must have a parity-odd
scalar in the ¥ x 19 OPE of dimension smaller than ~ 7.7.

4.2.2 The lowest dimension parity-even scalar

In figure 2, we show an upper bound on A, (the lowest dimension parity-even scalar) in
any unitary, parity-invariant 3D CFT. The bound monotonically increases starting from

4By contrast, the ' = 2 super-Ising model has the exactly known dimension A, = 2/3 and contact
with the 3D N = 2 bootstrap was recently made in [56-58].
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Upper bound on lowest parity-odd scalar o € ¥ x ¢

Disallowed

Ay

1.1 1.2 1.3 14 1.5 1.6

Figure 1. Upper bounds on the dimension of the lowest dimension parity-odd scalar appearing in
the ¥ x ¢» OPE, assuming only conformal symmetry, parity symmetry, and unitarity. The orange
region is allowed, and the white region is disallowed. The black dashed line starting at the free
theory point (Ay, Ay) = (1,2) gives the relation among dimensions specific to Mean Field Theory,
while the dashed line starting at (Ay, A,) = (1,0.5) gives the relation among dimensions expected
for N'=1 SCFTs, assuming 1 is a superdescendant of . These bounds are determined using the
procedure described in section 3 (see also appendix C) by performing a binary search in A, with
10~3 precision. The parameter A defined in appendix C is given by A = 23.

the point (Ay, Ac) = (1,3) up to a value of A, = 5.1. At this point, we encounter a change
in slope which occurs at precisely the same value of Ay as the vertical jump in figure 1.

Note that the free fermion theory does not contain a parity-even scalar of dimension
3, since the only candidate ¥@) vanishes by the equations of motion. However, in Mean
Field Theory we have A = 2A, + 1, and hence there exists a continuous family of unitary
solutions to crossing symmetry that approach the point (Ay,Ac) = (1,3). By continuity,
our bound cannot move below this point, and indeed it attains this optimal value to high
precision.

4.2.3 A “dead end” CFT?

The kink near (Ay,A¢) ~ (1.27,5.1) in figure 2 is reminiscent of the kink in scalar di-
mension bounds corresponding to the 3D Ising model [5, 6]. Hence we might guess that
there exists a 3D CFT with a fermion of dimension Ay ~ 1.27 whose lowest dimension
parity-even scalar has dimension A, ~ 5.1.

The vertical jump in the parity-odd sector is also reminiscent of a feature previously
encountered in scalar dimension bounds. Specifically, figure 1 of [7] shows a sharp vertical
jump in the bound on A, as a function of A, (assuming that A, saturates its upper
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Upper bound on lowest parity-even scalar € € 1 X ¢

(@)
—

Disallowed

Ay

1.1 1.2 1.3 14 1.5 1.6

Figure 2. Upper bound on the lowest dimension parity-even scalar appearing in the ¥ x ¢ OPE, as
a function of Ay, assuming only conformal symmetry, parity symmetry, and unitarity. As A, — 1,
the bound goes to A, = 3 and has asymptotic behavior A — 3 oc (Ay — 1)/2. The bound has a
kink at Ay = 1.27, which is the same value of A, at which the bound for parity-odd scalars had a
discontinuity, see figure 1. This bound was computed with A = 23.

bound) in 3d CFTs with a Zy symmetry. That jump went from A, ~ 2.9 to A, ~ 6.8,
and occurred for 0.517 < A, < 0.52 (at A = 11). At higher values of A, the A, window
shrinks and gives the correct value A, = 0.518151(6) in the 3D Ising model. The height of
the jump also decreases, e.g. to A, ~ 5.4 at A = 19. The correct value of A,/ in the 3D
Ising model is approximately 4.5.

Reasoning by analogy, figures 1 and 2 lead us to conjecture that there exists a 3D
parity-invariant CFT with A, ~ 1.27 and large anomalous dimensions for both the lowest
dimension parity-even and parity-odd scalars, perhaps A, ~ 5.1, and 3 < A, < 7.7. Note
that this theory would be a “dead-end” CFT because it has no relevant scalar operators,
giving an example of self-organized criticality [20, 21]. In particular, it would be completely
attractive under RG flow, and hence would require no tuning to reach criticality (assuming

® We are not aware of a natural candidate Lagrangian

Lorentz-invariance is unbroken).
for this theory. However, the possibility that we have discovered a new “dead-end” CFT

clearly merits further study.

®Such a theory would also be interesting from the perspective of the AdS/CFT correspondence — an
AdS4 holographic dual of this theory would have no tachyonic scalars and hence all moduli would be fully
stabilized. We thank Eva Silverstein for emphasizing this point.

5Several examples of 4D dead-end CFTs were constructed in [60]. Their common feature is that they
are chiral gauge theories, where mass terms are forbidden by gauge-invariance.
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4.3 Imposing gaps: the 3D Gross-Neveu models

With the most general possible assumptions, we have made contact with the free theory, the
limit of Mean Field Theory as A, — 1, and a conjectured “dead-end” CFT. Meanwhile,
the Gross-Neveu models and A/ = 1 SUSY Ising model lie well inside the allowed regions
in figures 1 and 2. To see them, we must input more information.

A natural choice for the Gross-Neveu models would be to organize operators according
to their O(N) representations and use the constraints of O(N) symmetry in the crossing
equations, as in [9, 10, 61]. We leave this investigation to future work. For now, we adopt
a simpler procedure: we impose gaps in the operator spectrum and study how the bounds
change as a function of the gaps.

Specifically, we will use a lower bound A, > Ag}in as a proxy for N and try to de-
termine (Ay,A,) as a function of AZM. Assuming A,/ saturates its lower bound, the
dependence of (Ay,Ay) on A, should be consistent with table 1 at large N. Note that
because we are considering a single component 1) = 1)1 of the O(N) vector, all representa-
tions of O(N) appear in the ¢ x ¢ OPE. In particular, we have 0 = ¢ and ¢’ = @(i%) at
large N.

In figures 3 and 4, we plot the allowed regions of (Ay, As) assuming A, > Ag&in
for several values of A?/in. All allowed regions are consistent with the free theory at
(Ay, Ay) = (1,2). However, the gap in A, has the effect of carving out the allowed region
below the free theory, revealing new kinks. The positions of these kinks closely track the
large- N prediction for the Gross-Neveu models, and hence we conjecture that this family of
kinks (in the limit A — oco) interpolates between the 3D Gross-Neveu models. In figure 5,
we plot (Ayr, Ay) for the kinks in figure 3, compared with the large-N prediction at 1-loop,
finding excellent agreement.

In figure 4, we also see that a new kink appears near (Ay, A,) ~ (1.078,0.565) when
Agl,in 2 2.3. This new kink is quite robust to changes in Agl,in. We discuss its possible
significance below.

4.4 Increasing A,

At large N, increasing the gap in A, corresponds to decreasing N. We might hope that
for big enough A,/, we could obtain information about the theory with N = 1, namely the
N = 1 supersymmetric Ising model. In particular, we should identify a feature in the bound
that coincides with the line predicted by supersymmetry A, = A, + % Unfortunately,
we observe nothing particularly special happening along this line. The kink corresponding
to larger N Gross-Neveu models becomes somewhat smooth and crosses the SUSY line
when A, is slightly smaller than 3, see the upper kink in figure 7. If this crossover point
corresponded to the N = 1 theory, we would obtain the estimate Ay ~ 1.082. However, it
is possible that using A, as a proxy for N ceases to work at smaller N. More directly, the
operator @(ﬂﬁj) (which we have identified with ¢’) does not actually exist when N = 1, so
it would be unsurprising if the NV > 1 Gross-Neveu kinks are not smoothly connected to
the N = 1 theory using A, as a proxy for N. The precise fate of the Gross-Neveu kinks
at small N should become clear when we incorporate the constraints of global symmetry.
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Allowed (Ay, Ay) assuming A, > 2.01,2.03,2.05,2.07,2.09,2.11

‘AW

1005 1010 1015

Figure 3. Allowed values of the dimensions (Ay,A,), assuming A, > AD® for ADN ¢
{2.01,2.03,2.05,2.07,2.09,2.11}, computed with A = 19. The regions to the right of their re-
spective curves (shaded orange) are allowed, while the regions to the left are disallowed. The black
dashed line shows the relationship between A, and A, using the known 2-loop (for A,) and 3-loop
(for Ay) large-N results in table 1 and appendix B. The free theory at (Ay, As) = (1,2) is always
allowed. Below the free theory, there are kinks that closely track the dimensions of operators in
the Gross-Neveu models at large N. The vertical lines at the bottom of the first two curves ensure
consistency of the bounds with Mean Field Theory.

We also expect that the N'=1 SUSY Ising model will be easier to isolate using a system

of mixed correlators involving both ¢ and ¢.7

We leave both of these investigations to
future work.

However, our study of increasing A, has revealed an interesting feature in the bound
that appears robust: the kink near (Ay, Ay) ~ (1.078,0.565) mentioned in the previous
section. Figure 6 shows the space of allowed dimensions assuming A, > 3 (equivalently,
assuming the theory contains exactly one relevant parity-odd scalar), and this kink appears
prominently. (In fact, it remains present until A, 2 6.) The zoomed-in figure 7 makes
clear that the lower feature is not consistent with supersymmetry, while the upper feature
(mentioned above) is barely incompatible with supersymmetry for A, > 3.

Thus, we are led to conjecture the existence of a non-supersymmetric 3D parity-
invariant CFT with (Ay, As) =~ (1.078,0.565) and exactly one relevant parity-odd scalar.

"An exotic possibility is that the A/ = 1 SUSY Ising model does not actually exist — that the RG
flow from the free N = 1 theory induced by a ¥* superpotential spontaneously breaks SUSY. The theory
in the IR of this hypothetical flow would contain a free fermion (by Goldstone’s theorem), together with
a (possibly empty) interacting sector (perhaps a 3D Ising model). We thank Juan Maldacena and Igor
Klebanov for discussions of this point.
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Allowed (Ay, A,) assuming A, > 2.1,2.3,2.5,2.7,2.9
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Figure 4. Allowed values of the dimensions (Ay,A,), assuming A, > AZ® for AD
{2.1,2.3,2.5,2.7,2.9}, computed with A = 19. The regions to the right of their respective curves
(shaded orange) are allowed, while the regions to the left are disallowed. The black dashed line

shows the relationship between Ay and A, at 2- and 3-loops at large-IV.

Figure 3 Kinks vs. 1-loop large-N Gross-Neveu predictions
A
2127

_ ® N~9.8
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N~108.1

200 A
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Figure 5. The positions of the kinks in figure 3 (black points), compared with the 1-loop large-N
prediction A, = 8Ay, — 6 for the 3D Gross-Neveu models in table 1 (orange line). We also indicate
the approximate value of N corresponding to each kink.
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Allowed (Ay, Ay) assuming A, >3

Ay

105 110 115 1.20

Figure 6. Allowed values of (Ay,A,) assuming A, > 3, computed with A = 23. The orange
shaded region is allowed, while the white region is disallowed. The black dashed line shows the
SUSY relationship A, = Ay — % The kink in the upper-left corner corresponds to the free fermion
theory for which (Ay,A,) = (1,2). Figure 7 zooms in on the second feature, near (Ay, A,) ~
(1.078,0.565).

The proximity of this theory to the SUSY line may suggest that it is closely related to
the NV = 1 SUSY Ising model. For example, suppose the N' = 1 SUSY Ising model had
a parity-even scalar ¢ that was slightly relevant, Aé\,/ =1 < 3. If ¢ is not the top compo-
nent of a scalar supermultiplet, then deforming the theory by this operator, flowing to the
IR, and tuning masses appropriately would yield a non-supersymmetric fixed-point with
dimensions very close to those of the SUSY theory. This possibility could be tested with
the bootstrap by identifying the N'= 1 SUSY Ising theory, determining the dimension and
OPE coefficients of €/, and performing conformal perturbation theory.

4.5 Central charge bounds

Having explored bounds on operator dimensions, we finally turn to the “central charge”
Cr which appears in OPE coeflicients of the stress tensor conformal block. We will place
a general lower bound on C7r as a function of Ay.

The two-point correlation function of the stress tensor is fixed by conformal invariance
to take the form (2.24) (with A = 3) up to an overall coefficient. Let us write

1 1
(Tl (@) TE (72)) = 36 5(1”'0(1‘12)[”0(3712) + I"U(:L’u)f'/p(xlz)) - gﬂ”yﬂpa
1
(4.7)
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Allowed (Ay, A,) assuming Ay, > 3 (zoom)

0.64j
0.62 7
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0.58 7
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Figure 7. A zoom of figure 6: allowed values of (A, A,) assuming A,/ > 3, computed with A = 23.
The orange shaded region is allowed, while the white region is disallowed. The black dashed line
shows the SUSY relationship A, = Ay — % The feature corresponding to the Gross-Neveu models
at smaller A, has just crossed the SUSY line near A, ~ 1.082. We observe nothing remarkable
when this happens (and the precise dimensions (A, Ay, A,/) are sensitive to A). Notice another
feature at (Ay, A,) ~ (1.078,0.565). This feature appears already for A, > 2.3 and persists all
the way to A, 2 6 at the same position in (A, A,) plane.

where Tty denotes the canonically normalized stress tensor, which participates in the Ward
identity for translations as follows:

O ()0 (1) .. Oulaa)) + 36z — 1)

OxH
i=1

%(Ol(xl) . Op(xn)) =0. (4.8)
L
The free boson and free Majorana fermion have Ce¢ = 3/2.

The Ward identity (4.8) determines the OPE coefficients A7 ., in the 3-point functions
in eq. (2.27). As we show in appendix D, we have

)‘%",can = W ) A%,can = _j_; . (49)

In our setup, however, our normalization of operators appearing in the 1 x 10 OPE depends
only on A and ¢ and is otherwise independent of the details of the CFT we study. In
particular, we can use the normalization of the blocks explained in footnote 3, which is
equivalent to requiring that the 2-point function of the stress tensor (parity-even operator
with A = 3 and ¢ = 2) is normalized as in (2.21) or (2.24) with cpo = 1. Comparing (2.24)
with (4.7), we find

T =

2
U (4.10)

\/CTT can
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and consequently

27 27
=\ A=\ 4.11
T,can\/@ T T,can\/@ ( )

We can put a lower bound on Cr as follows. In the sum rule (3.7), we isolate the

A1

contribution of the parity-even spin-2 operator with A = 3:

I I
/\aT/\ FaZESQ Z )‘a)‘b abOO (u, v) Z Ao Faf,A,z(“a”)
a,b=1,2 Ot,leven
ab:l,?
!
- ) () 33M(u V)= D (A6 ) Fiialuwv),  (4.12)
O~ ,feven O—,fodd

where the summation over parity-even operators now excludes the stress energy tensor
and the identity operator, whose contributions we wrote separately. We now search for a
functional « such that:

Z )‘(Yl“,canAg“,canaIi (Falbi,3,2(u’ U)) =1 ’
a,b=1,2
aji(F(flfAe(u,v)) =0, VA > Ay, £ even,
ar, (F33A€(u,v)) >0, VA > Ay, £ even,
ar, (F4[4’A7€(u,v)) >0, VA > Ay, £odd. (4.13)

Here, Ay is the lower bound on the dimension of a spin-¢ operator, set by unitarity.
Egs. (4.12) and (4.11) then imply:

(2m)? I
cn < —ay, [Fni’o,o(u,v)] , (4.14)
where we have used A\ = i6¢. Finding a functional « obeying (4.13) places a lower

bound on C7p. To make the bound as strong as possible, we search for an « satisfying
the relations (4.13) that minimizes —ay, [F{io’o(u,v)]. This is slightly different from our
procedure for setting bounds on dimensions, where it was enough just to find a functional
satisfying certain constraints. Nevertheless, the additional task of finding a functional
whose action on a given vector is minimal can again be efficiently performed using SDPB.
Our central charge lower bound as a function of A, is shown in figure 8. We normalize
Cr by dividing by its value in the free fermion theory, C’gfee = 3/2. The bound has
similar features to analogous bounds on C7 coming from scalar 4-point functions in four
dimensional CFTs [62-64]. As the fermion dimension approaches its free theory value,
Ay — 1, the bound on Cr also approaches its free theory value. For larger values of
Ay the bound becomes stronger, reaching a maximum. In this case, the position of the
maximum does not coincide with the features observed in the bounds for A, and A, and
does not seem to play an important role as it did in the studies of 3D Ising model. At even
greater values of Ay the bound goes to zero. After that point, the SDP problem described
by (4.13) is infeasible, i.e. it is not possible to find an « satisfying the constraints in (4.13).
Thus, we obtain no bound on Cr for those values of Ay, beyond the obvious Cr > 0.
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Lower bound on Cr
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Figure 8. Lower bound on the central charge Cr of a unitary CFT containing a fermion with
dimension Ay. As Ay — 1, the bound approaches the free theory value of Cr. The bound goes to
zero at Ay = 1.47. For larger values of Ay the SDP is infeasible and therefore does not produce
any bound. This bound was computed with A = 23.

5 Discussion

In this work, we set up the 3D fermion bootstrap and explored its numerical implications.
We first developed an embedding space formalism suitable for describing fermionic cor-
relators. We found that conformal blocks for identical spin-1/2 operators are given by
the action of certain differential operators on conformal blocks for scalars. Using these
operators, together with differential operators that relate integer spin correlators to scalar
blocks [17], one can further determine the conformal blocks for any 4-point function in 3D.

On the numerical side, we have foremost shown that the bootstrap can extract rigorous
constraints from four-point functions of non-scalar operators. We have obtained general
bounds on dimensions of low-lying operators in 3D CFTs with fermions and a small number
of relevant scalars. We also obtained general bounds on the central charge Cr. Our results
not only provide rigorous constraints on the operator spectrum of CFTs with fermionic
operators, but also show numerous features reminiscent of those found when applying the
bootstrap to four-point functions of scalar operators.

One interesting feature revealed by the fermionic bootstrap is the kink in the parity-
even bound in figure 2, coinciding with the apparent decoupling of the leading parity-odd
scalar in figure 1. We do not yet know the correct interpretation of this feature, but it
is intriguing that it may point to the existence of a 3D fermionic CFT with no relevant
scalar operators. If such a theory is responsible for the kink in figure 2, it would contain
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a primary spinor operator ¢ of dimension A, =~ 1.27, and the lowest parity-even scalar
appearing in the ¢ x ¥ OPE would have dimension A, ~ 5.1. The possibility that these
features reveal a “dead-end” 3D CFT that gives an example of self-organized criticality
merits further study.

Other interesting features occur when we impose a gap to the second relevant parity-
odd scalar. By varying its dimension between 2 and 3, we observe a sequence of kinks
in the (Ay,A,) plane shown in figures 3 and 4. When the gap is very close to 2, their
locations match beautifully onto the dimensions in the Gross-Neveu models at large N,
seen clearly in figure 5. At larger values of the gap, we expect that the kink locations
make precise predictions in small-/N Gross-Neveu models. We also observe the appearance
of a new discontinuity in the allowed region at (Ay, Ay) = (1.078,0.565), which is robust
against making the second parity-odd scalar irrelevant.

In order to better understand if these discontinuities correspond to specific CFTs or
SCFTs, one could pursue three immediate steps:®

e One could hope to extend the relation between fermionic conformal blocks and scalar
conformal blocks to fractional dimensions. By numerically studying the fermionic
crossing-equations in different dimensions, one could compare the evolution of the
discontinuities to the results from a perturbative e-expansion (similar to [57, 65]).

e It is straightforward to extend our analysis to constrain fermionic theories with an
O(N) global symmetry. As N is varied, we can track the evolution of the bounds
on operators in each O(N) representation and again compare with results from the
large- N expansion for the Gross-Neveu models. Such a comparison could help confirm
that the kinks in figure 4 correspond to the fixed-points of the Gross-Neveu model
with a small number of flavors and in particular determine which kinks in our family
correspond to integer values of V.

e Finally, in order to better understand whether theories live at these discontinuities
it would be fruitful to extend our analysis to mixed four-point functions containing
both a fermionic operator v and a scalar operator ¢. This will allow us to impose
gaps in the fermionic spectrum, opening up the possibility to obtain isolated islands
in the space of operator dimensions, as was seen for scalar correlators in [7, 10].
We anticipate that this analysis will be particularly useful for isolating the NV = 1
super-Ising model. E.g., these mixed correlators would allow us to determine the
fermionic spectrum in the OPE ¢ x 1), enabling us to probe the existence of a conserved
supercurrent in the spectrum.

We hope to report on these further investigations in future work.

8Given that the same steps would have confirmed that the 3D Ising model populates a “corner” in the
allowed space of dimensions, even without knowing any critical exponents a priori, we can be hopeful that
the same will happen for the A/ = 1 super-Ising model.
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A Group theory for 3D spinors

The 3D Lorentz group SO(2, 1) has a double cover which is SL(2,R) ~ Sp(2,R) ~ SU(1,1).
For us the Sp(2,R) formulation is convenient. It is clear that the smallest irreducible
representation is a fundamental of Sp(2, R), which has two real components. This describes
a Majorana fermion in 2+1 dimensions.

The Lorentz algebra is
[M;U/, Mpo‘] — -(nule/U + nVUMup _ nuJMVp _ nl/pM;LO') . (Al)

In the case of SO(2,1), we take the signature to be n*¥ = diag(—1,1,1) and we have 3
generators J = %qleab = M2 K, =M",, where a,b € {1,2}.

In the fundamental representation these generators can be written as

00 0 00—i 0i0
J=|oo-i|, K =|o0o00]|, Ky=|ioo0]l, (A.2)
0i 0 —i0 0 000

which satisfy the algebra
[J, K1] = iK>, [J, Ka] = —iK, (K1, K] = =i, (A.3)
and preserve the metric nM + MTn = 0. Here J performs a spatial rotation and K,

perform boosts. As usual, the rotation generators are Hermitian while the boost generators
are anti-Hermitian.
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The fundamental generators of Sp(2,R) (acting on ¢®) satisfy the same algebra and
can be written as:

1{0 i 1{=io0 1{0i
== K| = - Ky = -
d 2<—¢0)’ ! 2(0@)’ 2 2<¢0>’

which preserve a symplectic tensor QM + (M*)TQ = 0, where Qq5 = Q% = ( 9 §).
The (equivalent) anti-fundamental representation (acting on 1, = Q4s%") transforms
with generators J = QJQ ' = J, K, = QK, Q7! = —K,,.
The explicit mapping between SO(2,1) and Sp(2,R) is accomplished via a Clifford

(A4)

algebra:
YA+t =2, (A.5)
where we can use the explicit real representation
01 01 10
0 1 2
_ 7 - ’ = ) A6
7 (-1 0) 7 <1 0) 7 (0 —1) (A.6)
The Sp(2,R) fundamental generators are obtained from
1
(M) = — (7", 4"]) %5 - (A7)

4

Note that in our conventions, the index structure on the 4* matrices defined in (A.6) is
(v*)* . Indices are lowered by multiplying with 2,4 from the left, and raised by multiplying
with Q% from the right (e.g., fygﬁ = Qo (74)75 and (y4)F = (y1)>,QP).

The 3D Lorentzian conformal group SO(3,2) has a double cover which is Sp(4,R).
We would like to identify which Sp(2,R) subgroup corresponds to the Lorentz rotations
described above. We will write the metric as n4? = diag(—1,1,1,1, —1), where the first
3 components correspond to SO(2,1) indices. Then the SO(3,2) generators MAE which
correspond to physical Lorentz rotations and boosts are simply M* for u,v = 0,1, 2.

The mapping between SO(3,2) and Sp(4, R) is again realized via a Clifford algebra:

rArE 4 0Bra = opA8, (A.8)
and spinors transform in a representation of SO(3,2) with generators
(MAPY ;= —[04,DP) (A.9)
We can construct a real basis for the (I'4)!; matrices explicitly as
0100 0100 1000
o _ —-100 0 r_ 1000 2 _ 0-10 0
000-11]" 0001]’ 0010
0010 0010 00 0-1
00 01 0001
-1 —1
3= 00 0 = 00 0 (A.10)
0-1 00 0100
10 00 —-10 0 0
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The generators (M AB )I J in the spinor representation satisfy the Sp(4, R) symplectic con-
straint QMAB 4 (MAB)TQ = 0 with the invariant tensor

0 010
0 001

Q=07 = 10 00 (A.11)
0 -100

Then in this basis the rotation and boost matrices are block diagonal and are given by:

0700 — 00 0 0z 0 O
11— 1 ; 11¢
g_1 ZOOQ 7 K=t OzQO ’ Ky =t t0 0 0‘ (A.12)
21000 4 21004 0 2100 0 —¢
0 0—0 0 00—: 00— 0

In other words, the upper two components of a Sp(4, R) spinor transform like an Sp(2, R)
fundamental, and the lower two components transform like an Sp(2, R) anti-fundamental:

_ (¥
U= (é@) . (A.13)

B Gross-Neveu-Yukawa model at large N

In this appendix, we collect known results on the dimensions of low-lying operators in the
Gross-Neveu-Yukawa model at its conformal fixed point. The Lagrangian of the Gross-
Neveu-Yukawa model was given in (4.4). At the CFT point, one tunes the mass for the
scalar field ¢ to zero, and one can ignore the quartic scalar interaction as well as the kinetic
term for ¢. After rescaling ¢, the Lagrangian takes the form

N
1 -
L= [P ubi — idtaii] . (B.1)
i=1
Recall that the Majorana condition in Lorentzian signature is ¢ = 97 (i7°). In our con-
ventions, 70 = o9, so 1 = —¢pT o9.

B.1 Dimensions of ¢, ¢, and ¢?

The dimensions of ¥, ¢, and ¢? have been computed in [51-53] at large N. Let us summarize
some of these results. The dimension of the fermion operator 1; is known up to order 1/N3:

4 896 32( — 668 + 1417% + 3247% log 2 — 3402((3))
Ay =1 1/N*%).
V=t aN T orane T 24376 N3 +O(/N7)
(B.2)
The dimension of ¢ is
32 32(304 — 277?) 3
Ay=1-— O(1/N3). B.3
¢ 3N oz T OWNT) (B-3)
The dimension of ¢ is
32 64(632 + 2772) 3
Ay =2 — 1/N3). B.4
¢ =2t 3oN yrminz T OW/NT (B-4)
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B.2 Dimension of ¢*

To order 1/N, the dimension of the operator ®* can be deduced from the results presented
above. Indeed, at leading order in 1/N, the dimension of &F equals k. At order 1 /N, there
are only two Feynman diagrams contributing, one scaling as k and one as k(k — 1)/2. We

must therefore have
ak + bk

N
for some constants a and b. Comparing with (B.3)—(B.4), we have

Age =k + +O(1/N?), (B.5)

16k(3k — 5)

Ty O(1/N?). (B.6)

For k = 3, for instance, (B.6) gives

64
Ap =3+ 5 + O(1/N?). (B.7)

B.3 Dimension of @(zwj)

We are also interested in the dimension of the O(N) symmetric traceless operator @(iwj),
which appears not to have been calculated in the literature. At leading order in N, this
operator has dimension 2. In the rest of this section, we present the first 1/N correction
to this result, with the combined answer being

21 O(1/N?). (B.8)

A el
+ 32 N

Doy — 2

B.3.1 Setup

To derive (B.8), we find it convenient to work in Euclidean signature. The Euclidean
Lagrangian is the same as (B.1), with the only difference that we should use Euclidean-
signature gamma matrices, which can be taken to be vy = o092, 71 = 01, 72 = 03. The
Majorana condition in Euclidean signature is still ¢ = —¢% 0.

At N = oo, the two-point function of ) is:

. . af .
o i(yuio)*Px
(2 (@) (0))oo = aij% (B.9)
In momentum space, this is
a (v ia?)aﬁp“
(W& (P)U] (—p))oc = S (B.10)

The effective action for ¢ obtained after integrating out the fermions is

3 [ & [ Evo@ewisey). (B.11)

with

|

N
(2, y) = 7 Y (Wtbi(@)155(y))oo - (B.12)
ij=1
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Since ) = — T oo1p = i6a51/1a1/15, we have

1 ;B8 s N
y(z,y) = —=€apeys (Vo ()T (Y))oo = ——— . B.13
o(,y) = —Jeapeys(Pathi ()97 95(y)) TSI (B.13)
In momentum space,
N |p|
I = — B.14
o(P) = 6 (B.14)
because 1
/d:)’xe”m$4 = —7?p|. (B.15)
To leading order in N we can thus use the propagator for v:
0 ) OB it
o a Lo p
G ) = (w0 () = b, (B.16)
The propagator for ¢ is D(p) = 1/II(p), or
D(p) = (0)o(—p)) = 110 (B.17)
p) = (d(p)o(—p)) = : :
N |p|

B.3.2 Anomalous dimension of @(ﬂ/’j)
To compute the anomalous dimension of @(ﬂ/}jy let us consider the particular case O(z) =
ieapV®l (). The dimension of O is

AO = 2A7,ZJ + Nvertex » (B18)

where, in terms of Feynman diagrams, 7yertex can be extracted as the coefficient of the
logarithmic divergence of the vertex correction diagram. Keeping track of all the numerical
factors and using the propagators (B.16) and (B.17), we have

1 dq trlyldte” 16 8log A
logA+...== £ = B.19
Tvertex 10g /A + 9 / (27)3 i Nq| 2N ) ( )
from which we extract Nyertex = 8/(72N). Using (B.18) and (B.2), we obtain
8 8\ 1
No=2+(=5+—5 |- 1/N? B.2
o=2+ (o + 2 ) 3 + OV, (5.20)

yielding (B.8).

C Implementation in SDPB

In this appendix we provide a description of the numerical implementation of the fermionic
bootstrap using SDPB [8]. In order to implement a semi-definite program we limit the space
of functionals oy, over which we search over in section 3, to those taking the form,

anlfl= ) anoloif(zz)| (C.1)
mn—ﬁ-gnﬂ;’A T
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with u = 2Z and v = (1 — 2)(1 — Z) and have evaluated the function f at the crossing
symmetric point z =z = 1/2.

Applying these functionals to our crossing equation amounts to finding the (z, Z) deriva-
tives of functions g/* appearing in the definition of the conformal block (2.40). These
functions have singularities as z — Z, the most divergent of them going as (z —z)~°. The
singularities come from our choice of basis {¢;}; the full conformal block is perfectly regu-
lar at z = Z. To avoid dealing with the divergences, we multiply the crossing equation by
(z — %)° before applying the functional .

In order to determine the derivatives of the conformal blocks g’* for the fermionic
four point functions, we have used a Mathematica script to apply the operators D, to the
rational approximation of the scalar conformal blocks presented in [9]. Thus, the derivatives
of the fermionic conformal blocks g]ig can be written as

770 Q1N A~ — N ,Ii
002G (2, 2)| oy ~ xe( D)™ () (C.2)

+
where pgm’n)’l (A) are polynomials in A and y(A) is a positive function for all values of
A above the unitarity bound. The hat in § should remind us that we actually multiplied

functions g by (z — 2)5. Consequently, at the crossing symmetric point we can write

+

OPORESE \ (2,2)] oy o = Xe (D) PG (A, (C.3)

z=1/

where Pém’nﬂi (A) for a,b € {1,2} or (a,b) = (3,3), (a,b) = (4,4), are linear combinations
m,n),

proximation of the scalar conformal blocks. Using this approximation, we can rewrite (3.8)

of the polynomials p, = Jdetermined in Mathematica using (2.48) and the rational ap-

and (4.13) in the form of a polynomial matrix program solvable using SDPB [§],

Find a!% such that:
Z )\%QA%QYab’eo (AO) = ]'7

a,b=1,2
Yape(A) =0 for all parity-even operators with £ even ,
Y330(A) >0 for all parity-odd operators with £ even,
Yis0(A) >0 for all parity-odd operators with ¢ odd, (C4)

where the Y, are polynomials defined as

m,n), I+
abZ— Z a{ninpabg (C5)

myn, I+

for a,b € {1,2} or (a,b) = (3,3), (a,b) = (4,4). In our applications we take the operator
Op on which we normalize to be either the identity operator or the stress-energy tensor.
Note that because of the multiplication of crossing equation by (z — Z)®, some of the
constraints in (C.4) are identically zero, or their linear combinations are identically zero,
i.e. the set of constraints is not linearly independent. This can cause instabilities in SDPB,
making it run indefinitely. We want to remove such “flat directions” and give only linearly

— 33 —



A 19 23
K 20 24
spins S1g So3
precision 640 960
findPrimalFeasible True True
findDualFeasible True True
detectPrimalFeasibleJump True True
detectDualFeasibleJump True True
dualityGapThreshold 10725 10740
primalErrorThreshold 10725 107100
dualErrorThreshold 1072% 10740
initialMatrixScalePrimal (Qp) 10%° 1040
initialMatrixScaleDual ({lp) 10%° 1010
feasibleCenteringParameter (Bfeasible) 0.1 0.1
infeasibleCenteringParameter (Sinfeasible) 0.3 0.3
stepLengthReduction (7) 0.7 0.7
choleskyStabilizeThreshold (6) 10740 10740
maxComplementarity 1000 10130

Table 2. Parameters for the computations in this work. Only SDPB parameters that af-
fect the numerics (as opposed to parameters like maxThreads and maxRuntime) are included.
The sets of spins used are S19 = {0,1,2,...,25} U {29, 30, 33,34, 37,38, 41,42, 45,46,49,50} and
Sas =40,1,2,...,25} U {29, 30, 33,34, 37, 38,41, 42, 45,46, 49, 50, 59, 60}

independent constraints to SDPB. This can be done numerically. We can view the set of
constraints (C.4) as a matrix with rows labeling the constraints and columns labeling the
components of a functional, af;fn. We then only need to find the linearly independent rows
of the matrix. That can be done for example in Mathematica using the built-in RowReduce
function. Notice that this step needs to be done only once for a given A.

The full description of implementing the polynomial matrix program required to find
al%, can be found in the SDPB manual [8]. We have used a Mathematica script to manipulate
the fermionic conformal blocks to obtain the matrix input for SDPB. In order to obtain
numerically accurate results we have used the parameters presented in table 2 in our SDPB
implementation. For A = 19 generating the input file required by SDPB takes about 30
minutes (on a single core), while solving each semi-definite program takes 25 minutes
(allowed points) or 100 minutes (disallowed points) on an 8 core machine. For A = 23
generating the input file required by SDPB takes about 90 minutes while solving each semi-
definite program takes 3 hours (allowed points) or 14 hours (disallowed points) on an 8
core machine.

D Conformal Ward identities

In this appendix we study the implications of the Ward identity given in eq. (4.8) for
correlators containing fermions. One can multiply (4.8) by a conformal Killing vector &,
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satistying 9,§,) < 1u. In a conformal field theory, the fact that the stress tensor TH" is
symmetric and traceless implies

Oi“ (& () TH (2)O1 (1) - . . On(xn)) + E d(x — xz)fy(ﬂ;l)@i” (O1(x1)...On(xy)) =0.
i=1 i
(D.1)

Taking 1 = 0, 01 = O, and integrating in z over a small enough sphere of radius €
centered at the origin, one can extract the integrated OPE

& [ i ()T (@)0(0) = Q6. 0)0). (D.2)
52

where in deriving the expression we also used Stokes’ theorem and ¢ is the conserved
charge whose associated conserved current is JH(x) = &, (x)T""(x). Specializing to Lorentz
transformations, translations, special conformal transformations, and dilatations, we sim-
ply replace &, (z)TH" (x) with

(D.3)

in (D.2), and Q¢ with M,,, P,, K,, and D, respectively.
We are interested in calculating the OPE coefficient between the stress tensor and a
spinor primary field ¢. Using (2.8), eq. (D.2) becomes

& [ PR M) (ea)H(0) = =5 ,(0),

& / 277 (P, )u(€R)h(0) = —0,1(0)
5 (D.4)

62/ dQﬁﬁ#(KV)u(eﬁ)w(o) =0,
SQ
¢ / d*n " D, (en)h(0) = Aytp(0).
S2

The general form of the OPE T}, X 1 is restricted by the tracelessness and conservation
of T, to take the form

2
anu,,x —3x,Ty TpZPYou + TP Ypu

Ty (2)1(0) = W $(0) +b o $(0) +---, (D.5)
for some constants a and b. Using the definitions (D.3), we have
2 (M) (2)1(0) = b$p$07””‘ _|3x”$a%pw(0) +0(2°),
X

(P @)(0) = 22 (0) — b2 (0) + O(a ),
] || (D.6)

P )(0) = a2 0(0) = b (0) + O).

P D,a)(0) = ~ar0(0) + Oa”),
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and so

(D.7)
62/ d*f WH(Ky)u(en)y(0) = O(e%),
S2
= / d*n i’ D, (en)h(0) = —8map(0) 4+ O(e)
S2
Comparing (D.7) with (D.4), we identify
Ay 3
= —— b= —. .
8’ 167 (D-8)
The final form of the T" x v OPE is
Ay Nuwa® — 3z, 3 @Y + TPy,
T 0) = ——2 2 TR (0) 4 —— P Y P D.
i )(0) = — G () 4 DI LS 0) 4 (D)

Let us now compare this expression with what we expect from the 3-point func-
tion (2.27). For a parity-even operator, we have

(WP (1)1 () O 2 (23)) =

By -
AL L19 ($31x12x23)(a1a2 s ($315L‘12x23)0¢2£ 102¢)

|x12|2A¢—A+€+1 ‘xQS‘A—M |x31|A+f (D.IO)
) (xlg)ﬁ(al (3323)‘7‘0‘2 (z31212T93)*3% - - - (xglmmng)oéze—wm)
(@) ‘x12|2A¢7A+571 |x23|A+@ |I‘31|A+Z ’

where as usual 2% = :U“(%Q)O"B . From the x3 — x; limit of the 3-pt function we can
deduce the O x ¢ OPE. In this limit, the 3-pt function is

By (ar1an , ., Qgp_102¢)
Ié; vy Qat..a ~ 1 1\eT12 (1"31) (3331)
(WP (210 (22) 0102 (25)) ~ A (—1) \3712\2Aw+1 |x31|A+e
A2 (—1 o (231)P(01 (g1 ) k2 (51 )30 . (g9 ) @2e-1920)
+ Ao (1) S
|Z12] |31

(D.11)

Using the normalization where (¢ ()9 (0)) = iz / |2|*** "1, the OPE contribution of
then is

(c1az .. (xgl)a%qa%)

O™t (g () ~ (1) b )

e
. 242 ($31)5(a1 o (wgp ) 220201 0z (D.12)
T |23 2 P2 (x1),
31

because this contribution reproduces the 3-pt function in the OPE limit.
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Let us now specialize to the case where Oy = T is the canonically normalized stress
tensor. Eq. (D.12) is in this limit

1 1
T120304 (CE)l/JB (0) ~ —Z)\%T ‘5 l‘(ala2l‘a3a4)wﬂ(0) + ’L)\% | ’5 Iﬁ(all‘a2a3¢a4) (0) ) (D13)
x X

Using (2.22) we can represent the stress tensor as a rank-2 Lorentz tensor:

Ty ()47 (0) ~
1

1 . 1 o] a3 . (6% [65)0% (0%
Z(nyu)ala2(Q’YV)a3a4 _ZA%I“Wx( 12t 4)¢/B(O)+Z)‘%I‘Wxﬂ( t™? 3w 4)(0)

(D.14)

For the first term, we can use

alag( )asa4)

xaxp(i@’m)alaz (i027V ) asau (’Ycri@)( Vplo2
1
= §x0xp [tr(’m’y{,) tr(vu7,) + 2 tr('YM’YU’YV’Yp)}

(D.15)

=3 [43@3}1, — 4x277#,, + SxMxV]

4
= —g(nﬂ,,:vz —3x,1,).
For the second term, we have

27 2P (109 by ks (102%0 ) gk (Vo i02) " F (7 picrg ) F2ha )

1

= gw%p(%’mp%w + 2961 Y + (YY) Ve + (Y1) Vo vut)’
1 .

= 578 (= 2o W + Yo Vot + 2 to Nt + (1 V) (D.16)

1 |
= o[ = 420 + 6(2u2 V0w + 22V + 120,200

i

(35277;w - 3xu96u)¢ + (xung)/au + xVxU’YUu)Ip

[SURIN )

So:

) N> — 3x,T,, 1 .9 Tyl + x,xPy
Tl (0) ~ N Ny) P25 S 0) 4 3 BT ). (DT

We can compare (D.5) to (D.17) to obtain

1 3i(Ay — 1)

3
P 2
T 8 ’

Ap=——. D.18
b=t (D.15)
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