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Abstract

We analyze the convergence properties of operator product expansions (OPE) for Loren-
tzian CFT four-point functions of scalar operators. We give a complete classification of
Lorentzian four-point configurations. All configurations in each class have the same OPE
convergence properties in s-, t- and u-channels. We give tables including the information
of OPE convergence for all classes. Our work justifies that in a subset of the configuration
space, Lorentzian CFT four-point functions are genuine analytic functions. Our results
are valid for unitary CFTs in d > 2. Our work also provides some Lorentzian regions

where one can do bootstrap analysis in the sense of functions.
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1 Introduction

In this paper we study the convergence properties of operator product expansion (OPE) for
Lorentzian four-point functions in conformal field theories (CFT).

Historically, analyticity of correlation functions is an important bridge connecting
Lorentzian quantum field theories (QFT) and Euclidean QFTs. Starting from a Lorentzian
correlator, we can get a Euclidean correlator by analytically continuing the time variables onto
the imaginary axis [1]. Under certain conditions we can also do the reverse [2-4]. This proce-
dure of analytic continuation, called Wick rotation, allows us to explore the Lorentzian nature
of QFTs which may originate from statistical models in the Euclidean signature.

The Lorentzian correlators are not always genuine functions, instead they belong to a class
of tempered distributions which are called Wightman distributions [5]. It is interesting to know
at which Lorentzian configurations (x, ..., x,) the correlators G,(xy, ..., x,) are indeed func-
tions. The Wightman distributions are known to be analytic functions in some regions 7,
which are the sets of ‘Jost points" [6] (G,, are called Wightman functions in their domains of
analyticity).! 7, corresponds to some (not all) Lorentzian configurations with totally space-
like separations. By using the microscopic causality constraints, one can extend G,, to a larger
domain, including all configurations with totally space-like separations [7]. In Minkowski
space R9~11 2 two points can also have time-like or light-like separation. The Lorentzian cor-
relators usually diverge at configurations with light-like separations, and these configurations
are called light-cone singularities [8]. Except for some exactly solvable models, the Lorentzian
correlators at configurations which contain time-like separations are not fully studied.

There are more constraints in CFTs. In general QFTs, the domains of Wightman functions

1t does not mean that the Lorentzian correlators cannot be functions in other regions. For example, the cor-
relators of generalized free fields are functions aside from light-cone singularities. Here we are talking about the
minimal domain of Lorentzian correlators which can be derived from general principles of QFT.

20ften one uses Minkowski space to denote R>! only. While in this paper, we use this terminology for R¢~11
and general d.
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are Poincaré invariant, while in CFTs this Poincaré invariant domain can be further extended
by using conformal symmetry. Furthermore, in CFTs we have better control on correlators
with the help of OPE [9]. A successful example is the four-point functions in 2d local unitary
CFTs, where the conformal algebra is infinite dimensional [10]. In this case, by using Al.
Zamolodchikov’s uniformizing variables g,g [11], one can show that the four-point function
is regular analytic at all possible Lorentzian configurations aside from light-cone singularities
[12]. We are going to study a similar problem in d > 3, for which the conformal group is finite
dimensional and the radial coordinates p, 6 [13] are used in our analysis.> In addition, in
2d there exists non-local unitary CFTs, which have only the global conformal symmetry. The
analysis in this work also applies to 2d non-local unitary CFTs.

Recently the conformal bootstrap approach has become a powerful tool in the study of
strongly coupled systems [15]. On the numerical side, it gives precise predictions of experi-
mentally measurable quantities, such as the critical exponents of the 3d Ising model [16-20],
O(N) model [20-23] and other critical systems. The functional methods, which are used in the
numerical approach, can be realized analytically in low dimensions , and lead to insights into
low dimensional CFTs and S-matrices [24—27]. While the basic CFT assumptions are made in
the Euclidean signature, many attempts have been made to study the bootstrap equations in
the Lorentzian signature [28-34]. In the conformal bootstrap approach, for crossing equations
to be valid in the sense of functions, there should be at least two convergent OPE channels.
To play the bootstrap game for four-point functions in the Lorentzian signature, it is impor-
tant to know the convergent domains of various OPE channels. This provides an additional
motivation for our work.

The main goal of this work is to give complete tables of Lorentzian four-point configu-
rations with the information about convergence in the sense of analytic functions in various
OPE channels. In this paper we will mostly focus on four-point functions of identical scalar
operators. Our techniques can be immediately generalized to the case of non-identical scalar
operators (see section 7). The four-point funcitons of spinning operators require extra work
because of tensor structures. In this paper, we will only make some comments on the case
of spinning operators. One may also be interested in the convergence of OPE in the sense
of distributions [35]. We leave the discussions of distributional properties to the series of
papers [36-38].

The outline of this paper is as follows. In section 2 we introduce the main problem and
provide a quick summary of the main results in this paper. In section 3 we justify the analytic
continuation of the CFT four-point function to the domain D (which will be defined in sec-
tion 2.1), and the Lorentzian configurations live on the boundary of D. In section 4 we give
criteria of OPE convergence in s-, u- and t-channels. In section 5, we make a classification of
the Lorentzian four-point configurations. All configurations in the same class have the same
convergent OPE channels. All information on the OPE convergence properties can be looked
up in appendix C. In section 6 we review some classical results from Wightman QFT, and com-
pare them with CFT four-point functions. In section 7 we generalize our results to the case of
non-identical scalar operators and make some comments on the case of spinning operators. In
section 8 we make conclusions and point out some open questions related to this work.

3The set of four-point configurations (x;,x,,x3,xs) with |p|,|5] < 1 is a subset of (xq,x,,x3,x,4) with
lql,1gl < 1. Since the g-variable argument is based on the Virasoro symmetry which is only true in 2d [14],
we cannot apply it to the case of d > 3.
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2 Main problem and summary of results

2.1 Main problem

We start from CFT in the Euclidean signature. Let x;, = (7,X;) denote the k-th point

in the Euclidean space (k = 1,2,3,4), where 7, = x,? is the temporal variable and

Xj = (x;,x,%, . ..,x,‘f‘l) € R4 represents the vector of spatial variables. Lorentzian points
are given by Wick rotating the temporal variables: 7 = it where t is a real number. To get
Lorentzian four-point functions we need to analytically continue the Euclidean four-point func-
tions with respect to temporal variables. We define the Wick rotation of the four-point function
as follows:

Step 1.

We construct a function G4(xq, x5, X3, x4) such that:

* G4 has domain D of complex 7, and real x;. The temporal variables (71,7, T3, T4) are
in the set

(Ci = {(Tl, Ty, T3,T4) € C*Re(7;) > Re(T,) > Re(73) > Re(u)} . (D)
In other words, D = C% x RHd~1)

* G, is analytic in the temporal variables 7, and continuous in the spatial variables x;.

* G, agrees with the Euclidean four-point function Gf when all the temporal variables are

real.
Step 2.
The Wick rotation to Lorentzian CFT four-point function is defined by
Gy (tr,x) = elkiE}O Galer +ity, %), @)
€1>€5>€3>€y

when such a limit exists.

The reason we define Wick rotation in the above way is that we expect the Lorentzian CFT
four-point function to be a Wightman four-point distribution, which is the boundary value of
the Wightman four-point function from its domain of complex coordinates [1]. The domain of
the four-point Wightman function includes D, so the limit (2) gives the Wightman four-point
distribution when such a limit exists. We will discuss this in section 6.

The main problem we want to discuss in this paper is:

* In which Lorentzian regions does the Lorentzian CFT four-point function, defined by (2),
have a convergent operator product expansion in the sense of functions?

The goal of this paper is to give tables which contain OPE convergence properties of four-point
functions at all possible Lorentzian configurations.

“The analytic continuation can be done in a larger domain, e.g. the forward tube 7, defined by
Ty = {(Xl,xz,X3,X4) ec* Re(x;? _X;?H) > [Im(x —X1)l, k= 1;2,3} .
See [37] for the discussion about the analytic continuation of G, to 7. In this paper, we are only interested in the

analyticity of G, in the Lorentzian regime. Since the whole Lorentzian regime is already contained in the closure
of D (see step 2), it suffices to consider the analytic continuation to D.
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2.2 Summary of results

In this subsection, we provide a quick summary of the main results for readers who wish to
know the general ideas of this paper before going into the technical details.

* We prove that the Euclidean CFT four-point function Gf has analytic continuation to
the domain D (i.e. Re(t;) > Re(t,) > Re(73) > Re(74)) (section 3). The analytic
continuation will be performed by using the s-channel OPE, which means taking the
OPE ¢ (x;) x ¢(x5) in the four-point function

Gy (X1, X, X3,%4) = (P (x1)P (x2) (x3)P (x4)) - 3

The key observation is that for any four-point configuration in D, the radial variables p
and p belong to the open unit disk, i.e. |p|,|p| < 1. This observation, together with the
series expansion of Gf in p and p, implies that the s-channel OPE is convergent for any
configuration in D.

One technical subtlety in d = 3 is that the radial variables p and p are not individually
globally well-defined analytic functions (appendix A). We treat this subtlety carefully
when performing the analytic continuation, and show that G4 (constructed in terms of
p and p) is single valued and analytic everywhere in D (section 3.4).

* We derive the criteria of OPE convergence of the Lorentzian CFT four-point function Gi
in s-, t- and u-channels (section 4). Gﬁ is defined to be the boundary value of analyti-
cally continued Euclidean four-point function (see eq. (2)). One can imagine that the
OPE convergence properties of Gﬁ rely on the behavior of cross-ratio variables along
the analytic continuation path. In the end we will see that for any fixed Lorentzian
four-point configuration, one can check the criteria using any analytic continuation path
in D (starting from a Euclidean four-point configuration), and the conclusion does not
depend on the choice of the path.

* We classify all the Lorentzian four-point configurations aside from the light-cone singu-
larities (section 5). The Lorentzian configurations are classified into a finite number of
groups according to the range of cross-ratio variables (z,Z) (section 5.1) and the causal
orderings (section 5.2). We conclude that in each group, all configurations have the
same OPE convergence properties (section 5.3).

Then the problem is reduced to checking convergence properties in a finite number of
cases. The conclusion of OPE convergence properties is lengthy because in our classifica-
tion there are many groups (although finite) to check, so we leave this part to appendix
C. We share the Mathematica code for readers who wish to check our results (see the
ancillary file “/anc/OPE_check.nb" on arXiv).

* We review the classic results on the domain of analyticity of correlation functions in the
framework of Wightman QFT (section 6). It was showed in the classic literature that
the Wightman function is regular analytic in the totally space-like kinematic region. The
domain of the CFT four-point function contains this region, and furthermore it contains
much more regions including time-like separation of points.

* We generalize our results to non-identical scalar four-point functions (section 7). We
show that the OPE convergence properties of non-identical scalar four-point functions
are the same as the identical scalar case, using Cauchy-Schwarz argument. We also make
a comment on the main technical difficulty that arises in the case of spinning operators.
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3 Euclidean CFT four-point function and its analytic continuation

In this section justify the first step of Wick rotation: analytically continuing the Euclidean CFT
four-point function Gf to the domain D.
3.1 Euclidean CFT four-point function

Consider a Euclidean CFT four-point function of identical scalar primary operators ¢ with
scaling dimension A. By conformal symmetry we write it as

(u,v)
GE (1, x5, X3,x4) 1= (9 (x1)p(x2)p (x3)p () = — S 22— @
(x3,)" (x3,)
where xl.zj are defined by
d—1 ,
xizj = Z(xl“ —x;.‘)2 =(t;—7))*+(x —x]-) , (5)
u=0
and g(u,v) is a function of cross-ratios
_ X3,X3, _ X3,X3 6)
T 2,200 T 2,2 0
X13X24 X13X24

Gf is originally defined in the Euclidean signature. To extend Gf to the domain of complex
temporal variables,” we first analytically continue xl.zj by eq. (5). Since the functions xl.zj do

not vanish when the configurations are in D,° the cross-ratios do not diverge. As a result,
cross-ratios have analytic continuation to D. Since xl.zj # 0 and D is simply connected, the

prefactor (xfzx?z,“)_A in (4) also has analytic continuation to D.

Therefore, to show that Gf (7%, X¢) has analytic continuation to the domain D, it remains
to show that g(7,X;) has analytic continuation to the domain D.”

In general, we do not know the exact expression of g( 7, X;). We want to extend its domain
according to the basic properties of Euclidean unitary CFT [39,40]:

* Conformal invariance (which has already been used in (4)).
* Reflection positivity (which is the Euclidean version of unitarity [2]).
* Convergence of operator product expansions in the Euclidean space.

Our main idea is to use the above properties via radial variables p, 6 [13], which we will intro-
duce below. Roughly speaking, we want to first analytically continue the function g(p, p) by
a good series expansion. Then we want to stick the analytic functions p(7y,X;) and p(7y,Xx)
into g(p, o) to get analytic continuation of g(Ty,X;).

>We want to remark here that in principle one can also consider analytically continuing the above functions
to the domain of complex spatial variables. But since in this work we only want to discuss about the four-point
functions in the Lorentzian signature, where x; are always real, we will not consider the analytic continuation
problem with respect to spatial variables. By analytically continuing some function f(7;,x;) to D, we mean
extending the domain of f to D, on which f is analytic in 7, and continuous in x.

Let 7, = € +it, (k=1,2,3,4). Fori # j, since x}=(e;—e;+it;—it;))’ + (x —xj)z and €; # €, x7, is real
only when ¢; = t;, but then x7, > 0.

7In this paper we will abuse the notation by writing g(u,v), g(z,%), g(p, o) and g(7,, X;) for four-point function
in different coordinates. For example, g(7,,%;) = g (u(T, %), v(Tr, X ))-
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3.2 Expansion in z,%

3.2.1 Definition of the coordinates

We pass from u, v to 2,z by
u=zz, v=(01-—-2)(1-2). (7)

The above definition has an ambiguity of interchanging z and Z. We choose z,Z to be one
particular solution of (7):

z(u,v) :%(1+u—v—i—i\/4u—(1+u—v)2 ) ,
(8)

. 1 :

Z(u,v) =3 (1 Jru—v—l\/4u—(1+u—v)2 ) .
Since we are interested in the four-point configurations in D, where the temporal variables 7
are complex numbers, the cross-ratios u(7y,X;) and v(7y, X;) are also complex numbers. So

we consider z(u, v), Z(u, v) for (u, v) € C2. For complex (u, v), the expressions of z(u, v), Z(u, v)
have the same set of square-root branch points

r,, = {(u,v)€C2’4u—(1+u—v)2=0} , 9

and (8) is not single-valued when (u,v) € C2\T,,. We define the variables w, y by

w=1l+u—v, y>’=4u—(1+u—v)?, (10)
and write (8) as
_r oW Y an
2 2 2 2

As we discuss in appendix A, y(7y,X;), and hence z(7y,X), 2(7Tk, Xy ), are single-valued in D
for d = 2 but not for d > 3. This leads to some complication in constructing the analytic
continuation of g(7y,x;), which will be overcome below (see section 3.4).

3.2.2 Conformal frame

We would like to introduce a proper conformal frame configuration to understand the geo-
metrical meaning of z,%. Let (uv)-plane denote the 2d subspace of R? which only has non-
vanishing coordinates x*, x” (recall that x = (x°, x1, x2,..., x¢™1)). In Euclidean space, there
exists a conformal transformation which maps the configuration C = (x1, x5, X3, x4) onto the
(01)-plane:

xizO,

xé =(a, b,0,...,0),

x5 =(1,0,...,0),
A

X, =090.

(12)

Thengz = a+ib, z = a—ib. We call (12) a conformal frame configuration of C. Noticing that the
reflection (x°, x1, x2,..., x4 1) — (x0, —x1, x2,...,x%1) is a conformal transformation which
preserves (01)-plane and keeps x{,xé,xf1 in (12) fixed, the conformal frame configuration is
not unique: it is allowed to replace b with —b in (12). We see that changing b to —b is the

same as interchanging z and Z.
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Let Dy be the Euclidean subset of D:

Dy = {(xl,xz,x3,x4) eD|treR, k=1,2, 3,4} , g =(TX%) . 13)

By using the conformal frame, one can show that

* All configurations in Dy have the following property:

2,2 € C\[1,+00). (14)

This follows from the fact that conformal transformations map circles to circles or lines, pre-
serving cyclic order.® Suppose we have a configuration C with z = z € [1,+00), then the
conformal frame configuration (12) of C satisfies xé = (a,0,...,0) with a > 1, which means
(x7, x5, x3,x,) have cyclic order [1324]. However, the cyclic order [1324] does not exist in
Dy because of the constraint 7; > 74 > T3 > 74.

3.2.3 Series expansion

By (7), we can think of g (u(z,%),v(z,2)) as a function of z,%. Since u,v are symmetric poly-
nomials of z,Z, we have

8(z,2)=¢(%,2), (z"=2). (15)

The constraint z2* = z in (15) is because our assumptions of conformal invariance are made
in the Euclidean signature, where z,%Z are complex conjugate to each other. If g(z,%) has
analytic continuation to independent complex 2, %, then it is easy to remove this constraint by
the Cauchy-Riemann equation, so that (15) will hold for any z, Z.

In the unitary CFT, the function g(z,%) is known to have a series expansion in z, Z:

{COLEDILTES as)

h,h>0

where a; j, are real non-negative coefficients. This expansion can be understood as follows. In

the radial quantization picture, we insert a complete basis {Ih, fl)} into the four-point function
in the conformal frame (12):

S DGR I E) (LRI GG = s O aidE . a7

h,h x122x34)A h,h=0
where h,h are the eigenvalues of Virasoro generators Lg,Lo [14] (Lo, Lo also belong to
so(1,d + 1), the Lie algebra of the global conformal group). Here h,h > 0 are the conse-
quences of unitarity [14].

The expansion (16) is absolutely convergent when |z|, |2| < 1, so g(z,z) has analytic con-
tinuation from its Euclidean domain {z* = %} to the universal covering of {0 < |z|, |Z| < 1}.
Our purpose is to extend the domain of g(7,x;) from Dy to D by composing g(z,z) with
2(7T, %) and 2(7,X;). However, the set of (xq, x5, X3, x4) wWith |2(74, %), [2(Tr, X)) < 1
does not cover D (it does not even cover Dg). To solve this issue, we will introduce a pair of
radial coordinates p, p and expand the function g in p, 0 (see the next subsection).

8Given four Euclidean points x;, x,, x5, x4, we say that they have the cyclic order [i,i,i5i,] if these four points
lie on a circle or a line in the order x; x;,x;,x;, .
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3.3 Expansion in p, p

3.3.1 Definition of the coordinates

We define the radial coordinates p, p by

(1-+v1—-2)2 _
Z >

= CVIZE (18)

z

p(z) =

Eq. (18) defines a one-to-one holomorphic map p(z) from z € C\[1,+0c0) to the open unit
disc |p| < 1. The same is true for zZ and p. By composing (18) with z(7y, x;) and 2(7y, X;), we
get functions p (7, x;) and p(7y, X, ). For configurations in Dy, by the property (14) of 2,2 ,
we have:

* In the Euclidean region Dg, we have |p (7, X )|, o (T, X )| < 1.

Analogously to the conformal frame for z, z, for p, p there exists a conformal transforma-
tion which maps C onto the (01)-plane:

x;_/ =(a5ﬂ503"‘J0)J
x;/ =(_a’_ﬁ’0,...70)’

19
x3 =(-1,0,...,0), (19)
x, =(1,0,...,0),
with a? + B2 < 1. Thenp =a+if3, p = a—ip.
3.3.2 Series expansion
By (18), the maps from p, p to 2,z are given by
4p - 4p
g=——, Z=-—-—o. 20
A+pp’ “Ta+p? 20
We get g(p, p) by composing (20) with g(z,%). By (15) and (20), we have
glp,p)=2¢(p,p), (p*=p). D

In the Euclidean unitary CFT, the function g(7y,X;) is known to have an expansion in radial
coordinates [9]:

L  hh
g(p,p)—hhzo byro P, (22)
,h=>

where b, ; are positive coefficients. This expansion can be obtained by inserting a complete
basis {|h, fl)} into the four-point function at the configuration (19):

" 7 7 7 " 7 1 ~h
% (9 () () ) (. Bl @ () () = W};O b (23)

Furthermore, the p-expansion (22) can be rearranged in the following way:

g8(0,p)= 2, > cai(pp)**Pl(p,p),

A>01eN

l 1/2—k (24)
I - 1P l l
p (P,P)=Zpk(f) > Pr=DPi—k>
=0 P

10
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d/2—1
l

where the function P!(p, 5) in (24) is another form of the Gegenbauer polynomial C [13]:

Pl(p,p) = Cld/z_l(cos 0), (p=re% p=re?). (25)

The function g(p, p) is originally defined in the Euclidean region p* = 5. Considering now
P, p to be independent complex variables, since the expansion (22) is absolutely convergent
when |p|,|p]| < 1, it defines an analytic function on the universal covering of the domain

Ri={(p.p)eC?|o<Ipl,Ip| <1} (26)
We write radial coordinates as
p=e% p=el, 27)
The universal covering of R is characterized by a product of upper half planes

X = {(X,;Z)G(CZ‘Im()(),Im()Z)>O}, (28)

and the covering map is (27). The Euclidean region of X corresponds to y* = —y. By (24),
the function g(y, #) on X has the following properties:

g, x)=¢x,x),

29
gy, 1) =g(x +2m, 7 —2m). (29)

3.4 Analytic continuation: case d > 3
3.4.1 Main idea

In this section we will study the analytic continuation of g(7,X;) in d > 3. Our goal is to ana-
lytically continue g(7,X;) to D. Naively, one may want to construct this analytic continuation
by the following compositions:

(Tk7xk) = (u:V) = (Z’i) = (P;p) = (X’x_) = g(X) X_) (30)
This construction requires two conditions:
1. The step (74, Xx) — (2,%) in (30) should be well defined.

2. All configurations in D satisfy |p|,|p| < 1, or equivalently, 2,2z ¢ [1,+00).

The first condition holds if we have well-defined analytic functions z(7y,X;) and Z(7j,Xy)
on D. However, as already mentioned in section 3.2.1, such analytic functions do not exist in
d > 3 (they exist in 2d). We will discuss the 2d case in section 3.5. For the d > 3 case, we
discuss the non-existence of z(7y,X;),2(7, Xy ) in appendix A.

Concerning the second condition, we have a crucial observation:

Theorem 3.1. [37] The above condition 2 holds in any d > 2.

This theorem is one of the results in [37], where the proof is given (see [37], lemma 6.1
and the proof in its section 6.4). In this paper we will accept it as a fact. For readers who wish
to get some intuition on why |p|, || < 1 in D, we will give a proof of the 2d case in section
3.5.
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Since it is impossible to construct analytic functions z(7y,X;),2(7Tx,X;) on D ind > 3,
we cannot naively do the composition like (30). We will construct analytic continuation of
g(7,X;) as follows.

Let T be the preimage of I, in D (see eq. (9)).° Given a four-point configuration
C = (x1,Xx4,X3,Xx4) € D, we choose a path

v: [0,1] — D,
7(0) € Dg\T,
r(1)=C,
y(s)eD\I', s<1.

(31)

The values of u(s), v(s) along y are uniquely computable via (6). We would like to also define
%,%2,0,0, X, ¥ along the path y. For this we make some conventions: at the start point of y we
choose

Im(z) >0, Im(z)<O0,

O0<Re(y)<mn, —m<Re(})<0O. (32)

This uniquely determines z,z, p, 0, x, ¥ ats = 0. Since we chose y such that y(s) ¢ I’ before
the final point, the subsequent paths of z,%, p, 0, ¥, ¥ at s > 0 are then uniquely determined
by continuity. We define path-dependent variables

z(C,7),2(C,7),p(C,71),p(C,7), x(C,7), (C,7), (33)

to be the variables at the final point y(1) = C. Our goal is to show that

* The function g (¥ (T, Xk, 1), ¥ (Tk, Xy, 7)) is actually independent of the path v, so we
write it as g( Ty, X).

* The function g(7y,X;) is analytic in .

This, then, is how we will analytically continue g(7,X;) to the whole D.

3.4.2 Path independent quantities

In the previous subsection we defined path dependent variables (33). Changing the path may
change the values of these variables. In this subsection we are going to show that the following
quantities are analytic functions on D:

1. (pp)~ for any A.

k/2 = \k/2
2. (B_) +(B) , Where k € Z.
p P

We claim that D\T is connected, so such a path y exists. The reason is as follows. First we notice that
the defining property of T' (see eq.(9)) is equivalent to z = Z. According to section 3.2.2, any configuration
C = (xq,x,, x5, x,) can be written as C = g - C’, where g is a conformal transformation and C’ is the conformal-
frame configuration in eq. (12). If C belongs to I', we have b = 0 in eq. (12) (which is equivalent to z = 2).
Then we keep the conformal transformation g fixed and vary C’. One can show that at such a configuration,
aa(ig_i) =+2i #0 for u =1,2,...,d — 1. Since the conformal transformation g is invertible, there exists at least

one nonzero (complex) derivative of z—2 in xl“’s. If E}(az—;:i) # 0 for some k, then T is locally complex-codimension-
1 (i.e.real-codimension-2) in D near this configuration. This is the generic case for configurations in I'. The
“bad configurations", where a(;—;:) = 0 for all k, form a lower dimensional subspace than the subspace of generic

configurations in I'. We know that removing a subspace with real codimensions no less than 2 does not affect
connectedness, therefore D\TI" is connected.

12
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We first need to show that the above quantities are path independent, then we need to show
the analyticity.
For (pp)A, by (7) and (18), we write it as

(pp)Azﬁ I=(1+V1-2)(1+V1-2). (34)

[24°
u®isan analytic function on D because (a) xizj’s are non-zero analytic functions on D and (b) D
is simply connected. Condition (a) guarantees that the path-dependent analytic continuation

x2,x2\A .. . . . . .
of u = (%) can be performed, and condition (b) implies that the analytic continuation
13724
A

of u” is path-independent (i.e.u®, as a function of le ’s, has no monodromy issue).

Lemma 3.2. I(7y,X;) is an analytic function on D.

Proof. By theorem 3.1, the variables z,Zz are always in the same branch of the square-root
functions v/1—z, v/1—%. Together with the fact that changing the path at most interchanges
z and z (this follows from (7) and from u, v being functions of a point and not of a path), we
conclude that I is a path independent quantity.

To show that I( 7y, X, ) is an analytic function on D, we first show that I(7, X; ) is an analytic
function on D\TI'. For a given configuration C € D\T, we choose a path y under conditions
(31). Then the variables z,% at C are determined by y. By (8), we can find a neighbourhood
U € D\T of C such that the map (u, v) — (z,2) is locally analytic. Thus I(7y,X;) is an analytic
function on D\T.

It remains to show that I(Ty,X;) is analytic near C € T. For C € T we have 2 = 2 = z,.
Because I(z,%) is symmetric in z and Z, and because I(z,%) is analytic in the variables 2,z in
the domain 2,% ¢ [1,+00), I(z,%) has the following Taylor expansion near (z,, 2, ):

I(z,2) = Z A (2 +7—2z,)"(z—%)*". (35)

m,neN

By (8) we have

z+z=14+u—v,

(36)

(z—2)?=(1+u—v)>—4u.
Although the map (u,v) — (z,%) is not analytic near (u,v) € T,,, (35) and (36) imply that
the function I(u,v) is still locally analytic in the variables u,v. Thus I(7y,X;), which is the
composition of analytic functions I(u,v) and (u(7y,Xx), v(Tx,Xx)), is analytic near CeT'. [

To show (pp)? is an analytic function on D, it remains to show that [I(7.,x;)]> is an
analytic function on D. Since all configurations in D have z,% ¢ [1,+00), we have

—g<Arg(v1—z),Arg(v1—£)<§, 37
which implies
I(D) c C\(—o0,0]. (38)

Thus I(D) does not contain any curve which goes around zero. Together with lemma 3.2, we
conclude that [I(7,x;)]* is an analytic function on D.

Recall definition (27) of y, j, the fact that (pp)* is analytic in D is equivalent to the
following lemma:

13
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Lemma 3.3. y + j is an analytic function on D.

Proof. We choose an arbitrary self-avoiding path to perform the analytic continuation of y and
7.19 By (27), along the analytic continuation path we have

x+x =—ilog(pp) . (39)

The above discussion about analyticity of (0 5)* was actually proving that log (o) is analytic
in D. In particular, the RHS of (39) does not depend on the choice of the analytic continuation
path (although the analytic continuations of y and j do). Thus y + y is also an analytic
function on D. W

For (p/,é)k/2 + (/S/p)k/z, we write it as

k/2 =\ k/2
(5) *(5) =(pp) ™ (p* +5"). (40)

The analyticity of (p ﬁ)_k/ % has been proved. Changing the path at most interchanges p and
p, so pk+ pk is path independent. The analyticity of (pk + pk) in D follows from a similar

argument as in the proof of lemma 3.2. Therefore, (p/ ﬁ)k/ 21(p/ p)k/ 2 is an analytic function
on D.

3.4.3 The end of the proof that g(7,x;) is analytic in D

In section 3.4.1 and 3.4.2, we introduced path dependent variables z, %, p, p in D and showed
that (p5) and (p/ p)k/ 2+ (6/p /2 are analytic functions on D. Now sticking them into the
expansion (24), we conclude that

* g(TX) = D) Dical (pp)> Pl(p, p) is a series of analytic functions on D.
A>0[eN

For any C € D, we can find a neighbourhood U C D of C such that the expansion (24)
converges uniformly in U.'? So we conclude that

* g(7y,x;) is an analytic function on D.

3.5 Analytic continuation: case d = 2

In this section we would like to discuss separately the analytic continuation of g(7y,x;) in
2d. Although this case is covered by section 3.4, in the 2d case a much simpler construction
can be given. This is because the analytic functions z(7y, X ), 2(Tk, Xx) exist. In 2d we use the
complex coordinates [14]:

Z=xp+ix;, H=xp—ix;, k=1,2,34. (41)
We choose z,% to be

(21 —22)(23 —24) 5= (21 —22)(33 — 24)
(21 —23)(22 —24)° (81 —23)(8y —24)

z = (42)

19The self-avoiding condition is to make sure that there exists a simply connected neighbourhood of the path,
so that the analytic continuation is always well-defined (no monodromy issue).

We can find a neighbourhood U of C such that |p|,|5| <R < 1 in U. Then the uniform convergence follows
from the fact that (24) is a rearrangement of the series expansion (22) which is absolutely convergent.

14
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v _ 8, %)
(ToX)ED ----------- > X3(x,x)—— C

(42) l (27)

6
(5,2 ¢ (0} U[1,400)} — 2 R3(p,5)

Figure 3.1: The diagram of maps in 2d.

One can check that (42) is consistent with (7). Furthermore, 2,Z in (42) are analytic in all

variables x;j except for

(21 —23)(81 —23) (23 —24)(3, —24) = 0. (43)

In particular, z(7y,Xt),2(7, Xi) are analytic functions of x;j on D.
Let x]({) = € +it;. We write down the complex coordinates defined in (41):

Zr=ep+itg+ix,, Z=ep+ity—ix,, k=1,2,3,4v. (44)

Then 2, % are computed via (42). Notice that the Euclidean configuration C’ = (x], x3, X3, X,),

(x,/c)o =€, (x,’()l =t + x;v, (45)

gives the same z;, and hence the same z. Applying eq. (14) to C’, we conclude that
gz # [1,+00) (Z # [1,+00) follows from the same argument). This proves the 2d case of
theorem 3.1.

Furthermore, z,% # 0 in D because z; —z;,%; —z; # 0 for i # j. So we conclude that

z(D),z(D) c C\ ({0} U[1,+00)). (46)

Based on (46), we safely map 2,% to p, p via (18), and we have p, o # 0. Then consider the
function g(y, y) which is analytic in the domain Im(y),Im(y) > O (see section 3.3.2). Figure
3.1 shows the procedure of analytic continuation.

Since D is simply connected, by the lifting properties of the covering map [41], there
exists a continuous map (dashed arrow in figure 3.1) from D to X, which lifts the map from
D to R. Such a map is unique if we fix y(74,%;) and 7(7y,X;) at one configuration in Dg.!?
Because (42), (18), (27) are analytic functions, the map D — X defines an analytic function
(x (71, %x), ¥ (7%, Xx)). By composing y (7T, Xx), ¥ (Tx, X)) with the function g(y, ¥), we get a
function g(7,x;) which is analytic in the variables 7 and x;, = x;.

4 Lorentzian CFT four-point function

4.1 Some preparations

In this section we are going to study the OPE convergence of Lorentzian CFT four-point func-
tions. Since we have analytically continued the Euclidean CFT four-point function to the do-
main D, the next step is to take the limit (2) to the Lorentzian configurations, which are at the
boundary of D (denoted by 9 D).

The main differences between D and 9D are as follows:

2In D, we choose y(Ti,%), 7(Ty,X;) with the constraint y* = —j because p*(74,%,) = p(74,%;) for config-
urations in the Euclidean region.
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* (Position space) For any x;, x; pair in D, xl.zj is always non-zero, while for x;, x; pairs in

oD, xl.zj = 0 when x; and x; are light-like separated:

eizej, (ti_tj)zz(xi_Xj)z.

* (Cross-ratio space) For all configurations in D, the variables z,Z never belong to
{0} U[1,+00), while the configurations in 3D may have z or Z € {0} U[1, +00).

We call (4), (22) the s-channel expansion of the CFT four-point function. A priori we can also
use the t- and u-channel expansions to construct the analytic continuation of the four-point
function, starting from the t- and u-channel versions of (4):

(uD Vt) g(uw vu)
(6 (x1) ()b (x3)ep () = — = , 7
(’@4)A (xgs)A (xfz)A (x§4)A
where
u=v, v,=u, uuzl, vu:K. (48)
u u

We want to remark that only the s-channel expansion could be used to extend g(7j,X;) to
the whole D, since theorem 3.1 holds only for the s-channel. We can use t- and u-channel
expansion to analytically continue the four-point function to part of D, but not to the whole D.
We will also consider t- and u-channel expansions because there are Lorentzian configurations
where the s-channel expansion does not converge, but the t- or u-channel expansion converges
(see section 4.3.2).

4.2 Excluding light-cone singularities

When xizj = 0 for some X, X; pait, since at least one of the scaling factors in (4) and (47) is
infinity, we expect the four-point function to be infinity. The configurations which contain at
least one light-like x;, x; pair are called light-cone singularities.

One example, for which the correlation functions are divergent at light-cone singularities,
is the generalized free field (GFF). Since we are interested in the Lorentzian configurations
where the four-point functions are genuine functions for all unitary CFTs, we only consider
the configurations which are not light-cone singularities. In other words, in this paper we will
only consider the following set of Lorentzian configurations:

Dy = {(X1,XZ,X3,X4) € 0D|xi = (it %), ks xjj #0, Vi # j} ' “

4.3 Criteria of OPE convergence

Now that xl.zj # 0 for all configurations in D;, all the cross-ratios defined in (6) and (48) are
finite and non-zero, which implies

%,2#0,1,00. (50)
So the real axis in the z, z-space is divided into three parts:
(—=00,0)U(0,1)uU(1,+00). (51

In this section, we are going to establish criteria of OPE convergence in s-, t- and u-channels.
The three intervals in (51) will play important roles because each of them is the place where
one OPE channel stops being convergent.
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4.3.1 s-channel

We have analytically continued the four-point function G4 to D. So far, as already mentioned,
we only used the s-channel expansion because of theorem 3.1. Actually by using the s-channel
expansion, we are able to extend G4 to a larger domain D° D D according the constraint
0 < |pl,|p| <1 (orequivalently, 2,z # {0}U[1, +00)). D contains some but not all Lorentzian
configurations. In other words, the Lorentzian four-point function has convergent s-channel
OPE on the set D° N D;.

By (18) and (50), p, p # 0,=1 for all configurations in D; . Because of theorem 3.1 and the
continuity, all configurations in D; have |p|,|p| < 1. To check the convergence of s-channel
OPE, it suffices to check whether |p|,|p| # 1 or not. Equivalently, it suffices to check whether
2,2 ¢ (1,+00) or not.

Therefore, given a Lorentzian configuration C; € D;, we have the following criterion of
s-channel OPE convergence:

Theorem 4.1. (s-channel OPE convergence) If neither z nor 2 computed from C; belong to
(1,4 00), then the Lorentzian four-point function G, is analytic at C; and is given by the
formula

g(x, x)
[x%zxgaf]A

Here g(y, ) is the same function as described in section 3.3.2, and the variables y, j are
defined by the algorithm in section 3.4.1. The function g(y, ¥) can be computed by the con-
vergent series expansion (22).

G4(Cp) = (52)

4.3.2 t-channel and u-channel

We define the variables z,, z; and z,, , by replacing u, v with u,, v, and u,,, v, in (7). By (7) and
(48), we choose proper solutions to the t- and u-channel versions of (7), and get the following
relations'®

2, =1—z, z,=1-%, 2,=1/z, %z,=1/%. (53)

Then we define the t- and u-channel versions of radial coordinates p,, p;, Py, Oy by replac-
ing 2,z with z,,%, and 2,,%, in (18). By (53) and the fact that z,%Z are not real for con-
figurations in Dg\T, z.,%,,2,,%, are also not real for configurations in Dg\I'. In particular,
Ze, 21> %0, 2y & [1, +00) for all configurations in Dy \T', which allows us to choose |p,| = |p,| < 1
and |p,| = |p,| < 1 to start with convergent t- and u-channel expansions. Analogously to the
s-channel expansion, the t- and u-channel expansions are defined by replacing p, o with p,, o,
and p,, p, in the series expansion (22).

For all configurations in Dg\T, the s-, t- and u-channel expansions converge to the same
Euclidean CFT four-point function. This consistency condition is called the crossing symmetry
[42,43]. Now let us analytically continue the four-point function via the t-channel expansion.
Suppose we have a path y in D\T such that y(0) € Dg\TI', we can find a neighbourhood
U, € D\T of the set {y(s) | 0 <s < 1} and perform the analytic continuation of z,% in U, via
(6) and (8).!'* Then we get the analytic continuation of z,,%, in Uy by the relation in (53). If
2,2 ¢ (1,+00) in Uy, or equivalently, |p.|,[p,| < 1 in U,, then the t-channel expansion of G,
is convergent in U,, and gives the analytic continuation to U,. Since the start point y(0) is a
Euclidean configuration, U, NDg is an open subset of Dy, where the temporal variables 7 are

13The other solutions of z,,%,,%,,%, differ from (53) by interchanging z,,%, or z,,%,, which will give the same
conclusions of convergence properties in t- and u-channel expansions.
14As long as y(s) ¢ D\T along the path y, such a neighbourhood U, always exists.
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independent real numbers. According the crossing symmetry, the s- and t-channel expansions
agree in U, N Dg, so they also agree in U,, where 7 are independent complex numbers.
Furthermore, by taking the limit from D\T to I', we can also use the t-channel expansion to
compute the four-point function for configurations in I' with the constraint |p,|, || < 1, and
the result also agrees with the s-channel expansion by continuity. So we conclude that

* Given a configuration C in D, the t-channel expansion gives the same analytic continua-
tion of G, as the s-channel expansion if there exists a path y in D such that y(0) € Dg\T,
v(1)=C and 2,2, ¢ (1,+00) along .

Analogously, by replacing z;,%, with z,,%,, we have the same conclusion for the u-channel
expansion.

While theorem 3.1 holds for z, z, it does not hold for z,, 2, or z,,%,,, which means that the t-
and u-channel expansions may diverge in D. Unlike the s-channel, the convergence properties
of t- and u-channel expansions require not only the values of z,,%,,2,,%, of a configuration,
but also the values of these variables along a path. For convenience we use the relation (53)
to translate z,,2,,2,,%, ¢ (1, +00) to equivalent conditions in 2, Z:

20,2, € (1,400) = 3z,2¢(—00,0),

rE, ¢ (1,400) = 2,2¢(0,1). o9

Then it suffices to compute and watch z, Z-curves along the path.

To give criteria of convergence properties in t- and u-channel expansions, we define some
quantities which count how z, Z-curves cross the intervals (—oo,0) and (0, 1). Given a path y
defined as follows

y:[0,1] — D,
7(0) € Dg\T', (55)
y(s)e D\I', s<1,

if the variables 2, Z at the final point y(1) satisfy 2,z ¢ (—00,0), we define

n, (y) := number of times z crosses (—oo, 0) from above

—number of times g crosses (—oo, 0) from below, 56)
i, (y) :== number of times 2 crosses (—oo, 0) from above
—number of times Z crosses (—oo,0) from below,

and
Ni(y) =n.(r)+n.(y). (57)
Analogously, if the variables z,Z at the final point y(1) satisfy 2,2 ¢ (0, 1), we define

n, (y) := number of times z crosses (0, 1) from above

—number of times g crosses (0, 1) from below, 58)
f, (y) := number of times Z crosses (0, 1) from above
—number of times Z crosses (0, 1) from below,

and
N,(y) == n,(y) +a,(r). (59)

Let us consider the t-channel expansion. We claim that N, is a path independent quantity:
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Lemma 4.2. Given a configuration C € D with z,Z ¢ (—o0, 0], N, is independent of the choice
of the path. Therefore, we can write N, as N,(C).

Proof. Suppose we have a path y under condition (55) and y(1) = C. Under convention (32),
the path y uniquely determines the paths of z,%, p, p, ¥, ¥- By (18) and (27), we have

z€(—00,0) <= pe(-1,0)

& Re(y)=(2k+1)r for some k € Z, (60)
which implies that the final point of y(s) contains the information about n,:
(2n,—1)m<Re(y(1)) <(2n,+1)x. (61)
Analogously we have
(2f, — 1) < Re(7(1)) < (27, + D). (62)

!/ =/

Now we pick another path y” under condition (55) and y'(1) = C. We let x’, 7,n},a},N;
denote the corresponding variables of the path y’. By lemma 3.3, we have

xW+xM) =MW+ 7'D). (63)

Since p, p at C at most interchange with each other, the relation (63) implies that there only
two possibilities:

1. y(1)=x'(1)+2km, y(1) = 7'(1) — 2kn for some k € Z,
2. y(1)=7'(1)+2km, 7(1) = ¥’(1) — 2k for some k € Z,
which, by (61) and (62), are equivalent to
1. n,=n} +k, n, =, —k for some k € Z.
2. n, =1, +k, i, = n} —k for some k € Z.
Thus we have N, (y) = N, (/). O

Suppose C is a configuration in D U D; with z,% ¢ (—o0,0) and N, = 0. By choosing an
arbitrary path y with conditions (55) and y(1) = C, we get the paths y(s), ¥(s) along y. We
define a pair of new variables %, y by

F=x(1)—2nm, x=jx1)+2n,m. (64)

Since N, = 0 (which implies n, = —n,), by (61) and (62), the construction (64) gives

—n<Re(y)<m, —7'[<Re()()<7't. (65)

We have the following lemma.

Lemma 4.3. The following maps

490 1
(1+p)2 o2 X’ (66)
2

X:—)p:eixp—)z:

are biholomorphic maps from {y € C|—nt <Re(y)<m, Imy >0} to {peC|lp|<1,
p #(—1,0]}, then to the double-cut plane {z € C|z ¢ (—o0,0]U[1,+00)}.
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Proof. For the map y — p, since — < Re(y) < 7, its image in the p-space does not contain
(—00,0), hence does not contain curves which go around 0. So the inverse y = —iln p exists.
The constraint Imy > 0 is equivalent to 0 < |p| < 1.

The map p — 2 is known to be a biholomorphic map from the open unit disc to C\[1, +00)
[13]. One can show by direct computation that p € (—1,0] is equivalent to z € (—o0,0]. O

Since the double-cut plane is preserved under the map z — 1 —z, by lemma 4.3 we define
a pair of t-channel variables 7, 7, by
{2 g, =1—-2— j,,
X t Xt 67)

Prmimii=1-im7,

where the maps # — £, y ~— Z are the same as (66), and the maps %, — #%,,2%, — ¥, are the
inverse of (66).

Since Im#%,Imy > O for all configurations in D, above we defined the (path dependent)
variables #,, ¥, for configurations in D with the constraints z,z ¢ (—oco,0) and N, = 0. In fact
such definition can be extended to Lorentzian configurations in D; with the same constraints.
This is because any configuration C; with 2,z ¢ (—00,0) and N, = 0 can be approached by
configurations in D with the same constraints, and then 7, , at C; are defined by continuity.

Note that if z nor Z do not cross (—oo,0) at all, then |p,|,|0,| < 1 along the whole path,
and the t-channel OPE is guaranteed to converge. The criterion we give is more general in
that it allows some crossings. Let us prove that this more general criterion is indeed sufficient.

Theorem 4.4. (t-channel OPE convergence) Given a Lorentzian configuration C; € D;. If
the variables 2,% of C; do not belong to (—00,0), and furthermore if N,(C;) = 0, then the
Lorentzian four-point function G, is analytic at C; and is given by the formula

cucy= L (xt,zxt)

2 A
[x3x3,]
Here g is the same function as described in section 3.3.2, and the variables 7, , are defined

by the algorithm in (64) and (67). The function g(7,, 7,) can be computed by the convergent
series expansion (22).

(68)

Before the proof of theorem 4.4, we introduce the following lemma:

Lemma 4.5. Given a configuration C € D. If the variables 2,z of C do not belong to (—o0, 0),
and furthermore if N,(C) = 0, then we have

s _ 8o
[x%2x§4:|A [x§3x%4:|A

We would like to postpone the proof of lemma 4.5. Let us first see how lemma 4.5 implies
theorem 4.4.

Suppose we have a Lorentzian configuration C; which satisfies the conditions of theorem
4.4. Since C; € D, we can approach C; by a sequence of configurations {C,} in D such that
C, satisfies z,% ¢ (—00,0) and N, (C,) = 0. By construction Im#,,Imy, > 0 for C; and all C,
in the sequence, so g ( Tis )?t) can be computed by the convergent series expansion (22). We
choose 7,(C,,), .:(C,,) such that they form two sequences which approach 7,(C;), x.(C;), then
by continuity, the limit of g ()Zt(Cn), )?t(Cn)) is exactly g (;Zt(CL ), )?t(CL)).15 By lemma 4.5, we

(69)

15For this claim we choose a path y(s) with y(1) = C, and let the sequence {C,} be along the path y. Let the
sequences of y(C,), ¥(C,) also be along the path, then it is natural to see that the sequences of ¥,(C,), x.(C,) have
the limits %,(C,), ¥.(C;).
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have eq. (69) for C,. Note that the LHS of (69) is the four-point function in the s-channel
expansion, thus we have

G,(C) = lim Gy(C,) = lim > (Z“MZ . (X“th
e "0 [x35x3, ] Ca [x33x7,]
So we finish the proof of theorem 4.4. We would like to make two comments. First, theorem
4.4 covers the case when s-channel expansion is not convergent. For this case we have z or
Z € (1,+00). To compute G, it is important to know whether Arg(1—%) or Arg(1—2) is equal
to m or —7. A crucial point is that the information about these phases are contained in %, and
7.-'¢ Second, eq. (68) indeed corresponds to the t-channel expansion because each term in
the series expansion (22) of g ( Tt )?t) corresponds to a state which appears in the ¢ (x;)¢p(x3)
OPE.
It remains to prove lemma 4.5.

(70)

G

Proof. We have

g e(x.7)

A A
[x2,x2,]% [x3,x2,]
_ 1 x i £z }Ag(i .
|:~X']2_2‘)(‘?2’4:|A _(1—§) (1_5) tr Lt
1 [ 22 A )
) 2 o X (71)
[szx§4]A X _(1_2)(1_2)] g(;(t Xt)
1 Fu A L
=m " -;} g (7o 1)
_— g(itﬁxzt)
LY
[x§3x%4]

The first equality is a consequence of eq. (29). The second equality follows from the crossing
symmetry
“ ]A (1—2,1—32), 23eC\(—=00,0]U[0,400).  (72)

— —2,1-2), 2,3 —00, ) .
A-za-z] ¢
Here we also use the fact that both s- and t-channel expansions are convergent if z,% are in
the double-cut plane, and in the same branch as the Euclidean case.

For the third equality, we recall our definition of 7, ¥ in (64): the variables z,z acquire
extra phases and 1 —%,1 —Z do not go around 0. In other words, we have

8.9 =|

5= e—2ntmz’ 7= eZntmi’

73
1-2=1-2z, 1—z=1-— 73)

W

The remaining steps in (71) are trivial. O

The criterion of u-channel convergence is similar to t-channel. Given a configuration C;
with 2,2 ¢ (0,1) and N, = 0. We choose a path y to get y(1), (1), then the u-channel versions
of (61) and (62) are given by

—2n,m <Re(y(1)) < —2n,m+2m,

—27,m— 21 < Re(F(1)) < —2,7. 74

16Since p, = e'’t, we have Arg(p,) =Rej,. If z = % € (1, +00), then we have Arg(1 —£) =Rej,. The argument
is similar for z.

21


https://scipost.org
https://scipost.org/SciPostPhys.13.4.093

Scil SciPost Phys. 13, 093 (2022)

The u-channel variables j,, ¥, are defined by following algorithm, which is analogous to (67):

i=xD)+2nn—2—3%, =

!
xR
=

(75)

!
xR
=

y=7(1)—2n,m—z—z,=

Wi = W | =

We give the u-channel criterion without proof.

Theorem 4.6. (u-channel OPE convergence) Given a Lorentzian configuration C; € D;. If the
variables z, % of C; do not belong to (0, 1), and furthermore if N,(C;) = 0, then the Lorentzian
four-point function G, is analytic at C; and is given by the formula

8 (Fus 1)
2 2 A7

[x75x3,]

Here g is the same function as described in section 3.3.2, and the variables 7, ¥, are defined

by the algorithm (75). The function g(#,, ¥,) can be computed by the convergent series
expansion (22).

G4(Cp) = (76)

Unlike the s-channel case, even if we only want to check the convergence properties of t-
and u-channel expansions, we have to choose a path to compute N, and N,,.

Before finishing this subsection, we want to remark that actually the condition (55) of the
path y can be relaxed in the way that vy is allowed to touch I':

r: [0,1] — D,
v(0) € Dp\T, (77)
y(1)€Dy.

Suppose we have a path y which intersects with I'. Let y(s,) € I be the first intersection point.
Ats, we have z(s,) = 2(s, ), then z(s), Z(s) become indistinguishable for s > s,, so the quantities
ng, g, Ny, My, ¥, % are not well defined for y. However, by manually choosing z,Z after each
intersection, we still get two curves z(s),z(s): they may not be smooth at intersection points,
but they are still continuous. By this trick we get n,,f,,n,,n,, ¥, %, so that we are able to
compute N,, N, and the four-point function. On the other hand, we can always deform y to a
path 7/, such that y’ has the same start and final points as y but ¥’ does not intersect with T.
By doing proper deformation, we can make y’ have the same n,,7,,n,,,, x, ¥ as selected on
y. Therefore, our manual selection will give the correct OPE convergence properties and the
correct value of the four-point function.

4.4 What happens if there is no convergent OPE channel?

We want to make a comment that theorem 4.1, 4.4 and 4.6 give sufficient conditions for
OPE convergence. For a Lorentzian configuration C; which is not a light-cone singularity and
which does not satisfy the conditions in these theorems, it does not mean that G, cannot be a
function at C; . It just means that for general CFT, we are not able to use the radial coordinates
P,0 (Ps, Pr> PusPu) and the expansion (22) to prove the analyticity of G4 at C;. The four-
point function still has a chance to be analytic at C;. For example, the four-point function of
generalized free fields has analytic continuation to the whole Lorentzian region except for the
light-cone singularities.

An interesting related open question is: can we relax the conditions in theorem 4.1, 4.4
and 4.6?
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4.4.1 s-channel condition

In theorem 4.1, we only assume the condition 2,z ¢ (1,+00) (equivalently, |p|,|2]| < 1). The
Lorentzian configurations which violate this condition has |p| = 1 or |p| = 1, then the proof
of theorem 4.1 fails because in the proof we used the fact that the series expansion (22) is
absolutely convergent when |p|, |p| < 1.

We are interested in the Lorentzian configurations where the s-channel expansion is con-
vergent for all unitary CFTs. For configurations with [p| = 1 or |p| = 1, we may exhibit an
explicit CFT four-point function, for which the s-channel expansion is divergent (then such
configurations are ruled out). The generalized free field (GFF) theory is such an example. The
GFF four-point function of identical scalar operators (with scaling dimension A) is defined by

1 1 1
[2 z:|A+|:2 2:|A+|:2 z]A' (78)

X19X34 X53X74 X13Xo4

(G4)GFF (xlz X9, X3, X4) =

By (4), the conformal invariant part of (G4) o 18 given by

L 16p5 O\ 16p5 __ \°
gGFF(p’p)_1+((1+p)2(1+ﬁ)2) +((1—p)2(1—ﬁ)2) ' 72

It has the series expansion

YU T(A+m)T(A+n)

2 (14 (-1
8orr(PP) = 14+(16pP)* D ( RIT(AY PP, (80)

m,n=0

which diverges when |p| = 1 or |p| = 1. It follows that theorem 4.1 cannot be extended to
configurations with |p| = 1 or |p| = 1 without extra assumptions on the theory. One such
extra assumption will be mentioned in section 5.3.2 (locality of 2d CFT).

4.4.2 t- and u-channel conditions

In theorem 4.4, we assumed two conditions: z,Z ¢ (—o00,0) and N, = 0. For Lorentzian
configurations which violate the first condition, (analogously to the s-channel case) we can
use GFF to conclude that these configurations do not have convergent t-channel expansion for
some unitary CFTs.

Let us explain more about our motivation for assuming N, = 0. By the s-channel series
expansion (22) and crossing symmetry (72), the function g(y;, ¥;) has analytic continuation
to the universal covering of the domain

_TC<RE(Xt)<TC: Xt;éoa

_ _ (81)
—m<Re(y)<m, } #0.
The series expansion of g(x,, ¥.) is absolutely convergent in the region where
—mn < Re <m, O0<Ar <7,
(xe) g(xe) (82)

—n<Re(j,)<m, O0<Arg(jy,)<m.

Suppose we have a configuration C; with N, # 0. By choosing a path y, we compute the paths
x:(8), 7:(s), and then determine the final points y,(1), 7,(1). When the path z(s) crosses
(—00,0) from above, y,(s) either crosses (—m,0) from above, or crosses (0, ) from below.
Since the start points y.(0), ¥.(0) are in the region (82), we have

nemw <Arg(y) <(n,+1r, nm<Arg(y) <@ +1)m, (83)
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which are the t-channel versions of (61) and (62). We see that xt(l)e_"t“i, xte_ﬁt"i are in the
region (82). The property (29) says that we have!”

g (1), 7:(1) = g (x.()e™, 7. (1)e™™) . (84)

However, if N, # 0, then n, # —n, for any path y. So in this case we cannot use (84) to move
x:(1), %:(1) to the region (82). This is where the proof of theorem 4.4 fails for N, # 0.
The arguments for theorem 4.6 are similar.

5 Classifying the Lorentzian configurations

In the previous section we gave the criteria of convergence properties of OPE in various chan-
nels for Lorentzian CFT four-point functions. These criteria say that given a Lorentzian con-
figuration C;, one can just start with an arbitrary Euclidean configuration in Dz \TI" and choose
an arbitrary path towards C;, then decide if the conditions in theorem 4.1, 4.4 and 4.6 hold
or not by watching the z,z-curves (in theorem 4.1 one does not even have to choose a path).

However, it would be frustrating if we have to check the analytic continuation curves for
all Lorentzian configurations in D; (recall definition (49)). We expect that these Lorentzian
configurations can be classified such that for each class it suffices to choose one representative
configuration to see if various OPE channels converge or not. There are two natural classi-
fication methods, one according to the range of z and %z, the other according to the causal
orderings. We will show that combining these two methods leads to a complete classification
for the convergence properties of Lorentzian CFT four-point functions.

5.1 z,Zz of Lorentzian configurations

For all Lorentzian configurations, since xizj are real, the cross-ratios u, v are also real. By (8),
there are only two possibilities for z, Z:

1. z,% are independent real variables.
2. z,% are complex conjugate to each other.

In addition, we have already excluded light-cone singularities in D; (recall definition (49)),
so the configurations in D; have 2,z # 0,1, 00. According to the range of the g,z variables,
we divide D; into four classes:

D, =SUTUULE, (85)

where the classes are defined as follows.
* Class S: configurations with0 <z <1, 2<0o0orz<0, 0<z<1.
* (Class T: configurations withz > 1, 0<z<lorO0<z <1, 2> 1.
* Class U: configurations withz > 1, 2 <0orz <0, z> 1.

* Class E: configurations with 2,2 <0or0<g,z2<1lorg,z2>1orz*=3.

17Recall the map y — y, in (67), the transformation y — y + 27 corresponds to y, — y.e'".
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We use the name “S" (resp. “T", “U") because it corresponds to the configurations where only
the s-channel (resp. t-channel, u-channel) expansion has a chance to converge. The name “E"
means “Euclidean", since the variables z, z in class E can be realized by the configurations with
totally space-like separation. In addition, we divide the class E into four subclasses:

E=Eg UEg UEy UEgy,, (86)

where the subclasses are defined as follows.
* Subclass Eg,: configurations with z,z < 0.
* Subclass E,: configurations with 0 < 2,z < 1.
* Subclass E,,: configurations with z,z > 1.
* Subclass E,: configurations with z* = Z not real.

The subscripts in above names indicate the possible convergent channels. Figure 5.1 shows the
range of (z,%) pair corresponding to each class/subclass. Let P (C) denote the subset of (z, %)
pairs corresponding to class/subclass C. Under identification (2, %) ~ (Z,z), P(C) are connected
subsets of C/Z,. P(S), P(T), P(U), P(E) are disconnected from each other, but P (Eg,), P (E,)
and P (E,,) are connected to P (E,,) (also note that P (E,), P (E,.) and P (E,,) are disconnected
from each other).

Im(z)

Estu

Re(2)

Figure 5.1: The corresponding range of (z,2) pair of each class/subclass.

For each class/subclass, we immediately get some information about OPE convergence
properties by theorem 4.1, 4.4 and 4.6 (see table 1). In table 1, the check mark means that
the sufficient conditions in theorem 4.1 or 4.4 or 4.6 holds, hence the corresponding channel
is convergent. The cross mark means that the sufficient conditions do not hold, we cannot
conclude that the corresponding channel is convergent or not (basically because one or both
p, p variables are on the unit circles). The blank means that there is room for convergence
but we need to check N;, N, conditions.
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Table 1: OPE convergence properties of classes/subclasses

class/subclass | s-channel | t-channel | u-channel

S 4 X X
T X X
U X X

Eg 4 X

Eq, 4 X

Ew X

Egtu v

5.2 Causal orderings

In Minkowski space R¥~11| causal ordering is a binary relation between two arbitrary points.
Let x; = (ity,%;) and x, = (it,,X,) be two points in R4~ 1® we say x; — x, if x, is in the
open forward light-cone of x;, or equivalently, t, — t; > |X; —X5|.

By the triangle inequality, the causal ordering is transitive: if x; — x, and x, — X3, then
X1 = X3.

Causal orderings are preserved by translations, Lorentz transformations and dilatations.
But special conformal transformations may violate causal orderings.!” Given a pair of time-
like separated points x;, x; in R9~11, there exists a special transformation such that the images
x!, xJ/. are space-like separated [44].

By “the causal ordering of a configuration C = (x, x5, X3, x4)", we will mean the directed
graph (V,E), where V = {1, 2, 3,4} is the set of indices and E = {(ij)} is the set of arrows i — j
encoding the causal orderings x; — x;. For example, the causal ordering of the configuration

x; =(0,0,...,0),
x, =(1,0,...,0),
x5 =(2i,0,...,0),
x, =(3i,0,...,0),

(87)

is given by

X |

4 —— 3

Since causal ordering is transitive, some arrows in the graph (88) are redundant and we will
drop them. E.g. the graph

1-2—>3->4 (89)

18Since in this work our discussions start from the Euclidean signature, we use the Euclidean coordinates
x = (e +it,x). The Euclidean points correspond to ¢t = 0 and the Lorentzian points correspond to € = 0.
19We will come back to this point in section 5.6.2.
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5.3 C(lassifying convergent OPE channels

We decompose the set D; according to the causal orderings of the configurations:
D=7t (90)
a

where each Df is the set of configurations with the same causal ordering, labelled by the index
a.

5.3.1 Cased>3

In d > 3, each D} in (90) is a connected component of D; . it is not hard to see that different
D{ are disconnected to each other. The proof that each D7 is connected is given in appendix
B.

Since D7} is connected, with the identification (z,2) ~ (%, z), the set of corresponding (z,%)
pairs is a connected subset of C2/Z,. Recalling our classification in section 5.1, we conclude
that

Lemma 5.1. For d > 3, all configurations with the same causal ordering belong to the same
class S, T, U, E (see section 5.1).

By the lemma, we can assign class S, T, U and E to each causal ordering of the configura-
tions. In addition, if D' is in class E, we subdivide D} according to the subclasses of class E.
We summarize these relations in figure 5.2.

a Qa-
o Dy /PN | B A
a a a a
[\ [\ [ 5]

S

T

U

stu

Figure 5.2: The class S, T, U and E are subdivided according causal orderings. For
each D7 in class E, Dy is subdivided according to subclasses.

Now we are ready to state the classification of convergent OPE channels for Lorentzian
CFT four-point functions.

Theorem 5.2. Let GALr be the Lorentzian four-point function which is defined by the Wick
rotation (2) from a Euclidean unitary CFT in d > 3. Let a be a causal ordering and let D be
the set of all configurations with this causal ordering.

 If D} is in class S, then all configurations in D only have convergent s-channel expan-
sion for Gy

* If D} is in class T, then all configurations in D} have the same N;.

 If D} is in class U, then all configurations in D} have the same N;,.
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 If D} is in class E, then

- All configurations in D N E have the convergent s-channel expansion and the
same N;.

- All configurations in D} N Eg, have the convergent s-channel expansion and the
same N,,.

- All configurations in Df NE,, have the same N,,N,,.

- All configurations in D} N Eg,, have the convergent s-channel expansion and the
same N;,N,,.

Proof. Let us check the conclusions case by case.

Case 1: D} isin class S.

The s-channel convergence follows from theorem 4.1. For other cases, the s-channel argu-
ments are the same, and we will only focus on N, and N,,.

Case 2: D isinclass T.

It remains to show that N, is a constant in D{. For any C;, C; € Df, since Df is connected,
there exists a path y; which connects C; and C;:

v1: [0,1] — Df,
r1(0)=C;, 7i(1)=C;.

Since y4(s) are always configurations in class T, the corresponding 2, Z never touch the interval
(—00,0). So n.(y1) =,(y;) =0, which implies N;(y;) = 0. On the other hand, given a path
7o from DE\T to C;, we get a path from Dg\T to C; by connecting y; and y,. So we have

(oD

Nt(Cz):Nt(Y1)+Nt(Y2):Nt(CL)' (92)

In other words, N, is a constant in DE‘?.

Case 3: D} is in class U.

It remains to show that N, is a constant in D'. The argument is similar to case 2.

Case 4: D} is in class E.

Suppose C;, C; are two configurations in D{NE,. It remains to show that N,(C;) = N,(C;).
Analogously to case 2, there exists a path y; satisfying the condition (91), and it suffices to
show that N,(y;) = 0. Here it is different from case 2 because y;(s) may go through the other
subclasses of the class E, and the curves of z,% may touch the interval (—oo, 0). In class E, the
curves 2(s), 2(s) touch the interval (—oo,0) only when y(s) enters the subclass Eg,. However,
y(s), which starts from Eg, must go through E,, before entering E;,. When y(s) leaves E,,
it must go through E,, again. Since in Eg,, the variables z,z are complex conjugate to each
other, the curves of 2,z must cross (—oo, 0) from opposite directions, see figure 5.3.

Im
Estu Z(S)

L Re
Egq Eq / 1 Ey

z(s)
Figure 5.3: An example of z(s),Z(s) along v, in case 4.
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So we get
n(r1) =-mn,(r1), (93)
which implies N,(y;) = 0, hence N,(C;) = N,(C;).
The arguments for D} NEy,, D} NEy, and D} NEg, are similar. O

An immediate consequence of theorem 5.2 is that for a fixed causal ordering (say D7),
each blank space in table 1 satisfy the all-or-none law: either check mark for all configurations
in DY or cross mark for all configurations in D}. Therefore, if D is in class S or T or U, then
all its configurations have the same OPE convergence properties; if D} is in class E, then all
its configurations in the same subclass have the same OPE convergence properties.2’

5.3.2 Comments on the 2d case

In 2d unitary local CFTs, we have Al. Zamolodchikov’s uniformizing variables q,q [11]. The
function g in (4) has a convergent expansion in terms of Virasoro blocks, and Virasoro blocks
have convergent series expansions in g, q if 0 < |q|,|gq| < 1, which includes the configurations
with 0 < |p|,|p| < 1 except for p or p = 1. However, p or p = %1 only happens at light-
cone singularities.?! So we conclude that in the Lorentzian signature, the s-channel OPE is
always convergent aside from light-cone singularities [12].

The above CFT argument is valid only for 2d unitary local CFTs, where by local we mean
there exists a stress tensor T,,,(x), which has the mode expansion in Virasoro generators [14].
There are also non-local CFTs, e.g. the generalized free field theories. These non-local CFTs
have only global conformal symmetry, for which we can only use p, 6 instead of g, g.

We claim that the conclusions in theorem 5.2 are still true for 2d unitary CFT (here we
only assume global conformal symmetry). Unlike the case d > 3, the sets D} are usually
disconnected in 2d. This is because in 2d, there are two disconnected space-like separations.
So we cannot copy the proof of theorem 5.2. However, any 2d configuration can be embedded
into d > 3. Since our criteria of OPE convergence properties are based on counting how the
analytic continuation curves of g,z cross the intervals (—oo,0), (0,1) and (1, +00), which is
dimension independent, the 2d path gives the same counting of N,, N, as in d > 3. Therefore,
theorem 5.2 also covers the 2d case.

The only little difference is that in the 2d case, the Lorentzian four-point configurations
only have real z,%. This follows from (41) and (42). So the subclass E,,, where 2z,% are not
real, does not exist in 2d.

5.4 Time reversals

In theorem 5.2, we have classified the Lorentzian configurations in D; into a finite number of
cases. For each case, we will have to choose a representative configuration and a path from
Dg\T, then check if conditions of theorem 4.1, 4.4 and 4.6 hold. Actually, there are some
further simplifications which will reduce the number of checks to perform. We are going to
show that different D} which are related by time reversals have the same convergent OPE
channels.

We define two time reversals:

Oz : (e +it,x) — (—e+it,x),

0; : (e+it,x)— (e —it,x). o4

2By configurations having the same OPE convergence properties, we mean that in each OPE channel, all or
none of these configurations have the convergent expansion for the four-point function.

2fporp=1,thenv=0. If p or p =—1, then u or v = 0o0. Thus, for any configuration with p or p = 1,
there exists at least one x;, x; pair such that (x; —x;)* = 0.
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They correspond to the time reversals in Euclidean and Minkowski space. Under time reversals,
xl.zj takes its complex conjugate

(Opx; — QEX]')Z =(0,x; — 9ij)2 = [(Xi —Xj)z]* . (95)

Given a configuration C = (x1, x,, X3, X4), we define the time reversals of the configuration by
(notice the change of order of points in 6;C)

0 C =(0gx4, Opx3, Opxs, Opx1), 96)
0,C =(0,x1,0;x5,0,x3,0,x4).

Then the following properties are easily checked:
* The sets D, Dy and D; are preserved by 8z and ;.

* Under the transformation C — 6;C or C — 6, C, the conformal invariants u,v,2,%, p, p
become their complex conjugates.

Suppose we have a path y from Dg\I' to D;. Then Oy and 6,y are still paths from Dg\T to
D; . The curves of 2, are reflected with respect to the real axis, which implies

N (0gy),Ne(6,7) =—N(7),
Nu(QEY):Nu(QLY) = _Nu(Y) .

By theorem 4.1, 4.4 and 4.6, we conclude that

97)

* Different Lorentzian configurations which are related by 65, 8; have the same conver-
gent OPE channels.

By lemma 5.1 and theorem 5.2, we translate the above results to the level of causal orderings:

* If two different sets D}, Df are related by 6, 6;, then they belong to the same class (S,
T, U, E).

e If two different sets D7, Df are in class S or T or U and are related by 6z, 0;, then they
have the same convergent OPE channels.

e If two different sets DY, Df are in class E and are related by 0z, 0;, then their intersec-
tions with each subclass have the same convergent OPE channels.

Given a Lorentzian configuration C = (x1, X5, X3, X4), O interchanges x; «— x4 and x5 <= x3.
At the level of causal orderings, 65 is the permutation of indices

14, 23, (98)

3 2
/ /
1 2\4:4 3\1. (99)

Under 6y, the Lorentzian configuration x; = (ity,X;) is mapped to C’ = (x7, x5, X3, x,) with

X, =0px = (—itg, %), k=1,2,3,4. (100)
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So the operator ordering does not change but the causal ordering is reversed. For example,
under 0; we have

/ /
, - , 101
1—2 =12 (101)

By definitions (94) and (96), we have the following properties for 6, 0; :
GEZ - ld 5 95 - ld 5 QEOL - GLQE . (102)

So the group generated by 6, 0; is Z, x Z,. Under the Z, x Z,-actions, the orbit of a given
causal ordering contains 1 or 2 or 4 causal orderings. In each orbit, it suffices to check the
OPE convergence properties of only one causal ordering and make the same conclusions for
other causal orderings. This simplifies our work.

5.5 The table of four-point causal orderings

Given two Lorentzian configurations (x1,...,x,) and (yi,...,Y,), we say that they are in the
same causal type if there is a permutation o € S, such that (x4(1),.-.,Xg(y)) has the same
causal ordering as (¥q,...,¥n) or (61 ¥1,...,6;¥,).

In table 2, we give a classification of four-point causal orderings according to the causal
types. The vertices labelled by a, b,c,d can be any permutation of 1,2,3,4. In the end we
will give a table about OPE convergence properties for each causal type in table 2. Each
causal type thus represents at most 4! x 2 causal orderings (4! for possible assignments of
1,2,3,4 — a,b,c,d and x2 for two columns). This maximal number is realized for type 3,
while for other types it is smaller because often second column is equivalent to the first and
because of little group (see appendix C.0.3).

It makes sense to do this grouping of causal orderings into causal types for two reasons:

* causal orderings related by 6 and 6; action (and which thus have same OPE conver-
gence properties) belong to the same causal type.

* if we know class/subclass of D for one a in a given causal type, it is easy to determine
the class/subclass of any other D in the same causal type (see appendix C.0.1).

5.6 Examples

The tables which classify the OPE convergence properties will be particularly large, we leave
them in appendix C. Readers can pick the cases they are interested in. To make it easy for
readers to check, we also share the Mathematica code which contain the OPE convergence
results of all causal orderings, see the file “/anc/OPE_check.nb". In this section we only give
some examples.

The Lorentzian four-point correlation functions defined in (2) are either (maximally) time-
ordered (t; > ty > t4 > t4) or out of time order (not t; > t, > t4 > t,). The time-ordered
correlators have applications in scattering theories [45,46], and the out-of-time-order corre-
lation functions have applications in the study of many-body systems [47-54]. An example
in [36] shows the existence of out-of-time-order correlators which do not have a convergent
OPE channel (see appendix A in [36]).22 Our first example is the case of time-ordered correla-
tor. We will see that time-ordered correlators at different causal orderings may have different
OPE convergence properties.

2By “a configuration do not have a convergent OPE channel" we mean the configuration do not satisfy the
conditions of theorem 4.1, 4.4 and 4.6.
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Table 2: Classification of four-point causal orderings

Type No. causal ordering 0; time reversal
1 a—p—c—(d same
C c ~
2 a—b < _Sb—a
d d
3 a — b —> C C — b —>
d d
b
7N
4 a d same
\ c /7
- b b
5 a <: o c—a
d d
6 @—b—c same
d
a a
7 ~ 7
c C
d d
a -7 ’
8 ™~ d same
/7
c
a—p
9 c same
d
a
10 * d same
b=
a— D
11 c—d same
12 same

The second example is to clarify that two conformally equivalent configurations/causal

orderings may have different OPE convergence properties.

Then we will discuss two other examples from AdS/CFT. One is the Regge kinematics
[55, 56], the other is related to the bulk-point singularities [12].

5.6.1 General time-ordered correlation functions

In this example, we would like to consider the general Lorentzian four-point functions with

the maximal time ordering:

Gﬁ(xl,xz,x3,x4) = (0] ¢ (x1)P(x2)P(x3)P(x4)10) ,

xp = (te, Xg),
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where Gﬁ (x1, X9, X3, X4) is the same as in eq. (2). Since Lorentzian correlator is the boundary
value of the analytic function on domain D, it does not depend on our choice of the path (but
we should keep the ordering of the Euclidean times until we reach the Lorentzian configura-
tion). A simple way to obtain the Lorentzian correlator is by the so-called “e-prescription":

x1=(t1,X1), Xy=(ty—i€,Xy), x3=_(t3—2i€,X3), x,=(t4—3i€,x,), €—0".
(104)

Here € plays the role of the Euclidean time difference. Then one can check whether GALr exists
in the sense of functions in such a limit.

According to theorem 5.2, the OPE convergence properties are determined by the causal
ordering and (in a special case) the range of cross-ratios. For time-ordered four-point func-
tions, we have 40 possible causal orderings compatible with the maximal time ordering. Here
we list all of them according to table 2:

3 1
/ \
1—>2—3—4 1—2 3—4 1—2—3 1—3—4
, \4, 2/ , 4 , \2 ,
2
1—2—4 1—2—4 1—3—4 2—>3—>4
b 5 / b b 1/ \4’
3 3 2 1 \3/
2 1
L sy, 2—3—4 1—3—4 1—2—4 1—2—3
b b 1 b 2 b b bl
\4 3/ 3 4
2 2 3 3 1 1 1 2
1 17 1 2 Ty Ty Ty Ty
\3) \4’ \4’ \4) 2/ b 2/ b 3/ b 3/ b
4 3 2 1 4 3 2 1
4 3 2 3 4
1/ 1/ 1/ 2/ 2/ 1—2 1—3 1—4
\3: \4; \45 \4: \3; 3 > 2 B) 2 B
2/ 2/ 3/ 1/ 1/ 4 4 3
1
2—3 2—>4 3—4 1 2
1—2 1— 3 1—4
1, 1, 1, %4, , , , 3.
= 3—4’ 2—4’ 2-—3
4 3 2 2 4
(105)

Reader can look up the OPE convergence properties of these causal orderings in the tables in
appendix C. The way how to look up these tables is shown at the beginning of appendix C.
Here we pick two of the above causal orderings.
Example (a). The simplest example of the time-ordered configuration is the first case in
(105):

1—2—>3—>4 (106)
This causal ordering belongs to causal type 1 in table 2. By comparing it with the template
causal ordering (195), we see that it corresponds to the sequence “(1234)". Then we look up

the convergence properties of “(1234)" in table 5. We see that for this causal ordering, the
s-channel and t-channel OPEs are convergent, while the u-channel OPE is not convergent.
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Example (b). The second example is the following causal ordering (the second one in the
fourth row of (105)):

o~ . (107)

This causal ordering belongs to causal type 8 in table 2. By comparing it with the template
causal ordering (210), we see that it corresponds to the sequence “(1324)" in table 12. Then
by looking up table 12, we conclude that there is no convergent OPE channel for this causal
ordering. As a consistency check, one can also pick a representative configuration of this causal
ordering:

X1 = (0, O), X9 = (—01, 1), X3 = (—2, —15), X4 = (—21, 15) (108)

We choose a start point in D \TI' and a path to compute the z,z-curves. Figure 5.4 shows the
z,%-curves along the path.?®

C

NI

S

~ NI
=
k. J
N
=

Figure 5.4: z,Z-curves of the configuration (108).

We see from figure 5.4 that z > 1, 0 < z < 1 at the final point, which implies that the
configuration (108) is in class T (i.e.only the t-channel OPE has a chance to converge). The
curve of z variable crosses (—oo, 0) from below, which gives N, = —1. So the t-channel OPE
(the only undetermined case by table 1) is not convergent. Thus, as already mentioned, there
is no convergent OPE channel for the four-point function at this causal ordering. This example
shows that not all time-ordered correlation functions have a convergent OPE channel.

From the above two examples, we see that the OPE convergence properties depend not
only on time ordering, but also on the causal ordering of the configuration. Actually, the time
ordering is not crucial here.

Remark. Readers may find that some of the causal orderings above have the same OPE con-
vergence properties in s-channel, t-channel and u-channel. This is just a coincidence because
we only have 23 = 8 possibilities for OPE convergence (3 channels, 2 possibilities for each
channel) but 40 causal orderings!

Before finishing this subsection, we would like to comment on another extremal example,
which is about the four-point correlators with the maximal out-of-time ordering.

Gy (X1, X2, X3,X4) = (0] ¢ (1) (x2) P (x3) (x4) [0},

(109)
Xe=(tr, X)), t1<ty<t3<ty.

**We choose the start point x¥ = (0,—0.8), x5 = (—1,—0.2), x} = (—2,—0.6) and x} = (—3,—0.3). The path is
given by the straight line.
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As discussed in section 5.4, if two causal orderings are related by some time-reversal operation,
their OPE convergence properties are the same. We know that the time-reversal operation 6,
(defined by (t,x) — (—t,x)) gives a one-to-one correspondence between time-ordered config-
urations and maximally-out-of-time-order configurations. At the level of causal orderings, this
operation reverses all the arrows in eq. (105). Once we know the OPE convergence proper-
ties of all the time-ordered correlators, we immediately make the same conclusion for all the
maximally-out-of-time-order correlators.

5.6.2 Conformally equivalent causal orderings

As mentioned in section 5.2, causal orderings may be violated by special conformal transfor-
mations. As a consequence, there are different causal orderings which have the same range
of cross-ratios z and z. However, being in the same conformal equivalence class does not
guarantee that they have the same OPE convergence properties.

To see a counter example, we consider the following two causal orderings:

1-52—-3-4 & 2—-51—-54-3. (110)

One can check that any configuration with the second causal ordering can be mapped to a
configuration with the first causal ordering via some Lorentzian conformal transformation,
and vice versa. A simple consistency check is that 0 < z,%Z < 1 in both cases.

By looking up table 5, we see that the four-point function has convergent s-channel and
t-channel OPEs at configurations with the first causal ordering, while it has only convergent
s-channel OPE at configurations with the second causal ordering.

This example shows that two causal orderings may have different OPE convergence prop-
erties even if they are conformally equivalent to each other.

5.6.3 Regge kinematics

The second example is the Lorentzian four-point function in the Regge regime [55-57]. Let
x1,x4 and x,, x5 pairs be time-like separated, while other pairs be space-like separated (see
figure 5.5).

Figure 5.5: Regge kinematics.

It is well known that the four-point function at Regge kinematics only has convergent t-
channel expansion [55]. Here we just review this result. The causal ordering of the Regge
kinematics is given by

1—4

111
93 (11D
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The Regge kinematics belongs to causal type 11 in table 2. Let us look up this causal ordering
in appendix C.11. The causal ordering (111) corresponds to the label “(1423)" in table 15.
We see that only t-channel OPE is convergent.

We would like to also choose a representative configuration and a path to compute the
curves of z,Z. The plot is given by figure 5.6. 2*

Figure 5.6: The plot of z, Z-curves of the Regge kinematics.

We see from figure 5.6 that z,Z > 1 at the final point,>> which implies that the Regge
kinematics is in class E. In fact the Regge kinematics can only be in the subclass E,,, where
%,Z > 1 [55], so only t- and u-channel expansions have a chance to converge. We see from
figure 5.6 that the Z-curve crosses (0, 1) from below, and 2, z-curves do not cross (—oo, 0). So
we get

N;=0, N,=-1, (112)
which implies that only the t-channel expansion is convergent.

5.6.4 Causal ordering of bulk-point singularities

The third example is as follows. Let x;,x, and x3, x4 pairs be space-like separated. We put
the x1, x, pair in the open backward light-cone of some base point and x3, x4 pair in the open
forward light-cone of the base point (see figure 5.7).

Figure 5.7: Configuration of example 3.

Z*We choose the Euclidean configuration x; = 0, x, = (—1,0,0,0), x; = (—2,0.9,0,0), x, = (—4,0,0,0) and
the representative Lorentzian configuration y; =0, y, = (0,0,0.6,0), y; = (2i,0,0,0.7), y, = (2i,—0.05,0,—3).
We choose the path to be the straight line between them.

2The definition of z, % in [55] is different from this paper. In their work, 0 < z,Z < 1 at Regge kinematics, while
in this paper, 2,2 > 1. One can compare the definitions and get the relation of 2,2z between [55] and our work:
z—1/z,2—>1/3.
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Such configurations have the causal ordering

1
(113)

Y

2

The causal ordering (113) is of causal type 10 in table 2. We look up the OPE convergence
properties in appendix C.10. The causal ordering (113) corresponds to the label “(1234)" in
table 14. We see that this causal ordering is in class E, which has four subclasses. From table
14 we also see that the configurations with the causal ordering (113) exist in each subclass.
We wish to consider the subclass E,;;, where 2,z > 1. In table 14, we see that the configurations
with causal ordering (113) and in subclass E; have no convergent OPE channels.

Let us also choose a representative configuration to check this result. We want to remark
that such case does not exist in 2d (see appendix C.10 for the proof). We choose the following
three-dimensional configuration

x; =(0,0,0), x,=(0,1,0), x3=(i,0.2,0.5), x4=(i,0.5,0.8). (114)

Figure 5.8 shows the plot of z, z-curves.

£ 70~ z(1)

0 W 1 Z(1)

Figure 5.8: The plot of z, Z-curves of the configuration (114).

We see that along the path, 2 crosses the interval (—oo,0) and Z crosses the interval (0,1).
We get

N, =1, N,=-1, (115)

which implies that the t- and u-channel expansions do not converge.

We conclude that there is no convergent OPE channel for the causal ordering (113) with
2,2 > 1.

Here we give a hint why this example is related to the bulk-point singularities in AdS/CFT
[12]. The bulk-point singularities are not exactly the configurations in Minkowski space R ™1,
instead they are configurations on the Minkowski cylinder R x S9! [58]. The Minkowski space
can be embedded into a patch of the Minkowski cylinder in a Weyl equivalent way, this patch
is called the Poincaré patch [59]. The Minkowski cylinder also admits a causal ordering which
is equivalent to the causal ordering of the Minkowski space in the Poincaré patch [60,61]. One
can show the following facts:

* The bulk-point singularities have the causal ordering (113) and 2,z > 1.
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* One can find a path from an arbitrary bulk-point singularity to a configuration in the
Poincaré patch, such that the causal ordering (113) is preserved along the path.

* The CFT four-point function in the Poincaré patch is the same as the CFT four-point
function in the Minkowski space up to a scaling factor.?

Based on the above facts, the OPE convergence properties of the bulk-point singularities are
exactly the same as this example: there is no convergent OPE channel. More details will
be given in [38]. Our result does not contradict the two-dimensional result in [12] (see the
beginning of section 5.3.2) because here we only use the global conformal symmetry instead
of the Virasoro symmetry.

5.6.5 Digression

We can see from figure 5.4, 5.6 and 5.8 that the 2, 2-curves do not touch the interval (1, +00)
until the end. One can also see this phenomenon by picking representative configurations of
other causal orderings and compute the z,%-curves. This numerical observation is consistent
with theorem 3.1.

6 Wightman functions: a brief review

In this section we will review some classical results about regular points (points where Wight-
man distributions are genuine functions) in a general QFT [5, 6, 62]. For simplicity let us
still consider a scalar theory in the Minkowski space, which is characterized by a collection of
Lorentzian correlators:

Wn(XDXZ)"':xn) = (Ol ¢(X1)¢(X2)...(]5(Xn) |0> > (116)

where x; are Lorentzian coordinates.?” We will introduce the Wightman axioms for QFTs,

and then review the domain of correlation functions which can be derived from Wightman
axioms. In the end, we will compare these classical results with our results for CFT four-point
functions.

This section is logically independent from the rest of the paper. Here we assume Wightman
axioms while in the rest we did not. The only connection is to justify the definition of Wick
rotation (steps 1 and 2 in section 2.1).

6.1 Wightman axioms for Lorentzian correlators

We assume the Wightman axioms for correlators {W, }:

(W1) Temperedness.

W, is a tempered distribution (called Wightman distribution). It becomes a complex num-
ber after being smeared with rapidly decreasing test functions f,:

W, (f) = Jf(xl, ces X OW(xq, .., x,)dxy .. dx,. 117)

The Fourier transform W, of W, is well defined since the space of rapidly decreasing test
functions (Schwartz space) is closed under Fourier transform [63]. One has the definition

Wn (fn) = Wn (fn)

26The definition of the CFT four-point function on the Minkowski cylinder is similar to Minkowski space. We
replace the planar time variables 7, by the cylindrical time variables. Then do Wick rotations.

?7In the rest of the paper we the Lorentzian points were denoted by (it,,X,). Only in this section we use the
notation x; = (ty, X;)-
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(W2) Poincaré invariance.
The correlators transform invariantly under action of the Poincaré group:

Wo(g - x1,..,8 xp) =Wo(x1,...,x,), (118)

for all n > 0 and g in the Poincaré group.
(W3) Unitarity.
The vector space generated by the states of the form

v(f) :ZJfn(xl,...,xn)¢(x1)...¢(xn)|0)dx1 cdxy, (119)

n>0

has a non-negative inner product. Here f is an arbitrary finite sequence of complex valued
Schwartz functions: f = (fy, f1, fo, . .) and f,, denotes the Schwartz function with n Lorentzian

points as variables. If we assume that ¢ (x) are Hermitian operators, i.e. [qb(x)]T = ¢(x), then
the unitarity condition is written as

fon(xl---)xn)fm(yli"':ym)Wn+m(xn:'":xl’yl"'-ﬂym)dXdyZOJ (120)

(W4) Spectral condition.
The open forward light-cone V, is defined by the collection of vectors x € R? such that

x0> Z(X‘“)z. (121)
u=1

In a general QFT we have self-adjoint momentum operators P*. The spectral condition says
that the spectrum of P = (PO, P, ..., Pd_l) is inside the closed forward light-cone V_+, and the
normalized eigenvector of P = 0 is unique (up to a phase factor), denoted by |0).

We define the reduced correlators W,_; by

Wn(Xz X150 Xn41 —Xn) = Wn+1(X1, N '3XT1+1) . (122)

Since W, ,; is a translational invariant tempered distribution, W,, is well defined and is also
a tempered distribution. The spectral condition implies that the Fourier transforms W, of
W, is supported in the forward light-cone. That is to say, W,(p,...,p,) # O only if all the
momentum variables p; are inside V.

(W5) Microscopic causality.

Wa(X1, e oo Xt Xieq1s - 5 Xn) = Wa(X1, ooy Xig 1, Xi» - - - X)) if x5 and xp,q are space-like
separated.

6.2 Wightman functions and their domains

6.2.1 Forward tube

Let us consider the “reduced correlator" W, defined in eq. (122). W, has Fourier transform

dp, dp,

cee W ooy e_i(pl.X1+“.+pn'xn) > 123
@r) (B P) -

Wn(xb seey xn) =

where W, is also a tempered distribution, and the Lorentzian inner product is defined by
p-x=—p°x°+plxt+...+p?1x?9", In general, W, is not a function if x, are real. However,
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if we replace x; with complex coordinates x; — 2, = xj + iy, because of the spectral condi-
tion (W4), W, (2,...,2,) is indeed a function if the imaginary parts of z; belong to V. The
argument is as follows. Suppose y; € V, for all k = 1,2,...,n, then there exists a Schwartz
function f (py, ..., p,) in the momentum space such that f (py, ..., p,) = e *P1#1++PnZn) when
all the momentum variables p; are inside the closure of forward light-cone.?® Since W, is sup-
ported in Vi, W, (f) is exactly in the form of (123) with x; replaced by z;. So W,(z1,...,2,)
is a well-defined complex number when Im(z;) € V.. for all k.
Furthermore, since —i (py), f (p1,---,Py,) is also a Schwartz test function, we have

0 A .
_MWH(Zl;"'JZn) = Wn[_l (pk)uf];
9z, (124)
k=1,...,nand u=0,...,d—1.

As a result W, (24, ...,2,) is an analytic function inside the “forward tube", denoted as I,,
I, = {(zl,...,zn) ecH Im(z) eV, k= 1,2,...,n} . (125)

The distribution W,,(x1,...,x,) is the boundary value of the analytic function W, (z4,...,2,)
on the forward tube I,:

W (x1,...,%,)= lim W,(x; +iy1,..., %, +iy,).
n(xl Xn) yli% n(xl Ly1 Xn lyn) (126)
yev!

6.2.2 Bargmann-Hall-Wightman theorem, extended tube

Now let us use the Lorentz invariance (W2) to analytically continue W, to a larger domain.
By (W2), W, is invariant under the action of real Lorentz group SO*(1,d —1):%°

Wo(g-x1,..,8 X)) =Wo(xy,...,x,), YgesS0ot(1,d—1). (127)

The Lorentz transformations preserve the inner product p; - x; and the measure dx;, so the
Fourier transform W, is also Lorentz invariant

Wn(g'ply---;g'pn):Wn(pla---:pn): Vgeso+(1)d_1)' (128)
Since W,(24,...,2,) is defined by the Fourier transform (123) (replace x; with z;), we have
Wn(g-zl,...,g'zn)zWn(zl,...,zn), VgGSO+(1,d—1) (129)

Here we remark that the real Lorentz group actions preserve the forward tube I,,.

An important observation is that (129) remains true if we replace the real Lorentz group
S0*(1,d — 1) by the proper complex Lorentz group L, (C).>® Given an arbitrary g € L, (C),
we define

WE(21,...,2,) =W, (g_l Zpyeee 8 ) ~zn) , (130)

28The crucial point is that if all y, are inside the forward light-cone, then f(py, ..., p,) decays exponentially fast
when some p; goes to infinity inside the forward light-cone.

2By SO*(1,d — 1) we mean the connected component of the identity element in O(1,d — 1).

0Let d be the spacetime dimension. The complex Lorentz group L (C) is defined by the set of all d x d complex
matrices M such that M*nM = 7. Here ) = diag(—1, 1,...,1) is the matrix of Lorentzian inner product, and M" is
the transpose of M. L, (C) is the subgroup of L (C) with constraint detM=1. L, (C) is connected, unlike the real

"o

case where we need to introduce the constraints “proper", “orthochronous" for connectedness.
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for (24,...,2,) € gl,. The Bargmann-Hall-Wightman theorem [64] tells us that if we choose
different complex Lorentz group elements g1, g5, the functions W' and W? coincide in the
domain g;1,NgsI,. So W,(21,...,2,) has analytic continuation to the “extended forward tube",
denoted by I,:

I = {(zl,...,zn) eC\(g-2,...,8%,) € I, for some g€ L, ((C)} . (131)

Here we only give the idea of the proof. It suffices to show that for any g € L, (C), the function
W coincides with W, in the domain gI,, N I,,. Since I, and gI, are two convex sets, their
intersection gI, N1, is also convex, thus connected. So it suffices to show that W, coincides
with W, in the neighbourhood of one point. This is obvious for g near the identity element,
but the proof for an arbitrary g is based on the fact that the set {g € L, (C) | gI,, NI, # B} is
connected, which follows from the group structure of the complex Lorentz group L, (C) (for
more details, see [1]).

6.2.3 Jost points

While I,, does not contain Lorentzian points (i.e. points with Im(z;) = 0 for all k), I, contains
a region of Lorentzian points. These points are called Jost points [6], and they are defined by
the configurations (x,...,x,) such that the following cone

n
{llx1+...+lnxn A =0 for all k, Zxk>o}, (132)
k=1

contains only space-like points (see [1], the theorem on page 81 and the corollary on page
82).

6.2.4 Microscopic causality, envelope of holomorphy

Now let us go back to W,(x,...,x,) via (122). We define 7, as the set of (x,...,x,) such
that (x5 — x1,...,X, —X,_;) are Jost points. The configurations in 7,, have totally space-like
separations. To see this we rewrite x; —x; (i > j) as

X; —Xj = (Xl' _Xi—l) + (xi—l —Xi_z) +...+ (Xj+1 _Xj), (133)

which is in the form of (132). By the definition of Jost points, we have (x; — xj)2 > 0 for
i # j. It is obvious that 7, contains all totally space-like configurations. For n > 3, 7, does
not contain all totally space-like configurations.

Since Jost points are the configurations with totally space-like separations, by the micro-
scopic causality condition (W5), W, (x1, ..., X,) is also regular at (x, ..., x,) if there exists a
permutation o € S, such that

(Xau),xa(z), e xo’(n)) €Jn- (134)

Then the equation W, (x1,...,x,) =W, (Xo(1)> cees xa(n)) in J, can be analytically continued
to

W, (21,...,2,) =W, (zg(l), el ,zg(n)) , (29—21,..,2,—2,1) €T 4. (135)

Therefore, W, has analytic continuation to the following domain of complex coordinates
(21,---,24):

u, = {(zl, eesZy) € cmd

do € S, s.t. (20(2) —Z5(1)> -+ +1%0(n) _Za(n—l)) € fn—l} . (136)
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U, have the following properties:>!

1. In 2d, U, contains all totally space-like configurations.
2. Us contains all totally space-like configurations.

3. Ind > 3 and n > 4, U,, does not contain all totally space-like configurations [1].

To show the first property, we use an analogous version of the complex coordinates (44):
Wi =X +tp, Wp=X;—tg. (137)
Given an arbitrary totally space-like configuration, we have
wj—wi)w; —wi) >0, (j#k), (138)

which implies w; > wy, w; > wy or w; < wy, w; < wy. So we can find a permutation o such
that

W (k) < Wo(k+1) > V_Va'(k) < wo‘(k+l) , k=1,2,...,n—1. (139)

We see from (139) that Wy (x41) —We(k) Wo(k+1) — Wo (k) are positive, so the cone (132) gener-
ated from these vectors only contain points with positive components. Thus the configuration
(Xg(1)s - - - Xo(n)) 18 in Ty, or equivalently, (x1,...,x,) is in U,.

To show the second property, we consider the totally space-like three-point configurations
in the following form:

x;=0, x9=(0,1,0), x3=1(a,b,c). (140)

To check that all totally space-like configurations are in U3, it suffices to check the totally space-
like configurations in the form of (140) because U, is Poincaré invariant and scale invariant,
and any totally space-like configuration can be mapped to a configuration in the form of (140)
by Poincaré transformations and dilatation. If (x;,x,,x3) € J; then we are done. Suppose
(x1,Xx9,x3) ¢ J3, which means that there exists a positive A such that A(x, —x;) + (x3 —x5)
is a null vector:

a®?=(b—1+21)*+c2. (141)

The above equation implies a® > c?, so there exists a Lorentz transformation which maps the
configuration (140) to

x;=0, x,=(0,1,0), x3=(a’,b,0). (142)

We see that the problem is reduced to the 2d case. According second property, the configura-
tion (142) is in U;. So we conclude that all totally space-like configurations are in Us.
To show the third property, it suffices to give a counterexample for d = 3 and n = 4:

x] :(1_651)1)7 X2:(1_€,_1,_1),

X3 :(6_1,1)_1)) X4:(6_1,_1,1),
where € > 0 is small. (143) is a totally space-like configuration but it does not belong to U,
(see [1], p. 89).

W, has analytic continuation from U, to its envelope of holomorphy H(4,,) [65], which is
defined by the following property:

(143)

* Any holomorphic function on ¢, has analytic continuation to H (i4,,).

A theorem proved by Ruelle [ 7] shows that H (4,,) contains all totally space-like configurations.
We conclude that Wightman distributions W, (x;,...,x,) are analytic functions at all to-
tally space-like configurations.

31We were unable to track properties 1,2 in prior literatures. Readers are welcome to provide us with references.
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6.3 Comparison with CFT

6.3.1 Justifying the definition of Wick rotation

In section 3 of this paper, we used CFT arguments (not using Wightman axioms) to show that
the CFT four-point function is analytic in the domain D, where only the temporal variables
are complex numbers (see section 2.1). Consider the points (x, — X1, X3 — Xq, X4 — X3) Where
(x1,...,Xx4) € D. The notation we use in the rest of the paper is x; = (e; +ity,X;), so we have

Xpea1 — X = (€1 — €+ itgg1 — 1t Xpe1 — X)) - (144)
By translating (144) to the notation in this section (see footnote 27), we have
Xi41 — Xk = (tka1 — Lo Xpe1 — Xp) + (€ — €441,0) . (145)

We see from (145) that the points (x5 — X7, X3 — X5, X4 — X3) are in the forward tube I5 if
(x1,Xx9,X3,x4) € D (because €; > €, > €3 > €,). Recalling that the Wightman distritbutions
W,(x1,...,x,) can be obtained by taking the limit of the analytic functions W, (z1,...,2,)
from the domain {(z9 —21,...,2, —%,—1) € I,_1}, We see that our definition of Wick rotation
(2) is consistent with Wightman QFT.

6.3.2 Osterwalder-Schrader theorem

In fact we use the same analytic continuation path as in the Osterwalder-Schrader (OS) theo-
rem [2]. The OS theorem shows that under certain conditions, a Euclidean QFT can be Wick
rotated to a Wightman QFT.

In this paper we focus on the domain of analyticity of the four-point function, and we do
not explore the distributional properties of it. To show that the limit (2) of the CFT four-point
functions defines a Wightman four-point distribution, one needs to deal with the four-point
function not only at regular points (where |p|, || < 1 in s- or t- or u-channel), but also at all
the other Lorentzian configurations where p and/or p is 1 in absolute value (this needs a lot
of extra work). Readers can go to [37], where we show that Wick rotating a Euclidean CFT
four-point function indeed results in a Wightman four-point distribution.

Let us contrast our construction and the OS construction. Our construction extends G,
in a CFT to domain D using only information about the four-point function itself. The OS
construction can extend G, (in fact any G,) to domain D in a general QFT. But the price to
pay is that analytic continuation involves infinitely many steps and needs information about
higher-point functions [3, 4].

We would also like to point out that the OS theorem requires an extra assumption, called
the linear growth condition. The linear growth condition is introduced as a technical condition
for showing that the analytically continued Euclidean correlator is a tempered distribution
in the Lorentzian regime. Without this condition, the Euclidean correlator still has analytic
continuation to the domain D (i.e.step 1 in section 2 can still be done). However, since D
does not contain any Lorentzian configurations, one has to take a limit towards the Lorentzian
regime from D. To show such a limit exists in the sense of tempered distributions, one needs
to derive some power-law upper bound on the correlator in D (or 74, the forward tube), and
this is where the linear growth condition is used. So far, it is not understood whether the
linear growth condition can be derived from basic CFT assumptions (conformal invariance,
OPE convergence, unitarity) or not.
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6.3.3 Domain of analyticity: Wightman axioms + conformal invariance

Let us summarize how the domains of Wightman functions are derived in Wightman QFT.
We first use the temperedness property (W1), translational invariance (W2) and the spectral
condition (W4) to show that the reduced Wightman distribution W,, is an analytic function in
the forward tube I,,. Then we use the Lorentz invariance (W2) to show that W, has analytic
continuation to the “extended tube" I,,, which includes the set of Jost points. Finally we use
the microscopic causality condition (W5) to show that W, ; has analytic continuation to all
configurations with totally space-like separations.

The unitarity condition (W3) is not involved in the above argument, only the conditions
(W1), (W2), (W4) and (W5) are used.

In the rest of the paper we explored the domain of CFT four-point functions by assuming
unitarity, Euclidean conformal invariance and OPE (not assuming Wightman axioms). Here
we would like to discuss a related but different situation:

* What is the domain of the four-point function if we only assume Wightman axioms and
conformal invariance (not assuming OPE)?

We want to emphasize that global conformal invariance does not hold for general CFT in R4~
because Lorentzian special conformal transformations may violate causal orderings. The pre-
cise meaning of conformal invariance here is the Euclidean global conformal invariance: we
Wick rotate Wightman functions to the Euclidean signature, then the corresponding Euclidean
correlation functions are invariant under Euclidean global conformal transformations. This as-
sumption is called weak conformal invariance [58].

It is obvious that the Wightman function W, is analytic in ¢, (as discussed in section
6.2). In section 6.2, a crucial step is to extend the real Poincaré invariance to complex
Poincaré invariance. Then the reduced Wightman function W5 has analytic continuation from
the forward tube I5 to the extended forward tube I;. Now that we assume weak confor-
mal invariance, given any Euclidean conformal transformation g and Euclidean configuration
C = (x1, X9, X3,X4), we have

W,(C) =Q(x1)2Qx2) 2 Q2x3) 2 Qx4) W, (g - C),

(146)
g C=(g-x1,8X2,8X3,8"X4),

where Q(x) is the scaling factor of the conformal transformation. It is not hard to show that
given any configuration C (which can be non-Euclidean) in the domain of W,, eq. (146)
holds for g in a neighbourhood of the identity element in the Euclidean conformal group (this
neighbourhood depends on configuration). Then we can show that for a fixed C, eq. (146)
holds not only in a neighbourhood of identity element in the Euclidean conformal group, but
also in a neighourhood in the complex conformal group.? Therefore, by using (146) with g in
the complex conformal group, we can extend W, to a bigger domain than U, (recall definition
(136)).%* We say that configurations C = (x1, X3, X3, %4),C" = (x7, X3, X3, x,) are conformally
equivalent if there exists a path g(s) in the complex conformal group such that

® g(O) =1d, and g(].) . C]_ = Cz.

* The scaling factors Q(x1), Q2(x,), 2(x3), Q2(x4) along g(s) do not go to 0 or co.

32The complex conformal group is generated by translations x — x+a, rotations x — exp [a””M W] x, dilatations

. . —x2 .
x — e"x, special conformal translations x — x’* = % with complex parameters.
33This can be called conformal extension of Bargmann-Hall-Wightman theory. We were unable to find this idea

in prior literature.
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We define

Uy = {C = (x1, Xq, X3, Xx4) € CH | C is conformally equivalent to some C’ € L{4} , (147

where the superscript “c" in U/, means “conformal". Naively, one may expect that W, has
analytic continuation to U, by (146).2* However, for each conformally equivalent C,C’ pair
in U, the path g(s) in the complex conformal group is not unique, which means choosing
different g(s) may give different analytic continuation. In other words, VV, may not be a
single-valued function on U,

There is one very simple partial case which is guaranteed not to lead to multi-valuedness.
It is the case when the whole curve C(s) = g(s) - C = (xl(s), x5(5), x3(s), x4(s)) has point
differences (y,(s), ¥2(s), y3(s)) (where y; = x+1 — Xi) in the forward tube I5, except for the
end point g(1)-C.

In this paper we do not fully explore the Lorentzian domain of W, by using the above
method. We left it for future work. Here we only give a simple example which shows that by
assuming weak conformal invariance in Wightman QFT, the domain of the Wightman function
contains more Lorentzian configurations than totally space-like configurations.

We would like to show that the following Lorentzian configurations are in the domain of
(conformally invariant) W;:

xp=(tr,x), 122534, (148)
We act with complex dilatation on (148):
X, = el%xy . (149)

Then the point differences are given by x}k = xji cosa + ixj, sina. By the causal ordering in
(148), we have (x3 —x7, x5 — x5, X, —x3) € I when 0 < a < 1. On the other hand, the scaling
factors of complex dilatations (149) are constants: Q(x) = e'*®, which are finite and non-zero.
Thus, we can use the above-mentioned simple partial case. We conclude that the Lorentzian
configurations in the form of (148) are in the domain of (conformally invariant) W,.

6.3.4 Domain of analyticity: unitarity + conformal invariance + OPE

Now back to our CFT construction in this paper. We assumed unitarity, conformal invariance
and OPE, but did not assume Wightman axioms.

With the help of OPE, we are able to control the upper bound of the CFT four-point function
more efficiently [9]. It seems to be rather difficult to apply the unitarity condition (120) in a
general Wightman QFT because it is a non-linear constraint. While, in the expansion (22), we
are able to use the unitarity condition for CFT four-point functions.

The domain of the Lorentzian CFT four-point function G4 contains all configurations where
there exists at least one convergent OPE channel. The results in appendix C show that the
domain of G, contains much richer set of causal orderings than just the totally space-like
causal ordering obtainable from Wightman axioms alone.

One interesting point is that if we act with conformal transformations on the configurations
which have point differences in the forward tube I5 (let us call this set Z,), we can get at most
Lorentzian configurations whose cross-ratios can be realized by configurations in 7, because
conformal transformations do not change cross-ratios.>> However, if we additionally assume

34As a next step, one could consider the Lorentzian configurations in envelope of holomorphy H Uy).

35The similar idea has been used to look for the domain of analyticity of the Wightman functions in a general QFT.
E.g. G. Kéllén explored the domain of the Wightman four-point function by studying configurations (x1, x5, X3, X4)
such that the Poincaré invariants X;; - x;; can be realized by configurations in Z, [66].
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OPE, then it is not necessary that the cross-ratios of the Lorentzian configurations can be
realized by configurations in Z, (the only requirement is that |p|, |p| < 1 in the corresponding
OPE channel). It would be interesting to figure out:

* can we get more Lorentzian configurations by assuming unitarity + conformal invariance
+ OPE than by assuming Wightman axioms + conformal invariance?

We left it for future work.

7 Four-point functions of non-identical scalar or spinning opera-
tors

7.1 Generalization to the case of non-identical scalar operators

In this section we generalize our results of section 3, 4 and 5 to the CFT four-point functions
of non-identical scalar operators. We start from a Euclidean CFT four-point function

G1234(X1, X2, X3, X4) := (O1(x1)O5(x3)O3(x3)O4(x4)) . (150)

The scalar operators O; in (150) have scaling dimensions A;. By conformal symmetry, (150)
can be factorized as

A1—Ay A3—Ag

2 p 2 2

_ 1 X294 X14 -

G1234(X1,X2, X3,X4) - A +Ay Asthg | L2 2 81234(p> p). (151
()™ ()

X12 X34

As we discussed in section 3.1, the prefactor multiplying g;234(0, 0) has analytic continuation
to the domain D. It remains to show that g;,34(7, X)) has analytic continuation to D.

In the region |p|,|p| < 1 in the Euclidean signature, g;534 has a convergent expansion in
conformal blocks:

81234 (0, P) ZZC120C34(98(192’34 (p,p), (152)
0

where Cj;p are OPE coefficients and O are the primary operators which appear in the O; x O,

OPE. In the unitary CFTs, we can assume C;j to be real by choosing proper basis of operators.

Each conformal block g(192’34 (p, p) has a series expansion

8(192’34(10,0_): Z alz¢b34wph(¢)ﬁh(¢), (153)
Ye[O]

where 1 € [O] form an orthonormal basis in the highest weight representation [O] of the
conformal group SO(1,d + 1). Here we choose 1) to be eigenstates of Virasoro generators
Lo, Lo € so(1,d + 1) and h(x)),h(3)) are the corresponding eigenvalues. The real coefficients
@2y, basy in (153) are totally fixed by conformal symmetry and a;50 = b3sp = 1, where O
is the primary state in [O].
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We stick (153) into (152) and apply the Cauchy-Schwartz inequality:

2

N iy
\g12’34(P,P)| = chzocsw Z a12¢b34¢Ph(w)PhW)
(@] Ye[O]

Z Z ‘C12OC34(’)G12¢b34¢ph(¢)ﬁh(¢)‘
O ¢€l0]

2 2 h(3) | = 1h(¥)
(Z > oy, o 15| w)

O elO]

2 12 h(y) | = (h(y)
X(Z > CLobly lo15] w).

O yYe[O]

2

IA

(154)

IA

Since the primaries O are in the intersection of O; x O, and O3 x O, OPE, we have

Z Z Clzzoafzw lp " 5" <g122 (1, 1),
0 yelo]

25 2. Chobley W15 <g®¥ (),
O yYe[O]

(155)

where r = max{|p|,|5|}. The above inequalities show that the p-expansion of g'>3* is ab-

solutely convergent in the domain |p|,|p| < 1. As a result we have an analytic function
g1234(x, %) in the domain (28), where y, j are defined in (27).

On the other hand, for the case of non-identical scalar operators, we can still rearrange the
series (153) in the same way as (24). This follows from the fact that only the operators in trace-
less totally-symmetric representations of SO(d) can appear in the OPE of two scalar operators,
which leads to p-expansion in the form of Gegenbauer polynomials (25) [13]. Therefore, by
the results in section 3.4.2, the function g;434(7, Xy) is analytic in D.

The remaining steps are the same as the case of identical scalar operators. We conclude that
for the case of four-point functions with non-identical scalar operators, the OPE convergence
properties are the same as the case of identical scalar operators.

7.2 Comments on the case of spinning operators

Before finishing this section we want to make some comments on the case of four-point func-
tions with spinning operators:

G?ﬁgia3a4(xlszaxsax4) = (Oill(Xl)C’)ZZ(xz)0§3(3€3)0§4(x4)) ) (156)

where (’)?i are primary operators with scaling dimensions A; and SO(d)-representation p;. q;
are the indices for the spin representations p;. In the Euclidean signature, the Jacobian of any
conformal transformation f in SO(1,d + 1) can be factorized as

gL
gy = L _gioray), (157)
axv v
where Q(x) > 0 is a scaling factor and R is a rotation matrix. The four-point function Gggf}%a“
is invariant if we replace all O?"(x) in (156) with
. . — i bi
OF(x) = QL)% [ (RG], 07 (F(x)) - (158)
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If we choose the conformal transformation f to be the one which maps (xq, x5, X3, x4) to its
P, p-configuration (19), then we get

A1—A Agz—A

2 2
a,a,a3a4 _ 1 Xo4 2 X4 2
G1234 (Xl’XZ) X3,X4) - A1+Ag Axtbg | 2 2
(x2) (x2,) 2 X14 X13
12 34
bybybs

b _
% Tgllgzzgsgz(Rl’ R, R3, 734)g1234 “(p,p),

(159)

where R is the rotation matrix of f at x;, and T is a function of rotation matrices, which is
determined by the representations p; of the spinning operators O;.

. bybyb
Analogously to the scalar case, the function g5.5"°

fﬁgi%b“(p, p) in the form of (24), but in general the
functions P!(p, p) are not Gegenbauer polynomials of cos 6 (recall that % = ¢219). The diffi-
culty is that there is the function T (R;) in (159) because of the non-trivial representations of
the spinning operators. If we think of the above conformal transformation f as a conformal-
group-valued function of (x;, x5, X3, %,),>° then R, are also functions of (x;, X5, X3,X,). In
general, the entries of R; have singularities in the domain D, e.g. at ' [67,68]. In a word, it
is not obvious that T(R;) in (159) is under control. Some extra work is required for a good

estimate on the object

b4(p, p) can be bounded by Cauchy-

Schwarz inequality. We can still write g

apasasdy bl b2b3 b4 -
Tb1b2b3b4(R1’R2’ RB;R4)g1234 (p)p)

In this paper we do not study the correlators of spinning operators. We leave these for future
work.

8 Conclusions and outlooks

In this work we studied the convergence properties of various OPE channels for Lorentzian
CFT four-point functions of scalar operators in d > 2, assuming global conformal symmetry.
Our analysis is based on the convergence properties of OPE in the Euclidean unitary CFTs.
We classified the Lorentzian four-point configurations according to their causal orderings and
the range of the variables z,z. The Lorentzian correlators are analytic functions in a neigh-
bourhood of some Lorentzian configuration as long as there exists at least one convergent
OPE channel in the sense of functions. We showed that the convergence properties of various
OPE channels are determined by the causal orderings and the range of z,% of the four-point
configurations. The CFT four-point functions are analytic in a very big domain, including
configurations with totally space-like separations and configurations with some other causal
orderings. All the results of OPE convergence properties are given in Appendix C.

Before ending, we would like to point out some related open questions. We list these
questions in the order of difficulty (based on personal perspective):

1. (Easy) CFTs can also live on the Minkowski cylinder [58]. We start from CFT four-point
function defined on the Euclidean cylinder and then Wick rotate the cylindrical time
variables. The corresponding counterpart questions are:

* Which configurations have convergent s-, t- and u-channel OPE in the sense of
functions on the Minkowski cylinder?

36Since such a conformal transformation f is not unique, the definition of this group-valued function depends
on how we construct it.
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* Can we still classify the OPE convergence properties according to the range of z,2
and the causal orderings on the Minkowski cylinder?

2. We mainly used the radial coordinates p, o in our analysis. We have seen that by us-
ing the g, g-variables in 2d, the domain of CFT four-point functions are larger than the
domain derived by using the p, p-variables. A natural question is

* For CFTs with only global conformal symmetry, are there any other coordinates
which allow us to extend G, to some other domains which are not covered by
using radial variables?

Our conjecture is that there are no such coordinates.

3. (Probably hard) Our results provide some safe Lorentzian regions where conformal boot-
strap approach can be applied. One can use bootstrap equations to analyze the four-point
functions at Lorentzian configurations with at least two convergent OPE channels. It is
also interesting to play with crossing symmetry at Lorentzian configurations with

* One convergent OPE channel in the sense of functions, another one in the sense of
distributions.

* Two convergent OPE channels in the sense of distributions.>’

The above situations are closely related to the topics on analytic functional bootstrap

when the functionals touch the boundaries of the regions with convergent OPE [24-27,

70-72].

4. (Hard) There are also Lorentzian configurations with no convergent OPE channels. For
these cases we do not know whether the general four-point correlators are genuine func-
tions or not. We may need other techniques to handle these situations. For example,
there are questions similar to section 6.2.4:

* One can derive a complex domain D™ which is the union of the domains of three
OPE channels. Then what is D*** and what is its envelope of holomorphy H (Ds “‘)?

Does H (D““) contain more Lorentzian configurations than those provided by the
results in this paper?

Once we are able to construct H (Ds “‘), one can ask

* Given a Lorentzian configuration C; € D\H (DS“‘), can we find a CFT example
such that the four-point function is divergent at C;?

5. (Hard) One can also consider higher-point correlation functions in CFTs. A natural ques-
tion is:

* For n > 5, what is the Lorentzian domain of G, in the sense of functions?

We leave these questions for future work.

37The similar idea was proposed recently by Gillioz et al, see [69], section 5.
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A Why z(7, %), (7, X;) are not well defined on Dind >3 ?

A.1 Main idea

Recall that we want to analytically continue the function g(7y,X;) to D by using the compo-
sitions (30). In fact, by theorem 3.1 and the fact that D is simply connected, this would have
been possible if analytic functions z(7y,X;), 2(T,X;) existed (see the 2d case in section 3.5).

We are going to show that in d > 3, there is no analytic function (2(7y,Xt),2(T,Xx)) on
D which is compatible with (6) and (7). Consequently, some modification of the strategy (30)
is needed to construct the analytic continuation of g(7,X;) in d > 3 (and that’s what we did
in section 3.4). In this section we do not identify (z,%) ~ (%, 2).

Let us first give the main idea why z(7y,X¢),2(7, Xx) are not globally well-defined on D.
This is similar to the reason why the square-root function f(w) = 4/w is not globally well-
defined on C: there exits a loop of w such that f (w) starts with f (wg) (w is the start and final
point of the loop) but ends with —f(w). In d > 3, there exists a loop y in D such that the
value 4u — (1 4+ u—v)? goes around 0 once. Then by (8), we see that (z(y(s)),Z(y(s))) starts
with (zy,2,) but ends with (2y,2,). The construction of such a path y is given by (167) and
(168).%8

A.2 Proof

Let I' be the preimage of T, in D (i.e. the set of configurations where 4u—(1+u—v)? =0, see
the definition of T, in (9)). A necessary condition for the existence of such a (z, Z) function is
that

o (2(7k,%1),2(Tr, X)) is a continuous function from D\T to C?\ {z = z}.

It suffices to show that the above condition does not hold in d > 3.

If the continuous function (2( 7y, Xy ), 2(T, X)) exists, then since (11) is an invertible linear
map, the continuous function a(7y,X;) = (W(T,Xx), y(Tk, Xy )) also exists. Then there is the
following commutative diagram (the map «a is defined by (6), while p is a composition of (11)
and (7)):

(my)e Cx(@\{op) —D

az.-” l » @) (160)

C\{z =2}

(€k+itk>xk)€ D\F a

C\I,, > (u,v)

381n the proof we will use a formal way to reformulate the idea described here. Readers who got the idea can
just go to the construction of the path. We thank Petr Kravchuk for the discussion on this problem.

50


https://scipost.org
https://scipost.org/SciPostPhys.13.4.093

Scil SciPost Phys. 13, 093 (2022)

The map @ in (160) satisfies p o @ = a. Since p is a double covering map from C x (C\ {0})
to C?\I,,, recalling the lifting properties of the covering map [41], a sufficient and necessary
condition for the existence of & is the following relation of the fundamental groups

o (m1(D\T, Go)) < p.(m1(C x (€\ {01, (Wo, ¥0)) ). (161)

where C,, (wg, yo) are base points of the corresponding spaces such that a(Cy) = p (wg, o),
and a,, p, are the fundamental group homomorphisms induced by a, p.

It remains to show that the condition (161) does not hold in d > 3. By (10), <CZ\1“le
is homeomorphic to C x (C\{0}). So C2\TI,, and C x (C\{0}) have the same non-trivial
fundamental group

71'1((C x (C\{0}), (Wo;)’o)) &~ T (Cz\ruw (uo, Vo)) ~7, (162)

where (ug,V,) is a base point in C?\I,, such that p(wy, y,) = (ug,Vy). Since p is a double
covering map, the group homomorphism

Px - 7'[1(((: X ((C\ {O})’(WO, yO)) — T ((CZ\FLLW (MO:VO)) > (163)

is not surjective. In fact, by choosing proper basis, the group homomorphism (163) can be
written as

17— 7,
v n— 2n (164)

Now to show that the condition (161) does not hold, it suffices to show that the group homo-
morphism

a,: m(D\I,Cy) — 71 (CA\L,, (uo, vo)) » (165)

is surjective. By (10), the generator of 7, (CZ\FW, (uo,vo)) corresponds to a loop in C2\T,,
such that along this loop, 4u— (1 +u—v)? goes around 0 only once. Let us construct a loop y
in D\T:

v:[0,1] — D\T, y(0)=7y(1)= Gy, (166)

which induces a loop in C2\T,,,, such that 4u — (1 + u—v)? goes around 0 only once.
We pick 4 configurations Cy, C;, Cy, C3 in D\T':

Cop: x1;=0, x,=(-1,1,0,...,0), x3=(-2,0,...,0), x4 =(=5,0,...,0).

C : x;=0(0,—1,0,...,0), x5 =(—1+3i,—1,0,...,0), x5 = (=2,0,...,0),
x4 =(-5,0,...,0).

Cy: x1=0, xy=(—1,-1,0,...,0), x3=(—2,0,...,0), 167)
x4 =(-5,0,...,0).

Cs: x,=(0,1,0,...,0), x, =(—1,0,1,0,...,0), x5 = (—2,0,...,0),
x,=(=5,0,...,0).

We let y be consisting of four straight lines:

(1 —4s)Cy + 4sCy, 0<s<1/4,

] @—49)C +(@s—1)C,, 1/4<s<1/2,
Y=\ (3-45)C, + (45—2)Cs,  1/2<s5<3/4,
(4—45)Cs + (45— 3)C,, 3/4<s<1.

(168)
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Im(4u-(1+u-v)"2)

f(C1)=f(Cs)

Re(4u-(1+u-v)*2)

Figure A.1: The curve of 4u — (1 +u—v)? along y(s). We use f(C;) to denote the
value 4u — (1 +u—v)? at the configuration C;.

Figure A.1 shows the curve of 4u—(1+u—v)? along the path y. We see that 4u— (1 +u—v)>?
is non-zero everywhere, implies that the configurations along y are always in D\I' (because
the image (u,v) of y(s) is not in T,,). Furthermore, 4u — (1 + u — v)? goes around 0 only
once. Therefore, fundamental group element [y] € 7, (D\I, C;) is mapped to the generator
of 1 (CZ\FW, (uo, vo)), so (165) is surjective. As a result, the lifted map & does not exist.

We conclude that in d > 3, there is no analytic function (2(7y, Xy ), 2(Tk, X)) on D.

We also want to remark that in 2d, the analytic function (z,%) does exist (see section 3.5).
The part of our proof in this section that fails in 2d is the construction of the loop y in (168).
In our construction of C5 in (167), the third component of x, is non-zero. This is where we
use the condition d > 3. In fact, one can show that in 2d, the group homomorphism (165) is
not surjective, and the condition (161) holds.

B Connectedness of DY ind > 3

In this section we are going to show that in d > 3, each Dg in (90) is connected.

Observe first of all that all D} of the same causal type in table 2 have the same connected-
ness property (this is obvious because they are related by renumbering points), so it suffices
to prove the connectedness property for one D in each causal type.

Given a Df, we define (D}); to be the set of all three-point Lorentzian configurations
which have the causal ordering of the first three points of the configurations in D}. Then
there is a natural projection from D} to (Df)s:

n:D} — (D%)S )

(169)
(x17x21x3> X4) = (Xl,X2, XS) .
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Then D} has the following decomposition

'Dg = U {X4 | (Xl,XZ, X3,X4) € Dg} : (170)

(x1,x2,Xx3 )G(Df )3

For each causal type in table 2, we want to show that there exists a D} in this causal type such
that

1. For fixed (xq,x5,Xx3) € (Da)s, the set FO‘1 = {x4 | (x1, X9, X3,X4) GD%} is non-

L X1,X9,X3
empty and connected.

2. (DS)S is connected.

B.1 Step1

For a fixed three-point configuration (x;, X, x3), the set FE oxs = {x4 | (x1,X9,X3,X4) € Dz"}
is non-empty and connected if one of the following conditions holds as a consequence of causal
ordering imposed by Df':

1. x; = x4 fori=1,2,3.
2. x4 —x;fori=1,2,3.
3. x4 is space-like separated from all of x1, x5, X3.

For the first case, F} A | is given by the intersection of the open forward light-cones of
1,42543

X1, X9, X3, which is non-empty. Since cones are convex, F )‘g‘l’xz’ s is also convex, thus connected.
The connectedness for the second case follows from a similar argument. For the third case, we
use the fact that the connectedness property does not change under Poincaré transformations,
which allows us to move x; to 0 by translation

X —=Xxe—x1, k=1,2,3,4, (171)

and then move x,,x3 onto a 2d subspace by a Lorentz transformation. We enumerate all
possible three-point causal orderings

/,b b\ a
a"bg’c’ a > a, b C’ b’ (172)
~. /7
c C a c

and check case by case that in d > 3 we can always move the extra point x, from any position
to 0o, preserving the constraint that x, is space-like to a, b,c. This observation implies that
;(117)(2; s is connected for the third case.
In table 2, we find a D} satisfying one of the above conditions for some but not all causal
types. That’s why the connectedness of DY is not so obvious. The exceptional cases are causal
type 8, 10 and 11, for which we need to discuss case by case. Without loss of generality we

seta=1, b=2, c =3, d =4 (comparing with table 2) in the following discussion.
Type 8. By translations, Lorentz transformations and dilatations we fix the configurations to

x;=0, x,=(x%x%0,...,0), x3=(0,1,0...,0). (173)
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Figure B.1: Type 8

Then x, is in the open forward light-cone of x;, but out of the light-cones of x; (see the
grey region in figure B.1), and x4 is in the intersection of open forward light-cones of x; and
x5 (see the red region in figure B.1). Once X, is fixed somewhere in the grey region, the space
of allowed positions for x4 is given by the red region minus the forward light-cone of x,, so the
remaining region for x,, which is F ;j‘l’xz,xg, is the red dashed region in figure B.1. Figure B.1
shows the 2d situation but a similar 3d figure shows that F g],xz,xg is non-empty and connected
in 3d, thus also non-empty and connected in higher d (because we can always find a spatial
rotation which preserves xi, x,, x3 and maps x4 to (x, y,%,0,...,0)).

Type 10. By translations, Lorentz transformations and dilatations we fix the configurations
to

x;=0, x,=(0,1,0...,0), x3=(x°x%0,...,0). (174)

Figure B.2: Type 10

The remaining x5, x, pair are in the intersection of the open forward light-cones of x1, x5,
i.e. the grey region in figure B.2. Once x; is fixed, by the constraint that x3, x4 are space-like

separated, F ;j‘l Xy is given by the grey dashed region in figure B.2, which is obviously non-

empty. This region is topologically the same as R? minus the light-cones of x5, thus connected
when d > 3.

Type 11. By translations, Lorentz transformations and dilatations we fix the configurations
to

x;=0, x,=(i,0,...,0), x3=(x%x%0,...,0). (175)
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Figure B.3: Type 11

The remaining x3, x4 pair are in the grey region in figure B.3. One can see thatin d > 3 the
grey region is topologically the same as the triangle slice (see one of the grey triangle in figure

B.3) times S?~2, which is connected. Once x; is fixed, F J‘C"l Yo is given by the forward light-

cone of x5 in the grey region (see the grey dashed region in figure B.3), which is connected.

B.2 Step 2

By slightly improving the argument in step 1, we claim that for the representative set D}
(which we chose in step 1) of each causal type in table 2, the map (169) is surjective. In other
words, for each three-point configuration in (D7)s, its preimage in D7 is non-empty.

This claim is true for the cases which satisfy one of the conditions at the beginning of
section B.1 because for these cases we can always find an x, which is very far away from x,
X, and x3. This claim is also true for the exceptional cases because from the figure B.1, B.2
and B.3 we see that the remaining region for x4 is always non-empty.

Now it remains to show that (D})3, which is the set of all three-point configurations with
a fixed causal ordering, is connected. For each causal type in (172), we choose

x;=0>b, X9 =¢C, X3=a. (176)
Analogously to the four-point case we define a projection

n: (Df)y — (DD,

a7z7n
(x1, x5, x3) = (x1,%5).

Then we decompose (Dg)3 into

(Dg)3 :( E_EJ(DQ) {X3 | (X1:x27x3) € (D%)S} . (178)

By comparing (172) and (176), we find each (D%)B satisfies one of the following conditions:
1. x; »x3fori=1,2.
2. xg—x;fori=1,2.
3. Xy is space-like separated from both of x;, x.

This observation implies that for each (Dg)gz
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* For any fixed (x,x5) € (D‘L")Z, the set {x3 \ (x1,x9,x3) € (D‘L")B} is connected.

. (Df)z =7 ((D‘L")S) contains all two-point configurations with the corresponding causal
ordering.

It remains to show that in d > 3, the set of two-point configurations with a given causal
ordering is connected. This is trivial.

C Tables of OPE convergence

In this appendix we will give 12 tables of the results about convergence properties of three
OPE channels: one table for one causal type. For each causal type we will give a template
graph with points a, b,c,d. Given a Lorentzian configuration C; = (x1, X5, X3, X4) € Dy, the
way to look up the tables is as follows.

1. Compute the causal ordering of C;, draw the graph of this causal ordering. Find the
corresponding type number (say type X) in table 2.

2. Go to the section of causal type X (which is appendix C.X). Compare the causal ordering
of C; with the template causal ordering of causal type X at the beginning of appendix
C.X. Match the points iy, iy, i3, 14 with (abcd). We will get a sequence (i;iyizis).

3. Look up the convergence properties of (i;i,i3i4) in the table of causal type X.

For example, consider the following template causal ordering

b b
/ \
a a
~~ , or 7
c c
d d
Then (i;i,i3i4) means
i i
. / 2 2 \ .
L L
~. , or . .7 .
I3 I3
i i

In appendix C.1 we will explain in detail how to make the table of OPE convergence for type
1 causal ordering. The procedure is similar for the other causal types, so we will only give the
results for them. Before we start, we would like to introduce some tricks in appendix C.0.1,
C.0.2 and C.0.3. They will be helpful in making the tables.

C.0.1 S,-action

There is a natural S,-action on the space of four-point configurations. Let o € S, be a symmetry
group element:

1 2 3 4
":(o(l) o(2) o(3) 0(4))- (179)

Let C = (xq, x5, X3, Xx4) be a four-point configuration such that xl.zj # 0 for all x;, x; pairs. We
define the action

0-C=(X],X0,X3,X,), X =Xg-1(k)- (180)
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By computing 2,z of o - C and comparing with z,Z of C, we get a natural S,-action on z, 2:

w,: C\{0,1} — C\{0,1},
z = we(z), (181)

i = WO’(i))

where w,(2),w,(2) are the variables 2,z computed from o - C. We have the following prop-
erties:

e {wy,} ses, belong to a set of 6 fractional linear transformation forming a group which
is isomorphic to S3. The map o — w,, is a group homomorphism from S, to S5 (i.e.
Wo, OWo, = Wo‘laz)’

* The S -action on D; permutes classes S,T,U among themselves.
* The S -action on D; permutes subclasses Eg,E;,E,, among themselves.
* The S;-action on D; preserves the subclass Eg,.
Let us denote ¢ by [0(1)o(2)c(3)c(4)]. We summarize the above properties in table 3. Sup-

Table 3: The list of w, and the S, transformation between classes and subclasses.

g wo(z) | S | T | U| Egy | Eq | Ew | Esu
[1234], [2143], [3412], [4321] z S| T|U/|Ey | Eg | B | B
[2134], [1243],[4312],[3421] | % | S | U | T | Eq | Eq | Ew | Esuw
[3214], [4123],[1432],[2341] | 1—2z | T | S | U | Ey | Eq | Esw | Esw
[1324], [2413], [3142], [4231] 1 U|T|S|Ey | Eu | B¢ | Equ
[2314], [1423], [4132], [3241] -+ | T|U| S| E¢|Eu|Eu| Equ
[3124], [4213],[1342],[2431] | 1= | U | S | T | Ey | Eq | Es | Equ

pose a configuration C;, gives the template causal ordering of a causal type, which means that
C;, corresponds to the sequence (1234). For o = [i;i,i3i4], We get a configuration C£ =0-C
by eq. (180). The causal ordering of C; is in the same causal type as C;. By comparing the
causal orderings of C; and C;, we see that the sequence of C; is exactly (i1iyi3i). Therefore,
given a causal type, if we know the class/subclass of the template causal ordering, by looking
up table 3 we decide the classes/subclasses of the other causal ordering in the same causal
type. Then by looking up table 1, we immediately get a part of the OPE convergence properties
for each causal ordering.

By using the above trick, the problem of determining the classes/subclasses of causal order-
ings belong is reduced to determining the class/subclass of the template causal ordering in each
causal type. In appendix C.0.2, we will introduce a trick to determine the classes/subclasses
of the template causal orderings.

C.0.2 Lorentzian conformal frame

Our goal in this subsection is to give a systematic way to determine the class/subclass of D¢,
where a is a fixed causal ordering.
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Recalling lemma 5.1, all configurations in D} belong to the same class. We can choose a
particular configuration C;, € D}’ and compute z,2 of C;, then we immediately know the class
(not subclass) of Df.

If D} belongs to class S/T/U, then we are done. The rest of this subsection is for the case
that D}’ belongs to class E. If D} belongs to class E, then according to theorem 5.2, we need
to check the OPE convergence properties for the intersection of D} and each subclass of class
E as long as the intersection is non-empty. We will find that only the type 1, 5, 6, 10, 11, 12
causal orderings in table 2 belong to class E.>? In the tables of OPE convergence properties of
causal type 5, 10 and 12 , we give the results of all subclasses for each causal ordering (see
table 9, 14 and 16); while in the tables of causal type 1,6 and 11, we only give the results of
one subclass for each causal ordering (see table 5, 10 and 15). We claim that our tables are
complete, based on the following lemma.

Lemma C.1. Given a fixed causal ordering a, if a is in causal type 1/6/11, then D only
belongs to one of the three subclasses Eg, Eg,, E,-

The basic tool we use to prove the above lemma is the Lorentzian conformal frame. The
Lorentzian conformal frame is similar to the Euclidean conformal frame (12). Given a
Lorentzian configuration C;, its conformal frame configuration C; is a Lorentzian configu-
ration which has one of the following forms

1. x] =0, x5 = (ia, b,0,...,0), x; =(i,0,...,0), x, = 00,
2.x7=0, x,=(ib,q,0,...,0), x3=(0,1,0,...,0), x, = 00, (182)
3.x7=0, x,=(0,a,b,0,...,0), x3=(0,1,0,...,0), x; =00,

where C; and Cj are related by a Lorentzian conformal transformation. Computing the cross-
ratios from (182), we see that: for the first and second cases z = a+ b, Z = a— b; for the third
case z = a+ib, Z = a—1ib. Analogously to the Euclidean conformal frame, the Lorentzian
conformal frame configuration is unique up to a reflection b — —b, which corresponds to
interchanging z and z.

Let us describe how we map a four-point configuration to the conformal frame by confor-
mal transformations. Let C; = (x, X5, X3, X4) be a Lorentzian configuration. We will go from
Cy to C; in a few steps, and each step is a conformal transformation. The configuration after

the k-th step is denoted by Cik).
Step 1. We move x; to 0 by translation. The configuration CEU after the first step is given by

Cil) = (xgl), xgl), xgl), xgl)) = (0,x9 — X1, X3—X1,X4 —X1). (183)

This step preserves the causal ordering.
Step 2. We move x, to oo by special conformal transformation

wo_ xt —x?bH u_ (g — xq)"

T 1—2x-b+x2b2’ C(xg—x1)?

X (184)

x; = 0 is preserved by special conformal transformation. This step may change the causal
ordering. Under general conformal transformations, xl.zj transforms as

(x = x7)? =Q(x)2x)(x; — x;)?,

185
(ds"? =Q(x)?ds?), (185)

39This can be easily done by choosing one particular configuration and compute z,% for each template causal
ordering, and by the fact that the S,-action preserves class E (as discussed in appendix C.0.1).
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and for special conformal transformation (184), the scaling factor at xl({l) = Xj — X is given

by

a(xM)= Camx) gy, (186)
(x Xk)z b b bl b .

Let C(Z) (xgz)’ xgz)’ xéz),xgz)) be the configuration after step 2. For any configuration C; in
D; (where the light-cone singularities are excluded), by (185) and (186) we have

(x@-x®) 20, i,j=123. (187)

2) _

2
Furthermore, the 51gn of (x( 52)) is determined by the causal ordering of C;. So we

know if each x4 . palr of C; @ i space-like or time-like. The information we do not know

(2)

a priori from (185) and (186) is the causal orderings of time-like x; 7, x (2) pairs (who is in the

future of whom).*°

Step 3. We move x5 to its final position by some composition of Lorentz transformations, di-
latations and time reversal 6; (these conformal transformations preserve x; = 0 and x4 = 00).
Lorentz transformations and dilatations preserve causal orderings, and time reversal only re-

verse causal orderings (i.e. x;,x; pairs change from time-like to time-like, or from space-like

to space-like). There are two possibilities after step 2: x( )

xP. 1f x®, £ OF

(3) is put at (0,1,0,...,0). Therefore, C£ ) is in one of the following forms:

could be space-like or time-like to

are time-like, then x;™ is put at (i,0,...,0). If x(z) (2) are space-like, then

1. x®¥ = 0x(g)—(i,o,...,O),xf)zoo.

2. x¥ =0, x{’ =(0,1,0,...,0), x¥ =

Step 4. We move x, to somewhere in the (01)-plane or (12)-plane by Lorentz transformations
in the little group of x(g) If x(B) =(i,0,...,0), then we move x, to the (01)-plane by rotation,

ie. xg4) = (ia, b,0,...,0). If x(s) (0 1,0,...,0), then we move x5 onto the (01)-plane or
the (12)-plane, determined as follows

o If xgg) = (if1,a, Bas- -+, Ba—1) with (B1)* = (B2)* +...(Bg_1)? then x, is put in the
(OD)-plane, i.e. x\” = (ib,a,0,...,0) and b2 = (B,)*> — (5)* — ... — (Ba_1)*

o« 1f x) = (i1, 0, B, ., Ba—1) With (B1)* < (B2)* + ...(Ba_1)?, then x, is put in the
(0D)-plane, i.e. x” =(0,a,b,0,...,0) and b? = (B3)* +... + (Ba_1)? — (B1)*

In the end, C£ = C£4) has one of the forms in eq. (182). Moreover, the above discussion
provides us with the following fact:

2
* the sign of (xl.’j) of C; is going to be the same for all configurations C; € D in each
causal ordering a.

Now back to our question. Suppose DY is in class E. Let C; = (x], x5, X3, X,) be the conformal
frame configuration of C; € Df. Comparing the range of the (a, b) pair in (182) with the
range of the (z,%) pair in class E (see section 5.1) and using the above fact, we see that there
are only two possibilities for C; :

400f course for any particular configuration we can just compute C £2) and then determine its causal ordering.
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Figure C.1: The conformal frame configurations realized by configurations in class
E.

1. (xig)z, (xiz)z, (xgg)2 < 0 for all C; € Df. All possible C; are given by the grey region
in the first picture of figure C.1. In this case 2,z are real, so we have

DY =(D¥NEg) U (DY NE,)U(D*NEy,). (188)

Because the z,z ranges corresponding to E, Eg,, E,, are disconnected from each other
in figure C.1 and because Dy is connected in d > 3, only one of the above intersections
is non-empty. We conclude that such D only belongs to one of the three subclasses

Eq, Equs Ewe. This conclusion remains valid also in 2d, because 2d configurations can be

embedded into higher d.

2. (xig)z , (xiz)z , (xg?))z > 0 for all C; € Df. All possible conformal frame configurations
are given by the grey region in the second and third pictures of figure C.1. In this case
we have

D = (Df nEy) U (D} NEq) U (Df NEy) U (D} NEgw) (189)
which means that the configurations in D} may appear in all subclasses.

To see which of these possibilities is realized, it is enough to know the sign of (xig)z. To

finish the proof of lemma C.1, it remains to check that (xig)z < 0 for all type 1, 6, 11 causal
orderings (so that possibility 1 is realized for C;). Since all causal orderings of a fixed causal
type can be realized by permuting the indices of the template causal ordering and such S4-
action permutes subclasses E, Eg,, E,, among themselves (see section C.0.1), it suffices to

check that (x{S)Z < 0 for the template causal orderings of causal type 1, 6, 11. Moreovet,

since we are only interested in the sign of (x{3)2, we can use the following formula:
. 2 .
Sign ((xig) ) = Sign (x2,x%,x2,) . (190)

(190) follows from (185), (186) and the fact that step 3,4 (of constructing the conformal

2
frame) preserve the sign of (xl(]k)) . Now let us do the check.

Type 1. The template causal ordering is given by

1-2—>53->4, (191)
which gives x%3,x%4, x§4 < 0, hence (xig)z <0.
Type 6. The template causal ordering is given by

1—2—3

4 ) (192)
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which gives x%3 < 0and xf4, x§4 > 0, hence (x{c,,)2 <0.
Type 11. The template causal ordering is given by

1—2

193
N (193)

. . 2 .2 2 ’Y?
which gives x75,x7, > 0 and x3, <0, hence (x13) <0.

So we finished the proof of lemma C.1. As a consistency check one can also compute the
sign of (x;3)2 for type 5,10,12 causal orderings and find that (xis)z > 0 for these cases.

For type 1, 6, 11 causal orderings, to determine the subclasses, it remains to determine
the subclass of one particular configuration of the template causal ordering in each type, then
determine the subclasses of other causal orderings by looking up table 3.

We would like to remark that Lorentzian conformal frame is just a way to figure out the
range of z,Z. There is no claim that correlation functions at C;,C; agree. As mentioned in
section 6.3.3, the global conformal invariance does not hold in a general Lorentzian CFT.

C.0.3 Symmetry of the graph

Usually, we go from one causal ordering to another by permuting the indices. For example,
given the causal ordering 1 — 2 — 3 — 4, by permuting 1,4 we get another causal ordering
4—-2—-3->1.

However, a causal ordering may have a non-trivial little group.*! For example, consider
the following causal ordering

aﬂb\d. (194)

The causal ordering (194) does not change if we interchange ¢ and d, so it has a non-trivial
little group Z,.

The little group is unique up to an isomorphism for all causal orderings in the same causal
type. Let G be the little group of one causal type and let |G| be the order of G. Then the total
number of causal orderings in this type is given by 24/|G|. So in the table of each causal type,
we will only list 24/|G| sequences (i;i5i3i4). Below the tables, we will point out the sequences
which give the same causal ordering.

C.1 Typel
The type 1 causal ordering is given by

a—->b—-c—od. (195)

We let (195) be the template causal ordering, then the causal ordering i; — iy — i3 — iy is
labelled by the sequence (i;iyi3is). Any permutation of the indices in (195) will change the
causal ordering, so the little group of the type 1 causal orderings is trivial. We have to list 24
causal orderings in the table.

Under time reversal 8;, a — b — ¢ — d is mapped to d — ¢ — b — a, which is equivalent
to the permutation 6; : a <= d, b < c. This action is causal-type specific. In addition, we
have 6z action which is always given by 0y : 1 <> 4,2 <= 3 (see eq. (98)). Using Z, x Z,
generated by these permutations, we divide 24 type 1 causal orderings into 8 orbits:

41By little group of a causal ordering, we mean the permutations of the indices which do not change this causal
ordering.
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1. (1234), (4321).

2. (1243), (4312), (3421), (2134).
3. (1324), (4231).
4. (1423), (3241), (4132), (2314).
5. (1342), (2431), (4213), (3124).
6. (1432), (2341), (4123), (3214).
7. (2143), (3412).
8. (2413), (3142).

As discussed in section 5.4, all the causal orderings in each orbit have the same convergent
OPE channels.

Let us consider (1234), or equivalently the causal ordering 1 — 2 — 3 — 4. We first pick
a particular configuration and compute z,%. Here we choose

X1:O, x2=(i,0,...,0), X3:(2i,0,...,0), X4:(3i,0,...,0), (196)

and getz =2 = %, which is in the range corresponding to subclass Eg,. By lemma C.1, the
whole (1234) is in subclass E;.

All other (i,i5i3i,4) causal orderings can be obtained by applying permutation o = [i;iyizi4]
to the template ordering (1234). Using table 3, we can easily determine the subclasses of all
other (iyiyi3i4) sequences (look at the column having E, on top). Then by looking up table 1,
we get some OPE convergence properties of type 1 causal orderings, which are summarized
in table 4. It remains to complete the rest of table 4. For this we choose a representative

Table 4: The classes/subclasses of type 1 causal orderings

causal ordering class/subclass | s-channel | t-channel | u-channel
(1234), (4321) E v X

(1243), (3421), (4312), (2134) Eq. v X
(1324), (4231) Ew X

(1423), (3241), (4132), (2314) Ew X

(1342), (2431), (4213), (3124) Eg, v X

(1432), (2341), (4123), (3214) Eg v X
(2143), (3412) E v X
(2413), (3142) Ew X

configuration for each orbit of causal orderings and choose a path to compute the curves of
z,%, then decide the convergence properties of t- and u-channel expansions. In practice this
is done numerically, by plotting the curves of z,% and staring at the plots to determine N,, N,
(as in examples in section 5.6). The final results of OPE convergence properties in the three
channels are shown in table 5, where we use red to indicate the new marks.
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Table 5: OPE convergence properties of type 1 causal orderings

causal ordering class/subclass | s-channel | t-channel | u-channel
(1234), (4321) E v 4 X
(2143), (3412) E v X X
(1432), (2341), (4123), (3214) Eq v v X
(1324), (4231) Ew X v X
(2413), (3142) Ew X X X
(1423), (3241), (4132), (2314) Ew X v X
(1342), (2431), (4213), (3124) Eq. v X X
(1243), (3421), (4312), (2134) Eq, v X X

C.2 Type 2
The type 2 causal ordering is given by

a—b , b—a. (197)

We choose a particular configuration for (1234):
x; =0, x,=(i,0,...,0), x3=(2i,0.5,0,...,0), x4, =(2i,—0.5,0,...,0), (198)

and get z = —%, Z = g, which is in the range corresponding to class S. So we conclude that
(1234) is in class S. The remaining steps are the same as appendix C.1. The results of OPE
convergence properties in the three channels are shown in table 6. There are only 12 causal
orderings because (i;iyi3i4) and (i;iyi4i3) are the same causal ordering (the little group is Z,).

Table 6: OPE convergence properties of type 2 causal orderings

causal ordering | class/subclass | s-channel | t-channel | u-channel
(1234), (4321) S v X X

(1324), (4231)
(1423), (4132)
(2134), (3421)
(3124), (2431)
(2314), (3241)

S|l c|lwniA|c
x| x| N x|%
N x| x|\ X
XXX |[>X|Xx

C.3 Type3
The type 3 causal ordering is given by

a—ph—cC c—bph—a

, 1
g q (199)
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We choose a particular configuration for (1234):

x; =0, x5 =(i,0,...,0), x3=(2i,0,...,0), x4 = (1.5{,1,0,...,0), (200)

and get z = é, Z = %, which is in the range corresponding to class T. So we conclude that
(1234) is in class T. The results of OPE convergence properties in the three channels are shown
in table 7.

Table 7: OPE convergence properties of type 3 causal orderings

causal ordering | class/subclass | s-channel | t-channel | u-channel
(1234), (4321) T X v X
(1243), (4312) 0) X X v
(1324), (4231) T X v X
(1342), (4213) S v X X
(1423), (4132) U X X v
(1432), (4123) S v X X
(2134), (3421) 9) X X X
(2143), (3412) T X X X
(2314), (3241) 8) X X X
(2341), (3214) S v X X
(2413), (3142) T X X X
(2431), (3124) S v X X
C.4 Type4
The type 4 causal ordering is given by
7 b ~
. 201
Gy - d (201)
We choose a particular configuration for (1234):
x; =0, x,=(i,0.5,0,...,0), x3=(i,—0.5,0,...,0), x4 =(2i,0,...,0), (202)

and getz = %, Z = 9, which is in the range corresponding to class T. So we conclude that (1234)
is in class T. The results of OPE convergence properties in the three channels are shown in table
8. Here we use the fact that (i;iyi3is) and (i;i3iyis) are the same causal ordering (the little
group is Z,).

C.5 Type5
The type 5 causal ordering is given by

—a . 203
c/a (203)
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Table 8: OPE convergence properties of type 4 causal orderings

causal ordering class/subclass | s-channel | t-channel | u-channel

(1234), (4321) T X 4 X
(1243), (4312), (2134), (3421) U X X X
(1342), (4213), (2341), (3214) S v X X

(2143), (3412) T X X X

We choose a particular configuration for (1234):
x1 =0, x,=(i,0.5,0,...,0), x3=(i,0,...,0), x4 =(i,—0.5,...,0), (204)

and get g = ‘1‘, Z = %, which is in the range corresponding to subclass Ey. So (1234) is in
class E. We would like to find a particular configuration in each subclass of class E. The little
group of this causal type is S5, which corresponds to permutations among b, c,d in (203). By
looking up table 3, we see that permuting x,, x5 in (204) gives E,, and permuting x5, x4 gives
Eq,. To realize Eg,, we choose the following configuration in (1234):

x; =0, x,=(i,0.5,0,...,0), x3 = (i,—0.5,0,...,0), x, = (i,0,0.5,0,...,0),  (205)

and get z = i, Z = —i, which is indeed in the range corresponding to subclass E,. So we
conclude that the configurations of (1234) do appear in all subclasses of class E in d > 3,
while they only appear in subclasses E, E, Eq, in 2d.*?

The results of OPE convergence properties in the three channels are shown in table 9.
Here we use the fact that for (i;i,i3i4), any permutation of 2, 3,4 does not change the causal
ordering (the little group is S3).

Table 9: OPE convergence properties of type 5 causal orderings

causal ordering | class/subclass | s-channel | t-channel | u-channel
Eg v v X
ESLI / X /
(1234), (4321) E,, X v v
Egtu v v v
Eg v X X
ESLI / X X
(2134), (3124) E,, X X X
Esr v X X

C.6 Type 6
The type 6 causal ordering is given by

a— p—cC

g (206)

42We used two dimensions in (204) and three dimensions in (205). On the other hand, as mentioned at the end
of section 5.3.2, subclass E,,, does not exist in 2d because 2, can only be real.
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We choose a particular configuration for (1234):

x;=0, xy=(i,0,...,0), x3=(2i,0,...,0), x4=(i,2,...,0), (207)

and get z = }‘, Z = %, which is in the range corresponding to subclass E;. By lemma C.1,
the whole (1234) is in subclass Eg.. The results of OPE convergence properties in the three

channels are shown in table 10.

Table 10: OPE convergence properties of type 6 causal orderings

causal ordering class/subclass | s-channel | t-channel | u-channel
(1234), (4321), (3214), (2341) E v v X
(1243), (4312), (4213), (1342) Eqy v X v
(1324), (4231), (2314), (3241) Ei X v X
(1423), (4132), (2413), (3142) Ew X X v
(1432), (4123), (3412), (2143) E v X X
(2134), (3421), (3124), (2431) Eg, v X X
C.7 Type?7
The type 7 causal ordering is given by
) - b b ~ )
o~ , . (208)
c c
d d
We choose a particular configuration for (1234):
x; =0, x,=(i,0.5,0,...,0), x3 =(i,—0.5,0,...,0), x, =(0,2,0,...,0), (209)

and get z = %, Z = 9, which is in the range corresponding to class T. So we conclude that

(1234) is in class T. The results of OPE convergence properties in the three channels are shown
in table 11. Here we use the fact that (i;i,i3i4) and (i,i3i,i4) are the same causal ordering (the
little group is Z,).

Table 11: OPE convergence properties of type 7 causal orderings

causal ordering | class/subclass | s-channel | t-channel | u-channel
(1234), (4321) T X v X

(1243), (4312)
(1342), (4213)
(2134), (3421)
(2143), (3412)
(2341), (3124)

n|iAglc|lwn|lc
S x> [N] >
XX [ X[ >X|Xx
x| X | XX [N
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C.8 Type 8
The type 8 causal ordering is given by

S~ (210)

We choose a particular configuration for (1234):
x; =0, x, =(i,-0.5,0,...,0), x3=(0,1,0,...,0), x4 =(i,0.5,0,...,0), (211)

and get z = %, zZ = %, which is in the range corresponding to class T. So we conclude that
(1234) is in class T. The results of OPE convergence properties in the three channels are shown
in table 12.

Table 12: OPE convergence properties of type 8 causal orderings

causal ordering class/subclass | s-channel | t-channel | u-channel
(1234), (4321) T X X X
(1243), (4312), (3421), (2134) X X v
(1342), (4213), (2431), (3124) S v X X
(2143), (3412) T X X X
(1324), (4231) T X X X
(1432), (4123), (2341), (3214) S v X X
(1423), (4132), (3241), (2314) U X X X
(2413), (3142) T X X X
C.9 Type9
The type 9 causal ordering is given by
a—b
c . (212)
d
We choose a particular configuration for (1234):
x;1 =0, x,=(i,0,...,0), x3=(0,2,0,...,0), x4, =(0,3,0,...,0), (213)

and get z = —%, Z = }1, which is in the range corresponding to class S. So we conclude that
(1234) isin class S. The results of OPE convergence properties in the three channels are shown
in table 13. Here we use the fact that (i;1,i3i4) and (i;1,i4i3) are the same causal ordering (the
little group is Z,).

C.10 Type 10
The type 10 causal ordering is given by

a
(214)

\
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Table 13: OPE convergence properties of type 9 causal orderings

causal ordering class/subclass | s-channel | t-channel | u-channel
(1234), (4312), (2134), (3412) S v X X
(1324), (4213), (3124), (2413) U X X v

(1423), (4123) T X 4 X

(2314), (3214) T X v X

We choose a particular configuration for (1234):
x; =0, x,=(0,1,0,...,0), x3=(2i,0,...,0), x, =(2i,1,...,0), (215)

and getz =2 = %, which is in the range corresponding to subclass E. So (1234) is in class E.
We would like to find a particular configuration in each subclass of class E. The little group of
this causal type is Z, x Z,, which is generated by a <= b and ¢ «— d in (214). By looking up
table 3, we see that by acting with the little group on configuration (215), we can get E,, but
we cannot get E,. The underlying fact is that the 2d configurations of (1234) do not appear
in E,, (it is obvious that 2d configurations do not appear in E,.). Let us show this fact. In 2d
Minkowski space we can use the light-cone coordinates:

e =t +Xp, Z=tp—Xg, (0 =C0tr%Xg)). (216)
The causal ordering (214) implies

23,24 > 21,29, 23,34 > %1,%9,

(21 —22)(21 —22) <0, (23 —24)(33—%4) <O.

Since the little group Z, x Z, of (1234) preserves E, (see table 3), by the Z, x Z,-action, it
suffices to show that E,, configurations do not exist when

(217)

23,24 > 21,22, 23,24 > 21,29,
2 —2y <0, % —2,>0), (218)
23—24 <0, 23—%4>0.
In this case the computation is straightforward:
(=224 —23) (23— 21)(24—22)
_(33 —21)(24—22) (23— 21)(24—27) a
(21—2)(B3—%4) (B4 —2)(Z3—%)
(F3—2)(Es— %)  (B3—2)(E—%)
So we conclude that the 2d configurations in (1234) have 2,2 < 1, i.e. (1234) does not
intersect with subclass E,, in 2d. To find a E, configuration in (1234) we need to construct
it in d = 3. We choose the 3d configuration (114) and get z ~ 1.1, Z ~ 6.3, which is in the

range corresponding to subclass E,.
To realize Eg,, we choose the following configuration in (1234):

1,
(219)
1.

7=

x; =0, x5, =(0,0.5,0,...,0), x3 =(2i,0,0.5,0,...,0), x4 =(i,0.5,0,...,0), (220)

and get z ~ 0.33 + 0.24i, Z = 0.33 — 0.24i, which is in the range corresponding to subclass
Eu. So we conclude that the configurations of (1234) do appear in all subclasses of class E in
d > 3, while they only appear in subclasses E, Eg, in 2d.

The results of OPE convergence properties in the three channels are shown in table 14:
Here we use the fact (iyiyisis), (ioi1i314), (i112i4i3) and (iyi;isis) are the same causal ordering
(the little group is Z, x Z,).
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Table 14: OPE convergence properties of type 10 causal orderings

causal ordering | class/subclass | s-channel | t-channel | u-channel
Eg v X X
(1234), (3412) Egy v X X
Ew X X X
Estu v X X
Eg v X X
(1324), (2413) Eou v X X
Ew X X X
Egiu v X X
Eg v v X
(1423), (2314) Fou v X v
Etu X \/ \/
Estu v v v
C.11 Type 1l
The type 11 causal ordering is given by
a—p
cd - (221)
We choose a particular configuration for (1234):
x1=0, x,=(,0,...,0), x3=(0,2,...,0), x,=(i,2,...,0), (222)

and get g = % = %, which is in the range corresponding to subclass Eg. By lemma C.1, the
whole (1234) is in subclass E,;. The results of OPE convergence properties in the three channels
are shown in table 15. Here we use the fact that (i;iyi3is) and (igizi;i,) are the same causal

Table 15: OPE convergence properties of type 11 causal orderings

causal ordering | class/subclass | s-channel | t-channel | u-channel
(1234), (2143) Eg v X X
(1243), (2134) Eg, v X v
(1324), (3142) Eqy X X v
(1342), (3124) Eq, v X v
(1423), (3241) Ew X 4 X
(1432), (2341) Eg v 4 X

ordering (the little group is Z,).

C.12 Type 12

The type 12 causal ordering is given by

a b ¢ d. (223)
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One can show that this causal type belongs to class E. In fact this is the “Euclidean” case (that’s
why this class is called class E), and there is no need to check numerically for this type. Suppose
we have a totally space-like separated configuration (x;, x5, X3, X4), where x; = (ity,X;). We
can reach this configuration via the path

(224)

) (T =2s)ey, 25%¢) s€[0,1/2],
W)= (2s—Ditux)  sel1/2,1].

Along the path all the x;, x; pairs are space-like separated. As a result, the totally space-like
separated configurations always have N, = N, = 0 (as long as N;, N, are well-defined). On
the other hand, there is no doubt that all subclasses of class E can be realized in d > 3.4> We
summarize the OPE convergence properties of this type in table 16. Here we use the fact that
there is only 1 causal ordering in this type (the little group is S4).

Table 16: OPE convergence properties of type 12 causal orderings

causal ordering | class/subclass | s-channel | t-channel | u-channel
Eg v v X
(1234) Eq 4 X v
Ew X v v
Egtu v v v
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