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1 Introduction and summary of results

In this paper we investigate the commutation relations of a special class of light-ray operators
in conformal field theories (CFTs). These operators represent a natural generalization of
the so-called energy flow operator which plays an important role in the study of weighted

cross sections in QCD [1-3] and more recently in CFTs [4].

1

'A recent discussion of the energy flow correlators applications in QCD can be found in ref. [5] and

references therein.



They take the following general form [6]

Jows(n) = (na) =% lim TA*S/ dte MmO (rn 4 tR)at . aks (1.1)

T—00

where a local conformal operator O, .. ;4 with scaling dimension A and Lorentz spin S is
sent to null infinity in the direction specified by the null vector n = (1,7), with 7 being
a unit vector on the sphere S92, in a d-dimensional CFT. All Lorentz indices on the
right-hand side of (1.1) are contracted with the auxiliary null vector 7 (with 72 = 0 and
(nn) # 0). The light-ray operator J, s(n) does not depend on the choice of this vector, see
ref. [6] for details. The Fourier integral in (1.1) selects a mode with the total momentum wn*

[P, J,s(n)] = wnt T, s(n), (1.2)

where P* is the generator of translation. As a consequence, the operator 7, g(n) annihilates
the left or right vacuum for positive or negative w respectively, e.g. J, s(n)|0) = 0 for w < 0.
The operator J,—0 s(n) annihilates both the left and the right vacuum [7].

The energy flow operator &, (n) corresponds to the special case of (1.1) when the local
operator is given by the stress-energy tensor 7}, ,,, with A =d and S = 2

£.(n) = (ni)™" lim r%2 / dt e~ 1) T (et (1.3)

T—00

For w = 0 it coincides with the ANEC operator [8]. The operator &,(n) has a clear physical
meaning in terms of the flow of the energy in the final state created by a source. Inserted
inside a matrix element (U|E,, (n1) ... &y, (nk)|¥), the energy flow operators measure the
energy flux that reaches detectors located on the celestial sphere in the directions defined
by unit vectors 7y, ..., iy, in the state |¥). The integration over ¢ in (1.3) has the meaning
of an average over the “working” time of the detector, dependence on w encodes the “time
resolution” of the detector.

For 71 # 7’ the detectors are space-like separated on the celestial sphere. Therefore,
one should expect that the flow operators commute, and, as a consequence, the above
matrix element should not depend on the ordering of the flow operators. Indeed, one can
show, following ref. [9], that the light-ray operators (1.1) commute at non-coincident points
n=(1,7) and n’ = (1,7)

[xZu,S(n)v jw/,S’(n,” =0, for n 7£ n s (1.4)

given certain simple conditions on the quantum numbers of local operators out of which the
light-ray operators are built are satisfied. The most important one being S + 5" — 1 > Jy,
where Jy is the nonperturbative Regge intercept in the underlying CFT.

The purpose of the present note is to generalize the commutation relations (1.4) to
the case of coincident points n = n’ and to study their algebraic properties. The previous
works addressing some aspects of this problem can be found in [10-12].



In what follows we consider various CFTs:

CFTgi—2. In d =2 dimensions, the celestial sphere consists of two points, say n = (1,1)
and n = (1,—1). Applying (1.3) and (1.1), we can define the corresponding flow operators
&, and J, 5. The commutator of the energy flow operators is related to the Virasoro
algebra and takes the following form

[6607 50-)’] = (w, - w)ngrw’ - 35(“} + w/) ) (1'5)

c
2%
where c is the central charge of CFT5. Due to holomorphy of the stress-energy tensor and
the fact that the light-ray operators are co-dimension one, the relation (1.5) has well-known
far-reaching consequences [13].

In the presence of an additional symmetry, CFT5 has (an infinite number of) conserved
currents of higher spin O, . ;. A well-known example is an extended conformal algebra
known as the generalized Zamolodchikov’s W-algebra, see refs. [14, 15]. Defining the flow
operators (1.1), we show that their commutation relations look as

S+S5'—2
[Jios: Tursr) = Y Wi (w,0) Tusar s — s 0¥ ogg0(w + '), (1.6)
s7=1

where the sum runs over spins S” of the same parity as S + S’. The structure constants
ng, (w,w’) are homogenous polynomials in w and w’ of degree S + S’ — 5" —1 > 1 whose
expansion coefficients are given by the structure constants of the W-algebra. The central
charge cg is proportional to the central charge of the Virasoro algebra (1.5). The latter
algebra arises as the special case of (1.6) for S = 5" = 2.

Free fermion and gauge field. In the free theory of fermions and gauge fields in d-
dimension,? there exist infinitely many higher spin conserved currents Ouy..ug With scaling
dimension A = d — 2+ S and spin S.

Restricting our consideration to the light-ray operators (1.1) and (1.3) built out of
these currents, we obtain the following algebra of the energy flow operators (1.3) for d > 2

[Eu(n), E(n))] = 61972 (n,n) [(w/ — W)ty (n) — Cwd(w + w’)}, (1.7)

and its generalization to the light-ray operators of an arbitrary spin (1.1)

S+5'—-2
[jw,S(n)nZu’,S’(n/)]:5(d72)(n7n/) Z C§5/<va,)jw+w’,5”(n)_CSWZSil(SSS’(S(W"‘w/)
S7=1
(1.8)

Here the sum over the spins is similar to that in (1.6) but the explicit expressions for the
structure constants are different (see egs. (2.88)—(2.91) below).

2For d = 4 the gauge fields are described by the Maxwell theory, whereas for even d > 4 they are defined
in terms of (d — 2)/2 form, see appendix B of ref. [16] for the definition. The reason for this is that the
Maxwell theory is scale-invariant but not conformal-invariant in d # 4, see ref. [17].



For n # n’ the light-ray operators commute, in agreement with (1.4). In addition, for
w = w’ = 0 the expression on the right-hand side of (1.8) vanishes and, therefore, the flow
operators J,=0,5(n) and J,/—9 s (n’') commute for arbitrary n and n'.

According to (1.7) and (1.8), the commutator of the light-ray operators is given by a
linear combination of the light-ray operators and the identity operator. The contribution
of the identity operator is localized at w = —w’ and it involves the central charges C' and
Cg. They are proportional to a volume of (d — 2)—dimensional Euclidean subspace and
take infinite values for d > 2. We will discuss in the concluding remarks how one can
meaningfully treat this infinity.

The relations (1.7) and (1.8) are remarkably similar to the commutation relations in
d =2, see eqgs. (1.5) and (1.6). Indeed, for d = 2 the two algebras coincide after we replace
6 (n,n') — 1. For d > 2 the structure constants in (1.8) are different from those at d = 2.
Nevertheless, we show below that for d = 4 (and, more generally, for any even d) they are
related to each other by a linear finite difference transformation.

Free scalar field. For free complex scalars in d-dimensions, the commutation relations
of the energy flow operators take the form

[€0(n), € (W)] =872 (0,1 (= ) (n) = C®d(wte) 40O L, (m)] . (1.9)

As compared to (1.7), the commutator contains an additional contribution of the light-ray
operator O ,(n). It is built out of two scalar fields and is defined as follows

i(d—2)2 —\2 q- d—2 [ I a—t(tw+t'w’) (nn) o /

x{@(rn + tn)d(rn + ') £ o(rn + ta)p(rn + t'n)},  (1.10)

Otjw’ (n) =

where Of’w, (n) = i(ﬂf,yw(n).?’ Note that Of’w,(n) is different from (1.1) in that it is not
given by the light transform of a local operator. Instead, expanding the product of scalar
fields in (1.10) in powers of t — ¢/, we can express Oiw,(n) as an infinite sum over the
light-ray operators (1.1) of the leading twist 7 = A — S = d — 2 and arbitrary spin S > 0,
see appendix F.

For the light-ray operators (1.1) of an arbitrary spin, the commutation relations also
receive an additional contribution of the form

[Tors(n), Ty 50 (0)] ~ 62 (m, /) {wswlsl(’);w, (n)+...], (1.11)

where the signature of the operator is € = (—1)5+5+1 and the dots denote the remaining
‘universal” contribution given by (1.8). We show below that the additional contribution to
the commutators (1.9) and (1.11) involving the operators (1.10) arises due to interference
between the detectors induced by an exchange of scalar particles with zero energy, the
so-called cross-talk phenomenon [18].

3For OF

w,w’

(n) we implicitly mean only the connected part of the product of the fields (namely we subtract
the contribution of the identity operator from their OPE).



Already these simple examples of free fields illustrate a general lesson regarding the
commutation relations of the light-ray operators for d > 2: their algebra is not universal
and it depends on the details of the theory.

Generic interacting CFT. In a generic, interacting CFT we expect that the commutator
[Ew(n), ()] is localized at n = n' and is given by the sum of light-ray operators (1.1).
The contribution of a given light-ray operator can be identified by studying three-point
functions

([Ew(n), Eur (n)]Opy g () - (1.12)

Restricting our attention to the light-ray operators built out of symmetric-traceless operators
Om-..usu (z) with twist 7 = A — S, we found that the operators with twist 7 > d — 2 do not
contribute to the commutator, whereas operators with twist 7 < d — 2 produce divergent
contributions. Finally, the operators with twist 7 = d — 2 contribute to the algebra with
the coefficient fixed by the corresponding three-point function (1.12).

This leads to the following result

[Eu(n), Eur(n)] = 892 (n,n) (' = w + g o (w, ) Eurpar (n)
— CwPd(w+w) +[S=0,A<d-17]), (1.13)

where the coefficient function fg(w,w’) and the structure constant 7, > 0 are defined
in (3.17) below. The second term inside the brackets in (1.13) contains a divergent central
charge. The last term [S = 0, A < d — 2] denotes the contribution of light-ray operators
built out of scalar primary operators present in the OPE of the stress-energy tensors.* The
contribution of scalars with dimension % < A < d— 2 is divergent.

The appearance of (w' —w)&, 4.7 (n) on the right-hand side of (1.13) can be traced back
to the conformal Ward identities [10]. The presence of figw?w f(w,w')Ey 1w (n) in the
commutator (1.13) is related to the fact that the three-point function of stress-energy tensors
in a generic interacting CFT contains a conformal tensor structure® which coincides with
the correlation function in the free complex scalar theory (I'TT)cpr = ng(TTT)y + ..., see
refs. [21, 22] and eq. (3.12) below. As a consequence, the function fy(w,w’) can be found by
computing the three-point function (1.12) in the free scalar theory with Oy, ., (7) replaced
with the stress-energy tensor (see appendix F). The explicit expressions for fy(w,w’) in

d = 3 and d = 4 dimensions are

16 (4(w’ —w) + (W? = 6w’ + w?) (—ww)T2[H(W) — H(w)])

folw, w4y = (w+w) 7
: 30 (3(w” — w?) + (w? — 4w'w + ) log [
folona )|y = T Z L =St ) oRIZ]) (1.14)

‘For d > 4 the OPE of two stress-energy tensors contains conformal operators belonging to more
complicated representations of Lorentz group. These are sometimes called mixed-symmetry tensors [19]. We
checked explicitly in d = 4 that only symmetric traceless operators can contribute to the algebra. For d > 4
we have not analyzed the contribution of mixed-symmetry tensors to the light-ray algebra.

®For the explicit form see for example appendix C in [20].



Holographic CFTs, N' =4 SYM, O(N) critical and 3d Ising models. Based on
the discussion above we conclude that in holographic CFTs, ' = 4 SYM at non-zero
coupling, O(NN) critical and 3d Ising models the energy flow operators satisfy the following
relation

[Eu(n), Ex(n))] = 6192 (n,n') [(w’ — w + fpw?w? f5(w, W) Eprwr (n) — Cws(w + w’)]
(1.15)

This follows from the fact that the OPE of stress-energy tensors in these theories does not
contain light conformal operators with zero spin, as well as due to the absence of higher
spin conserved currents.

Relation to the previous work. The light-ray operators (1.1) are closely related to the
so-called generalized ANEC operators studied in refs. [9-12, 23, 24]. Applying a conformal
transformation (see appendix A for the definition) we can obtain another equivalent
representation of the operator (1.1)

oo . —
Tos(n) :/ dz=e % O___(0,27,2), (1.16)
— 0o ~—~—
S
where n* = (1,22,4/2z) in the light-cone coordinates® and the operator O__ _(z) is
integrated along the z~—direction for z* = 0 and arbitrary z = (2',...,297%). The

operators (1.16) satisfy the algebra (1.8) with 6(¢=2)(n,n’) replaced with the delta-function
§(4=2)(z — 2’) on the transverse (d — 2)—dimensional plane.
The generalized ANEC operators arise from expanding (1.16) at small w

(10.) Tos(n)| = / a0 (0,2, 7). (1.17)
w=0 —0o0

It is however clear on general grounds that this operation should be done with great care
when studying the matrix elements (J,,.s,(n) ... Ju,,s, (nk)) (or generalized event shapes).
The reason for this is that expanding 7., s,(n;) in w; brings extra powers of z~ under the
integral (1.17). This worsen the convergence of the integral over z~, eventually making
the matrix elements of interest divergent. Another manifestation of the same phenomenon
is that the generalized event shapes are not analytic around w; = 0, see for example the
coefficient functions (1.14) in a generic CFT. This problem does not arise for w; # 0 and
for this reason we prefer to work with the light-ray operators (1.1) and (1.16).

A proposal for defining generalized ANEC operators was put forward in ref. [12]. In
distinction to (1.17), the resulting operators are well-defined for arbitrary k& but they do
not form, however, a closed algebra in d = 4 dimensions.

The paper is organized as follows. In section 2, we present expressions for the higher
spin conserved currents in the free CFTs in d-dimensions. We compute three- and four-point
correlation functions involving the corresponding light-ray operators and use the obtained

5The (d—2)—dimensional vector z defines a unit vector 7 on the sphere S 4=2 yia a stereographic projection.
The scalar product of null vectors is given by the distance on the transverse plane (nn') = (z — 2/)?.



expressions to establish the commutation relations of these operators. Their properties and
relation to the Virasoro and W algebras are discussed in section 2.4.

In section 3 we use the three-point functions (1.12) to identify the contribution of a
given primary operator in the commutator of two energy flow operators. Our analysis is
complete in d = 3 and d = 4. In d > 4 we only analyze the contribution of the symmetric
traceless operators into the algebra. We briefly discuss closure of the light-ray algebra, or
the Jacobi identities, for the light-ray commutators in interacting CFTs.

In section 4 we explain how the discussion of the present paper can be implemented in
Mellin space, extending the analysis of our previous work [6, 18, 25] to coincident points
between detectors.

Section 5 contains concluding remarks. Some technical details are presented in
appendices.

2 The light-ray algebra in free CFTs

In this section, we establish the commutation relations of the light-ray operators (1.1)
in three different families of free CFTs describing scalars, fermion and gauge fields in d
dimensions.

2.1 Leading twist operators

We start with recalling the definition of higher spin conserved currents
Os(x) = Opy..pg(x)nft ... s (2.1)

in the free CFTs. These operators are built out of two fundamental fields (scalars, fermions
and gauge field strength tensor) and their derivatives. They carry the leading twist
T =A — 5 =d— 2 and have the following schematic form

O ~ (i0_)5p + ...,
O~y (i0-) '+ ..,
O ~ F_,(i0_)S2F. "+ ..., (2.2)

where all Lorentz indices are contracted with the auxiliary null vector n*, in particular,
0- = (ndy), and dots denote terms with derivatives distributed between the two fields.

The operator OgF)

is well-defined for even d > 4 in which case p = (2, ..., fiq/2) denotes
a set of Lorentz indices (see footnote 2). In the free theory, the operators (2.2) have the
same quantum numbers. In an interacting theory, they start to mix under the conformal
transformations and develop anomalous dimensions. In this case, the conformal operators
are given by linear combinations of (2.2).

In the free theory, operators (2.2) can be constructed by employing a collinear SL(2, R)
subgroup of the conformal group in d-dimensions, see e.g. ref. [26]. It leaves the light-ray

¥ = zn# invariant and generates projective transformations of the light-cone coordinates,



z = (az+ B)/(yz +§) with ad — 5y = 1. The conformal operators with spin S and scaling
dimension A are transformed under these transformations as

az+[3_)
nj.
vz 48

Os(zn) — (yz + 5)2j005< (2.3)

The operator Og(0) defines the highest weight of the SL(2) representation labelled by its
conformal spin jo and twist 7o

. 1
]025(A0+S), T0o=0Ap—S. (2.4)

The leading twist operators (2.2) have the following general form

l
Os(z) =Y ex(i0-)*®(z)(i0-) " 0(x), (2.5)
k=0
where nonnegative integer £ and expansion coefficients ¢; depend on the spin S. For d > 3,
®(x) and ®(x) can be either complex scalar field, or the so-called ‘good’ (or leading twist)
components of fermions and gauge field strength tensor (for even d)

®={¢.v,Fa}, (2.6)

where F_o = Flia,..0, /Qﬁ“ is antisymmetric in o’s. To separate independent components of
the strength tensor, we impose the condition on its Lorentz indices 1 < ag < -+ < aygjp <
d — 2. In d = 2 dimensions, ® can be either scalar or fermion field.

The fields (2.6) carry the scaling dimension Ay = d/2—1, Ay, = (d—1)/2 and Ap = d/2
and diagonalize the operator of angular momentum i[M;_, ®(0)] = sP(0) with

S¢:0, S¢:1/2, SF:1. (27)

As a consequence, the fields (2.6) have the same twist 7¢ = Ag — s¢ = (d — 2)/2 and
their conformal spins are given by

. d—2 . d , d+2
‘7¢:T’ ]w:Z, ]F:T- (2-8)

Note that jp = (d —2)/4+ sg. The remaining field components that are not present in (2.6)
have higher twist.

In general, the fields ® and ® can be different. For the sake of simplicity, we shall
take them to be conjugated to each other, ® = ®f. Each derivative in (2.5) increases the
dimension and the spin of the operator by one unit, leading to

S =1+2sp), A=S+d—2, (2.9)

where ¢ > 0. The conformal spin of the operator (2.5) and its twist are

d
jOZS+§—1:€+2j¢, T0o=d—2. (2.10)



In what follows we use S and ¢ interchangeably. The relation (2.9) establishes the relation
between the two variables.

To define the expansion coefficients in (2.5), it is convenient to introduce homogenous
polynomials

Py(p1,p2) §:<%ep1p : (2.11)

Replacing p; with light-cone derivatives i0_, we can rewrite the operators (2.5) in a compact
form

Os(z) = B(x)Py(id.,i0_)d(x) | (2.12)

where arrows indicate the fields the derivative acts on. The polynomials P, define unam-
biguously the operators Og(z). Properties of these polynomials play an important role in
our analysis.

To determine the polynomials P, we use the well-known fact that a general form of
two- and three-point correlation functions is fixed by the conformal symmetry. For the

operators located at x; = (z7,z;,0) the corresponding Wightman functions are

_ il*d/272j F(Qj)
O(z1)P = -,
) = T (o, — 02y — 0%
= 1 1
(@(21)Os(22)®(23)) ~ - (2.13)
(21p233)!0/2 (215293)70 (w13)% 70
where we used a shorthand notation for xi] a:jt — a:f and j = jg is the conformal spin of

fields ® and ®. All poles in the denominator of (2.13) have ‘+i0’ prescription. The sign is
dictated by the ordering of the operators on the left-hand side, e.g. xi? — x;'; — 10 for ¢ < j.
Replacing Og(z2) in (2.13) with its expression (2.12) and comparing expressions on both
sides of (2.13), we obtain a relation that fixes the expansion coefficients in (2.11) up to an
overall normalization constant [27].

The resulting expression for the polynomial is [26-28]

k. l—k

(=p1)"py 2j—3% (pl p2)
Py(p, Ej C, . (2,14
(p1,p2) = ke < ) T(2j +kT(2j +€—k) = (p1 +p2)’ D1+ Do (2.14)

where C)(z) is the Gegenbauer polynomial and ky is a normalization constant whose form
is not important for our purposes. Here the conformal spin j takes the values (2.8) and
nonnegative integer £ is defined in (2.9).” The polynomial (2.14) satisfies

Py(p1,p2) = (=1)"Py(p2,p1) = Pe(—p2, —p1).- (2.15)

The appearance of Gegenbauer polynomials in (2.14) is not accidental. By virtue of
conformal symmetry, the two-point function of the conformal operators (2.12) should be
diagonal in spins

(2in(x — 2))%% T(2S +d —2)
[_(x _ x/)2]25+d72 (27T)d ’

"Note that for scalar field, js = (d — 2)/4, the polynomial (2.14) is proportional to (d — 3) for £ > 1.

(Os(x)Os(2')) = 55N (2.16)




where ¢ = S — 2sg and the last factor was introduced for convenience. Replacing operators
with (2.12) and repeating the above calculation, one can translate (2.16) to the orthogonality
condition of the Gegenbauer polynomials (see eq. (B.5) in appendix B)

/w D)L, (¢, 1 — )Py (t, 1 — £) = Ny o, (2.17)
where the normalization factor is given by

202D (0 + 45 — 1)

T 020+ 45— 1)1 (2-1) (2.18)

Notice that for d = 2 and jg = 0, the normalization factor looks as Ny ~ T'(¢ —1) and it

diverges for =0 and {=1. The reason for this is that the corresponding scalar operators,
«—

= ¢¢ and O qﬁ( 0_)¢, are not conformal primary operators in d = 2. At
the same time, for £ > 2 the polynomial Py(p1,p2) is proportional to pips (see eq. (B.2))
and, as a consequence, the operator Ogb) is built out of i0_¢ which is a conformal primary
operator, in distinction to ¢.

Thus, the scalar operators Og¢)

in d = 2 have the spin S > 2. Additional restrictions on
the possible values of the spin S come from the condition for the degree of polynomial (2.14)
to be nonnegative, £ > 0. Together with (2.9) this leads to S > 2s4, or equivalently Sy, > 0,
Sy > 1 and Sp > 2, where the subscript refers to the choice of ®. The relation Sy > 1
holds for arbitrary d and the remaining two, S, > 0 and Sp > 2, only for d > 2.8

For S = 2, the operators (2.12) are proportional to the stress-energy tensor T__ =
T,,,n*n” in the corresponding free CFTs. In a free theory of a single complex scalar, Dirac

fermion, and gauge field we have [16, 29]

_ d— 2 1
=0_¢0_¢p — ———0% (¢ —0@2 ,
-0 = g a5 Y=
R ®)
—_— 2/(/},7—8—1/} - 2(d _ 1)05’:2 )
F 1 PN()
T__ - WFf&Qmad/QF*CZQ Qg 0522, (219)

where 3,:3, — 5, and a; = 1,...,d — 2. Here the operators O( )2 are given by (2.12)
and (2.14) with the corresponding values of j and ¢ defined in (2.8) and (2.9). The pole at d =

3 in the first relation in (2.19) is fictitious since Og@Q is proportional to (d—3) (see footnote 7).

2.2 Correlation functions

Next we compute the correlation functions (®(21)J,,5(n)®(z2)) and (®(z1)T, 5(n)
T s/ (n)®(z2)). Their explicit expressions are given by egs. (2.27) and (2.41) below.
Later in this section we establish the commutation relations (1.8), by examining the
difference of four-point correlation functions

<(I)($1)-7w75'(n)~7w’,5’(n,)(i)(xQ» - <(I)(w1)u7w’,5’( )jw S( )(i)(x2>> (220)

and by comparing it with the three-point function.

8We recall that the leading twist operators in d = 2 only involve scalar and fermion fields.
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Three-point function. Let us start with the three-point Wightman function
(®(21)Tw.5(n)®(z2)). Replacing the flow operator [J,, s(n) with its definition (1.1) we
encounter the correlation function

. — — 2

<(I)($1)05($3)(I)(:E2)> = (I)(Sl,‘l)(i)(l‘g)Pg(iag,, Z'ag,)q)(l‘g)(i)(:tg) s (2.21)

where we applied (2.12) and performed Wick contractions. The two-point function in this
relation is given by

['(2j) (2i(nx13))*
2md/2 (—x2, +i0204)%0

(@ (1) B(ws)) = (2:22)
Here and in the rest of this section we use a shorthand notation for the conformal and
Lorentz spins of the fields, j = jp and s = sg, respectively. One can check that in the
special kinematics, for = = (z],2;,0) and 7# = (0, 1,0), the last two relations coincide
with (2.13).

To obtain (®(x1)J, s(n)®(x2)) from (2.21), we have to replace 3 = rn + ti and apply
the transformations specified in (1.1). In this way, we find from (2.22) for r — oo

_ (—i)% (nn)** I'(25)
(®(z1)P(23)) (2m)d/2 T(d72)/2 ((na1) — t(nn) — i0)%
jd/2—1 ia((nw1)—t(nn))
= 2n)i r(d 2 /2/ devo™ 1 ’ 22

where the minus sign in the exponent on the second line is dictated by ‘—i0’ prescription.
The propagator (®(x3)®(x2)) is given by a complex conjugated expression

( -)d/2—1 nn
(QW)d/Z r(d—2)/2

(®(23)D(x3)) ~ / da o¥~1 emialtnn)=(n2)) (2.24)
At the next step, we have to substitute the last two relations to (2.21), apply the derivatives
i03— = i(ndy,) = i(nn)0; and, then, perform integration over ¢. Due to a growing number
of terms in the polynomial (2.14), the evaluation of (2.21) becomes very cumbersome at
high spin S if one uses the expressions for the two-point functions given on the first line
of (2.23). As we show below, an integral representation (2.23) and (2.24) is advantageous
in carrying out the calculation.

In particular, the action of i(nn)d; on the propagator (2.23) amounts to inserting
the factor of —a(nn) inside the integral on the right-hand side of (2.23). In this way,
substituting (2.23) into (2.21) we find for r — oo

(nn)S+2s

X/ daldag (Oélolz)zj_lpg(OéQ, _al) e—ial(n21)+ia2(nx2)+it(nﬁ)(a1 —ag)v
0

(®(21)O0s(w3)D(z3)) ~ (2.25)

where we took into account that Py is a homogenous polynomial of degree £. Note that for
d = 2 the expression (2.25) approaches a finite value as  — oo. For d > 2, it is proportional
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L1 Z2

Figure 1. Diagrammatic representation of the correlation function (2.26). Gray blob with a wavy
line attached represents the flow operator 7, s(n). The arrow indicates the direction in which the
particle propagates, index «; defines its energy.

to 1/7972 but this factor is compensated by the analogous factor coming from the definition
of the flow operator (1.1).
Finally, we perform a Fourier transform of (2.25) with respect to t to get

X (nﬁ)2j+1_d/2 > —ia1(nx 1 (nx
(B() Lo () B(2) = 0 /0 dayday o0 () i (na2)
X (alag)Qj_ng(al, —az)d(a; — g —w), (2.26)

where we used the identity Pp(ag, —a1) = Pp(aq, —az). This relation has a simple inter-
pretation as shown in figure 1. The correlation function (2.26) defines a transition of a
spinning particle from point x2 to x1 in the presence of the detector described by the flow
operator J,, s(n). The detector selects a particle propagating in the direction of the null
vector n and transfers it the momentum nw. Thus, the particle enters the detector with
the momentum p = nas and leaves it with the momentum p’ = na; = n(az + w). The
integration variables c; have the meaning of the energy and (aia2)* ! Py(ao, —aq) defines
the detector weight. It depends on the energy of incoming and outgoing particles.
Integration over as in (2.26) yields

- (ni)%s

(@(71)T,5(n)P(22)) = 2mni 1

e¢] . .
X / day (ar(on —w)) P H0(a; — w) e 1 12) Pyoy, —ay +w),
0

e~ w(nz2) (2.27)

where a §—function arises due to as = a1 —w > 0. Replacing the polynomial P, with its
expression (2.14), we obtain from (2.27) a concise representation of the correlation function
(®(21)T,5(n)®(x2)) for any flow operator.

The relation (2.27) holds for arbitrary w. For positive w, the lower limit of the integration
in (2.27) changes from 0 to w. This leads to a nonanalyticity of (2.27) at w = 0. To show
this we rewrite the relation (2.27) as
(nﬁ)Qs

AT e ) [(w) f (w) + O(—w) f- (W)] (2.28)

<@(~T1)u7w,5(n)‘i>(x2)> = (271_)
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where f(w) and f_(w) are given by the integral on the second line of (2.27) with the
f#—function removed and the lower integration limit put to w and 0, respectively. Continuing
f+(w) to negative w, we examine the difference

fr(w) = f-(w) = _/0 dag e M12) (y (= w))F T Py, —a + w)
L 1 . )
= (—1)Z et / dt (t(1 — )21 Py(t,1 — t) e itw(nziz) (2.29)
0

where in the second relation we replaced a; = wt. The integral in the last relation can be
expressed in terms of a Bessel function. Its leading asymptotics at small w can be found
by expanding e~*("12) in powers of wt. Due to orthogonality (2.17) of the polynomials
Py, the first few terms of the expansion vanish after integration. The leading contribution
comes from the O((wt)*) term,

fi(w) = f-(w) = O, (2.30)

where jo = ¢+ 2j is the conformal spin of the operator Og defined in (2.8). Combining
together the relations (2.28) and (2.30), we observe that the function (®(z1)J,.s(n)®(z2))
is continuous at the origin but its derivative of order 2jo — 1 has a jump at w = 0. Its value
can be found from (2.29).

Invoking interpretation of (2.28) as a particle transition amplitude, the discontinu-
ity (2.30) arises because the functions fi (w) and f_(w) describe two different processes:
for positive (or negative) w the detector increases (or decreases) the energy of the particle.
As a consequence, the energy of the incoming particle can be arbitrary small for w > 0
but it should be larger than (—w) otherwise. The discontinuity (2.30) appears due to this
mismatch.

Let us expand both sides of the relation (2.28) at small w. Using representation (1.16),
we find that the coefficient in front of (iw)* in the formal expansion of the three-point
function on the left-hand side of (2.28) involves the operator

T = [~ 4 () 05072, 2). (2.31)
— 00

We can show that this operator produces a finite contribution to (2.28) for 0 < k < 2(jo — 1)
with the conformal spin jo defined in (2.10). According to (1.1), behaviour of (2.28) at
small w is related to asymptotics of the three-point correlation function (2.25) at large
t ~ 1/w. Changing the integration variables in (2.25) as a; — «;/t, one finds that
(B(21)0(x3)D(x2)) ~ 1/%90 at large t leading to (®(x1) TS ()@ (x2)) ~ [ dttk=20.
Obviously, the integral is finite for k < 2(jo — 1).

Four-point function. The four-point Wightman function (®(z1)J,,5(n) T, s (n')®(z2))
can be split into the sum of disconnected and connected parts. The former factorises into
the product of two-point functions, whereas the latter is given by the sum of two diagrams
shown in figure 2 below.

The calculation of the connected part of (®(z1)J.,s(n) T s/ (n')®(x2)) goes along the

same lines as before. We start with the four-point function G4 =(®(x1)Og(x3)Og (x4)P(22)),
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a1 a2

T T2 T T2

(a) (b)

Figure 2. Connected part of the correlation function (®(x1)7,.s(n) T s (n')®(22)).

replace the operators with their expressions (2.12) and perform Wick contractions. This
gives G4 = G4 q+Gyyp, where

_ — - — — = -
Gua = (®(21)®(23)) Pe(93, 93)(P(23)P(24)) P (4, D) (P(24)P(22)) ,
- - = = - _

Gap = (=1)%%(D(21)D(24)) P (91, 9 ) (®(23)P(24)) Po( 93, 03)(P(3)P(22)) . (2.32)
Here (—1)2® takes into account Bose-Fermi statistics of the field ®. As before, the
derivatives 0; = (n0y,) = 0;— act in the direction indicated by the arrow.

The two relations in (2.32) correspond to diagrams shown in figure 2(a) and (b),
respectively. They involve two propagators attached to the external points, x1 and x9, and
internal one connecting the points x3 and x4. Replacing 3 = rn+tn and x4 = r'n’ +t'n we
find that for 7,7’ — oo the former propagators are given by (2.23) and (2.24). The internal
propagator is given by (2.22)

(1—d/2

(®(23)®(24)) ~ (rr") =2 e) j1=d/2=2j

(2m)d/2 [—(nn/) e+t —t —i0]%’ (2.33)

where the notation was introduced for € = (nn)/r’ — (n'n)/r. Going to the limit € — 0, we
notice that the relation (2.33) has different behaviour for d = 2 and d > 2.

For d = 2 the null vectors n and n’ coincide and, therefore, (nn’) = 0.° Then, the
relation (2.33) takes the form

i )Y T(25
(@(3)P(x4))| gy ~ ((QW))d/Q (t — t'( —j )iO)Qj '

(2.34)

For d > 2 the expression (2.33) vanishes for (nn’) # 0 and diverges for (nn’) = 0. This
suggests that it should be proportional to a delta-function. Indeed, carefully taking the
limit we arrive at (see (A.7) in appendix A)

_ 1 00 A ,
(@) D(aa)) ~ o () =V25 D ) [T dagaFten O (235)
0

s

%In d = 2 dimensions we have i ~ e_ and n,n’ ~ e} where e!y = (1,%1) are basis null vectors.
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where s = j — (d — 2)/4 is the spin of the field ® and §(@=2)(n,n’) is the delta-function on
the sphere S%=2 defined in (A.5). For d = 2 this relation reduces to (2.34) after one replaces
6(4=2)(n,n/) — 1. As before, the integral representation (2.35) is advantageous in carrying
out the calculations.

The integral in (2.35) is well defined for s > 0. This condition is satisfied for fermion
and gauge fields but it is violated for scalars in which case the integral (2.35) diverges
logarithmically as a3 — 0. To obtain the two-point function for scalars, we replace
j=(d—2)/4in (2.33) and take the limit € — 0

rd/2-1 1
(27T)d/2 (nn’)d/2_1 ’

(¢(w3)p(wa)) ~ (rr')' 2 (2.36)
In distinction to (2.35), it remains nonzero for (nn') # 0 and, in addition, it is independent
on t and t'. Such a difference between (2.35) and (2.36) is a manifestation of the cross-talk
between the two detectors [18]. We recall that the momentum of a particle entering and
leaving the detector is aligned with the null vector defining its orientation. In diagrams
shown in figure 2, the particle with the energy a3 is exchanged between the two detectors
and, therefore, its momentum should be aligned with n and n’ simultaneously. This is
only possible if n = n’ or ag = 0. The former corresponds to (2.35) and the latter to the
exchange of a zero-energy scalar between the detectors. This explains why (2.36) does not
depend on the time difference ¢t — ¢'.

We are now ready to compute the contribution of the diagrams shown in figure 2. We
start with (2.32) and replace the two-point functions by their expressions (2.23), (2.24)
and (2.35). Then, we apply to G4, and Gy the transformation (1.1) to convert the
operators at the points z3 and x4 to the flow operators J,, s(n) and J,» ¢ (n'), respectively.
Denoting the resulting expressions as Gy, and G4, we get

1 o0 . . . ,
_ (d—2) ! 25—1_2s—1  —iaq(nz1)+iaz(n'z2)
Gia.a 7(270(1_1 ) (n,n )/0 dardagdas (aqas) az’ e
X P[(al, —Ozg)Pg/ (Ozg, —042)(5(011 — Q3 — w)é(ag — a3+ w’) s (237)
Gap = 7(27r)d—1 §d=2) (n, n')/o dadosdas (alag)%_lagkl gt (na1)+iaz(n'z2)
X (—1)23Pgl(a1, ag)Py(—as, —a9)d(ay + ag — w’)é(ag +oaz+w). (2.38)

A general form of these relations can be read off from the diagrams shown in figure 2. The
integration variables «; parameterize energy of the particles, whereas w and w’ define energy
transferred to them by the detectors. The delta-functions express the energy conservation
and each detector vertex comes with a polynomial weight that depends on the energy of
particles attached to it.!9 Note that the two diagrams in figure 2 can be obtained one from
another by exchanging the detectors and flipping the direction of the line with index ag3. As
a consequence, the second line in the expression for G4 5 can be obtained from the analogous
expression for G4 , by exchanging (w, ¢) with (w’,¢') and replacing ag — —a.

10The additional minus signs in the arguments of the polynomials correspond to the incoming particles.
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The product of d—functions in (2.37) and (2.38) localizes integrals over ag and as. It
also imposes constraints on the possible values of w’s. In particular, it follows from (2.38)
that Gy is different from zero only for w < 0 and w’ > 0. Combining together (2.37)
and (2.38), we obtain

1
(Qﬂ)d—l

(®(21) Tor.5 () Tur 50 (0 ) () e = 592 (n,n') I, (2.39)

where the subscript ‘c’ refers to the connected part and the notation was introduced for
o0
Tp = e_iw//(nxz)/ do (al(al N w//>)2j—1 e—ia1(nr12) (9(061 N w//)
0
X [0(041 —w)(oq —w)* P ey, —ay + w)Pr(a; —w, —ag +w")

— 0w — 1) (o — ) Py (o, —ag + W) Py(ag — o, —ay + w”)} ) (2.40)
with w” = w + W’ being the total energy transferred by the detectors. We recall that the
polynomials P, and Pp are given by (2.14) and their degree is related to the spin of the
flow operators through (2.9).

To obtain the correlation function (®(z1) T, s/ (n')Jw.5(n)®(22)). from (2.39) it suffices
to exchange (w,?) and (&', ¢') in (2.40). Combining the two expressions we obtain

1
(27r)d_1

x / den (ar (1 — ") 219y —w) e (12) O ),
0

(®(21)[Too,5(n), T, 0 (0)] @ (2)) e = 612 (n, ') e~ (n2) (2.41)

where w” = w + " and Q(«1) is given by

Qo) = (g — w)QS*IPg(al, —a1 + w)Pr(ag —w, —ay +w")

— (a1 — W) Pu(ay, —aq + W) Polay — o', —aq + ). (2.42)
Here nonnegative integer ¢ and ¢’ are related to Lorentz spins of the operators as follows
t=S5-2s, (=5 —2s. (2.43)

As compared with (2.40), the relation (2.42) does not involve theta-functions.

Notice that the relation (2.41) is only well-defined for s > 0, that is for the flow
operators built out of fermion and gauge fields. For scalars, s = 0, the integral in (2.40)
and (2.41) diverges logarithmically for oy — w and «; — w’. This singularity arises from
the exchange of a scalar with zero energy between the two detectors (see figure 2). As
explained above, the propagator of this particle takes the form (2.36). If does not vanish
for n’ # n and scales as 1/(nn’)%2~1. Repeating the calculation of the diagrams shown in
figure 2, we find (see appendix C)

L [r@d2-1) X ., ] (2.44)

<¢(x1)jw,5(n)jw’,s’ (n/)&(an»C = (27T)d71 (27T)d/2_1 (nn/)d/Q—l o
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where dots denote terms localized at n’ = n and the function Xy describes the cross-talk
between detectors

Xy = (—ww!) 272 [ ielen = 0002) Py (0,0) Py (0,0)8(w)0(—')
+ e—iw’(n’xl)—iw(n:m) Py (wl’ O)Pg(o, w)H(w’)G(—w)} ) (245)

The polynomials have vanishing argument because the particle exchanged between the
two detectors has zero energy. Notice that Xy is symmetric under the exchange of the
detectors and, therefore, it cancels in the difference of the correlation functions (2.20)
for n’ # n. Carefully examining this difference we find (see appendix C for details) that
(p(21)[Tw.5(n), Tow 57 (n")]d(22))c is given by (2.41) and (2.42) evaluated at s = 0 and
j = (d — 2)/4. Most importantly, the poles of Q(a1) at @1 = w and «; = ' are integrated

using the principal value prescription.

Disconnected part. Disconnected part of the four-point function is given by (®(x1)®(x2))
(Jw,5(n) T s (). To find (J,s(n) T s/(n')) we start with the two-point function
(Os(x)Og(2')) defined in (2.16) and transform Og(x) and Og/(z’) into the flow oper-
ators (1.1).

Replacing = nr + nt in (2.16) we obtain for r — oo

25 ()29 ['2S+d-2)
(@) ~ Bgg(2r)2-dNg ) . 2.4
(Os5(2)Ogr (")) ~ 055 (2r)" "Ny 2m)d  (—(nn)t + (na’) + i0)25+d—2 (2.46)
Then, taking Fourier transform with respect to ¢ we arrive at
/ 2i*1 —\S 254+d—3 ,—iw(nz’)
(Jio,5(n)Ogr (2')) = 555/W/\fe(nn) 0(—w)(-w) e : (2.47)

This relation has the following interpretation. The operator Og/(2') creates out of vacuum
two particles which propagate to the final state and get absorbed by the detector 7, s(n).
The total energy of the particles is (—w) > 0. This explains why (2.47) vanishes for positive w,
leading to (0|7,,.s(n) = 0 for w > 0. Taking into account the relation (7, s(n))" = J_, s(n),
we deduce that J,, s(n)|0) =0 for w < 0.

To convert the operator Og/(z’) into the flow operator (1.1), we replace =’ = n'r’ +t'n
in (2.47), take the limit " — oo and perform a Fourier transform with respect to ¢’. This gives

(Jo,s(n) Ty 5 () = 6550(—w)d(w + ') (—w)* Qg (n,n') (2.48)
where the notation was introduced for

Ne (nin)®(n'n) = lim (—iwr)42 e~ n)r" (2.49)

Qs(n’n,) - (47T)d72 r'—o0

It depends on two null vectors n* = (1,7) and n'# = (1,7’) where 7i and 7’ are unit vectors
on the sphere S92, The function Q4(n,n’) has different properties at d = 2 and for d > 2.
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For d = 2 we have n = n’ and, as a consequence, the function (2.49) takes a finite value
for the scalar (j, = 0) and fermionic (j;, = 1/2) flow operators

4

() _
s (n’n)’d:Z T S(S-DES-1)°

1
g’ (n,n)]d:2 =557 (2.50)

For d > 2 the function (2.49) vanishes for (nn') # 0 and diverges for (nn') = 0.
Replacing wr’ = 1/¢, we find that the expression on the right-hand side of (2.49) scales
as 1/ed=2 eim)/¢ for € — 0. As compared with the analogous expression for §(¢—2) (n,n’),

d/2-1 " As a consequence, the integral of

eq. (A.5), it contains an additional factor of 1/e
Qg(n,n') with a test function on the sphere S9=2 diverges as ¢ — 0, and the limit (2.49)
does not produce a well-defined distribution.

This divergence is not surprising. In the correlation function (7, s(n)J. s (n')), the
flow operator [, g/(n') creates a pair of particles which propagate in the direction of
the null vector n and carry the total energy «w’. These particles are absorbed by the
detector oriented along the direction n’. Each particle brings in the factor of §(4—2) (n,n’)
(see eq. (2.35)), so that the transition amplitude is proportional to the square of the

delta-function, schematically,
Qs(n,n') = Cs 892 (n,n'), (2.51)

where Cg ~ 1/e%/2~1 diverges as e — 0. Indeed, it is easy to see using (A.5) that the
additional factor of 1/e%/2=1 comes from 6(4=2)(n, n).

The fact that the correlation function (2.48) is divergent for d > 2 is in agreement with
the findings of refs. [11, 12] where similar correlation functions were studied for d = 4 and
S =2.

2.3 Light-ray algebra

In this subsection we find the commutation relations of the flow operators by comparing (2.41)
with the analogous expression for the three-point function (2.27).

Free fermion and gauge field. It is easy to see from (2.42) that Q(«ay) is a polynomial
in a; for fermion (sy, = 1/2) and gauge field (sp = 1) operators. Due to antisymmetry
under the exchange of (w, ) and (', ¢'), its degree is £ + ¢/ + 2(s — 1). Aside from the
delta-function 6(4=2)(n, n’), the relation (2.41) is remarkably similar to the expression for the
three-point function (2.27). To match the two relations, we take advantage of the properties
of Gegenbauer polynomials and expand (2.42) over the orthogonal basis of polynomials
Pg//(Oél, -1 + CU”) defined in (214)

0 42(s—1)

Q)= Y. Cu'(w,0)Pu(ar, a1 + "), (2.52)
=0

where s is the spin of the field ® and the maximal value of ¢” coincides with the degree

of Qo).
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Substituting (2.52) into (2.41) and matching the resulting expression to (2.27), we
arrive at the algebra

S+S'
(To,5(n), Tr s (n)], = 82 (n,n') Y Cee/ (W, W) Turpar (1) (2.53)
S"=2s
where ¢; = S; — 2s and the structure constants coincide with the expansion coeflicients
n (2.52). The minimal value of S” in the sum (2.53) equals 2s,, = 1 for fermion and
2sp = 2 for gauge field flow operators.
The relations (2.42) and (2.52) lead to nontrivial conditions for the structure constants

CZf’eN (w7 w,) - _CZ’ZZH (w/7 w) )
Ca,gu()\w, )\W,) — )\E+Z’_ZI/+25_ICZ£/€H (w’ w/) ’
ng/gn(—w, —w’) = —nglen (w,w’) . (2.54)

Here the first relation follows from the antisymmetry of (2.42) under the exchange of
(w, ) and (', ¢"). To check the second relation, it is sufficient to compare the properties
of both sides of (2.52) under rescaling @ — Ao, w — Aw and w’ — Aw’. Moreover,
matching (2.52) to (2.42) we find that Cyp’” (w,w’) are homogenous polynomials in w and
w’ with real coefficients. It follows from the second relation in (2.54) that their degree is
0+ 0 —0"+2s—1=5+ 5 — 5" —1. Finally, the last relation in (2.54) can be derived
by applying complex conjugation to both sides of (2.53) and by taking into account the
relation (7, s(n))l = J_w s(n).

Substituting A = —1 into the second relation in (2.54) and comparing it with the third
one, we find that the structure constants Cypt” (w,w’) vanish for even £+ ¢ — " +2s—1, or
equivalently for odd S+S’—S”. This means that the sum in (2.53) runs over " = S+5"—
withp=1,2,....

To summarize, the structure constants take the following general form

b / 1+ (_1)S+S/_SH TR N k¢ INS+S'=S8"—1-k
Cu" (w,w') = 5 Z cx (0, 07) Wt (w') , (2.55)
k=0

where S; = ¢; + 2s and real-valued expansion coefficients depend on spins and satisfy
k(U 0) = —csig—sn_1- (0, £). Explicit expressions for the structure constants are derived
in the next section. In what follows we do not display the signature factor and tacitly
assume that Cpp?’ (w,w’) vanish for odd S + S — 5.

For the algebra (2.53) to be consistent, the structure constants have to verify Jacobi
identities. Indeed, it is straightforward to check using (2.42) and (2.52) that Cpp*” (w,w’)
satisfy

> Coe,” (wi,w2)Crrg,” (w1 + w2, w3)
é/

+3 " Crpe” (w2, w3)Crg,” (w2 + w3, wi)
Z/

+ Z ngelgl (W3, W1)C[/£26" (w?) + w1, w?) =0. (2.56)
E/
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The relation (2.53) takes into account the contribution to (2.20) of the connected part of
the four-point function. We use (2.48) to obtain the disconnected contribution to (2.20) as

<<I>(x1)[jw,5(n), jwlygl(n/)](i)(.%'g»d = —555/5(w + w’)wQSile(n, n') <(I)<1'1)(i)($2)> . (2.57)

It defines the central extension of the algebra (2.53). Namely, combining together (2.53)
and (2.57) we arrive at

S+S’

[jwﬁ(n)vjw’,s’( )] = 5(d 2 n n Z CM’ w W’ ijrw’ S”( )
S"=2s
— b550(w 4 W 1Qg(n,n'), (2.58)

where ¢; = S; — 2s and the sum runs over the spins S” of the same parity as S + S’. Here
the structure constants take the form (2.55) and satisfy the relations (2.52) and (2.61).
The central charge Q4(n,n’) takes a finite value (2.50) for d = 2 but it diverges for d > 2
as (2.51). For S = 2 this agrees with the findings of refs. [11, 12, 23, 24, 30].

Free scalar field. Let us turn to the flow operators built out of the scalars. In this

case, the four-point function is given by (2.41) for s =0 and j = (d — 2)/4. An important

difference as compared to previous case is that (2.42) is a meromorphic function and it is

integrated in (2.41) using the principal value prescription (see eq. (C.3) in appendix C).
To separate the contribution of poles, it is convenient to rewrite Q(a) as

Q(al) _ Q(¢)(a1) + Pg(w,O)Pg/(O,w/) _ Pg/(w/,O)Pg(O,w) , (2'59)

o] —w a] —w'

where Q(®)(a) is a polynomial in o; of degree £ + ¢/ — 2
Py(ar,—a1 + w)Pp (a1 —w, —aq + ") — Py(w,0) P (0,w)
a1 — W
B Pg/(al, —oq + w')Pg(al — w’, —o1 + w”) — Pg/ (w’, O)Pg(o,w)
a; —w' '

Q) () =

(2.60)

Substituting (2.59) into (2.41) we obtain the sum of two terms. The first term contains
Q¥ (ay). In a close analogy with (2.52) we can write

40 —2 .

QW ()= > O (w,w)Por(r, —ar + ). (2.61)

01=0
Going along the same lines as in the previous subsection, we find that (2.61) produces the
contribution to the commutator [J, s(n), J./,s(n')] that takes the same form as (2.53)
with the structure constants given by the expansion coefficients C’ég:)gu. The additional
contribution to the commutator comes from the poles in (2.59). It reads

S+S5'—2
T30, T ()] = 8D,y | 37 O (w0, T 50 (1) + () O, ()
S"=2s
— (555/5(0) + w')w%_lﬁff) (7’L, n') y (262)
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where the structure constants C’éf,)g” (with ¢; = S;) satisfy the relations (2.54) and (2.56)
for j = (d —2)/4 and s = 0.
The operator O(({)) (n) satisfies the defining relation

w,w’

(6(21)0), (M)g(w2)) = (%;_1 e~/ (nz2) ]ﬁ ™ day (n (ar — ") 2201 — ")

PZ(UJ’O)PE’ (0,0J/) B P@’ (wlvo)Pf(va)

/ )

(2.63)

. !
Xe—zal(nmlz) —Z( /)—Z [
o —w a1 —w

where w” = w + ' and the integral is regularized in the vicinity of the poles a; = w

and o1 = ' using the principal value prescription. The operator O‘(U ZJ, (n) should be

antisymmetric under the exchange of (w,¢) and (w', ¢'). We expect that it should be linear

in ¢ and ¢. With some work we obtain

O(¢) (TL) _ _1‘ lim (nﬁ)2rd—2 /oo dtydts e~ (nR)w—ita (n7i)w’ [H(tl — 1) — 9(t2 . tl)]
ww’ 2 r—o0 00
x w™ (W)™ [Pe(w, 0) Py (0, ") (1) p(22) + Pe'(w'7O)Pé(ojw)ﬁg(ﬂ?l)ﬁb(@)} :

(2.64)

where x1 = rn + t1n and xo = rn + ton.
The scalar fields in (2.64) are accompanied by polynomials defined in (2.14). It follows
from (2.14) that

_ T(d-3+20)

w Py (w,0) = T3 Py(0,w) = (=1)“Py(w,0). (2.65)

We recall that in d = 2 dimensions, the polynomials P, have degree ¢ > 2. Then, we deduce
from the last relation that Pp(w,0) = P;(0,w) = 0 in this case and, therefore, the nonlocal
operator (2.64) vanishes for d = 2. The same is true at d = 3 for £ > 1 but this happens due
to a particular choice of normalization of the polynomial (2.14) (see footnote 7). Changing
normalization by inserting the factor of 1/(d — 3) on the right-hand side of (2.14) (see,
e.g. (2.19)) one can obtain a nonvanishing result for (2.64) at d = 3.

Thus, the nonlocal operator (2.64) is different from zero only for d > 2. Substitut-
ing (2.65) into (2.64) we find that the resulting expression coincides with the nonlocal
operator defined in (1.10)

0L = g™, = (DI (269

We would like to emphasize that the commutation relations (2.58) hold for arbitrary d > 2.
The dependence on d enters (2.58) through the dependence of the structure constants on
the conformal spin of fields, eq. (2.8), and their Lorentz spins, s, =0, sy, = 1/2 and sp = 1.

For d = 2 the leading twist operators that enter the definition of the flow operators (1.1)
are known to possess an infinite-dimensional symmetry. Their commutation relations are
described by (quantum) W, algebra which contains the Virasoro algebra and plays an
important role in two-dimensional conformal field theory. Because the flow operators are
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given by integrated leading twist operators, we expect that for d = 2 the commutation
relations (2.58) (with 6 (n,n’) = 1) should be related to those of W, algebra. We establish
this relation in the next section.

()

Because of the appearance of the nonlocal operator O, ,

(n), a question arises whether
the commutation relations (2.62) satisfy the Jacobi identity

T80, (), 1705, (n2), T2, (na)]) + eyelie = 0. (2.67)
To check this identity, we follow the same steps as in section 2.2 and compute the connected
part of the correlation function (¢(x1)j((f’)sl (nl)j(f’)s2 (ng)j(¢)s3 (n3)p(x2))e. After an

w w: w3,
appropriate antisymmetrization this leads to the following result for a double commutator

(BT, (n1), [T, (n2), T, (n3))]6(2)) e ~ 6(n1,m2)d(n2, m3)

X]["O douy e—i01 (1) +iaz(nz2) KPS?,(OQ,—a1+w3)P52(a1—w3,—oq +wstws)
0 a1 —w3

_ Pg, (a1, —a1+ws) Ps, (o —wz, — +w2+w3)) Ps, (1 —wa —w3, —an)

a1 —Ww2 a1 —W2—Wws

n <P32 (o1 —w1, —a1 +wi +wa) Ps, (o] —wi1 —wa, —a2)
a1 — W1 — w2

_P53 (a1 —wi, —a1 +wi+ws3) Ps, () —wy —ws, —042)> Ps, (a1, —a1 +wi) (2.68)

] —Ww1—ws3 a1 —w1

where ap = a1 — w1 — w2 — ws. Cyclically permuting the indices of the light-ray operators
on both sides of this relation and adding up the resulting expressions, it is straightforward
to verify that the identity (2.67) is indeed verified.

2.4 Structure constants

According to (2.52) and (2.61), the structure constants of the algebra (2.58) are defined as
coefficients of the expansion of (2.42) and (2.60) over the polynomials Py defined in (2.14).

We recall that the polynomials Py(pi,p2) are orthogonal to each other with respect
to the inner product (2.17). This allows us to find Cyp? (w,w’) from (2.52) and (2.61) by
projecting both sides of these relations onto Pp. To this end, we replace a3 = w”t in (2.52),
use the relation Py(Apy, \p2) = N Py(p1,p2) and integrate both sides of (2.52) with the
measure (2.17) to find after some algebra

s) o 2 1_ Qi __
Ol (0,0) = = (w +w) 555" (2.69)

1 .
X / dt (t(1 =)t — &) Py(t,e — )Py (t —e,1 — t) P (t, 1 — 1),
0

where the notation was introduced for ¢ = w/(w + ') and the normalization factor Ny
was defined in (2.18). Here S; = ¢; + 2s and the superscript ‘(s)’ refers to the spin of fields,
sy = 1/2 and sp = 1. The polynomials Py are given by (2.14) with j = s + (d — 2) /4.
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Repeating the calculation for the scalar operators (s = 0) we find from (2.61)

2 ! 1"
= (WS =571 (2.70)
g//

x/ldt(t(l—t))
0

where S = ¢ and similar for S" and S”. In this relation, polynomials Py are given by (2.14)
with j = (d —2)/4.

The relations (2.69) and (2.70) hold for even S+ 5" — S”. For odd S + 5" — S” the
structure constants vanish.

0 /!
Cég,)e (w,w")

d/2—2 Pg(t,E—t)Pg/ (t—&‘, 1—t>-P[(E,0)Pg/ (0, 1—5)
t—e

Py (t, 1 —t) y

Commutator of the energy flow operators and the Virasoro algebra. Let us
apply (2.58) to find the commutation relations of the energy flow operator. It is convenient
to perform the conformal transformation (A.4) to switch from (1.3) to the equivalent
representation (see (1.16))

£.(n) = /_ O:O dz= e YT (0,27, 2). (2.71)

We recall that the stress-energy tensor is given by spin—2 operators (2.19). As a consequence,
the energy flow operator takes the form

1
(0) _ (0)
£ = sy —g T2
a2 \_ 1L (1/2)
gw (n)_ 2(d_1)‘-7w,2 (n)a
£W(n) = 73 (n), (2.72)

where jUSSQ) (n) is the spin—2 flow operator built out of fields of spin s. Here we inserted
the subscript (s) to indicate that these operators are defined in the free theory of scalars
(s =0), fermions (s = 1/2) and gauge fields (s = 1).

According to (2.58) and (2.62) the flow operators satisfy the relations

[T53(n), TS5 0] = 69D (n,0') [C1 (w0, 0) TSy (n) + B p(wi 2O, ()]

i

— W3(w + w')Qgs) (n,n'), (2.73)

where Céz)g(w,w’) is given by (2.69) and (2.70) for S = 5" = S5" =2 and ¢ =2 — 2s. The
second term inside the brackets only appears in the free scalar theory and it involves the
nonlocal operator (2.64). Being homogenous polynomials of degree S + S’ — S” — 1, the
structure constants in this case look as

C’é;)e(w, W) = (W —w)c® | (2.74)

where relative sign inside the brackets is fixed by the first relation in (2.54). Applying (2.69)
and (2.70) we can find the normalization constant

0 =2(d—1)(d—3), M2 =2(d—1), M =1. (2.75)
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Combining the above relations we arrive at the commutation relations of the flow operators
in d-dimensions

(€9 (n), 657 ()] = 817D (n,n') [( = W)EL] s (m) + G (') O s ()]

wtw’

— wW3(w + ) (n,n'), (2.76)

where the operator O ,(n) is defined in (1.10). The central charge c(*)(n,n’) is given by
QgiQ(n, n'), eq. (2.49), with the coefficients similar to those in (2.72)

0 1/2
L0 _ 0 (n,n') (12 _ Q2 (n,n')

Td-D@-3)2 ad—1)2 D=0 m,n).  (277)

For d > 2 it vanishes for n # n’ and diverges otherwise as (2.51). For d = 2 we have for
free scalars and fermions, respectively,

O, = 6’ Nims = 12

(2.78)

Let us examine the relation (2.76) in d = 2 dimension. In this case the stress-energy
tensor T__ = T__(x] ) satisfies the Virasoro commutation relations

(T (@), T ()] = (01 = 0o-) (T (a3 ey — 7)) + 5= (100-)0 (@ — ).
(2.79)

where 0;— = 0/0x; and c is the central charge. Using (2.71) we find that the energy flow
operator &, in d = 2 dimension satisfies the Virasoro algebra

€ Eur] = (W — @)Eurperr — 1—C2w35(w ). (2.80)

We observe that the relation (2.76) coincides with (2.80) (recall that the operator (1.10)
vanishes for d = 2) and identify the central charge to be ¢y = 2 and ¢, = 1 for the free
scalar and fermion, respectively. These values of the central charge are twice larger than
those of a real scalar and Majorana fermion in d = 2. The reason for this is that we treated
from the start the fields ® amd ® to be independent. In terms of the central charge this
amounts to doubling the number of fields.

A distinguished feature of (2.73) is that the expression on the right-hand side does
not contain operators of lower spin. For the flow operators j‘fsk)g(n) of spin S > 2, the
commutation relations (2.58) look as

(T8 (n), T (n)] = 6@ (n, 0 ) O (w,0) T g5 () + - (2.81)

where £/ = S —2s and fj,c = S+ 5" — 2 —2s. Here dots denote the contribution of operators
with lower spin S” = S+5"—2p with p = 2,3,.... Similar to (2.74), the structure constants
C’é;/)gm“ (w,w") are linear functions of w and w’

O o (w,w') = (S — D’ — (8" = D)w) i - (2.82)
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Using (2.69) and (2.70) we can find the normalization constant

21091 (§ 4+ 43 T (8 + 92 ) D(S + 8’ — 25— 1)

f(s)/ — |
Yo (28 + %) LS+1-25)I'(S"+1-2s)T (S + 9+ %)

(2.83)

For S = S’ = 2 the relation (2.82) coincides with (2.74).

W-algebra. Ind = 2 dimensions, the spin—2 operators satisfy the Virasoro algebra (2.79).
For the operators Og with spin S the commutation relations take a more complicated form

of W-algebra [31]

S1+S9—2
[0s,(21), Oy (@) = = > Wiy,%(i01,i05-) (Os, (21)8(a1 — 73))
5 Smm
—1-551752 e (18 )251+1(5(:c1_ -5 ), (2.84)

where the sum runs over operators with spin S3 of the same parity as S; + S2. The
minimal value of spin is Sy, = 2 for scalar operators and Sy, = 1 for fermionic operators.
These two cases correspond to Wo, and Wi algebras, respectively. The latter algebra
contains the additional operator of spin 1. The derivatives on the right-hand side of (2.84)
are described by functions Wg, g, 53 (p1,p2) which are homogenous polynomials of degree
S1 + S2 — S3 — 1. As we show in appendix D (see eq. (D.23)), the expansion coefficients of
Ws, 5,72 (p1, p2) are given by linear combinations of structure constants of the W-algebra.
The Virasoro algebra is a subalgebra of (2.84), it corresponds to Was?(p1,p2) = p2 — p1.

The W-algebra (2.84) leads to the following commutation relations of the flow opera-
tors (1.16)

S+5"—
CS
[jw,S; jw’,S’] — Z WSS’ (,u w )jw+w/ S — 65« S/(S((A} +w ) 25+1 12 (285)
s” Smln

Comparing it with the analogous relation (2.58) we observe that for d = 2 the two relations
take the same form. Matching the expressions on the right-hand side of (2.85) and (2.58),
we establish the relation between the structure constants of the two algebras

Clg?22€3 (w’w/) _ = Wé??SQSS (w7w/) ) SZ - EZ 2 27
i (w,w)| | = WHE) S (w,w), Si=l;+1>1, (2.86)

where W) and W(1/2) are the structure constants of the Wes and Wi, o algebras, respec-
tively. In the similar manner, the relation between the central charges looks as

&) =120 &/? =120 (2.87)

where di)) and Qgp) are defined in (2.50).

— 95—



Substituting (2.69) and (2.70) into (2.86) we obtain integral representation of the
structure constants of W-algebras

W(éé%)s”(w,w/): 2(2 26" 1 )(W+w/)s+s/_5//_1

/dtPSl/2 (t,e—t)PU"?) (t—e, 1—t) PG/ (t,1-1) (2.88)

" 32 23”—1 r_Qn
Wé%?,s (W7W/):_S(S(1)8/(5/)1)(w+w/)s+s 51

! (1) (1) (1)
x/ dtt(1—t)(t—e) P, (te—t) PY ,(t—e,1—t) P (£, 1—1), (2.89)
0

where ¢ = w/(w + w') and Pe(j )i given by (2.14) with the conformal spin j replaced by its
value (2.8), jy» = 1/2 and jg = 0 for d = 2. In addition, in the last relation we applied the
identity (B.2) and replaced Pg)) by its expression in terms of Pél_)Q. In agreement with (2.86)
the minimal values of spins in (2.88) and (2.89) are Syin = 1 and Spin = 2, respectively.

The structure constants (2.88) and (2.89) are homogenous polynomials in w and w’ of
degree S 4+ S — S§” — 1. Replacing the polynomials in (2.88) and (2.89) by their explicit
expressions (2.14) and carrying out integration, we can express Wéo),sﬂ and Wég/,z)sﬂ
as finite nested sums. For our purposes however it is advantageous to use the integral
representation (2.88) and (2.89). To best of our knowledge, the representation (2.88)
and (2.89) of the structure constants of the W-algebra did not appear in the literature before.

We have shown in the previous subsection, that, aside from §(¢~2) (n,n’), the commu-
tation relations (2.76) and (2.80) of the energy flow operators look alike at d = 2 and for
d > 3. The question arises whether similar relation holds between the algebras (2.58) of
higher spin flow operators for different d. As we show in a moment, for d = 4 the structure
constants (2.69) and (2.70) are related to the structure functions of the W-algebra (2.88)
and (2.89) in a nontrivial way.!!

We start with the structure constants (2.69) of the fermionic flow operators in d = 4
dimension. Replacing j, =1 and sy = 1/2 in (2.69) we find

8(28" +1)

(1/2) ¢
ng/ (7w) m(w

/)S—&-S’—S”—l

' (m M m
x/ dtt(1— ) PY, (e — ) PY (¢ —e,1 — )PE) (1,1-1), (2.90)
0
where S = ¢+ 1 and similar for S” and S”. The structure constants (2.70) of the scalar flow
operators in d = 4 dimension are given by (for j, = 1/2 and s, = 0)
CIO (w,w') = 2(28" + 1) (w + )5+ 5" 1 (2.91)

/ " P (e =) POt — 2,1 — 1) — PSP (e,00P5/? (0,1 - ¢)
t—e

Pon(t,1— 1),

where SZ = 67,

1We would like to mention that this is not the first time that the W algebra made its appearance in a
context of d =4 dimensional CFT. It was noticed in ref. [32] that properly regularized integrated two-point
function of the stress-energy tensors in d = 4 is proportional to the central charge of the W3 algebra.
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The above relations have a striking similarity to (2.88) and (2.89). Up to shift of spins,
S — S — 1, the integrals in the these relations only differ by the factor of (¢ — ). Taking
into account the properties of the Gegenbauer polynomials (2.14), the integrals in (2.88)
and (2.89) can be expressed in terms of those in (2.90) and (2.91) with shifted indices.
Namely, applying the identity (B.4) we obtain

(1/2)¢" 1 1—2e/ 9 4o, g, P
/ — i 1 ¢
Cy s 2(1_€)[2€+1(5w e +(L+1)e )
i "+ 1 ”
- 5(2 T é,,i 7" eawﬂ Rl (292
(0) 0" 4+2 . 1 1-— 28 —9 9
Coiopia ’d:Z =21 —9) [% 3 (EQw”(é +2)e %+l +1)e f)
o 3 N 1/2)0r
i 5(%” 1o s ﬂ Gl @99)

where ¢ = w/(w+w') and w” = w+w'. Here the operators et shift of indices as £ — £+ 1.

The relations (2.92) and (2.93) establish the correspondence between the structure
constants in d = 2 and d = 4 dimensions. Similar (but algebraically more involved) relations
can be derived for any even d by applying (2.69) and expanding the polynomials (2.14) in
terms of those in d = 2 dimensions.

Conformal Ward identities. Let us examine the commutation relation [£,(n), J. s/ (n')]
containing the energy flow operator (2.71). Combining together (2.72) and (2.81) we find

[Eu(n), T 51 (n))] = = ((8" = Dw — )64 (n,n) Ty 50 (') + ..., (2.94)

where dots denote the contribution of the flow operators 7,4, g (n') with spin S” = S"—2p
and p > 1. A close examination shows that it vanishes at small w as O(w?) for d = 2 and as
O(w?) for d > 2. This property is not obvious because the contribution of 7,4, s7(n’) to
the commutator of generic flow operators is accompanied by the structure constants (2.55)
which do not vanish for w — 0. The fact that the corrections to (2.94) vanish at small w
follows from conformal Ward identities.

To show this we examine the integral of the energy flow operator over the sphere
[d¥2n &, (n). Tts expansion at small w yields global charges

a2 _ o0 _ oW (@2 o) 3
/d nEu(n) = Q0 —iwQW + QP + 0. (2.95)

We find using (2.71) that the expansion coefficients are given in the z-coordinates (A.4) by
Q) — / 42 / dz= () T__ (0,27, 2), (2.96)

with k& > 0. Integrating both sides of (2.94) over the sphere and taking into account (2.95)
we find for arbitrary d

[Q(0)7 jw’,S’ (n/)] = W,jw/,S’ (n,) )
[Q(l) s Tt 5 (n/)] = i(w’@w/ - S+ 1)\7“,/75/(71/) . (2.97)
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In addition, for d = 2 the vanishing of O(w?) corrections to (2.94) implies
Q) o] = = (w82 = 25" = 1)0s ) Tur 1 - (2.98)

For d > 2 the right-hand side of this relation contains the additional terms involving the
flow operators of smaller spin J,y g—2,(n’) with p > 1.

The relations (2.97) follow from the observation that the operators QW and QM coincide
with the total momentum and Lorentz boost operators, Q©) = P_ and QW) = M,_. As a
consequence, their commutation relations with the conformal operator Og/ (0,27, z) are

i[Q®,04(0,27,2)] = 8,-0g/(0,27, 2)
/L[Q(l)v OS’(O7 Zﬁ) Z)] = (Ziazf + S/)OS’(Oa Zia Z) . (299)

Taking the Fourier transform (1.16) on both sides we arrive at (2.97).
To see why (2.98) only holds at d = 2, we examine the generator of special conformal

transformations
K™ = /dz*dddz (227 2" = 2%g)T,_(0,2", 2)
- /dz—dd—2z (27T — 227 20 To + 22T ], (2.100)
where in the second relation we replaced z” = (21,27, 2) and z = 2, (witha =2,...,d—1).

For d = 2 only the first term inside the brackets survives and K~ /2 coincides with the
operator Q). As a consequence,

i[Q®,045/(0,27)] = ((27)%0,- +25'27)0g/(0,27), (2.101)

leading to (2.98) after the Fourier transform (1.16). For d > 2 the operators K~ /2 and
Q®? differ by terms containing transverse components of the stress-energy tensor which
invalidate (2.101).

Because the relations (2.99) follow from the Poincaré symmetry, they also hold in an
interacting theory. The same is true for the relations (2.97). Going back to (2.94) this
suggests that the contribution of the flow operator J,4..s(n') to (2.94) is protected from
quantum corrections.

In a close analogy with (2.95), we can define the global charges associated to spin S
flow operators

N2
/ d2n 7, 5(n) = QW —iwQY + (“‘Q’)ng) + 0. (2.102)

Then, it follows from (2.58) that

S+8'—2

QY Tus ) = 3 (@) fs S T s, (2.103)

S"=2s

where the sum runs over spins S” of the same parity as S + .5’ and we took into account
that Cpp?" (0,w') = ()35 =5""1f545". The explicit expressions for the normalization

~ 98 —



constants fgg°" can be found from (2.69) and (2.70). As compared to the first relation
in (2.97), the right-hand side of (2.103) contains the flow operators with lower spin. Apply-
ing (1.16) we can obtain from (2.103) the action of the charges ng) on the leading twist
operators Og/ (0, 27, z). We verified that in d = 3 dimensions, the resulting expressions for
[Qg?), Og/ (0,27, z)] coincide with the analogous expressions derived in refs. [33, 34].

3 Commutator of the energy flow operators in interacting CFTs

In the previous sections we analyzed the algebra of the light-ray operators J,, ¢ built out of
conserved currents in the free theory (and bilinear scalar operator of dimension A = d — 2
and spin S = 0). In a generic interacting CFT the only conserved current is the stress-energy
tensor and, possibly, the spin one conserved current. The remaining operators develop
anomalous dimensions. In this section we address the question: which operators contribute
to the commutator of the energy flow operators [&,,, (n1), Ew,(n2)] in an interacting CFT?

To answer this question, we consider the three-point function

(0][Ewy (n1) Euy (12)]OA s ()]0), (3.1)

where O g(x) is a conformal primary operator of scaling dimension A belonging to an
irreducible representation S of the Lorentz group in d dimensions. Because the energy flow
operator &,(n) is given by the integrated stress-energy tensor, the correlation function (3.1)
is different from zero provided that O g(x) can appear in the OPE of two stress-energy
tensors.

To simplify the computation we choose w; < 0, we > 0 and wy + wy < 0. In this case,
we use the fact that (0|&,,(n2) = 0 for wy > 0, see ref. [6], to get

(01[€wr (n1), €y (n2)] O 5 (2)[0) = (0], (111) €y (n2) O 5(2)[0)- (3-2)

Replacing the energy flow operators with (2.71), we can express the right-hand side of (3.2)
as the light-ray transform of the underlying three-point function

e—0

lim / dzydzy e 1 TR (0IT (6,217, 21)T- (0,25, 22)Oas(23)0),  (3.3)

where we wrote the light-ray operators in the null plane representation, see (1.16). The
reason for introducing € — 0 limit will be clear in a moment. The correlation function
in (3.3) is fixed by conformal symmetry up to a few constants.

To correctly compute the commutator (3.2), it is important to regularize the product of
the two stress-energy tensors in (3.3) by separating them in the ‘4’ direction by a non-zero e.
Doing the light transform and taking the limit ¢ — 0 we can identify the distributional terms
localized at z; = z3. Introducing non-zero € introduces the regions in the light transform
where the detectors are null (and timelike) separated. In this region the two detectors can
communicate with each other, and this cross-talk produces a nontrivial commutator in the
€ — 0 limit. By setting ¢ = 0 before doing the light transform this communication region is
pushed to infinity (in variable z; — 25 ) and is not properly resolved.
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At the technical level, this can we understood as follows. The choice of the signs of w;
dictates the direction in which the integration contour in (3.3) can be deformed. For w; < 0
we can deform the integration contour for z; to the upper half-plane, for wy < 0 we can
deform the integration contour for z; to the lower half-plane. The ordering of operators
in (3.3) dictates that the correlation function depends on z; — z; — 0, 2; — 23 — @0, and
25 — 25 —i0. In particular, as we evaluate the integral over z, by deforming the contour into
the lower half-plane only the singularity coming from x%, = 2¢(2; — 25 —i0)— (21— 22)2 =0
produces a nontrivial contribution. To correctly capture it is necessary to keep € # 0 when
doing the light transform.

We first consider the case when Oa g(z) is a traceless symmetric tensor in Lorentz
indices of even spin S. We then show that the operators with twist 7 = A — S5 > d — 2
do not contribute to (3.2). This implies that the spinning operators (with S > 0) which
are not conserved currents cannot appear in the commutator of the energy flow operators
[Ewy(n1), &y (n2)]. On the other hand, conformal operators with zero spin S = 0 and
dimension A < d — 2 produce an infinite contribution.

At d = 3 the three-point functions of conserved currents can contain additional conformal
parity-odd structures involving the Levi-Civita tensor [35-37]. This leads to the possibility
that operators with odd spin S = 5,7,9,... can appear in the OPE of the stress-energy
tensors. We find that such operators do not contribute to the light-ray algebra.

For d > 3 more general representations S of the Lorentz group appear in the OPE
of two stress-energy tensors [19]. For simplicity we only consider d = 4. In this case, the
relevant representations are characterized by a Young tableaux with two rows of length J
and j (with J > 7). Following [38], we shall refer to J and j as spin and transverse spin,
respectively. In the OPE of two stress-energy tensors only representations with j < 4 can
appear. We show that the representations with j # 0 do not contribute to the light-ray
algebra. We expect that the same should be true for d > 4.

3.1 Symmetric traceless tensors in d dimensions

A general expression for the three-point function (7)., (21)Tpe(22)Op, .. us(23)) can be found
in appendix A of ref. [36], we do not present it here.!?

Let us start by considering the simplest case of the scalar primary operator. The
relevant three-point function takes the form

ATTO
d+2— A
(23,) 472 2 (a33233)

—2(2+ At d? = d(A+1))ViVaHio+ ((d—1) A2 =2(d—1)dA+ (d—2)d(d+1)) HE |,

(T (1) T —(22)On(23)) =

[A(A+2)(d—2)va22 (3.4)

w| >

where we follow the notations of ref. [36]. We next would like to compute (3.3). As a first
step, we use differentiation by parts to rewrite the integral in (3.3) as follows

e~ w1z —iwazy

D(0,,, 0uy) / dzrdzg _ — (3.5)
(235) 727 2 (a%503,) 2

12This does not include parity odd structures in d = 3 and d = 4 which we consider separately in the
following subsections.
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where 21 = (¢, 27 ,21) and z2 = (0, 25, z2) in the light-cone coordinates and the explicit
form of the differential operator D can be found starting from (3.4).

We compute the light-ray transform (3.5) in appendix E. We then act with the differ-
ential operator and take the limit ¢ — 0. The result is that the leading contribution takes
the form

A—(d—=2) .,
[Eun (1), Euy (n2)] ~ €2 692 (n1,m) fy a (w1, wW2) Tooy 41z, 5=0(n1), (3.6)
where € — 0 and fga(w1,w2) is a known function that can be written as a sum of o F}
hypergeometric functions. We see that scalar operators with A < d — 2 produce divergent
contribution to the light-ray algebra, whereas scalars with A > d — 2 do not contribute.
For scalar operators of dimension A = d — 2 we get for wiwy < 0

I (w1, ws) ~ wiwsy o F, Lg - ‘1—{—“1 (3.7)
d,d—2\W1, W2 w2241 d—2 wo .

One can check that fgq_2(wi,w2) = —fga—2(w2,wr).

Let us comment on the ew scaling in (3.6). It can be immediately understood by
examining behaviour of the correlator (3.4) in the limit 2, = O(¢) and € = x{, — 0 before
doing the light transform. In this limit, the conformal-invariant tensor structures in (3.4)
scale as V1, Va ~ O(e, 225) and Hyz ~ O(€?) leading to

€l

(T-—(21)T-—(22)Ona(z3)) ZC A))dQ—i—z— (3.8)

where the coefficient functions C,EA) depend on x19 and x93. To probe the distributional
term in (3.6) we replace x; = (¢, 27, 21) and z2 = (0, 25 , z2) and integrate the correlator

around the point z; = z9. The relevant integral takes the schematic form

/ € dd 2
(x? —2€e(2] — 25 — iO))d_Z‘H_%

d d ;A _
= eAi(zdiz) (27 — 25 —10) Ai(d;mizl F(2 1)F(,2 +AZ 2 D

+ O(e)) , (3.9)
where & = z; — z9. Note that the dominant contribution to the integral comes from a2 ~ e.

This is how we proceed below. We first analyze the behavior of the three-point function
to understand the expected scaling with €. In cases when we get a nontrivial contribution
to the light-ray algebra, we do the light-ray transform to compute it.

Let us consider next spinning operators Oa s(z,w) = O (x)wy, ... w,y, where S
is an even positive integer. Unitarity bounds states that 7 = A — S > d — 2, with conserved
currents saturating the bound 7 = d — 2.

In the same fashion we find that the three-point function scales for 23, — 0 and

i, =¢—0as

(T (@) (@2)0n @) = Y (310)

~ 31—



where dots denote less singular structures which will not play any role in our analysis.
(A,9)

Here the coefficient functions c; depend on x13, x23 and ws. They can be straightfor-
wardly computed using expression for the three-point function from appendix A in [36].13

From (3.10), by integrating the correlator over z; — zo, we get

T—(d—2)
€0y (1), Euy(n2)] ~ €2 69D (1, n2) Ty 1.5 (121), (3.11)

for € = 0. We immediately conclude from this relation that only conserved currents with
7 = d — 2 contribute to the algebra!

In the previous section we studied the case of free theories which contain infinitely
many conserved currents that furnish a nontrivial light-ray algebra. In a generic interacting
CFT the only conserved currents are spin-one and the stress energy tensor. Focusing on the
commutator (3.2) only the stress-energy tensor contributes to the algebra. To understand
its contribution, recall that the three-point function in a generic interacting CFT takes the

following form'*

(TTT)cpr = ng(TTT) g + 1y (TTT) g + np(TTT) F, (3.12)

where ng,ny, np are parameters of the theory and (I'TT);—4 r are conformal tensor
structures computed in three free theories describing the complex scalar (¢), the Dirac
fermion (1) and gauge field (F), see appendix B in ref. [16].1° Their explicit form can be
found for example in appendix C of [20]. Conformal collider bounds [4] together with the
arguments [21, 22| imply that in interacting CFTs

Ng , Ny s NE > 0. (313)

Using the conformal Ward identites we get from (3.12) that the two-point function of the
stress-energy tensors (T'T') is proportional to a linear combination

Cr = nngr}@ + anz@) + nFCé‘VF) , (3.14)

where C:(Fi) comes from the two-point functions (T'T); in the corresponding free theories.
For example, for the free complex scalar we have [29]

2(d
clo) _ dr (2) (3.15)
T 7 2(d—1)nd’ '
To compute the contribution of (3.12) to the commutator [E,, (n1), Ew,(n2)] we can use
the results of the previous section for free theories. In this way we get
[Eur (1), £y (n2)] = 8972 (1, mo) (wn — wn + i Wi fy (w1, w2) ) Euy i (m1) + -
(3.16)

13In particular, the relevant conformal tensor structures scale as Vi,Va = O(e,23,), V3 = O(1/z3,),
His = 0(62) with His,Hoz = O(l)

In d = 3 the vector structure is absent, and there is an additional parity odd structure. The latter
however does not contribute to the algebra.

15This theory only exists in even d, but the resulting three-point function can be analytically continued to
arbitrary d.
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where dots denote the contribution of the remaining operators. Here iy wiw3 f,(w1,w2)
is an extra contribution coming from (TTT)y4 to the light-ray algebra. We compute it in
appendix F with the result

o
Cr

3.2 Parity odd structures in d = 3

B d+2
fo(wi,we) = —w33 o Fy (3,2,d+2,1+ Z;) (3.17)

Ng = Ng

In d = 3 dimensions only symmetric traceless representations appear in the OPE of two
stress-energy tensors. A special feature of d = 3 however is that there are new parity odd
conformal structures that can appear in the three-point functions. These go beyond the
analysis done in the section above and therefore require a separate consideration.

As a simple example let us consider a parity odd structure in the three-point function
involving the scalar primary operator

S3(ViVa(A +1) + Hia(A - 3))
(T-—(21)T-—(22)OA(23))oda ~ = 5 : (3.18)
(v15) 2 (213233)2

where the definition of S3 can be found in ref. [35]. In the coincident detector limit, 225 — 0
and x5 = € — 0, the new parity odd tensor structure behaves as

2
Ss ~ O< <« ) , (3.19)

21237 |2 123

where x is the separation between detectors in the transverse direction x = z1 — zo. Odd
powers of  do not contribute to the integral (3.9) and therefore do not contribute to
the algebra.

Repeating the same analysis as above we get that the most singular structure generated
by the three-point structure (3.18) takes the form

w|>

(3.20)

/ et dx
ar1 €
(22 #—6,'471_2)577+

As a result, in a unitary CFT with A > % the odd structure (3.18) does not contribute to
the algebra.

For S = 1 the three-point function of interest does not exist. For S = 2 there exists a
parity-odd correction to the three-point function of the stress-energy tensors

S1 <2V12V2V3 + H12H13)
(T _(21)T-_(22)T (23, w3))0dd ~

|712/%| 21317223 eyelic (3:21)
We found that this structure does not contribute to the light-ray algebra.

For high spin operators the situation looks as follows. There exists a unique parity odd
structure (T _(x1)T-_(22)Oa,s(23,w3))odd for even spins S > 2 and for odd spins S > 5.
We checked explicitly that it does not contribute to the algebra for a few lowest spins. We
expect the same pattern to continue for arbitrary S.
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3.3 Mixed tensors and parity odd structures in d = 4

In d = 4 dimensions the OPE of two stress-energy tensors receives contribution from
symmetric traceless even spin operators discussed in section 3.1, as well as from two
additional classes of operators.

First, there are traceless symmetric odd spin operators which produce parity odd
structures in the correlation functions. Second, we have to include into consideration more
complicated representations of the Lorentz group, the so-called mixed-symmetry tensors [19].
In spinor notations they are described by tensors O(a1..‘ak)(d1...o'z,5) which are completely
symmetric in chiral and antichiral indices. They are conveniently characterised by the spin
J = (k + k)/2 and transverse spin j = |k — k|/2 which define the length of two rows in
the corresponding Young tableaux [38].'¢ The OPE of two stress-energy tensors involves
operators Op j; with the possible values of transverse spin 0 < j < 4. It is convenient
to use index free notations for the operator and project its spinor indices onto auxiliary
spinors s* and 5%

On,jj(z,w) = O(al...ak)(o‘q...d,;)(33)5@1 e L (3.22)

where w® = s%5% = wk(0,)*? is a light-like vector in the spinor notations.
The general form of the three-point function involving (3.22) and the stress-energy

tensor was found in [39, 40]. It takes the following form (for simplicity we assume that

k> k)

(T__(21)T-—(22)On s j(w3,w3)) = G,Ml . S Ay (ﬁlQ)kl (ﬁQl)kz (f[13>k3

(95%2) > (w13233) 2 {ki}

) () )" ) (1) () ()™ ()" ()

(3.23)
where non-negative integers k; satisfy the relations
ki+ks+kr =2, ko + ks +ky+ ki1 + k=2,
ko + ks + ks =2, k1 + ke + ks + k1o + k12 = 2,
ki+ke+ko=J—7, ks+ ks +ko+kio+tkni=J+7. (3.24)

The definitions of various conformal tensor structures entering (3.23) can be found in
appendix D of [40]. In the spinor notations they look as

I = [5;|zi5s5),

~ 1

T = —5 lulowizsajlse), (3.25)
i

» .

Ky = M@imikiﬁkﬂsﬁ,

el

For d > 4 more complicated representations are possible but we do not consider them here.
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where the auxiliary spinors satisfy w§® = s§5¢ and n%* = s#5¢ (with i = 1,2) for the
particular choice of polarizations of operators in (3.23). The relation between the tensor
structures (3.25) and analogous tensor structures used in section 3.1 can be found in
appendix A of [41].

In addition we need to impose permutation symmetry of (3.23) with respect to points
1 and 2, as well as the conservation condition for the stress-energy tensor. This leads to
linear relations between Agy,y. These steps are implemented using the Mathematica package
CFTs4D [40].

We then consider the limit #2, — 0 and z; ~ € — 0 relevant for the light-ray operator
algebra. In this limit we have from (3.25)

ﬁmaﬁm,j%&j%?,’vo(xﬁ)» j:fQNO(l/x%Q)v

x23 113 Ty ip—iat 12 + 12
R, KRE~0 (M = ) R~ O(ahlenl, (2l —iad)lenl),  (3.26)
with the remaining tensor structures 13,123 131 132 — O(1). Notice that the K —structures
depend on holomorphic component of the relative transverse coordinate, [s3|zi2|s1) =
w1y —ix?,. To produce a nonvanishing contribution to the integral over the transverse
coordinate 12 = (715, 7%,) (see (3.9)), they should be accompanied with the analogous
structures depending on the holomorphic component, e.g. 113 =123 ~ [5)|z19]s3) = 21y +iz2,.

Using these formulas and going through the same steps as in the previous section, we
found that the contribution of the operators (3.22) with transverse spin j to the light-ray
algebra takes the following schematic form (for € = 27, — 0)

T+j—2

(€1 (N1), Euy(N2)] ~ € 2 6(2)(n17nZ)fA,J,j(WlaWQ)jwl-i-wQ,J,j(nl)7 (3.27)

where the light-ray operator J,,, 4,.j(n1) is defined similar to (1.1). The explicit expression

for the coefficient function fa_j (w1, ws) is not important for our purpose. The formula (3.27)
generalizes (3.11) to the case j # 0 in d = 4.

The expression on the right-hand side of (3.27) depends on the twist 7 = A — J of the
operator (3.22). Unitarity bounds for such operators take the form [42]

T > max{2,j}. (3.28)

Combining this relation with (3.27) we observe that operators with 7 > 0 do not contribute
to the light-ray algebra.

It would be interesting to generalize the analysis of the present section to d > 4. In
this case more representations of the Lorentz group appear in the OPE of two stress-energy
tensors, see [19] for details.

3.4 Commutation relations and the Jacobi identities

Let us summarize the results of this section so far. We have observed that the commutator
of the energy flow operators in a generic, interacting CFT is given by

[ (n1), €y (n2)] = 5(‘1_2)(”17”2)[@2—% it f 5 (w1,w2))Eun s (1) = Cwid (w1 +wa) + . -},
(3.29)
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where 74 fy(w1,w2) arises from the free scalar structure in the expression (3.12) for the
three-point function of the stress-energy tensors.!'” The dots denote the contribution from
light scalar primary operators of dimension % < A < d—2. The operators with twist
T > d — 2 produce vanishing contribution to (3.29).

Given the expression (3.29) it is tempting to ask if the commutator satisfies the Jacobi

identity
(€, (1), Eusy (12)], Eu (m3)] + eyclic = 0. (3.30)

As opposed to the free theories, one can easily see that in a generic, interacting CFT the
Jacobi identities (3.30) are not satisfied. This sounds puzzling since we expect the Jacobi
identity to hold as a consequence of crossing. Indeed, let us start with the four-point
function (T'TTO;). We can ask if the operator algebra generated by the OPE satisfies
the Jacobi identity at the level of the correlation function of local operators. This is of
course nothing but the statement of crossing symmetry applied to the four-point function
(TTTO;). How is it possible then that the identity (3.30) fails?

The resolution of the puzzle is that the commutator [E,, (n1), &y, (n2)] in d > 2 CFTs
requires a regularization. In this section we defined the commutator by first separating the
light-ray operators in the ‘+’ direction by distance ¢, and then taking ¢ — 0. Let us denote
the commutator at finite € as [E,, (n1), &y, (n2)]e. We then expect that the following sum
rule holds

lim ([[r (71), €y (2], Euy (m3)]c + cyelic) = 0. (3.31)

There is an important difference between (3.30) and (3.31). According to (3.11), the
contribution of the operator O ¢ with twist 7 = A—S to the commutator [£,, (n1), Eu, (12)]e
vanishes as e# T +ws,s for 7> d — 2. Performing the light-ray transform of the three-
point function (I'T'Op g), one can show that [T, 4w, (n1),Ews(n2)]e receives a singular
contribution e% Eu1+ws+ws Which precisely compensates the factor e# coming from
the commutator of the energy flow operators. Therefore, we conclude that the operators
with twist 7 > d — 2 do not contribute to (3.30), but they do contribute to (3.31).

The conclusion is that in a generic CFT we expect that the Jacobi identity (3.30)
receives contributions from infinitely many operators when inserted inside the correlation

function, e.g.
i ([[E., (71), €y (12)]e, Euy (n3)]e + cyelic) T) = 0.

e—0

One might wonder what kind of sum rules can be obtained in this way, but this goes beyond
the scope of the present paper.

Instead, as we discuss in the concluding remarks, we can use (3.29) to write simpler
sum rules which generalize the superconvergence sum rules [9] and connect to the dispersive
sum rules [43, 44].

1"Recall that in an interacting CFT we expect such structure to be always present in the three-point
function of stress-energy tensors [21, 22].
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4 Contact terms in Mellin space

In this section, we apply the obtained results for the algebra of light-ray operators to
understand the properties of (generalized) energy-energy correlation in N =4 SYM

EEC(Z’wl’WQ) = <O’¢Tgw1 (nl)ng (n2)¢(Q)|O> ) (4'1)

where ¢ and ¢ are the half-BPS scalar primary operators in the representation 20’ of the
R-symmetry group (see ref. [6] for details).

The initial state ¢(q)|0) carries the total momentum ¢* and the energy flow operators
€y (n1) and &, (n2) mimic two calorimeters detecting the particles propagating in the
directions specified by null vectors n; and ng. The function (4.1) depends on dimensionless
scaling variable

q2 (n1n2)

= Sgm)(gns) 42

satisfying 0 < z < 1, and two dimensionless frequencies &; = 2w;(qn;)/q¢*>. To simplify
notations, we will not display the additional factor in the expression for w; and shall treat
w; as dimensionless variables.

For w; = wy = 0, the function (4.1) coincides with the conventional energy-energy
correlation. A powerful approach to computing this function was developed in refs. [18, 25].
It was recently applied to the generalized energy-energy correlation (4.1) with w; # 0 in [6].
The approach relies on the Mellin representation of the correlation functions and yields the
following expression for the generalized energy-energy correlation

EEC(z,w,ws) = EECY® (2, wy,ws) + EECM (2 01 w)) (4.3)

where EECY® describes the tree-level (zero coupling) contribution and EECMellin

is given by
a convolution of the Mellin amplitude of the correlator and a kinematical kernel depending

on dimensionless variables z and w;

EECMeHin(Z, Wi, wg) = / %KEEc(jl,jglz,wl,WQ)M(j17j2> . (44)
The explicit form of Kggc(J1, 2|2, w1, ws2) can be found in the ancillary file contained in
the submission of ref. [6].

The results obtained in refs. [6, 18, 25] apply when the detectors are located at separated
points on the celestial sphere ny # ns. In this case, the energy flow operators commute
and the function EEC(z,w;,w2) is symmetric under the exchange of the detectors. The
commutation relations (1.13) imply that this property does not hold if the detectors are
oriented along the same direction n1 = ng, or equivalently z = 0. It follows from (1.13) that
EEC(z,w1,ws) — EEC(2,wa,w1) ~ 6(2).!8 It is natural to ask to what extent the analysis
in Mellin space can be generalized to also cover such contact terms. This is the subject of
the present section.

¥ The locus z = 0 corresponds to ni1 = na, as such 6‘172(711, n2) that we used in the previous sections
becomes 0(z) up to a trivial constant pre-factor.
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Let us start with an important subtlety which we already discussed at the beginning of
section 3. In doing the computations in the papers mentioned above, the detector operators
were first placed to future null infinity, and only then the integral over working time of
the detector, or the light transform, was performed. It is possible to check that if we were
to do this in the previous sections of the present paper we would miss important contact
terms that produce nontrivial contributions to the commutator. As a result, if we want to
correctly capture the commutator the analysis of [6, 25] is not obviously applicable.

At the technical level, the subtlety arises from the treatment of the separation between
detectors (z3,)%2 in the definition of the Mellin amplitude. If we do the light transform
first, we can potentially pick the poles from 22, = 0 which are sensitive to the light-ray
commutators. If we, on the other hand, take the detectors to null infinity first, the 2%, = 0
poles never contribute to the light transform.

There is another possibility for poles 22, = 0 not to contribute even if we want to
discuss the locus ny = na. If the light-ray operators are ordered as &, >0(n1)Ew,<0(n2) then
by evaluating the light transform we will not get the contribution from the x%Z = 0 poles
due to the ie prescription, which takes the form t; — to — i€, where we used the detector
time from the definition (1.1). For w; > 0 we can deform the ¢; contour to the lower
half-plane, and given that wy < 0, the t5 contour to the upper half-plane, so that the pole
at Im[t; — ta] = € never contributes.

In principle, it should be possible to generalize the analysis of [6, 25] to include such
contributions, but here for simplicity we only restrict our consideration to the particular
ordering &, >0(n1)Ew,<0(n1) for which the contact terms in the event shapes can be simply
computed using the formulas of [6, 25] as we explain below.

4.1 Zero frequencies

Let us first consider the conventional energy-energy correlation corresponding to w; = wo = 0.
In this case, we have (see refs. [6, 25])

EEC"®(z,0,0) = %(5(2) + (1 — z)) ,

—2—j1—J2 Jitg2—1
_—Z 1—2z . 4.5
2sin7(j1 + j2) ( ) (4:5)

Kggrc(j1,4200,0,2) =

In order to reveal the origin of contact term §(z) in the Mellin integral (4.4), we change
integration variable to j = j; + jo and rewrite (4.4) as

—e+100 dj 1

Mellin _ .
EEC™™(2,0,0) = /_E_ioo Tmmf(%z% (4.6)
where the notation was introduced for
) 27 i dj1 o
f(,2) = S (1—2) 1/%]\4(]1,] —j1). (4.7)

To find the leading behaviour of (4.6) at small z, we deform the integration contour to
the left and pick up a residue at the rightmost pole of f(7,z). Imagine that it is located at
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j = —1 and the function f(j,z) has the following expansion around it

. f-1(2)
=—" el 4.
162 =28 4 ey + (49
Then, we expand 1/z'*(%7) around j = —1 using the identity
1 1 1
T S e+ LL+..., (4.9)

where the plus distribution is defined as [ dz ¢(z)[ 1, Jyd #(0))/z for an

arbitrary test function. In this way, closing the contour in (4.6) to the left we get

EECM(2,0,0) = — f5(0)d(2) + f-1(0) u PR (4.10)

Let us apply the relations (4.7)—(4.10) to the leading expressions for the Mellin amplitude
M (41, j2) at weak and strong coupling

- a (ji + o)’
Mweak(]th) — _ZW
] 1 . . 2 1 . .
Mstrong(jl’]é) — _5(.71 +.72) ( ‘+ J1 +.72) ’ (411)
J172

where a = ¢2,;N/(47?%) is the 't Hooft coupling constant. Substituting these expressions
into (4.7) and (4.8) we get

, f(\)zveak (0) —

LR =

() =

) =

)

IS~
N N <)

=)

(4.12)

Combining these relations with (4.10) we reproduce the known expressions for the energy-
energy correlation at small z.

For example, at strong coupling we get from (4.3) and (4.10)
EECS™08 (2, 0,0) = 1((S(z) +8(1-2)) - 1(5(z) +8(1—-2)—2) = 1 (4.13)
b b 4 4 2 )

where the first term comes from EEC'® and the second one from EECMe® Notice that
the contact terms cancel in the sum of two terms as expected (see ref. [4]). The origin of
—15(2) term in EECM®'™ was explained above. The presence of —1(6§(1 — z) — 2) can be
equally detected by computing the moments fol dzzNEECMein (4 0,0).

4.2 Finite frequencies

Let us now consider generalized energy-energy correlation (4.3) and (4.4) for w; # 0. For
the sake of simplicity we restrict our consideration to w; > 0 and wy < 0 and denote the
corresponding function (4.3) as EEC,_(z, w1, wa).
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In this case, we have in N' =4 SYM theory'’

EECtree(z Wi wQ) — (w%—|—6w2+6)(w%+6(w2+1)w1—|—6(w2-|-1)2)

O(1+w2)d(2)

144(wo+1)
(W H6w1 +6) (WS +6(wi+ Dwa +6(wi +1)%) )
144 (o 1) #1-e)ole)
2 2
+(wl+6w1+iﬁ’2+6m+6)9(1+w1)0(1+wz)5(1—z)~ (4.14)

It is easy to check that for w; = wp = 0 this relation coincides with the first relation in (4.5).

As in the previous section, the contact term d(z) in EECYN (2 wy wy) arises from
small z behaviour of the kernel Kggc(j1,J2|2,w1,w2) in (4.4). Using the explicit form of
the kernel we find

1

Zl+(1+g1+52) © (4.15)

Kgrc(J1, jo| 2, wi, w2) ~

Going through the same steps as in the previous section, we obtain the following result for
EECIXIEIHH at strong coupling for w; > 0 and —1 <wy <0

(w? + 6wa + 6)(6(wa + 1)2 + 6wy (w2 + 1) (woz + 1) + w?(wez + 1)?)
72(wez 4+ 1)3
(w3 + 6wz 4 6)(wi + 6(wz + 1)wi + 6(wz + 1)) 5(2)
144(wy + 1)
(w? + 6wy + 6) (w3 + 6ws + 6)
B 144

EECI\JF/ISIHH (Z, w1, (A)Q) =

5(1—z). (4.16)

Substituting (4.14) and (4.16) into (4.3) we observe that the contact terms cancel in the
sum of two expressions leading to

(W3 +6w2+6)(6(wa+1)%2+6w; (wa+1)(wez+1)+w?(waz+1)?)

EECstrong —
- (Bwnws) 72(w2z+1)3

(4.17)

Thus, the generalized energy-energy correlation does not contain any distributional
terms at strong coupling. This is indeed consistent with the following simple observation.
Taking into account that the energy flow operator &,(n) annihilates the left (or right)
vacuum for w > 0 (or w < 0) we can write for w; > 0 and wy < 0

EEC;—(z,wi,wa) = (0[81, &uy (n1)][Eus (n2), 6]]0) . (4.18)

Following [9], we can insert a complete state of states between the two commutators to get
the OPE representation of EEC, _(z, w1, ws). At strong coupling only ¢(x) itself contributes
at leading order in 1/N2, due to the familiar suppression of the double trace operators
in the double commutator. We do not expect to get any distributional terms from the

19Here we ignore the contribution of the disconnected correlator which is localized at z = 0 and in addition
is proportional to d(w1 + w2). We also write down the tree-level expression that is valid for any signs of w;.
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exchange of ¢(x), hence we get a regular result in agreement with (4.16). This is a very
nontrivial check of consistency of our approach.

If we, on the other hand, exchange the flow operators in (4.1) the same argument does
not apply because for w; > 0 and we < 0 the function EEC_ (z,w2,w;) cannot be writen
as a double commutator. In particular, the double trace operators are not suppressed in this
case and they eventually generate the nontrivial contact term d(z) in EEC_ 4 (z, w2, w1).

4.3 Asymmetry

As was mentioned above, the commutator of the energy flow operator controls the asymmetry
of the energy-energy correlation, EEC(z,w1,ws) — EEC(z,we,w1) ~ 6(2).

Let us first consider the limit of zero coupling in N' = 4 SYM when the Mellin
contribution to (4.3) is absent. It follows from the algebra (1.9) that

1 _
EECtree(z, wl,wg) —EECtree(z7 w2, CU1) = 15(2’/) <(w2 _w1)€w1+w2 (nl) +w%w50w1,¢@ (n1)>tree )

(4.19)

where an average on the right-hand side is taken with respect to the state |¢(g)) containing in
the free theory two on-shell scalar particles with the total momentum ¢, in the representation
20’ of the R-symmetry group (see ref. [6] for details). The relevant one-point functions take
the form

2
<gw(n)>tree =14+w+ wf ,

6
<O¢;1 w2 (1)) tree =

W1 — W
36(1 + wl)(l + LL)Q) ’

(4.20)

We can use (4.14) to check that the light-ray algebra identity (4.19) is indeed satisfied.
Notice that the first relation in (4.20) is protected from corrections in N' =4 SYM.

The situation becomes more interesting at finite coupling. We show in appendix F that
the operator Ou(fi),w is given by the sum of light-ray operators (1.1) of an arbitrary spin
S. In N/ =4 SYM the operators with S # 2 acquire anomalous dimensions. Their twist
satisfies 7 > 2 and, as a consequence, they do not contribute to the light-ray algebra. The
only operator that contributes is the stress-energy tensor. This leads to the algebra (1.15).
As a consequence, the energy-energy correlation satisfies

EEC(z,w1,ws) — EEC(z,ws,w1) = %5(2)((,02 —wy + %f(b(wl,wg))(é‘wﬁw? (n1)). (4.21)

Combining this relation with (4.3) and (4.19) we expect that the following identity holds in
N =4 SYM at finite coupling

EECMeHin(Za wi, w2) — EECMeHin(Z, wo, wl)

= 10(2) | 15 folw1,00) Eu s (1)) — RB(OG, Ly (1)) (4.22)

where the one-point functions on the right-hand side are given by (4.20). It would be
interesting to derive this relation by an explicit computation.
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5 Concluding remarks

In this paper we explored commutation relations of the light-ray operators (1.1) built
out of local operators in a d-dimensional CFT. The commutator of these operators
[Jw,5(n), Tor.s(n')] is localized at n = n/, when both operators are pointed in the same direc-
tion on the celestial sphere. We argued that it has different form in free and interacting CFTs.

We demonstrated that in a free theory in d dimensions, the flow operators form a closed
algebra and derived the explicit expressions for the corresponding structure constants and
the central charges. In d = 2 the light-ray operators are closely related to generators of
infinite-dimensional symmetries of CFT9. More precisely, the light-ray operators of spin
S =2, or equivalently the energy flow operators, are generating functions of the generators
of Virasoro algebra. In the similar manner, for d = 2, the light-ray operators of higher
spin are related to the generators of the W, algebra. We found that in the free theory
of complex scalar and fermion in d = 4 dimensions (and, more generally, for any even d),
the structure constants of the algebra of the light-ray operators are related to those of the
Virasoro and W, algebras by a linear finite-difference relation.

Defining the light-ray operators (1.1) in free CFTs, we have chosen the conformal
operators to be built from two fundamental fields of the same type (scalars, fermions
and gauge fields). In a similar manner, we can consider a free CFT describing one
fermion, one complex scalar and gauge field, define “mixed” operators (built out of fields of
different type) and construct the corresponding flow operators. In d = 2 dimensions, this
theory respects N/ = 2 supersymmetry and, as a consequence, such flow operators form a
N = 2 supermultiplet. Their algebra coincides with super—W, algebra [45-47]. In d = 4
dimensions, all leading twist operators belong to the same N = 4 supermultiplet [48]. This
suggests that the flow operators generate an N/ = 4 superalgebra whose bosonic sector is
given by (1.8) and (1.9). It would be interesting to compute the structure constants of this
superalgebra and to establish their relation to those of super—W,, algebra.

We found that in an interacting CFT in d > 2 dimensions, the commutator of the
energy flow operators only receives contribution from the stress-energy tensor itself and
light scalar primary operators (which appear in the OPE of two stress-energy tensors) with
dimension A < d — 2. The latter contribution is divergent for A < d — 2.

As opposed to the free theories considered in section 2, the light-ray operators do not
form an algebra in interacting CFTs. As explained in section 3.4, this is related to the
careful, regularized definitions of the commutators. It would be interesting to understand if
there is a sense in which the light-ray algebra that we found in the free CFTs is weakly
broken at weak coupling, see e.g. refs. [34, 49].

We believe that the significance of the commutation relations considered in the present
paper is two-fold. First, the algebra of the light-ray operators is connected to the sym-
metries of the theory, be it global conformal invariance in interacting CFTs or higher
spin symmetry in the free CFTs. For example, the only spinning operators that con-
tribute to the commutator of the energy flow operators are conserved currents out of which
the symmetry generators are constructed. The result (1.13) contains a universal term
(£ (111), Ey (n2)] = 61972 (n, m9) (w2 — W1)Ewy 1wy (1) + ... which comes from the OPE
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TxT~T+ ... and is closely related to the conformal Ward identities. In a free theory,
in a close analogy with the W symmetry in CFTy, the algebra gets extended to include the
light-ray operators built out of higher spin currents.

Second, the commutator of light-ray operators naturally leads to a family of sum rules

2
/ [T dendii; (2 — 1)g(ns, wi) (@] (light-ray commutator)|;) = 0, (5.1)
i=1

where g(n;,w;) is a priori an arbitrary function. The sum rules are obtained by inserting a
complete set of states between the light-ray operators in the commutator. For example, let
us consider a generic interacting CFT, where the light-ray algebra takes the form (1.13).
The presence of the divergent contributions in the algebra due to light scalar primary
operators, A < d— 2, signify the necessity of subtractions to get well-defined CFT sum rules.
For the identity operator subtraction boils down to considering the connected correlator
on the left-hand side of (5.1). For other light scalar primary operators of dimension
% < A < d— 2, that appear in the OPE of stress-energy tensors, we can for example
subtract the corresponding scalar exchange Witten diagram which effectively removes light
scalars from the [€,, (n1), &y, (n2)]. The sum rules (5.1) generalize the superconvergence
relations of ref. [9] and we can refer to the sum rules that follow from the light-ray algebra
as generalized superconvergence relations. We do not attempt studying the consequences of
these sum rules for the OPE data of CFTs in the present paper.

Let us note in this context that the generalized superconvergence relations, analogous
to (5.1), were shown to be equivalent to the dispersive sum rules in some interesting
cases [43, 44]. Tt would be very interesting to explore this connection in a greater depth.
For example, by making g(n;,w;) vanishing in the limit wq —ws — 0 with wy + we fixed, one
damps the contribution of the Regge limit to the sum rule. Functionals with this property
are related to subtractions in the CFT dispersion relations [50-52].

The light-ray algebra has important application to the generalized event shapes intro-
duced in ref. [6]. It allows one to control the contribution to these observables of distributions
localized at the coinciding points on the celestial sphere. Already for the conventional
event shapes, for w; = 0, understanding of such distributional terms was important in order
to verify the conformal Ward identities [53-55], which serve as a nontrivial check of the
computations. The same applies to the generalized event shapes for w; # 0. In this context,
we have explained how the distributional terms naturally emerge in Mellin space in N' = 4
SYM and presented expected expression for the commutator (4.22). It would be interesting
to derive this relation from the first principles.

Relatedly, generalized event shapes satisfy the following positivity condition

2
[ T de 8 = 1) g 11, 1) 12, 02) (V€ (m1)Es ()| W) 20 (5:2)
i=1
It follows from the fact that Ejjl(m) = &_u,,(n1) and therefore (5.2) can be interpreted as a
norm, or the total cross-section of the scattering |¥) off the state created by the integrated
energy flow operator. Computing (5.2) necessarily involves evaluation of the generalized
event shapes at coincident point n; = no, which we considered in Mellin space in section 4.
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A Conventions

For an arbitrary d-dimensional vector z* = (20,...,2%1) the light-like coordinates are
defined as
1 1
+ 0, d—1 - 0_ d-1 1 d—2
T = '+ x , T = ' —x , = (z,...,r . Al
ot ) ot ) ( )@

The metric in these coordinates is
dz?® = 2dxtdr~ — dzdx, (A.2)
and the scalar product looks as
(zy) =2ty +27yt —x-y. (A.3)

The definition of the flow operator (1.1) involves an auxiliary light-like vector n* that we
choose to be along the ‘—’ direction, 7~ = 1 and 7™ = n = 0. In d = 2 dimensions, the
light-like vectors satisfying (nn) # 0 take the form n* ~ (1,1), or equivalently n~ = 0.

To obtain representation of the light-ray operator (1.16), we apply a conformal trans-
formation [4, 56]

T = 1 z =x @’ z = ud
22+’ N 22+’ V2t

where dz? = dz?/(2(z%)?). It maps a light ray at null infinity 2# = nr+nt with » — oo and
—00 <t < oo toaline —oo < 2z~ < oo with 2+ =0, n# = (1, 2%,v/2z) and a# = (0,1,0) in
the light-cone coordinates

(A.4)

The commutation relations of the flow operators (2.58) involve the delta-function on
the sphere S%~2. For two light-like vectors n# = (1,7) and n'# = (1,7') it is defined as

1 "
(d—2) N — i — i(nn')/e
) (n,n') = llmo (@ric)i e . (A.5)

It is straightforward to verify that it satisfies
[ dis@ =1 £ )62, n) = g (A.6)

where [dii = [dn;...dng—1 and f(n) is a test function. For d = 2, it follows from (nn) # 0
and (an') # 0 that n ~ n’ and, therefore, 59 (n,n/) = 1.
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Taking into account (A.5) we obtain

) 1 F(Z])(_'L)Q] /oo 9i—d/2 —i ] e’is(nn’)/ﬁ
1 = j—d/2 g—iat 15
I Gri) T (=) Je+t—i0)% ~ Jo ¢ 0 rie/s) i1
=612 (n, n)) / da ¥=/2 gmiat (A.7)
0

where in the first relation we applied (B.7).

B Gegenbauer polynomials

The leading twist operators (2.12) and (2.14) are expressed in terms of Gegenbauer polyno-
mials C7({\)(z). Their index A = 25 — 1/2 is related to the conformal spin of the field (2.8).
In particular, j = 0 for a scalar field in d = 2 dimensions. In this case, we have

1—2?)

- ( 3/2
C,(L 1/2)(1:) = ( 1)07(1 /2)(33) (B.1)
for n > 2, or equivalently in terms of polynomials (2.14)

4p1p2
n(n —1)

where the superscript refers to the conformal spin j.

PO (py, po) = P, (p1,pa) (B.2)

The Gegenbauer polynomials satisfy a recurrence relation

(2)\4-71—1)0()\) (n+1) )

ZC()\)(Z) = 2()\ +n) n—l(z> 2(/\ n n) n+l(z) .

n
One can use it to verify the following identity

(t —e)Py(t,—t+¢e)Pp(t,1 —1)

WH+=2) gy, E+1) o,
(4 20" — 1) 4+ 20" — 1)

diﬁfg+gnga4iéfg+3@eH@4+d&ﬁﬁ_m B.4)

£
2(1—¢)

where Py is given by (2.14).
The Gegenbauer polynomials are orthogonal with respect to inner product

7217220 (n 4 2))
nl(n+ \T2(\)

1
[ dr = s P @R @) = b (B.5)
-1
This relation ensures that the two-point correlation function of conformal operators (2.16)
is diagonal in spins. To show this, we consider the correlation function (Og, (z1)Os,(z2))
for z; = (x,2;,0). Using (2.12) one obtains

R A

(O, (21)0s, (22)) = (@(21)B(2)) Py (1D, i01 ) Py (i, 10 )(B(21)(2)),  (B.6)
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where 0;_ = d_- and the propagator is given by (2.13). Introducing Schwinger parametriza-

tion for £~ —dependent part of the propagator (2.13)

I'(25) 2 [ i1 —ipay,

one finds from (B.6)

(Os, (21)Os, (x2)) N/O dp1dps(pip2) ¥~ e PIFPI2 Py (1 po) Py (p1,p2) . (B.8)

After change of the integration variables, p1 = tp and ps = (1 — ¢)p, with 0 <z < 1 and
0 < p < oo, the integral over ¢ takes the form (2.17) and leads to (2.16).

C Commutation relation for scalar operators

In this appendix, we examine the correlation function (¢(x1)J,,.5(n) T 5 (n')p(22)). involv-
ing scalar flow operators and derive their commutation relations. For fermions and gauge
fields, the corresponding correlation function is given by (2.39) and (2.40). Substituting
s = 0 into there relations we find that the integral in (2.40) diverges logarithmically.

To elucidate its origin, we repeat the calculation of diagrams shown in figure 2. Intro-
ducing notation for € = (nn)/r’ — (n'n)/r we find for r,r’ — 0o

1

((21) T, 5 (0) Tt 57 () (2) ) = T 11—1;% (27”6;/21 /O°° daq (a100)¥710(a)

X [ei(alf“’)("”/)/e e~ta(ma)Fiaz(n222) g (o) — ) (g —w) P T Py(ay, —on +w) Py (a —w, —a)

+(_1)25 ei(w’fal)(nn’)/e efial(ngl‘l)+ia2(n1:vg) 9(w’—a1)(w'—a1)2jflpg/(041, —041+W/)P[(041 _w/7 —052)} ’

(C.1)

where integration goes over the energy of the outgoing particle and oy = a3 — w” (with
W’ = w+ W) is the energy of the incoming particle. The two terms inside the brackets
correspond to the diagrams shown in figure 2(a) and (b), respectively.

Applying the identity (A.5), one is tempting to replace the first exponential factor
on the second line of (C.1) with 6(=2)(n,n’)/(a; — w) and similar on the last line. This
would lead to relations (2.39) and (2.40). Such transformations are only legitimate for
a1 —w # 0 and W' — a1 # 0. The boundary values @1 = w and a7 = w’ correspond to the
vanishing energy of the particle exchanged between the detectors, see figure 2. Assuming
that (nn') # 0 and integrating in the vicinity of the boundary values, we get from (C.1)

(®(21)Too,5 (1) T 5 (W) @(22) ) e = (271;)(325/2—2 (—ww)% 1
7€ 2s
x W[Pz(wvo)ljw((),w’)@(w)e(w’) + (—1)28&,(0/,o)pé(o,w)g(fw)e(w,)] v

where dots denote terms localized at n = n’ and we took into account that j = s+ (d —2)/4.
We observe that for s > 0 this expression vanishes whereas for s = 0 it leads to (2.44).
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Thus, for scalar fields the four-point function (C.1) receives an additional contribution

that does not vanish for n # n’ and scales as 1/(nn’)(4=2)/2,

It is symmetric under the
exchange of the detectors and does not contribute to the difference of the correlation

functions (2.20). Taking into account (C.1) we obtain from (2.20)

<¢($1)[«7w,s(n)7Jw/,S'(n,)]ﬁb(m» (27;(1 1 1'_>0 (27ic) d/2—1 /Ooodal (0‘10‘2)d/2_29(042)

« [ei(al—w)(nn')/e e—ial(nlrl)+za2(ngzz) (051 *w)d/2_2Pg(Oé1, —o +w)Pg/(Oé1 —w, 7052)

fel@ man)(nn) /e gion (o) tiaz(me) () _ V422 Py (o), — g +w) Pylong —u, —042)} ;

(C.2)

where as = a7 — w” and we took into account that e changes the sign under the exchange
of the detectors. As follows from the above discussion, the contribution from a7 = w and
a1 = ' cancels on the right-hand side of (C.2). This allows us to deform the integration
contour in the vicinity of the two points. Then, applying the identity (A.5) we arrive at

(¢(21)[ T, (n), Tur,5 (0] d(2)) e

d 2) . .
_ ( n,n ][ da1 (a1a2)d/2—29(a2) et (nz1)+iaz(nz2)
(2=t Jo
(

Pi(aq, —aq1 + w) Py (e — w, —az) B Py(ar, —ag +w')Pi(ag — W', —ag)

, (C3)

[ a1 —w a; — W'

where dash denotes the principal value prescription. The expression in the second line
of (C.3) coincides with (2.59).

D Relation to the Virasoro and W algebras

In this appendix we show that the algebra of the flow operators (2.58) in d = 2 dimensions
is equivalent to the W-algebra in two-dimensional Euclidean CFT [15].
The commutation relations in the W algebra are [31, 57-59]

mﬂ n Z g V?jz—trjn 2 + Ci(m)6ij6m+n70 ) (Dl)
p>0

where the operators V!, are modes in the Laurent expansion of the currents Og(z) of spin
S =i+ 2 on two-dimensional Euclidean plane

o0
PR A (D.2)
m=—00
where z = x! 4 iz%. For the W4, and W, algebras the spins satisfy condition S > 2 and
S > 1, respectively.
For S = 2 the current Og—2(z) coincides with the stress-energy tensor and the corre-
sponding modes L, = V,? satisfy the Virasoro algebra

[Lin, Lp) = (m —n)Lypgn + im

rpm(m = 1)(m+1)0mino. (D.3)
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The structure constants and the central charges in (D.1) can be determined by requiring
the relations (D.1) to be consistent with the Jacobi identities. In particular, the central
charges take the form

cilm) =m(m? —1)(m? —4)...(m* - (i +1)¢, (D.4)

where ¢; is proportional to the central charge c.
To compare (D.1) with the algebra (2.58) one has to extend the above relations to
Lorentzian signature. In two-dimensional Euclidean CFT, the modes V; are given by

: dz 1
VT{ :%%ZW’_J—F OS:j+2(Z), (D.5)
where the integration contour encircles the origin. After Wick rotation 22 — iz, the

complex variable z = 2! + iz? turns into the light-cone coordinate z = —v/2z~. Then, one
may try to generalize the relation (D.5) as Vi/ ~ [dz™ (z7)" T O0g_;12(27). However,
as was noticed in refs. [11, 12], such operator is not well-defined because inserted inside a
correlation function it leads to integrals that are divergent as =~ — 00.2°

Following ref. [12] we can generalize (D.5) to Lorentzian signature by applying a
(complexified) conformal transformation z — w = i(1 +iz)/(1 — iz) that maps a circle of
unit radius |z| =1 to a line —oco < w < oo. Taking into account transformation properties
of the currents Og(z), we obtain from (D.5)

Vi — 25%/ duw (1~ iw)S~ (1 + iw)S 105 (w)| (D.6)

S=j+2’
where the additional factor comes from (Jw/0z)%~!. These operators satisfy the same
commutation relations as the operators (D.5) but they do not suffer from divergences since
the large w asymptotics of the integrand in (D.6) does not depend on n.

To express (D.6) in terms of the flow operators (1.16), it is convenient to introduce the
weight function

Hn,S(W)IF[ o © (1 —iz) 711 + jz)S7 1 (D.7)

Then, the operators (D.6) can be written as weighted integrals of the flow operators

Vi = /_O:O dw fin,s(w) jW,s‘ (D.8)

S=j+2

This relation establishes the correspondence between the W-algebra (D.1) and the algebra
of the flow operators (2.58) in d = 2 dimensions.
The weight function (D.7) verifies relations

fin,s (W) = pip,5(—w) = (pn,5(w))" . (D.9)

It has different properties depending on the value of integer n.

20These papers deal with spin-two operators, the same arguments apply to operators of high spin.
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For —S < n < S, the expression on the right-hand side of (D.7) is given by a linear
combination of §(w) and its derivatives

1 —1-n —14n
:an,S( ) 25 1 (1 - a )S ! (1 + aw)s 1+ (5(&)) : (DlO)
Its substitution to (D.8) yields expansion of J, s at small w

i p—

D= (L0 T T =0 T s| (D.11)

w=0
where j =S — 2. For S = 2 this relation looks as

L= (40 60, Lo= g0~ B)umo, Li=5(-0)%6ms,  (D12)
where we replaced [J, s—2 = &, and Vg = L,. It is straightforward to verify that the
algebra (2.80) of the energy flow operators translates to the commutation relations (D.3)
for the modes L_1, Ly and L;. Notice that the expression on the right-hand side of (D.11)
is given by a linear combination of the first (25 — 1) terms of the small w expansion of the
flow operator J, s. This is in agreement with the observation made in section 2.2 that the
flow operators have a well-defined expansion at small w up to order O(w?°~1).

For n > S the function (D.7) can be expressed in terms of (generalized) Laguerre

polynomial
i 5(w) = (—1)" 7525 & L250 (—20)0(—w) (D.13)

For n < —§ the function p, s(w) can be found using the first relation in (D.9). Taking
into account the properties of the Laguerre polynomials, we find that p, g(w) satisfies the
orthogonality condition

o0 _ F'(m+ S
/_ dw w*® 1Nm,S(w)M—n,S(W) = _F(7n(—S—|—)1)6n+m’o' (D.14)
Applying (D.8) we obtain
Vi Vi) = [ diod o @)t () s T 1] (D.15)

where S =i+2 and 5" = j 4 2. Replacing the commutator of the flow operators with (2.58)
we can reproduce the W-algebra (D.1).
The contribution of the second term in (2.58) to (D.15) yields the central charge

- 555/95/ dw pim, 5 (@) tn 5 (—w)w? ™ = 6;i0p1moQisem(m? — 1) ... (m? — (i + 1)?),
(D.16)

where we applied (D.9) and (D.14) and replaced S =i+ 2 and S’ = j + 2. This relation
coincides with the expression for the central charge (D.4) of the W-algebra (D.1). The
central charge of Virasoro algebra (D.3) is given by ¢ = 12Qs, see eq. (2.50). For the
central charge of the W-algebra we get ¢; = Q;412. Notice that the central charge (D.16)
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vanishes for —(i +1) < m < i+ 1. We recall that the corresponding operators V!, form a
finite-dimensional representation of the SL(2;R) subgroup the conformal group in d = 2
dimensions and their commutation relations do not contain central extension.

The contribution of the first term in (2.58) to (D.15) can be written as (for ¢; = ;)

/ duwdid .5 () .5 (0) O (0, ) Topur 5 = / dx Ogn(2) f(x) | (D.17)

where we replaced J, s = [ dr e ™% Og(x) and introduced notation for

= /dwdw',umys(w)un’s/(w’)CsS/SH(w,w’) eTiwlwte) (D.18)

As we will see in a moment, this function is given by

£(@) = gipm,m) [ At m s e (D.19)

where S =2+, S’ =2+ jand S”" =S5+ 5 —2(p+1). Then, replacing f(z) in (D.17)
with this expression and applying (D.8), we can express the right-hand side of (D.17) as
gg}(m, n)Ve =2 thus reproducing the first term in (D.1).

To find the relation between the structure constants g;i,(m, n) and Cgs™” (w,w"), we

apply (D.7) and match the expression on the right-hand side of (D.18) and (D.19)

(1 +il,)m+5—1
(1 _ Z':L«)mferl

(1 + Z-T)n+s - _ 22p+1 (] ( n) (1 + ix)m+n+5 !
(1 —dz)n—5"+1 92p (1 — dg)mtn=5"+1"

(D.20)

CSS’ (289,; , Za )

where it =S5 —2,j=5"—2and 2p =S5+ 5" — S” — 2. This relation holds for arbitrary =.
Choosing = = i(1 + €) and taking the limit € — 0 we get

i 1 _ P .
g3p(m,n) = 6m+n+5~1(€m+s 'Cs5% (0c,0c) €15 1> + O(e). (D.21)

We recall that CggS” (w,w’) is a homogenous polynomial of degree S + S — 8" — 1. Tt is
easy to check that the first term in (D.21) approaches a finite value as € — 0. For instance,
for p = 0, or equivalently S” = S + 5" — 2, we apply the relation (2.82) to find from (D.21)

9 (m,n) = cf;%, (m(S'—1)—n(S—1 (D.22)

) ‘S:i+2, S'=j+2"

in agreement with the known result of ref. [58].

The structure constants (D.21) should be independent on e.?! This imposes nontrivial
restrictions on Cgs°" (w,w’). One can show that vanishing of the O(e) term in (D.21)
follows from invariance of the commutation relations (2.84) under the SL(2) conformal
transformations. We can invert the relation (D.21) to get

S’ wm (W,)n /
CSS’ (W1,WQ) = — E — | 92p(m S+ 1 n—S + 1) (D23)
>0 m: n:
m—+n=2p+1

2!One can show that this condition fixes CggS (w,w’) up to a normalization constant.
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where S =i+2, 8 =2+ jand S” = S+ 5 —2(p+1). This provides the relation
between the structure constants of the algebra of flow operators in d = 2 dimensions and
the W-algebra.

The structure constants in (D.1) are sensitive to the normalization of the operators V.
Replacing V!, — f;Vi{ in (D.1) one finds that the structure constants transform as

ij

gop(m,n) — géé(m, n). (D.24)

Applying this transformation to (D.23) with f; = —21724(2i + 2)!/((i + 1)!(i + 2)!) and
replacing Cgsr®” (w1, ws) with its expression (2.89), we find that 95, (m,n) coincide with the
known expressions for the structure constants of the W, algebra, see egs. (3.4)—(3.6) in
ref. [58].

E Scalar integral

In this appendix, we compute the integral (3.5) that appeared in the discussion of the
light-ray algebra in interacting CFTs. It takes the following general form
1
(12)* (215233)7

where x; = (z;,x; , ;) in the light-cone coordinates and singularities of the denominator

Oo . — - —
Tag(n,w) = [ do day e e (1)
—o

at x2, = 0 are resolved as

:22
1 1 1 7% 00 —is <z12— 1+2 )
= = d a—1 2112 ’ E2
(219)* — (2afy(apy — i) —afy)*  (2073) T(e) /o e (E.2)

and similar for the two remaining factors in (E.1). Here the ‘—ie’ prescription reflects the

ordering of the operators in the correlation function (3.3).
Applying the last relation and performing integration in (E.1), we encounter integrals
of the form

2

— hwrT _ -3 i *+m

/oo . dIL_‘l e .lwﬂﬁl . _ 27‘(‘9(4_ w) 2 (_w)ﬁ_lezw(dfg 2z1+3)‘ (E3)
(225(13 — i€) — @73)” (2235)7 T(B)

Combining various factors together we obtain in the limit 27, — 0

ia+25

[(a)I2(B)

Iaﬁ(wl,WQ) = (2%)29(—w1)9(—w1—w2)

:1:2

ty—a( gt ot B [ ge a1 1
% (20ty)~ (A fyad) ds 52N (s —wr)(s—w2))P e T (BA)
W

2

We deduce from this relation that for 2, # 0 the integral decreases exponentially fast as
zy — 0. At the same time, for &3, = 0 it scales as (27,)~®. This suggests that I,s(w1,ws)
is proportional to a distribution localized at x12 = 0. To identify its form we integrate both
sides of the last relation over € = x19

/ 412 I g (w1, wn) ~ () 0212 (E.5)

leading to Ing(wi,ws) ~ (21y) " d=2/25(0=2)(g,,).
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F Extra light-ray operator in the free scalar theory

In this appendix, we examine the properties of nonlocal operators Ofl w,(n) that enters the

commutation relations (1.9) and (1.11) of the light-ray operators in a free scalar theory.

Using (1.10) it is convenient to write OF

o (1) @S

+
Owl W2

(1) ~ Ouwy s (n) £ Oy o (1) (F.1)

where the notation was introduced for

o0 . _
Our i (n) = i(ni)? lim 7= / dt1dty e~ (@1 tt202) (W) gion (1) —ty)p(rnt+t17) G(rnttan).
(F.2)

In the embedding space, the light-ray operator (F.2) takes the form O, 4, (n)
(Xoo, Zoo), see [6] for the details,

1001 o
272

)

oo

Ouy o (X, Z) = i /

—0o0

o0 . . -
dal/ doge™ 1% e 2%g50m () — ) (2 — a1 X)d(Z — e X).
(F.3)

The product of scalar fields on the right-hand side of (F.2) can be expanded over local
conformal operators Og(x) = Oy, .. ugs(x)n* ... nHS and their descendants (see e.g. [26])

N T _ (it12)% [ S+v S+v _

¢(rn +t1n)d(rn + tan) = Z CST/O duw”™ (1 —u)>Og(rn + (t1 — ut12)n),
5>0 :

(F.4)

where t19 = t; —tp and v = 2j, — 1 = (d — 4)/2 is related to the conformal spin of the
scalar field.?? The integral over u takes into account the contribution of descendants. The
OPE coefficient cg depends on the normalization of the local operator Og. At S = 2, for
the stress-energy tensor, we have co = I'(6 + 2v)/T?(3 + v).

Combining the relations (F.2) and (F.4) we get for (nn) =1

¢ ; - > =\ ot (w1 +w
Oy wy () = Zﬁrlggord 2/OOdtOS('rn—i—tn)e t(wrtws) [Ig(wl,wg)—(—1)515(w2,w1)}
09! _

(F.5)
where the notation was introduced for

1 o) .
Is(wi,wp) = 51 / du (u(1 — )5+ / dtrdty e ((h=twit(tz=tws)
0 —0o0

XO(ty — t2)(t1 — t2) 8(ty — t — u(ty — to)) (F.6)

221n writing (F.4) we implicitly subtracted the contribution of the identity operator (¢(rn+t172)¢(rn-+tzn))
on the right-hand side.
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Shifting the integration variables, t; — t; + t, it is easy to see that Is(wi,ws) does not
depend on t. Going through calculation we obtain
1 dx (z(1 — x))5* r2(S+v+1)
I == =
S(WlaWQ) /O [xwl — (1—1’)&12 _i0]5+1 F(QS+2V+2)fS(w1’w2)’
S—i—l,S—i—V—i—l‘ w1—1'0>
2(8S+v+1) '

fs(wi,we) = (—wa) ™ 1oy < (F.7)

w2
where v = (d—4)/2. Notice that Re[Is(w1,ws)] = —(—1)°Re[Is(w2,w1)], and Im [ (w1, ws)] =
(—1)"Im (I (ws,w1)].
Taking into account (1.1), we can express (F.5) as the sum over light-ray operators of
arbitrary spin
Ccs S
Ounin(n) = Y o [Is(wr,wz) = (—1)* I (w3, 01)] Ton 4 5(n)

!
550 S!

= 2520?;RQ[IS(WLWQ)]jlerwz,s(n) . (FS)

Substituting this relation into (F.1), we find that O wp (1) is given by the sum over odd
and even spins, respectively.
For S = 2 the contribution of the energy flow operator &, 1w, (1) = T 4ws,5=2(n) to

the right-hand side of (F.8) takes the form
Oy (n) = Jo(wi,w2)En 4we(n) + ..,

_ 3,49 +1 wi — i0
_ 3 ’ 2
fo(wi,w2) = —Re [wQ o FY ( dt2 ‘1 + > )1 , (F.9)

where fg = fs—2(wi,w2) and dots denote the contribution of the spins S # 2. Its explicit
expression for different values of d looks as

16 (4(w2 —wy) + (W? — Bwiws + wd) (—wiws) 2[A(wa) — G(wl)])

f(b‘d:g = (wl +U.)2)4 )
30 (S(wg — w?) + (w} — dwowy + w3) log |%’) 10
f¢‘d:4 = (UJ1+W2)5 . ( . )

We recall that for d = 2 the operator (1.10) vanishes and does not contribute to the algebra
of the light-ray operators.
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