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SUMMARY

Conformal invariance is one concept that is common to many areas of theoretical
physics; from critical phenomena in statistical and condensed matter systems,
through the description of particle physics at long distances, to quantum gravity
via the holographic principle. Conceptually, conformal symmetry is characterized
by transformations that preserves angles, which include rotations, translations, as
well as coordinate-dependent dilatations.

In modern times, it is believed that generic quantum field theories (QFT)
are parametrized by coupling constants that vary continuously along an RG flow,
starting and ending at fixed points. At both fixed points, the symmetries of the
QFT are upgraded to angle preserving transformations, thus becoming a Con-
formal Field Theory (CFT). An alternate approach for studying QFTs is then
to start from a CFT corresponding to either fixed point and flowing back to the
non-conformal regime. The reason this is a viable strategy is that conformal sym-
metry fixes all the observables of the theory up to a set of numerical coeflicients
called CFT data, and furthermore imposes consistency conditions that, if solved,
completely characterize the space of valid CFTs. The quest for solving these consis-
tency conditions is called the conformal bootstrap program, and was first proposed
in the 1970s [7,8]. Moreover, CFTs can be defined mathematically in a rigorous
way which is a considerable improvement when compared to the usual Lagrangian
description of QFTs.

In two dimensions, the group of conformal transformations is enhanced by an
infinite amount of symmetries which allowed the complete solution of a large class
of theories—the minimal models—in the 1980s [9]. However, for arbitrary dimen-
sions, it took more than 20 years for explicit solutions to the bootstrap equations
to appear. The main reasons for this delay are the lack of mathematical results
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Summary

describing the kinematic functions involved in the bootstrap equations—-conformal
partial waves—as well as the absence of appropriate numerical and analytical tech-
nology for solving these equations.

Since then, the literature has exploded with many new developments and re-
sults on CFTs using the bootstrap philosophy. Nonetheless, the bootstrap program
is far from complete. In particular the conformal partial waves describing spin-
ning fields are not fully understood yet. Furthermore, the application of current
techniques to discover possible new theories in higher dimensions, as well as un-
covering universal properties and their connection to quantum gravity, are yet to
be explored. Finally, in order to achieve a complete classification of CFTs in arbi-
trary dimensions, more efficient and powerful techniques for solving the bootstrap
equations will need to be developed.

In this thesis we discuss two improvements in the computation of spinning
partial waves in closed form for arbitrary space-time dimensions. Then applying
two analytical bootstrap techniques for constraining spinning four point functions,
we compute some universal constraints on the CFT data related to the conformal
stress-tensor. In the context of holography this result shows the attractive nature
of the gravitational interactions in AdS. Finally, we apply CFT techniques to
provide a dictionary between spinning partial waves and geodesic objects living in
AdS.
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SAMENVATTING

Conforme invariantie komt voor in een groot aantal deelgebieden van de theoreti-
sche natuurkunde; van kritische systemen in statistische fysica en gecondenseerde
materie, via de beschrijving van deeltjesfysica op grote lengteschalen, tot quan-
tumzwaartekracht door middel van het holografisch principe. Conceptueel gezien
is een conforme symmetrie een transformatie die hoeken behoudt, zoals rotaties,
translaties en coordinaatathankelijke dilataties.

Vandaag de dag denkt men dat algemene quantumveldentheorieén (QFT) ge-
parametriseerd worden door koppelingsconstantes die continu variéren langs een
RG-flow, die begint en eindigt op een stationair punt. Op beide stationaire punten
worden de symmetrieén van de QFT uitgebreid tot hoekgetrouwe transformaties
en wordt de theorie een conforme veldentheorie (CFT). Een alternatieve methode
om QFT’s te bestuderen bestaat er dan uit om te beginnen vanuit een CFT,
die correspondeert met één van de stationaire punten, en langs de RG-flow terug
te ‘stromen’ naar het niet-conforme regime. Deze methode heeft kans van sla-
gen doordat conforme symmetrie alle observabelen van de theorie vastlegt op een
verzameling numerieke coéfficiénten na (die de CFT-data genoemd worden) en bo-
vendien consistentievereisten oplegt die, als ze opgelost kunnen worden, de ruimte
van valide CFT’s volledig vastlegt. De zoektocht naar de oplossing van deze con-
sistentievereisten staat bekend als de conforme bootstrap en werd voor het eerst
geopperd in de jaren zeventig [7,8]. Bovendien kunnen CFTs wiskundig rigou-
reus gedefinieerd worden, een flinke verbetering ten opzichte van de gebruikelijke
Lagrangiaanse beschrijving van QFTs.

De groep van conforme transformaties wordt in twee dimensies uitgebreid met
een oneindige hoeveelheid symmetrieén Dit maakt het mogelijk dat in de jaren
tachtig een grote klasse van theorieén—de minimal models—volledig werd op-
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Samenvatting

gelost [9]. Voor willekeurige dimensies duurde het echter meer dan twintig jaar
voordat expliciete oplossingen van de bootstrapvergelijkingen werden gevonden. De
voornaamste redenen voor deze vertraging zijn het gebrek aan wiskundige resulta-
ten over de kinematische functies die een rol spelen in de bootstrapvergelijkingen—
conforme partiéle golven—en het gebrek aan geschikte numerieke en analytische
technieken om deze vergelijkingen op te lossen.

Sindsdien heeft er een explosie van nieuwe ontwikkelingen en resultaten over
CFT’s in de literatuur plaatsgevonden, gevoed door de bootstrap-filosofie. Desal-
niettemin is het bootstrap-programma verre van compleet. De conforme partiéle
golven die velden met spin beschrijven zijn bijvoorbeeld nog niet volledig begrepen.
Bovendien zijn de huidige technieken nog niet toegepast op zowel de zoektocht naar
nieuwe theorieén in hogere dimensies als het ontdekken van universele eigenschap-
pen en hun verband met quantumzwaartekracht. Tenslotte moeten efficiéntere en
krachtigere technieken om de bootstrapvergelijkingen op te lossen worden ontwik-
keld om een volledige classificatie van CFT’s in willekeurige dimensies te kunnen
geven.

In dit proefschrift behandelen we twee verbeteringen in de berekening van
partiéle golven met spin in gesloten vorm voor willekeurige ruimtetijddimensie.
Door twee analytische bootstrap-methodes toe te passen om vierpuntsfuncties met
spin te begrenzen kunnen we bepaalde universele begrenzingen op de CFT-data
gerelateerd aan de conforme stresstensor berekenen. In de context van holografie
toont dit resultaat de aantrekkende werking van de zwaartekrachtsinteracties in
AdS. Tenslotte passen we CFT-technieken toe om een woordenboek tussen partiéle
golven met spin en geodetische objecten in AdS te geven.

Xvi



INTRODUCTION:
CONFORMAL FIELD
THEORIES IN d > 2

ON TECHNIQUES FOR STUDYING AND SOLVING THE SPACE OF CONSISTENT
CONFORMAL FIELD THEORIES IN GENERAL DIMENSIONS

The objective of this chapter is to introduce the relevant concepts for this thesis,
in a detailed and self-consistent way. The information that we present ranges from
basic concepts in conformal field theory (CFT) to state-of-the-art techniques from
the modern literature on higher dimensional CFTs.

1.1 Review of basic concepts

The first section concerns basic information regarding conformal field theories in
arbitrary dimensions including symmetry generators, conformal representations,
the conformal algebra, etc. This is commonly found in books and lecture notes,
e.g. [10-13], hence readers familiar with this material may skip it. The discussion
of modern CFT concepts starts in section 1.2.

1.1.1 Symmetries, Ward identities, charge generators, and
correlation functions

Consider a Lie group G. The action of an element ¢ € G on the coordinates
xt € R?, for arbitrary d can be written as

gt = e Tagh = gh 4 9°T,z" 4+ O(6?). (1.1)



1. Introduction: Conformal field theories in d > 2

For a field ¢ in a representation p of G we can define a similar action:

(99)(z) = e T (x) = p(x) + 0% p(Ta)d(x) + O(67). (1.2)

One can also define a “full” transformation, where both the field and coordinates
are transformed at once:

(99)(gx) = " 2T g(z) = $(x) + 0" A(T) () + O(6?). (1.3)
This can be connected to the previous definitions by noticing
¢(x) = ¢lg " gz) = d(gx) — 0%(Tuz*)0,up(g) + O(67), (1.4)

which implies that, at first order,
(90)(92) — d(gz) = 0* A(To)d(x) — 0% (Tuzx" ) (gz) + O(6?)
= 0°A(Tu)¢(gx) — 0% (Tua")D,u(9z) + O(6%), (L.5)

where in the second line we used the fact that 02A(T,)[¢(gz) — ¢(z)] = O(6?).
Thus, comparing with (1.2) leads to

p(Ta)p(x) = A(To)p(x) — (Taz")0uo(x) (1.6)

Let us now compute how the action .S,

S = / &2 L(p(x), 0,(2)), (1.7)
transforms under g. For simplicity of notation we define
o =gk, @) = (99)(g7), Flo(x)) =" AT g(). (1.8)

Hence, under g, we have

s = / 2 L(§ (), 8, (2”)) = / a2’ L(F($(2)), B, F(3(2)))

- / dt Zw’ ﬁ(f(qs(x)),gf;auf(qs(x))). (1.9)

Now at first order, the determinant of the Jacobian can be approximated by

T

oz’

ox

det(l14+M)~1+TrM = =140, (0°T,z") + O(6%). (1.10)

Therefore, at first order in  (assuming 6 depends on x),

S = /dd:c (140, (6°Tyz"))

x L (¢(x) + 0 A(T)d(x), (6, — 0, (0°Tuz”)) 9, (¢() + 0°A(Ta)¢(x)))
=L — jrO,0% + {---16°, (1.11)



1.1. Review of basic concepts

where

o
00,0

it = | 00 = 84| Tua = 2 A(T)o(0) (112)

00, ¢

Assuming the action is symmetric under rigid transformations g, then terms mul-
tiplying 6 add up to zero . Meaning that if the action obeys the equations of
motion, then the change in the action must be

0=5-S5=— [ d¥%=j"9,0° = | d*z6%9, " 1.13
ja 12 M«]a

for arbitrary 6*(z). In other words, a continuous symmetry implies a conserved
current j

) (1.14)

In terms of correlators, symmetries can be expressed in terms of the so-called
Ward identities. Consider the correlator

(O)-6(en)) = 5 [ D6 o) o(awn)e 10 (1.15)

Applying an infinitesimal transformation to the field
o(x) = ¢ () = ¢(x) + 0°p(Ta)d(x) (1.16)

implies
(O) - 8(on)) = 5 [ DI 9 (a1)... 6/ ()5
-7 / Do {o(w1)+0"p(T) (@)} - (o) +0%(La)p(an) e 5] 4023k
~ (B(21) - (wa)) + D 0% (@) (@(z1) - p(Ta)@(w1) - H(wn))

- [ dtat*@)o, hoten) o). (117)
In the first identity we relabeled the field variable, in the second identity we used

(1.13) and assumed the measure is invariant D¢’ = D¢. Expressing the summation
as an integral

S 0 @ 6() o)) - plaa)) =

/ddw“(w)zw(m) e p(Ta) (i) -+ ¢(wn))0(x — i), (1.18)
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leads to the Ward identity

Ou (il d(x1) - $(xn)) = D _(d(@1) - p(Ta)d(wi) - $(wn))d(z — x:).  (1.19)

%

Integrating this expression provides a way to compute how quantum field operators
transform under symmetry generators, i.e. the quantum version of (1.3). Let V
be a volume containing one and only one field of the correlator, say ¢(z1), then

/Vddxau%‘éﬁ(xl) e O(an)) = (Qa[OV]d(x1) - - - d(n))
= <(p(Ta)¢(xl))¢(xn)>7 (120)

where we defined
Qa[0V] =/ dspj- (1.21)
)%

As long as OV does not cross other points, we are free to deform it. Let us take
OV to be a thin box bounded by

to<tp <ty, tp=a) (1.22)

and spatial infinity. We can then write the surface as the difference of two “time”
slices OV = OV, —OV_. Writing the correlator as a time-ordered expectation value

(1) -~ dan)) = (O] T{(tr, 1) - - $(tn, 2n)} 0) , (1.23)
implies that the difference Q4[0V4] — Q4[0V_] becomes a commutator [Q,, #(x1)].

More precisely,

01 T{[Qa (t1, 21)] -+ &(tn, 2n) } 0) = (QalOVi] = Qu[OV-]) (1) - - - S(an))
= ((p(Ta)o(21)) - - - d(n))
= (01 T{(p(Ta)p(tr, 21)) - - G(tn, )} [0), (1.24)

where in the second line we used (1.20). Therefore

[Qa; ()] = p(Ta) (). (1.25)

Note that this result is independent of our choice of quantization (1.22) since we
will always end up enclosing 1, regardless of which coordinate we pick as time.
Exponentiating this result, shows how the field transformation (1.2) translates into
operator valued fields:

(99)(x) = "V (x)e™"" Ve = VT g(a). (1.26)



1.1. Review of basic concepts

To be more explicit about the relation (1.25), let us write for a moment the @,
as Q(p(T,)). Then, via the Jacobi identity and (1.25), we have a relation between

commutators of ) and commutators of p(T): !

[Q(p(T2)), Q(TY)] = Q(=Ip(T,), p(T3)))- (1.27)

Another way of integrating the Ward identities, gives differential equations
for correlators. Integrating over the whole volume, the left hand side of (1.19)
vanishes by Stokes’ theorem, assuming the (j#---) goes to zero at infinity. This
implies then that

D (@) p(Ta)p(ws) - d(xp)) = 0. (1.28)

%

Not that this is the infinitesimal version of

(0(ah) - o(wr)) = [ DY $at) .. (ap)e )
7/% F(p(x1)) ... F(p(xy,))e 59!
= (F(p(z1)) - F(p(xn))), (1.29)

where in the first identity we relabeled the field variable, in the second identity we
assumed D¢’ = D¢ and that the action is symmetric.

1.1.2 Conformal transformations and the algebra of gener-
ators

Consider d-dimensional coordinates z*, u = 1,...,d, with metric tensor n*¥. A
conformal transformation is a diffeomorphism

ot — gt = Tk (1.30)
which rescales the metric by a position dependent factor

N — A(T) 700 (1.31)
At first order in 6, the coordinate transformation (1.30) induces the following

change in the metric:

oxP 0x° a
Mt = oy = Gy 5 = T — (D 10, 0°Ta? + O(6). (1:32)

!Note that the repeated action of @, reverses the order of p(T); [Q(p(T1)), [Q(TZ), ¢(=)]] =
p(Tg)p(Tal)qb(x) This is the reason why there is a negative sign on the right hand side of (1.27).
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1. Introduction: Conformal field theories in d > 2

It is easy to check that (1.31) then implies

2
(npyau + N0y — dm,,@,)) 0T, x" = 0. (1.33)
The most generic solution to this equation is given by
0°Tyxt = ot + wh a’ +yat +2(8 - z)zt — pra?, (1.34)

where the parameters «, w, 7, and 8 correspond to translations, rotations, dilata-
tions, and special conformal transformations (SCT), respectively. Comparing this
expression with (1.1) we find the form of #% and T,: 2

1
aa = {aﬂ, §W#V7 v, 6“}3 (135)

T, = {p/umuuada k,u}- (136)
where

Pp =0, Muy = 2,0, — 2,0y,
d=a"0,, k,=2x,x 0—2°0,. (1.37)

Exponentiating (1.34) for each different parameter produces the finite version of
the conformal transformations:

translation : " — a2 4 a¥
rotation : z* — A¥ x¥
dilatation : z* — Az* (1.38)
ah — bra?

SCT: o+ —» — .
v 1—2b-2+ b222

Given the form of T, we can compute p(7,) using (1.6). For simplicity let
us assume that the field does not change under the full transformation (1.3), i.e.

(96)(gr) = é(x), then
p(T,) = {P,, M,

s DK}, (1.39)
where

P,=-0, M, =2,0,—x,0,,
D= —2"9,, K,=—2x,z-0+1%0,. (1.40)

2Note that the % factor next to w is to compensate for the double counting when contracting
both indices.



1.1. Review of basic concepts

With these results we obtain the conformal algebra:

[ ]: o [D7KH]:_KI“
[Ky, P)] = 277#!/ —2M,.,
[Py 1/] = = Mup Ly [Kps Myy| = 1p K — 0y p Ky, (1.41)
ool =

Nup
[ /,LV) Mvp - nMpMVo' + 77;wMup - nuUMu,p

Note that different conventions of the conformal algebra correspond to different
conventions for the transformation (1.2). For example, the conventions of [12] are
recovered by sending the generators p(T,) defined here to —ip(T,).

The field generators (1.40) can be mapped to the generators Jap, A =1, -+ ,d,d+
1,d 42 of SO(d+1,1) via

J;LV7 P/,L = _Jd+1u+Jd+2u;
K, = _Jd+1u —Jayou, D= Jat1a42, (1.42)
satisfying
[JaB, Jep) = nBcJap —nacJep +napdsc — nepJac, (1.43)

with metric nap = diag(1,1,...,1,—1). This map will be very useful later.

1.1.3 Conformal representations and correlators

Recall that the symmetry generators in (1.40) are valid for fields satisfying (g¢)(gz) =
¢(x). However, for more generic fields, these results are modified according to
(1.6). Our aim is to compute (1.25) for each conformal generator.® Let us write
the charge Q.,, associated to p(T,), with the same symbol but with a hat on top,
eg. p(Ta) = My, = Qq = Muv- A trick to compute [Qq, ¢(x)] is to study the
case [Qq,¢(0)] and then use P to translate back to an arbitrary position. More
precisely, using (1.26), it is easy to check that

(Qa, &(2)] = [Qa, e Pr(0)e™ Fr] = =" Pl P Qe ™" P (0)] e P
—x-P D 1 D D z-P
=e P Qa"’[I'PaQa]""E[I'P»[I'Pan”"""' a¢(0) € P7 (1'44)
where in the second line we used Hausdorff formula

1

1A (4, B])+ (1.45)
3Note that in the literature, one finds that the commutator notation [Q, @] is often exchanged

by Q¢. One can understand the latter as surrounding ¢ with the charge ) in the path integral,

which is equivalent to the commutator notation as discussed in subsection 1.1.1.

eBe ™ = B+ (A, B] +

7



1. Introduction: Conformal field theories in d > 2

Recall that the commutators between @ are given in (1.27).

For rotations, let us suppose ¢ is in an irreducible representation of SO(d) with
matrix generators Sy, then

(M, (0)] = =S,6(0), (1.46)

where the form of S depends on the representation of ¢; for example for a spin ¢
tensor

(S )22 = (1 680 4 0, 600 )502 80
00 0 (a0 A N, O (1.47)

ag—1

For dilatations and SCT, let us suppose*

A

[D,6(0)] = —A¢(0),  [Ky, $(0)] = —Kue(0), (1.48)

respectively. The algebra between —A , —IC,,, —5,,, must be the same as the full
algebra (1.41) with the translation generator removed. In particular

A, S, =0, [AK)=K, (1.49)

Because ¢ is in an irreducible representation of SO(d) and A commutes with S),,,
then A must be proportional to the identity. Furthermore, the commutator with
KC,, implies KC;, = 0. This representation is called conformal primary and is labeled

by the SO(d) Dynkin labels and the conformal dimension A.

Let us assume for a moment that ¢(0) is not a primary, i.e. [K,,(0)] # 0.
This implies that

A~ A~ A~

[D,[K,,,$(0)] = [[D, K], $(0)] + [K,, [D, (0)]] = —(=1 + A)[K,,, $(0)]. (1.50)

Hence K acts like a lowering operator for the conformal dimension. Given that
physical theories have bounded conformal dimensions (more on that later), acting
repeatedly with K must end when we hit a primary operator. On the other hand,
by a similar calculation,

[D, [P, $(0)]] = —(1+ A)[Py, 6(0)], (1.51)

which implies that P rises the dimension. Operators of the form P,, P, - -- ¢(0)
are called descendants of ¢(0). A conformal multiplet is then the collection of a
primary with all its descendants.

4The negative sign on these commutators is because, as seen in (1.40), the action on the fields
is inverse to that of the coordinates (1.37).



1.1. Review of basic concepts

Putting the previous results together, leads to the action of the quantum gen-
erators on primaries ¢(z):

[P ¢(2)] = —0,9(), (1.52)
(Vs $(@)] = (20 = 2,0,)8() = Sy (), (1.53)
[D,¢(x)] = —z - d¢(z) — Ag(x), (1.54)
[IA(,“ o(x)] = (—2x,2" + x26Z)8V¢(x) + 22" (—Abu + S )o(x). (1.55)

Note that the right hand side of these expressions gives the general version of
p(T,) in (1.40), cf. (1.25). Using (1.6), we extract the action of A(T,) =

{P/u M/u/a .D, XM} on the fields:

P,=0, M,,=—5S,,,
, K, =22"(=Adu + S (1.56)

Using these on (1.3) along with the finite coordinate transformations (1.38) allows
us to write the finite version of the full field transformation:

(990)(g7) = ) *R(S(x) o (), (1.57)
where

agxt
oxv

=Qx)X" (z), T =1, ¥ (z)€ SO(d), (1.58)

and R is the SO(d) representation acting on the field indices. For completeness,
the scale and rotation factors for each transformation are

1 translation
Q(z) 1 rotation (1.59)
T) = .
A dilatation
1
1—2b-z+b222 SCT
ok translation
AF tati
S () = ’ rotation (1.60)
ok dilatation

o8 — 2bHz,, + 2Q(z) (z* — 22b*) (b, — b%z,) SCT

Using the previous results for p(7,) in (1.28), leads to a set of differential

9



1. Introduction: Conformal field theories in d > 2

equations for the conformal correlators of primaries:

S o (0(ar) - ()} =0,

0
5 (-2 + a2 50 + 20 (-8 1 5, ) ) =0,

i
whereas the finite constraints are given by (1.29) and (1.57)

(d(z1) - <HQ Ri (B(w:)” 1)) (1) (xn))  (1.62)

1.1.4 The stress tensor

Using (1.12) we can compute the currents associated to conformal transformations
via (1.37) and (1.56):

oL
o 1
T = 5 0u0(a) = BLL. (1.63
oL
P p_ p
(M) ) — 2, T + 90,6 Suwd(x), (1.64)
oL
P — VTP
(D) =212 + o Mol (1.65)
(K,)P = 2x,2"TF — 2°T" + 2z oc (Ab,, — Su) d(x). (1.66)
s H v Iz 33;)925 4 4

The last term in (M, )? can be removed in a consistent way,? which makes the
stress tensor symmetric under the exchange of indices. In some cases, the last
term (D)? can also be removed in a similar way [12], implying that conformal
invariance is a consequence of scale invariance and Poincare symmetry. As shown
later, removing the second term of (D)” makes the stress tensor traceless, which

5This is done by adding the divergence of the so-called Belifante tensor B to the definition
of the stress-tensor: THY — THY + 0, BPFY, where B is antisymmetric in the first two indices.
The reason we can do this is that both the classical conservation law and the Ward identity are
unchanged. Then it is easy to find a suitable expression for B which cancels the last term of
(M)P. See [12] for a full derivation.

10



1.2. Embedding space and polynomial encoding

in turn implies conformal invariance. This is easily seen from equation (1.13) and
(1.33):

1 1
/ dxT" 9,0, = 3 / d*aT (9,0, + 0,0,) = - / d*aTHO-0=0.  (1.67)

See [14-21] for recent developments on the topic of how scale invariance is related
to conformal invariance.
For the moment, let us assume that
(M)’ =2, 1)) —x, 17, (1.68)
(D) =a"T?. (1.69)

Then, from the point of view of the Ward identity (1.19), classical conservation,
symmetry, and tracelessness conditions for the stress tensor are promoted to

(T == 0 e g ) (1.70)
i (BT = 2aTE) ) = (T = o)) = = 000 =S, (171
%(x”Tfu-):(Tﬁ-u):—Zé(:c—zi)Az(u-), (1.72)

where - - - represents ¢(z1) - - $(an).

1.2 Embedding space and polynomial encoding

The map (1.42) suggests that there exists a coordinate map (embedding) where
the conformal group acts linearly, as SO(d+1, 1), in d+2 dimensional space. Thus
when computing conformal transformations, instead of applying each type of trans-
fomration in (1.38) separately, one applies a single SO(d + 1,1) rotation followed
by a simple coordinate constraint, as explained later. As we will see below, this
is useful when calculating correlators given that the conformal constraints (1.62)
simplify greately when the symmetry group is SO(d + 1,1). Furthermore, con-
tracting coordinate indices with arbitrary polarization vectors results in a simpler
framework for manipulating tensorial quantities (note that this last technique is
not unique to embedding formalism, but the combination results in a very efficient
framework for doing conformal field theory).

The main idea of the embedding formalism, first proposed by [22], is to map the
R? coordinates z*, p1 = 1, ...,d into the coordinates P4, A=1,...,d,d+1,d+2

11



1. Introduction: Conformal field theories in d > 2

living in a subspace MLl ¢ R4+L1 In order for this to work, we need to
impose that the action of SO(d + 1,1) on M9+ is closed. A subspace of R4T11
that satisfies such condition is the light-cone P? = 0. However, this is still d + 1
dimensional. To reduce one dimension further, we can look at a fixed section of
the cone P = f(P*), where we defined light-cone coordinates

p* = pit2 4 pd+l (1.73)

But clearly, SO(d + 1,1) transformations will send points within that section to
a different one in general. Thus the correct subspace Mt is the space of null
rays

P?2=0, P~M\P, (1.74)
and the map is
= Pr, 22 =PtpP. (1.75)

To check that the action of SO(d + 1,1) on M9*+11 indeed corresponds to a
conformal transformation in R?, we can use a nice trick from [11]: First notice

that the metric on a fixed section is, by (1.75),

dPAdP4 = dP"dP, — dP*dP~ . (1.76)
Pr=gr P+=f(z),P~=x2/Pt
This is invariant under the action of SO(d + 1,1). However, to stay in PT = f(x)

we need to apply a position dependent scaling P — A(P)P. The metric then
changes to

ONP)PA ON(P) Py
oPB oP¢
provided P? = 0 (and consequently P-dP = 0). If f(P) = const then dP? = dx?,

and so the result above is just the definition of a conformal transformation (1.31).
Without loss of generality, we fix the section to f(P) = 1, so that

dPAdPy — dPPdPY = \(P)*dP"dPy, (1.77)

1— 22 Pd+2_1—|—x2

Pt — pht pa+l —
. 2 2

(1.78)

Now consider lifting the field ¢(z) to M+ via projection ¢(x) = P(z)®(P).5
Then ¢(z) is a conformal field if

[Jap, ®(P)] = (Padp — Ppda)®(P) — S4p®(P), (1.79)

6The embeddig of both bosonic and fermionic fields has been described in many papers [23-36].
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1.2. Embedding space and polynomial encoding

corresponds to ¢(z) satisfying (1.52)-(1.55). The map between J and the con-
formal generators is given in (1.42). With this definition of ¢, the commutators

are
[P, ()] = P(—0y + a1 — Sdm)P Lo(z), (1.80)
[Myu, ¢(@)] = P8y — 200 — Su) P~ (), (1.81)
[D,¢(z)] =P(~z -0 — A = Sgi1442)P (), (1.82)
[Km o(x)] =P ( 2z,x-0+ 3 — QAJ?M + Sd+1H + Sd+2u) P to(x), (1.83)
where we used

oP(P o0d(P 0 0

8;) _ 8}(3#) _ (anH _ an+2) ®(P), (1.84)
40®(P) 3

PAS = —Ae(P). (1.85)

Matching these with (1.52)—(1.55) leads to the constraint
P-03(P) = —Ad(P), (1.86)

as well as a set of differential equations for the projector P(x):”

0. P+P (§d+1u - Sd+2#) =0, (1.87)

(2,0, — 2,0y + S, )P —PS, =0, (1.88)

z-9OP —PSip1dp2 =0, (1.89)

(2z,2 -0 — 220, — 227 S,,)P + P(Sat1, + Sar2u) = 0. (1.90)

For a field in the (-tensor representation, with S given by the straightforward
extension of (1.47) to embedding indices, the projector satisfying the previous
equations is

opPM OPA: oPA

T opm dpre where WZ@&—%,%), (1.91)

with the caveat that (1.90) is (assuming ¢ = 1 for simplicity)

(22 - @ — 2°0,,)35 — 20" (S, )5) P}

+ P ((Sa+1)5 + (Saran) ) = 205, P4, (1.92)
therefore we must impose that ®(P) is transverse on each index as well

PA®(P)a,..a, =0, VYr=1,...,0( (1.93)

"These equations are true when acting on ®(P).

13



1. Introduction: Conformal field theories in d > 2

The elements in the projector P satisfy the following properties

op4
Ps=0
ax# A )
oPA opPB _ _ _
oo o =P PAPY + PEPA where PA=(0,-1,1).  (1.94)
X xp

This means that the embedding of fields is not unique; tensors differing by terms
proportional to P4 project to the same field on R%. Also, the tracelessness and
symmetric properties of the indices of tensors on M1 are carried over to R%.

1.2.1 SO(d) representation conventions

Before moving forward to the polynomial encoding of the tensor indices, let us
define our conventions for SO(d) representations. Lie algebra representations are
labeled by weight vectors A with dimension given by the rank of the algebra. A
convenient basis for A is the so-called Dynkin basis

A=lai,...,a,], (1.95)

where the Dynkin labels a; are integers with a; > 0 and n is the rank of the
algebra. The rank-n algebras related to the SO(d) group are

B, ¢+ SO(2n + 1), (1.96)
D,, + SO(2n). (1.97)

The fundamental weights are given by a; = [0,...,0,1,0,...,0], i.e. only a; =1
and the rest are zero. These correspond to antisymmetric tensors of 4 indices, with
the following exceptions: for B,,, a,, is the fundamental spinor representation, and
for D,,, the two chiral spinors are a,_; and a,. For a weight A\, we define the
signature Y (X), defined as Y'(A\) = (y1,...,yn), where

n A
o for B,
Yi = Z Aj = {,\Qn +(1428:0) A (1.98)

j=i lf for Dn

and y; € Z V i for bosonic representations, or y; € Z + % Y i for fermionic. In
this work we are concerned with bosonic representations only. Therefore we can
graphically represent Y (\) with a Young diagram, where y; is the length of the

14



1.2. Embedding space and polynomial encoding

i-th row from top to bottom.® The relation between rows y; is

0< Yn < Yn—1 < < Y1, for B’nv (199)
0 < |yn| <yn-1 <~ <wy1, for D,. (1.100)

1.2.2 Encoding tensors with polynomials

In order to simplify calculations with tensors, it is useful to contract all indices
with polarization vectors z. For symmetric traceless tensors it is enough to use
one polarization vector

Opreope (@) = O, 2) = 2M - 2H0 0y, (2). (1.101)

However, for mixed-symmetric tensors, one can either introduce Grassmann po-
larisations to implement the antisymmetrisation between rows of the Young dia-
gram [29], or use different vectors z* and implement the antisymmetrisation man-
ually [37]. Here we follow the latter approach. For a field in the representation
p=(l1,...,¢,), we define

Bpirwpay oy 417 (T) = B(, 2,222

= (Zl)m - (21)M£1 (22)M1+1 R (Zn)wpl(;5#1.__leﬁ_l___mp| (1-)7 (1.102)

where |p| = >, ¢;. Now irreducible representations must be traceless, which im-
plies

62
6aﬁW¢(z,Zl7...,Zn) X trace of ¢:O, V'L7] (1103)
Therefore we can ignore terms O(z%-27) in ¢(z, 2%, ...), or equivalently, set z*-27 =

0.

Now the mixed-symmetric properties of p imply that symmetrizing any of the
indices of row j with all indices of row i vanishes, whenever ¢ < j [29,37]. In other
words,

;, 0

1 - . .
i (x,z7,...)=0, Vi<j. (1.104)

8Note that diagrams with a number of rows equal to m may or may not be irreducible.
For example, in D,, diagrams of height n split into self-dual and anti-self-dual representations
(yn > 0 and y, < O respectively). Unless otherwise specified, we will assume that d is sufficiently
large so that Young diagrams are irreducible.
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1. Introduction: Conformal field theories in d > 2

In embedding space, we promote ZL — 7, sothat ¢(z, 21, ) = ®(P, Z,--+).
Recall that terms proportional to P4 project to zero, therefore

Z'.P=0, Vi (1.105)

Note that we can project an encoded polynomial on M1 to the corresponding
encoded polynomial on R, by choosing a particular value of Z#. More explicitly,
from the projector (1.91), we have °
A
WorT

ZA =2 i (2% —z- 2,2 ), (1.106)

which implies
1 _ 1
¢($7 Ry ) =o(P,Z,... )|PA:(wa)#)#))(Zi)A:((zq‘,)a)_zq‘,,LZi,w)' (1'107)

It is easy to check that for this definition of Z4, the traceless condition carries
over

Z'- 77 =0. (1.108)

In summary, a field ¢(x,z,...,2") in the conformal representation [A,p =
(01,...,0,)] is lifted to a field ®(P, Z,..., Z"), where

P?=7'.P=2'27=0, VYi,j, (1.109)

and the field satisfies the following differential equations

P. 8%@ = —AQ, (1.110)
AR %@ =(;®, Vi, (1.111)
P- 8821@ =0, Vi (1.112)
VAR %@ =0, Vi<j. (1.113)

Note that these are equivalent to the following field transformation rule
<I>()\P,a1Z1 +51P7O[222 +ﬂ2p+72,1217a3z3 +53P+’73’1Z1 _’_73,2227. . )

= (ﬁ(&)“) O(P,Z', 7% ...). (1.114)

i=1

9Here the coordinates are labeled X4 = (X, X+1, xd+2),
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1.3.  Correlation functions in embedding space

1.3 Correlation functions in embedding space

Recall that general correlation functions transform as (1.29), where the specific
case for conformal symmetry is given in (1.62). As seen in the previous section,
conformal primaries are encoded by SO(d + 1,1) tensors transforming as (1.114).

Therefore, the embedding version of (1.62) for primaries [A;, p;], i =1,...,m is
G ()\iPZ-;ongf + B/ P; +7;kzﬂo<k<j) =[] N2 TI (@) ) G(p; 2),
i=1 j=1
(1.115)

where h(p;) is the number of rows in the Young digram p;, (p;); represents the
number of boxes in the j-th row of p;, and

&P,z = (P, Z}, 72, 2P, (1.116)

» e

1.3.1 Scalar constraints

Let us suppose for a moment that all fields in G are scalar [A;, (0)]. Then G must
only be made out of terms P;; = —2P; - P;,'% with i # j. Then (1.115) has the
following solutions for m = 2, 3, 4:

1
Ca,00,,0,K5" (P1, P2),  K5'(Py, P2) = —x-, (1.117)
12
1
)“I’17‘I’27‘1’3K3 (PZ)’ ’C3 (Pi): A1 +Ag—Dg  Ai+Az3-Dg  DAotlAz—Aq ) (1'118)
P 2 2 P 2
12 13 23
L1z B34
(P*) (P*) i Py, P Py, P.
A, A; P14 P13 124734 144723
K:4 (Pz)f(Uv V)7 IC4 (Pz) = INEY NN Y ) U= ﬁ7 V= PP ’
P,? Py, 7% 134724 134724
(1.119)
where A;; = A; — Aj, c and A are arbitrary constants, and f is an arbitrary

function.

101t will be clear why we use this normalization later.
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1. Introduction: Conformal field theories in d > 2

1.3.2 Spinning constraints

Now for generic spinning fields [A;, p;], i = 1,...,m, we can combine the previous
scalar results into an ansatz

G(P; Z]) = Ko (P)Q(P;, ZY), (1.120)

with @ a scale invariant function: Q(\; P;; Zij ) = Q(F;, Zf ), satisfying the spinning

constraints
0 (Pi;agzg +BIP, +%-”“Z§|O<k<j) 11 H Nedi | QP Z7). (1.121)
i=1 j=1

Note that, in general, () can have more than one solution. Each solution is called
a tensor structure. The form of Q can be constructed out basic building blocks,
by contracting the exterior products of P; with Z; [4],

BMP, Z))=PiNZ}NZZN--- N 2P, (1.122)

with an appropriate normalization so that each building block—and hence Q—is
scale invariant. This is easy to understand, since

n
B! (szongf +6gpi+7§’kzﬂo<k<j> — H(az) Br(P,, 7). (1.123)
j=1

So in order to get the correct exponents (p;);, we must include several B}, for
particular values of n. Let us now see some particular examples. The simplest
building block corresponds to the case with one spin-1 field. That is

0.pl.RO
v =2 By Bi By _ PuZi B - Pyl D (1.124)
I / Pij Pirx Pjk / Pij Pir Pj
where VZ( g k) = Vl(k j) For two spin-1 fields,
(21,2 B} - Bj L. Zb-pzhP
H WV ==——=7+ 22— 1.125
(2}.2}) (2;.2}) ; )
where H; = H;;”""". One can check that any contraction of B’s to form a

structure of n spin-1’s, with n > 3, can be written in terms of H and V [31].

For higher representations, one can produce more complicated contractions
of B, or, alternatively, use the basis of building blocks {V, H} with a manual
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1.3.  Correlation functions in embedding space

antisimetrization. The simplest case is that of one antisymmetric spin-2 field and
one vector:

B BE-Bi_ a2 ez
VP PPy P

where we the antisymmetrization is only among polarizations of the same coordi-

(1.126)

nate Z;, and it is defined without a numerical prefactor:
Tleam] — > ves,) sgn(o)0,e® ... 55 DTV v For two spin-2 antisymmetric fields,

there are two options:

iP5 H;}Z”Z])Hszl]’z])

3 Py ’
P;; P Pjx gk Vi ij : :
As an example, let us take a term of the form
(24,23 £1—2L2 (122,22) 1(22),22) £2
Q= (HIQ“ 2 ) <H12 122) (2302 ) . (1.128)

Then, by (1.123), it transforms as

2 2
Q= ([[TIH" | e (1.129)

i=1j=1

which corresponds to a tensor structure of two fields in the p = (¢1,¢3) represen-
tation of SO(d). From the point of view of the basis {V, H}, we can understand
this as follows; the term (...)% means that H joins the first £ boxes on the first
and second rows of p; with those of po, while (--- )~ joins of the last £; — £
boxes in the first row of p; with those of ps.

For general representations, one can write all the tensor structures in ) via
contractions of B’s,'! but we will use the basis of H and V here.

Building and counting tensor structures

Let us describe how to build and count tensor structures out of V’s and H'’s, by
looking at the Young diagrams of the field representations. We follow an argument
similar to that in [29], but we will arrive at the more formal counting formula
from [38].12

Here we are ignoring parity odd structures, which are contracted with the antisymmetric
e-tensor. See [31,38] for more details.
121In that work, the conformal frame formalism was used to arrive at the formula.
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1. Introduction: Conformal field theories in d > 2

Consider a correlator of fields @, in representations [A;, p;]. In the basis of
building blocks V' and H, V; fills a box of the Young diagram p;, while H;; connects
two boxes between diagrams p; and p;. Therefore each tensor structure appearing
in Q(P;, Zij ), corresponds to a linearly independent filling/connection of all boxes
between all p;.

Of course this process has to be done in a consistent way, as to respect the
Young symmetry of each p;. For example, there cannot be two identical V;’s
in the same column of the Young diagram. Hence, for a fixed row j, there are
(pi)j — (pi)j+1 = 0 boxes that admit identical V;’s, with coordinates (7, (p;)j4+1 +
1), (4, (pi)j+1+2),...,(J, (pi);). Given that each row is symmetrized, let us assume
that we start filling the row’s boxes from right to left. Then, for each filling
configuration, the empty boxes constitute a valid and independent Young diagram
A, with following property

(Pi)1 = A1 = (pi)2 = A2 = (pi)s = -+ (1.130)

But this is the condition that the representations in Resgggjll)pi must satisfy.

More precisely, the branching rules for dimensional reduction are given by

Resp" p = X A, e SO(2n+1) = SO(2n),  (1.131)
PLAL>p2> X2 > 20 > A
Resp" p= X A, ie SO(2n) — SO(2n —1). (1.132)

P12A12p22 N2> 2N 12|

Here, we are assuming that the dimension d is large enough so that both branching
rules are the same (e.g. if p, = 0).

So far we have looked at the filling of p; with identical V;’s. However, in
(n > 4)-point correlators, there are n — 2 independent V; [31] (e.g. V1,23 and Vj 24
in a four-point correlator'3). We proceed by considering the possible fillings of the
remaining empty diagrams Resggg?_l) pi with the next V/, and so on. Thus, the
possible ways we can fill a diagram p; with n — 2 independent V;’s, is in one to one
correspondence with

ResZSEZLQ,mm m =min(d + 2,n). (1.133)

Finally, the remaining empty box diagrams (if any) are connected in a con-
sistent way, via the building blocks H. If we think of each diagram as a tensor,
then each independent configuration of box connections, corresponds to the differ-
ent ways of contracting the tensor indices into a scalar. The number of possible

13Note that V1,34 is a linear combination of the other two by (1.184).
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1.4. Two- and three-point functions

contractions is then the multiplicity of the singlet in the tensor product of repre-
sentations. Therefore the number of linearly independent tensor structures in an
n-point function is

SO(d+2—m)
) , (1.134)

- S0(d)
<® Resso(at2—m)Pi
=1

where (p)“ projects out the singlets in G. This is the same formula that was found
in [38], which is consistent with that of [29].

1.3.3 Projecting correlators to R?

To project embedded polynomial expressions into R?, we use (1.106) and (1.78)
to derive the following results

Py=-2P-Py=ua}, Zf -Pj=—2f wy, Z Zj=2] 2, (1.135)

where z;; = x; — x;. Then the building blocks V' and H project to

l ..
VS = (e, (1.136)
k 1 .
H ) = (b ()7, (1.137)

where

(0% aZ (i) — 5 (Tig)
® 2.2 .2

)

LiiTikTik
miiD) = 5" — o @ia)u@is)y );‘2(% o, (1.138)

ij
1.4 Two- and three-point functions

1.4.1 Two-point function

From the discussion of the previous section, a tensor structure of two fields ®;, ®;
can only contain building blocks H;;. Therefore their two-point function must be
non-zero, only when their SO(d) representations are the same. Then the two-point
function of a field ® in the representation [A, (¢1, s, ..., ¢,)] is

(D(P)B(Py)) = cakh (H (H)) (H,)" (1.139)
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1. Introduction: Conformal field theories in d > 2

where we defined

HZ H([Zm il H(Zf]vzf)

iy ij

(1.140)

This corresponds to two Young diagrams (1¢) (using standard notation (k") =
n times

—_——~
(k,k,...,k)), joined by H;;’s.

For example, for operators O in the symmetric-traceless representation (£), we
have

(OP)O(P) = cokcs (BE 7)) (1.141)

1.4.2 Three-point functions

For three representations, no general formula is known for the solution of (1.121).
But we can construct the tensor structures case by case, with the algorithm de-
scribed in 1.3.2. Let us define the analogues of (1.140):

2 4 £—1
Vit =y g# s g B, (1.142)
22 (22D | 02
vzl = vy g ez g : (1.143)

Here, V¢ corresponds to a Young diagram p; = (1¢), where one of the boxes is
filled with V; . and the other £ — 1 boxes are joined to the boxes of p; = (1¢71)
with H;;. While V%* corresponds to two diagrams (1¢) with ¢ — 1 boxes joined
with H;;, and one box of p; (p;) filled with V; ;i (Vj k) respectively.

In the rest of this subsection, we write the relevant three-point functions that
will be useful later in this work. Their generic form is, by (1.120),

(& (P1, Z}) Do (P, Z5)®3(Ps, Z4)) = K5 Z)\l QY(P;, 7)), (1.144)

where the sum is over all independent solutions of (1.121), A are called three-point
function constants, and the fields ®; are in representations [A;, p;]. We specify the
SO(d) representations p1, pa, p3 before each expression.

(€2, 03),(0), (¢1,€2,43)

l1—2 lo—0 14
M (Vite) (V)T (Vi) (1.145)

22



1.4. Two- and three-point functions

(62 + 1u 0)7 (0)7 (617£27 0)
Ai (1721 2pyl 11\l g\ B2
K3 (A V3o +A H31) <V31,2> <V31,2> ) (1.146)

(b2, 43+ 1),(0), (€1, 42, 3)

£1—4 Ly—l3—1 ¢
K3 (Alvgfa + ’\2H§1> (Vfl’)ilz) o (Véﬁz) o (Véi%) 37 (1.147)
(b3 + 1,03 + 1), (0), (41, £2, £3)
K3 (AlVﬁngi’fQ ARV H, + NHE VA, + NHS HY, )
bi—tl2—1 lo—l3—1 £3
1,1 1,2 1,3
X <V31,2) <V31,2) <V31,2) , (1.148)

(€2 +2,0),(0), (£1,£2,0)
A (1 (w21 2 L 29l w2l 3 (prl )2 11 \amm2 g0\
K3t A <V31,2> + \°H3, Vi, + A7 (Hy) <V31,2> <V31,2> )
(1.149)

(l2, 45 +2),(0), (€1, 42, 43)

2
i (3 (Vi) B VAR, + 00 (1))
l1—4 lo—03—2 L
x (V;{Q) s (Véfg) o (Véfg) *. (1.150)

(62763 + ]-, 1)7 (0)7 (£17€2a‘€3)

K3 (N VAL VR, + XV, HE, + NPHE VY, + AHY HS, )
£y —L2 lo—Ll3—1 05—1
1,1 1,2 1,3
X <V31,2> (V31,2> (Vgl’g) . (1.151)

For the cases with one trivial representation (0), it is easy to check that the
number of structures matches (1.134), for generic values of ¢;. Consider the rep-
resentations p = (p1, p2, p3) and o = (01,02,03). Given that the tensor product
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1. Introduction: Conformal field theories in d > 2

of two identical representations gives a scalar, then we need to count number of

diagrams that are shared between Resgggg)_l)p and Resgggg)_l)a. In other words,

we need to find A = (A1, Ay, A3) such that
PL=>AM2p2>2A>2p3 > X320 A o > N 202> A >032>A32>0. (1.152)
The number of solutions is then given by

(min(ps, o3) + 1) (min(pe, o) — max(ps, o3) + 1) (min(py, 01) — max(pe, 02) + 1).
(1.153)

In particular, taking py = ¥la +i,p2 = U3+ j,p3 = k and 01 = {1,090 = {y,03 = {3,
gives

(+1)G+1)(k+1) (1.154)

tensor structures, where we assumed k < f3, f3+ j < fo, €y + i < ¢1. This is
consistent with the number of terms in the expressions above.

Note that there is a class of spinning three-point functions with the minimum
number of tensor structures, i.e. one, which we will call ‘seed-like three-point
functions’ From the previous discussion it is easy to see that these have SO(d)
representations (¢1,%2,...,4,), (la,...,4,), (0).

For the case where all three operators O; are in the symmetric-traceless repre-
sentation (¢;), a solution to (1.121) can be written as follows [31]

Q(P;, Z;)
= Chyinany X (Vi,23)" 772778 (Vo 31) 277" (Va g0) 5 ™™ " Hyg HYS H32

li —Nj — Nk > 07 v i,j,k‘, (1155)

where we omitted the explicit dependence on the polarization Z, and C are the
three-point function constants. Note that, as shown in [31], in d = 3 not all of
these terms are independent. For higher dimensions, the number of structures is
given by

N(br, b, bs) = 50+ 1) (6 +2) (3~ +3) = Sop(p+2)(2p+5) — 7= (1= (-1))

(1.156)
with ¢; < ¢y < {3 and p = max(0,¢; + ¢ — ¢3). One can check that this expression
matches (1.134). For example, for ¢; = 0 the formula reduces to N(0,¢3,¢3) =
U3 + 1, which is consistent with (1.154).

24



1.4. Two- and three-point functions

1.4.3 Conserved operators

A fundamental property of a unitary theory is that all states in its Hilbert space
have positive norm. For the case of conformal field theories, the spectrum of
states splits into multiplets, each of which is a collection of a primary with all
its descendants (recall from subsection 1.1.3 that descendants are constructed by
applying the translation operator P onto the primary). Imposing positvity on
the descendant states then restricts the possible conformal dimensions A of the
primaries [39-42]. More precisely,
d—2

Az, (1.157)

for scalar operators, whereas
A= (o) —hip) +d—1 (1.158)

for operators in the p € SO(d) representation, where (p); is the number of boxes
in the i-th row of p and h(p) is the number of total rows. It turns out that this
bound is saturated by conserved currents. To see this consider a tensor g,,, ... L) in
representation p of SO(d). This can be recovered by a transverse tensor G4, . . A,
in embedding space by contracting its indices A; with the projector P defined in
(1.91). Therefore the divergence of g is given by

L AL A,
85‘p‘gul.“u|p‘ = 8/1|p‘79u11...u‘;|IGAl...A“,‘ (1159)

which includes a term where the derivative hits P and a term where it acts on G.
From (1.91) and (1.94) it is easy to check that (see [29] for the full derivation)

o A1 Ay
0=00""Gru = Prori 1 Ry 1 (1.160)
Ray.yp

1 _ _
= (8?” — 55 [(P-0p)PY + (o)1 = h(p) +d = A —1) P*“IP}) Gay.a,,

(1.161)

where the second term vanishes since G is transverse,'* and last term must be
zero given that the contraction with P is not SO(d+ 1, 1) invariant. Thus (1.158)
is saturated as promised.

Moreover, from the point of view of the Ward identities (1.19), having a con-
served operator in a correlator, gives additional constraints. In general, these

148trictly speaking the contraction with P may not vanish exactly, but up to a term O(P2).
Then the derivative P-9p gives O(P- P) which cancels the denominator, thus preserving SO(d+
1,1) invariance.
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1. Introduction: Conformal field theories in d > 2

constraints will produce relations between the different tensor structures @ (c.f.
(1.120)), thereby reducing the ‘degrees of freedom’ of the correlator. Further re-
cent developments on properties of correlation functions for conserved currents
can be found in [38,43,44]. Let us now see an example for three-point functions.
Consider a three-point function of two traceless-symmetric spin-2 tensors and a
scalar. By equation (1.149) this is

Gaynns220 = (0H + BH12Vi 23Va 31 + 7 VigsViday) K5 055 % L (1.162)

Now assuming the stress tensors are conserved, this implies that A; = Ay = d,
and (in the language of encoded polynomials)

(Op - D)G A, Ay,0402,20 = 0, (1.163)

where D is defined in (5.5). Applying the derivative then results in the following
relations

4h(h — 1)(2h + 1) — 4A3h(2h — 1) + A2(2h — 1)
= 1.164
@ 2A5(As +2)(h — 1) T (1.164)
_244R7 + Ay — 2h(A3 4 1)

(h—1)(A; +2) 7o

8=

where h = d/2. Therefore in this case, G has only one independent tensor struc-
ture, labeled by a single coefficient ~y.

1.5 Weight shifting operators

Now we discuss a formalism that allows us to transform the representations of
conformal fields. The first instance of this idea was found in [45] in terms of three-
point functions, but it was later understood more formally in [46]. In this section,
we follow the exposition of [46].

The basic idea is that tensoring a finite-dimensional representation 2 of SO(d+
1,1) with a conformal primary ¢, decomposes into irreducible representations dif-
ferent to that of ¢. More explicitly, a field in the tensor product space can be
written as

$(x) = e @ Da(w)o(x), (1.165)

where e, A = 1,...,dimQ are basis vectors of . Then by choosing a specific
form of D4, we can ‘transform’ the conformal representation of ¢ to a different
one. However, note that D4(z)¢(x) is a conformal primary with an extra index,
associated to the finite-dimensions representation 2.
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1.5. Weight shifting operators

For a given SO(d + 1, 1) representation 2 and a field ¢ in [A, p], the possible
choices of D are in one to one correspondence with the irreducible components of
Q®[A, p]. To compute this tensor product, we first need to know what conformal
representations correspond to €2, given by its decomposition to the subalgebra

SO(1,1) x SO(d):

Q- QR liwil, (1.166)

== ()1, (D1

which is a sum over 2(Q); + 1 terms (recall (2); is the number of boxes in the first
row of §2). Then the tensor product is

Qe [A,p = (0 Q) [A+i, A (1.167)

i=—(Q)1,...,(2)1 Aew; Dp

Let us work out a simple example with Q = (1) — [—1,(0)] & [0, (1)] & [1, (0)]
and [A, p] = [A,(0)]. The formula (1.167) then predicts the existence of three
representations: [A — 1,(0)], [A, (1)], [A + 1,(0)]. We can find these primaries
from (1.165), by imposing [1 ® K, + K, ® 1, ¢] = 0. These are

07(0) = e @1 (0)¢(0),
0u(0) = e ® (Ag0,u14(0) +14(0)9,) ¢(0),
07 (0) = e ® (Ay(2A4 — d +2)0?94(0)
+d(2A — d +2)0,94(0)0" + dip4(0)0%) $(0), (1.168)

where the dimension of ¢ is —1. Note that here 1 is not a physical field but
just a mathematical construct. In the next subsection we define its value in the
embedding formalism.

In summary, for a given finite dimensional representation 2 of SO(d + 1, 1),
there is a set of associated weight-shifting operators D : [A,p] — [A +i,A] €
Q® A, pl.

1.5.1 Embedding space construction

As seen in the previous example, D4 is constructed in such a way that when
applied to ¢, it produces a primary in a different representation. Here we describe
how this is done in embedding space, introduced in section 1.2. This subsection
is based on [4] and generalizes the construction of [46] to arbitrary bosonic SO(d)
representations.
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1. Introduction: Conformal field theories in d > 2

Consider an embedded field ®(P; Z7) in representation [A, p], satisfying (1.110)—
(1.113):

(P-0p+A)®=0, (Z'-0z —(p);)®=0, P-9z®=2" -aZj<I>|l,<j =0.
(1.169)

Then in order for D4 to be in the representation [A + 4, \], we must impose

([P-0p,Dal +iDa)® =0, ([Z"8z:,Da] +{(p)i — (\)i} Da) ® =0,
[P0, DAl® = [Zi-ﬁzj,DA]fﬂKj =0. (1.170)
Furthermore, D4 must be interior on the subspace P> =Z*- P =27-77 =0. In
other words, for every independent test function t(P; Z7) = O(P?,Z¢- P, Z" - Z7),
in the same representation as ®, we demand Dat(P; Z7) = O(P%,Z¢- P, Z* - Z9).
The test functions can be written in terms of the basis B™, defined in (1.122), as

t(P; Z9) = (B™ - B™) f™(P; Z’ (1.171)

))|O§m§n’

where B™ - B" = O(P?,Z- P,Z" - Z7) is in the representation [—2, (2™, 1"~™)],
and consequently, f™" is in [A 4+ 2, p — (2™,1""™)]. Note that we do not need to
know f™" explicitly, as the interior condition can be re-written as

[Da, B™ - B"]f™(P; Z7 =0(P%,Z"-P,Z"- 79). (1.172)

)|O§m§n
We will write the explicit form of the operators Dy for SO(d) representations
with h(p) < 3 in chapter 3. For now, notice that in the example (1.168), the

embedded operator associated to 14 is simply P4 (it trivially satisfies (1.170) and
(1.172)).

1.5.2 Three-point function differential basis

Now we describe the implications of computing correlation functions that include
weight-shifting operators D 4. Consider weight-shifting operators Dga) DAL pi] —
[A;, pi], where the upper index (a) labels which operator it is from the decomposi-
tion (1.167), and the lower index means it depends on P;. Inserting this operator
into a correlator, produces a quantity that transforms as a conformal correlator
with an extra index associated to a finite-dimensional representation

A @D ( Dy DDy D). (1.173)

Notice that e? ® DZ(Z)CI);» € [A,p] by definition. Therefore the quantity above
has the same transformation properties as the correlator (®p -+ @, - - - Dj--- D,,).
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1.5. Weight shifting operators

Alternatively, we could have chosen a different operator
A @D (@) By D), (1.174)

in such a way that the resulting representations are the same to those of (1.173).
Hence there must be a linear relation between the two bases:

DDy B Dy By = Zaq);‘bpj(lg@l D@ d,),  (1175)
@b
where (I’;- € Q ® ®;. Specializing to three-point functions this then implies

(b) /\(a) o o V") (m)
Dy 4(@i®;9p)' = Z ® QO @ Dy (2;2;04)"™,  (1.176)
L eQRP;,m,n k k) mn

where the coefficients {---} are called 6j symbols, and we included an index in
the correlator to label tensor structures, i.e.,

(B1D2®3) = > Aa (D1 DyP5)(). (1.177)
a

Now notice that the weight-shifting operator DEZ) ng)A : @) — @Y is associated
to a scalar representation of SO(d + 1,1). Therefore, according to (1.167), this
operator must be proportional to the identity:

ab

a b)A @2
DD = <(I)i Q) EIRY (1.178)

)A

Thus, contracting (1.176) with DZ(C on both sides gives

ab cn
o, ©; @ L
D). D) (3,®,8) () = A i /PPy ™.
) k(l]k}) Zq)qu);qmnq)ZQ <1Jk:>

m,n

(1.179)

This is a very powerful relation because it maps different three-point function
representations by acting with differential operators on two points. This will be
exploited later on.

The particular case where ®; and @, are scalars, and ®; and ®j, are symmetric
traceless tensors was first studied in [45]. Given the large amount of literature
that uses this differential basis, we will use it instead of re-writing everything in

29



1. Introduction: Conformal field theories in d > 2

terms of the new basis (1.179). In [45] they define a basis of 5 operators:'5

1 0 0
0 0
—(Z; - Zy) (Pi'az>+(Zj'Pi) (Zzo”!Z) ,
J J

1 0 0 0
Dy;j =— ipij (Zi . (‘3P¢> —(Z; - P)) <Pi . aP,»> +(Z; - F;) (Zi . 8Zi> ,
(Z:,2Z5) . -
H;; as in (1.125). (1.180)

The operator D;,; increases the spin at position ¢ by one and decreases the di-
mension by one at position i; Dy;; increases the spin at position ¢ by one and
decreases the dimension by one at position j. H;; increases the spin by one at
both ¢ and j and leaves the conformal dimensions unchanged.

Finally, note that (1.179) is not limited to increasing spin, it can also be used
for lowering it. See [46] for more details and applications.

1.6 Four-point functions and conformal blocks
Consider the four-point function (@, ®,®3®,), with fields ®;(P;; Z/) in represen-

tations [A;, p;]. From equations (1.119) and (1.120), this is given by

(B1Do03Py) = K3 (P) Y Qu(Pi, Z0) £ (U, V), (1.181)
k

where sum runs over all independent tensor structures which includes a total of

4 SO(d—2)
SO(d
(@ Ressogd)_Q)pi) (1.182)
i=1

elements, assuming d > 3. Similar to the three-point function case, we will build
the functions @ by antisymmetrizing the basis {H,V} from (1.124) and (1.125).
Note that, although we can write three different V'’s for each position @

Wik Vigi, Vi }, (1.183)
only two are linearly independent, due to

VPPV PPV — PPV = . (1.184)

15Here we use a slightly different notation that emphasizes what each operator is doing. In [45]
they call D;; and D;; what we call Dy;; and D3 ;; respectively.
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1.6. Four-point functions and conformal blocks

A conformal partial wave We is defined as the contribution of a primary op-
erator O (and its descendants) to the four-point function. In other words,

(B1D2D304) = > AoWo(P), (1.185)
o
where Ao are expansion constants. On the other hand, from (1.181), we have
Wo(P,) = K3 (P) > Qu(Pi, Z)gow(U, V), (1.186)
k
where we defined
(U, V) =" Aogor(U, V). (1.187)
o

The functions go are called conformal blocks. Given the simple relation between
these and the partial waves (1.186), sometimes the terms are interchanged in the
literature. However, the main difference is that the conformal blocks only depend
on the invariant cross-ratios U,V , while the partial waves carry the four-point
tensor structures as well as the kinematic factor K.

In the following subsections we will discuss several techniques for computing
conformal partial waves (conformal blocks), known in the literature. However, this
by no means an exhaustive list. See [30,34-37,47-61] and references therein for
other developments in conformal block technology.

1.6.1 Conformal partial waves I: The OPE

Consider two fields ¢1(21), ¢2(22) in a configuration where z1 and x5 are close to
each other. One can approximate the product of ¢1¢2 (by product we mean a pair
of operators inserted in a correlator) as a sum over all local operators U at zs:

$1(21) X Pa(2) = frou(wia)U (w2). (1.188)
u

Now, because of conformal symmetry, we can reorder the sum over U in terms of
conformal primaries and descendants

o= > > (1.189)
u O primaries a=0,PO,PPO,...

where P--- PO represents the action of the translation generator (1.52). From
the integrated Ward identity (1.20), this is equivalent to applying derivatives to
the correlator, so we can write

$1(11) X P2(72) = > M20Fo (712, 02,)O(2), (1.190)
O
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1. Introduction: Conformal field theories in d > 2

where the function F' generates the sum over the descendants. This is the con-
formal operator product expansion (OPE) and has a finite radius of convergence.
More precisely, it converges as long the closest operator to ¢1 (1) is ¢2(x2) [62,63].

The explicit form of F' can be obtained by imposing consistency when inserted
in correlators. For example, inserting (1.190) in (¢1¢2O) implies

(91(x1)P2(22)O(3)) = M20Fo (w12, 0r, ) (O(22)O(73)), (1.191)

for all primaries O appearing in the OPE ¢ X ¢o 3 O. Then using the explicit
form of the two- and three-point functions (1.139), (1.144), one can fix the form
of F'. Note that if the coefficient in the two-point function cp is normalized to
one, then the constant A is the same as the one appearing inside the three-point
function. Hence the term three-point function constant is interchangeable with
OPE coefficient.

For non-scalar operators, the generalization of (1.190) is straightforward:

d)l M1 phey ($1)¢2 V1Vig (:EQ) = Z Z )‘IfQOF(]; B gy V1 Vg (le’ aEQ) : O($2)’
O k

(1.192)

where k counts the different tensor structures in (¢;¢20), and the indices of O
are contracted with F'.

Now consider the four-point function (¢1¢2¢344) and replace the pairs ¢;¢a,
@304 by their OPE expansions (1.192), to obtain

(G1620304) = Y > a0 Ma0WE (x:), (1.193)
O rs
where
W& (2:) = Cp (212, 02,)C (34, 02, ) (O(22) O(24)) (1.194)

is the conformal partial wave contribution from the primary O in the (12)(34)
channel. Inserting the OPE in different pairs of operators will produce different,
yet consistent, expansions for the four-point function. However, note that only two
channels will have intersecting regions of convergence. For example, for (12)(34)
and (14)(23), we can choose the position of ®2 and ®3 such that & is closest to
®,, and P3 is closest to ®s.

Using this idea, conformal partial waves can be computed in principle [64—66].
However, in practice we use more efficient techniques that do not require the
explicit knowledge of the OPE, as we review in the next subsections.
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1.6. Four-point functions and conformal blocks

1.6.2 Conformal partial waves II: The Casimir

Consider the three-point function (®1Po®3) and apply (1.28) for the embedding
generator J (1.42)

(J1ap + J2ap)(P1(P1)Po(P2)P3(P3)) = —J345(P1(P1)P2(P)®3(F3)). (1.195)

Then, defining the Casimir differential operator J%, = —%(JlAB + JgAB)(JlAB +
Joap), we have

J52(®1(P1)®o(P)®3(P3)) = *%J3ABJ3AB<‘I)1(P1)¢2(P2)¢3(P3)>
:C¢3<¢1(P1)¢2(P2)¢3(P3)>7 (1196)

where in the last identity we used the property of the Casimir operator C, [C, ®(z)] =
Co®(x), with

1 1
C= fijABJAB = D(D —d) = PyK" — - My, M*", (1.197)

C=AA—-d)+5,.,5". 1.198
©w

For a tensor field ® in the representation [A, ({1, 05, --)], the eigenvalue S, S*”
is given by [52,67],

Ld/2]
Su S =3 Uil + d — 2i). (1.199)
=1

See also appendix F of [37] for a derivation of this result.

Another way of understanding (1.197) is by inserting the OPE of ®;®5 in
the three-point function. This implies that the action of the Casimir differential
operator J122 on @, x ®5 can be replaced by the Casimir eigenvalue of &3 € &1 x ®.
Therefore applying JZ, on (1.194) leads to

(J3, — Co) WEH(P;) = 0. (1.200)

Then by the relation (1.186), this translates into a coupled system of differential
equations for the conformal blocks g¢5,. (U, V). Given that the Casimir differential
operator is second order, proper boundary conditions must be imposed on go.
These are obtained by taking the asymptotic limit of (1.194) when x19, 234 — 0.

The Casimir differential equation for go was solved in closed form for even
dimensions d and ®; = [A;, (0)], in [68]. For operators in arbitrary representa-
tions, recursion relations from the Casimir equations were obtained in [56]. As a
reference, higher order Casimir operators can also be used for studying conformal
blocks. See for example [47,69].
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1. Introduction: Conformal field theories in d > 2

1.6.3 Conformal partial waves III: Shadow projectors

Writing the four-point function as an expectation value, we have

(0] @12 [W) (V| P3P, |0)

(P1DP2D5D,) = , (1.201)
2w
where we have inserted a complete set of states 1 =) % Now, using con-

formal symmetry, we can reorder the sum over ¥ in terms of conformal primaries
and descendants

D1 D50) (D3P
(P102P30g) = Y > (21 2<><> a24) (1.202)
O primaries a=0,PO,PPQO,... aa

just like we did for the OPE in subsection 1.6.1. The sum over « could also be
generated via derivatives, but that is no better than (1.194). Instead, to obtain a
more useful expression note that, the commutation properties of the Casimir imply
that the three-point functions (- - - &) have the same eigenvalue Co. Furthermore,
we see that (1.196) holds for arbitrary values of Ps. Therefore both

<(I)1 @20&) <OL(I)3¢4>
(o)

(1.203)
a=0,PO,PPO,...

and
No [ PP/ @,2:0(P) - (OPIOW))|a,a,) - (OP)@aa). (1201

satisfy the Casimir differential equation with the same eigenvalue. The function
inside the integral was chosen so that they have the same transformation properties
under the conformal group. Here we defined A = d — A, and the dots - imply that
the indices of O(P) in the three-point function are contracted with those of O(P)
in the two-point function (the same for O(P’) ).

The non-local operator with dimension A is called the shadow operator [28,
70-72], and is defined by

O(P) = /dP’ (O(P)YO(P))|ap2,) - OP). (1.205)

However, the expressions (1.203) and (1.204) are still not equivalent. This is
because we have not yet imposed the correct boundary conditions on (1.204). An
elegant way of doing this, from [28], is to demand that under the monodromy M :
P15 — e*™ Py, the integral picks up a factor e?7?A0 (as opposed to e?mild=Ao)
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1.6. Four-point functions and conformal blocks

which is the other solution). The reason for this is that in the 12 — 0 expansion,

(1.194) has a common factor (m%Q)ATO

In summary, we have found two equivalent expressions for the projector Py in
1= Z Peo. (1.206)
O primaries
These are

Po = 3 o) (o :No/dP|O(P)> {(O(P)], (1.207)

a=0,PO,PPO,... (o)

where it is understood that when inserting the integral in a four-point function, a
monodromy projection must be applied. Note that the coefficient Np is fixed by
demanding

(OPp )= (0. (1.208)

The partial waves are then given by the insertion of Py in the four-point
function:

(B1D2D3Ds) = > (2182 PoPs®y) = D Moo MaoWE (), (1.209)
O O,r,s

where

W& (P) = 3 (Maso)"No [ dP(@:1220(P))") - (O(P)2a)” ,

t M:E’hriAo

(1.210)

and the mixing matrices (M340)* relate the OPE coefficients A340 with Aoy
Z)‘ZSMO(MMO) = /\;40 (1.211)
Using (1.205), the mixing matrices can be computed via

Z/\p (I)lq)g P ) = Z)‘IQO MlZO) p<(1)1(b26(P)>(p)

=Y Moo / dP' ((O(PYO(P s, a,) - (@1820(P))D. (1.212)

1.6.4 Spinning partial waves via weight-shifting operators

Another approach for computing conformal blocks, in particular for the case where
the four-point functions include fields in tensor representations of SO(d) (also
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1. Introduction: Conformal field theories in d > 2

known as spinning correlators), was first demonstrated in [45]. It exploits the
relation (1.179) (however they used the basis (1.180)) for writing the spinning
conformal blocks by applying differential operators on scalar conformal blocks
(i.e. those in the expansion of four-point functions with scalar fields). However,
as discussed below, this is not the complete story. This technique only relates
conformal blocks whose exchanged operators are in the same representation. For
example, starting with scalar blocks, the class of spinning conformal blocks derived
in this way is associated to the exchange of traceless symmetric operators. Whereas
in general, spinning four-point functions may contain contributions from traceless
operators with different index symmetry.'6

Nevertheless, it turns out that, exploiting other properties of the weight-shifting
operators from section 1.5, results in an algorithm for—in principle—generating
all spinning conformal blocks via the application of differential operators [46]. We
reproduce this algorithm in the rest of this subsection.

Let us introduce the following notation for the shadow projector (1.207),
Py =10) < (0|, (1.213)

which makes its action more explicit. Then the partial wave (1.210), corresponding
to the exchange of the primary O, is

W5 = (®15,0)") a1 ) (OD3B,). (1.214)

Inverting the relation (1.179) for a seed-like three-point function (®;®;0) (c.f.
subsection 1.4.2), results in an expression of the form

(@ 2;0) = Fy "

HD;9;0), (1.215)
where

(a )PP
Therefore we can write

(@1 240) (") b (NOBL @) = T4 1™ 7 (919,0) b0 (0B5®s),  (1.217)

where the partial wave on the right hand side is called ‘seed partial wave’ (note
that it does not carry any extra indices because only one tensor structure appears
in each three-point function). For O in the symmetric traceless representation

16This can be understood easily by looking at all possible non-zero three-point functions related
to the OPE. For example (1.145) is non-zero for generic values of ¢;, implying that the OPE
[A1, (£2,£3)] X [A2, (0)] contains an operator in the representation [A, (¢1,f2, ¢3)].
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1.6. Four-point functions and conformal blocks

(STT), O = [A, ()], and ®; = [A;, (0)] a scalar, the expression above reproduces
the result in [45], however in the new basis of weight-shifting operators. In this
case, the right hand side becomes the scalar partial wave studied in [64, 68, 69].
Note that (1.217) does not capture all possible spinning partial waves, since it
does not explain how to compute the seed blocks (®;P20) <1 (OP3P,), for non-

symmetric traceless O. One cannot simply apply an operator of the type @g)gio
that changes the representation of O, because the operation i integrates over all
positions of O. Hence a different approach must be used, which we describe now.

Taking (1.176) with ®; = 1 and ®; = @ = O, @), = @, = O’ gives a relation
between two bases of 2 ® ®; for two-point functions:

.b
: : o1 0 . : :
D§2<0<P1,Zf>0<P2,Z;>>Z{O, o O} DO (P, Z))0' (P2, 23),

ea

(1.218)

where D®) : © — @ and D™ : O’ — O. Then using the properties of the shadow
projector

(O] =(00) = (0],

0" = 0" =< (O'O"), (1.219)
in the previous expression, implies

, b
(0D 0) 1 (0'0") —Z{g 512 2} (00) = (DWO'0Y).  (1.220)

ca

Therefore we obtain an identity that exchanges the position of the weight-shifting
operator within the projector t<:

1y o0
D$’0>m<0’|=2{3 o ?9} |0) b (DY O] (1.221)

Furthermore, combining (1.221) with (1.178) gives a relation that changes the
representation of O in i to O':

. . o 1 o™ ) (n
P00l = {0 5 O o1 oo

= N [0) =0 (O], (1.222)

o1 0o\ o\"
Nmn_za:{o, 0 O}.a (O,Q) : (1.223)
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1. Introduction: Conformal field theories in d > 2

Then using this result, the partial wave associated with O can be written as

(®10,0)(@ b1 O (OD3B,) = Nk (@18,DV0)@ pa O(DMAOD,B,)
am bn

_ D By P Oy Dy P

=N 1 1 4

mn 2. 2 {(9’ Q o o a o
DL EQRD;, P, EQRP, T5,tu rs tu

% D DI (@] B,0') ") g DO/ D5 @), (1.224)

where we used (1.176) in the second line. Then (®]®;0")(") nq ()(O'®3®)) can
be written in terms of a seed partial wave We/ via (1.217). In particular, if O’ is
a symmetric traceless tensor, and we pick ®; such that (®; P (’)>(“) > (b)<O<I>3<I>4>
is a seed, then (1.224) provides a way to write any seed partial wave in terms of
scalar partial waves.

1.7 Bootstrap

Earlier in 1.6.1, it was elucidated that the four-point function can be reduced to
a combination of two-point functions via the insertion of the OPE. More gener-
ally, inserting one OPE in an n-point function, leads to an expression that de-
pends on the representations of the operators exchanged in the OPE [A;, p;], the
OPE coefficients \;, and (n — 1)-point functions. By repeating this procedure,
the (n — 1)-point functions are reduced to two-point functions, which are com-
pletely determined by conformal symmetry. Therefore, knowledge of the ‘CFT
data’ {[A;, pi], A;} associated to a theory, is enough to completely determine any
n-point function.

Inserting the OPE in different orders between different pairs of operators leads
a different expression of the same n-point function. If two or more expansions
have a common region of convergence, then they must agree—this is called OPE
associativity—, leading to non-trivial constraints for the CFT data in general. It
is then important to understand the properties of the OPE when inserted into
correlators, which we describe in this section.

1.7.1 OPE coefficient relations

Recall from subsection 1.6.1 that, up to a two-point function normalization, the
coefficients that appear in the OPE are the same as the three-point function con-
stants. Hence, by associativity, different insertions of the OPE in a three-point
function leads to relations between OPE coefficients. More precisely, consider the
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1.7. Bootstrap

three-point function (®1P,®P3). In our notation, the coefficient associated to the
operator @3 appearing in the ®; x ®3 OPE is, A\s,s,5,. By associativity, insert-
ing the OPE in (12) must be consistent with inserting it in (13) and (23). This
then gives linear relations between the OPE coeflicients Ao, o,05, Ad,d53,, and
Ap,05d,. Moreover, the OPE is symmetric under ®; x ®3 — & x ®;, so that
)\11,0(1)11,0(2)@0(3) is related to A\p,®,3,, With o any permutation of the three points.
From (1.144) we have

! ! iy I I g
Z /\‘1’1‘1’2‘1’3 Q‘I’l‘i’z‘i’s (P“ Zi ) - Z A(I)a(l)q)a(Q)q)o(B)Qq)a(l)q)o(Q)q)o(S) (PU(Z)’ Za(i))
l 14
_ 4 D, Ul J
- Z)\‘ba(l)‘ba@)‘ba@) (Mqﬂ,(”) Q‘I)lq)Qq)g (P7MZZ)7 (1'225)
]

or

! = v YN
Ny dads = D Mb)@ gay Boe) (Mt ) (1.226)
l/

where we used the fact that K§1A2A3 (Py, Py, P3) is invariant under the simulta-
neous permutation of two P and two A. Note that the form of the matrix M
depends on how we define the tensor structures @ for the permuted case.

1.7.2 Bootstrap equations

So far, OPE associativity in three-point functions resulted in somewhat trivial
constraints for OPE coefficients. This is because, not only is the kinematic factor
IC3 invariant under permutations, but all the OPE coefficients depend on the same
triplet of operators. For four-point functions, however, the partial wave expan-
sion involves all the OPE coefficients of operators appearing in each channel, and
additionally, the conformal blocks depend on the operator dimensions and spins
in a non-trivial way [64,68,69]. This suggests that OPE associativity produces
non-trivial constraints for the CFT data, and furthermore, solving them provides
a way to classify the space of consistent CFTs. This is called the conformal boot-
strap program, and it has already produced numerous successful studies in both
numerical and analytical fronts. For a concise review on current results from the
conformal bootstrap see [73]. A more detailed overview of the state-of-the-art
developments in bootstrap technology has recently appeared in [74].

For four-point functions, there are three independent partial wave expansions
(or channels): (12)(34) or s channel, (14)(23) or t channel, (13)(24) or u channel.
However, convergence of the OPE expansion (i5)(kl) is guaranteed only if there is a
sphere containing the points ¢, j, which does not intersect a sphere containing k, (.
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1. Introduction: Conformal field theories in d > 2

Thus for a given configuration of points i, j, k,[, only two of the three channels
converge. Nonetheless, it turns out that partial waves in a given channel can
be analytically continued to a larger region of regularity, by applying conformal
transformations which do not change the cross-ratios U, V' [48,63].

Note that for fermionic fields, different channels might be equal up to a sign
due to the Grassmann nature of the fields [34]. Here we focus on bosonic quantities
only. Imposing OPE associativity—also known as crossing symmetry in the con-
text of four-point functions—on the partial waves (1.185) then implies the so-called
bootstrap equations

D AW T (P Py, Py, i 2], 23, 23, 7)
o
= Z Ag‘f’%W@?@“%% (Py, Py, Py, P3; 7], 73, 73, Z3)
O/

=Y AW (P, Py, Py, Py 2], 24, 24, Z]),  (1.227)
o

where Ag;kl is the matrix of OPE coefficients AJ;»Af;o as in (1.193). These equa-
tions can be re-casted in terms of conformal blocks via (1.186). Note that in
order completely ‘solve a CEF'T” one needs to solve (1.227) for all possible fields ®;.
Generically, including more correlators, results in stronger constraints. Compare
for example [53,75] with [50,76]. At this point is important to realize that in order
to study the implications of the bootstrap equations (1.227) in their current form,
it is essential to have enough knowledge and control over the partial waves W in
coordinate representation. Alternative approaches also exist [57-59,77—87], where
the partial waves are mapped into a different space via, e.g. integral transforms.

Similar to the three-point function case, we can also look at the constraints
arising from exchanging the order of the OPE ®; x®; — ®; x ®;, so-called exchange
symmetry. However, from the discussion of the previous subsection, and the partial
wave expansion (1.193), it is easy to see that these constraints are solved term by
term in O, leading to ‘trivial’ restrictions on the form of Wy. Nonetheless, these
relations are useful when computing new spinning partial waves, as they provide
sanity checks.

1.7.3 Light-cone limit

Solving the bootstrap equations (1.227) is a difficult task because it is an infinite
system of equations in an infinite number of variables. Nevertheless, approaches
for successfully extracting useful information do exist, as reviewed in [73,74]. In
particular, it is possible to study the bootstrap equations analytically in certain
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1.7. Bootstrap

interesting limits that still capture different universal features of the theory. These
include the large dimension limit [63], the light-cone limit [2,88-106], as well as
the Regge limit [80,107-112].

Here we focus on the light-cone limit. This is defined by taking the following
limit of the cross-ratios!”

u< <1, (1.228)

and re-organizing the sum over primaries in (1.227)—parametrized by dimensions
A and spins {—as a sum parametrized by twists 7 = A — £ and spins ¢ [88, 89].
The result is that the minimal twist contributions from the s-channel are only
reproduced by double-trace operators of large spin in the t-channel. Let us see an
example in detail.

Let us focus on the scalar correlator case (®;®;®,®;), where the bootstrap
equation (for s =t) is
NPW.N Apts _AjtAk NI,
> Njorkoge M (wv) =uT T 0T Y Niodkjoge T (v,u). (1.229)
o &)

It is useful to introduce a different set of variables
u=1zz, v=(1-2)(1-2). (1.230)

Now the light-cone limit is reproduced by taking small z, so that z = (1—v)+0(z)
and u = 2(1 — v) + O(2%). When matching the bootstrap equation (1.229), we
work in the variables z and v.

In the s-channel, the scalar conformal blocks have the following behavior around
u =0 [64]

grd ™ (wv) = w2 LM (1= 0) (14 O(w)), (1.231)

Ay A
23’g+£+%,7+2€;1—v). (1.232)

T

fr 1 =v) =1~ U)Z2F1(§ +—
From this expression, it is clear that the leading order contributions in u will be
given by operators with minimal twist 7,,.

In the t-channel the large spin scalar blocks factorize into [88,99]

1, 202<0(1)
g () ST R (g2 AR (2 0) (1 O(1/VE, V),
(1.233)

7There are just the projection of the embedded cross ratios U and V' from (1.119) to R,
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1. Introduction: Conformal field theories in d > 2

where u = z(1 — v) and

FROAS (1, 2) = P TT Kaya (20V2), (1.234)

NN
f2l k(T7’U)

27v% T—d+2—Ay T—d+2+ Ay
_(1_v)d/2 12F1( 2 : 5 kj,T—d-i-Q;v). (1.235)

This limit holds for even dimensions d > 2 as long as the sum over ¢ only receives
contributions in the region where the product ¢2z is kept fixed. Note that some-
times, different normalizations of the conformal block are used. For example, by
multiplying fi{ékl and flA“’A’” (¢,2) with a factor of (—2)~¢. However, this will
only change the normalization of the OPE coefficients for the large spin operators
in the t-channel.

Using these results we can demand that both sides of (1.229) match order by
order in z and v, and fix the spectrum and OPE coefficients of the large spin
operators in the t-channel.

s-channel

Expanding the functions f;; around v = 0 gives the following

. Jul<|v] <1
Z/\z‘jo)\kl(’)gé Bl(u,v) TR Sregixo, + D Xii o) Mkl
@] Tmbm
L (1—0)7’”+5mr(7 2, i (5 + b = 55+ b+ 5
r(fm F by — ST (T — (k!)2
g A s
xpwk+n—w«§+wm+k— 21) — (5 + b 52) — In(v)]
(1.236)

provided |v| < 1, A — Aj; = 0,'® and we used u = z(1 — v). The term dieg, x¢,
gives a 1 if the identity operator can be exchanged (i.e. if ¢; X ¢; =1+ ...) and
0 otherwise.

18There are further expansions of this type when Ay — A;j is a positive integer, but for our
purposes we will not assume this. As far as I know there are no closed form expansions for
arbitrary Akl - A”
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1.7. Bootstrap

t-channel

For the t-channel we get

INEON) 1, 202<0(1)  a+4, INEN)
u 2 Ny A g s ANTIVANS u<£<l z 2 (1 — U) 2 5

X, 74, ilOAkjO9o (v, u) ~ EYENY IE€Si X ¢
v 2 o v 2

INEDN) (1 )Ak+Al
z 2 —-v 2 § : 2 : ANTIVAVY A, Ay
+ Aj+Ay ( )\il(T,Z))\kj(T,e)fl ‘ ’ (E, Z)) f2 ’ ! (7—7 U)a
vTE T\ ¢

(1.237)

where the delta is now 1 when ¢; x ¢; = 1+.... Notice that the OPE coefficients
il(r,0) Mej(r,e) Deed to, at least, cancel the terms in fi(¢, z) that contribute to the
(%% > 1 region of the sum over £,' namely the 22¢ term. The factor in parenthesis

is then a finite expression depending on z only, which must match the powers of z
in (1.236).

However, at this point, fo has a power series expansion for small v, that does
not reproduce the In(v) term in (1.236). To do it, we assume that the allowed
values of 7 have a particular pattern, say 7 ~ 7(n) + v(n, (),2° where v(n, ) is a
small correction—an anomalous dimension—that depends on n and ¢. Then we
replace the sum over 7 by a sum over n and expand the terms that depend on 7
around small y(n, £). Clearly, In(v) will arise from terms of the form v9(7).

Here we write the expansion of the OPE coefficients Ajj(r,¢)Arj(r,¢) around
v(n,£) =0, as

Ait(r0)Mkj(re) = Mi(r(n),0) Mej(r(n).0) F Nit(r(n).0) Mej(r(m).0C* (n, £),  (1.238)
Xit(r(n),0) M (e (m),0)C*F (11,0) = (0, 0) [0y Nt () 4,0 Mk (r ()0 ]y=0- (1.239)
Putting these results into (1.237) gives

Ap+a 1, 20250(1)  Ap+ay (1 )Ak+Al
u 2 ANTIVAYS uKv<l z 2 — v 2
A TAS, g )\z‘l(’))\kjogo (U»U) ~ RN 5H€¢1‘,><¢l
v 2 o v 2
Aptay Aptay

2 2

z (1—-v) - AuAr
- EYEZYY > <Z Nit(r(m), ) Mgy, 1 (€ 2)
2 n f

v(n, )
' (n)

19This is because f1 (¢, z) is only valid for fixed 2¢2, and thus we want the sum to be dominated
by that region. The term 22¢ blows up for large £ making the £2z >> 1 sector significant.

20This is equivalent to assuming that for each ¢ there is only one exchanged operator with
twist 7(n) +7y(n, £). Otherwise we would need to parametrize the twist pattern by an additional
index.

X [1 + Ok (n, ) + di]) FitA (1), v). (1.240)
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1. Introduction: Conformal field theories in d > 2

Notice that acting % on v™ produces v" In(v) as expected.

Matching the bootstrap equation

By matching (1.236) and (1.240), one can compute the large ¢ spectrum as well
as the behavior of the OPE coefficients in the t-channel. We assume the OPE
coefficients factorize at large £ into Aji(r(n),e) Akj(r(n),0) z! Nikj(n)Li ki (€), and
perform the sum over ¢ at zero-th order in . This is done by approximating the
sum by an integral, and using [88,96]

ymet)/2 14—y l+a+v

/OdllaK,,(zz\/E)z 1 I'( 5 )T( 5 ), (1.241)

where 1 + o —v > 0 and 1 + a + v > 0. The correct value of o (which in turn,
fixes Li,1;(£)) is obtained by matching leading order of (1.236) in z (i.e. the 1).2!
With the z dependence out of the way, we fix Ny 1;(n) and 7(n) by checking that
the v dependence agrees on both sides. In other words, performing the sum over
n in (1.240) must match the identity in (1.236).

Matching the subleading terms z™/2 22 fixes the anomalous dimensions (n, £),
as well as the OPE corrections C**(n, ¢) in terms of the OPE coefficients of the
minimal twist operator Aij(r,. ¢,.)Aki(r,6,,)- D particular, let us concentrate on
the In(v) terms. Writing the form of the anomalous dimensions as

Tn
v(n,l) = ZCmE (1.242)

and matching the z™ term, fixes the exponent p(7,,). Whereas matching the
factors v* multiplying In(v), fixes the form of v, (one has to pick 7, such that
performing the full sum over n reproduces (1.236), order by order in v). Following
the same procedure for the non-log terms fixes the OPE corrections C?:*9 (n, ¢).

1.8 Lorentzian CFT and causality

So far, we have focused on conformal field theories in Euclidean space R? because,
from the point of view of physical observables (correlators), it is known that a
Lorentzian theory that is unitary, causal, and Lorentz invariant is in one-to-one

2INote that the first term on the right hand side of (1.240) is subleading in z for unitary
theories A; > 0, c.f. subsection 1.4.3, so we can ignore it.

22Here we have to assume that the first term on the right hand side of (1.240) is subleading
in z with respect to 2™ /2. In other words Am — € < Aj + A;. For example if Ay = A = A
and the minimal twist operator is the stress tensor, then we have d — 2 < 2A, which is just the
unitarity bound for scalars.
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1.8. Lorentzian CFT and causality

correspondence with a Euclidean theory satisfying reflection positivity, crossing
symmetry, Euclidean invariance, and certain growth conditions [113-118]. How-
ever, this does not explain what exactly happens to the Euclidean theory when
causality is violated. It turns out that by studying this question, combined with
the bootstrap philosophy, one gains more insight into the space of consistent CFT
data [94].

1.8.1 Causality

Causality is the statement that local field operators may only have an effect on
others within their light-cones. In other words, in Lorentzian signature z; =
(ti,z), ..., zd71) e Rb 41,

[61(21), 2(22)]] 2 - = 0. (1.243)

Recall from section 1.3 that conformal correlators develop singularities whenever
xfj = 0. In the Euclidean theory, with coordinates z; = (29, z},... 7152171) € R4,
this only happens when x; = ;. Hence we have crossing symmetry [¢;(x;), ¢;(z;)] =
0 as long as the points are not coincident. On the other hand, in Lorentzian

signature, singularities appear when touching the light-cone of other operators
(ti —tj)? = 2op(af — ak)>

One can try mapping the FEuclidean correators to Minkowski space, by an-
alytically continuing one arbitrary direction, say z¥ — e™®2? at the expense
of making the correlators multivalued. Imposing causality in this setting, then
means that for timelike separated operators, their commutator must be given by
the discontinuity across the branch cut of the light-cone singularity. It is easier
to understand this statement with an example. Consider the two-point function
($(0)p(z)) = (2)~A, with 2 = (2°,2'). After analytic continuation 2° — ¢**2°,
it becomes e~24((29)2 — (21)?)~2, with e~%® = —1. For timelike operators
20 > 2!, there are many o that send 2° above the singularity 2° = iz!. One
option is following the path « € [0, 7/2], hitting the imaginary axis from the right.
Another option is to send 2% — —z° and then follow the path a € [0, —7 /2], hit-
ting the imaginary axis from the left. Note that the branch cut (whose direction
we have to set in order for the analytic continuation to make sense) has to be

crossed by one of the two paths. The difference between the two paths is then

(@(0)6(2))lgirst — ($(0)h(2))|secona = (€774 =€) (%)% — (21)?) 72, (1.244)

If we set our interpretation such that the first path corresponds to a time-ordered
correlator, while the second path is anti-time-ordered, then we arrive at the ex-
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1. Introduction: Conformal field theories in d > 2

pected result:

([6(0), p(@))] 2g = (€72 = &™) ((2°)* = («)*) ™2 #0 (1.245)
On the other hand, if the operators are spacelike 2° < 2!, then none of the paths

crosses the branch cut, which means that all analytic continuations live in the
same sheet of the multivalued correlator. In other words,

([8(0), 6(@)])| 1250 = O- (1.246)

For a correlator with more operators, the same idea applies; different time order-
ings correspond to different paths around light-cone singularities.

Another way of making sense of the analytic continuation is the the ie recipe.
A correlator in the following time order

(¢1(t1, 1) - bn(tn, 20)), (1.247)
is computed by the following euclidean correlator
lim0<¢1 (t1 —ier, 1) - Pty — i€n, Tn)), (1.248)
€5 —>

where we take the metric to be RM~1 and ¢ > .-+ > ¢, > 0. This has the
effect of moving the position of the light-cone singularities out of the imaginary
axis in a particular way, which is equivalent to the previous discussion in terms of
continuation paths.

In summary, whenever the branch points of the correlator coincide with the
light-cone singularities, causality is guaranteed. In the first sheet of the Lorentzian
correlator (i.e. the one that embeds the Euclidean region), causality then follows
from the form of the Euclidean correlator (the fact that it is singular at coincident
points). However, after crossing a branch cut into another sheet, it is not obvious
that the singularities will remain at the same place. Therefore a way to test for
causality, is to check that correlators in the second sheet are not singular away
from light-cones. Combining this idea with bootstrap techniques, it was shown
in [94] that causality implies non-trivial constraints on OPE coefficients of light
operators in scalar correlators. This was later generalized to spinning correlators
in [2,95].

1.8.2 Constraints from causality

Now we review the argument of [94] for constraining the CFT data in the four-

point functions of scalars:?3

G(z,2) = (¢(0)O(z,2)O(1)p(0)). (1.249)

23Here ¢(0o) implies limg— o0 z28¢ o(z).
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1.8. Lorentzian CFT and causality

Here the light-cone coordinates z, z are defined in (1.230). More precisely, plugging
the coordinates

x1=(0,0), xo=(29,23), x3=(0,1), 4= (0,00), (1.250)
into the cross-ratios results in
u==z%z, v=>01-2)1-2), z=iad+x), z=—izxd+ . (1.251)

Analytically continuing 29 — ity then implies z = —t5 + 23, 2z =t + 3. Note
that z = z* in the Euclidean case, while in Lorentzian signature they are indepen-
dent. We take this continuation as the first sheet of G(z,%). As discussed in the
previous subsection, the other analytic continuation (which crosses the branch cut
of ¢(0)), differs by a clockwise rotation around the light-cone z = 0: z — ze
Hence the second sheet is G(ze ™2™, 2).

—27i

The idea now is to check that the correlator is analytic in a region close to the
light-cone of O(1), (z,%) ~ (1,1), for both sheets (and hence causal). Following,
[94] we define

= (1.252)
=1+ 7o, (1.253)

where ¢ is complex with Im(c) > 0 and |o| < R, while n is real and satisfies
0 < < R < 1. On the o plane, this corresponds to a half disc above 0 = 0. We
refer to this as region D.

Now we define the normalized four-point functions on the first and the second

sheet as
o) = DDA _ (oo o1, (1250
<¢>(0)O( e _) ( )p(o0))

G g)= = 0'2 AO(;’ +o)e 2mi +no).

In what follows, we show that both of these are analytic in D, and finite at 0 = 0.
As seen in 1.7.2, we can expand G(z, z) in the s, t, and u channels respectively:

G(2,7) = (22) 8B0+ 2 N X 00 X0p09a % 2 (2, 2), (1.256)
(@]
G(z,2) = [(1-2)1 =272 Xo00Assogne o (1 —2,1—2),  (1.257)
(@]
G(z,7) = (25)2BeT00) 3~ )\¢oo)\o¢ogao 50800 (1/2,1/7). (1.258)
(@]
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1. Introduction: Conformal field theories in d > 2

The form of the prefactors indicate that these expansions converge for |z| < 1,
|1—z| <1, and |z| > 1 respectively. The analyticity of Gy (o) in D is then a direct
consequence of the convergence of the t-channel expansion. Furthermore, in the
limit z,z — 1 with (1 — 2)/(1 — Z) fixed (equivalently, o — 0 with 7 fixed), the
t-channel has an expansion in conformal dimension [68,69]

Gylo) =1+ anm* @90, (1.259)
AL

where the sum is over all primaries and descendants appearing in ¢ x ¢. For unitary
theories, A > 0 (c.f. subsection 1.4.3), this implies that G, (0) = 1 is finite.

21 can have a nontrivial

On the second sheet, the transformation z — ze™
effect on the t-channel sum. Thus analyticity of G is not guaranteed from the
convergence of (1.257). For example, in the light-cone limit z — 1 with z fixed

(equivalently, n — 0 and o finite), the t-channel expansion is, c.f. (1.236),

G(z,2) = [(1-2)(1-7)] 2 (1 F 3 A1 = 2 A (1= 2) ) ,
Om

(1.260)
where A\, = Ao00,, Aps0,, is the coefficient of the contributions of minimal twist
operators O,,. From (1.236),%* one can check that ga, ¢, (1 — 2) is regular on
the first sheet around z = 1, but develops singularities on the second sheet due to
the log term. More precisely, applying z — ze 2™ to the corresponding version of
(1.236) and then taking the z — 1 limit, gives the following expression for CAv'n (o)

inn < o] < 1:

Fo (1.261)

where O,, is the minimal twist operator of largest spin and

21l i D( Ay + )2

Xm = A X .
(Am + em - 1)F(%(Am + gm))él

(1.262)

Due to these singularities, the convergence on the first sheet does not imply conver-
gence on the second sheet. However, this does not mean that G, (0) is divergent,
as we will see below.

24Note that (1.236) is an s-channel expansion, so we need to apply z — 1 — 2, 2 — 1 — 2 to
make it compatible with (1.260).
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1.8. Lorentzian CFT and causality

Positivity to the rescue

Reflection positivity in radial quantization (see e.g. [10,11]) states that (f| f) >0
where

1 27 ‘ ‘
f> = / dry / def(rh 91)0(7‘1€Z01 , T1€_291)¢(0) |0> ’ (1.263)
0 0

for arbitrary f(r,6). In fact, following [28,49, 88], this can be further refined by
inserting the projector Po from (1.207), and still have positivity:

(flPolf) = 0. (1.264)
It was shown in [94] that (f| f) > 0 implies the s-channel expansion can be written
as
G(z,2) = (zi)_%(A‘ﬂ'A‘b) Z ah’ﬁzhiﬁ, ap; > 0. (1.265)
h,h>0

Additionally, this can be checked explicitly in d = 4, using the closed form confor-
mal blocks of [64]. The refined condition (f|Po|f) > 0 implies that each partial
wave is also a positive coefficient expansion:

Ao¢o>\¢oogé¢07_A¢o (Z, 2) =zoz7b Z bp_’quéq, bpyq >0, (1266)
P,qE€L4

where the powers a, b depend on the scaling dimensions.

Recall that in Euclidean signature (z = z*), the s-channel expansion converges
for [2] < 1. Therefore the positivity of a,, j implies that in Lorentzian signa-
ture, the sum still converges for independent complex variables |z|,|z| < 1. More
precisely,

‘( Z)2 (AO+A¢)G (2,2)

g ahhz 'z

h,h>0

Z ap i 12| |Z|h |2], 2] < 1.

h,h>0

(1.267)
Thus G’n(a) is analytic in the region D N {|z|,|Z| < 1}. Actually, using radial
coordinates [48], it is shown in [94], that the region of convergence for the s-
channel expansion can be expanded to the whole complex plane excluding [1, +00).
In other words, én (o) is analytic in D/[0, R].

The same line of arguments hold for the u-channel expansion in terms of 1/z
and 1/z. This results in the analyticity of Gy (o) in D/[-R,0]. Hence G, (o) is
analytic in D.%°

25The branch cuts of G(z,z) with respect to z are chosen as follows. The first branch cut
originates from z = 1 and lies in the lower half plane. The second branch cut originates from
z = 0 and lies in the negative real axis. The branch cuts on the z plane are chosen in the same
way.
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1. Introduction: Conformal field theories in d > 2

Restricting to o € R, leads to the inequality |(A;n(o)| < G,(0), or equivalently

Re(G,(0) — G,(0)) >0, o €[-R,R). (1.268)

Bounds from analyticity

Analyticity of both G, (o) and (Aln (o) in the region D implies that no poles are
picked up by the contour integral around D:

]{ doa* G, (o) :f daakan(a) =0, (1.269)
oD oD

for any k > —1. The contour is a sum of the half circle S and the real line segment
[-R, R]. In particular, for £,, > 2 we can write the sum rule

Re ]{ doo'™=2(G,(0) — Gy(0)) = 0. (1.270)
oD

However, from (1.259) and (1.261), the part of the integral along the semicircle
picks up the residue of the pole in o:

Re/ daae’”_2(@n(0) —Gy(o)) = TAm? Bm=tm) 4 O(R*~1), (1.271)
s
where we used the identity

Rei/ doo™ = —mdp,_1. (1.272)
S

Finally, from the sum rule (1.270) and the positivity property (1.268), we obtain
for £,, > 126

N 1 1 R ~
— 3 1 _*(Anz_lvn) enz_z >
Am = — hm0 71]11%17 2 /_ doo Re(G, (o) — G,(0)) >0, (1.273)

where \,,, o A000,, A\pp0,, -

Note that if O,, is the stress tensor, then (1.273) gives a trivial constraint
the OPE coeflicients AoorA¢eT, as it can also be derived using the Ward identity
(1.20). However, as we will see in chapter 4, reproducing this argument for spinning
correlators leads to nontrivial constraints.

26 Otherwise the dots in (1.261) dominate and the integral may not be well defined.
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1.9. Preview of the main results

1.9 Preview of the main results

In this introduction we illustrated the concepts and techniques that constitute the
backbone of the thesis. We started from the basic properties that characterize
conformal field theories (CFTs), and then moved to a formalism which encodes
the conformal symmetry into the linear action of the orthogonal group. Using
this language, we discussed how the two- and three-point correlation functions
of the theory are fixed due to the symmetries of the CFT. Related to this, we
reviewed a useful technique for transforming the representations of the fields inside
correlators via the action of derivatives with respect to the coordinates. Then we
moved to four-point functions and described several techniques to expand these
objects in terms of conformal partial waves and the numerical parameters that
determine each theory—the CFT data. Next using the associativity properties
of this expansion we reviewed how this can be translated into self-consistency
conditions—the bootstrap equations—that every well-behaved CFT must satisfy.
Finally, we showed two analytical techniques for extracting universal information
regarding the CFT data: one of them is based on solving the bootstrap equations
in a particular kinematic limit (the light-cone limit), and the other exploits the
positivity and analyticity of the partial wave expansions to derive constraints for
causal theories.

Moving forward, the thesis is structured as follows

e in chapter 2 we explicitly construct all conformal blocks required for the four-
point function of two scalars and two vectors, in closed form. In particular
this includes the conformal block associated to the exchange of an operator
with mixed symmetry, in terms of the usual conformal blocks for traceless-
symmetric operators.

e in chapter 3 we use the weight-shifting operator formalism to construct a
recursion for computing all the spinning seed partial waves that can appear
in the four-point function of traceless-symmetric tensors in closed form. The
recursion connects these mixed-symmetric seed partial waves to the usual
traceless-symmetric ones in a finite number of steps, given by the number of
boxes in the second and third rows of the mixed-symmetric Young diagram.

e in chapter 4 we apply both the light-cone bootstrap, as well as causality ar-
guments to constrain the following spinning four-point functions: two scalars
and two conserved spin-1 currents (J), two scalars and two vectors (V'), and
two scalars and two conserved spin-2 tensors (T"). For each case, solving
the light-cone bootstrap determines the spectrum of the infinite towers of
large spin double-trace operators, as well as their anomalous dimensions and
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1. Introduction: Conformal field theories in d > 2

OPE coefficients in terms of the stress-tensor CFT data. From causality, we
derive constraints for the OPE coefficients Aj 7, Avvr, and Apprr. Then
combining both results shows that the anomalous dimensions of the large
spin double-trace operators have a definite sign.

finally in chapter 5 we show how spinning partial waves appear in AdS grav-
ity. In particular we demonstrate how spinning Witten diagrams decompose
in terms of spinning partial waves, and we develop a formalism for gener-
ating gravitational bulk interactions directly from the different OPE tensor
structures. Given the nature of the duality this also provides a technique for
computing spinning partial waves using holography.
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SCALAR-VECTOR
CONFORMAL BLOCKS

ON CONFORMAL BLOCKS FOR THE FOUR-POINT FUNCTION OF TWO SCALARS
AND TWO VECTORS

Conformal blocks are an essential ingredient for studying conformal field the-
ories. They are universal in the sense that the they provide a basis for expanding
the four-point functions of any theory, in terms of CFT data. Therefore they must
be generic enough to encode the kinematic dependence of four points in any pos-
sible interacting conformal theory, in any space-time dimension. This makes the
computation of conformal blocks in closed form quite difficult. In this chapter,
based on [1], we provide explicit expressions for all spinning conformal blocks in
the four-point function of two scalars and two vectors.

2.1 Introduction

As discussed in section 1.6 there exist several techniques for computing conformal
blocks, each with their advantages and disadvantages. The first instance of an
explicit closed form solution was given in [68,68,69]. In those articles, the au-
thors obtained closed form expressions for conformal blocks of four scalars (also
referred to as scalar blocks) in even dimensions d. Furthermore, they showed that
the OPE, Casimir, and shadow projector techniques (see subsections 1.6.1, 1.6.2
and 1.6.3 respectively, for details) give consistent results. Later, as mentioned in
subsection 1.6.4, the spinning conformal blocks associated to symmetric-traceless
(STT) operators O = [Ap, (£)] were first derived using the differential operators
defined in (1.180).
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2. Scalar-Vector conformal blocks

However, for spinning four-point functions, operators in representations other
than STT can be exchanged. In [28,29] it was shown, using the shadow operator
method, that conformal blocks associated to the exchange of A = [A 4, (k+ 1,1)]
(with fixed k) can be calculated as a (finite) sum of scalar blocks evaluated at
zero spin. In principle, this can be implemented on a computer but the numerical
evaluation of these blocks is quite resource intensive, due to the fact that the
number of terms in the sum increases rapidly with the spin of A. In numerical
computations one might get away with if the maximum spin of A is not too
large, but this approach is hopeless in the analytic bootstrap, where one needs to
have control over the conformal blocks at very high spin (c.f. subsection 1.7.3).
Later in [37], recursion relations for spinning conformal blocks for mixed-symmetric
exchanges were given, by exploiting the recursive properties of the integrand in
the shadow integral (1.210). However, these are recursions in the length of the
first row of the exchanged representation.

The main objective of this chapter is to use the shadow projector technique
to find an explicit and closed form expression for the conformal block associated
to the mixed-symmetric operator A (for arbitrary k), in the four-point function
of two scalars and two vectors, and whose ‘complexity’ does not increase with k.
Note, from the discussion of 1.6.4, that this corresponds to a seed spinning block,
and thus can be used to generate spinning conformal blocks of other correlators
which exchange A. This result is achieved by writing the contractions appearing
in the shadow integrand in a way that resembles conformal blocks associated to
the symmetric traceless representation. In passing we re-derive expressions for
these symmetric traceless blocks by applying differential operators acting on scalar
blocks, as in subsection 1.5.2.

This chapter is organized as follows. In section 2.3 we write explicit expres-
sions for the relevant three-point functions that appear in the conformal partial
waves, when written in the shadow formalism. Using these we then compute the
mixing matrices and numerical normalization of the shadow projector. Section 2.4
presents the main tool for expressing the conformal block associated to the the
mixed-symmetric representation A, in terms of conformal blocks in the symmetric
representation O. In section 2.5 we put all the results together and compute the
symmetric traceless conformal blocks for the four-point functions {(¢ppde), (pvdd),
(ppopv), and (pvgv). Finally, we present the main result of this chapter, which is
a closed form expression for the conformal blocks (¢pv¢v) in the mixed-symmetric
representation A4, in terms of the symmetric ones. We conclude in section 2.6. De-
tails, identities, definitions, and extended computations are written in appendices
A, B, C D, EF, G, and H.

54



2.2. Qwerview and conventions

2.2 Overview and conventions

In this chapter we will use so-called physical coordinates z# € R? rather than the
embedding formalism from section 1.2. Conformal correlators in physical space
are obtained from the embedded version via the projections in subsection 1.3.3.
Notice that these expressions are still contracted with polarization vectors zf . The
full expressions in terms of open indices are obtained by applying a proper dif-
ferential operator that implements the SO(d) symmetry. For symmetric traceless
representation this is given by [31,119]

d 0 0 1 9?
D,=(=--1 - — — =g 2.1
¢ (2 T2 82) 9z 270z 0z @1)
Then the non-contracted tensor is
1
fa,..., Dy, -+ Da, f(2). (2.2)

For the representation (¢, 1), the relevant differential operator was computed in
[37]. However, here we will construct the tensor structures ‘by hand’ by projecting
the indices of the tensor structures to the relevant SO(d) representations, and
using the physical space building blocks {m, k} from (1.138):

. 22 (wi), — T3, (@i
kg”k) _ g ( k)a 1k1(/2])a, (23)
(xzzjx%kx?k)
(i) 2
mab = 5ab — 1‘72 (xij)a (xij)b . (24)

5]
In appendix A, we write several useful formulae and identities for these building
blocks.

The main object of interest is the four-point function (¢pv¢v). From (1.181)
and the algorithm described in subsection 1.3.2, this is given by

<¢1 (331)1)2a($2)¢3($3)v4b($4)>
= /Cfi qo(u, v)mg‘l) + q11 (u, U)ké214)ké412) + q12(u, v)k5214)k£432)
—|—q21(u, U)kg234)kl§412) + QQQ(U, U)k((1234)kl§432)} . (2.5)

More precisely, the two Young diagrams [0 can be either connected with m, or
filled with k. Given that there are two types of k for each box, we arrive at the
tensor structures above.
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2. Scalar-Vector conformal blocks

The partial waves for f,; are, by (1.210),

W =Y (Mss0)*No

t

8 /ddxo (d1(21)v2.0(22) Oy o, ()" <¢3($3)v4b($4)5b1”“ ($0)>(t)

)

M=e27iA0o

(2.6)

and the conformal blocks can be read off from (1.186). It is easy to see from
the counting formula (1.134), that there are two classes of non-zero three-point
functions involving a scalar and a vector. In particular, one of the three-point
functions is given by (1.146) with ¢ = 0, and the other is (1.145) with ¢ =
1, ¢3 = 0. This means that O can be of two types. One is the the totally
symmetric traceless tensor of spin £, Oy, ...q, (z), which includes scalars and vectors
as special cases. The other type is a mixed symmetry tensor Ag, q,p;---b,, () which
is completely traceless, is antisymmetric in a; and aq, is totally symmetric in the
b;, and vanishes when antisymmetrized over any three indices. In terms of SO(d)
representations, Og,...q, € (£), while Ag,a0p,--5, € (k4 1,1) . For each of these
cases we construct projectors onto the given representation in Appendix B. For
Oay--ap, a0d Ag g0, ..-b, We USe projectors

Ol and TGl (2.7)

ajazby by ’

respectively.

Our plan of action for finding a closed form for W 4 in terms of partial waves
Wo, is the following:

e calculate the mixing matrices M and normalization factors A/ in (2.6),

e compute the integrand of (2.6) for O = A, and find a way to relate it to
integrands of O = O,

e write the partial waves We in terms of conformal blocks go and use the
previous result to give an expression for g4 in terms of go.

1Recall from the discussion of subsection 1.6.3 that the integral must pick up a factor e2™20
under the monodromy M : x%2 — e4“im§2, in order for the partial wave to have the desired

boundary conditions.
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2.3 Mixing matrices and normalization factors

2.3.1 Three-point functions

For the sake of clarity, we reproduce the relevant three-point functions from sub-
section 1.4.2 in physical space. The symbols ¢, v, O, and A represent scalar,
vector, symmetric traceless, and mixed-symmetric traceless fields respectively. We
also write the explicit form of (1.179) for each case, which allows us to write (¢pvO)

in terms of (¢¢QO).

Case (ppO):

(1(21)B2(22) Oy ap (23)) = M2052, a0, (T35 D), (2.8)
where we defined

S i ) = () F TR TR (o HERTRTRO) (o) H(E AR

£)by---b 312 312
) MG k™ g2 (2.9)
Case (¢pvO):

(#1(21)va(22)Op, .0, (73)) = 120554, (Ti; Di) + 5120551,1...@(3?1‘; A;), (2.10)

where

Ssblb/(x'l’ A¢7 A’UJ AO)

1o — 1o _ 1 — —
— ($§2)2( Ap—Ayt+Ao0) (x%?))z( Apt+Au—Ao) (m§3)2(A¢ Ay—Do0)
« Hé’f.f,ﬁjc‘kflS)kE?lQ) L p(312)

Ce

1 ) (z12)
_ (12) ¢ _ c) o AL
2(17AO) |:m a (8x§ +2(A¢ 1) 'T%Q ) Sbl---bg(‘rEuA(ﬁ 1?A’U7AO)

a
Oxs L9
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2. Scalar-Vector conformal blocks

and

Sy (@33 A, Ay, Ao)
LA, _ 10 _ LA A —
_ (37%2)2( Ag—Ay+A0) (x%?))z( Ag+Ay,—A0) (x%3>2(ﬂ¢ Ay—Ao)

R

_A¢*AU7A(9+€+1 o

/ abl...bz(zi;AQﬁAvaAo)

1 8 ((Elg) A
- = —-2(A, -1 ¢ 3 Ag, Ay — 1, A 2.12
; (8%% ( v ) QC%2 Sbl..,bg (J?»“ ¢ Bv ) (9)7 ( )

as can be verified by explicit computation. Note that if / = 0, then we only have
the first term in (2.10).

Case (¢pv.A):

) F(=Ag—Au+A4) (x2 ) (A4 +A,—AL)

<¢(I1)UG(I2)Ab1b201'“Ck (I3)> = YpvA (x%2 13

2 \5(Ag—Av—An) (k) didzer (23)1.(312) 7,(312 312
x (233)* 7 Bibeeren Mg, kg, kgl )kgk ). (2.13)

2.3.2 Normalization factors

According to (1.207) and (1.208), we compute the normalization factor Np by
demanding

(Oay-ap (w3)e1(21)p2(22)) = (Oay -na, (3) Porpr (1) p2(22)) (2.14)
which leads to (see appendix E)
(B0 +L=1)(d= Ao+~ )T (Ao — YI(d— Ao — 1)

N f—
°o=r T(Ao — II(Z - Ao)

(2.15)

Similarly, for the mixed symmetry case we obtain

- (Ag+k)(d—AA+K)T(ANT(d— AL)
e d(AA_Q)(d—AA—Q)F(AA_g)r(%_AA)' (2.16)

Note that N is independent of A; and A,, as it should be.

2.3.3 Computation of mixing matrices

In physical space, the definition of the shadow operators (1.205) for O and A are

0)byb dxo o) ¢ o1) ¢
Oal‘..az(ﬂl'l) = Hfll)"'ze ¢ / (Q)TAOm( )bl e m( )bz L]Ocl..‘cf (Jfo), (217)
Z01
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~ _ 1y(k)didaer e
Apyboey-cn ($3) = Hb1b261"'ck

ddxo 03 03
8 /(Q)d_AAm( )dlflm( )dszm(OS)elgl e m(og)ekgk‘Aflfzgl'“gk (.230) (2-18)
103

Then to compute the mixing matrices M in
YA (Mo)*t =A%, (2.19)

we will use equation (1.212).

Case (¢pO):

Consider first the case where Og,...q, is symmetric traceless, and the other two

7

operators are scalars ¢; and ¢5. The three-point function with 1) is, by (2.8)

<¢1(m1)¢2(1’2)6a1-~a[(1'3)> = )\5 (x%Q)%(_A1—A2+A5) (I%3)%(_A1+A2_Ag)

1) (o) o b g2

x (23, . (2.20)

where Az = d — Ap. Inserting the definition of the shadow operator (2.17) and
performing the integral leads to 2

Ap— Dy —Ap+O)(5 (d— A1+ Ay — Ap + 1))
(1 (A1 — Do+ 20 +0)0(3 (A1 + As + Ao +¢))

Ao, (2.21)

where we are taking Ap = A12¢0. The mixing matrix is then just a number given
by (2.19).
Case (pvO):

Next, we consider symmetric traceless O(z3), but in a three-point function with a
scalar ¢(z1) and a vector v, (z2). In this case, the OPE coefficients of (2.10) get

2Details on the computation of these integrals are given in appendix E
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2. Scalar-Vector conformal blocks

mixed:

~ = g9/2
ag=m

FE(d+As— Ay — Ao+ L+ D))T(E(d—Ag+ Ay —Ap+L—1))[(Ap — 9)
T(E(Ag — Ay + Ao + L+ 1))T(L(=As + Ay + Ao + £+ 1))T(Ao

y MNAo+4-1)

I'(d— Ao +1¥)

[ (Do 40— 1)(d— Ao —1) — (Ao — 1) (A — A))ao

—<Ao—;l> (A — Ay + Do +0—1)Bol|, (2.22)

6~ — 7Td/2
D(3(d+Ap— Ay — Ao+ L—1D)T(3(d— Ay + Ay — Ao + £ —1))['(Ap — 9)
T(3(Ag — Ay + Ao + L+ 1)T(3(—Ag + Ay + Ap + £+ 1))T(Ao)

F(Ao—kﬁ—l) V4 d 1
T he 0 5 (20 5) (Be=Bnao+ 1

% (Do —1)(d—Do+L—1) = (d— Ao —1) (As— A,)) fo] . (223)

Ay =Dy + D0+ L—1)

Then the mixing matrix

a¢v5 = Maaa¢1)(’) + Maﬁﬂtﬁv(’)a 'B¢U5 = M,@aadmo + Mﬂﬁﬂtﬁv(’)a (224)

can be read off from (2.22) and (2.23).

Case (pvA):

Finally, we turn to the mixed symmetry operator Ap,pyc,.-.c, (Z3). Similar tech-
niques to those employed above, results in

42 PAA+RDT(AA = DTG ([d+ A — Ay A+ k+1))
DAND(d—Ax+k+ 15 (Ap — Ay + Au+ k+1))
FA(d—Ag+A, —Au+k+1))
FA(—Ap+Ay+As+Ek+1))

V="

(Aa—2)7a. (2.25)
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2.4. The mized-symmetric shadow integral

2.4 The mixed-symmetric shadow integral

We now turn our attention to the integral (2.6) for the case O = A,
Wa = M3aaNa

[t (on(an)vmaoa) o) - (ontoapvan(on) )| .
M=e27iA 4
(2.26)
From the three-point function (2.13), we see that the integrand includes the fol-
lowing contraction of tensor structures

<’712Am¢(12€?)k£g12)k6(1?12) o kc(i(;)cl2))
y ﬁgf)e;}jzii}];..dk (734;'”(40)1761]“(034) e21.(034) f1 . 1.(034) fk) . (2.27)

Now using (2.125), (2.128), and (2.129), as well as other identities from appendices
A and B, allows us to rewrite this contraction as

(712Am,(12£)k£212)k((£12) o ké(])cn))

% 77(k) cicady---dy ( %(40);1 1:(034) e21.(034) f1 | 1.(034) fk)

ereafi-fr 344
1 x3oxd,aiexd, [k +2 0%t
= — ~ t)—
5 124734 4 22,725 k1t 1pd,k+1( )633‘218362
0? 1 )
0302 | (k+ 1) (k + 2) 7 4+2

k+2
d+2k) (d+2k —2)(d+k — Q)Pd,k(t)} } . (2.28)

where pg ¢(t) is proportional to the Gegenbauer polynomials (see (2.98)), and ¢ is
given by

T

1 —1/2
_ 1.(012)  1.(034) _ 2 .2 .2 2 2 2 /
t=k -k D) (%1%2%3330495129534)
2 2 2 2 2 2 2 2 2 2 2 2
X (=28 28305, + 15100453 + TiaTiaTly — TopToaxTs) - (2.29)

In appendix C we give more details and motivation for how we arrive at this
expression.

As a comparison, using (2.8) and (2.10), the integrals (2.6) for the symmetric
traceless exchange O = O in {¢ppdd), (dpvdd), (Pppdv) and (Pvpv), are of the form

WE = (Ms10)* No (S} 00 °¢.80 Stoo) » (2.30)
t
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2. Scalar-Vector conformal blocks

where we defined

(5o pg o600 Shrs) = /ddﬂfoSScl...cz(ﬁ,T/z,xo;Al + P, A+ Q,Ap)

X S' T (2, w4, m0; Dy + R, Ay + S,d — Do), (2.31)

for r,t € {a,B8,A\}. Given the form of the structures S, these contractions are
given in terms of the polynomials pg¢(t) and its derivatives O;pg.¢(t), as shown in
(2.96) and (2.103).

To see that (2.28) is indeed a combination of the traceless symmetric con-
tractions ( @ PO 0A0 S} rg), notice that, the terms in (2.28) corresponding to
derivatives of ¢ with respect to x;, produce the tensor structures from three-point
functions of operators with spin (this is not surprising since we can increase the
spin of three-point functions by the action of derivatives as in (2.11), (2.12)). More

precisely,
2
x <8 KO >k£°34)=— O [(m2 KO3 ek PO0] L (2:32)
0xg 0xg ThaT5y a

Ot _ 31285 24) _ o Ek(214)k(432)
0zeort  \ 2222 22 .2 Map ua b
207y 02204712734

2 2 2
1 %19303%4 + z0115049523 + 1’02%31’14 + afyad s k(201)k(403)

3302%455123734

%3%4 201)k(412) x03x23 %15”24 + x02x14 k(201)k(432)
x04x12x24x34 95043724 33027312%4
2 .2
. 231774 L3734 + 33423, k(214)k(403) I L01723 k(234)k(403)
2 2 2 2 2 2 2 2
Lp2L24 LogaX12T34 5’302%2%45534

(2.33)

Combining these expressions with (2.103), we obtain also

62
Oz a bpd e(t)

[ x?,22 40) d 403 d
— 2 — xglxg3x2 ( ((126?) 4 k,(201)k_ 012)) (m( )b Ly k‘é ) 1.(034) 1)
02204212734

y kﬁgu) k(mg)n(é) mgk(034) do | 'k(034) dz. (2.34)

Putting these results together leads to an expression for the mixed-symmetric
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2.5. The closed form conformal blocks for (pvdv)

partial wave, in terms of integrals from symmetric partial waves (2.30):

1k+2 v
Wa = NaMsya {2 Pl [(mgl) - 2\/;’%1(1214) k15432)> (500 ok+1 S00)

1 1
2 a (Y 2 o a
2 x IQ’ <x24 (Saféé Ok+1 Sb*%%) +$23 <Sa7%%0k+1 Sbl %>
12434
Y (oY (e’ o
+$14(S %_%OkJ’,lsb %%)-ﬁ-flg Sa% %OkJrle%_%))

z? 412 3 432)
14 k( ) (Sa L ok Soo) n 23 24 k( 11 ot S
x24 2z 121734 22
2
T 432) z3
+a3, 33 k( (Sa ~1 Ok+1 56\0> + 14 ) k(214) 00 Ok+1 S5_1 l)
Jﬂu 249534 2 12 34 22

214 x23 234
+Z‘23 ) SOO Ok+1 S?%,%) — k( ) (SOO Ok+1 Sl?%*%)
55125524%4 x24

_% Z Ii { 200 Ok+2 Spo0) — (Sgoo Ok+2 Sbﬁoo) - (5500 Ok+2 51?00)
2
* (5500 k2 5500)} a %(d +2k)(d i Q(Ejg)) (d+k—2)
x {(5300 ok Spoo) — (Sgoo Ok Sz?oo) - (5500 Ok 51?00) + (Sfoo Ok Sl?oo)} } :
(2.35)

Note that all the contractions (S o §) have the same dependence on A 4, and thus
we omitted it to save space.

To generalize this technique to other mixed-symmetric representations, one
would need to write the corresponding tensor structure contractions (like (2.28)),
as total derivatives of the symmetric contraction pq ;, and undifferentiated polyno-
mials times derivatives of t—then the relation of these expressions to those from
symmetric exchanges would follow in analogy to our case. We believe that it will
be possible to do this in more general situations, but this has not been definitively
established. However, to support this conjecture, we present the contraction for
[k +1,1,1] in appendix C, which has an analogous form.

2.5 The closed form conformal blocks for (¢pv¢pv)

Given the expression for the mixed-symmetric partial wave in (2.35), computing
the mixed-symmetric conformal blocks involves inverting the definition for the
symmetric contractions (2.30), and writing W in terms of conformal blocks via
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2. Scalar-Vector conformal blocks

(1.186). We describe such calculation in this section. For completeness, we also
give explicit expressions for the spinning symmetric blocks in terms of scalar blocks.

Conformal block definitions

Using (1.185) and (1.186), we write the relevant conformal blocks expansions,
where the tensor structures are constructed with the algorithm of subsection 1.3.2.
These are

(61 (1) P2(22) b3 (w3)da(24)) = K5 Y M20Asa0 9(u, v; 8550, Ao),  (2.36)
O

(@1(z1)va(T2)P3(23)Pa(24))
=K Mo meﬁ”(uv v) + Br2ogs  (u, U)) kG
o

+ (a12093>\(uav) + 512095)‘(%0)) kéz‘%)} , (2.37)

(¢1(1)P2(22)P3(73)va(4))

=K Ao Kaswgi\a(% v) + Bai09,” (u, U)) k{12
o

+ (agwgé\“(u,v) + 5340935(%”)) k¢(1432)} - (2:38)

For (¢1(x1)vaq(x2)ps(x3)vap(za)), the conformal block expansion is given by (2.5),
with

qo = Z (auoaswg(ﬁ“ + 0120534093B + 512(’)0134(’)953& + 5120ﬂ34095ﬁ)
0

+ ) moavsaag)”, (2.39)
A

Gi=> (Oé120043409%a + a120B34095) + Br2oasiogss + 5120ﬁ3409§3jﬁ>
o

+ Z V1247344975 - (2.40)
A

2.5.1 Conformal blocks for (pppo)

First we start with the case of four (not necessarily identical) scalars. The con-
formal block expansion (2.36) is related to partial waves by (1.185), which in turn
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2.5. The closed form conformal blocks for (pvdv)

we write as (2.6). This implies that
K2 M20A3109(u, v; Ais £, Ao) = NoA2oA,, 5 (S0 02,80 S00) » (2.41)

where we used the definition (2.31). From the results of Appendix B and the
explicit form of S* in (2.9), we see that relevant contraction of tensor structures
k is given by

O - RO O b (), (242
with ¢ defined in (2.29).

Let us now define integrals
1(123 s :/ dd‘ropd,é(t) (2 43)
@,B,7, a 5 :
T @30 @) (@) (a)
For ¢ = 0 this integral is evaluated in (2.153). With this definition and the
expressions (2.15) and (2.21), we write the conformal block g as

g(u,v; 8530, Ap) = 7~ ?
T(3(d+A5—As— Ao+ O3 (d— A3+ Ay — Ao + ) (Ao + £)
D3 (As—As+Ap+O)N(E (-As5+As+ Ao+ 0)T(d— Do +L—1)
I'(d—Ap—1 1A H(As-Ay) L(A1-Ag—AstAy) L(~A1+49)
(=20~ 1) (2,880 (;2,)H8=20 (2 ) A (2
I'(§s —Ap)

)%(d*Ao) I(Z)
T(A1—D2+A0), 5 (—A1+A24+A0), 3 (d+A5—As—A0), 3 (d—A3+As—Ap)”

(2.44)

x (23,

Note that the prefactor (z3,)2°/? already has the desired behavior under the
monodromy M : 23, — e*™x2, so we will want to pick out the terms from the
integral which are invariant under M.

If we expand the polynomial pge(t) using (2.97) from Appendix B then the
integral is simply a sum functions f, g5 defined in Appendix D (for even dimen-
sions d, it can be written in terms of hypergeometric functions, see (2.163)). For
example, in the case £ = 0, then pyo(t) = 1, and we have

['(Ap)
I'(¢—-Ap)
T(1(d— Az + Ay — Ap))uzloys(-Asthi—Ro)
T(5 (A1 = A2+ A0))T(5 (—A1 + Az + A0))T(5 (A3 + Ay + Ap))

g(u,v; 0450, Ap) =

X

N -1 -1
x f%(Al—A2+Ao)7%(—A1+A2+Ao),%(d+A3—A4—AO),%(d—A3+A4—AO)(uv 0T,
(2.45)
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2. Scalar-Vector conformal blocks

where fis defined in (2.156). Again, the u®©/? factor behaves correctly under the
monodromy M, and thus the conformal block g(u,v) is given by the monodromy
invariant piece of f, which we call f (see (2.157)).

The formula above shows explicity that g(u,v; A;; ¢, Ap) depends on the dif-
ferences Ay — As and Az — A4 only. Thus we adopt a condensed notation that
will be useful below:

gE;P,Q(u7 U) = g(uv U3 Al + P7 AQ} A3 + Q7 A47 E’ AO) (246)

Here P and @, allows us to write conformal blocks where the difference in confor-
mal dimensions is shifted by integer amounts. In this notation the dependence on
the A; and Ap is implicit.

For ¢ > 0 one can exploit the recursion relations (2.101) to expand the numer-
ator of the integrand in (2.43). As shown in [64], this results in

Ao+ —
d—Ap +€ 2
x| R R RO T2 2 (g 0) = g1 (0,0)
1d7A3+A47A0+£72u71/2
2 A3 +Ay+Ap+L-2
(Ao+0—2)([d+03-As—Do+£—-2)(d— D3+ A4 —Ap+£—2)
C (d=—Do+l-3)(As—Ds+ A0+ L—2)(—D3+As+ Ao +L—2)

(0—1)(d+¢—4)
% (d+20—4)(d+2(—6) ge—2:00(u,v)| . (247)

9e;0,0(u,v) =

(Ugé—l;—1,1(U, U) - 95—1;1,1(% U))

In d = 2 the recursion can be solved explicitly in terms of hypergeometric functions,
and in higher even dimensions solutions can also be constructed [68,69]. At any
rate, here we will assume that these conformal blocks are known, and we will
express the new conformal blocks in terms of these.

2.5.2 Conformal blocks for (¢pvpp)

Now for the case of three scalars, and a vector in position two, the conformal
blocks are (c.f. (2.37), (1.185), and (2.6))

K3 A310 [(alzog?’\ + 51209?/\) K + (0412(992 + 51209m) k(234 }

= NoXy,5 (04120 (S200 °t.80 St0) + 120 (Sfoo o100 530)) - (248)
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2.5. The closed form conformal blocks for (pvdv)

Then, expressing S and S? in terms of S* as in (2.11) and (2.12), and pulling
the differential operators outside of the integral, allows us to express g/ in terms
of differential operators acting on g. This leads to

aX __ _ _ P _ _

9= AT A 1= Ao) [(1—A1+A,+(1—0)(As —Ay) +20 (1 =)0, — 2uvdy,)
Xg(u,v; Al - 1,AU7A37A4;€;AO>

+(14+ A1 — Ay —2udy) glu,v; A1 + 1, A, Az, Ag; £, Ap)],  (2.49)

gor = — YU Ay — Ayt 2udy + 200,) glu,v: Ay — 1, Ay, Az, Ayl Ao)
2(1-2A0)

*23719(U,U;A1 + 13AU7A3,A4§€7AO)] ) (250)

Similarly,
A —A,—Ap+Ll+1
glﬁ)‘ — 1 © 91/\(U7U;A1,Av;ASaA4§£; AO)

14
1
— Z (1 + Al — Av — 2u8u)g(u, V; Al + 1, Av, Ag, A4;€, Ao), (251)

s A=A, —Ap+l+1
92 = ¢

g2a>\(u7v; Al) Ava A37 A4;£; AO)

24/
+ 09w, v A+ LA, Ag, Ay £, Ao). (2:52)

Note that as with the scalar blocks, the expressions only depend on the differ-
ence Ay — A, and Az — Ay, not on the weights individually. The other crucial
property of these expressions is that the operators which act on g on the right
hand side involve only integer powers of \/u, so they are all invariant under the
monodromy M. Therefore the results above have the correct boundary conditions.

2.5.3 Conformal blocks for (¢p¢p¢v)

When the vector is in the fourth position, the calculation is very similar to the
previous case. The conformal blocks are computed with

K2 120 [(0434091%‘ + 534og{\ﬁ) kM2 4 (0434095‘(1 + ﬁ34og2w> k§432)}

= Noi20 <04345 (SS\O TN SSOO) + 5345 (58‘0 YN 5500)) . (2.53)
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2. Scalar-Vector conformal blocks

Note that a,, 5 and 3,,5 must be expanded using (2.22) and (2.23). The results

are

o= VU 0 Ap Ay — 2udy — 200,)
(@]

XQ('LL,U;Al,AQ,Ag - 17AU;€7 AO)
+ (1 - Al + AQ + Ag - Av + 2’()81,) g(u,v; A]_, AQ, Ag + 1, AU;Z, Ao)] 5 (254)

oW _ _ _
95 = 30— Ao) [(1—As+ A, —2udy, +2(1—0)dy)

Xg(u,v; A17A2>A3 - 17AU;‘€7 AO)
+(1+ A5 — A, —2udy) g(u,v; A1, Ao, A + 1, A0, Ap)],  (2.55)

A As—Ay,—Ap+l+1
gl - é

+ % (1 - Al + AQ + A-?) - AU + 21}81))9(“51); A13A27A3 + ]wAU;E?AO)v
(2.56)

G, 05 A, Ay, Az, Ay £, Ao)

v As—A,—Ap+l+1
gQ - e

— % (14+ Az — Ay —2udy) g(u,v; A1, Ag, Az + 1,A,; 4, Ap), (2.57)

95 (u,v; A1, Ao, Az, Ays £, Ap)

which again, only depend on the differences A1 — Ay and Az — A,, and they have
the correct boundary conditions.
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2.5. The closed form conformal blocks for (pvdv)

2.5.4 Symmetric conformal blocks for (¢pv¢v)

For two scalars at positions 1 and 3, and two vectors at positions 2 and 4, we
follow a completely analogous procedure as above which leads to

o 1 1 « (0% (0%
90 = m ﬁgz;?;o,ﬂ - \/691;?;0,1 - ﬁgz;z;m ) (2.58)
oo \/’TL o
911 = m [— (1—-As+ Ay —2ud, — 2”&1)91;2\;0,—1
+ (A1 = Ay — Az + Ay — 200,) 950:0.1] » (2.59)
v
+(1+ Az — Ay —2udy) 6700.1] » (2.60)
(o703 \/a (03
oo = ﬂTjE5p4L4%+Aramy—%@mﬁ@4
— (1= Ay + Ao+ Ag — Ay +208y) 95001 5 (2.61)
v 1
g5 = 2(1_\/;0) {(1 o Az + Ay —2ud, +2(1 —v) av) gg;?;o,—l
+(2+ Az — Ay — 2ud,) 93;?;0,1] ; (2.62)

where in the spirit of (2.46), we used the following condensed representation
givro =9 (U, v; A1+ P, Ay, Az +Q,Ay;0,Ap), 1,5 €{\a,B}.  (2.63)
The other components af, Sa, and 8 are given in appendix F.
Actually, the combination which occurs in the four-point function
120031095 + 0120831095" + Br203109," + Pr208s109, (2.64)
has a remarkably simple form if written in terms of scalar blocks. This is

A1A2D, " ge—1,-1 +A132D;+ge;—1,1+31A2D;794;1,—1 +B132D;r+ge;1,17 (2.65)

where

A, = 071 <a12@+ (A — Ay — Ao+ L+ )612@) (2.66)

A2 = (Oé34(9 + Ag — A4 — Ao + ¢ +1 5340) 2 67
Ao -1

B, = (0512(9+ Al A2+Ao+€7 1 5120) 268
A@—l

BQ = 0434@+(A3—A4+A(9+£—1 6340 269
(Ao -1)

and Dg[i are differential operators given in a table in appendix H.
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2. Scalar-Vector conformal blocks

2.5.5 Mixed-symmetric conformal blocks for (¢pv¢uv)

Finally, we arrive at the conformal blocks of two vectors and two scalars, associ-
ated to the exchange of the mixed-symmetric operator A. Our starting point is
expression (2.35). To evaluate the contractions (S o .S), we first combine (1.186)
with the conformal block expansions at the beginning of this section to obtain the
corresponding expressions in terms of conformal blocks. Plugging these into (2.30)

we obtain oy
(So0 °¢.8.4 St0) = 2 9:0.0 (2.70)
No ()\345/)\340) Ao—Ax
where No, Mgy and geo,o are given by (2.15), (2.21), and (2.46) respectively.
Similarly,

’CA1+P’A2+Q’A37A4
4

No ()\345//\34(9) ’

« A\
(Sa PQ %0,A4 Soo) =
A1 —=A1+P,As—As+Q

., (2.71)

Ao%AA

X [g?;?;PfQ,Oka) + 93;2};197@,0]63234)}

’CA17A27A3+R,A4+S
(530 OlA4 SffRs) ==
No

Ao (412) | Ao (432)
9190 r_sk + 95%.0r—sk
As—AstRA, A4+S) ( 1;¢;0,R—S™a 2;4;0,R—S™a

AB 412 B 432
> (91;5;0,12—51‘7((1 )Jrgz;e;o,R—sk((L ))]

)
Ao—)AA

(2.72)

Az—Az+R,Ay—A4+S

ICA1+P=A2+Q7A3+R»A4+S
(S;PQ O, A4 StfRs) ==
No

o (el

)

rl p
Ipie;P—Q,R—st
AlﬁAl+P,A2HA2+Q,A3%A3+R,A4ﬂA4+S) PitiP=Q, i NI

(2.73)

where the sums are over | € {a, 5}, p € {0,11,12,21,22}, the tensor structures
are

0 24 11 214)1.(412
Loy = m((lb ), thh =k )klg ),

tiy = KR 6 = kPO = KPR, (21
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2.5. The closed form conformal blocks for (pvdv)

and M is given in (2.24). Plugging in these results into (2.35), and collecting all
the different tensor structures finally leads to

907 (u,v; A1, Aoy A, Ak, A )

1k+2 1
=-—|C 00— —=(C2 (g6 %a1.—1 11—
2k 1 19k+1;0,0 SN ( 2 (90,k+1, 1,1 T 90;k+1;1, 1)

+Cs (gg;€+1;—1,—1 +g§;i+1;1,—1) + Ca (Ugg;%+l;—l,1 +g&%+1;1,1)

+Cs (vgéiiﬂ;fl,l + gg;iﬂ;lvl))

1 k' 2 aa @ (4
- 5?11 [CG (90;k+2;0,0 - gg;k+2;o,0) +C7 (gg;i+2;0,0 - go;iw;o,o)]

1 k? (k+2)
C2(d+2k)(d+2k—2)(d+k—2)

[CS (g&%;0,0 - 9552;0,0) +Co (gg;i;o,o - gg;i;o,o)] )
(2.75)
1k+2 1

Yy . . _ aa aa
911 (u7U7A17 A27A37A47 k,A.A) - §m _m (02 (gll;k#»l;fl,fl +gll;k+1;1,71)

af af
+Cs (911;k+1;—1,—1 + gll;k+1;1,—1)

+Ca (“glaﬁkﬂ;fl,l +9?16?k+1;1,1) +Cs (Ugillﬁ;kﬂ;ﬂ,l +9?1g;k+1;1,1))

aX C2 e C3 s C1v e Csv xg
—C1g1 k41510 + ﬁgl;k+l;0,—1 + ﬁgl;k+1;0’_1 + ﬁg1;k+1;o,1 + ﬁgl;kﬁ—l;o,l
1k+2 aa Ba 88 apB
Tok+1 [CG (911;k+2;0,0 - 911;k+2;0,0) +Cr (911;k+2;0,0 - 911;k+2;0,0)]
1 E* (k+2)

j [Cs (g?ﬁk;o,o - gfla;k;o,o) +Co (glﬁf;k;o,o - gixﬁk;o,o)] ,
(2.76)

C2(d+2k)(d+2k—2) (d+k —2

979 (u,v; A1, Ao, Ag, Agy b, Ag)
1k+2 \ﬁ 1
=551 | 2Va¢ 0,0 = 5= (C2 (912Kt 1:-1,— et 1i1 —
2k+1 [ o~ L9k+10,0 2\/@( 2 (912,k+1, 1,—1 + 912:k+1;1, 1)
+C3 (95 k 11, 1,1 + Sopsrin, 1) + Ca (vgiSk1-11 + 9T50k4101,1)
T [ ax N
+Cs (U9?£k+1;_1,1 +91a25;k+1;1,1)) + C1 " (gf‘;kJrl;ilyo +9(11;k+1;1,0)

Cz A Cg 2B C4’U A 051} A3
+ﬁ92;7c+1;0,71 + ﬁg2;k+1;o,—1 + ﬁgﬁtﬁl;&l + %92;1@-5-1;0,1
T2k+1 [06 (912;k+2;0,0 - ng;kJrQ;o,o) +Cr (ngﬁ;kw;o,o - 912ﬁ;k+2;0,0)]
1 K (k+2)
2(d+2k)(d+2k—-2)(d+k—2)

[CS (91a2a;k;0,0 - gfza;k;o,o) + Co (gfzﬂ;k;o,o - g?zﬁ;k;o,o)] )

(2.77)
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2. Scalar-Vector conformal blocks

1k+2 1 ac aa
g;f(u,v;Ah Ag, Az, Ay; k7AA) = §m *m (C2 (921;k+1;—1,—1 +921;k+1;1,—1)

ap af aa aa
+Cs (921;k+1;71,71 +g21;k+1;1,71) +Ch (Ug2l;k+1;71,l +921;k+1;1,1)
aB af aX Py B
+Cs (U921;kz+1;—1,1 + 921;k+1;1,1)) = C192k41,1,0 — C4ﬁ91;k+1;0,1 - C5ﬂg1;k+1;o,1

1k+2

aa Ba B af
Tok+1 [CG (921;k+2;070 - 921;k+2;0,0) +Cr (951;k+2;0,0 - 921;k+2;0,0)]
1 K (k+2) oo Bor 88 af
3T R @+ 2= 2) @ k) O (9m00 ~ 02ilno) + Co (daroo — it ]
(2.78)
1k+2 1
g;;(u7 U3 Ah A27 AS: A47 k, A.A) = Qm _m (02 (gg;;k«kl;fl,fl + 9320;(764»1;1,71)

B8 B
+Cs (91212;1@+1;71,71 +g(212;k:+1;1,—1) +C4 (Ug%):k-«-l;—l,l +9§2a;k+1;1,1)
apf apf
+Cs (U922;k+1;—1,1 + 922;k+1;1,1))

v by A Y \B
+Cl\/g (gg;k+1;—1,0 + 93;k+1;1,0) - C4ﬁ92;%+1;0,1 - 05\/692;k+1;0711|

9k T1 [Cﬁ (gg§k+2;0,0 - 922a;k+2;0,0) + C7 <922;k+2;0,o - 9§Q;k+2;o,o)]
1 k? (k +2)

S 2(d+2k)(d+2k—2)(d+k—2)

[Cs (9552k:0,0 = oski0,0) T Co (Iamnso.0 = Ioamko0)] -

(2.79)

The constants appearing above are written in appendix G.

2.5.6 A note on using these results

One important detail is that, with our definition of the shadow integral (2.6), in
the limit u — 0, followed by v — 1, the scalar blocks (2.41) are couz(20=0 (1 —v)*
with ¢, = (—=1/2)*. Some authors use different normalizations, e.g. ¢, = 1.
However, since the expressions for ¢77 involve sums of scalar conformal blocks
at different spins ¢, then using a normalization differentthan ours will produce
incorrect results.

2.6 Discussion

In this chapter we studied the conformal block decomposition of the four-point
function of two scalars and two vectors, (pvgpv), in general spacetime dimension d.
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2.6. Discussion

We computed the conformal blocks associated to the exchange of symmetric trace-
less operators O, by applying differential operators to scalar blocks as described in
subsection 1.5.2. Furthermore we found that the conformal blocks of the mixed-
symmetric operator A can also be written in this way, with the difference that
they have shifted spins k,k + 1,k + 2.

We have verified numerically that our results satisfy the correct behavior under
exchange symmetry mentioned at the end of subsection 1.7.2. Furthermore, we
have checked that in d = 3, the mixed-symmetric conformal blocks become the
parity-odd conformal blocks [31,45,91] as expected from (2.120). It would be
interesting to understand our results in the context of holography, and particularly
to compare with the bulk geometric quantities from [120].

A natural next step is to apply our results in the conformal bootstrap program
to seek bounds on the CFT data of theories with vectors in their spectrum. This
has partially been achieved analytically, using light-cone and causality techniques
of sections 1.7.3 and 1.8. These results, based on [2], are presented in chapter 4.
However, numerical results would also be interesting. In particular when the vec-
tors are conserved, it could constrain theories with continuous global symmetries
and their spectra of charged scalars.

So far it is not known if the methods presented in this chapter can be general-
ized to other mixed-symmetric representations. From the form of the contraction
(2.141), it is plausible that this can be done for (k4 1,1, 1) too. However, this has
not been checked explicitly yet. It would be interesting to understand the con-
nection between these contraction formulas and the formalism of subsection 1.6.4,
where the mixed-symmetric blocks are computed via the application of differential
operators acting on a pair of coordinates across different OPEs.
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2. Scalar-Vector conformal blocks

Appendix A: Building blocks and identities

In this chapter, the physical space is flat R? with Euclidean signature. Indices a, b, etc.,
are raised and lowered with the Kronecker delta d,,. From the fact that z;; + xjx = @,
we can show the physical space version of (1.184)

) x? x2
kgzké) — _ 222 Jjk k(zgk) + ;k: K4 k(uﬁ) (280)
xkal xljmke
Using the basic identity that
1
Tij Tkt = 5 (—wfk ol g — :vfe) ) (2.81)

we can prove identities
LijTikLieLimLjkLim

k(ijk)_k‘(iém)zl( 2 2 2 2 2 2 )*1/2
2

2 2 2 2 2 2 2 2 o 2 2 2
(*xijfﬂiﬂkm + X3 TimThe + TipTioTjm — xikmimle) , (2.82)

mg)k(]’u)b - _ (2.83)
and ‘ N -
8 m{F I mG? = m) — 2k (IR I (2.84)
As special cases of these fomulae, we have
(KN =1, PRI = g0 s (Dm0 = 6, (2.85)
One more useful identity is
9 ptiak) _ ( (ki) | k(ku)k(uk)) (2.86)
oz ®
Appendix B: Lorentz representation projectors

We will be grouping tensor operators by their representations under SO(d). There is
a large body of work on irreducible representations of SO(d) (for instance see the nice
discussion in [29] and references therein), but we really don’t need the full power of this
theory for the current work.

Consider a tensor with n indices. It must transform as a sub-representation of the
tensor product d®™ of n copies of the d-dimensional vector representation. To distinguish
the different irreducible representations I which appear in the decomposition of d®™, we

. Tai-an . . .
can use projectors, Hbl-»-bn . Being projectors, these must satisfy

I o IJrlay-an
|1 R N Iy clbn =9 Hbﬁ-l<bna . (2.87)
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2.6. Discussion

The projectors are built exclusively with Kronecker deltas 65;7 d% , or Op,b; -

Below, we will need the projectors for the totally symmetric traceless representation
of spin ¢ (i.e. with ¢ indices), and also for a mixed symmetry representation with k + 2
indices which we will describe below.

Totally symmetric: Consider first the projector onto totally symmetric traceless

representations, H(D_.a,ll,l;””. By the symmetries of the problem, it must have the form
[£/2]
D™ A B+ 3 A G 2,
(2.88)

where the A; are constants. For £ > 2, taking the trace with §°4-1%¢ we get

(a1 ap—2 cap_jag)
Aod(bl . 6be ) §e-t

L¢/2]
(—=20)(£—1—2) (a,a Q9it1am; ag; )
+ Z { 1) glataz gaziyia2 26041y "'6b2i—1b2i6b22i:13 ...5:;72)

z(d+2€—2z— 2) (ara azi 102 az; ap)
=) slaraz | gazi—1 2,5(171172...5b2i73b2i725b;:1 ...5b;72> . (2.89)

Thus tracelessness requires

(042 —2i) (0 +1— 2i)
2 (d + 20 — 2 — 2i)

A = — Ai_1, for 1 <i < [¢/2], (2.90)

or
Or(E40—i-1)

Ai= (1" o (€= 20)lilT(Z + £ — 1)

Ao. (2.91)

Finally, we can fix Ag by the condition that IT> =TI, i.e.

et e Hgf),_‘%;l;“”. (2.92)

In fact we only need to check the leading terms, not the subleading traceless terms,
because the latter can’t contribute to the former when we square. Then since

6(01 .. 50«1)6(01 . 5%)

o o St 50, (2.93)

be) — (b1 be)

we require A2 = A, and hence we should take Ag = 1, and we can write

[£/2] ) .
e Z ( 1)1 OT(§+e—i-1)
i —20)0($4+0—1)

ala ag;_1a92; aj )
« glataz | gazi—1a2 6(b1b2"'5b2i_1b2i61);:—11 ...55;’). (2.94)
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2. Scalar-Vector conformal blocks

These projectors obey certain recursion relations. With the explicit expressions for
coefficients above, one can show that

_ -4 -1 _
Hl(;é)”a';e ap :6(a11—[(l 1) az---ap) _ (d+€ )(6 ) 6(a1a26(blb2nl(7€ 2)asg a()v

(b1 bo---by) (d+2£*6) (d+2£74) 3-by)

(2.95)

Now we can define polynomials pg¢(t) by

0/2 XY

() ay-apy b by _ 2y -2 _
Ny o+ Xa L) 0 7Y Py P = (X*Y?)" pae(t), t= T (2.96)
Explicitly, using (2.94), we have
Le/2] . p .
1\ DG +L—i—-1) , o
t) = —— A 2.97
Pae(?) Zi_o 4) A= 2)T(E+1-1) (297)

These are related to the more familiar Gegenbauer polynomials by

pae(t) = mcﬁ‘“(t), (2.98)
They obey a simple differential identity,
Pa,e(t) = paya,e—1(t), (2.99)
and also
Pa+2,e(t) = pa,e(t) + 20 f(;)zdl—)i— 20— 4)pd+2,e_2(t). (2.100)

We can also prove a recursion relation for fixed d from (2.95),

(d+0—4)(0—1)
(d+20—4)(d+20—6

Pa,e(t) = tpae—1(t) — )pd,e_z(t). (2.101)

The first few of these polynomials are

1 3
=1 =t =2 _ = =3 - 2 ¢
Po ) p1 ’ p2 d’ b3 d+2,
4 6 3 5 10 3 15

“dre T (d+4)(d+6)t' (2.102)

dr2d+a P=1
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2.6. Discussion

We will also need the result of the following partial contractions of II¢?),

(0)act-co_1y,d 4, 1 0 0 2v,214/2
Xoy o X a5 Y™ Y4 = G g | (V) et
1 2,9\ 52 [ea XXy Y'Y 5
=5 (V)T (o (S50 + 550 (- Do — 1))

XY,

Y*X

Vv

1 S [ca XX, Y
= Z (XQYZ) 2 |:(5bpd+2,£—1(t) + (Z — 1) ( %2 b + TQb> (pd+2,l—1(t) — tpd+47[_2(t))
XY,
+\/X?;2 (épd,e(t) — (20 = 1) tpayo,e—1(t) + (£ — 1) t2pd+4’[72(t))
Y*X,
+(-1) \/Wpd+4,£2(t):| .

(2.103)

Mixed symmetry: Now we would like to find projectors onto the mixed symmetry
representations that we need for the scalar-vector bootstrap. Recall that these tensors are
antisymmetric in their first two indices, totally symmetric in their remaining k& indices,
they vanish when antisymmetrized over any three indices (this condition is trivial unless

the three are the first two indices plus one more), and are completely traceless. We
(k) aragby---by
cready---dy

will write the corresponding projectors II with tildes to distinguish from the

totally symmetric case considered above.
For k = 0, the only index structure compatible with antisymmetry is
T8 = Ao (55652 — 3510%2). (2.104)

Imposing T2 = II then implies Ag = 1/2.

For k = 1, there are three terms compatible with the antisymmetry in the a; and the

Ci,
D 9120 = Ag (821682 — 001822 05+ Bo (824105200, — 00105280, — 03182208, + 85165260,
+ C1 (8°1%00,a022 — 600,a00% — 0%2°6¢,a00) + 6°2%0epadir) . (2.105)
Demanding that this vanish on antisymetrizing [a1a2b] leads to the constraint
2A0 —4Bg =0, (2.106)
while demanding that it vanishes when we trace with §°2% gives
Ao+ Bo+ (d—1)C1 =0. (2.107)
Finally, demanding that 2 =11 requires
2A3 +4B3 = Ay, 4A¢Bo— 2B} = By, and 4A4,C)+4BoC1+2(d—1)C} = Ch.
(2.108)
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2. Scalar-Vector conformal blocks

The unique non-vanishing solution to these constraints is that

1 1 1
Ap == By == = 2.1
°T 3 =g O 2(d—1) (2.109)
SO

~ ala b 1 a Qa a Qa 1 a Qa: a a a a a a

fi( e1e2t - 5 (02102 — o) 5012)53”“6 (02105200, — 60185280, — 03100200, + 651 6225¢,)
1

TcEn (6°1%0c,a022 — 61 60,a00% — §%2°6¢, 400} + 62" 0eyader) . (2.110)

For k > 1, the following structure is the most general consistent with antisymmetry

of the a; and ¢;, symmetry of the b; and d;, and symmetry between upper and lower
indices,

[[(%) arazby by

cieady---dy
Lk/2]
a Q. a Q. . . b i
= Z Ap (691572 — 601.502) it L ghaimibaig Oy gt 53};3
1=0
[(k—=1)/2]
. ai ca (b1 gaiga (b1 sa as (b1 a ag (b1
D B (50115(515|c2\ 03 0(d1 Ojer] ~ O O1er Ocs) + 5@15\;5010
1=0
s bo;
X 6b2b3 Tt 5b2%b2t+16d2d3 e 5d2id2i+15d;iz T 622;
[(k+1)/2]
ay (b a aq (b a as (b a as (b a
i=1
x 57208 .. '5b2i72b2i715d2d3 o '6d2i—2d2i715222 a 52’1:;
Lk/2]
a1 (b a b a1 (b a b a2(b a b
+ Z D; (5 1( 1661(d15ll;|5\c22\ _ gl 1662(1115!122\5'621‘ _ gz 15(;1(d16(‘121‘5‘§2|
=1
a a . . bo; .
+6 2t 562(111 6!121‘5\17210 DS '5b21_1b215d3d4 e 5d2i—1d2i6d2111 o 5322
Lk/2]
ay (b a b ai(b a b as (b a b
+ Z E; ((S a 15(d1d26|‘cf|6c§\ — g 15(d1d26|‘022‘5cf\ -6 2l 15(111(125"011‘55;
i=1

+5a2(b1 5(d1d25\a1\5b2

[ea Teil

+ 56102 5c1(d16|a1 5a2| _ glbab2 562<d15\a1 5a2| _ 5(b1b2551(d1 5;‘;1 602\

lea| " d2 le1]"d2 [ea]

(b1b2 lay saz| \ ¢b3bg bai—1b2; bait1 b)
+6 562(d15d2 5\c1| 4 RN 16d3d4 ”'6d2i—1d2i§d2i+1 "'6dk)'

(2.111)

Demanding this vanish when we antisymmetrize over [ai1azbi], when we trace with
d%—1% and when we trace with §°2% fixes everything up to one constant Ao which
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2.6. Discussion

can then be fixed by the condition that 12 = II. The result is that

B, = k_222Ai, (2.112)
k—2i+2[i(d+k—1) 1
;= — —| Aia, 2.11
¢ d+k—2[d+2k—2i+2 ! (2-113)
i (d+ 2k)
D; = ———2A;, 2.114
B = —iA, (2.115)
while the A; are given by
1

Ag= —— 2.11
0 k+27 ( 6)

and the recursion (h— 2 +1) (k — 2 +2)
— 21+ — 21+
A = — A1, 2.11
2i (d + 2k — 2i) ! (2.117)

solved by
A»—( 1)Z KIT(% +k—1d)
N4 (k42)it (k-2 DL + k)

(2.118)

For d < 4, the story so far is not quite complete.

In d = 2, these mixed symmetry tensors labeled by k are equivalent to spin-k sym-
metric traceless tensors, with the map
1

26"1"2,41,1172“1“‘%. (2.119)

Aalazbl‘“bk = Ea1a20b1mbk, an“ﬂk

In d = 3 similarly, there is an isomorphism between mixed symmetry labeled by k
and traceless symmetric of spin k + 1, via

c k (& (&
Aarasby by, = €ayas Ob,.bpe + 5 (6a1(b1 O|a2\b2-»-bk)c — €as(by O\a1|b2-~bk)c) , (2.120)
and

1

OM‘..%Jrl = me(m

ciea
A\0102|a2~

apg1)- (2.121)

Finally, in d = 4 we don’t have to worry about any isomorphisms of this sort, but we
instead need to recognize that our mixed symmetry representations are in fact reducible.
To split the two pieces apart, we can define

(Hataz _ 1 (caica a1 sa ata
Oy 5, 1= 1 (5b115b22 — Oy, O L €™ 2b1b2) 3 (2.122)
and then define
(kt)ajasby---b aia + T1(k)ereaby by
Elcg)dll'nikl b= Hg:lth ! 21_[£10)2flf2 H‘(fl?fgtlil?wlik k' (2123)

As in the symmetric case, we will need to consider the result of contracting these
projectors with vectors X and Y, so we consider the expression

R et ehiiydi | ydigr (2.124)

Xcl o 'Xck+1 bdy---dy1q
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2. Scalar-Vector conformal blocks

The free indices a and b can only be carried by a Kronecker delta d; or by the vectors X*
and Y®. Moreover, the expression must be symmetric under simultaneous interchange
of X with Y and a with b, and it must be identically zero when we contract with X, or
with Y®. These conditions imply that it must have the form

(k) aci-cpp1y, dy di41
Ck+1Hbd1 “di 41 yo...y

s [0 XOX, Y, XY
:(X2Y2) 2 {(—51,-5- X2 + v2 _\/Wt> Se—1(t)+

a Y*Xy
(—m + \/W) gk(t)} . (2.125)

for some polynomials fr_1(¢) and gi(t) of degree k — 1 and k respectively, with ¢ =
X -Y/VX?Y? as before. These polynomials can be determined by explicit contraction
of (2.111) and use of the solutions for coefficients determined above. The result is

Xe - X

L KD (4 + k — ) k—2i—1
fra(t) =5 Z:: ( ) (k —2i — 1)! (d+k—2)F(§+’f)t ’ e
and
L% :
S 2 N K (d+k—20—2)T (4—|—I€—i) k—2i
gk(t)—’ﬁizo (*Z) A (k—2i) (d+ k — 2)F(%+’€)t ' e

Actually, these can be recast in terms of the polynomials pq,¢(t) which we defined in the
symmetric case (and which are related to the usual Gegenbauer polynomials),

1 k
Jr—1(t) 2kt D (dtk— )Pd k+1(t) (Cl+7/€)pd+4’k_1(t)7 (2.128)
w0 = ~garmarE=g (@ DPhen @+l )
= SR Y +1l<: —3) ((d —2) paya,k(t) + ktpayar—1(t)), (2.129)

where a prime denotes the derivative with respect to the argument ¢.

Appendix C: Mixed symmetric contractions

In general one expects that the contraction of the projector I associated to some Young
symmetry A is given by

Xy, kal_[ enfl kahl oy = ZT X Y) g"’PZ( ) (2.130)

th
(3

where T} are tensor structures made out of combinations of X, Y, and the Kronecker

: — XY . . .
delta, and P polynomials on t = T In the previous section we showed this, ex-

plicitly, for [k + 1,1]. More generally, from the work of [121-123] (see also [37]), one can
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2.6. Discussion

understand this expression as the result of a particular differential operator (say in X)
acting on the symmetric contraction of A1 indices

endue Byt oy e = DRITL e (X iy, (X V)M, (2.131)

gnhl

X Xy, H
where

Hyg (XY = Xy oo Xy TPy iy = (X220 2,5, (1), (2.132)

and A; is the length of the top row of the Young pattern [A] (in our case this is k+1). In
the context of conformal blocks, the extra indices e; are contracted with m(*?, m®39 and
the indices g; with m(30)7 m0, Furthermore, X = k<012> Y = k(3% with X2 = Y2 =1.
Thus a generic contraction with T;

mlO . m10m20 . m20 . Tz (k(012>, k(034)) . m(30) . m(SO)m(40) . m<40), (2133)

can include combinations of 1- and 2-index elements

mff,?) 0120 m((;bo) O30 m[(li;)) i (09) b (2.134)

cy

with 4,7 = 1,2, 3,4. The result presented in this chapter suggests that one can write the
contractions (2.133) as derivatives of ¢ only. For example, for (2.125) we have

mae )Te (04) cb _ mgzeo)(t(sce . k£012)k(034)e)m(04) cb

x2,xd, 23,72, %t ot ot
= t . (2135
2 dxsdxt  Oxd Oxf ( )

2
L01%03

mgQO) Te m(04) c

— m(0 (- )5e 4 ROIDRO12) e | 030 (030 e _ 4 (012) (030 e | 1(034) 1 (012) ) m©®e,
_ ToaT34T1HT3, - 1) %t ¢ ot ot (2.136)
x2 12, 0z80x8  Oxg 0xh )’

where we have extracted T1 and T by rewriting (2.125) as
— T (tfe—1 + gr) + Tou fr—1(t), (2.137)

and we picked the particular combinations because fi_1 and tfix_1 + gx are just constant
multiples of pat4,x—1 and pa+2,k respectively. These results rely on the fact that

PYRCI) 22, _ I
oo = | o (mad + KRS (2.138)
x5 T T

and the key observation is that the particular combinations of §, EO12) ) 1 (034) " that
appear in T}, are such that the terms kY% cancel out, leaving only the terms m(®?) that
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2. Scalar-Vector conformal blocks

we want. This leads to

20) 7.(012) (012) 77 (k) cdy---dy, (04) e 1.(034) f 034) f
m‘(lc)kth ”'kdkﬂ 6f1-~fk+1k+lm bk( ) 1H'k( i

2 2 2 2 )
Z02T04T12754 1 2 o0°t ot ot

= k1@ -1 —t B

\/EQ(GH- k—2) ( (( )Omgﬁmﬁ 823 Ozt Pd+4,k—1

0%t ot ot
+(d—-2) (t ) pd+2,k> . (2.139)

0r3dzy  Ox§ 0xf

Equation (2.28) then follows from the chain rule and simple Gegenbauer identities listed
in appendix B.

k+1,1,1]

As an extra result, we present the contraction under the projector ! associated

to the Young pattern [k + 1, 1,1]. Using techniques from [121-123] one obtains

[k+1,1,1]er1es _ o k+1,11ereafifotiy,di | yrdpga
Pclcg = Xfl ka+1Hc1(;2d1mdk+1 Y Y

(h + 1)(X2y?)" Xt ®)
X k+3)(dtk-3) Vxayz | Pk

h h
o [53 ((t2_1)57. XXt (XY 4 vyt y,yh) X4V XY

sLrolloctop ((d —3)69 [téj& -2

B X2y?

2 + X2 VX2y? + v2

pd+4,k1> .

(2.140)
Thus from the previous discussion one finds that

(10)m(20)fp[’€+1,171]61€2 g30) c1 m[(;lo) c2

Maey beg cic2 m
2 2 2 o 2 2 2 2
_ T02T04T12T54 (12) (34) ot o0°t Parit —2 o0°t 0
= 2 3 v Meqr ] a1 Pd, PE] PG
Tp1%o3 wo dxb ozl 028 oz 0z ozl ozl o)

! (k+1)
X {MMZM,HQ-&- (d+2k:)(d+2k:2)(d+k3)pd’k}}’ (2.141)

where in the second term, the square bracket notation is indicating that b (d) is antisym-
metrized with b’ (d’).

This is one of the two new contractions that appear in the conformal blocks for the
[k + 1,1, 1] exchange in (VVVV). Those conformal blocks are left for future work.

Appendix D: Integrals

Much of the material in this appendix follows [28].

The basic building block for our integrals is

—d —d/2
D 2 2! ~r s 2
d”zo Zaixm = W Zaiaja:ij , (2.142)
2
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2.6. Discussion

along with the Feynman-Schwinger trick which uses the identity

I n Ci n 0 1
H?:Xf?‘ N H(;LZZ?(cj; (U/O dpy, ) ! . (2143)

1 (Xl + 2?22 /"’ZXZ)Zmzl c

Three-point integrals: Suppose a + 8 + v = d. Then the integral

deo
Iopg~(T1,22,23) = ,
par(1, 22, %) / (@2,)" (22,)7 (a2,)"

will be a conformal scalar of weight «, 3, and + under conformal transformations of x1,

(2.144)

x2, and x3 respectively. To evaluate the integral, we first use (2.143) and then (2.142) to
write

"D i [t [T |
I, T1,T2,23) = ————— [ d" T dss dtt”
per(@1, @2, 23) C(a)T(B)T () ’ 0 0 (22, + sa2, + ta2y)*

2l—dn délf‘ d _ _ —d/2
- F(a)F(B)F(”y)IS(‘)H'l)/ ds s” 1/ dtt’™ (saiy + tais + stads) 2 (2.145)
2 0 0

To perform the remaining integrals, we recall one of the representations of the beta

function - L
du u _ L(@)I'(y) (2.146)
o (14w T+y) '

Then

Io,g,~ (21,22, 23)
d+1

1—d oo oo 2 2 —d/2
= 2 'm2 F(dc)z+1 / ds 5?1 (Sx%)—d/Q/ dii’ 1 (1 iy (3613 +251:23>)
F(a)F(ﬂ)F(V)F(T) 0 0 ST

_ 21_d7r%r(d
- D@ (ML)

X (l'%g)/y 2 / dssPHr—8-1 (Z’%g + s:vgg) 7/ duw” ™t (1 +u)~Y?
0 0

21 (AT (E — ) 4 B oo L 2\
= e (23,)"" % (a2s) v/ ds P~ 8-1 1+8?§3
2 0 13

. 5= 72 -4 22, B—4 22 dp—y [T v P81 )7
et () ) ) [ (o
_ PTG - NPB+y = DTG = B) 2 \v—% (2 \8-% (248
- T (@)L (AT () (f2) % (ia) ™ (o)
_ d/2 L(¢—a)l(4-BT(E—7) , o v—¢ 22 B—42 22 a-4g
= LT (¢12)" 2 (als)" 2 (235)" %, (2.147)

where we have also made use of the duplication formula for the gamma function, which

in this case tells us d d41
P(HT(——) = 21 /mT(d). (2.148)
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2. Scalar-Vector conformal blocks

Similarly, we will need to evaluate
(2.149)

(302) L

_ () b1t dxo
=y ay, 2 V@2 \B /(.2 \7 b1
(231)” (82)" (233)

which for o + 8 + v = d will be a conformal scalar of weight o (8) under conformal
), and a traceless symmetric tensor of conformal weight v under
S7

)

k,ﬁi”)

Tagyiaran (21, T2, 73)

transformations of z1 (x
transformations of z3. We compute by doing a binomial expansion of the k(302

(") bl
I, Z T
% / dDQ?o (l’ )
N n n—2k 03)bpyq "
(z81) (952 )[H"' (ﬂf?%g)w z
n—2k
— H(") bl bn Z k' n = 1)/9 (1,33) pl

" FW—@
kD(y+ 5 — k) 3xgk+1

(—1)* (33) "7 (w28)y, -+~ (w20),,

IaB’y;al'“ﬂn (J)h T2, $3)
(03,

"(x23)bk

(x23)b1 :

0 0
. 8;132" Ia ﬁ+%ﬂ*%(m17l’271’3)

n n—k

d/2 n)b1 bn _1)k
Iay’a, ZZklmln_k m)( 1)

k=0 m=0
XF(ngnfmfkfa)F(fferm BL(4+2 —7)
Fa)l(B+ 3)T(v+ 5 — k)
_n_d n_g,_d a—nfm—d
2 )7 7% (mm)ﬁﬂ 2 (Igs) 7 tm—3 (5513)b1"'
INCEENE

X (1'12
d/2 (n) b1 bn - n! _1\n—m 2
L™ > =g Y T(@)T(B + DT(y +

m=0
)Q*%+’H’L7

d
2 \7—5—5 (.2
X (3312) (9513

an

o (ﬁg)ﬁ—d

)
—~
8

% (a3)"

where we used the identity
)

NI —-N)T(y—=z+N)
T'(y)T(y — )

W
;k!(N—k)! (=1) Ty—k)

WithN:n—m,ng—&—n—m—a,andy:'y—i—%.
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(2.150)
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We will also need one more result along these lines,

I H(n) c1 dDJ?o k<203)k(302> o k(302)

et (@30 @3) (@3 ©
01 02 03

—qr(Meren i 9 I L 28-1  (w23),
by bp 25+n_18mg o,B=5,7t+355¢1Cn 2ﬁ+n_1 \/7 a,8—§,~/+2,c1
(23)
NMac
+26_i_11a757w;02-~-cn}

— g2 eren F(% - a)F(g + ”%1 - B)F(g + ";1' -7) (xQ )’V—% <x2 )B—%
- by nt+1l ntl 12 13
D(e)I(B+ *57)0 (v + =57)

a—<d[/d n-—1 d n-—1 n (d
x (w2:) 2[<§+ 2 _B) (§+ 2 _7)k‘(1213>’f«5f13)+§(5_0‘)”1512631)}

x kS B (2.152)

In this case we made use of (2.86).

Four-point integrals: As with the previous section, we start with integrals of the
form

1 (z1, 22,23, 24) / 7o (2.153)
a,B,v,6\L1, L2,L3,T4) = . 5 .
(x31) (mgz)ﬁ (233)7 (234)
where o + 4+ v+ & = d. Using (2.142) and (2.143) we can show
+
2'n 7 T(d) /oo 371/oo o [T s
Iapgqe = dss dtt” dqq
L(@)D(B)L(MTOT () Jo 0 0
X (sx% +tats 4 quly + stxas + sqrag + th§4) e . (2.154)

After a change of variables we can do one of the three integrals, giving us a result

INC ) - _d 4 FE—
IPVERES Wd/Q(I%i),y (9?%4) : (41533)(S : (1524) o (3634)% e

where we have defined

—~ o0 51 o0 y1 S—a—B—~ s
fa,,~y,6(71,22) = dss Attt (sz1 +tze +st)— 2 (I+s+1t)°,
0 0
(2.156)
and u and v are the usual invariant cross-ratios defined in (1.119).

As explamed in Section 2.5.1, the monodromy projection requires us to keep only the

4

terms in fa,@,ws(zl, z2) which are invariant under z; — €*™*2z;. In [28] it is shown how

to do this very elegantly using contour deformation arguments, with the result that the
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2. Scalar-Vector conformal blocks

invariant pieces are given precisely by

Ja,8,7,6(21,22) = fa,p,,6(21, 22)

monodromy —invariant

sin(m0) /Oo p-1 /Oo -1 S-a—pB-vy _s
= — ds s dtt" ™" (st 4+ tzg — s21 p) t—s—1 .
Sln(f (’Y+5_a_ﬁ)) 0 s+1 ( ) ( )
(2.157)
The function fa,g,4,5(21, 22) obeys several easily verified identities (also f obeys the same
identities),
0 d—a—f—
—fapys(21,22) = 7/8 ’Yfa+1,5+1,»y,5(21722), (2.158)
821 2
0 d—a—pf—
9aglemmelanz2) = #fau,ﬂ,wm(% z2), (2.159)
as well as

Jo8,71,6(21,22) = fat1,8,7,641(21, 22) + fo,p41,7,6+1(21, 22) + fa,8,4+1,6+1(21, 22), (2.160)

and

fo,8,4,6(21,22) = fa,p+1,7+1,6(21, 22) + 21 fat1,8+1,7,6(21, 22) + 22 fat1,8,4+1,6 (21, 22).
(2.161)

When o + 8+ v+ d is an even integer, which we will call 2k (so h = d/2 in the
four-point integral above, and this would be valid in even dimensions), then fa 5,5 can
actually be evaluated explicitly in terms of hypergeometric functions. First we change
from z; and z3 to a complex variable = related by

T 1
T~ 22 = T~
1-2)1-12) 1-2)(1-2)
and then it can be shown [28,64] that

D(a)T(1 — h+ B)L(1 — )T(h — y)T(y + 8 — h)
TV (h— 6T+ h—~—0)

zZ1 =

(2.162)

(1—2)(1-2)""°

fapr,6(21,22) =

h—1
x( 1,@@-@%0 LE(L—h+B,1—614h—~—da)

r—x

xoFy(1—h+B,1—681+h—~—57)]. (2.163)

Appendix E: Mixing matrices and normalization factors

For the case of two scalars and a symmetric traceless tensor, inserting (2.17) into (2.8)
leads to

D
~ £)by-b d” xo 03) ¢ 03) ¢
<¢1(x1)¢2($2)0a1“-ae(m3)> = Hf(ll)<'<1tle L]/ (mg )d—A@ m' >b1 el >bz ‘
03
EYCYNEY.OYN EYUN . VTN LA —As4A
% (/\o (1’31)2( 1+A2-Ap) (17(2)2)2( 1—A2-Ap) (m%)z( 1—A2+Ap)

() dy---dy 1,(012) (012)
XIILD 21 (012 (0 ) (2.164)
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2.6. Discussion

Since (as reviewed in Appendix A) m(og)acmgg) = dab, and since I removes traces, it

follows that
TG00 PO, et m (09 ceqp{ L e g 012 O = (D8, oy, (2.165)

where

: x% 2 T3y} xiywd
” :m((l(;)s)k(om)b _ 0123 _ 02713 E302 4 Mk(m). (2.166)
Tp3T12 \/m T3 753

Expanding in a trinomial expansion, we then obtain

<¢1<w1>¢2<x2>6a1.4.a[<x3>>

(E)b b m
olla/a ’szlmug,k m)! (=1)

k=0 m=0

% (ﬁQ)%(—ArAz%—Ao—k—m) (ﬁg)%(l—k+m) (mgg)k_% kz(;?m) kl(yflzk) i

T1,T2,T
ibo— lc—vn+1”‘b2( 1,22,3)

a2 (£) by by 1. (312) (312) m
=7 Aollay ey hyy ZZklm' Ty Y

k=0 m=0
N FEd—A1+A— Ao =)+ kTR (d+ A1 — Ay — Ao +£) + m)[(Ap — 2)
F(%(Al—A2+Ao+f)—k)F(%(—Al-FAz-l-AO—f)-f—k)r(d—Ao—&-k—&-m)

x [%(Al7A2+A@+Z72k),%(7A1+A2+A@7£+k7m) d—Ap+Ebm

% (ﬁz) Ld-2a1-22-Ap) (1’33) L(—A1+A2+A0—d) (m%;;) L (A1—D2+Ap—d)
_ Wd/znt(lzzl)ﬁgzbgkég1z) o k(312) (a2,)? (-2 A2+Ag) (%) 1 (—A1+A2—Ag)
2 l(A1 Ag— ) (AO— %)F(Ao+f—1)
% (22a) " 5 [(Ao — I(d— Ao + 0)

(4 (d+ A1 = Az — Ao+ O)T (3 (d = As + As — Ao +0))
T(3 (A1 = As+ Ao+ O)T(3 (A1 + Az + Ao + 1))

O,
(2.167)

where we use the notation and results for integrals defined in Appendix D, and we
evaluated the sums, first over m and then over k, using the identities

: P@+k) T@l(y—z+N)
; k(N —k)! (-1* T'(y+k) T(y+NT(y—=z)’ (2.168)

which is equivalent to (2.151), and

N

M 1 _ TE+y+N-1
D m (N—RIT@+RI(y—k) T+ NITGT@+y—1) (2.169)

Thus comparing with (2.20) one can read off (2.21).
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2. Scalar-Vector conformal blocks

Now for a scalar, a vector, and a traceless symmetric tensor we have

<¢($1)Uu ($2)6b1"'bz (373)> = Hﬁ?fi‘z“cl

dP g l(—a4+0,—-A L(A,—Ay,—A
[ 09, (g B0 (i M)
03

1(_A,—
y (x%Q) 2(-Ay—0y+20) 7 »5-11.4!'8[ [—aok,(fm)kg?m) _i_ﬂom{(fe(;)} kégu) o kégn)

(A, —
_ 1-[l(f) cz;»cg (:C%Q) 1(-ap—2y+20)

X /dD:L’o (11(2)1)%(_A¢+A“_AO) (mgg)%(A"’_A”_AO) (1:33>Ao_d

% | —ao 3373, £(203) _ T3,T3s 1;(213) Yer + Bo (m(23> _ 2k(203)k(302))
x3 w3y x3 w3y “ “o ¢ o

X Yy Yeyr (2.170)

using identities from Appendix A.

We then proceed as before, performing trinomial expansions on the y,’s, perform the

integrals using the results of Appendix D, and the identities (2.168) and (2.169). This
results in (2.22) and (2.23).

Related to these integration techniques is the determination of the normalization

factor No that appears in the shadow projector Po. As discussed in the main text, this
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2.6. Discussion

is fixed by requiring

(p1(x1)p2(22)Oay a0 (73)) = (Oay -ap (T3) Popr(z1) p2(x2))

— No /deo (Oay vy (23)Opy oy (20)) <5b1“"’f (m0)¢1(x1)¢2(x2)>

:NO)\125H([)C1 c[H(Z)dl d[/dD.’L‘o (IIQ) Ld-A1-02-Ap) (xgl)%(*A1+A2+Ao—d)

% (mog) L(A1-D2+Ap—d) k(mz) k£312> (wgs)—Ao m<03>d1b1 ‘“m<03)dzbz

Log— _ _
— Noh, ST b (43,) 2183 Ao)/dDmO (s2,)* L(~A1+A2+A0—d)

X (-’502) $(81—tatho—d) (xgs)iAo Yby = Yo,

EYCY.NE.NEWN L—ai+a5-A EYUN T, PN
= No )\IQOH(Z)IH ) (:CEQ)Q( 1—A2+Ap) (m%3)2< 1+A2-Ap) (1'33) 5(A1-A2—Ap)

« BG12) L p(312) F(% —Ao) T'(d—Ao+£L-1)
b1 I(d—Ao—1) T(Ao+4¢)

L(3 (A1 =As+ Ao +6)  T(3(-A1+Ax+ Ao +0))
T(5(d+A1— A= Ao+ 0))T(§(d— A1+ A2 — Ao +1))
= (p1(21)@2(22) Oy -0, (23)) Nom*

(Ao — $I(4 - Ao)
“Botl-1)({d—Do+l—1DI{do —1)I{d—Ao 1)

(2.171)

where we read off (2.15).

Appendix F: afB, fa, and 33 components of the (SV.SV) blocks

Here we write the additional conformal block components that appear for £ > 0. These
are expressed in condensed notation where the blocks on the LHS, as well as the aa blocks
on the right-hand-sides have unshifted arguments, g,°(u,v; A1, A2, Az, Ag; ¢, Ao). The
others follow the conventions in the main text

As—As— Ao +£4+1 aa

9° = 7 [\f91£01+\f92eo1}7

gif = BT Semfotiilge %ﬁ(m Ao A A 200,) o

gof = Bsmfu VAO e . C %\/E(Ag S A1 2000 o, (2172)
9(2116 = SR 76AO+£+1Q§¥1Q*%\/ﬂ(A1*A27A3+A47172v8v)g§‘;2‘;0,1,
jgop _ D= —er RSP %ﬁ(A:’, A2 20 g
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2. Scalar-Vector conformal blocks

Ba A=A — Ao +L4+1 40
90 = 7 90 91510+ gzelo )
o Al — A —Ao+L+1 40 1 o
9{31 = ! 2 7 = g1 — z (A1 — A2+ 2 —2udy) gi\;m,o,
o Al — Ao —Ao+L+1 40 o
gy = SR gi5 — Z (Ay = Ao+ 1= 2udy) P10, (2.173)
o AL —No—Ap+L+1 e
951 = - - ] £ \[21131;91 ;1,09
o Al —No—Ap+L+1 o o
952 = ! 2 7 Q 922 — Z\/> 21}8 gz;e;l,m
g8 (Ar—As—Ao+l+1)(Az3—As—Ao+L+1) 40
90 = 72 9o
A — Ay — Ao +L+1 o
+= 2 1z = [fgl 00,1 \/592-?;0,1]
Ag—A4—A@+€+1
72 [91,2,1,0 + \/792 61 o}
1
62 \/7(A1 AQ + 1-— 2u8u — 2’1)(91,) gé;l,l,
. (Al7A2*Ao+£+1)(ﬁ37A47Ao+£+1) aa
911 = 2 911
A — Ny — A £+1 o
-= 2 72 otfH Vu (A1 — Ag — Az + Ay — 208,) 91;?;0,1
As — Ay — A {+1 o
— 3 4 [2 © TEt (Al — AQ =+ 2 — 2’&8“)9%;@;1,0
1
+ﬁﬁ(A1 — Az +1—2udy) (A1 — A2 — Az + Ay — 200y) ge1 1,
88 (Al7A2*Ao+€+1)(A37A47Ao+£+1) aa
G122 = 72 912
Ay — Ay — Ao +L+1 o
—= 2 72 ° ﬁ(A3 —Ag+1- 2’“‘814)91;2\;0,1
As — Ay — A {+1 o
S2 oS RO TEE L (A — Ao+ 1 - 2u0) g
1
+EW(A1 —NAx+1— 2u6u) (Ag —Ag+1- 2u6u) ge1,1, (2.174)
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88 (A1 —As—Ap+L+1)(As—As—Ao+L+1) 4a
91 = 72 21
A=Ay Ao +L+1

7 V(A1 — Ay — Az + Ay — 1 —200y) g57.0.1

As—As—Ao+4+1 [u o
+ 2 - KQ e \/52’081191\;&1,0

1
fﬁ%ma} (A1 — Ay — Ag + Ay — 208,) gt 1,
88 (A1 — A —Aop+L+ 1) (As—As—Ao+L+1) 4a
922 = 72 g22
AL Ay~ Ao L1

e VU (Az — Ag +2 = 2udy,) g520.1

Az —As—ANo+L+1 [u o
-=3 - 02 © \/5(1_21}8“)9;;8;1,0

1
—£—2\/E2v8v (Ag — Ay +1- 2u8u)gg;1,1,

Appendix G: Mixed symmetric constants

The constants appearing in the mixed-symmetric conformal blocks are defined by

AL ¥ i S g_ i*‘ — ; (2.175)
(NO/\345//\34O)k+1 00 TeAT
_1 _1\ o
Co = NA734X/734A (NO (M )a )k-&-l—% 1
:(AA—I)(d—AA—l—k)—(d—AA—l)(A3—A4—1) (2.176)
(d=—Asa—2)(d—As+As—Aa+k+1) ’ '
_ _ -1 —1\ «
Cs —NA’Y34A/’Y34A (No (M ),e )k-‘rl—%%
_ (k+1) (d = 2A4) (As — Ay — 1) (2177)

(d—Da—2)(d—DAs+ D1 —Aa+k+1)(As—As+As+k—1)

Ca =Ny, /114 (No" (M) ), ., 11

(As —As+As+k+1) (Aa—1)(d—As+k) — (d—Ax—1) (Az — Ay + 1))
(d=Aa—2)(d+ D3 — Ay —AA+k+1) (A3 +As+ A+ Ek—-1) ’
(2.178)

Cs = NA’Y34X/’Y34A (’Ngl (]\/[71)50[)]67L1 11
373

(k4 1) (d—284) (A — Ag+ 1)

(2179
A—BA— D+ B —Bs—Bat kD (Bat Mt barhion 1T
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Co = Nav,, 7/7314 (N51 ((M_l)aa - (M_l)aﬁ))
(d=Aa+k) (A3 —As+As+k+1)

k4200

YV ED YT (2.180)
(d=Aa—1)(d=—Aa+k+1)— (Aa—1)(As— Ag)
(d+As—Ds—Aa+k+1)(d—DAs+As—Aa+k+1)
_ -1 -1\ B 1\ @ _d*AAJrk
C7—NA734;/’Y34A<NO ((M )B —(M )B ))k+20077d_AA_2
y (d=Asa—1)(Aa+k+1D)(d—As+k+1) —(Aa—1) (A3 — Ay (2.181)
(Aa+k+1)(d+As—As— A4 +k+1)(d—As+ Ay —As+k+1)’ '
_ _ a _ B
O = Nty /maa (N (07)," = (07),7))
:(AA+k)((d—AA—1)(d—AA+k—1)—(AA—l)(Ag—AAL))’ (2.182)

(d—Aa—2)(d—Aat+k—1)(-As+As+As+k—1)

Cy = NA’YMZ/’YMA (N(;l ((M_I)BB - (M_l)ﬂa)>koo

(Aa+k) ((d=Aa-1)(Aa+k—1)(d=Axs+k—1)— (Aa—1) (A3 — Ay)?)
(d=Aa—2)(d—Aa+k—1)(As—As+Au+k—1)(-As+As+Aa+k—1)
(2.183)

In computing these constants we have used notation where a subscript on a quantity
in parentheses, (f)r po means that we should evaluate f (which is given in terms of
three-point function data) for external fields of dimensions Az + P and A4 + @, and an

exchange operator of spin £ = k' and dimension Ap = A 4.

Appendix H: Operators appearing in symmetric exchange
blocks

Define
51:A3—A4—|—2u8u—|—2v8v, 62:A1—A2—A3+A4—2v(’9@,
(53 = 21}(91,, 64 = A1 — AQ — 2u8u — 2’[)81;. (2,184)

Then the operators which appear in the expression (2.65) are

VU Dt = —Va (it 1),

Dy =vai—1), Dt =vu(e-2), DfT=-X"
(2.185)

Dy = —Vu(Ga+v (01 +1) (01 —1), D" =—Vu(d+v (s +1) (0 —2),
Dffy =Vu(6i—1) (6 +d:+1), Dif" =Vud2 (6461 +1), (2.186)
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Diy :*%(53*2)(51 — 1)) (62 +v (6, — 1)),
Dt = Vo (62— 240 (1 +1)) (62— 64— 1),
Dl = (=0 (= 1)) (Bs+ 8+ 1), D = —vo (B = 5a— 1) (B + 64+ 1),

(2.187)
Dy =uvo (61 —1) (81 +1), Do’ =uvo (51 +1) (62 —2),
D = —% (61 —1)6s, D3" = _\%5253, (2.188)

Doy =Vu(ds—v (61 +1) (01 — 1), Da' =—vuv (b +1) (02 —ds—1),

D;_Q_ - _? (03 =2 —v (01 — 1)) 33, D;’; = \/6(52 — 0, —1)03. (2.189)
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SEEDS FOR SPINNING
PARTIAL WAVES

ON SEED SPINNING CONFORMAL PARTIAL WAVES FOR FOUR-POINT FUNCTIONS
OF GENERIC TRACELESS-SYMMETRIC TENSORS IN ARBITRARY DIMENSIONS

The main obstacle for studying correlators of spinning operators, in the context
of the bootstrap program, is that the spinning partial waves for the exchange
of operators in mixed-symmetric SO(d) representations are not readily available
in arbitrary dimensions d. In this chapter, based on [4], we give a closed form
expression for any spinning seed conformal partial wave that can appear in the
four-point function of traceless-symmetric operators in arbitrary dimensions d.

3.1 Introduction

As discussed previously in section 1.7, conformal partial waves play a crucial role
in the bootstrap program. In chapter 2 we presented the computation of spinning
(seed) conformal blocks for the exchange of an operator in the (¢, 1) representation
of SO(d). However, for generic spinning four-point functions, other representations
can also be exchanged (see footnote 16). In this chapter we extend the results of
chapter 2 by giving an expression for the seed partial wave associated to an ex-
changed operator in the representation ({1,¢s,¢3) for 0 < f3 < f5 < ¢;. This
is the most general operator that can be exchanged in the four-point function of
traceless-symmetric operators. To understand why, we can use expression (1.134)
for a three-point function between the representations (I1), (I2), and (¢1,¢2,¢3). In
order to construct a singlet from the tensor product, we need to restrict the three-
row diagram down to two rows by filling the ¢35 boxes in the bottom with V. Finally
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3.2. Seed conformal partial waves

we contract the boxes of (I1) and (l2) with the remaining two rows ¢; and ¢5 respec-
tively (after restriction, if required). However, if the mixed-symmetric operator has
four rows or more, then this procedure is null since one of the traceless-symmetric
representations will end up antisymmetrized.

In contrast with chapter 2, where the shadow projector technique was em-
ployed, here we use the weight-shifting operator formalism discussed in subsection
1.6.4. Our main result is a couple of recursion relations for the seed partial wave
of (¢1,4s,03), that lowers the number of boxes in the second and third rows, one
unit at a time. Hence the number of recursive steps to go from spinning seed par-
tial wave in the (¢1,¢3,¢3) representation to the usual scalar (seed) partial wave
of [68,69] is {2+ ¢3. By combining the result presented in this chapter with (1.217)
one can write all spinning partial waves involved in the four-point function of
traceless-symmetric operators.

This chapter is organized as follows. In section 3.2 we extend the discussion
of subsection 1.6.4 in order to give a simplified version of (1.224) for the case of
seed partial waves, which results in an expression that relates seed partial waves
in different representations. Then we specialize to the case where the exchanged
representation is (¢, £2, £3), and pose the required intermediate calculations needed
to write its recursion. In the following two sections we carry out the intermediate
steps; in section 3.3 we compute the vector weight-shifting differential operators for
three-row representations, and in section 3.4 we calculate the required coefficients
relating 2- and 3-point functions between different representations. In section 3.5
we write the final recursion relations and we conclude in section 3.6.

3.2 Seed conformal partial waves

In subsection 1.6.4 we reviewed an algorithm based on [46] for computing the
spinning partial wave of an exchanged operator in some representation [A, p],
in terms of derivatives acting on the spinning partial wave for an operator in
[A’,p']. The generic equation is (1.224). In particular, if the representations
of the external operators ®; are chosen such that all the three-point functions
appearing in (1.224) have only one independent tensor structure (which we call
seed-like), then it provides a relation between seed partial waves associated to
different exchanged representations. However, as shown in [46] there is a more
efficient algorithm for computing seed partial waves, which we review first.

Let us consider an exchanged operator O = [A, p] and four external operators
®; where oy = P53 = [Ag, (0)] and py = P4 = [Ay, (0)] are scalars, while &; =
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3. Seeds for spinning partial waves

[A1, p1] and @3 = [As, p3] are in particular representations such that the three-
point functions (®1¢p20) and (P3p4O) have a unique tensor structure. This can
be achieved, for example, by setting p; and p3 to be p with the first row removed.

Now focusing on one three-point function, say (®1¢20), we can apply (1.179)
for the case where both correlators have a unique tensor structure. Explicitly,

DI - D™ (8020) = Crn (P1920), (3.1)

where D§n) : @) — & and Dém) : O — O, and the choice of m,n is not unique;
the only condition is that (®¢20) remains seed-like and that the Young diagram
of O is contained in that of O. Next, using (1.221) and (1.176) leads to

_ Dy @y O[O0 1 0"
(®1920) 54 (OBsipa) = Ol {
2 10 o 0f,\0 2 of_

2,eQ®P3,a,b,c

x DI DY (] 020) a1 (OP00) (@, (3.2)

where now D( ) : &4 — ®3. However, notice that (O®%¢,)(®) is not seed-like. Thus

we need to invert (1.179) to write this three-point function in terms of seed-like cor-
relators. In other words, to reproduce the tensor structures (a) we must find a lin-

ear combination of contracted weight-shifting operators: >, oy W (a) 9;,?{),3“04 (OD4 ),
such that the SO(d) representations of ®4 correspond to the Young dlagram of O
with the first row removed, and that ¢} remains a scalar. Using this we obtain an
expression that relates two seed partial waves from different representations:

_ 1 ®; oy B[O 1 0"
<(I)1(,020>l><1<0q>3904>—cmn Z {O QO O b O Q O e

PLEQRP3,PY ,a,b,c.e

x WD D“@éﬁ?@?*"%@’ 20) 1 (0D ).  (3.3)

The advantage of this expression over (1.224) is that we have chosen a fixed &)
such that one of the three-point functions is already seed-like, thereby avoiding
the application of an extra operator .

3.2.1 Connecting all seeds recursively

The objective of this chapter is then to use (3.3) in order to give a recursive
expression for the spinning seed partial wave associated to the exchange of an
operator in the representation (¢1,¢3,¢3), 0 < ¢35 < £y < ¢;. Given that (3.3)
allows us to write the seed partial wave for O in terms of partials waves for O,
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3.2. Seed conformal partial waves

abbreviated O — O, then wee need to construct two classes of recursions:

I: (617627£3)_>(€17£27£3_1)7
II: (61,62)—)(61,52—1).

One can then compose several of these to go down to the symmetric traceless
representation: (¢1,%2,03) — -+ — (£1,€2) — -+ — (¢1), which is the well-known
scalar partial wave of [68,69].

In what follows, we describe the necessary calculations in order to achieve this.

Recursion 1

Let us first consider the case O = [A, ({1, 03,03)] = O = [A, ({1, £2, {3 — 1)], which
implies 2 = (1). To have a seed partial wave, we choose ®; = [A1, (¢2,45)],
®3 = [As, (£2,03)]. From the discussion above, in order to preserve the seed-like
structure of the first three-point function on the right hand side of (3.3), we need
an operator such that DYL) : @) = [Aq, (l3,05 — 1)] — ®1. The other derivative in
(3.3) sends Déb) : ®f — ®3, where the explicit values for ®5 are, by (1.167),

s € (1) @ [As, (b2, €3)] = [Az — 1, (02, 43)] @ [As, (b +1,03)] @ [As, (o, 03 + 1)]
@ [As, (b2, 03, 1)] © [Ag, (b2 — 1,43)] @ [Az, (b2, €3 — 1)] @ [Az + 1, (L2, 43)].  (3.4)

Here we are taking the most generic case where the £; are such that all the Young
diagrams are valid. However, notice that when inserting these representations into
the three-point function (®4¢30), not all three-point functions are non-zero. In
particular ([As, (2 —1,£3)][A4, (0)][A, (¢1,42,¢3—1)]) = 0. Finally, the differential

Ppa

operators .9(6/281,, must be such that
374

Zajeh 105 (b s — 1)) x [ (0)] = (1) @ [As, (£2,63)] > B x [As, (0)]

A

Recursion 11

Now for O = [A, ({1,03)] = O = [A, (1,02 — 1)], we have a very similar situation
except the terms are simpler. The initial representations are ®; = [Aq, ({2)],
O3 = [Ag, (£2)], and the choice of @ is given by D§n) : D =[A1, (b2 — 1)] — D5.
The representations ®4 that appear in the sum and in ng) : ®f — Py are

@3 € (1) ®[As, (2)] = [A3 — 1, (2)] & [A5, (62 + 1))
®[As, (b2,1)] @ [As, (b2 — 1) @ [As + 1, (62)], (3.5)
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3. Seeds for spinning partial waves

where now all the three-point functions with ®} are non-zero. The differential
basis for (O®%p4) is, in this case,

Daiet + 18], (2 = 1] x [AL, (0)] = (1) ® [As, (F2)] 2 @ x [As, (0))

AN

Currently, there are no known generic results for the 65 symbols nor for the
weight-shifting operators that are required to achieve our objective in general
dimensions. Therefore before setting up the recursion relations, we need to:

e compute the 8 vector weight-shifting differential operators for mixed-symmetric
representations of three rows !

e compute the two- and three-point 65 symbols appearing on the right hand
side of (3.3), as well as the overall coefficient C,,,

e find a differential basis to write the second three-point function of (3.3) so
that the right hand side is written in terms of seed partial waves only

e put everything together and write both recursions I and II.

We present these results in the remaining of the chapter.

3.3 Mixed-symmetric weight shifting operators

We proceed now to computing all the vector weight-shifting differential operators
acting on general SO(d) representations of at most three rows: [A, p = (41, {2, {3)].
The defining properties of a weight-shifting operator that maps Dy : [A,p] —
[A + 4, )], are given by (1.170). In summary, the weights of the operator must be
such that it changes the homogeneity of P and Z7 by i and (p); — (A\);, respec-
tively. Furthermore, it must respect the mixed-symmetric properties of the SO(d)
representation, it must be transverse, and interior to the null-cone. The latter
condition is summarized in (1.172).

The first step to construct the operators is then to define a basis of monomials
with which one can modify any weight of the conformal representation by one unit.

1From (3.4) it might seem like we only need 7 operators. However, 2 needs to map two-row
diagrams to one of the representations in <I>f3 with three rows. Therefore we need an extra one
that increases the number of boxes in the third row.
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3.83.  Mized-symmetric weight shifting operators

Inspired by equation (2.44) in [46], a convenient basis is given by 2
M(T)4B = (c64P + T40F) , (3.6)

where c is a constant, and T symbolizes any of the embedding space vectors P,
ZJ. By construction, the action of M(T) does not alter any of the conformal
weights. Therefore contracting M with P or 0p decreases or increases the confor-
mal dimension A respectively. On the other hand, the contraction of M with Z7
or Oz, increases or decreases the number of boxes in the j-th row ¢; respectively.
Constructing the weight-shifting operators for each case is clear now; depending
on how the operator is supposed to alter the conformal weights, we start with any
of P,Z7,0p,0,; and contract it with many different M until the other conditions
are satisfied. Note that although there are several ways of contracting the indices
between different M, not all of them are useful. For example if we contract two
M depending on the same vector T like M (T)ABM(T)z¢, produces a term pro-
portional to T'- 7. However since all the fields are homogeneous, this will become
a numerical weight when it hits the field. Similarly, one can find contractions
that produce terms that vanish due to transversality and mixed symmetry. By
making a sensible ansatz and demanding that the properties mentioned before are
satisfied, then fixes all the coefficients. The results are presented below.

Case [A, (€17£2,€3)] — [A =+ 1, (51,52,63)]:

1
Py = 54y + Prop) (andh + 2408
" azpazo(—1 — azo + ass) (a00dn; + Pr0p) (0104 + Z407:)

X (aog(sg + Z?g&gz) (Cbog(gg + Zg@gg) ((CL31 — a(n) (Sg + Z3E823D)
X (((Lgl — a01) (SE + Z2F822E) ((a13 — aog) (5% + ZlGazlp) aPG. (37)

Case [A, (ﬁl,ggfg)] — [A — 1, (El + 1,62,63)}:

D, = X,,. (3.8)

Case [A, (f1,£2,€3)] — [A, (ﬁl + 1,52,[3)]:

D?\}_‘_OO) = ((a()() — aw) (5]1\4/[ + PMag) Z114 (39)

2During the final preparation of this chapter, a paper appeared [124] which computed the
weight-shifting operators for diagrams of two rows in a similar way. Setting £3 = 0 in our results
reproduces theirs, up to normalizations.
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3. Seeds for spinning partial waves

Case [A, (51762763)] — [A, (61 — 1,(2,&3)]:

_ 1
DY — (10647 + Pri0f) (a110% + Z405,) (1265 + 2305»)
a13&22((130 - alo)
X (a13ég + Zg@%) (((lgo — alo) (55 + Z3E8Z3D)

X ((a20 — aw) (55 + Z2F822E) Oz F. (310)

Case [A, (ﬁl,ﬁg,gg,)] — [A, (51,62 + 1,&),)]:

1
D?\/(IO+O) _ m ((aoo — (120) 5]'\42 + P]\/jaé) ((au — CL12) (SE + ZilazBl) Z]23
(3.11)

Case [A, (51762753)] — [A, (51,52 — 1,[3)]:

_ 1
D=0 _ ——— (ao203y + Prop) (a1265 + Z405) (and§ + Z305-2)

X (a326g + Zg@%) ((a30 — ago) 5g + Z3E823D) Oz2p. (312)

Case [A, (617€2,€3)] — [A, (61,62,63 + 1)]2

1
PO _ p— ((ago — ao3) 03y + Pr0p) ((a11 — ars) 65 + Z40%:)

X ((a22 — a23) 5g + Z%agg) Zg (313)

Case [A, (€1,£2,€3)] — [A, (61,62,(3 — 1)]:

_ 1
D?\/([OO ) — aoa (a036j\4}[ + PMaﬁ) (CL13(5£3 + Z}‘(’ﬂzBl) (a23(5g + Z%@Ez)
23433

X (agg(sg + Z%@gg) azaD. (314)
Here we defined the constants a;; as
aij:1+i+j+(5ij—(fi+£j+d), by = —A, (315)

and we defined some overall normalization in some cases to make the 65 sym-
bols more compact. However, one can easily reabsorb these constants. Note that
each of these operators depend on the representation they act on. However, one
can produce representation-independent expressions by removing the overall nor-
malizations and substituting the coefficients —A and ¢; by P -9p and Z° - 0y:
respectively.
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3.4. Computation of coefficients

3.4 Computation of coefficients

Having the explicit expressions for the weight-shifting operators, we can start com-
puting the 65 symbols required for writing (3.3). All of this follow from straight-
forward but tedious application of (1.179) and its reduction to two-point functions
(1.218). All the required expressions for two- and three-point functions are explic-
itly written in section 1.4.

3.4.1 Two-point 65 symbols

The 65 symbols from two-point functions in (3.3) is computed via (1.218). Tt is
easy to check that

Oz - 0 AP (PL, ZE)A, p)(Pa Z)) = O(X3, 25" - Ko, 25" - 23),  (3.16)

8Z{ -Op, ([A, pl(Pr, Zf)[A,p](P% Zé)) = O(X22’ Zy" - Xo, Zy" - Z3), (3.17)

hence we can ignore all the terms containing these derivatives in the weight-shifting
differential operators which reduces the complexity of the computation to a mini-
mum. Performing the computation results in

{[A,(zl,@—m 1 A (0, 0)] }'0“’“
(A, (01, 62)] (1) [A,(l, b —1)]

©0(0—)
_ (A+45—-2) (3.18)
fg(fg+1)(d—3—A+fg)(d—4+f1+€2)7 '
for the recursion II, and
{[A, (. lots = 1)) 1 [A (b, b2, 0)] }"“00*)
(A (6o, 63)] (1) (A, (G by b = D 60
_ (A+1Ll3—3)(ls— ¥l —2) (3.19)

fg(d—4—A+£3)(d—5+£1 +€3)7

for the recursion I.

3.4.2 Three-point 6 symbols

To compute the three-point function 65 symbols, we use (1.179), where the ‘bub-
ble’ coefficients are defined in (1.178). The advantage of this expression compared
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3. Seeds for spinning partial waves

to (1.176) is that it does not involve a sum over different three-point functions on
the right hand side, and moreover it only involves conformally invariant quanti-
ties.> The bubble coefficients can be read off from (1.178) by applying it to the
corresponding two-point function, i.e.

3

pga>.pgb><¢;(pi>q><(pj>>:(;’4) @PIVP),  (320)

where D" : & — ®; and D\ : &; — P!,

Now we present a few of the required 65 symbols for recursion I in (3.3). Some
of the expressions are quite lengthy so we have compiled the complete list into a
Mathematica file which can be found at [125].

{ [As, (£2)] (A4, (0)]  [~1+As, (m]}' 0(0=0
[A7 (‘elx -1+ 62)] (1) [A> (ZhZ?)] 1 +(000)
_ (76 + d)(A — Az + Ay + 21)l2(1 + 52)(75 +d+ [2)(74 +d+ 222)
2(d — 2A3) (=24 d — Ag)(—=3 4+ As) (=2 + Az)(—14+d — Ag + £o)(—1 + Az + £3)(—6 + d + 205)’
(3.21)

{ [As, (£2)] [A4, (0)] [71+A3,(52)]}° 0(0—0)
(A, (£1, =1 + £2)] (1) (A, L) Sy oo
(—6 4+ d)la(l + 02)(—5+d+€2)(—3+d— A+ Ay — Ay + L) (—4+d + 205)

T 2(d—283)(—2F d—Ag)(—3+ As)(—2+ D) (L +d— Az + La)(—1+ A+ €a)(—6 + d+26)
(3.22)

{ [As, (£2)] [As, (0)]  [As, (-1+ m]}' 00=0
[A7(Zl’71+‘€2)] (1) [Ar(‘glve%)]

_ Z2(1 +[2)(75 + d+[2)(72+ d— A+£2)(72+d7 Aj +£2)(73+ d—+ ¢4 +22)(74+d+252)2
(—3 +d+€2)(—1 +d— Aj —‘rfg)(—l + As +€2)(—6+d+ 2[2)(—2 +d+ 2@2)

1 0(+00)

)

(3.23)
{ (A3, (£2)] (A4, (0)] [Ag,(gz,l)]}ww—m
(A, (€1, -1+ £2)] (1) (A €)1 f | 0o
(AT Am A ) (AT At A+ B)(1 4 G)ba(SFdH b)(mAH dH ) g,

4(—2+ A3)(2—d+ A3)(—3+d+ £2)(—6 + d + 203)

{ (A3, (£2)] (A4, (0)]  [As, (1 +e2)]}- 0(0-0)
A -1+ )] (D) AL [, e
_ (=6+d)(A— Az — Ay —£1)(A— A3+ Ay +0)la(—5+d+ 02)(—4+d+ 202)

T 22 +42)(—3+d+la)(—14+d—Dg+ La)(—1 + Ag + La)(—6 +d+ 202)(—2 + d + 2£3)
(3.25)

3The one disadvantage of this method is that, for some cases, contracting two weight-shifting
operators and applying it to a three-point function is computationally intensive. For those cases,
one can use (1.176) and solve for the missing 65 symbols.
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3.4.3 Normalization coefficient

Now we want to compute the coefficients C,,,, in (3.3), given by

Cooyo(+0) {[A1, (€2)](Pr, Z7)[As, (0)](P)[A, (€1, £2)](Po, Z())

DY DY A, (0 — D)(P1, ZF)[ A2, (0)](P2)[A, (41, 62 — 1)](Po, Zb)),
(3.26)

for the recursion II, and

Coo)0004) (A1 (Lo, 3)](Pr, Z)[Aa, (0)(P2)[A, (61, b2, £3)](Po, Z))
= DD DY O [A, (b, b5 1) (P, Z5)[ A, (0)](Po)[A, (b1, L, £3—1)] (Po, Zb)),

(3.27)
for the recursion I. This results in
CO(O+)O(+O) =(A+1ly—2)(A1 + 03— 2), (3.28)
by — 0y —2)(ls — by — 2
Cooor)o(o+) = % lg )e( S )(A+£3 —3)(Ar+43-3). (329
(b3 —1£>—1)
3.4.4 Differential basis
The last ingredient for the recursion (3.3) is to find a differential basis
(@hps0)@ = 3~ W 2577 (@40, (3.30)

e, @Y

where the operators & are built out of contractions of weight-shifting differential
operators:

Di’ = (D¢ - DY). (3.31)
In particular, for the recursion I these must implement the transformations

[Az — 1, (f2, £3)]
[Asg, (62 +1,43)]

)
)
[As, (L2, 53+ 1)]
}
)
)

(AL, (0)] x [AF, (£2, €5 — 1)] = [A4, (0)] X 7 (3.32)

[A3’(€2>€37 )
[As, (6 —1,43)]
[Az + 1, (L2, 43)]
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3. Seeds for spinning partial waves

whereas for the recursion II we need

[Az — 1, (£2)]

2)

[As, (£2 + 1)]
)]
)

(AL (0)] x [Ag, (2 = 1)] = [Ag, (0)] X (3.33)

[Az, (€2,1
[As + 1, (l2)]

Note that A4 and A} are generally given by As + 4 and A4 + j, respectively, for
arbitrary i,j € Z. In principle, adding enough weight-shifting operator contrac-
tions, we can have a differential basis with ¢ = j = 0 at the expense of increasing
the order of derivatives. In here we will keep the order to a minimum, thus for the
cases where (3.32) and (3.33) require changing the spin weights by two units, we
use the following basis

DHON@DHO0®)  pH00)(a) 1y—(00):(0)

43
—(00);(a 00);(b —(00);(a —(00);(b
D43( )i( )DL( )i( )7 D43( )s( )D43( )() (334)

)

On the other hand, for the cases in (3.32) and (3.33) where the spin weights change
by one unit, we use

00);(b —(00);(b
DHO® (000 (3.35)

Therefore the differential operators that implement (3.32) and (3.33) must be
either

<q)g(p40>(a) w) (PC)O(a1 D+(00) (b)D+(00) (C)<q>/ b—c —2(0)O>

+ WD OO 10010 gy, )

W b/)iai)O 3)D43(00) (b)D+(00) (c )<¢)/—b—c@40>

Wg’/)soz)o((i)p (00); (b)D (00) (F)<(I)/ b—c 2(0)O> (3.36)

or

c);(a 00);(c —c —1(0
(@hpa0) () = Wy, Dig (@50 0 0)
; —(00); —c 1(0
+W(C,3)<p(;%;2p43( )(0)<q>’3 $04( )O>, (3'37)
where the short hand notation of an operator ¢ with a superscript a means that a
numerical factor has been added to the conformal weights of the representation of

¢ = [A, (¢)]. For example if a = 0(+1) then the representation of ¢~ is [A, (£—1)],
etc. All the coefficients W for both recursions are given in [125]. Here we give one
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example to elucidate the form of these expressions:
1
As—1, (£2)][A4, (O][A, (1,2 —1D)]NP) =
(8 =1, ()18, OI2, (B b2 = DD = o A e 6 T 1) + 6 — 2)(Bs + 6>~ 3)
( (d—6)(Ay — Az — A+ 41 — 202 4 4) DT (00):0(+0) 570, 1
(Ay—d+2)(As—d+1)(Ag—3)(Ag—2) 43

(A = Ag 4 Mg+ 0)(As 4+ Ag+ £ — A —2)(As + Ay + 205 — £1 — 4)94;3(00)?0“0)20’1)
X ([Az =1, (€2 — 1)][A4, (0)][A, (€1, £2 = 1)]), (3.38)

where ©%? increases the dimension of Az by a and the dimension of A4 by b.

3.5 Seed partial wave recursion relations

Putting everything together results in the following recursion relations

Recursion I

W(Ehfz,fs)
= ((jlzo’_Q +doX B @z dy F ds BT 4 dg 2 J7EO’2) Wie, b0,05—1)5
(3.39)

where ¥ is defined the same way as above and the differential operators d; are
given by
dl _ 1—)112)(1):(30-&-);—(00)DL(UO)%O(-FO)DL(OO);O(O-&-)+2—)12D(1):(30+);0(0—)D2-3(00);0(0+)DL(00)%0(0+)

i 613D(1)§0+);0(007)DL’(OO);O(OOJr)DZS(OO);O(OJr)7 (3.40)

dy = @D%O”;Jr(OO)DL,(OO);O(OH, ds = 53D§J§0+);+(00)D;3(00);0(0+)’

ds = 175,D§)§0+);—(OO)DL(OO);O(O+)’ ds = %D%OH;—(OO)DZB(OO);0(0+)7 (3.41)

d, = @41D(1J:(30+);0(0+) + @42Dt1)§0+);0(—0)D4—3(00);0(+0)DL(00);0(0+)

+ 1—}439%04—);0(—0)DL’(OO);0(+0)D23(00);0(0+) + 17447)?:()’0-%);0(0—)D&(OO);O(OHDL(OO);O(OH

+1745D(1)(0+) ?0(0*)2):(00) ;0(0+) DZ?)(OO);O(OJF) , +1746D(1)

0+);0(00— —(00);0(00+) ~+(00);0(0+
( . (0:+):0(00-) 7)—(00):0(00-+) 75+ (00):0(0+)

3

I @wpg)go-‘r);O(OO—)DL(OO);O(OO-&-)IDZB(OO);O(O+)7 (3.42)

dr = 1—}712)(1):(30-5-);0(—0)DLS(OO);O(A-O)DZB(OO);O(O-S-)+1772D(1)§0+);0(0—)D;%(OO);O(OHDZB(OO);O(OH

n 73732)%%);0(007)DZ?)(OO);O(OOH1)473(00);o(o+). (3.43)
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Recursion 11

Wie, t2,0)
= (dlzo’_2 +doX B @z dy F ds BT 4 dg D d720’2) Wies 05—1,0)5
(3.44)

where the differential operators d; are

dy = UH,D?Z())JrO);O(fO)DZ))(OO);O(JrO)DL(OO);O(JrO)

T U12D(1)§+0);0(0—)D23(00);0(+0)DL(00);0(0+)7 (3.45)

dy = vy DUHOHOODHOOOC0) g OCHO)+(00) p—(00):0(+0)

ds = USD?§+0);f(oo)DL(oo);o(w)’ dg = UGD?:()’W);f(oo)DZS(oo);o(Jro)7 (3.46)

dy = U41D(1)§+0);0(+0) i 042D(1)§+0);0(—0)DZ3(00);0(+0)DL(00);0(+0)
—|—v43D?§+0);0(_0)DL(OO);OHO)DZ;OO);O(+O)—|—1;44D(1)§+0);0(0_)D&(OO);OHO)DL(OO);O(OH
n U45D(1J:())+0);0(07)D4+3(00);0(+0)D;3(00);0(0+) (3.47)
dr = U71D(1Jé+0);0(—0)D&(oo);0(+o)p4—3(00);0(+0)

n U72D?§+0);0(0—)D4—3(oo);0(+0)DZ3(00);0(0+)_ (3.48)

For both cases, the coefficients v;; and v;; are numerical factors depending on the
conformal weights of both the external and exchanged operators. The explicit
form of these coefficients is given in [125].

3.6 Discussion

The main results in this chapter are the recursion relations (3.39) and (3.44).
These allow us to write any spinning seed partial wave Wia (¢, ¢,,0,) in terms
of the scalar partial waves Wia s,y of [68,69]. Note that in its current form,
WA, (61 ,65,05)] @appears in the four-point function

([A1, (€2, £3)][Az, (0)][Asz, (£2,£3)][A4, (0)]), (3.49)

which can be related to the partial wave of the same representation in

([A1, (1)][A2, (12)][As, (13)][Ad, (14)]), (3.50)
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3.6. Discussion

for arbitrary I; via (1.217). We do not present the explicit expressions for doing
that here, since in general, the operators in a representation [A, ({1, {2, {3)] can
appear in more than one four-point function of traceless-symmetric operators. For
example, [A, (¢,2)] appears in both (T} ¢2T5¢4) and (V1V2V5Vy), where ¢, V, and
T represent a scalar, a vector and a spin-2 tensor respectively [37]. Nonetheless, it
would be interesting to set up these equations for particular interesting cases such
as for four conserved spin-2 tensors.

In the process of deriving (3.39) and (3.44) we also computed useful quantities
in the context of the weight-shifting operator formalism, first coined in [46] (also
reviewed in section 1.5). These include the computation of many coefficients that
relate two- and three-point functions in different representations, given partially in
section 3.4. The full set of coefficients can be found in [125] in a more usable form.
Another result is the computation of explicit weight-shifting operators associated
to the vector representation for operators of up to three rows, given in section 3.3.

From the factorized form of these weight-shifting operators, it seems like a gen-
eralization to arbitrary number of rows should be feasible. It could be useful to
first understand how each of the terms in parenthesis behaves under (1.170) and
then figure out how to construct the coefficients in general. The basis of coefli-
cients used in section 3.3 seems to shed some light onto the possible generalization;
namely, one of the indices in a;; corresponds to the polatization of each term in
parenthesis (P for ¢ = 0), while the other index is the label of the polarization
whose weight is being altered by the differential operator. Another interesting
generalization is to consider the weight-shifting operators for finite-dimensional
representations other than the vector. As seen in subsection 3.4.4, we used prod-
ucts of vector weight-shifting operators in order to change the conformal weights
of a single field by more than one unit. However, this generically increases the
order of derivatives. By constructing higher representation weight-shifting opera-
tors, one could achieve the same result with less derivatives. A known example of
this is the differential operator D1 ;;, defined in (1.180), which is of order one in
derivatives but deceases the dimension by one and increases the spin by one, for
traceless-symmetric fields.

It would be interesting to use (3.39) and (3.44) to compute all conformal blocks
of (TTTT) in arbitrary dimensions d. This can then be used in both numerical
and analytical approaches to the bootstrap program for finding universal bounds
on the CFT data of conformal field theories. The firs step in this direction has
already been taken in d = 3 by [126] , where bounds on the stress-tensor OPE
coefficients and the central charge where found numerically, and when assuming

4There are some exceptions to that rule for the terms given by a difference of coefficients.
Nevertheless, they also show an interesting pattern.
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3. Seeds for spinning partial waves

gaps in the spectrum of lower spin operators, it reduces the space of consistent
theories to a finite region in CFT data space.

The bootstrap equations (1.227) are usually set up in terms of conformal blocks
(1.186). This implies passing the derivatives of (3.39) and (3.44) through the ki-
netic factor &4 as well as the four-point tensor structures 2, to obtain an expression
involving derivatives with respect to the cross-ratios U,V from (1.119). However,
in its present form, this is not easy to do given the large order in derivatives. As
mentioned before, this could be simplified by using higher representation mixed-
symmetric operators. An alternative is to use the conformal symmetry to fix the
coordinates P; to a two-dimensional region, known as the conformal frame [38],
and map the derivatives to this space. A similar technique was applied successfully
in [126], and it could reduce the computational load when computing derivatives.
The final result in terms of U and V then applies to any configuration of points
due to conformal symmetry.
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ANALYTIC BOUNDS
FROM SPINNING
CORRELATORS

ON ANALYTIC CONSTRAINTS FROM CAUSALITY AND LIGHT-CONE BOOTSTRAP
FOR CORRELATORS WITH SPIN

Even though conformal symmetry places a large amount of constrains on quan-
tum field theories, carving out the space of consistent CFT data is no easy task.
In order to get a handle on this problem, many tools have been developed both
analytical and numerical. In this chapter, based on [2], we employ two analytical
techniques to extract non-trivial universal information for conformal field theories
in arbitrary dimensions.

4.1 Introduction

Among the many bootstrap approaches, here we will focus on analytical tech-
niques. In particular we explore two techniques. One of them involves studying
the bootstrap in the lightcone limit, presented in subsection 1.7.3. This reveals a
direct relation between couplings of low-twist operators and the asymptotic behav-
ior of CFT spectra at large spin [88-92,96-99,102,127-129]. The other technique,
presented in section 1.8 (based on [94]) uses the fact that CFT unitarity /reflection
positivity implies both causality and sum rules, leading to constraints on the signs
of products of OPE coefficients. These constraints are closely related to the bound
on chaos [130,131] as discussed in the context of CFT correlators in [132-135].

As a result, we obtain that the ‘conformal collider bounds’, first derived in [136],
must hold in any unitary, parity-preserving conformal field theory with a unique
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4. Analytic bounds from spinning correlators

stress energy tensor. In addition, by relating these bounds to the anomalous
dimensions of high spin double-trace operators we find that the dual gravitational
theory must be attractive.

For context let us quickly review the conformal collider bounds as proposed
in [136]. We first produce a localized perturbation via the insertion of an operator
O near the origin and then we measure the integrated energy flux in a fixed spatial
direction 7 at infinity, using a ’calorimeter’ £(77). In a CFT this corresponds to

_ 0&(n)0
ey = 255 (41)
where the energy flux is given by
E(n) = lim 7“2/ n T (¢, rit)dt, (4.2)

with T the stress-tensor. Then the assumption of [136] is that these ’calorimeters’
should measure positive energies and thus (£(77)) > 0. In CFT language this means
that the possible values of the OPE coefficients in the three-point function (OT'O)
must be constrained. This is a very strong statement since the bounds are theory-
independent. For example, for O = T in d = 4, the OPE coefficients of (T'T'T) are
related to the conformal trace anomaly charges a and ¢ on a general background
[137]. Thus positivity of the integrated energy flux implies the conformal collider
bounds

1
> -, 4.3
> (13)
which are universal for any 4d CFT with a stress-tensor.

Note that in [136], assuming the positivity of (£()) leads to the conformal
collider bounds. However, here they will be a consequence of CE'T first principles,
such as unitarity, associativity of the operator algebra, and causality.

This chapter is organized as follows. In section 4.2 we present the four-point
functions of interest as well as their conformal block expansion characteristics for
different OPE channels. In section 4.3 we use the light-cone bootstrap to find how
the spectrum of large-spin double-twist operators must be related to the minimal
twist operators, in order for the CFT to be consistent. In particular we find their
twist, anomalous dimensions, and OPE coefficients in terms of the twist and OPE
coefficients of the stress-tensor. In section 4.4 we use causality arguments for
spinning correlators in order to obtain constraints on particular combinations of
OPEs involving the stress-tensor. Finally in section 4.5 we combine the results of
the previous two sections to conclude that the anomalous dimensions of large-spin
double-twist operators must have a fixed sign. We conclude in section 4.6. Details
and extensions of our computations are presented in appendices A, B, and C.
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4.2. Spinning conformal block expansions

4.2 Spinning conformal block expansions

The objects of study in this chapter are the spinning correlators (JopoJ), (VopoV),
and (T'¢¢T'), where the symbols ¢, J, V, and T represent a scalar ¢ = [Ay, (0)],
a conserved vector J = [A; = d —1,(1)], a non-conserved vector V = [Ay, (1)],
and the stress-tensor T' = [Ar = d, (2)] respectively. Recall from section 1.6 that
for generic symmetric traceless spinning fields Ol@i)(xi, €) = Ofrtee, . g, €
[A;, (¢;)], the four-point has the following s-channel conformal block expansion

<0f1 (xlv 61)052 (wQa 62)053 (.’Eg, 63)04{4 ($47 64)> =

. Aqo. A _
K2 D MaoMaodosist (2, 2)QF (ziy ), (44)
O,a,b,p

where the polarizations e satisfy the properties defined in subsection 1.2.2, and the
cross-ratios z, z are given in (1.230). Additionally, O runs over the operators in
01 x O3, a(b) runs over the three-point function structures of (O1020)({030,0)),
and p runs over the four-point function tensor structures QP. Analogous expan-
sions can be written for the t- and u-channels. In particular, for (Jo¢J), we define
the correlator !

Gl (2,2) = (J*(0)¢(2, 2)¢(1)J" (o0)), (4.5)

where the configuration of points is as in equations (1.250) and (1.251), and con-
sider the following channel decompositions

s-channel: GH(2,7) = (22)"7(Rs =20 Z A1p0As090 4 (2, 7)
o

= Gf},VSTT(Zv 2) + Gl;,l;l(zv 2)’ (4'6)

t-channel: GY(2,2) = [(1—2)(1—2)] 8¢ Z )\bJJO)\wog%%’W(l—z, 1-2),
0
(4.7)

where we have absorbed the tensor structures QP into the conformal blocks g, since
in our configuration they will also become functions of z and z (which is not true for
generic configurations). In addition, as seen in chapter 2, the J x ¢ OPE contains
in general two families of operators. Thus we split the full contribution of each
family to the four-point function into G}’spp (2, 2) and G\ (2, 2), where STT =
Oy = [Aoy,, ()] is traceless and symmetric, and A = Oy = [Ag,, (4, 1)]
has a pair of antisymmetrized indices and the other (¢ — 1) indices symmetrized.

1Here we define O(c0) as limg— 00 220 O(x).
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4. Analytic bounds from spinning correlators

In this case J is a conserved current, so Ay = d — 1 (c.f. subsection 1.4.3). In
the J x J OPE, operators with spin can appear with two independent parity-
preserving tensor structures, while scalars have a unique tensor structure. Thus
the index b accounts for that. Note that the u-channel is similar to the s-channel
with z — 1/2,Z — 1/Zz, but we will not need it explicitly.

Similarly, for the case of a non-conserved current V', (V¢oV'), we have

Gy (2,2) = (VH(0)g(2, 2)$(1) V" (0)), (4.8)
s-channel: G (z,2) = (22)"2(Le=AV) Z )\“’/(bo)\gvogg””Ad’V’W(z,Z)
O,a,b

= Gl\j},}STT(Za 2) + Gl\j'l,lA(Zv 2)7 (4'9)

t-channel: G (2,2) = [(1-2)(1 = 2)]7% Y Avorssogay ™ (1— 21— 2),
O,c
(4.10)

where Ay is not fixed. As seen in chapter 2 the ¢ x V OPE has two independent
tensor structures for general spinning O, so the indices a,b run over {1,2}. On
the other hand, ¢ runs over tensor structures in the V x V" OPE. For example for

O=T,ce{1,23}.

Finally, for the stress-tensor case (T'¢¢T),

Gy (2,2) = (T"(0)¢(2, 2)p(1)T77 (0)), (4.11)
s-channel: GH'P%(2,2) = (zz)"2(BoAT) Z )\qu@)\d,TogéT(’”A“’T’ng(z, Z)
0

= Grsrr(22) + Gri’(2,2) + Grp’ (2,2),  (412)

t-channel: GH'P% (2, 2)

=[1-2)1=2)]72 ) Nerorssogos"" (1 —21-2), (4.13)
O,b

where conservation of T implies Ap = d (c.f. subsection 1.4.3). In general d >
4, there are three types of operators in the T' x ¢ OPE, so we split the four-
point function into G4 §71(2,2), G 47 (2, 2), and G357 (2, Z), where STT and
A are defined above, and B = O g = [Ag,, ,, (£, 2)] has two pairs of indices
antisymmetrized and the other (¢ — 2) indices symmetrized. The index b in (4.13)
sums over the the different tensor structures for operators in the T' x T" OPE.
For general operators O with spin, b runs over three different parity-preserving

structures in d > 4, whereas a scalar O has a unique tensor structure.
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4.3.  The light-cone bootstrap

4.3 The light-cone bootstrap

4.3.1 Overview

First we look at the light-cone bootstrap technique presented in subsection 1.7.3.
The main idea is to study the bootstrap equation (1.227) for the s- and t-channels,
in the light-cone limit 2

z—1, =z finite. (4.14)

The t-channel expansion is then organized as a sum over twists 7 = A — £ and
spins ¢, where the leading order contribution is given by the identity operator (zero
twist). Using the particular t-channel expansions (4.7), (4.10), (4.13) we see that
this corresponds to a power law singularity (1 — z)~®¢. On the other hand, the
s-channel expansions (4.6), (4.9), (4.12) contain at most a In(1 — Z) singularity,
as seen in subsection 1.7.3. Therefore to reproduce this singularity, the s-channel
must contain infinite large-spin operators as established in [88].

In what follows, we study the implications of this technique for the partic-
ular spinning correlators mentioned in the previous section. The algorithm for
extracting information regarding the large-spin operators is already described in
subsection 1.7.3 for scalar four-point functions. In our case, the four-point func-
tions carry the spin of the external operators, thus we apply the same algorithm
for the different components. The relevant spinning conformal blocks for each case
are computed in appendix A, in terms of the well-known scalar conformal blocks.

4.3.2 Bounds from (J¢¢pJ)

We will work with two polarizations of the 4-point function (following [91]), G5
and G, where + is in the direction of z (i.e. € = (¢,1,0,0,...)), and ¢ is transverse
to the z plane (e.g. ¢ = (0,0,1,0,...), etc.). Recall that the s-channel expansion
contains contributions from both G grr and Gy 4, but as shown in (4.117) and
(4.108), G;j{‘ is subleading with respect to G})JSCTT in the light-cone limit (at finite
z), while both G% g7p and G 4 contribute equally to G'. In other words, when
matching singularities in (1 — z), the following ‘triangular structure’ holds:

4+ _ ot
GJ _G.I,STT

Gtt == G?;,STT + G’f]t’A (415)

2Note that in 1.7.3 we took the small z limit, so the roles of the s- and t-channels are reversed
here.
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4. Analytic bounds from spinning correlators

This means that when solving the light-cone bootstrap constraints, we first fix the
CFT data for STT from the ++ polarization, and then plug that result into the
tt polarization to fix the CFT data for A.

Leading order matching

To reproduce the singularity from the identity at leading order in (1 — 2), the
s-channel expansion (4.6) must contain two families of large spin double-twist
operators: [Jqﬁ]%}[ € STT, with the schematic form JH#1 92 . 952" ¢, and
[qu”szl] € A, with the schematic form JW19W2lgrs 91 9?"p. In the £ — oo
limit,'the anomalous dimensions of these operators vanish as a power law in ¢ and
their twists must be of the form

T[J¢]5}Z|HOO =d—2+ A, +2n, (4.16)

Ty e =d— 14 Ay +2n, (4.17)

where n > 0 is a finite integer. Furthermore, the large ¢ asymptotics of the OPE
coefficients for double twist operators are fixed to (see Appendix B for a formula
to do the sum over n)

2 _ (1 - % +A¢)n(g - l)n

2
Arorea,)” = nl(Ay +n— 1), A grrape,)™ (4.18)
d d
2 (1=5+8¢)n(5)n )
()\J¢[J¢][,f:[1]) B 4”77,!(A¢ +n)n ()\J¢[J¢]£ﬁv[1]) ) (419)
where
Cy/m2~Re=d+5
2 _ ZIVTE T 5 (20s+2d-T)
%mﬂg{g) 2T (A ) (d) ez ; (4.20)
Cyy/m(d/2 —1)27Re=d+t -
2_ 2 (284 +2d—5)
()‘J¢[J¢]£f;”) 2T (A,)I(d) ez : (4.21)

Next-to-leading order matching

The next-to-leading order contribution in the t-channel comes from the stress
tensor conformal block, which will contain a log(z) term.? Given that the s-channel
blocks are proportional to 2%, it is clear that adding an anomalous dimension
7 — 7 + v and expanding for small v reproduces the log(z). This implies that at

3This block is computed via a different operator (4.152) acting on the scalar block, thus the
log term appears in analogy with (1.236)
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next order in O(1/£), the twists of the large-spin double-twist operators must be
given by

Vgl
Vi g arlel
o =d—1+Ag+2n+ -0 (4.23)

gl fd—2
The factor £972 is chosen such that after the large spin sum in the s-channel, we
get the correct (1 — z) factor multiplying the log(z) term in the t-channel stress
tensor block.

At this point the (1 — 2z) dependence is compatible on both sides. What is left
is to perform the sum over n and demand that the terms z* log(z) match for all
k. For this to work, the n-dependent coefficients v, in (4.22) and (4.23) must be

(—1)"nIT(Ay — £+ DAy +n— £ 4+ 1)

Mgt = (% 1) T(d+1)2 Mgl

)i+ 1% (Mg +n—1); —i,—i, Ay —d
XZ | 23F2(
nsz ¢**+1+)

(D)™l (Ay — 4+ DAy +n— 4+ 1)

gl = (@), T( 1 1)2 Vgt
x z": n—ll) '(F d))(AlerZ) 2ol (:g:il_,’ﬁ_%—_i; 1) . (4.25)
where
(d—2)T(d + 1)T(d + 2)T(Ay) [dr Ore 4W%Am}
Mgl = AoeT . (4.26)

1675 /OrCuT (£ 4+1)°T (=2 + Ay +1)
D(d+ 1)I(d + 2)D(Ay) [2(d — Dt A — (d—2)T (4 +1) CJ}

Vi gl = AgpT
9lo 4m 3 /TrCy(d - 2T (4 1)°T (4 + Ay +1)

(4.27)
Details of this calculation are given in Appendix B. Our conventions for the OPE
coefficients and the two-point function normalizations C; and Cp are given in

Appendix C.
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4. Analytic bounds from spinning correlators

4.3.3 Bounds from (Vo)

We now generalize the above discussion to external non-conserved operators (4.8),
for unitary V, i.e. Ay > d—1. For symmetric traceless O, the three-point function
(VpO), can be computed as

Vi
Pz(AV+A¢ Ao— E)Pz(AV+Ao+Z A¢)P2(A¢+Ao+£ Ay

(b1D1125"° + by Do 15501) (4.28)
where Dy ;; are in (1.180) and ¥*/ increases the dimension of the operator at 1(2)

by i(j). Using these, one can compute the conformal blocks as in Appendix A. For
mixed-symmetric A = [Ag4, (¢,1)], the three-point function (V¢A) has one tensor
structure, as in the conserved case (c.f. (1.145)). In this case, the conformal blocks

are the same as the ones for conserved V.

Leading order matching

Matching the identity block in the t-channel leads again to the existence of two

classes of large spin double-twist operators [VQS] ¢ and [V Ef 41 , with twists
e lise =7V +Bp + 20, (4.29)
T[V¢]£f:l}]|€—>oo =1y +1+ A4+ 2n. (4.30)

In addition, the effect of the b; term must be subleading at small (1—Zz). Therefore

the relevant OPE coefficient is by = /\V sVl - For this case we also find the
n,l

analogous triangular structure for polarizations (4.15). For n = 0, we find that
the z dependence is matched whenever the OPE coefficients are

—Ay—Ayg+4
VT2 ¢ L(2Ay +2A4-5)
b

2 = 4. 1
(Avmw]&) T(Ay + 1)T(Ay) (4:31)
_ —Av—A¢+2 1
T peavincy )
I'(Av +1)I'(Ag)
where we normalized the two-point function (VV) as
Y 1 (z)
(VH@)V"(0)) = —5— (4.33)
Z12

Next-to-leading order matching

For the next-to-leading order matching, the t-channel conformal block is computed
by differential operator that changes (¢p¢T) — (VVT). That is
V'32

Av—d/2—1 Hd/2+1 pd/2+1
P12 P13 P23

(VVT) = (€1D1 12D121 + €2D212D221 + €3H12> nh! (4.34)
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4.3.  The light-cone bootstrap

The relation between the basis e; and the basis used in [138] is
e1 = as, es = —2as — as, es =a1; —2(d/2 —1)ags + a3(1 —d), (4.35)
where the Ward identity additionally imposes the condition
a1 =—(Ay —d+1)(ag + a3). (4.36)

This implies that at next order in O(1/¢), the large spin double-twist operators
[V ¢] must have twists

Tvg)ld
pd—2

Tvel, oo =TV + D+ 20+ +. (4.37)

vt

:TV+1+A¢+27L+W

Tive! . +..., (4.38)

where
I'(d+ 2)[(Ag)D(Ay + 1)
Mg = Aeor d 2 d d
0 4Ol (8+1) T (—24+ A4 +1) T (-4 + Ay +2)
x [ag (d® — 6d + 4Ay +4) +daz(—d + Ay + 1)], (4.39)

I'(d+2)D(Ay)I(Ay + 1)
Nvalie) = ApoT d 2 d d
0 2VCr(Ay — )T (241) T (-24+ A, +1)T (-4 + Ay +2)
x [2as (—dAy +d+ A} — 1) + a3 (—dAy +2d + 247, — 2)] . (4.40)

4.3.4 Bounds from (T'¢¢T)

Now we repeat the same calculation for (T'¢p¢T'). In contrast with the vector cases,
now we four external indices. However, similar to the previous cases, we show in
appendix A that at the s-channel expansion has the following triangular structure
in the light-cone limit

G+ = gt

T.8TT>
1343 _ 4343 1343

G =Grgrr +Gra s
34 34 34 34

Gr =Grsrr +Gra+Grp, (4.41)

where G3! = 1((T?3 — T*)¢p(T3 — T**)) so that we can ignore all trace terms

in the four-point function tensor structures, thus simplifying our analysis.

Again, using this structure we can obtain the light-cone bootstrap constraints
for each type of exchange operator separately.
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4. Analytic bounds from spinning correlators

Leading order matching

At leading order in (1 — ), matching the identity implies the existence of large
spin operators with the following twist values:

Tirg), lio =d—24 Ay + 2n, (4.42)
Tt oo = 4= 14 A9 + 21, (4.43)
Tirgyes lpo =d+Ag+2n. (4.44)

Next we perform the sum over n which leads to large ¢ asymptotics of the double
twist OPE coefficients:

(1 - % + A¢)n(% - l)n

2 = 2
Arora®,)” = Fmia, 1 o1, Oreraid)” (4.45)
d d
2_ (1=5+8¢)a(5)n )
()\T¢[T¢][f,’el]) - 4nn!(A¢+n)n (>‘T¢[T¢]57@11) ) (4.46)
d d
2 (=5 +8¢)a(5+1n )
(AT‘z’[T‘ﬂffl) ToAml(Agp 1), (AT¢[T¢]§§;J) , (4.47)
where
2 M —L L (—T+2A 4 +2d)
Ao, *CTF(A(b)r(dJrz)Q ’ ; (4.48)
2 _ o VAd 1220, 1(2A4+2d-5)
Aroray) =T FRr@r e 2 : (4.49)
d(d—1)278e—d+2 -
A )2 =C VT 9—Lp(204+2d-3) 450
Aroraez)” = 1R A M@ T 2) ’ (4.50)

Details on the summation over n are given in appendix B.

Next-to-leading order matching

Matching the log(z) terms in the t-channel stress-tensor contribution, we get that
the large spin anomalous dimensions are corrected to:

Vi@
Tipgpe, =d—2+ A+ 20+ ;f]; +o, (4.51)
it [¢,1]
Tipgen = d— 14Dy + 2+ ff}; ¥, (4.52)
Y [€,2]
Tirgal = d+ Dy + 20+ [Zﬂg +o. (4.53)
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Finally, performing the sum over n and matching the z dependence in the s- and
t-channels results in the following anomalous dimensions coefficients:

(—1)"niT(Ay — 4+ D)I(Ag +n— % +1)

Vrelt = (% _ 1)nr(% +1)2 Tirg)l!
—1)(¢ 2 (A —1), .
. n ( 1) (Z+1) ( ¢+Tl ) 3F2 <—Z, _Z?A¢d_ d’1> , (4 54)
i=0 (TI,—Z)'F(A 7+1+ )2 5_2’_5_1

(=)l (A — S+ DDA +n— 2 +1)
7[T¢]Lf’1] o (%) F(d + 1)2 ’Y[T(M([)z,l]
x i “DE+ D5 (A + ) (—i,—i,A¢ -
P nfz'FA¢ff+l+)232

(—)"nT(Ay — 4+ DT(Ay +n— 4 +1)

Treli? = (44 1),0(d +1)? Vrg)lf?
n (—l)i(i—i—l)Q (Ag+n+1); —i,—i, Ay —d
X 3F2 d . d ; 1 s (4 56)
=0 (n_l)'F(A¢_§+1+ )2 2~ bhLT3 1

where
N G )31 (451)T(A,)
el T T A~ ) (— 4+ Ay + 1)
< [(d+1)((d—3)ts +d— 1)+ ((d — 1)d — 4)ta], (4.57)
224574717 (451) " D(Ay) [(d + 1)(d(t2 +2) — 3t — 2) — 4]

1 :)\ )
el = Aot VOTT (5480 +1)
(4.58)
_d_ —1\2
e T22d737r 51T (G52) D(Ag) [(d+1)(d — ta — 1) — 2t4] (4.59)
e = e VOIT (4 + 8, +1)

4.4 Causality

4.4.1 Overview

Now we move on to studying the constraints from causality, presented in section
1.8, for (JopJ), (VooV), and (T'¢ppT). Recall that in Lorentzian signature the
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4. Analytic bounds from spinning correlators

four-point function is multi-valued and has a complex structure of branch points
and branch cuts given by the light-cones of operators within the correlator. Causal-
ity is trivially satisfied in the first sheet of Lorentzian correlators G(z, z) (as in,
e.g. (4.5)) that have been analyticity continued from Euclidean ones, following the
recipie of section 1.8. This can be tested by checking that G(z, z) is analytic away
from the light-cones. However, constraints on the CFT data appear when requir-
ing that causality holds on the second sheet G(ze~2™ %) also, which is obtained
by taking the operator at z around the branch point at z = 0. In particular, we
want to check that G(ze 2™ 2) is analytic in a small region (z,2) ~ (1,1) near
the light-cone of ¢(1). Following the discussion in subsection 1.8.2, the region of
interest is

D={(ceCneR)|Imoc>0,|0] <ReER,0<n<KRK1}, (4.60)
where o and 7 are defined by

1+, (4.61)
=1+70. (4.62)

z
z

With these coordinates, the objects of study are the normalized spinning four-point

functions
G (o) = (no)**GH (14 0,1+ n0),
G (o) = (o) GH (14 0)e ™™, 1 +10), (4.63)
Gy (o) = (0*)2# Gy (L + 0,1+ no),
Gy (0) = (n0?)2* G (1 + o)™, 1 4 no), (4.64)
and
G’}T;,pg(a) = (no?)2eGE"7 (1 + 0,1+ no),
@Iz{,yw}pa(a) = (no®) 2 GH 7 ((L+ 0)e ™, 1 4 10), (4.65)

for (JoopJ), (VooV), and (T'¢dT) respectively.

As we saw in subsection 1.8.2, in order to check for analyticity on the second
sheet, one uses reflection positivity of the Euclidean correlator to show that the
s-channel expansion is a polynomial in z,z with positive coefficients. In the case
of scalar correlators this implied that én is analytic in D, and furthermore that
Re(G,(0) — G,(0)) > 0 for o € [-R, R].
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4.4. Causality

Reflection positivity for spinning correlators

For the case of spinning correlators, we consider the following states in the Hilbert
space of radial quantization

1 2m
|f,€) :/0 dry A doyr T2 f(r1,00)p(r1€ 1) T1e,,(0) ]0) (4.66)
1 2m A—A 1 . 1 )
<f’ €>k| :<0|6$IZ(OO‘%1)Jp(OO§j1)/ er/ d92T2 ! ¢f*(7‘2,92>¢<6192,€_“92),
0 0 r2 r2
(4.67)
where p
v y zhz?
" (z)=n" -2 PRt (4.68)
and f(co!) = lim f(r&!) with &', the unit vector pointing at the 2! = 1 (2™ +

x~) direction. In contrast with the scalar case, the inversion tensor I, can get a
sign for different polarizations. In particular I (co#!) = —1, implies that for €,
pointing in the + direction, reflection positivity (f,e*| f,€) > 0 leads to a power
series in z, z with negative semidefinite coefficients for the s-channel expansion of

Gt (2, 2).

As in the scalar case, these positivity conditions lead to the analyticity of
G}'j{(a) and G, (¢) in D, and furthermore (notice the negative sign in G3h)

(4.69)
o € [-R,R]. (4.70)

Re(—G (o) + Gl (0) >

0,
Re(GY, (o) — G'f (o)) > 0,

Y

For the case of Gy, a completely analogous expression holds. For G, only G}'t+t
changes sign:

Re(GF 11 (o) = GFE 1T (0)) > 0, (4.71)
Re(—GF5(0) + G£3H3(0)) > 0, (4.72)
Re(G3,(0) — G3,(0)) >0, o €[-R,R], (4.73)

From the refined positivity condition (f,e*|Po|f,€) > 0, we see that analyticity
and boundedness still holds for each of the exchanged representations (i.e. STT,
A, B) that contribute to the s-channel correlator.

Correlators on the second sheet

Note from the previous section that, in the light-cone, (z — 1, z finite), the t-
channel has a log(z) dependence which develops a term proportional to 2mi when
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4. Analytic bounds from spinning correlators

going around z = 0. Therefore, given that the spinning correlators in the t-
channel are obtained by applying differential operators on the scalar correlator,
the spinning expressions for G can be computed from (1.261) for ©,, = T, the
stress-tensor. This leads, generically, to *

d
nz=!

g

Gy(0) = Gy(o) —if N (4.74)

Then following the integration procedure in subsection 1.8.2 implies
B=1 tim 1 1—3/Rd Re(G,y(0) — Gy(0)) (4.75)
_TrRlinOnl—r&)n _RG' e(Gy(o n(0)), .

where the sign of the integrand implies a constraint on the sign of 3.

Constraints from different contributions to the s-channel

Recall that in our polarizations, the s-channel has a triangular structure in the
light-cone: (4.15), (4.41). Moreover, using light-cone bootstrap techniques, we
have shown in Appendix A that, order-by-order in (1 — z), different polarizations
of the same exchanged operator are related to each other. More precisely, for G,
we have that the s-channel expansion must be

S\—A Ayl
G;:‘ETT =(1-2) d)gj,gTT(z) +(1—2)7%2 lhj,—gTT(Z) ey

o AL 4d_
Gf]t,STT =(1-2) Ad)gtJt,STT(Z) +(1—7)"%ets 1h?,STT(Z) +eee (4.76)

ith ott 95 b0 (2) tt
wit gJ,STT(Z): 2(1—4d) anth,STT

second line of (4.15), implies that the contribution from the operator A is

rtt L (2) . .
(2) = =57, Using these results in the

GS{A(Z,E) = G?(Z’ 2) - G,t]t,STT(ng)
=G (z,2) - (1- 5)_A¢9f1t,STT(Z) - (1- 5)_A¢+5_1h3t,STT(Z) -

++ At (2)
Ay gJ,STT(Z) 1_ 5)-dptg-1lnsTT\E) 4
S0-d) +(1-2) e - (477)

=G(z,2) - (1-2) y

But from the first line of (4.15), we see that the functions g}ngT and hJJFETT can
be computed from the t-channel expansion of G§*. Indeed the term g7 & (2)
is the coefficient of (1 — 2)~™2¢ in the identity exchange, while h;'gTT(z) is the
coefficient of (1 — 2)‘A¢+%_1 in the stress-tensor exchange. Therefore (4.77) pro-
vides a formula for computing the t-channel expansion of G, coming only from
the exchange of the operators A in the s-channel.

d
41

4For the cases with the sign reversed, e.g. G"Jr+7 we have fé\n(a) = —Gp(o) —ip2 +...

and 8 = L limp o limyon'~ % [ doRe(Gy(0) — Gy (0)).

o
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4.4. Causality

With (4.77) we define the normalized t-channel expansion and its continuation
to the second sheet:

G?,n,(A)(U) = (WUQ)Aquf}iA(l + 0,1+ n0),
G, (@) = (no?)2GY 4 (14 0)e ™, 1+ no). (4.78)

From the positivity arguments discussed above, these functions satisfy the same
relations as (4.70). Note that in the ++ polarization, the only contribution is

from STT. Thus GJ17 (STT)( o) is simply Gi* (o). For Gy we have a completely
g5t (2) L
analogous story with gif ¢pp(2) = — 2t and W srr(2) = —72(A‘31T1T_d/2).

While for Gr the relations between different polarizations are summarized in table
4.1. Thus the contribution of each s-channel exchange to the t-channel expansion
is computed analogously, and we define the following normalized correlators (for

V we have the same definitions (4.78) with J — V)
Gt (0) = (o*) 2 GEEP (L + 0,1+ no),

G;?(:SA)(J) = (1702)A¢GJTF73X?’((1 +0)e ™ 1+ no), (4.79)

GTn (B)(U) = (770—2)A¢G;}%B(1 + o, 1+ 770)7
GTn (o) = (7702)A¢G§’ff3((1 +0)e ™ 1 + o). (4.80)
In the rest of the section we will apply (4.75) and the positivity conditions

presented above to these normalized correlators,” in order to find bounds on the
OPE coefficients of (JJT), (VVT), and (I'TT).

4.4.2 Bounds from (J¢pJ)

(JTooJ ")

Using the t-channel spinning conformal blocks for stress tensor exchange, the cor-
relation function on the second sheet G;‘* (o) at next-to-leading order in 7 is:

d(d - 2)r (d+1) ne !
VO (4+1)° ©

|:2d+2 (d+3> AJJT_WF(d‘i_Q)CJ —|—, (481)

- é}r;(d) = 20] - i)\¢¢T

o dA 1
W g1/

50mne could alternatively use the full t-channel expansion G , and similar for G, but the

(4.82)

bounds will be weaker as shown in [95].
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4. Analytic bounds from spinning correlators

where the form of A\ypr comes from the Ward identities [137].

Note that for this polarization, the positivity condition reverses it sign (4.69),
thus using the integral in footnote 4, we have

d
7TF(d+2)CJ*2d+2 dHF( ;_3> AJJT

R
_ 1-¢ ot A++ >
= N Jim Tim ' L dorRe(~G (o) + G5 () 20, (183)

where N is a positive constant. This implies

F(+U

7'['2

AT < Cy, (4.84)

which is one of the conformal collider bounds, saturated by a theory of free
fermions.

(J'opJ")

With the arguments of the previous subsection, we compute the normalized con-
tribution from the operator A to the t-channel expansion via (4.77). Then the
continuation to the second sheet, defined in (4.78), results in

d— AM(d+2) n!
Gtt ( ) CJ + Z)\¢¢T
I mVOrl ($+1)° @
ﬂ“w%%dnr<d;1)AUTww 2)L(d+1)Cy| +.... (4.85)

Hence by the integral (4.75) and the positivity condition (4.70) (recall that from
the refined positivity condition, the same relation applies to G s )
d—2)(4+1
Ajgr = #(Qd)(h. (4.86)
2(d—1)mz
This inequality is the other conformal collider bound on (JJT), saturated by a
theory of free bosons.

Note that the supersymmetric conformal collider bounds follow from the gen-
eral bounds derived above [136]. If the current is not the R symmetry current,
then it is contained in a multiplet with a scalar. In this case supersymmetry fixes
Ay in terms of Cy via [136,137]

Cy, (4.87)



4.4. Causality

which satisfies the conformal collider bounds. In d = 4 with N' = 1 supersymmetry

and assuming J is the superconformal U(1)g current, then we haveS

2(a+ 3c¢) 3_a

——C; = =->-
9cmr? J 2 "¢

where a is the Euler anomaly and ¢ is proportional to the central charge Cr (see

appendix C for the precise relation). However, this is not the strongest lower

AjJr = >0, (4.88)

bound for % A stronger bound, % > % > %, comes from the stress tensor bounds

of subsection 4.4.4. For N' = 2 and with J the superconformal SU(2)g current,
we have instead

4(a+c
AT = (972)CJ =
em

which are the strongest bounds for d = 4 N' = 2 theories. Finally for N’ = 4 we
have a = ¢, so the bounds are always satisfied.

>

ol

1
> — .
>, (4.89)

| Ot

4.4.3 Bounds from (V¢oV)

Now we repeat the exact same procedure for the non-conserved vector V. We com-
pute the normalized correlator in the second sheet via (4.64) for the ++ polariza-
tion, and use the definitions (4.78) and (4.77), with J — V and the corresponding
polarization ratios, to compute the contribution from A to the t-channel. We find
QRUIT (A1) 1 (452
VOrT (4 + 1)2 g

x [ag (d° — 6d+ 4Ay +4) +daz(—d+ Ay +1)] +...  (4.90)
. Av — 1 AAHID (ALY (2£3) 81
GV a)(0) = Z — iAggT = d) ( : )*

v Vet (5+1)° 7
az (d(Ay —2) —2A% +2) + 2(Ay — Daz(d — Ay — 1)

x G D) —d) ... (4.91)

- G—‘i}; (o) =2+ iXpor

Using the integral (4.75) (and the one in footnote 4 for the ++ polarization) and
the analogous positivity conditions to (4.69), (4.70), gives the bounds
ay (d? — 6d + 4Ay + 4)

4(d— Ay —1) ’

as S 0 & as Z (492)

or
2ay (—dAy +d + A, — 1)

0 & az>
42> =T UAy —2) — 282 12

(4.93)

6These relations are straightforwardly derived using the covariant formalism of [139,140] or
in superembedding space [141-149].
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4. Analytic bounds from spinning correlators

where we assumed Ay > d — 1 satisfies the unitarity bound as a non-conserved
vector.

In [138] it was observed that the bounds derived via deep inelastic scattering
(DIS) are weaker than the bounds derived from the positivity of the energy one-
point function (£(7)). Our results coincide with the results of the DIS argument.

4.4.4 Bounds from (T'¢¢T)

Now for the stress-tensor case, we will parametrize (T'TT) in general dimensions
by Cr, t2, and t4, where Cp is the central charge which appears in the 2-point
function of the stress tensor. The relation between ¢, ¢4 and the basis used in [137]
is given in appendix C. The procedure for obtaining the OPE coefficient bounds
is completely analogous to the previous two cases.

(T+ $$T+)

The t-channel conformal block of the stress energy tensor can be used to compute
the following normalized correlation function on the second sheet, defined in (4.65):

VCr2lms =4 (d — 2)(d + 4)T (L) T(d + 3) n#
(@ —1)°T (4 +1) o
X [(d+1)((d—3)ta +d— 1)+ ((d—1)d — 4)ta] +.... (4.94)

@;;++ (0) =4Cr + idgor

Applying the integral (4.75), and reflection positivity (4.71) implies the bound

1 2 d—2
1-— — > 0. 4.
( d—1t2 d2_1t4)+d_1(t2+t4)_0 (4.95)

<T+t¢¢T+t>

Now we isolate the G}'ﬁ'g contribution by the analogue of (4.77), where G}'3+3
is computed with the t-channel conformal block, and we use (4.94) to extract the
factors g7 5t and hi LhE. Using the definitions (4.79) we obtain:

T,STT T,STT"
. d—1 VCr243m3 5T (451) T(d + 3) s
—Gﬁ?i)(o):71+dCT+iA¢¢T =T (d2 ) 2( Bk
(d+1)2T ($+1) a
X [(d+1)(d(t2 +2) — 3ty — 2) — 4ty] +.... (4.96)

Then using the footnote 4 and (4.72) implies the bound

1 2 1
_ — —to > 0. .
(1 d—1t2 d2_1t4>+2t20 (497)
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4.5. Mixing light-cone bootstrap with causality

<Ttt ¢¢Ttt>

Finally to get the contribution of the B operators, due to the triangular structure
(4.41), we need to subtract the contributions from STT and A. This is done by
a straightforward generalization of (4.77) to include the polarization ratios for A
given in table 4.1. Thus G3' is computed with the t-channel conformal block of
the stress tensor, and we relate Gl to GLEEE, Gity to G2, and compute

the coefficients with (4.94), and (4.96). The result is

N d—1)2 o JOp22dindr (41)? 4
G5! _ =1 Cr + i) 2
e T N VN N €S I
X[(d+1)(d—ta—1) = 2t4] +.... (4.98)

Then using (4.75) and (4.73) implies the bound

1 2
_ — > 0. .
(1 Tt d2_1t4) >0 (4.99)

Each of the bounds (4.95), (4.97), and (4.99) corresponds to a conformal collider
bound in general dimensions as can be seen from [150,151]. Furthermore, in d = 3,
there is a degeneracy in tensor structures (see Appendix C) which implies 5 = 0,
and the third bound becomes equivalent to the second. In figure 4.1 we illustrate
the bounds in 9, ¢4 in a few different dimensions.

In d = 4 these bounds are given by

31 _a _ 1
s>z 4.100
18 ¢ ™ 3 ( )
in the basis a and ¢, as described in Appendix C. These are also strengthened in
the presence of supersymmetry. For A’ = 1 supersymmetry, we have the relations
a 3 _a_1
t:6(177), =0 = °>%>2 4101
2 ¢/ 275 ¢72 (4.101)

which is a stronger version of the lower bound that we obtained from subsection
4.4.2 for U(1)g currents. For N’ = 2, the lower bound is identical to the one in
(4.89) but the upper bound is weaker [152], so there are no new constraints from
(I'TT). Finally for N = 4, where a = ¢, the bounds are trivially satisfied.

4.5 Mixing light-cone bootstrap with causality

Comparing the anomalous dimensions (4.26) and (4.27) with the inequalities (4.84)
and (4.86), and the negativity of Apgr (4.82) (for unitarity theories), proves that in
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4. Analytic bounds from spinning correlators

15+

9]

Figure 4.1: Conformal collider bounds in several dimensions d. Filled regions correspond
to the allowed values of the parameters t2, t4.
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4.6. Discussion

the large ¢ limit, the symmetric traceless double-twist states [J¢) ([)Z ]5 and the mixed

symmetry double-twist states [J ], A have negative anomalous dimensions arising
from the exchange of the stress tensor In fact, in the regime when ¢ > n > 0, the

formulas (4.24) and (4.25) for ’Y[J¢][e] and Vgglleon respectively, imply that they

are all negative semidefinite because of the conformal collider bounds.

In a quantum gravitational theory in AdS dual to a CFT, the double-twist
states correspond to two-particle bound states and the anomalous dimensions from
the T exchange correspond to the gravitational binding energy between the par-
ticles [88]. Hence the negativity of the anomalous dimensions implies that AdS
gravity is attractive at super-horizon distances. From the point of view of large
N CFTs, it is understood that causality of bulk gravity is related to the col-
lider bounds [150-156] and furthermore the anomalous dimensions of double-twist
states formed from scalars are related to Shapiro time delay (related to causality)
in the bulk [157-160]. Hence bulk causality, collider bounds and attractiveness
of gravity at long distances have been shown to be intimately connected for large
N theories. However, unlike the literature cited above, we have found that the
negativity of the anomalous dimensions is a consequence of unitarity and crossing
symmetry of the CFT alone, and it does not rely on any large N limit. We have
therefore provided a field theoretical proof that the dual gravitational theory in
AdS must be attractive between a scalar particle and a gauge boson separated
at super-horizon distances. Furthermore, because of (4.95), (4.97), (4.99), and
Aggr < 0, the anomalous dimensions (4.54)—(4.59) are all negative too for n > 0
in the £ > n limit. Hence gravity is also attractive between a scalar particle and
a graviton separated by super-horizon distances.

4.6 Discussion

In this chapter, we have successfully applied two analytical methods for constrain-
ing the space of consistent conformal field theories (CFT). In the first part we used
the light-cone bootstrap and found that the strong connection between low-twist
operators and large-spin double-trace operators, first found in [88,89], still holds
for the spinning correlators (JogpJ), (VddV), and (T'p¢pT). Techniques of this type
have crucial relevance to quantum gravitational theories in AdS. For example, AdS
observables such as binding energies [88,89,91,92] and Eikonal phases [157-159]
are directly related to the anomalous dimensions of classes of CF'T operators with
large dimensions and large spin. The fact that this can be achieved shows the
power of the bootstrap methods. In its strongest form, unitarity and crossing
symmetry may contain all necessary information to classify the whole landscape
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4. Analytic bounds from spinning correlators

of conformal field theories without any extra input. If it is possible to define all
CFTs through the bootstrap method, it would be a significant step forward in the
understanding of strongly coupled quantum field theory as they are connected to
CFTs by renormalization group flows.

In the second part of the chapter we have used constraints from causality of the
Lorentzian CFT to prove that the “conformal collider bounds”, originally proposed
in [136], hold for any unitary parity-preserving conformal field theory (CFT) in
arbitrary dimensions d > 3, where the lowest non-trivial twist operator is a unique
stress tensor. While there was a large amount of evidence suggesting the result
was indeed correct, the material presented here, based on [2], is a proof purely
based on unitarity, conformal symmetry, and quantum field theory axioms.

Interestingly, the combination of both techniques implies that the gravitational
interaction is attractive between two particles separated by super-horizon distances
in AdS, as a direct consequence of the unitarity of the underlying quantum theory.
More generally, once we understand CFTs, we can use them as starting points
to answer important questions in quantum gravity. An especially exciting ques-
tion is the quantum origin of universal features of gravitational interactions, such
as causality, (non-)locality and attractiveness [88-90, 132,161-163]. The bounds
proved in this chapter are directly related to properties of 3-particle vertices in
the bulk, including at least one graviton [136].
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4.6. Discussion

Appendix A: Spinning Conformal Blocks at Large Spin

In this appendix we derive the relevant s-channel spinning conformal blocks in the light-
cone limit. We find that they can be written as (derivatives of) a single scalar conformal
block. This simplification occurs because the sum over spins in the s-channel is performed
via

o _ 5\ (a+1)/2 _
/ b K 20yT—5) = & 2)4 r (1“2” ”) F(1+02‘+”), (4.102)
0

so that terms with higher powers in 1/£ result in subleading terms in (1—2), for (1-2) < 1
and £>> 1 with (1 — 2)¢* < 1. Therefore the idea is to count the relative powers of 1/¢,
where (1 — Z) has a weight of O(1/£2).

Our strategy will be to write the conformal blocks as differential operators acting
on a basic set of ‘seed’ blocks, following the general approach developed in [1, 29, 30,
34,45,54,55]. For the seed blocks we expect, motivated by the results in [1], that they
can be written as gsced ~ Gscalar + (... ), where the term (...) includes STT conformal
blocks of higher-spin correlators (see for example Eq. (4.87) in that paper). Moreover
one can check, using the results of [45], that the spinning blocks in (...) are sub-leading
in 1/¢ with respect to gscala,.7 For blocks that can be derived from seed blocks, the
simplifications can be inferred by looking at the differential operators of [45] when acting
on seeds.

The projection of these results into different polarizations gives an explicit check of
the the triangular structure (4.41) for finite z. Furthermore, contributions from each
irreducible representation are related by a z-independent factor, at each order in (1 — z).

Seed Blocks: First we look at the seed conformal blocks for the [¢,1] and [¢, 2] rep-
resentations that appear in (J¢¢J) and (T'p¢T') respectively.

Notice that the simplification for [¢,1] can be easily obtained by taking the z — 1,
(1 — 2)£* < 1 limit in the expressions for ga given in (4.87)—(4.91) of [1]. Nonetheless we
include this calculation given that the logic is the same as for the [¢, 2] blocks, where the
explicit expressions are not known yet.

"The differential operators are constructed in such a way that the spin is increased while
maintaining the dimensions of the original three-point function. Thus there are no relative powers
of (1—Z2) coming from the difference in external dimensions (see (4.114)). The sub-leading powers
of £ then come from the matrix transforming the differential basis to the standard one.
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[¢,1] Seed
The integral representation of the [¢, 1] conformal block in (J¢¢J) is given by

g’ " (2, 2)

Na(A,;5/Ao04)

= v dzjo xT1 X2 X0 (&:1] ~=TO x3)Jv (T4 .
= Xn /d (Ju(z1)p(w2) Ao ) ) I (Az0) p(23) Ju (24)),  (4.103)

where the tensor contraction is ITl61 = mf}po)PL[f’l] mefm) 7, with

21 012) ;,(034)y _ 1(012 012) 1yl6,1] 034) o 034) o

PLL‘ ]P(k( >,k( )) :k;(n ). k.( >H£ro'1 pm Pek( Yot ~~~/€( ) ¢ (4'104)
Here k and m are given in (A.3) and (A.4) of [1] respectively, A is a shadow operator,
and the integral has an implicit monodromy projection (as discussed in [28]). Using the
results of [123] we can write this tensor as

X20,0° — (£ —1)X"d,
d+0—-3

P (X, Y) = er : (zaz + - Xac’)p) PUX,Y),  (4.105)

where P is the traceless-symmetric contraction of ¢ indices,
POXY) = Xay - Xo I 200y ybe (4.106)

Notice that derivatives acting on P are structures that appear in STT spinning blocks,
and thus sub-leading with respect to scalar blocks. Therefore keeping only the first term
in (4.105) leads to a single scalar block times a tensor structure,

gt (2, )

Nady,5/2074) 5,40,

= o0 ey Yaae 7(2,2) (mis? +2(:0)7 TRV ) +0(1/0), - (2.10)
o ¢JO ’

$JO

where the prefactor is given in (G.1) of [1]. Notice that this prefactor can always be set
to one by changing the normalization of A. Evaluating the relevant polarizations leads
to

g2’ (2 z) = 0((1 - 2)Y),

AggByritt, A _
g v (2,2) = gAff B (2,2) + O(1/2), (4.108)
where the tensor structure of the last term is of order O((1 — 2)°).

[¢,2] Seed
For (T'¢p¢pT) we have

ggTdnAquvl»“/ﬂa (z’ 2)

Ne(\,, =/Asrs) -
= A [t (Tuaon)otan) Blao) T Blao)o(en) T o). (1109
A
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where B € [(,2]. Here the contraction is 1% = mﬁ}o?l) f,fgpgj;la? 5)40) P11 (10) B2
with [123]
pltdmer x vy = (£ L0150 4 derivati x,y
oise (X)) =570, 0y + derivatives | PR(X, Y). (4.110)

By the same arguments as in the previous case
AT, Ay MV PO =
9B (2,2)

N ( /A¢TB) via Ty o
AT¢,A¢T(Z72)H[2]H 0B (219757 (m(()};;) +2(z2)_%k&124)k§413)>

= No(h,, =/ rero) @m0

$TB

$TO
1

x (mgp 1 2(22)" zkg?‘*)kg“”)) FO(1/0), (4.111)

Notice that we can set the prefactor to one by a suitable normalization of B. Evaluating

the relevant polarizations at lowest order in O(1 — z) gives
g T 2,5 = 0((1 - %)),
Apg,Apr,4+3+3,  _ _

g " (z2) = 0((1 - 2)"),

Agw Ayr,34, Agy,A _
gBqu (2, 2) = gAgd’z “(z,2) +0(1/0), (4.112)

where the last term’s tensor structure is of order O((1 — 2)°).

Derived Blocks: Now we turn to the conformal blocks that can be obtained from
seeds, by acting with the differential operators D;; of [45].%8 The STT exchange in both
(JpopJ) and (T'¢ppT) can be computed from the lightcone approximation to the scalar
block [88]

o1, (1-2)02<1

gﬁéZ,ASAL (u, v) vu<l f1A12,A34 01— 5)f2A12‘A34 (r,u)(1 + O(l/\/g, 1—3 z),

(4.113)
where v = (1 — 2)(1 — u), u = z, and
£ Aqg—A:
s (e = (=3 ) 7T Ky, (20V8), (4.114)
2
27u —d+2-Ap T—d+2+A
FlrzBas () = uz_ (T d+ 12’7' d+2+ Yo d+2u),
(1—wu)2"1t 2 2

(4.115)

with K a modified Bessel function of the second kind. This limit holds for even d > 2
as long as the sum over ¢ only receives contributions in the region where the product
(1 — %) is kept fixed. For the [¢,1] exchange in (T'¢4T) the procedure is completely
analogous given that its seed is also a scalar conformal block, as shown in (4.108). In both
cases one can analyze the differential operators and drop derivatives as well as powers of
£ and (1 — Z) that produce subleading terms. The results are summarized below.

81t may also be interesting to derive these blocks more directly by expressing the OPE in
embedding space [65).
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4. Analytic bounds from spinning correlators

STT
For (J¢¢J), the differential operator is

(at D1S;® + D1oXTY) (af DaaXy' + DasSy’) . (4.116)

The alL’R terms can be found by imposing conservation, but their effect is subleading in
the lightcone limit. The action of the differential operators on partial waves leads to

Ao Ayt Ao Ay gitt
gAéd:z ¢’ (u7v):2[vaU7AJ¢]gAéd;£ *7 (u,v),

Ay Dy, 1 Ajo—1,A
gag!i" T (ww) = SValA sy — 1= vdulga 2 (o) (1 0(1/6). (4.117)

For (T¢¢T), the differential operator is

(blL(Du)zEzL’o + 52LD12D1121L’1 + (D12)22%2)
x (b7 (Daa)*S%? + by DasDaa Xy + (Das)?X3°) . (4.118)

Similar to the previous case, the contribution of the bf}’QR terms are fixed by conservation
and subleading in 1/¢. Counting powers in the differential operator gives

Arg,Apr,++++ Arg,ApT,+3,+3
gAZ(,bZ o (u, v) = Z[Uav - (AT¢ + 1)}9AZ?Z o (u, 11),
Arpg,App,+3+3 Are,Apr,34
gAZ(j)g or (uv ’U) = [vaﬂ - ATC#]QAZ?Z or (uv ’U),
Agy, Ay ,34 U
Inpe 1 (wv) = S[(Ars = 2)(Ar — 1)

+0(4 = 2874 +v8,),]ga "% T (w,0) (14 0(1/0)).
(4.119)

[¢,1] case
In this case the seed 3-point function is given by (here we are using the formalism
of [29])

V3(93)H£§17@3)(V3(Z))2—1

P%(AdﬂrAJ*AA *Z)P% (Agp+Aa+e+2)
12 13

(J(Pr; Z21)$(P2) A(X3; Z3, ©3)) =

(Aa—Agg+0)

(4.120)

1
2
P23

To construct (T(P1; Z1)¢(P2)A(X3; Z3, ©3)) we act with a linear combination of D1y %'°
and D122%! and impose conservation. The spinning blocks for this exchange are then
given by acting on partial waves W with the differential operator

(AT DuSE® + D1xlt) (AT DSy’ + DasSy) (4.121)
where
Ay —As+L0—1)(-Ag+As+d+0-1)
Moo (o (Be = Aa i . 4.122
1 ( (Do —Aa) By +Aa—d)— (- D@+ - 1) (4.122)
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This leads to

g§T¢,A¢T;++++(u7U) _ 07
Agg,Apr,+3+3 1 Aqg,Apr,34
gaT T y0) = (09, — Arglg T (w,v),
Agw, Ayt ,34 1 Agy—1,A 1
g™ wv) = =S Vaull - Arg + 09,937 T (u,0) (1 + O(1/0)),

(4.123)

where we used the approximation given in (4.108).

Polarization Ratios: Now we check that the different polarizations of the 4-point
function G(z,z) are related to each other by a z-independent factor. To see this we
perform the sum over spins in the s-channel, via (4.102). For (J¢¢J) this results in

I'a)I'(A
GIETT x _% Z(AM[M]%])QFH(U)
LE+)M(Ay—5+1) 4 3
_ 2 25 2 (1 - Z) 27! ()\J¢[J¢]r[f])2ry[‘l¢]£f] Fn(u) ln(u), (4.124)

n

I'(d- 1)I(A )
wz()‘ww]%]) F,(u)

n

tt
GJ,STT X

MACLICTES S5) IS

4
2

YOy @) g Fa(w) (), (4.125)

n

where we defined

2A¢+d+2n n d d
Fr(u) = \/»(17)1“sz1 (5 +n— 1,5 +n— 1;A¢—|—2n;u) ,
w(l—u)""2
2 _ oly—L(2A4+2d-7) 2 _ pd—2
Ajgprgin)” =262 ()‘J¢[J¢1Ef}@) Mgl =4 Tre,

and used (4.22). The proportionality coefficient is the kinematical term in front of the

4-point function. The ratios G?STT/GIETT are then at order O((1 — 2)°) and

1
2(1-d)

—L at order O((1 — 2)%71). Similarly, for (T'¢¢T) we have

I(d+2)I'(A
G ERIBA S0, 0 h)

T(2+3)I(Ay—%+1) 4o
e =D Y Oy g P () Inw), - (4126)

n

I'(d+1)I'(A
Giisrr o —% Z()‘qu[w]gfl)QFn(u)

n

L(§+2)0(Ag —§4+1) 4
- 0T Y ) gt Fa () (), (4.127)

n
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4. Analytic bounds from spinning correlators

Tdra
o o LD Sy o)

N D¢+ 1Ay — 2+1)

RN
% (=227 Oy ) gy B () 1), (4128)

n

I'(d+ 1)T'(A 7
Grid” o % Z(Aw[w][e n) Fa(w)

T +2T(Ay — 4 +1)
26

[MEY

- Z(Aw[m[’f ) Vgt Fo(u)In(u), (4.129)

n

G%‘%A ES ot Z()\T¢[T¢][f 1] )zﬁn(“)

n

d A, — 4 d n
SLEt 1)1‘(25¢ ) (1-z)2" Z(Am[w]v 1) g e P () In(u), (4.130)

n

where the twist for A is given by (4.23) and

N 2A¢,+d+2n n d d
u) = ﬂli)uszl (§+n,§+n;A¢+2n+1;u),
m(l—-u) 2
2 _ oly—t(2A442d-7) 2 _ pd—2
Argprga)” = 2472777 Argprg,)> Vrget =7 Vggpl »
2 _ ol—1y—L(2A,4+2d—5 2 _ d72
Argraen)” =274 208 )(AT¢[T¢]“]) » Vrgen = ¢ Trg)le: 11

For this case the ratios are summarized in table 4.1.

Table 4.1: Ratios for the different polarizations of (T'¢¢T) in the lightcone limit.

— O((1-2°% O(1-231
G; S+TT/GJTF+SJ%; - 2(d%k1) _TLL
1 2
T STT/GT STT 2d(d+1) (d+2)(d+4)
/G+3+3 _% _ﬁ
Appendix B: Anomalous Dimensions for Non-Zero n

In this appendix we generalize our results for anomalous dimensions to n > 0 in the

regime ¢ > n.

(JopopJ): Inorder to match the identity at all orders in z, we use the summation formula

(1—2) = Z ny(ber(cb)J:Ef)j 0 2F1(b+mn,b+n;b+c+ 2n;x) (4.131)

n>0
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4.6. Discussion

in the s-channel expansion. This fixes the OPE coefficients, which we write in terms of
the n = 0 result:

(1= 5+ 284)n(5 = Dn

2 = 2
(/\J¢[J¢]£f][) T TRyt 0 D), ()\J¢[J¢]‘[){1l) ) (4.132)
d d
2 (1=5+A)n(5)n )
()\M[qu] (e, 11) T 4npl(Ag +n)n ()‘J¢[J¢}([sz”) : (4.133)
Now we split the anomalous dimensions as
Moo, = :Y[Jab]ﬁfw[w]ﬁ]é’ el = = Vgt Mgl (4.134)

and match the stress-tensor at all orders in z. This leads to the following equations

L5 - DA =5+ D5+ D] i Be —d
(T (As = § + 1+ )2 (155

557
:zj: (Ap+2n—1)T(E+n—1)I(Ay+n—1) _

. (4.135
2= (e +n— £ DBt g) et (413
6l) (A¢—§+1><§+1>?3F2( 8 - dl)
(G)2T(Ag — § +144)? —f—y,—ﬂ—y
J
(A + 2n)1—‘(* +n)T'(Ag +n) B
:Z 2d . ’y] [€,1] (4136)
nl(j —n)0(Ag +n— 5+ DI(Ap +n+j+1) Vo

n=

where j represents the power of z in the Taylor expansion. Using the techniques of [96,99],
we write 4 in terms of terminating hypergeometric functions:

B (=D)"D(Ay — 4+ DT(Ag+n—$4+1)
Mgl = (2 1), 0L+ 1)
(— 1)(z+1) (Ag+n—1); i =i, Ay —d
XZ n—z)'F(Aqb—f—i—l—i—z) 2(

1=0

(—1)"I0(Ay — ¢ + DDAy +n— 4 +1)
($)nT(§ +1)?

(=)' + 15 (Ag +n)s AL

x Z (n—9)IT(Ay — £ + 1 +Z) < al7 ?Aéd _i; 1> . (4.138)

-5 —i,—5

01 =

Vel

2

One can check that this solves (4.135) and (4.136) order by order in n, for arbitrarily
high values.
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4. Analytic bounds from spinning correlators

(T'$pgpT): TFollowing the same steps as in the previous case, we find the OPE coefficients

(1—5+24)n(§ —Dn

2= 2
(/\T¢[T¢]£ffl) T arpl(Ag +n— 1) (/\T¢[T¢][[)e,]z) ) (4.139)
d d
2 (1=5+48¢)n(5)n )
Croaltd)” = “Fmia, + ), Crarali) (4.140)
s (= 2420u(E+ 1), )
(>\T¢[T¢] e, 2])  Aml(Ag+n4 1), ()\T¢[T¢][Z 2)" (4.141)

Notice that for [¢] and [£, 1], the n-dependence is the same as in (J¢¢J). Finally, we
define anomalous dimensions for n > 0 as
Yra, = Tra@ e, Yraed = Tra et Mra? = Vrgle? Vrglt -
(4.142)

For STT and A we find the same equations as in (J¢@J). Therefore 'Ny[T(ﬂ[z] = Yyt

and 7[T¢][g,1] = W[M] te,11- On the other hand, for B we have

F(S+1>F(A¢§+1)<S+1>?3F2( —5: 8 —d 1)
(71?0 (Ag — § + 1+ 5)? —Q—J—E—J
L (A2 DTG+ n+ )T (A +n+1)
72 I( - Vipgle:21- (4.143)
“nl(j —n)l(Ag +n— 5+ 1A +n+j+2) [T

The solution is

(—1D)"nIT(Ag — 2+ DAy +n— 4 +1)
(¢ +1),0(2 +1)2
(=1)"(i+ D) (A +n + 1); i A, —d

XZ n—z'FAqa—f—i—l—i—z) 2(

1=0

Virgitd =

Examples: Now using the identities in the appendices of [96,99] we can rewrite the
terminating hypergeometric and perform the sum over ¢ for specific even dimensions. In
d = 4 we have

3n(Ag +n—1)(Ag +n(Ap +n — 1))

gl = 1+ Ao(Ay 1) !
_ 4+ DA +n—1)(Ap +n(Ay + 1))
Fpgglet] = A B, 1) , (4.145)
4+ 1D)(n+2)(Ag+n—1)(Ay+n)
’Y[T¢][e 4= 2A¢(A¢. — 1) ’
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whereas in d = 6

(n+1)(Ap +n—2)(5n%(n — 1) + 2A4(5n® — 5n — 3) + A% (5n(n + 2) + 6))

Vel = 600(Ag — 1)(Ag —2) :
. C (n+1D)n+2)(Ag+n—2)(As+n—1)(3A¢ +2n(Ay +n)) (4.146)
Mgt = 6A4(Ay — 1)(Ay — 2) ’ '

. _(n+Dn+2)(n+3)(Ag+n—2)(Ay +n —1)(Ag +n)

Trg)lt? = 6A4(Ay — 1)(Ay —2) '

It is easy to check that for Ay, > % — 1 these expressions are positive for all n.
Appendix C: Correlation Functions of Conserved Operators

In this appendix we will provide more details on the 3-point functions (JJJ) and (TTT).

Tensor Structures: We follow the notation and techniques of [31,45]. See also [91]
for more details on the differential representation on the 3-point functions.

Here we define the basic buildings blocks as

Hij = —2((Z; - Z;)(P; - Py — (Zi - Py)(Z; - Py))],
(Zi - Py)(Pi - Py) = (Zi - Po)(Ps - P))

= _ 4.14
Vish =0 (1,147
We will use the shorthand Vi = Vi 23, Vo = Va 31, and V3 = V3 1 5.
(JJT): We will normalize the operators as follows:
le H122
(J(Pr, Z1)J (P2, Z2)) = CJPT, (T(P1, Z1)T (P2, Z2)) :CTPd+2. (4.148)
12 12

The general form of the (JJT) 3-point function, after imposing symmetry under
1 < 2, is given by

aViVaViE 4+ B(H13Va + Ha3Vi)Va + vHi2 Vi + nHiz Has
(P12) 1 (Pr3) 81 (Pas) 81

(J(Pr; Z1)J (Pa; Z2)T(Ps; Z3)) =

Imposing conservation implies

—a—df+(2+d)y =0,
—28+2y+ (2—d)n=0. (4.149)

The relation between our basis and that used in [137], see Eqs. (3.11-3.14) is given
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4. Analytic bounds from spinning correlators

by9

n=2¢ f=-2¢

_ b 4c i 2
W:a—g—gcv a:2a—|—b(1—3)—

8¢ (4.150)
E )
They also found that the Ward identity for the stress energy tensor implies

25,(é+ &) = dC}. (4.151)

Where Sy is the volume of a (d — 1)-dimensional sphere, Sq = 1%’(5). So (JJT) is fixed
up to one OPE coefficient, é and C;. We labeled the parameter (Ezas Asyr in the main
text, following the conventions of [91]. In the rest of this appendix we will also adopt
this convention. To construct the conformal block corresponding to T"" exchange in the
s-channel of (JJ¢¢) we apply the following differential operator on the scalar partial

wave,

Drr

CJd(d—Q) de2 1.1
= 2\ ———————~ | D11 D 2\ —————— | D12D21 — 2\ Hio | X7
{( JJT (d—1)S4 1122+ JJT+ Sa(l—d) 12021 JJT 12 | 27

(4.152)

The conformal block for T#*" exchange in the t-channel of (J¢¢J) is then found by letting
2 <> 4 everywhere in the resulting expression.

Finally, in [136] the parameter as was introduced, distinct from the as OPE coefficient
used in (VVT), which gives the energy distribution for a state created by a conserved
current:

1
(E(n))es = A (1 + az (cos®(0) — d_1)> (4.153)
where @ is the angle between the spatial polarization ¢* and the point on S?~! labelled

by n'. Requiring that the energy one point function be positive yields the bounds

d—1
Ty Sa<d-L (4.154)

The upper bound is saturated in a theory of free bosons and the lower bound is saturated
in a theory of free fermions. The relation between A7 and as is given by

Cy(d—2)dn~% (a2 —d* +d) T (2)
4(d—1)3 '

AjJT = — (4.155)

9We add tildes to the variables to avoid confusion between these variables, the conformal
anomalies a and ¢, and the (T'TT) OPE coeflicients.
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(TTT): In this section we will review the connection between the parametrization
of (TTT) in terms of the variables & é, and Cr as defined in [137], the t2, ¢4, Cr
parametrization used in studies of the energy one point function [151], and the free field
theory results.

We start by defining the following basis of parity-even tensor structures for (TTT),

Q1 = VAV VS, (4.156)
Q2 = HasViPVaVs + HisViVi Vs, (4.157)
Qs = HiaViVa Vi, (4.158)
Q4 = Hi2H13VoVs + H12H23V1 V3, (4.159)
Qs = HizHa3V1 V3, (4.160)
Qs = Hi V7, (4.161)
Q7 = HisVs + Hys VY, (4.162)
Qs = Hi2H13Hogs. (4.163)

In [137] they parametrized the correlation function in general dimensions in terms of
8 variables: a, b, V', ¢, &, &, &, and f. Labeling the coefficients of @; by z;, the relation
between the bases is given by

x1=8(E+e)+ f, wo=—44b +¢&), x3=4(26+¢), (4.164)
xy = —8b, x5 = 8b + 164, T = 2¢, (4.165)
x7 = 2¢, rs = 8a. (4.166)

Conservation of the stress-energy tensor implies

To — (% + 1)xy + 2dz7
d2

2
T2 = I3, X4 = Is5, Te = 127,(4.168)

1 1
x1 = 2r9 + Z(ol2 +2d = 8)as — 5d(2+ d)wr, w5 = , (4.167)

which is consistent with the conservation constraints of [137]. Finally, they found that
solving the Ward identity yields
(d—2)(d+3)a—2b—(d+1)e

48, R = Cr. (4.169)

In d > 3 dimensions we can parametrize the parity-even structures in (T'TT) by ¢, é, and
Cr, while in d = 3 the Hi2H13Ha3 structure is not linearly independent and (T'TT) is
fixed up to two parameters, 2a — ¢ and Cr.

The relation between this basis and the t2 and t4 basis is given by
CTﬂ‘i%F (g + 2)
2(d—1)3(d+1)2(d+2)
x [(d(=3d*+d+2) +4)ta+ (d+1) (2d" — d*(ta +4) + d> + d + 3t2)| ,  (4.170)

c=—
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Crn 3T (2 +2)
4(d —1)3(d + 1)2
x [(d+1) ((d—3) (d* = 3) ta + 2(d — 2)d” + 2) + (2(d — 5)d” + 4d + 12)ta] . (4.171)

é =

Finally, as noted in [151], in even dimensions we can parametrize (I'TT) by its ex-
pressions in free field theories of conformally coupled scalars, fermions, and (g —1)-forms:

(TTT) = no(TTT)s + np(TTT); + n (TTT),, (4.172)

where ns, ns, and n; give the effective number of real scalars, Dirac fermions, and (g -1)
forms, although there may not necessarily be any connection to the actual field content.
The conformal collider constraints can then be written as [150, 151],

1 2 d—2
e -— s > :
<1 d_ltz d2_1t4)+d_1(t2+t4)o<n >0, (4.173)
1 2 1
_ 1y — —— - > .
<1 d_ltz d2_1t4>+2t20(nf_0, (4174)
1—71 t 2z ta ) xng >0 (4.175)
d—1° &-1" = '

The constraints (4.173), (4.174), and (4.175) are equivalent to the constraints derived by
considering (T ¢pTTT), (TT3¢pTT3), and (T — T**)pp(T** — T**)), respectively.
In three dimensions t2 = 0 and the second and third constraints are redundant. Finally
in four dimensions we have [136,137,164]

a _ 2ns+ 124n; + 22ny

z 4.176
c 6ns + 72n¢ + 36ny ( )

where n; now counts the number of real free vectors, a is the Euler anomaly, and c is
4

related to central charge Cr as ¢ = %C’T. The bounds from equations (4.173) and

(4.175) then imply

|
v
v

W =

(4.177)

=
oo =
ale
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GRAVITATIONAL
INTERACTIONS A LA
CFT AND VICE VERSA

ON THE RELATIONSHIP BETWEEN SPINNING CONFORMAL PARTIAL WAVES AND
GEODESIC WITTEN DIAGRAMS

The main tool that allows conformal field theories to be classified by the boot-
strap program is the decomposition of correlators into conformal partial waves.
In particular, as seen in chapter 4, when these correspond to spinning correlators
one can extract universal information concerning the nature of the dual gravita-
tional theory through the holographic principle. Based on [3], in this chapter we
present the necessary tools to understand how spinning conformal partial waves
are represented in AdS.

5.1 Introduction

Throughout this thesis the recurring theme has been the exploitation of the con-
formal symmetry as an efficient organizational principle for the observables in the
theory. In particular, the conformal block decomposition of four-point correlation
functions is such a principle: it is natural to cast the four point function into por-
tions that are purely determined by symmetries—conformal partial waves—and
the theory dependent CFT data. The aim of this chapter is to apply the efficiency
of the conformal block decomposition to holography: can we organize observables
in AdS gravity as we do in a CFT? This question has been at the heart of holog-
raphy since its conception [165-167], with perhaps the most influential result the
prescription to evaluate CFT correlation functions via Witten diagrams [167]. But
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5. Gravitational interactions da la CEFT and vice versa

only until very recently the concept of conformal partial wave was addressed di-
rectly in holography: the authors in [120] proposed that the counterpart of a CF Ty
conformal partial wave is a geodesic Witten diagram in AdSg41. This is basically
a conventional Witten diagram with a different integration region. Namely the
contact terms of the fields are projected over geodesics rather than integrated over
the entire AdS volume.

The goal of this chapter is twofold: to give a method to evaluate a spinning
conformal partial waves using holography, and to show how Witten diagrams de-
compose in terms of these. The strategy is to employ the techniques of subsection
1.6.4 along the lines of the AdS proposal in [120]. In particular, we will show how
to decode the tensor structures appearing in three point functions and conformal
partial waves in terms of bulk differential operators acting on geodesic diagrams.

This chapter is organized as follows. Section 5.2 is a review of the embedding
space formalism to describe both CFTy and AdS441 quantities in a common lan-
guage. The main result is in section 5.3 where we device a differential basis on AdS
that generates three-point tensor structures from bulk objects. This shows how
one can obtain any spinning conformal partial wave via an appropriate geodesic
Witten diagram with perfect agreement with the CFT. In section 5.4 we discuss
certain features of this method by focusing mostly on low spin examples. We first
discuss the relation among gravitational interactions and OPE structures using
geodesic diagrams, and contrast it with the reconstruction done using Witten di-
agrams. Even though there are non-trivial cancellations in the geodesic diagrams
(which do not occur with volume integrals), in section 5.5 we show how to de-
compose four point exchange Witten diagrams in terms of geodesic diagrams. We
conclude in section 5.6. Extended calculations that complement the results of the
main text are written in appendices A and B.

5.2 Embedding space formalism

The simplest way of computing CFT objects is by working on the embedding
space formalism where the index structure of tensor quantities is encoded as ho-
mogeneous polynomials. This has been discussed at length in section 1.2, but

here we include an executive summary to give a better contrast to the embedding
formalism of AdS.

A conformal field ¢#1H¢(x), x € R? of dimension A in the symmetric-
traceless representation (£), is encoded as an embedded polynomial ®(P, Z), P €
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5.2. Embedding space formalism

R4+1L1 where

B(A\P,aZ + BP) = A\ 2a'®(P,Z), P>*=Z-P=27>=0, Y\a,B. (5.1)

The original field ¢(x, z) is recovered by replacing P4 = (xa, 1’212,#) and

ZA = (2%, —z -2,z -x). Furthermore, to recover the tensor indices we apply the
differential operator in (2.1) to obtain

Ry 7, J— 1
@) = o,

This operator is also convenient for other purposes. For example, we can do full

D# ... DRt g(z, 2) (5.2)

contractions via the polynomial directly: given two encoded tensors in R?, their
index contraction is
1

faran g™t = mf(x,D)g(x,z) ) (5.3)

In the (d + 2)-dimensional variables we have

1
v, g = ——+——F(P,D)G(P, Z) , 4
fal ng n'(d/2 _ ]-)n ( )G( ) (5 )
where p p 5 o2
1
Dy=(=-—-14+2 - — - =7 . .
A <2 + az) 074 2740707 (5:5)

All other definitions regarding embedding formalism, correlation functions, and
partial waves on the CFT side can be found in sections 1.2, 1.3, 1.4, 1.5, and 1.6.

To describe both CFT and AdS quantities in a more homogeneous manner,
it is then useful to formulate the AdS version of the embedding space formalism,
which we present in the rest of this section.

5.2.1 Embedding formalism for AdS

In this exposition of the embedding formalism for AdS we will follow [168,169].*
Euclidean AdS441 in Poincare coordinates is given by the following metric

1
ds%qs = = (dr* + da“dz,) | (5.6)

where we take the AdS radius to be one and a = 1,...,d. The isometries of this
metric are given by the SO(d + 1,1) group. Therefore following an analysis along
the lines of section 1.2, implies mapping the AdS;y; coordinates y* = (r,z?),

1 See also [170-173] for recent work using this formalism in the context of higher spin gravity.
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5. Gravitational interactions da la CEFT and vice versa

p=1,...,d+1, to M1l c RI+LI coordinates YA, A=1,...,d,d+1,d+2, in
such a way that the action of SO(d+1,1) on ML corresponds to isometries in
AdSg41. In order for this construction to be consistent we have to demand that
SO(d + 1,1) is closed on M%+1:1. As in the case for conformal coordinates, this
can be done by imposing a constraint on the square of the length, i.e. Y2 = const.
Moreover, this reduces the dimensionality of the space to d + 1, which is what we
want for AdSgy1. This implies that

Y?=-1, Y420, (5.7)

with the map

i Yd+1_1—7“2—a:2 Yd+2_1—|—r2+x2

Y = 5.8
r’ 2r ’ 2r (5:8)
Pulling the flat R4*+11 metric onto M+ is therefore
dYAdY s = dY*dY, + (dY?+h)?
— (dYy+t2)? = dsiag: (5.9)

222 yd+2— 1472422
T ? - 27

a—2? yd+1_1=r
Yo=2-Y = 5

which is SO(d+1, 1) invariant and equal to the AdS441 metric. The AdS boundary
points are obtained by sending r — 0, which approaches the projective null-cone
(1.74). In other words P# = lim, o 7Y 4.

Similar to section 1.2, tensors on M?+11 are projected back to AdSqy1 space
by

oy gy A
tltl"'ltn = ay“l s Wnl"'A71 (Y) ) (510)
where the projectors are
oy 1 _ ay4 1
—_ZyALpA I (s _ A1
or r T oxb r (9, =0, 21), (5:11)
and P is defined in (1.94). With these, it is easily shown that %’;j Y4 = 0, which

implies that a tensor of the type Ta,...a, (Y) = Y(4, Ta,...a,,)(Y) is unphysical, i.e.
it has a vanishing projection to AdS441. Another consequence of this redundancy
is that the induced AdS metric can be written as

Gap =mnap+YaYp, (5.12)
which plays a role as a projector.

The next step is to encode symmetric traceless tensors by contracting their
indices with a polarization vector W:

TY,W)=Wh . WA Ty 4 (V). (5.13)
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5.2. Embedding space formalism

Then these correspond to encoded AdSg41 tensors t(y,w) (with w a polarization
in AdS), provided that

1. W? = 0—it encodes the tracelessness condition.

2. W-Y = 0—given that Y4 projects to zero.

3. T(Y,W + aY) = T(Y,W)—it makes the tensor transverse to the surface
Y?=-1.

4. (Y -0y + W 0w + )T (Y,W) = 0 for some given value of .2
Note that the transversality condition can be implemented via the induced metric
G:
(GT)aya, V) =GR - GE T, B, (Y), YA(GT)a,..n,..4,(Y) =0,
(5.14)

As on the CFT side, to recover the tensor components we use a projector

analogous to (5.5). Given 3

KAdl<8+YAY- a)JrI/V 0 _9

2 \owA oW oW OWA

0 0 1 0? 0 0
Y, =Y =] —= ——+Y - —Y . . —A3.
Tra (W aW) < 8W) 3 Va <8W~8W T aw aw} 15)
we obtain transverse, symmetric and traceless tensor via

1

! (%3 )n

A covariant derivative in AdS is defined in the ambient space MAHLL a9

0 0 0

When acting on an transverse tensor we have

9]
vBTAl...An (Y) = GglGii . GC"

&y oY) (5.18)

where G 4p is the induced AdS metric (5.12). In polynomial notation, the diver-
gence of a tensor can be written as

V- (KT, W)), (5.19)

2For a bulk massive spin-J field in AdS4y1, we have = A + J with M2 = A(A —d) — J.
3The form of this projector is chosen so that the transversality condition holds.
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5. Gravitational interactions da la CEFT and vice versa

which projects to V#¢,,,.. 4, in AdSqyq. Similarly, index contractions are en-
conded by

b VP Vg = Ly )W)y
nl (451,
1
g oo JH T = 'TT(Y, K)F(Y,W), (5.20)
’I’L( 2 )n

where ¢t and f are symmetric and traceless tensors. Note that for transverse
polynomials, the projector K commutes with covariant derivative:

V-.K=K-V. (5.21)

It is useful to notice that for encoded polynomials in embedding space (5.13),
where the tensor is already symmetric, traceless and transverse, the projector K
acquires a simpler form K = (% +n— 1) Ow . Since this will be the case in all
our calculations, we will simply use dy to contract indices.

AdS,, propagators

Here we follow [169] and review some results of [174]; propagators in the AdS
coordinates can be found in e.g. [175,176] among many other references. We are
interested in describing the propagator of a spin-J field. In AdS coordinates, this
field is a symmetric tensor that, in addition, satisfies the Fierz conditions

Vi, oy, =My s VM., =0, R* =0. (5.22)

M3 g

These equations fully determine the AdS propagators, which we now write in the
embedding formalism. The bulk—to—boundary propagator of a symmetric traceless
field of rank J is

Hij(Zi, W;)”

AlJ
Gio” (V. P Wy 2) = Cay =5 0 (5.23)
ij
where Ca s is a normalization (which we will ignore), and we defined
W;-P)(Z;-Y;
Uiy ==2P;-Y;, Hy(Z, Wy) = Zi - W PP AR O (5.24)

The mass squared is related to the conformal weight A of the dual operator as
M? = A(A —d) — J. This is the analogue of the CFT two point function (1.141).
It will be also useful to rewrite the bulk—to—boundary propagator as [174]

G/ (V.PW.2) = 3-(90(W.2)) GV, P) (5.25)
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5.83. Spinning geodesic Witten diagrams

where *

_@p(W,Z):(Z~W)< ;Z p. 88P>—|—(P-W)(Z~88P>. (5.26)

And it will also be convenient to cast the n-th derivative of GbAalJ in terms of scalar
propagators:

(W' 0y)"Ga)” (Y, P; W, Z)
J kE+1) ; J_
=2"T'(A+ = 2R WL PY(W-Z
nZkZ( )() fary PIW2)
x (W' Z)EW' - PY"8(Z - 0p) *Goy™0(y, P) . (5.27)
The bulk-to-bulk propagator of a spin-J fields can be written as®

J
G (Ve Yy W W) = 3 (W - W) (W YWy - Y Pg(a) o (5:28)
k=0

where u = —1+4Y;;/2 and Y;; = —2Y; - Y;. The functions g, can be written in
terms of hypergeometric functions via

J ) i\ ? h(-k)(u)
_ RV 4
gr(u) = }Eﬁ (—1)"* (j!> =k (5.29)

where h; is given by a recursion:

hi, = cx ((d — 2k 427 — 1) [(d+J = Qhp_y + (14w \] + (2 —k+ J)hk_g) ,

I(A)

h =
07 27hT(A+1—h)

(20) 25 F, <A,A —h+ %,m “2h41, _2> 7
u

1+J—k
k(d+2] —k—2)A+J—k—1)(d—A+J—k—1)’

Cr — —

(5.30)

5.3 Spinning geodesic Witten diagrams

The general objective of this section is to use CFT techniques in order to increase
the spin of the external legs of Witten diagrams. Let us consider the three-point

4This differential operator 2 should not be confused with similar named CFT operators in
(1.215).

5Note that (5.28) is not a homogeneous function of Y. In solving for the bulk-to-bulk operator
the constrain Y2 = —1 is used, which breaks the homogeneity property of the polynomials in
embedding space.
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5. Gravitational interactions da la CEFT and vice versa

Witten diagram for a moment

/dy G?al‘o(y, ml)GbA;lO(% mQ)GbA;‘O(y, x3), (5.31)

where the integral is over the AdS volume. It is well known [175] that it repro-
duces the three-point function of scalar operators with dimensions Ajp, Ag, As.
Therefore exploiting a relation of the type (1.179) allows us to increase the spin of
two legs in a three-point Witten diagram by applying differential operators. This
was done in [174], and more recently, the action of single weight-shifting operators
(discussed in section 1.5) on Witten diagrams was characterized in [124]. More-
over, using the split representation of the bulk—to—bulk propagator [169], these
techiniques carry over to spinning four-point Witten diagrams at tree-level [177].
Applications to two-point spinning loop diagrams are also possible [178].

However, here we take an alternate approach. It turns out that the integral
over the AdS volume in the three-point Witten diagram (5.31) can be reproduced
by a one dimensional integral over a geodesic v;; that connects a pair of endpoints
(x;, ;) on the boundary [179], called three-point geodesic Witten diagram:

/ XG0 (y(N), 21) G (y(N), 22) G (y(N), 3) (5.32)
Yij

where the equivalence is regardless the choice of endpoints; different choices just
giving different numerical pre-factors.® Moreover, it was discovered in [120] that
the restriction of the double-volume integral in the four-point Witten diagram
to a double-line integral over the geodesics v;;, vk (which connect the boundary
points (x4, 2;), (zx,2;)) reproduces the conformal partial wave expansion Wx|o in
the (ij)(kl) channel (as defined in (1.185)):

Wajo(:) = Wap(zi) = / X / AN G0 (y(\), 21)Ga 1 (y(N), 22)
Y12 Y34

x Gl (YN, W) G (o (V) 23) Gt (4 (V) 2a) - (5.33)

where ) is an affine parameter for 15 and A’ for y34. This is the simplest version of
a four-point geodesic Witten diagram: the expression involves bulk—-to-boundary
and bulk—to—bulk propagators in AdS projected along geodesics connecting the
endpoints, as depicted in Fig. 5.1. There was also evidence that this map worked
correctly for more general partial waves [120,179].

Our interest here is to explore cases where the legs of the three- and four-
point geodesic Witten diagrams have non-trivial spin. In this section we de-
velop the basis of AdS41 differential operators that implement the CFT relation

6The results in [180, 181] as well suggested that (5.32) reproduces correlation functions of
three scalar primaries.
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5.83. Spinning geodesic Witten diagrams

Figure 5.1: Examples of geodesic Witten diagrams in AdSgy;. The doted line
indicates that we are projecting the propagators over a geodesic that connects
the endpoints. Straight lines correspond to scalar fields, while wavy lines are
symmetric traceless tensors of spin J. The first diagram corresponds to the scalar
block in (5.33). The middle diagram (with scalar propagator in the exchange) will
be the focus of section 5.3.1 and the last diagram (with a spin-J field exchanged)
is the focus of section 5.3.2.

(1.215) for symmetric-traceless representations, when acting on geodesic integrals
(these are not necessarily three-point Witten diagrams, see Fig. 5.2). There-
fore by (1.217) these give a prescription on how to obtain spinning partial waves
WlAl"ll“”h’l“ (1,2, x3,x4) from the geodesic Witten diagram (5.33). We stress that
we will not use local cubic interactions to capture the conformal partial wave in
this section. We postpone to section 5.4 the interpretation of this construction in

terms of cubic interactions in the bulk.

5.3.1 Bulk differential basis: scalar exchanges

Recall from section 1.5.2 that for symmetric-traceless three-point functions, a con-
venient basis of differential operators are

Dnij Dyij and  Hjj , (5.34)

defined in (1.180). The operator D ;; increases the spin at position ¢ by one and
decreases the dimension by one at position i; Dy ;; increases the spin at position ¢
by one and decreases the dimension by one at position j. H;; increases the spin
by one at both ¢ and j and leaves the conformal dimensions unchanged. These
operators we will map to differential operators acting on bulk coordinates, except
for H;;, whose action will remain unchanged. H;; does induce a cubic interaction
and we will discuss its effect in section 5.4.

The action of a single operator in (5.34) on an s-channel conformal partial
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5. Gravitational interactions da la CEFT and vice versa

wave W) (P;) will affect either the pair (P, Pp) or (Ps, Py), but not all points
simultaneously. So let us consider the components in the integral (5.33) that only
depend on v;2—which connects (Py, Ps):

/ A Gy " (Vy, PG (Ya, Po) Gy (Y, YY) (5.35)
Y12

where we casted the propagators in embedding space, and used the notation Y)
to denote the embedded bulk point evaluated at the geodesic.” Fig. 5.2 depicts
diagramatically the content in (5.35), and we note that Y” is not necessarily pro-
jected over v34. Here GbAal‘O(Y, p) = GAIlO(Y Py;0,0) given in (5.23); in general
we will omit dependence on variables that are not crucial for the equation in hand.

In Poincare coordinates, a geodesic connecting z; with x; is

(@3)?  af+ag ()"
h
2cosh(A)” 2 T tanh(A) )

Yij oyt A) = (r(N),z*(N) = (

The corresponding expression in embedding space is

e APA + e)‘P]A
Py

’}/i j N Y)\A

, Pyj=-2P P, (5.37)
where we used (5.8) and (1.78). Replacing these expressions into (5.35) gives

Y.NTSN A|O o _
—<P12)(A1+A2)/2 / DGR, YY) A=A Ay, (5.38)
where we used (5.23). To increase the spin at P; and/or P, we would act on
(5.38) with a combination of the differential operators in (5.34). By inspection
of the integral in (5.38), D, ;x has only a non-trivial action over the bulk-to-bulk
propagators. In other words

DiijGa°(Vy, Py =0(P%,Z-P), n=12. (5.39)

Hence, the task ahead is to build a bulk differential operator that acts on the third
leg of the diagram: Gﬁ,lo(YA, Y"), and reproduces Dy ;;.

Let us consider a general function G(Yy - Y’) (not necessarily a bulk-to-bulk
propagator) with no explicit dependence on P; (only through the geodesics in Yy),

"Throughout this chapter, we will use the symbols Y4 and W4 to denote embedded AdS
points, and their auxiliary polarization vectors, respectively. Whereas P4 and Z A denote their
respective CF'T counterparts.
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5.83. Spinning geodesic Witten diagrams

Figure 5.2: A precursor diagram where two legs are in the boundary and one in the
bulk. This type of object appears at intermediate steps when evaluating conformal
blocks.

and furthermore with no W dependence. Then we want to construct differential
operators D (not to be confused with the weight-shifting operators of section 1.5)
such that

Dy ijG (Ya-Y') =Dyy;G(Yr-Y') | (5.40)

where Dy ;; has derivatives with respect to Y’ only. Moreover, D has to satisfy
the same properties of D. Namely, it has to be: transverse with respect to P;, of
order one in Z;, of order zero in Y’, and with the correct transformation properties
under P — AP. Hence the most generic form of D is Y’AZiBSABC(”)'}C;/, where S
is independent of Y’ and Z;. Assuming S is a function of the flat metric 7 and
P, then transversality implies that S has two classes of solutions compatible with
(5.40):

Sapc =na(Pi)c — (B)ansc,

PIABI ) (e~ (P (nmc + 222 ) .y

S = 2
ABC (77AB + P P

Therefore we can write the dual operators D as
Diyj=2;-Y' P -0yr + %\I’iY’ Zi - Oy,
Dyij = Hij(Z;,Y')P; - Oy + %\PjY/Hij(Ziﬁw) : (5.42)
where W,; is given in (5.24) and we have defined
H;j(M,N)=HMN (5.43)

¥
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5. Gravitational interactions da la CEFT and vice versa

with H i(]M’N) as in (1.125). As their name indicate, these operators have the same
properties as their counterparts D. More precisely, D; ;; is increasing the spin by
one and decreasing the dimension by one at position 4, while Dy;; increases the
spin at position ¢ by one and decreases the dimension by one at position j.

To verify that D has exactly the same effect as D, it is instructive to go through
some identities. One can show the following relation by direct calculation (notice
that the first operator in the commutator of the left hand side is D and not D)

[Drij, Dwirjr] f(Y') = [Drij, Dwr irje] f(Y7) (5.44)
Let us call Dy, Dy two generic operators of the form Dy ;;, then
DlDQ(Y,\ . Y/) = (D1Y)\) . (DQY/) +Y,- (D1D2Y/)
=Y\ (D2D1Y')+ Yy - ([D1, Da]Y)
=Y\ - (D1DyY') = D1Dy(Y) - Y) (5.45)
where in the first line we used (5.40) for Dy and the product rule for Dy, in the
second line we used (5.40) for D; in the first term and the fact that D;Y’ = 0 in
the second, and finally in the third line we used used (5.44). Then for the product
of an arbitrary number of operators,
DiDsy---D)Yy Y =Y\ (Dy---DpyD1Y')+ Yy (D1Dy--- DY)
=Y, (D1Dy---D,Y')=D1Dy---D,Yy - Y’ (5.46)
where in the first line we used the induction hypothesis for n — 1 operators and
in the second line we pushed D; through and used (5.44) to put everything in
terms of D. The conclusion is that repeated application of boundary derivatives
on geodesic integrals can be replaced by bulk derivatives in reverse order:
Hi3*(D315D3 5 D1 1a P31 — Dya D51 Do D51)

x/ NGy (Y, PG (Va, )G (Y2, YY) =0 . (5.47)
Y12

We just found that the dual of D are derivatives with respect to Y’. However,
given that the generic form of these differential operators is D(Y') = YA ZEB S 450§,
and S is antisymmetric under A <> C' as seen in (5.41), then we have

Y'AZESupcdf Yo Y = Y ZBSapcof Yy - Y
= Dy ij (Y/)Y)\ Y = —Dy ij (Y,\)Y)\ Y. (548)
Using (5.48) it is easy to show that for more derivatives,
Diyings V') Dy V) YA Y = (=1)"Dh,y 3,5, (Y2) Doy iy (VA) VA - Y
(5.49)
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5.83. Spinning geodesic Witten diagrams

This of course also holds when the derivatives act on G(Y) - Y”'). It is interesting
to note that the action of a single D(Y)) on bulk—to-boundary operators is trivial,
ie.

Dyij(Ya)Gay 2O (Y3, Pro) = O(P2, Z - P) (5.50)

which is consistent to how Dy ;; acts on bulk-to-boundary propagators at the
geodesic (5.39). However,

Diirjr (Ya) -+ Die i (Ya) G2 (YVa, Pra) #0 (5.51)

because (5.50) relies on properties of the geodesic 12, and in (5.51) the operation
of taking derivatives with respect to Y does not commute with projecting on 7.3
Hence, as we generate tensorial structures using D(Y)), it only acts on Gy, i.e.

()N / A Gy (Y, PG (Yo, Po) D' DY, D% Dy, G (Y2, YY) =
Y12

Dy, Dy, DT, DY'3 / NG (V, PG (Y, P) G (7, YY)
Y12

(5.52)

where N = mq + ms + nq + no.

From here we see how to cast conformal partial waves where the exchanged
field is a scalar field (dual to a scalar primary O of conformal dimension A): the
version of (1.217) in gravitational language is

W (Pi; Zi) = Wajo[Diert (YA), Drignt (Y30)] (5.53)

where we define

W 0[Diete (Y2): Drsgis (Y1) / GAI0y,, PG (v, Py)
Y34

x [Dleft(Y)\)D“ght(Y)\,)G ‘O(Y,\,YX)} GAIO(Py, Y )GR (P, YY) . (5.54)

To close this subsection, we record another convenient way to re-write (5.42):
Wix
D14;(Yy) = TZ'HM(Zi,an) ,

\I}.
Dyij(Ya) = 2A [(Hin(Zis Ovy) + 2V i,ix(Zi) Vo 2,5 (0v,)] (5.55)

8For D121 and Da 12, (5.50) is true without projecting on ~12. Furthermore, (5.51) is true
only if the D’s do not commute. However, we will use (5.52) to treat all the D’s in the same
footing.
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where #;; is given in (5.24), and we defined

 UinZi- Py~ PyZi- Yy

Vé)i,jm(Zi) \/m ) (556)
im ¥ jmd7j
Vom,ij(Wim) = —2 ] (5.57)

VYimVim Pij 7

which can be viewed as the generalizations of the CFT building block (1.124).

5.3.2 Bulk differential basis: spin exchanges

In the previous subsection we considered the geodesic integral (5.35) where the
bulk-to-bulk propagator has no spin. We now generalize the discussion to include
spin. The prescription given in [120] for spinning exchanged operators is that the
bulk—to—bulk propagator for the spin J field is contracted with the velocities of Y)
and Y}, ie.

dy, dy?!,
ol (v, vi) =Gl (Y,\,Y,\’,; A A)

—= 5.58
dx’ dx ( )
This corresponds to the pullback of the propagator (5.28) along both geodesics in
the diagram. Hence, a geodesic diagram that evaluates the conformal partial wave
with a spin exchange is

Wals(Pr, P, P3, Py) =

/ Gy (2, PG (Va, Bo) Gy (Yo, Vi) G (Yo, Py) Gy 1 (Y, Pa) .
Y12 Y Y34

(5.59)

In manipulating (5.58) to increase the spin of the external legs, we need to

treat the contractions with % with some care. First, it is important to note
that Dy, ;; commutes with &, and hence its action on Gﬁ)‘J(Y,\,Y)(,) in (5.59) is
straightforward. However, we need to establish how Dy ;; acts on (5.58), and this
requires understanding how to cast % as a covariant operation. It is easy to check

by direct computation that this can be done in two ways:

d _ _
o —2P,'UosP; - Vy, = 2P, ' U1\ Py - Vy, . (5.60)

But the commutator of Dy ;; with % will depend on which equality we use. For
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example
dY, _
D, 127)\/\ = —D112(YA)(=2P5' U2\ P; - Vy, )Ya (5.61)
dY, _
Djoq 7d)\/\ = —Da91 (Y2)(—2P5 Uy P; - Vy, )Yy , (5.62)

which is the expected result by (5.46) and (5.49). Unfortunately, the two other
D’s have the wrong sign relative to (5.46) and (5.49):

Doy o _Dlgl(Y,\)(—QPl}l\Ilg,\Pl-VYA)Y,\, (5.63)
dY; _
D212d—>\’\ = Dy 15(Y3)(—2P;5' Uos Py - Vy, Y5 . (5.64)

Using the other implementation of % alternates the signs. In order to avoid this
implementation problem, we formally define

|:D]Hj (Yx) =0. (565)

d
dX
This implies that as we encounter quantities that contain explicit derivatives of
A we will manipulate them by first acting with Dy ;;(Y)) and then taking the
derivative with respect to A. For instance,
dy, dyy, d d
Dgs A = DY Y
FETAN AN T dhdn T RITA T
d d
= —Duii (Y)Y - YY, . 5.66
d)\ d\ k J( /\) AN ( )
Given this implementation of the differential operators, the partial wave in grav-
itational language (5.53) generalizes to spinning exchanges by using (5.58) and
(5.65). This shows that for each partial wave WZAI‘ lf ‘sl(p Z;) in the bound-
ary CFT there is a counterpart geodesic integral in AdS Wg"?'la’l“ (P;; Z;) that
reproduces the same quantity.

5.4 Gravitational interactions via geodesic dia-

grams

We have given in the previous section a systematic procedure to build the appropri-
ate tensor structures V; ;j and H;; appearing in conformal partial waves by using
directly bulk differential operators D; j;(Yy). Using this method, we would like to
identify the gravitational interactions that the operators D; j1(Y)) are capturing.
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Figure 5.3: Examples of geodesic Witten diagrams in AdSg;y; that capture three
point functions. Straight lines correspond to scalar propagators, while wavy lines
denote symmetric traceless spin-.J fields; P; is the boundary position in embedding
formalism. The dotted line denotes the geodesic over which we integrate. Note
that the second and third diagram only differ by the choice of geodesic.

The identification of tensor structures with gravitational interactions has been
successfully carried out in [173]: all possible cubic vertices in AdS;i; where
mapped to the tensor structures of a CFT, via Witten diagrams for three point
functions. Here we would like to revisit this identification using instead as a build-
ing block diagrams in AdS that are projected over geodesic integrals rather than
volume integrals; and as we will show below, the geodesic diagrams do suffer from
some non-trivial cancellations for certain derivative interactions.

For the discussion in this section it is sufficient to consider the three-point
geodesic Witten diagram of (5.32). The type of diagrams we will be considering
in this section are depicted in Fig. 5.3, where the dotted line represents which
geodesic we will integrate over. We will first attempt to rebuild interactions using
these geodesic integrals, and at the end of this section we will contrast with the
results in [173].

5.4.1 From the bulk differential basis to cubic interactions

In this subsection we will go through some explicit computations of three point
functions using the method developed in section 5.3.1. Our goal is not to check
that our bulk results match with the CFT values (which they do); our goal is to
illustrate how these operators D; ;i (Y2), and hence (V; jx, Hi;), map up to local
AdS interactions.

Our seed to all further computation is the three point function of three scalar

primaries K323 (P;) defined in (1.118). In terms of geodesic integrals, this is
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5.4. Gravitational interactions via geodesic diagrams

given by

818289 (P) = eay a0 / NGy " (Ya, PG (Ya, Po) G (Y, Py)
Y12

(5.67)

where

2I'(As3)
CALAA3 = T (_A1+2A2+A3) T (Al_AQ2+A3) .

(5.68)

Here we are ignoring the normalization of Gpy in (5.23) and the gamma functions
in ca,n,n, Tesult from the integration over the geodesic y12. Ga, A, 750000 =

SR8 g the CFTy three point function casted as a geodesic integral in AdS 1.
3 g g +

Example: Vector-scalar-scalar

To start, we consider the three point function of one vector and two scalar operators
as built from scalar operators. Following the CFT discussion in sections 1.4.2 and
1.5.2, in this case there is only one tensor structure which can be written in two
ways:

_ A1,A2,A3
GALAg,A501,00 = V1,23K3

_ 2D112 JCA1H1 82,4
—1—A1+ A+ A5 3
2D
_ 212 ICAl,AQ—‘rl,A;; ) (569)

1+ A A+ Ay 3

We would like to extract which local bulk interaction can capture the left hand
side of (5.69). Let us choose the first equality for concreteness. Using (5.52) and
the bulk differential basis definitions (5.55), the bulk calculation is

2CA1+1A2A3
14+ A — Ay —Ag
_ CAL+1A2A3
1+ A Ay —Ag

x / A Gay T10(Yy, P)GR O (Yo, Po)WiaHax(Z1, 0y, )Gat (Y, Ps)
Y12

/ A Gy TV, PG (YVa, Po)Dy 12 (Y2) Gy (Ya, P3)
Y12

CAL+1A2A3
14+ A; — Ay —Ag

x [ dAGR (Ya, Priow, Z0)Ga ' (Va, Po) (W - 0y, ) GO (Y, ), (5.70)

Y12

where in the second equality we used the definition of the spinning bulk-to-
boundary propagator (5.23). The contraction appearing inside the integral can
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5. Gravitational interactions da la CEFT and vice versa

be attributed to the following local AdS interaction
A $20,83 (5.71)

where ¢; is a bulk scalar of mass Mf = A;(A; —d) and the massive vector Ay, has
M? = A;(A; —d) — 1. It is interesting to note that from this computation alone
we could not infer that there is another potential interaction: A} ¢30,¢2. This
particular interaction is absent because A‘f 0,,¢2 vanishes when evaluated over the
geodesic 12 due to (5.50). However, it would have been the natural interaction if
we instead perform the integral over 715 in (5.70). Hence a natural identification
of the tensor structure in (5.69) with gravitational interactions is

‘/1’23 : Alll(bgaﬂ(bg and A’f¢36M¢2 . (572)

If we used gauge invariance we could constraint this combination to insist that
A; couples to a conserved current (for us, however, the vector A; is massive).
From the perspective of the usual Witten diagrams, which involve bulk integrals,
these two interactions are indistinguishable up to normalizations, since they can
be related after integrating by parts. In a geodesic diagram one has to take both
into account; in our opinion, it is natural to expect that all pairings of endpoints
P; have to reproduce the same tensor structure.

Example: Vector-vector-scalar

Moving on to the next level of complexity, we now consider the geodesic integral
that would reproduce the three point function of two spin-1 fields and one scalar
field. There are two tensor structures involved in this correlator, which can be
written as

4Dy 19D, 21’C3A1+1’A2+1’A3
(A — Ay)? — AZ

A1,A0,A
H12]C3 1, 2 3

Vi 02V ICAI’AZ’AS _
1,23V2,13/v3 _Al +A2+A3 )

+ (5.73)

and
Hyp S0 525 (5.74)
GA,,A.,041,1,0 18 the linear superposition of (5.73) and (5.74).

As it was already hinted by our previous example, the identification of the
interaction will depend on the geodesic we choose to integrate over. To start,
let us consider casting IC?,AI’Az’A3 exactly as in (5.67): the geodesic is y12 which
connects at the positions with non-trivial spin (first diagram in Fig. 5.4). For this
choice of geodesic, the second tensor structure is straightforward to cast as a bulk
interaction integrated over the geodesic. From the definitions (1.125) and (5.24),
one can show that

Hys = Hix(Z1, 0w ) Har(Z2, W) (5.75)
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5.4. Gravitational interactions via geodesic diagrams

Figure 5.4: The diagrams here differ by the choice of geodesic. Depending on this
choice, a given interaction will give rise to a different tensor structure.

where the right hand side is evaluated over the geodesic ;5. Replacing this identity
n (5.74), we find

ng K:BAhAz,A?,
:cAl,Az,AB/ G Y, P ow, 20)GAN (Y, Py W, Z2) G0 (v, Py)
Y12
(5.76)

This contact term is simply in physical space the interaction
H12 . AIHASQbS . (577)

This contraction will be generic every time our tensorial structure involves His.
In general we will have the following relation

(H12)" = (Hix(Z1, 0w )Y Hor (Z2, W)™ - P B B3 (5.78)

where (Hp2)™ generates one of the tensor structures for a tensor-tensor-scalar three
point function, and the natural bulk interaction is the contraction of symmetric
traceless tensors coupled minimally with a scalar.

For the other tensor structure, a bit more work is required. Let us first manip-
ulate the first term in (5.73); using (5.49) we can write
A
Dy12D, 21Gb33‘0(Y/\, P3) = D121(Ya)D112(Y2)G, 3|0(Y/\7 P3)

1
= g‘I’L\\I’z,\Hb\(Zh 6W)H2)\(Z27 ow)(W - 8Y)\)2GA3| (Y, P3)

+ HlQ\IJQ)\Pl Oy, Go2(Va, P3) . (5.79)

161



5. Gravitational interactions da la CEFT and vice versa

Applying this expression to (5.73) gives®

_ 4Dy12Din A1+ A2+, A
(A — Ay)? — A3

4CA 41,80 41,05 A1+1|0 A2+1|0
_ : : DD
(A — D)2 —A% /., Gy G, 121011265 "
_ _1 CA1+1,A2+1,A3 Aq]l Asll A3|0
ST, Ay Az ), G ()G (Gw) (W 0v,)*Gy

1 ArA2,A
- HypKpaehs (5,
A A ek (5.80)
Replacing (5.80) in (5.73) results in
V1,23V2,13’C3A1’A2’A3
R GA (0w GE (O ) (W - By, 2GS0 . (5.81)

2((A1 = Ag)? — AF)

Y12

From here we see that another natural relation arises between the tensor structures
and interactions:

V1723‘/2713 : A‘l‘AZO(H&,)(bg ~ ATAIQ/ (V(HV,,) + Agguy) ¢3 . (582)

where the sign ~ here means that the relation is schematic: to rewrite interac-
tions with partial derivatives as covariant derivatives, we are using homogeneity
properties of fields in the embedding formalism in (5.81). In what follows we will
keep most of our expressions in terms of partial derivatives.

Now let us consider building Ga, A, a,1,1,0 Starting from a geodesic diagram
where we integrate over 73 instead of 12 (second diagram in Fig. 5.4). The
diagram with 712 already suggested as candidate interactions (5.77) and (5.82). If
we integrate those interactions over ;3 we find'®

/ AVALD 0,3 =0, (5.83)
Y13

and A} Ao, ¢3 gives a linear combination of V; 23V5 13 and Hqo. The identifications
we made in (5.77) and (5.82) are obviously sensitive to the geodesic we select (there
is a non-trivial kernel), and this is somewhat unsatisfactory. We can partially

9The fastest way to reproduce (5.80) from (5.79) is by using the explicit form of Gﬁ;’lo(Y)\, P3).
An alternative route, which is more general, is to use (5.60): from here we can integrate by parts
and rearrange the terms appropriately. This second route allows us to use (5.81) when at the
third leg of the vertex we have bulk—to—bulk propagators rather than bulk—to—boundary.
10We are being schematic and brief in (5.83): it is implicit that we are using bulk-to-boundary
propagators.
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5.4. Gravitational interactions via geodesic diagrams

overcome this pathology by considering a wider set of interactions. By inspection
we find that the tensor structure Vi 23V5,13 is simultaneously captured by ;3 and
Y12 by the interactions

ViosVaas: a1 AV ALD,0,,¢3
C B (AL + Ag)ds0 AVD, AL — (14 Ay Ag)dsd, ALD,AY) . (5.84)

The choice of geodesic affects the overall normalization, controlled by the choice
of constants oy and B;. When projected over 72, the terms multiplying 3, are
proportional to Hyo and their coefficients are chosen such that they cancel each
other. The interaction multiplying o is identically zero when integrated over ;3.
To capture Hio along both v13 and 712 we just need

H12 : (bgFlMVFQMV . (585)

Here it is important to note we are not using A} A, ¢3 as we did in (5.77), and we
still find the correct result when using ;2. This is because there are many ways
we can cast Hqo as bulk quantities along v12: the relation (5.75) is not unique.
For instance, one can check that

GbAal‘l(YA7P1;8W7 Z1>GZ)A62‘1(Y)\,P2;W22)

1 2

e O Py DG O P 2GR Y. P 2y,
1 N Asll

= —m(ay 2O0y)Ghy (Y, PriOw, Z1)Ghy ' (Y, Py W, Z2)’yzylz§§-86)

This type of relations are due to the projections over the geodesic, and they gen-
erate quite a bit of ambiguity as one tries to re-cast a given geodesic diagram as
arising from a cubic interaction. Establishing relations such as (5.84) and (5.85)
are not fundamental, and their ambiguity is not merely due to integrating by parts
or using equations of motion. In appendix B we provide further examples on how
to rewrite certain tensor structures as interactions, but we have not taken into
account ambiguities such as those in (5.86). Generalizing (5.84) and (5.85) for
higher spin fields is somewhat cumbersome (but not impossible). We comment in
the discussion what are the computational obstructions we encounter to carry this
out explicit.

5.4.2 Basis of cubic interactions via Witten diagrams

In the above we made use of our bulk differential basis to identify which interactions
capture the suitable tensor structures that label the various correlation functions
in the bulk. It is time now to compare with the results in [173].
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5. Gravitational interactions da la CEFT and vice versa

The most general cubic vertex among the symmetric-traceless fields of spin J;
and mass M; (i = 1,2,3) is a linear combination of interactions [168,182-184]

J;
Va= > gL} 520 (Y)lviey (5.87)

Uz =0

where g(n;) are arbitrary coupling constants, and

a2, Ji—ns—ng~;Ja—nz—ni~yJs—ni—n
131117;7‘22’1?33(%)::)}11 na nsyzz ns n1y33 ny—nz

x H?1H32Hg3 7—11 (Yl? Wl)T]g (Y2a WQ)TIB (Y3, Wg) . (588)

Here Ty, (Y;,W;) are polynomials in the embedding formalism that contain the
components of the symmetric traceless tensor field in AdS. This cubic interaction
is built out of six basic contractions which are defined as'!

y128W1'8Y27 y2:aW2'8Y37 y3:aW3'aY17
Hy = 0w, - Ow, . Ho=0w, Ow,, Hs—=ow,  Ow, . (5.89)

For more details on the construction of this vertex we refer to [168]. What is
important to highlight here are the following two features. First, V3 is the most
general interaction modulo field re-parametrization and total derivatives. Second,
the number of terms in (5.87) is exactly the same as the number of independent
structures in a CFT three point function (1.156).

The precise map between these interactions and tensor structures is in appendix
A of [173] (which is too lengthy to reproduce here). The first few terms give the
following map:'?

I?,’g,’g = Alll(au%)ﬁb:’) m V1,23
111,7?,’(()) =AY Az, 3 — (A - Ag)? — A3) VisVa s

— (—2A1 A0 + Ay + Ay — Ag)Hyo
I?:?:(()) = Alll(a,uAg)auqb(% bulk> (Al + Ay — Ag — 2)‘/1,23‘/2713 + Hio (590)

In a nutshell this map is done by evaluating suitable Witten diagrams that capture
three point functions and identify the resulting tensor structures. In appendix A

11 As mentioned before all derivatives here are partial, but by using the homogeneity of
T, (Ys, W) one can relate them to covariant derivatives.
12Here the notation —— means that the identification between the interaction and tensor
bulk
structure is done via a bulk integral, i.e. a three-point Witten diagram. Similarly, — denotes
Yij
an analogous integral over a geodesic.
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5.5. Conformal block decomposition of spinning four-point Witten diagrams

we derive specific examples to illustrate the mapping. Using this same basis of
interactions and integrating them along 1o gives the following map

88 = A 0uta)e o
Ill,’?,,g = AlfAQMQSS E) Hio
I?:?,’g = AY(0,A3)0,¢3 77) Hia (5.91)

Clearly there is a tension between the tensor structures we assign to an interaction
if we use a regular Witten diagram versus a geodesic diagram. The mismatch is
due to the fact that certain derivatives contracted along 7;; are null. This reflects
upon that a geodesic diagram is sensitive to the arrangement of derivatives which,
for good reasons, are discarded in (5.87).

Nonetheless, some agreements do occur when considering interactions com-
patible with all geodesic integrations +;;. From (5.85) we have (up to overall
normalizations)

¢3FIW/F2MV ’Y_> H12 (592)
ij

If we use these interactions on Witten diagrams, we obtain exactly the same map

¢3F1MVF2HV ? H12 . (593)
bulk

The details of the computations leading to (5.93) are shown in appendix A. More-
over, we find that the interaction (5.84), which is V; 23V5 13 for the geodesic Witten
diagram, gives the same tensor structure if we integrate over the bulk, as shown
in (5.135). These relations indicate that it is possible to a have a compatible
map among interactions in geodesic diagrams and Witten diagrams, even though
there is disagreement at intermediate steps. However, from a bulk perspective
the interaction selected in (5.93) is not in any special footing relative to those in
(5.87).

5.5 Conformal block decomposition of spinning
four-point Witten diagrams

For a fixed cubic interaction, there is generically a mismatch among tensor struc-
tures captured by Witten diagrams versus geodesic Witten diagrams. In this
section we will analyse how this affects the decomposition of four-point Witten
diagrams in terms of geodesic diagrams.
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5. Gravitational interactions da la CEFT and vice versa

Our discussion is based in the four-point exchange diagram for four scalars
fields done in [120], which we quickly review here. In Fig. 5.5 we represent the
exchange: all fields involved are scalars, where the external legs have dimension
A; and the exchange field has dimension A. The corresponding Witten diagram
is

Exch
AO 0,0, 0

/dY/dY GOy, PG (v, PG (v, Y G (Y )Gt (Y Py)
(5.94)

Here “dY” represents volume integrals in AdSg1;. To write this expression as
geodesic integrals, the crucial observation is that

G PV, PG (V. P) = 3 alt 22 0,(A1, AgY) (5.95)
m=0

where

gom(Al,Ag;Y)z/ G (v, PG (Vy, PG (VY)Y . (5.96)
Y12

The field ¢, (Y) is a normalizable solution of the Klein-Gordon equation with a
source concentrated at y12 and mass M2 = A,,(A,, — d). The equality in (5.95)
holds whenever

ArLA (=™ (A1)m(A2)m
L2 — A, =A A 2m . .
an, - Bm(A1+A2+m_d/2)m7 1+ Ag +2m (597)

The constant f3,, soaks the choice of normalizations used in (5.96). Replacing
(5.96) twice in (5.94) then gives

Exch A1,As As,Ay
Ao 0,0, o(Li E Ay ay

m,n
/ G0y, PG (Y, Po) G (Y, PGt O (YY), Py)
Y12 Y V34
/dY/dY Gor (v, V)G (v, Y G (YY) L (5.98)
The integrals in the last line can be simplified by using
1

oYY ) = Vgt [aym=1. 59)
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Figure 5.5: Four-point exchange Witten diagrams in AdS4, 1, where the exchanged
field is a scalar field of dimension A. The first diagram corresponds to AOE’BC(})‘O in
(5.94), the second diagram to A% in (5.102), and the third diagram to .AIE)’E%’O

n (5.107).

which leads to
/dY/dY’GbAbmlo(YA,Y)Gﬁj‘O(YY G Y =
G (v, YY) Gom (v, Y1) G (v, Y1)

(M2 — M2,)(M3 — M2) ' (M2, — M3)(MZ — MZ) ' (MZ — MZ)(MZ — M2) °
(5.100)

And hence the four-point exchange diagram for scalars is

A60.0(Pi) = CaWajo(P, +ZC’AmWAm|o +ZCA Wa,0(F) , (5.101)

where we organized the expression in terms of the geodesic integral that defines
Walo in (5.33); the coefficients Ca basically follow from the contributions in (5.98)
and (5.100).

5.5.1 Scalar exchange with one vector leg

Now let us generalize this decomposition to the case where the external legs have
spin. The first non-trivial example is to just add a spin-1 field in one external leg
and all other fields involved are scalar. The diagram is depicted in Fig. 5.5, and
the integral expression is

AP | = /dY/dY G (VP 21, 0w) (W oy G (v, P2) ) G (v, Y)

x Gy (Y PG (Y, 1), (5.102)
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5. Gravitational interactions da la CEFT and vice versa

where we used one of the vertex interactions in (5.87). Using (5.25) and (5.27) we
can rewrite this diagram in terms of the four-point scalar exchange (5.94) as

2A
AlEfBT(})l,o(Ah Ao, Az, Ay) = TQ Dy 12A0E’5?870(A1, Ay +1,A3,A4),  (5.103)
and Ds1o is defined in (1.180). From here the path is clear: using the geodesic
decomposition (5.101) and trading Da12 by —D212(Y)) we obtain

AT500 = CAW&OOO e Z Ca,, 20 |000 + Z C‘A,LWi’S’lg’o , (5.104)
with suitable constants C' and
WARTO(A1, A, Ag, Ag) = Da1sWajo(Bi1, Aa +1, Mg, Ay)
%/ L Al‘l (Yx, P, Z1,0w)G, ‘ (Y, B)W - 0y, G bb (Y/\vYA/)

x GelO (VL PG (YL, Py) . (5.105)

where we used (5.70). It is interesting to note how the interaction gets slightly
modified due to the cancellations that occur in the geodesic integrals: in (5.102)
the derivative is acting on GbA;‘O, but the geodesic decomposition moves it to
position of the exchanged field.

In this example it is also worth discussing the generalization of (5.95). Our
decomposition of the bulk—to—boundary operators on position 1 and 2 reads

G (Y, Py, 71, 0w )W - Oy G ° (Y, P)
2/,

— Aq1]0 Az+1]0
=5 Do (e, PG Y, )

ZA
_ f=2 Z A1A2+1D212( )@m(Al,AQ—Fl;Y)
m=0

§ aAhAerl

m=0
x [ G (Va, P, 21, 0w )G " (Va, PO) W - 0y, Gy (Y, Y) . (5.106)
Y12

It is interesting to note the different interpretations one could give to the product
A'9,,¢2 (first line) in terms of resulting bulk fields. Very crudely, from the third
line one would like to say that we just have a suitable differential operator acting
on the field, while from the fourth line we would say that the product induces
an interaction integrated along the geodesic. This type of decompositions of bulk
fields would be interesting in the context of developing further a relation between
an OPE expansion in the CFT to local bulk fields as done in [180,181,185].
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5.5. Conformal block decomposition of spinning four-point Witten diagrams

5.5.2 Scalar exchange with two vector legs

It is instructive as well to discuss an example with two spin-1 fields as shown in the
third diagram of Fig. 5.5. For sake of simplicity we will use the cubic interaction
Ay, AL ¢, which is part of the basis in (5.87). The four-point exchange is

Al / ay / Y G Y, Py 2y, 0 ) G (Y, Py, 20, W)GAP (v, )

x G (Y, PGy (Y Py) . (5.107)

The new pieces are due to the presence of the spin-1 fields so we will focus on how
to manipulate the propagators at position 1 and 2; the rest follows as in previous
examples. Using (5.25) allows us to remove the tensorial pieces in (5.107) and
recast it in terms of tensor structures. For this case in particular we have

Got (Y, Py, 2y, 0w)Gog N (Y, Py, Zo, W)

1
- A1 ~7p, (Ow, Z1) D, (W, Z2)Gat O (Y, PG (Y, Py)

= A1 @Pl(aw,zl)@pg (W, Z,) ZaAhAz m(AL, Ay Y) . (5.108)

m=0

From here we can relate the combination of Zp’s acting on ¢,, to tensorial struc-
tures:

Dp, (0w, Z1)Dp,(W, Za)om (A1, A2;Y) =

*2D112D121/ GA1+1|O(Y/\7P)GAZH‘O(Y/\,Pz)GAm‘O(YAaY)
Y12

—A(1—Ay) H12/ GO (va, POGR (Y, PG (Va, Y) . (5.109)

This equality can be checked explicitly from the definitions of each term involved.
From here we can trade D; ji, for D; i, and then further use (5.80) and (5.76) to
write them as smeared interactions. Without taking into account any normaliza-
tions, what we find for the contraction of two gauge fields decomposed in terms of
geodesic integrals is

GA Il(Y Py, Zy,0w)G Az‘l(y Py, Zy3, W) ~

> Got (Vs 0w ) G2 (Vs 0w ) (W - 0y, )2Ga™ 0 (Y2, V)

m Y12

+ 30 G (Vs ow) Gt (Y WG (YA, YY), (5.110)

m Y12
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where we are suppressing as well most of the variables in the propagators. This
example illustrates how more interactions are needed when we decompose a Wit-
ten diagram in terms of geodesic diagrams; or in other words, how the product
expansion of the bulk fields requires different interactions than those used in the
direct evaluation of a three point function. But more importantly, we should high-
light that casting G, 1|1(Y7 P, 7, 8W)GA2|1(Y Py, Z5, W) as local interactions in-
tegrated along a geodesic is ambiguous. Consider as an example the last term in
(5.110). We could have written it in multiple ways due to the degeneracies shown
n (5.86): the product of two gauge fields could be casted as integrals of the in-
teraction of ¢pA,A" or ¢F,, F* or similar contractions. And these interactions
are not related by equations of motion nor field redefinitions. As we discussed in
section 5.4.2, the identifications of gravitational interactions in a geodesic diagram
is not unique and seems rather ad hoc. It would be interesting to understand if
there is a more fundamental principle underlying products such as those in (5.110).

5.5.3 Scalar exchange with four spinning legs

In a nutshell, this is how we are decomposing a four-point scalar exchange Witten
diagram in terms of geodesics diagrams:
1. Consider a cubic interaction I’;"72* of the form (5.88), where at position
1 and 2 we place bulk—to—boundary propagators and at position 3 we have
a bulk-to-bulk propagator. From (5.25) and (5.27) we will be able to strip
off the tensorial part of the interaction, i.e. schematically we will have

e =99 150 - (5.111)

Here “9 - - - 27 symbolizes a chain of contractions of operators appearing in
(5.25) and (5.27), and the precise contraction depends on the interaction.
The important feature is that Z - -+ 2 involves only derivatives with respect
to Z; or P; (and not Y') which allows us to take this portion outside of the
volume integral in a Witten diagram. Here 18 0.0 is a cubic interaction for
three scalars with the appropriate propagators used, i.e.

1090 = GA0(y, P)GE O (v, P)GE (v, Y7 (5.112)

2. The map among tensor structures and cubic interactions in [186] implies
that we will always be able to write the combination of 2’s in terms of CFT
operators:

P DIyge =D--DIggy . (5.113)
This tells us which are the tensor structures appearing in the Witten dia-
gram.
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3. Next we can rewrite Ig:g:g as a sum over geodesic integrals via (5.95). This
allows us to trade D for our geodesic operators D(Y) as given in (5.47):

2 PIggo =D--DIygg =D DIy - (5.114)

4. And if desired, we can as well write the action of D on Ig 0.0 as an interaction
via the map in (5.143). This gives a more local description of the OPE of the
bulk fields in I';"7** in terms of smeared interactions along the geodesic.

A four-point exchange Witten diagram, where the exchange particle is a scalar

field, is build out of two vertices of the form I;“Z“gls. So, keeping the loose

schematic equalities, we can establish the following chain of equalities

exch exch
AJ1,J2,J3,J4 ~ gleft TightAO 0, 0 0

~ Diefs Dright Ao 0,0,0
~ D> Wa0[Piest (YA), Dright (Yar)] - (5.115)

where Zes; corresponds to product of differential operators that recast the ver-
tex to the left in terms boundary operators acting on position (P;, P»), and the
analogously for Zgn acting on (Ps, Py). And in the last line we used (5.101).

5.5.4 Spinning exchanges

In this last portion we will address examples where the exchanged field has spin,
and illustrate how the four-point exchange diagram can be decomposed in terms
of the geodesic integrals. First consider the following Witten diagram

Agscblopin / dy / 'GP (v, P)ow-(0y G (v, Pa) ) G (.Y, W, 0u)
X W' (aY,GbA;'O(Y’,PS)) G0y Py . (5.116)

In this diagram we are using the interaction ¢,0,¢2A" on both ends, and it is
depicted in Fig. 5.6. The decomposition of (5.116) in terms of geodesic integrals
was done in [120] and we will not repeat it here—it decomposes roughly into
geodesic Witten diagrams with both scalar and vector exchanges. Next, let us
consider a diagram where the field at position P, is a massive vector, i.e.

AR scplovin /dY/dY G (v, PO)GR2I (Y, Py bw, Z5) Gy (Y, Y, W, O

X W' - By [G%S‘O(Y’,Pg,) GAI0Y! Py . (5.117)
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5. Gravitational interactions da la CEFT and vice versa

This would be the second diagram in Fig. 5.6, and we decided to use the interac-
tion ¢4 A5 A, for the cubic interaction on the left of the diagram. We can relate
(5.117) to (5.116) by noticing the that the bulk—to-boundary operators satisfy the
following series of identities

GAl'O(Y Pl)GAQH(Y Py; 0w, Zs) = @Pg (Ow, ZZ)GAllo(Y Pl)GAglo(Y P)
= & 1 Aq— 1|0 A2|O
- Ag(Ar - 1)D1 2t |:P12 Gy (Y, P1) (0w - Oy)Gip (Y, P2)

1 1
- Da oy [QGA”O(Y Py) (0w - 0y)Ga2~ 10(1/,132)] (5.118)

Here we used (5.25), and then using the explicit polynomial dependence of GbAalO (Y, P)
to obtain the equality in the last line. It is interesting to note that we can now
write

xch|spin Ay —1 1 xch|spin
A(})E,lf(})l]op = 271)1 21 |:P12A}0370?8,|0p (Al — 1, AQ, A37 A4):|

1 1 xch|spin
- Do [PASO,QOP (A1, Ay — 1,A3,A4)} . (5.119)
- 12

And from here we can proceed by using the explicit decomposition of Agfg‘:g]gpm

in terms of geodesic diagrams in [120] and then trading D; ;i by D; ;i (just as we
we did in the previous examples in this section).!?

The manipulations shown here are very explicit for the interaction we have
selected, but they are robust and not specific to the example. We expect that in
general we will be able to carry out a decomposition such as the one in (5.118)
and have generalizations of (5.119) without much difficulty.

5.6 Discussion

Our main result was to give a systematic method to evaluate conformal partial
waves as geodesic integrals in AdS. From the CFT perspective, a spinning confor-
mal partial wave is built from differential operators acting on the scalar conformal

13Note that the factor of Pi2 can be reabsorbed into bulk-to-boundary propagators projected
along geodesics, i.e

FoGa L PG (0, o) = G O, PG P )

Hence, as we cast (5.119) as a sum over geodesic integrals, all terms will have a bulk interpreta-
tion.

172



5.6. Discussion

Figure 5.6: Four-point exchange Witten diagrams in AdS;41, where the exchanged
field is a symmetric tensor field of dimension A and spin J. In (5.116) and (5.117)
we consider explicit examples where J = 1 for the external and exchanged field.

partial wave as seen in subsection 1.6.4; here we presented the analogue of these
differential operators (for symmetric-traceless representations) in AdS and showed
that they reproduce the same effect as in the CFT. More succinctly, we established
that for arbitrary representations [A;, (I;)] and [A, (1)], we have

WZAI";Q’IS’M(PZ'; Z;) = Dictt Dyign Wi (Pr, P2, P3, Py) = Wa;[Diett (Ya), Drigne (Yx/)] »

(5.120)
where the last equality is a purely AdS object build out of geodesic integrals, while
the left hand side are CF'T quantities.

In section 5.4 we saw that the bulk differential operators (which generate three-
point function tensor structures by construction) induce cubic vertex interactions
when acting on three-point geodesic Witten diagrams. A feature of these geodesic
Witten diagrams is that the mapping between CFT tensor structures and cu-
bic interactions depends on which geodesic we integrate over—as in which pair
of boundary points the geodesic joins. This is simple to understand since there
exist interactions which vanish exactly when projected onto a particular choice
of geodesic. Therefore by combining the induced interactions from all possible
geodesics, we can engineer a geodesic-independent mapping between tensor struc-
tures and cubic interactions. Moreover we found that, for the particular cases we
analyzed, the geodesic independent mapping is in agreement with what one would
obtain by integrating over the whole volume (i.e. evaluating the Witten diagram),
and we expect this to hold for generic cases. However, the cubic interactions from
our geodesic-independent mapping are not the same as the basis of cubic vertices
from [173]. This is because projecting onto a particular geodesic does not commute
with partial integration in the full volume integral.
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5. Gravitational interactions da la CEFT and vice versa

The immediate use of an object like W, is to evaluate correlation functions
in holography. But relating the geodesic diagrams to regular Witten diagrams
is a non-trivial task: interactions projected on geodesic integrals behave starkly
different to interactions in volume integrals, as mentioned above. This mismatch
between the two objects makes more delicate the decomposition of a Witten di-
agram in terms of geodesics. We carry out explicit examples in section 5.5, and
discuss the general relation when the exchanged field is a scalar. The strategy
we adopt for this decomposition is inspired by the identities used in [173]: one
rewrites all tensorial properties of the interactions among bulk—to—boundary fields
in terms of boundary operators acting on a scalar seed. This allows us to identify
the CF'T operators D ji, and use then our bulk operators D; ;i to write a final
answer in terms of a sum of geodesic integrals. As a result, the set of cubic in-
teractions needed to decompose a Witten diagram in terms of geodesic diagrams
is larger than the basis in (5.87). Each individual geodesic integral is, however,
much easier to evaluate.

We have not discussed contact Witten diagrams here, but actually they can be
treated very similarly as we did in section 5.5. The scalar case was done in [120],
so the task is to manipulate the vertex along the lines of the discussion in section
5.5.3: the analog of (5.111) for a quartic interaction would allow us to identify
the suitable tensor structures. Note that in a quartic interaction all propagators
involved are bulk—to—-boundary and hence we can strip off its tensorial features.

In subsection 5.3.2 we gave a prescription on how to evaluate conformal partial
waves via geodesic diagrams when the exchanged field has non-trivial spin. And
the general strategy we have adopted in this work allowed us to relate the geodesic
diagrams to Witten diagrams, as we discussed in subsection 5.5.4. From this
method it is not straightforward to infer the gravitational interaction, as we did
in section 5.4, with the main obstacle being the contractions of dY*/d\ appearing
in the integrand. It might be interesting to improve our prescription, to make this
connection more evident.

Another future direction that would be interesting to pursue is the addition of
loops on the gravitational side. Very little is known about how to evaluate Witten
diagrams beyond tree level, with the exception of the recent work in [187]. It would
interesting to see how the geodesic diagram decomposition of a Witten diagram
is affected by the presence of loops: since the geodesic diagrams are conformal
partial waves, we would expect that loops only modify the OPE coeffcients in the
decomposition and the relation between masses in AdS and conformal dimensions
in the CFT.

174



5.6. Discussion

Appendix A: Tensor structures in Witten diagrams

In this appendix we will evaluate three point Witten diagrams explicitly to illustrate
how the tensor structures appear in the final answer. We will focus on the following
interactions:

AV 0,0,¢2 Ay, O, AT 920, A5, OuA] g2 0, AL . (5.121)
We will do this by using the techniques in [173,174], where they write the J spinning
bulk to boundary propagator and its derivatives in terms of the scalar propagators. This
allows us to express the three point function of our interest in terms of scalar three point
functions. In our case, we will just need the following identities for the spin-1 case, which
follow from (5.25) and (5.27):

AGUN Y, P;W, Z) = 9p(W, Z) G (Y, P) (5.122)
(W' -0y )Gl (Y, P; W, Z) = Dp (W', W, Z) Gy 110(Y, P) | (5.123)

where Zp are differential operators defined as

70(W.2) = (2-W) (2 a%_P ESD) +P-W) (z%) ; (5.124)
TR\ W.Z) =2 ((Z-W)(P- W) + AP-W)(Z- W)+ (P-W)(P-W) (2 aip)) .
(5.125)

We start by evaluating a Witten diagram using the interaction A} 8,0,¢2 A5. We
have

/dYGbAalll(Y Pi; 0wy, Z0)Gad (Y, Py; 0wy, Z3) (Wi - Oy )(Ws - 8y) G2 ° (Y, Pa) .

(5.126)
Here dY denotes an integral over the volume of AdS. Using (5.23) and (5.125) gives

4A5(A 1
% / dY T, (9w, 20)Chy (Y. P1) Dy (Ows, Z3) Gy (Y, Py)
1A3
X (Wr - Pa)(Ws - Po) Gy2 P20(Y, Py)
%%ﬁ (P2721)JP3(P2,23)/dYGbAa”O(Y POGAI (Y, Py G220, Py)
1
4A A 1
2(A2 +1)Cay,ap42,04 Dy (Pa, 20) Dy (P, Z3)KA182+285 (5 197)
A1As
where
R AT e e
A1,A2,A3 = G 2 2 F(Al)F(Ag)F(Ag) .

(5.128)

Notice that Zp, (P2, Z1) = D2,12, and Pp,(Ps, Z3) = D2 32. Now, applying the differen-
tial operators to the scalar 3-point function we find that tensor structure corresponding
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5. Gravitational interactions da la CEFT and vice versa

to the previous diagram is the following linear combination:

AT 8H8,j¢2 Ag :

Ag(Ag +1)(A1 — Az + Az —2)Ca, ant2,85 (Hiz + (A1 — Ag + Az — 2) Via3Va01)
A1A3 '

(5.129)
For the interaction 0,AY ¢2 0, A5 we have
/dY (Bwr-0v ) Go (Y, Pr; 0w, Z1) (W' -0y )G N (Y, Ps; W, Z3) G2 (Y, P2), (5.130)
which using (5.123) is equivalent to
D, (Owr, O, 21) Doy (W', W, Z3) /dY GOy, PG T (Y, P) GR2O (Y, )

= Car4+1,80.80+1 D0, (O, 0w, Z1) Dy (W', W, Zs) K5t THA2 A8 FL
(5.131)

Contracting the W’s in the differential operators gives

jpl(aw/ (9W,Z1)jp3(W WZg) (A1 +A3)( P3)(Z5P1)+A1A5(Zl Z3)(P1 Pg)
+ (P Ps) ((Z1-0p ) (Zs - Opy) + (1 + As)(Pr - Z3)(Z1 - Opy) + (L4 A1) (Ps - Z1)(Zs - Opy))

which leads to the following identification

OuAY 20, A% : Cayt1,00,8541
X (A1 — Az + Asg — 2A1A3)Hiz — (A1 — Ax — As) (A1 + Ay — Asz) ViosVaor) .
(5.132)

The interaction 9, A7 ¢2 0, A% is computed analogously as the previous, but with different
W contractions

/dY(@W/ COy) God (Y, Pry 0w, Z1) (W - 0y )Gt N (Y, Pys W, Z3) G2 ° (Y, Pa)
= CA1+1,A2,A3+1-@;31 (GW/73W,Z1)91’33(W, W', Z3) ,C3A1+1,A2,A3+1 .
(5.133)

This contraction of the differential operators gives

jpl(awl aW,Zl)jpg(W W Zd) AlA:}(ZlP,j)(Z,jPl) (A1+A3)(21Z3)(P1P5)
+(P1-Ps) ((Z1 - 0p,)(Z3 - Opy) + (1 + As)(Pr - Z3)(Z1 - Opy) + (1 + A1)(Ps - Z1)(Zs - Opy))

which applying it to the scalar three point function gives

8#"411’ P2 6VAg : CA1+1,A27A3+1
(=(A1+ A2+ Az —2)His — (A1 — Az — Az) (A1 + Az — Ag) ViasVzo1) . (5.134)
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5.6. Discussion

Based on these three interactions, we can make the following map
H13 : auAll/ (}32 8,uA§ — 8HA11/ ¢2 (9,,145 ;
Vi2sVaor:  aAY 0,0,¢2 As
— (A1 + A3)0u AT ¢2 0, A5 + (1 + A1A3)0, AT ¢2 0, AL, (5.135)

where

_ (A= 1)(As = (A1 = Do+ Ag)(2+ Ay — Ag + As)
‘= (A1 + Az — A3) (A1 — Ay — A3) . (5.136)

Modulo normalizations, this identification is compatible with the identification using
geodesic diagrams (5.84) and (5.85).

Appendix B: Tensor-tensor-scalar structures via geodesic di-

agrams

Based on the two examples in sections 5.4.1 and 5.4.1, we can make a general identification
between tensorial structures and a minimal set of gravitational interactions that will
capture them for a fixed choice of the geodesic given by the first diagram in Fig. 5.4. We
saw that the simplest way to identify His in the bulk is by an interaction that contracts
indices among symmetric tensors at position 1 and 2, and the V’s added derivatives on
position 3 with suitable contractions on legs 1 and 2. Hence, it seems like each tensor
structure HfQVIq,%VQ’:BIC?l’A%Ag is reproduced by a geodesic integral of the form

d)\HlA(Zl,8W)q7'[1)\(21,8w’)p Hox(Za, Ow ) Hox(Z2, W')P
P yo2
Y12 X 2

w- BY,\)QJH"‘I’:;AAS :

(5.137)

This is a claim we can prove. The proof requires the following identities which are easily
obtained by induction:

(W 0y, )" U3 = (=2)" (= A5 =+ 1) (W Pa) W50

n —n Pl v
(Hix(Zs,0w))" (W - P3)' = (1 = n+ 1) (W - P3)' ( ;M”Vai,sx(zi)> :
Haxn(Z1, 0w ) Hon(Z2, W) |4y, = plHT, (5.138)
Applying these to the integral gives

a+r

2
P q T
) HoVia3Va s

P13 Ps3
Pro

27 plgl(—=As — g — 7+ D)gpr(q+ 1)r (

X/ UL (5.139)
Y12

P;s¥ P3P Vi ifi=1
—B75 Voisi(Z:) = — 1 b2 l Z (5.140)
V Ui V P2 Vaiz ifi=2
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5. Gravitational interactions da la CEFT and vice versa

The remaining integral evaluates to
ICA17A2VA3+11+T
/ Ut e = 8 (5.141)
Y12 CA1 A3 Ag+q+r
by (5.67). Therefore (5.137) results in
27 plg!(=As — g — 7+ 1)gir(g + 1)
CA1 Az Az+q+r

L HD Vi 3 VaasKgt 2288 (5.142)

which completes the proof. Hence, from the analysis of the integrals over the geodesic
~12 (which connects the fields with spin), we find the following identification

H;f2‘/r1¢1723v27:13 . h apag h2y‘1~“/,lzpﬁ1~“ﬁraal - aaq aﬁl . 8/67‘¢3 . (5143)

Tp1 - pp

As we have noticed in section 5.4.1 this identification is not unique. It is sensitive to
the choice of geodesic, and moreover to redundancies that appear as derivatives are

contracted along ~y12 (i.e. generalizations of (5.86)).
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CONCLUSION

The idea of exploiting conformal symmetry to completely solve a CFT dates back
to the early 1970s [7,8]. However, actual results for the case of d > 2 dimen-
sions only started appearing after the 2008 seminal paper [188]. The two main
ingredients that made this study possible are the development of readily available
expressions for conformal partial waves [64,68,69] as well recasting the conformal
bootstrap equations (1.227) in a way that the CFT data can be solved via known
algorithms (a linear programming problem in the case of [188]). Since then the
bootstrap program literature has moved in two main directions [73, 74]:

e numerical: techniques have been developed for obtaining numerical bounds
on CFT data for theories in 3, 4, as well as other dimensions, with and
without global symmetries, as well as supersymmetries. Studies of this type
include the determination of constraints arising from mixing more than one
type of four-point function, as well as correlators with conserved currents.

e analytical: progress has been made for analytically solving the bootstrap
equations in particular limits. This includes studying certain kinematic con-
figurations such as the lightcone and Regge limits, as well as taking large
dimension limits. Other progress involves considering slightly broken sym-
metries in the large N and e-expansions. Furthermore, techniques exploiting
Lorentzian causality and inversion formulas have also been developed.

One interesting consequence of the non-perturbative constraints from the boot-
strap program is the possibility of gaining insight into features of quantum gravity
via the AdS/CFT correspondence. For example, by studying CFTs in particular
limits that correspond to local high energy scattering deep in the bulk [110,189].
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6. Conclusion

Another direction is to extend the holographic dictionary by better understand-
ing the connections between the physics of bulk scattering and CFT correla-
tors [3,120,124,177,178,190-193]. One can then use bulk intuition to get insight
into the CFT dynamics and inversely use CFT methods to discover nontrivial
physics in the bulk.

Although the bootstrap literature has seen many developments in recent years,
the work is far from done. The ultimate objective is to create a map of the
space of non-trivial CFTs. This involves refining our current understanding of
known CFTs as well as possibly discovering previously unknown theories. Given
that conformal field theories appear in many areas of physics, one expects that
improving the bootstrap technology could lead to breakthroughs in topics such as
quantum gravity, condensed matter systems, and quantum field theory. To achieve
all this we need to improve our current techniques for working with spinning
operators, as well as inventing more efficient numerical and analytical tools for
solving the bootstrap equations.
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