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Abstract: For Euclidean quantum field theories, Holland and Hollands have shown
operator product expansion (OPE) coefficients satisfy “flow equations”: For interaction
parameter A, the partial derivative of any OPE coefficient with respect to A is given by an
integral over Euclidean space of a sum of products of other OPE coefficients. In this pa-
per, we generalize these results for flat Euclidean space to curved Lorentzian spacetimes
in the context of the solvable “toy model” of massive Klein—Gordon scalar field theory,
with m? viewed as the “self-interaction parameter”. Even in Minkowski spacetime, a
serious difficulty arises from the fact that all integrals must be taken over a compact
spacetime region to ensure convergence but any integration cutoff necessarily breaks
Lorentz covariance. We show how covariant flow relations can be obtained by adding
compensating “counterterms” in a manner similar to that of the Epstein—Glaser renor-
malization scheme. We also show how to eliminate dependence on the “infrared-cutoff
scale” L, thereby yielding flow relations compatible with almost homogeneous scaling
of the fields. In curved spacetime, the spacetime integration will cause the OPE coef-
ficients to depend non-locally on the spacetime metric, in violation of the requirement
that quantum fields should depend locally and covariantly on the metric. We show how
this potentially serious difficulty can be overcome by replacing the metric with a suitable
local polynomial approximation about the OPE expansion point. We thereby obtain local
and covariant flow relations for the OPE coefficients of Klein—Gordon theory in curved
Lorentzian spacetimes. As a byproduct of our analysis, we prove the field redefinition
freedom in the Wick fields (i.e. monomials of the scalar field and its covariant derivatives)
can be characterized by the freedom to add a smooth, covariant, and symmetric function
Fy(x1, ..., xp; z) to the identity OPE coefficients, C;}_”(ﬁ (x1, ..., xu; z), for the elemen-
tary n-point products. We thereby obtain an explicit construction of any renormalization
prescription for the nonlinear Wick fields in terms of the OPE coefficients C/ ¢ The
ambiguities inherent in our procedure for modifying the flow relations are shown to be
in precise correspondence with the field redefinition freedom of the Klein—-Gordon OPE
coefficients. In an appendix, we develop an algorithm for constructing local and covari-
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ant flow relations beyond our “toy model” based on the associativity properties of OPE
coefficients. We illustrate our method by applying it to the flow relations of A¢*-theory.
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1. Introduction and Overview

A quantum field theory is said to possess an operator product expansion (OPE) for all
observables if, in any physically acceptable state W, the expectation value of any product
of local quantum field observables can be approximated near event z as

(@4, (x1) -+ Pa, () y ~ D CR a0 (K1 X3 (P2 (1.1)
B

Here A; ..., A,, B label the renormalized field observables of the theory, and the sum
over B extends over all observables. The coefficients C fr-- A, (x1, ..., Xxy; z) of this ex-
pansion are ordinary c-valued distributions that are independent of the state W (within
the class of allowed states). The “~” in Eq. (1.1) denotes that this relation holds asymp-
totically in the coincidence limit x1, ..., x, — z; a precise statement of this asymptotic
relationship will be given in formula (3.2) below. OPEs are expected to exist for any
renormalizable local quantum field theory under very general assumptions [1-8].
OPEs play a very important role both conceptually and practically in quantum field
theory in Euclidean and Minkowski spacetime. Furthermore, Hollands and Wald [9, 10]
have argued that OPEs play an essential role in the formulation of quantum field theory
in a curved Lorentzian spacetime. In a general, curved Lorentzian spacetime there is
no notion of Poincaré invariance and no preferred vacuum state, so properties of the
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quantum field normally formulated in terms of vacuum expectation values in Minkowski
spacetime must now be formulated in terms of OPE coefficients. Hollands and Wald have
argued that the key relations satisfied by the quantum field observables can be expressed
via the OPE, so that, in essence, a quantum field theory in curved spacetime may be
viewed as being specified by providing all of its OPE coefficients C £1~~ Ay Thus, it is
of considerable interest to determine the OPE coefficients of an interacting quantum
field theory. It would be especially of interest to determine the OPE coefficients of an
interacting theory by methods that do not rely on perturbation theory, since this would
have the potential for providing a non-perturbative definition of the interacting theory.

For the case of a Euclidean quantum field theory with power-counting renormalizable
self interactions, Hollands has argued [11] that the OPE coefficients must satisfy a
“flow” relation under changes of the coupling parameters. Such flow equations have
been proven to hold order-by-order in perturbation theory for several interacting models,
including A¢*-theory [12,13], Yang—Mills theories [ 14], and CFTs with strictly marginal
interactions [11]. In particular, Holland and Hollands have proven [11, Theorem 1]
that, by making use of the freedom to redefine the quantum field observables, the OPE
coefficients of A¢*-theory in D = 4 dimensional (flat) Euclidean space satisfy the
following! flow equations to any (finite) perturbative order in A,

9 B
acAl-,.An(xl,...,xn;z)
:_l d4y I:CB (y X Xn2) + (1.2)
4! GrAA, N 1y ooy Xns )
s Jy—z|=L
n
_Z Z Clip ixisx) CF & (x Xni 2)+
¢4Ai Y, Xi Xi Ap--A;C-- Ay 1y -5 Xn,
i=1[C]<[A]
= Y CGa, G D Che Gz 0]
[C1<[B]

Here A is the renormalized coupling parameter; L is a positive constant with units of
length; A; C indicates the replacement of the label A; with the label C; and [A] denotes the
dimension of the renormalized field ® 4 as defined in [9, Eq. 10].2 For the spatial integral
over y, it is understood that the integration is initially done over the region bounded by
€ < |y—uxij]and € < |y — z|] < L, the subtractions appearing in the integrand are
performed, and the limit as € — 07 is then taken. Holland and Hollands have shown that
all ultraviolet divergences that may arise in individual terms as € — 0" precisely cancel
between terms,’ so the € — 0* limit is well-defined without any additional regulators
or renormalization.

Although the flow equations (1.2) were rigorously derived in a perturbative set-
ting, these equations make sense mathematically under very general model-independent
assumptions—specifically, if the OPE coefficients satisfy the “associativity” and “scal-
ing degree” axioms postulated in [9]. Thus, it seems reasonable to assume that Eq. (1.2)

I In [11-13], Holland and Hollands set the expansion point z = x,,. We prefer to define the coefficients
more symmetrically in x1, ..., x, by using an independent expansion point z.

2 To any finite perturbative order, the dimension defined in [9, Eq. 10] coincides with the standard “engi-
neering dimension” given in our “Notation and Conventions” at the end of this section.

3 In the discussion below, the cancellation of non-integrable divergences at y = x; (fori = 1,...,n)is
equivalent to the statement that the distribution appearing in the integrand of (1.2) is uniquely “extendable”
to the “partial diagonals” involving y and any single x;-point.
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holds in the non-perturbative theory. If it were possible to integrate Eq. (1.2) from A = 0
(where the field is free and the OPE coefficients may be computed directly) up to some
nonzero A, we would obtain a non-perturbative construction of the interacting OPE co-
efficients. Of course, it is not known if there exist solutions to an infinite system of
ordinary differential equations like (1.2). Nevertheless, flow relations like Eq. (1.2) have
the potential to provide a new approach to the formulation of interacting quantum field
theory, and may be of considerable “practical” use as well.

The OPE flow relations (1.2) and their generalization to other interacting theories
apply for the case of flat Euclidean space. Recently, Frob [15] has generalized these
relations to quantum fields on curved Riemannian spaces, without, however, imposing
the condition that the OPE coefficients be locally and covariantly defined. Since the
physical world is Lorentzian, it would be of interest to generalize the flow relations
to Lorentzian spacetimes. Furthermore, the requirement that the OPE coefficients be
locally and covariantly defined in curved spacetime is the natural generalization of the
requirement of Poincaré invariance in Minkowski spacetime [9] and it thereby provides
an important requirement on the flow relations. Thus, it is of interest to determine if
the flow relations can be formulated for Lorentzian spacetimes in a local and covariant
manner.

There are two major obstacles to generalizing flow relations such as Eq.(1.2) to
the Lorentzian case: (i) In the Euclidean case, the infrared cutoff, L, appearing in the
flow relations (1.2) is fully compatible with rotational invariance, and the resulting flow
relations are automatically Euclidean invariant. However, in Minkowski spacetime, no
bounded region of spacetime can be invariant under Lorentz boosts. Thus, in Minkowski
spacetime, either the corresponding integral must be taken over an unbounded region—
resulting in serious problems with convergence of the integral in Minkowski spacetime
as well as with the definition of the OPE coefficients throughout the region in the gener-
alization to curved spacetime—or the corresponding integral will not be Lorentz invari-
ant, leading to flow relations that are not Poincaré invariant. (ii) There is a fundamental
difficulty with obtaining local and covariant results by performing an integral over a
spacetime region. If the curved spacetime flow relations take a form similar to Eq. (1.2)
where the integral is performed over some neighborhood U, of z € M, this integral
would depend on the spacetime metric in all of U, not just in an arbitrarily small neigh-
borhood of z. Thus, for a flow relation of the form of Eq. (1.2) with an integral performed
over a finite spacetime region U,, the flow of OPE coefficients will necessarily depend
non-locally on the metric.

The purpose of this paper is to show how the above difficulties can be overcome,
thereby showing that local and covariant OPE flow relations can be defined in curved
Lorentzian spacetimes. We will also show how to modify the flow relations so as to
eliminate any dependence on the infrared cutoff scale L. We will restrict consideration in
this paper to the “toy model” of massive, non-minimally-coupled Klein—Gordon theory,
with m? and the curvature coupling parameter, £, viewed as interaction parameters. Of
course, this model is a free field for all values of the parameters. Nevertheless, we may
treat m> and £ as coupling constants in an interaction Lagrangian, in parallel with the
treatment of A above. The resulting flow relations have a form that is very similar in its
essential features to that of a nonlinearly interacting theory, so this toy model provides a
good testing ground for confronting the issues needed to generalize the flow relations to
curved Lorentzian spacetimes. For this toy model, in Euclidean space of any dimension
D > 2, the direct analog of Eq.(1.2) above is the following flow relation in m? for the
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coefficients* C ¢I, o (x1, ..., xn; 2) appearing in the OPE of the n-point product of linear
field observables, (¢ (x1) - - @ (xp)) w:

0 | D, ~I .
ch),._d)(xl, CeXg ) = —5 /y—z|2§L2 d7yChy s X1, xn2) (13)
Note that in this case the y-integral yields a well-defined distribution in (xy, ..., Xxp)
with no need for an ultraviolet cutoff €. Our goal is to obtain an analogous flow relation
in the Lorentzian case.

The first issue we must address is the “type” of products of fields that must be con-
sidered in order for the OPE coefficients to satisfy flow relations. In the Euclidean case,
there is a unique notion of the n-point (= correlation = Green’s = Schwinger) distribu-
tions and their corresponding OPE coefficients. However, in the Lorentzian case, one can
consider Wightman products, time-ordered products, retarded products, etc. Any of these
products could be put on the left side of Eq.(1.1) and used to define OPE coefficients.
The resulting OPE coefficients will possess distinct singular behavior (i.e., “wavefront
sets”), and it is not obvious, a priori, which—if any—of these Lorentzian objects are
viable candidates for satisfying flow relations. Our analysis of this issue in Sect.4 re-
veals that the Green’s function properties of the n-point distributions play an essential
role in the derivation of flow relations. Consequently, as we discuss in Sect. 5, the usual
Wightman n-point OPE coefficients as written in Eq. (1.1) are not suitable candidates for
satisfying flow relations in the Lorentzian case. On the other hand, time-ordered products
do possess the requisite Green’s function properties for flow relations.” The Lorentzian
flow relations we shall obtain will thus apply to the OPE coefficients arising from the
asymptotic expansion of the time ordered products (T{® 4, (x1) - - - ® 4, (x4)})y, rather
than the Wightman products (® 4, (x1) - - - P4, (X)) -

However, working with time-ordered products has the potential to lead to signif-
icant additional complications, since time-ordered products possess substantial addi-
tional renormalization ambiguities beyond those associated with the definition of Wick
powers and their corresponding Wightman functions. Time-ordered products of n field
observables are well defined by naive time ordering only when no two points in the n-
point distribution coincide, i.e., away from all “diagonals”. We denote this well defined,
“unextended” time-ordered product by To{® 4, (x1) - - - P4, (x,)}. Any procedure for ex-
tending Ty to any of the diagonals (i.e. renormalization) is generally non-unique and,
therefore, must unavoidably introduce new ambiguities proportional to §-distributions
(i.e. “contact terms”). This will result in corresponding ambiguities on the diagonals
of the OPE coefficients defined using time-ordered products. Thus, if we formulate the
flow relations in terms of these OPE coefficients, it might appear that we will have to
deal with substantial additional renormalization ambiguities on the diagonals.

Fortunately, however, we find that this is not the case. In the OPE, Eq.(1.1), we
may keep all of the x; distinct, so that the unextended time-ordered products and cor-
responding OPE coefficients are well defined. However, flow relations such as Eq.(1.2)
involve an integration over a variable y, so we cannot avoid the coincidence of y with the
various x;. Thus, it might appear that the flow relations require us to evaluate the OPE
coefficients at points where they are not defined. However, it turns out that the integrand
of the OPE flow relations contains a very special combination of OPE coefficients that

4 As we shall see in Sect. 3.2, all other OPE coefficients are determined by C(II)-~-¢ [T Xn; 2), SO it
suffices to consider only the flow relations for these coefficients.
5 Retarded and advanced products also satisfy the Green’s function properties.
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has sufficiently mild divergences (i.e., “low scaling degrees”) on the “partial diagonals”
involving only y and one other spacetime point. Consequently, the integrand can be
uniquely extended to these—and typically only these—partial diagonals, and the flow
relations are well defined for the unextended time-ordered products Ty. Thus, no new
renormalization ambiguities arise beyond those occurring for the Wick monomials in
the flow relations of the OPE coefficients of unextended time-ordered products.

‘We now explain how the two major obstacles described above to obtaining Lorentzian
flow relations are overcome. The first obstacle originates from the fact that no bounded
neighborhood of z in Minkowski spacetime can be invariant under Lorentz boosts. To
ensure that the integrals appearing in the flow relations are well defined and convergent,
we introduce into the integrand a smooth function® y(y — z; L) such that x = 1 in
a coordinate ball of radius L and x = 0 outside a coordinate ball of radius 2L. The
presence of x ensures that the integral extends over only a compact spacetime region,
but it also necessarily breaks the Lorentz covariance of the flow relations. Nevertheless,
we prove in Sect. 5 that Lorentz covariance can be restored in Minkowski spacetime—to
any desired “scaling degree”—by subtracting off finitely many terms in the flow relations
with a compensating failure of Lorentz invariance. For the OPE coefficients C ;0 [}
this results in a Minkowski spacetime flow relation of the form,

0 1
WCTOWH.@(X] e Xp 2)
4 D 1
~ _E/d VXY =2 L) Cp 26y Vs X1 oo Xn3 2) + (1.4)
= aclx1C5 g5 (X1, X 2),
C

where ac are spacetime constant tensors which depend on x. As described in “Ap-
pendix C”, the existence of such ac is guaranteed by the same kind of cohomological
argument [16] that ensures the Lorentz-covariance of the Epstein—Glaser renormaliza-
tion scheme. In “Appendix C”, we also obtain a recursive construction’ of the coefficients
ac[x] required for the Lorentz-covariant flow relations (1.4) in Minkowski spacetime,
in parallel with the analysis given in [17, 18] of the covariance-restoring Epstein—Glaser
counterterms.

The flow relations (1.4) are Lorentz covariant. However, they contain an infrared
cutoff scale L and the presence of L in this formula will spoil the required almost
homogeneous scaling of C§o{¢»~¢}(x1’ ..., Xpn; z) under the scalings g, — A‘zgab,

m? — A2m? of the metric and the mass. This issue also arises for the Euclidean flow

relation Eq. (1.3). Thus, we must further modify these flow relations so as to eliminate
its L dependence up to any desired scaling degree. This can be accomplished in the
following manner. As shown in Sect.4.2, the partial derivative with respect to L of the
right side of the Euclidean flow relation Eq. (1.3) is of the form,

9
o [rhs of (13)] ~ XC:,BC(L)Cgmdj(x], e X3 D), (1.5)

6 Itis preferable to work with a smooth function x rather than a step function as in (1.2) and (1.3) since
in the Lorentzian case the singular behavior of a step function will overlap the singular behavior of the OPE
coefficients in the integrand.

7 The inductive formula for ac is given in Eq. (C.44) with B*P of that formula given by Eq. (5.30).
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where Bc = B,,...,, denote tensors that are computed from the OPE coefficients and
depend on the infrared length scale L. If the divergences in B¢ (L) were integrable in a
neighborhood containing L = 0, then the problematic L-dependence of the Euclidean
flow relation (1.3) could be removed by simply subtracting the definite integral,

L
ch,,¢(x1,...,xn;z)/0 dL'Bc(L)), (1.6)
C

from the right-hand side of (1.3). However, the divergences in B¢ (L) are not, in gen-
eral, integrable. Nevertheless, we show that, for any finite field dimension [C], all di-
vergences in Bc(L) as L — 0% can be expressed as a finite linear combination of
terms proportional to L~ log" L for positive integer A and non-negative integer N.
A, N. Such non-integrable terms are in the kernel of differential operators of the form
(1+ A~'Lay)N*!, and these differential operators simply act like the identity operator
on any L-independent terms. Making use of these facts, we construct a linear differential
operator £[L] which, when applied to the right-hand side of (1.3), effectively removes
the L-dependent terms which lead to non-integrabilities in B¢ (L), while perfectly pre-
serving all of its L-independent behavior. Once the operator £[L] has been applied to
the right-hand side of (1.3), any remaining L-dependence is guaranteed to be integrable
and, thus, can be eliminated via simple subtraction of a definite integral as described
above. In the Euclidean case, this yields the following L-independent flow relations for
OPE coefficients defined by Hadamard normal ordering:

0 1
g2 Cop(¥1s o X3 2)
1
- _EE[L]/dDyx(y,z; L) Cq152¢.~¢>(y,x1»~--axn§z)+ (L.7)

— > be(L) C§.y (1. X 2),
C

with £[L] given by Eq. (4.33) and the explicit dependence of b¢ on the OPE coefficients
given in formula (4.48) of Theorem 6. (For comparison with the Euclidean flow relations
(1.2) and (1.3), one should take y to be a step function cutoff, x (y, z) = 6 (L2 ly—z |2).)
In the Minkowski case, the flow relations for the case where the Wick powers are defined
by Hadamard normal ordering® become (see Theorem 7)

9 I
WcTo{qu(p}(xl’ ce Xn3 2)
i
~ —E/dDyE[L]x(y,z; L) Cl 1 g2gogy s X1 ooy Xn3 2) (1.8)

— > ec(L) CG gy (X1 - Xn3 2),
C

where cc is given by formula (5.29). The ambiguities in the choice of c¢¢ correspond to
the inherent renormalization ambiguities in the OPE coefficients of Hadamard normal-
ordered Wick monomials.

8 A similar formula holds for the case of a general definition of Wick powers, with the only difference
being the presence of additional terms containing factors of the smooth functions Fj, that parameterize the
field-redefinition freedom of Wick fields.
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The second major obstacle to obtaining Lorentzian flow relations arises in curved
spacetimes as a result of the nonlocal dependence on the metric caused by integrating
over a region of finite size. We overcome this obstacle by replacing the true spacetime
metric, g, with its Taylor polynomial, g,(ﬁ), in Riemannian normal coordinates about
z, carried to sufficiently high order, N, to achieve equivalence in the flow relations up to
the desired scaling degree. This replacement is made prior to evaluating the spacetime
integral, so the resulting flow relations will be suitably “local” in the sense that they
depend only on finitely-many derivatives of the metric evaluated at the event z. However,
we still need to introduce a cutoff function, x, with an associated length scale L and,
thus, these local flow relations will fail to be covariant on account of the presence of x
and fail to scale almost homogeneously due to the presence of L. Nevertheless, we can
again introduce compensating local counterterms to render the flow relation covariant
and we can construct an operator £ to eliminate the dependence on L to any desired
asymptotic scaling degree. In any Riemannian normal coordinate system with origin at
z, the resulting flow relations take the form,

ad I >
WCTO{¢'“¢}('X1’ e X3 0)

N_i D, |_,(N) Q- 1 .0
z/RDd W =M ) LILIX (3, 0: L) Cp o gy (05 X1 -y X3 0) +

= e CGppogy (12 - X3 0), (1.9)
C

where the OPE coefficients on all lines and the counterterm coefficients cc are func-
tionals of the polynomial metric g,(f\.f). All dependence of c¢¢ on the polynomial metric
at event z can be expressed entirely in terms of totally-symmetric covariant derivatives
of the Riemann curvature tensor. The explicit form of c¢ is given in terms of the OPE
coefficients in formula (6.37). Overall, the key new aspects of the curved spacetime flow
relations (1.9) are the replacement of the metric by a polynomial approximation and the
presence of additional counterterms involving the curvature.

Finally, we note that our derivations of the flow relations for flat Euclidean space
given in Sect. 4, the flow relations for Minkowski spacetime given in Sect.5, and the
flow relations for general curved Lorentzian spacetimes given in Sect.6 were based
upon formulas for OPE coefficients that we obtained explicitly in Sect. 3. However, for
nonlinear models, such explicit non-perturbative formulas for the OPE coefficients are
not available. However, in “Appendix E”, we show that, for the integrals which appear
in the flow relations, one can derive covariance-restoring counterterms using only the
associativity property of OPE coefficients, without explicit knowledge of the coeffi-
cients. When specialized to Klein—Gordon theory, this general algorithm reproduces the
results we derived in Sects. 5 and 6. When applied to A¢*-theory in a curved Lorentzian
spacetime (M, g,»), the algorithm developed in “Appendix E” yields

0 ~
ﬁCTo{mWAn}(xl’ e Xy 0) ~

1 = -
- d*y\/—gM™M ) x(v,0; L) [C%WA]_”A"}(y,xl, Xy 0) +

n
=3 > [Ch a0 i+ (1.10)

i=1[C]=[A;]
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C ~D .0 B .0
0 GCR i 0)] CE et eoay @1 )+

[D]
B 0 0 B| ~C -0
- [ Z CTO{¢4C}()’, 0, 0)_ Z CC] CTO{AIA..AH}(-xla-"7-xn50)} ’
[C1<[B] [C]=[B]

where the [ D]-sum in the fourth line and the [C] > [ B] sum in the final line are carried out
to sufficiently-large but finite field dimensions.? The form of the counterterm coefficients
cg is givenin “Appendix E” for flat Minkowski spacetime. It would be natural to associate

the inherent local and covariant ambiguities in cg with the field-redefinition freedom of

A¢*-theory, but we have not investigated this issue.'?

The structure of our paper is as follows. In Sect.2, we review the theory of a free
Klein—Gordon field on a curved Lorentzian spacetime. The ambiguities in the definition
of arbitrary Wick monomials ®4 = V¢ - -- Vg, ¢ (where o; denote spacetime multi-
indices) is fully analyzed. The precise form of the “mixing matrix” Z ﬁ describing
allowed field redefinitions is given in Theorem 1, and it is shown in Proposition 1 that
the field redefinition freedom is fully characterized by a sequence of smooth, real-valued
functions F; (x1, ..., X,; z) that are symmetric in (x1, ..., X,).

In Sect. 3, we show that the Klein—Gordon field admits an OPE of the form Eq. (1.1)
for Hadamard states W. In Theorem 2, we obtain an explicit formula for the OPE coeffi-
cients for the case where Wick monomials are defined by Hadamard normal ordering. For
a general prescription for Wick monomials, we show that the OPE coefficients C ffl A
for products of general Wick monomials are completely determined by the OPE coef-
ficients C é) o of the identity operator, I, for the n-point products of the linear field ob-

servable, ¢ (x1) - - - ¢ (x,,). Furthermore, C é) @ (x1, ..., xy; z) is uniquely determined by

the coefficients C ;} ® with smaller n up to the addition of the function F, (xq, ..., x,; 2)
appearing in Proposition 1. The existence and properties of the OPE for a general defini-
tion of Wick monomials is summarized in Theorem 4. An inductive construction of the
Wick monomials in terms of C 415 " is given in Proposition 5. As discussed in Sect. 3.3,
all these statements carry over to the OPE for unextended time-ordered products, since
the formulas for their OPE coefficients may be obtained in a simple and direct manner
from the formulas for Cfl_" A,

In Sect.4, we derive the flow relations for the OPE coefficients of the Euclidean
version of the Klein—Gordon field. The modification of the flow relations needed to
remove the L-dependence is given in Sect.4.2.

In Sect. 5, we analyze the flow relations for the OPE coefficients of the Klein—Gordon
field in Minkowski spacetime. The counterterms in the flow relations needed to restore
Lorentz covariance are obtained, with the technical details given in “Appendix C”.

The generalization to curved spacetimes is given in Sect. 6. To any specified scaling
degree, we replace the spacetime metric by a Taylor approximation in a Riemannian
normal coordinate system defined relative to the expansion point z. We then show that
suitable counterterms can be introduced to yield local and covariant flow relations that
are independent of L.

9 The coefficient CTD0 (4 = C E, involving a single field factor is given by the geometric factors that appear
1 1
in an ordinary Taylor expansion [see (E.25)].

10" This analysis would require an understanding of what field-redefinition freedom is allowed for the non-
perturbative interacting theory. Note also that we have not attempted to eliminate the L-dependence of the flow
relations (1.10). The techniques described in Sect.4.2 can be used to eliminate the L-dependence of (1.10) to
any finite order in perturbation theory, butitis not obvious how to remove the L-dependence non-perturbatively.
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Finally, although our analysis in this paper is restricted to the toy model of the free
Klein—Gordon field, we show in “Appendix E” that our construction of the covariance-
restoring counterterms requires only the associativity property of the OPE coefficients
and thus should be applicable to nonlinearly interacting theories. The algorithm for
constructing counterterms given in “Appendix E” reproduces the results we derived in
Sects.5 and 6 when applied to Klein—Gordon theory. When applied to A¢*-theory in
Lorentzian spacetime (M, g,p), we obtain the local and covariant Lorentzian analogue
(1.10) of the Holland and Hollands Euclidean flow relations (1.2).

Notation and Conventions

We use letters from the beginning of the Latin alphabet to denote abstract indices
and our spacetime geometry conventions coincide with those of [19]. Tensors are of-
ten abbreviated with multi-indices chosen from the beginning of the Greek alphabet
(o, B, ¥, ...)—e.g., we denote a tensor T“""a”hl“_bm of type (n, m) simply as T%. In
combinatorial formulas involving abstract multi-indices, we use the obvious analogues
of the standard multi-index conventions: e.g., for T% = T%"%  we have |«¢| = n and
! = |a|!. When coordinate components of a tensor are needed, we denote ordinary
spacetime indices with letters from the middle of the Greek alphabet (i, v, k, p, ...)
but continue to denote multi-indices with (o, 8, y, ... ). Throughout, N denotes the natu-
ral numbers (positive integers, excluding 0) and Ny = {0} UN. We use “smooth” to mean
infinitely differentiable, i.e. C°, and the “Taylor coefficients of f evaluated at z”” will
refer to the set, Vi, -+ Vg, f(x1, ..., Xp)lx,,...x,=z, Of covariant derivatives of a multi-
variate smooth function f evaluated at z without the numerical factor 1/(aq!-- - a,!).
The set of (complex-valued) smooth functions of compact support is denoted by C§°
and the dual space of distributions is denoted by D’ : C§° — C.

Some notation in the paper may not always be redefined with each use. For the
convenience of the reader, we include here a list of frequently-employed non-standard
symbols and their definitions or, in cases where the definition is too lengthy, we reference
the equation where the symbol is defined.

Field notation

Dy the differentiated scalar field monomial, Vi ¢V, ¢ - - - Vi p¢

[} f," monomial, (Vg ¢ - - Vg » ¢) i, defined via “Hadamard normal ordering”, see Eq. (2.28)
Z f field redefinition “mixing matrix” defined in Eq. (2.38)

[Alp the number of ¢-factors appearing in ® 4 (i.e., p, in this case)

[Aly the number of covariant derivatives acting on ¢ in 4 (i.e., le |aj |, in this case)

[A] “engineering dimension” of ® 4 given by (rational) number (D/2 — 1)x[Aly + [Alv

C g |An OPE coefficients defined in relation (1.1)

(c H)g1 e Ap OPE coefficients defined in relation (3.1) for Hadamard normal-ordered fields

C go (A An) OPE coefficients of unextended time-ordered products defined in (3.53)

: B
(CH)TO{AI---A,I} Hadamard normal-ordered version of CTo{Al'“An}
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Differential operators, parametrices and Green’s functions

K Klein—Gordon operator, K = — g“h VaVp + m? +ER

H Hadamard parametrix defined in Eq.(2.26)

Hp Feynman parametrix, Hp = H — i A see also Footnote 29

A causal propagator, A = A2V _ Aret

Addv - aret advanced and retarded, resp., Green’s function of K

£ operator defined in terms of infrared length scale L and /9L in Eq. (4.33)

Geometric notation

D the spacetime dimension, i.e., #(spatial dimensions) + #(temporal dimensions)

dig(x) covariant volume element, d° x+/—g(x), on spacetime (M, g,p)
abbreviation for / . dug(x)dig(x2) - - dpg(xn)

X1,X2,.0Xn x"M

NG (x,2) bi-tensor defined with respect to the geodesic distance function in Eq. (2.58)

Z*M zero section of the cotangent bundle 7* M

in future/past lightcone of the cotangent space Ty M

v boundary of future/past lightcone of cotangent space Ty M

X
(x1,ky) ~ (x2,kp) equivalence relation defined below Eq. (2.13) for (x1, k1), (x2,kp) € T*M
Asymptotic equivalence relations

~T S asymptotic equivalence to scaling degree § for merger tree 7,
defined in the paragraph surrounding Eq. (3.2)
~s shorthand for “~7 5 when 7 is the trivial merger tree,
i.e., all spacetime points merge at the same rate to z
~ asymptotic equivalence for all § and 7, defined in the paragraph surrounding Eq. (3.2)

2. Klein—Gordon Theory and Local Wick Fields

The theory of a Klein—Gordon scalar field on a D-dimensional spacetime (M, g,p) with
mass m and curvature coupling & is given by the action,

k6 == | dPxy/=500) [ 0Vup Vb (6) + ( +£R) $20] . 21
The equation of motion arising from this action is
K¢ =0, (2.2)
where the Klein—Gordon operator K is given by
K =—g"V,V, +m®> +£R. (2.3)

To guarantee well-defined dynamics and to avoid causal pathologies, we will restrict
consideration throughout to globally-hyperbolic spacetimes, (M, g,5). Any globally-
hyperbolic spacetime admits unique advanced, A%, and retarded, A™, Green’s distri-
butions of the Klein—Gordon operator, K [20].

In this section, we consider the quantum field theory of the Klein—Gordon field. Our
main concern is the ambiguities in the definition of arbitrary Wick monomials, i.e.,
quantum field observables of the form

Pp=Ve ¢ Vo, . (2.4)

Here «; denotes an abstract multi-index, i.e., a; = a; 1 - - aj ;| Where each a; j is a
spacetime index. Thus, ® 4 corresponds to a tensor constructed from p-factors of ¢,
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with |; |-number of derivatives on the i-th factor. The ambiguities in ® 4 will give rise
to corresponding ambiguities in the n-point distributions,

(@a, (f1) -+ Pa, (fu))y: (2.5)

as well as the n-point distributions for the un-extended time-ordered products. This will,
in turn, give rise to corresponding ambiguities in the OPE coefficients. The main result of
this section will be to obtain a simple characterization of the ambiguities in the definition
of Wick monomials which will be extremely useful for characterizing the corresponding
ambiguities in the OPE coefficients derived in the next section.

In Sect.2.1, we review the construction of the abstract algebra.'! containing Wick
polynomials and the requirements (“axioms”) imposed on the Wick monomials. The
known uniqueness theorem for Wick monomials implied by these axioms (see Theo-
rem 1) is then reformulated in Sect. 2.2 in terms in terms of a choice of smooth functions
F,, (see Proposition 1).

2.1. Wick algebra and state space: axioms and existence of Wick polynomials. In this
subsection, we review the definition of the algebra of observables W(M, g,p) for the
Klein—Gordon field and the axioms that determine the Wick monomials—up to the
uniqueness discussed in the following subsection. Our discussion closely follows [23]
which built on the earlier work of [24-27].

The construction of W(M, g,p) begins with the standard CCR (canonical commuta-
tion relation) algebra A(M, g,») generated by observables that are linear in ¢. To define
A, we start with the free *-algebra 4 generated by the identity / and the fundamental
(smeared) field ¢(f) with f e C5°(M). We then factor Ag by all of the relations we
wish to impose. To do so, we let Z C Ag be the two-sided ideal consisting of all elements
in Ap that contain at least one factor that can be put into any of the following forms:

() ¢lc1fi+c2fr) —c19(f1) — 29 (f2), withey, 2 € C
(i) ¢(NH)* —o(f)
(iii) ¢ (K f), with the Klein—Gordon operator K given by Eq. (2.3).
(iv) ¢(fD@(f2) —d(f2)d(f1) —iA(f1, f2)1, where A[M, gqp] denotes the advanced
minus retarded Green’s distribution for K[ggp, m2, Elon M

The algebra A is then defined to be the free algebra factored by this ideal,
AM, gap) = Ao/I(M, gap)- (2.6)

Thus, the CCR algebra effectively incorporates (i) the distributional nature of quantum
fields, (ii) the Hermiticity of real-valued fields, (iii) the Klein—Gordon field equation, and
(iv) the canonical commutation relations. It contains all elements that are finite linear
combinations of products of the (smeared) fundamental field. Quantum states of the
CCR algebra are then just linear maps (-)y : A(M, ga») — C which are normalized,
(I')y = 1, and positive, (A*A)y > 0 forall A € A.

The first step towards enlarging A(M, g4p) to the full algebra of observables W
(M, gup) is to define the normal-ordered product relative to a state (-)y by the formula

Lo e =Y DT (e [ eU. @)

P (i,j)eP ke(l,....n}\P

' The algebraic approach to quantum field theory was initiated in [21]. A comprehensive review may be
found in [22, Chapter III].
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where the P are sets containing disjoint, ordered pairs taken from {1, ..., n} such that
i < j,and |P| denotes the number of pairs in P. Note that normal-ordered elements
(2.7) of A are symmetric under interchange of test functions, i.e.,: ¢ (f1) - - ¢ (fp) :w=
o (fr1)) - @ (frm)) 1w for any permutation 7. Products of normal-ordered elements
also satisfy the following important identity (“Wick’s theorem”),

2D d(fn) vt @ (fart) - @ (fram) tw (2.8)
= > ] e ] oG,
p=<min(n,m) (i,j)€Pp kefl,..., n}\ Py
where P, denote a set containing p disjoint, ordered pairs (i, j) suchthati € {1,2, ..., n}

and j e {n+1,n+2,...,n+m}. Noting that : ¢(f) :9= ¢(f), it follows from this
identity that normal-ordered elements, in fact, comprise a basis of the CCR algebra in the
sense that any element of A(M, g,5) can be expressed via (2.8) as a linear combination
of terms of the form (2.7) [see (B.18) for an explicit formula].

It is useful to view : ¢ (f1)--- @ (fy) 1w as mapping t, = fu ® L ®--- ® fy) into
A(M, gap). We write

Wu(tn) =@ (f1) - (fn) 1w (2.9)
- /nMdug<x1)--~dug<xn> L) D) w (T ),
where dj, (x) = de«/—g(x). Similarly, denote by u;, = fu41 @ fur2 ® - @ fuwm)

another symmetrized tensor product of smooth test functions. In this notation, we may
write Eq. (2.8) as

Wy () Wi () = Z Wiam—2k (th ®k um), (2.10)

k<min(n,m)

where we define, for n, m > k,

(tn ®k um)(X1, - .« Xn4m—2k) 2.11)

nlm!
= BB / lmy2k[<¢()71)¢(y2))\p (D) (20)) g X

X Z [0 (V15 Y35 -+ Y2k 15 X (1)s X2 2)5 + -+ > Xm(n—k)) X

mwell
X U (Y25 Y4y - o5 Y2k Xn(n—ks1)s - - - axn(n+m72k))]i|»

where we abbreviate,

/ = / dig(y1) -+ dpg(yau), (2.12)

Vi yok x2km

and where I denotes any permutation of {1, ..., n+m — 2k} such that 7 (1) < 7(2) <
c<an—k)yandnm(n —k+1)<a(n—k+2) <--- <m(n+m—2k). Note (2.11)

is symmetric in (X1, X2, ..., Xp4m—2k)-

We now require W to be a Hadamard state, i.e a state whose two-point distribution
W (f1, f2) = (¢ (f1)d(f2))y has a wavefront set of the form:

WF[W,] = {(xl,lq;xz,kz) e xXT*M\Z*M) | (x1, k) ~ (x2, —k2), k1 € V;]}. (2.13)
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Here Z* M denotes the zero section of the cotangent bundle 7*M and V= denotes the

boundary of the future/past lightcone of x. The relation (x1, k1) ~ (x2, k) is satisfied
iff x; and x» can be joined by a null-geodesic with respect to which the covectors ki
and k, are cotangent and coparallel. In any convex normal neighborhood, the two-point
distribution of a Hadamard state takes the form'?:

U(x1,x2)
[o(x1, x2) +2i0(T (x1) — T(x2)) + (0%)?]

Wo(xy, x2) = bt t

+V(x1, x2) log €72 [U(xl, X0) + 2007 (T (x)) — T(x2)) + (0+)2]
+ Wy (x1, x2), (2.14)

where T is any local time function; o is the (signed) squared geodesic distance!3 be-
tween points xj and x»; £ is an arbitrary length scale; and U, V and Wy are smooth
symmetric functions. If D is odd, then V = 0. Moreover, U and V are independent
of the Hadamard state W and are locally and covariantly determined by the Hadamard
recursion relations.!* It is known that there exist Hadamard states on A(M, gup) for any
globally-hyperbolic spacetime (M, gup).

Thus far, we have merely rewritten the product rules of A(M, g,5) in terms of normal-
ordered products. The enlargement of the algebra A(M, g,p) to the desired algebra
W(M, gqp) is accomplished by recognizing that for Hadamard states, Eq.(2.11) makes
sense not merely when #, and u,, are products of test functions but also when they are
distributions of the following type: Denote by V,, (M, g.») the set of all elements of the
(product) cotangent bundle x"T*M that are entirely contained within either the future
or past lightcones,

V(M. gap) = {(x1, ki3 x2, ka3 ... Xukn) € X"T*M | 2.15)
(ki € VI, Vi en)or (ki € V., Vi €n)}.

Let £'(x"M, gup) denote the space of compactly-supported symmetric distributions
Dj,(x" M) whose wavefront sets do not intersect V,, (M, gap),

E'(X"M, gap) = {t € Dy(x"M)|n € Nand WF(t) NV, (gap, M) = B} . (2.16)

Then formula (2.11) is well defined whenever ¢, and u,, are distributions in &£’ [23,
Theorem 2.1]. This means that we can extend the algebra A(M, g4) to an algebra
W(M, gu») generated by quantities of the form W (z,) for all ¢, € &', with product rule
given by Eq. (2.10). An example of such a distribution in £’ is t, = f(x1)8(xy, ..., Xp).
By Eq.(2.9), W(t,) corresponds to : ¢" 1y (f). Thus, W(M, g,p) includes elements
corresponding to the normal-ordered powers of the field. More generally, it includes all
normal-ordered monomials, : Vg, ¢ -+ Vg, ¢ 1w (f* %), where the «; denote multi-
spacetime-indices and f*!""*n denotes a test tensor field. For notational convenience,
we will typically suppress the multi-indices of f*""* and write: Vg, ¢ - - - Vg, ¢ 1w (f),
withit always being understood that f is atensor field dual to the tensor: Vo, ¢ - - - Vo, @ tw.

12 For states of the CCR algebra A, the equivalence of the microlocal spectral version (2.13) of the Hadamard
condition and the position-space version (2.14) was established by Radzikowski in [28, Theorem 5.1].

Bie,ois equal to twice the “Synge bi-scalar/world function”.

14 More precisely, all of the derivatives of U and V at coincidence x; = xp are uniquely as well as locally
and covariantly determined by the fact that K W, = smooth, with the Klein—-Gordon operator K, see Eq. (2.3),
acting on either spacetime variable.
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Note that all Hadamard states on A(M, g,») can be naturally extended to states on
W(M, gqp). Furthermore, it can be shown that the only continuous states on W(M, g,p)
are Hadamard states [29].

The above construction of W(M, g,») made use of a choice of Hadamard state
W. However, it is not difficult to show that, as an abstract algebra, W(M, g,») does not
depend on the choice of W [23, see Lemma 2.1]. Nevertheless, normal-ordered quantities
such as : ¢" :y do depend on the choice of W for any n > 1, i.e.,: ¢" ryw#: ¢" gy if
W’ =£ W, Which quantity should represent the true field observable ¢" and other Wick
monomials? In fact, when n > 1, : ¢" :y for any choice of Hadamard state W is not
a suitable candidate to represent ¢” since it does not satisfy the requirement of being
locally and covariantly defined. Following [23,30], we determine the Wick monomials
by imposing the requirements (“‘axioms”) on their definition. Existence of a definition
of Wick monomials satisfying these axioms can then be proven. We will consider the
allowed freedom (i.e., non-uniqueness) in the definition of the Wick monomials in the
next subsection.

The following are our axioms'> for Wick monomials:

W1 Local and covariant. The Wick monomials are required to be “local and covariant” in
the following sense. Let (M, gqp) and (M, g/,) denote two globally-hyperbolic space-
times. Suppose ¥ : M — M’ is an isometric embedding (i.e., gsp = ¥*g),, Where ¥*
denotes the pullback by ) that also is causality-preserving: i.e., ¥ (x1), ¥ (x2) € M’ is
connected by a causal curve only if x1, xp € M is connected by a causal curve. Then,
as shown in [23, Lemma 3.1], there is a canonical injective unital *-homomorphism
ay : WM, gap) — W(M', g/,,). We demand that the definition of any Wick mono-
mial ®4(f) = (Vg -+ Vo, ®)(f) be such that, under this homomorphism, we have
ay [Pa(f)] = Pa(¥+f), where f is a test tensor field on M dual to @4 and ¥ f is
the push-forward of f via .

W2 Smoothness and joint smoothness. For any Wick monomial ® 4 and for any Hadamard
state (-)y, we require that WE[(®P4)y] = 0, ie., that (®4(x))y is smooth. Fur-
thermore, we require that this quantity be jointly smooth in x, the spacetime metric,
and the parameters m> and &. To define this notion, we must first allow m? and &
to have spacetime dependence. We then consider one parameter variations g,p(s1),
m2(s»), and £(s3) in a compact spacetime region R, such that (M, g, (s1)) is glob-
ally hyperbolic for all s;. As shown in [23, Lemma 4.1], we may naturally iden-
tify the algebra W associated with (gqp(s1), m2(s2), &(s3)) with the algebra associ-
ated with (g4 (0), m2(0), £(0)) by identifying these algebras on a Cauchy surface ly-
ing outside the future of R. Consequently, we may identify a Hadamard state (-)y
on the algebra for (g,5(0), m2(0), £(0)) with a Hadamard state on the algebra as-
sociated with (gq5(s1), m2(s3), &(s3)). For any Hadamard state (-)y, for any Wick
monomial ®, and for any family (gup(s1), m?(s2), £(s3)) as above, we require that
(D algap (s1), m2(s2), £(s3)](x))y be jointly smooth in (x, s1, 52, 53).

W3 Commutator. The commutator of any Wick monomial ®4 = V¢ -V, ¢ with
the fundamental field ¢ is given by,

15 These axioms differ from the ones originally given in [23] in that the Leibniz rule W4 and the conservation
of stress-energy W8 have been added as in [30]. In addition, the analytic dependence condition of [23,30] has
been replaced by the joint smoothness condition of [31,32].
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(Vi Ve, ) (1), 9(12)]
=i Y Vad Vad Ve, DA (D*WVr fi ), @17
i=1

where A = A% — AT g the advanced minus retarded Green’s function, V4, ¢ denotes
the omission of the V¢ factor and for the multi-index o = ajaz - - - aj|, we use the
notation a? = A)q|Aja|—1 - - a1.

W4 Leibniz rule. Any Wick monomial ®4 = Vg, ¢ - - - V,, ¢ must satisfy the Leibniz
rule in the sense that
(Vo @+ Vo, ) (=Va f)
= ((VaVa)9 - Va,0) (f) + -+ (Ve & - - - (Va Ve, ) (f). (2.18)

Here, the first line of this equation is the distributional derivative of ® whereas the second
line is what one would obtain by applying the Leibniz rule to the classical expression
Dy = Vg ¢ Vo,o.

W5 Hermiticity. All Wick monomials are required to be Hermitian in the sense that,

Vay ¢+ Vo, ) () = (Ve & - - - Vo, ) (). (2.19)

W6 Symmetry. Any Wick monomial is required to be symmetric under interchange of
the fields—i.e.,

(Vary® Voo ® () = Vo @ -+ Ve, ) (f), (2.20)
for all permutations  of {1, ..., n}.

W7 Scaling. For . > 0, let o3 : W(M, 2" %gap, A>m?, €) — W(M, ga,, m*, £) be the
canonical *-isomorphism defined in [23, Lemma 4.2]. The “scaling dimension” d4 of
any local, covariant field ® 4 is defined to be the smallest real number § such that

lim 2.0, (@40 2gup. 22m. £1()) = 0. 221

for all (gqp, m2, £). The factor of AP accounts for the fact that the volume element scales
asdp,—2, = 2~ Pd tg. We require the Wick monomial ® 4 to have scaling dimension,

_ (-2

2
+ 2 x #(factors of curvature) + #(“up” indices) — #(“down” indices). (2.22)

da

x #(factors of ¢) + #(derivatives) + 2 x #(factors of m2) +

For example, (V,¢V,V.¢) has two factors of ¢, three derivatives, and three “down”
indices, and thus has scaling dimension D — 2. As another example, g5 Ry, R¢ has
scaling dimension D /2 + 3, because it has one factor of ¢, one derivative, two factors of
curvature (each “R” counting as a curvature factor), two “up” indices, and three “down”
indices. Whereas any “R” denoting a scalar or tensor constructed from the Riemann
curvature tensor (and its covariant derivatives) counts as a “curvature factor”, note the
spacetime metric does not count as a “curvature factor” for the purposes of formula
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(2.22). We further require that &4 scale homogeneously up to logarithms: i.e., there
must exist finite N such that,

aN

LA PYCEUY <CI> 2 2gap, A2m2, )] —0. 223
Sogw Mo (0 an, 22m% £1(7) (2.23)
W8 Conservation of stress-energy. The stress-energy tensor, T, (f) € W(M, gap), 18
given by

1
Tap = (1 =28)(VapVpop) + (25 - 5) 8ab(VPVed) +

. 1
+2E8ap(PVVed) — 2E(pVa Vi) + (sGab — Engab) ¢, (2.24)

where Gop = Ryp — % gap R 1s the Einstein tensor. We require that 7 is divergence
free,

0="Tap(=Vf) = =(VppKP)(f). (2.25)

where K = K|[gup, m2, &] is the Klein—Gordon operator, Eq.(2.3), and the second
equality in (2.25) follows straightforwardly from differentiating (2.24) and using the
Leibniz and symmetry axioms.

Remark 1. Note that even in flat spacetime where G,, = 0, the stress-energy tensor
(2.24) has nontrivial dependence on the curvature coupling & . However, the conservation
constraint (2.25) is independent of £ in any region with vanishing Ricci scalar curvature,
since K [gap, m?, & = 0] = K[gap, m?, £] at any spacetime point x where R(x) = 0.

If we wished to define Wick monomials by normal ordering with respect to a Hadamard
state, we would have to choose a Hadamard state W (M, g, ) for each globally hyperbolic
spacetime (M, g,»). However, as we have already mentioned above, it can be shown [23,
see Section 3] that no choice of W (M, g,p) can give rise to a prescription for Wick mono-
mials that satisfies the local and covariant condition, W1. Nevertheless, a construction
of Wick monomials satisfying all of our requirements W1-W8 can be given by normal
ordering with respect to a locally and covariantly constructed Hadamard parametrix,
H (x1, x2), rather than a Hadamard state. We define H(x1, x2) in a sufficiently small
neighborhood of the diagonal x| = x» by,

U(x1, x2)
[U(Xl , x2) +2i0%7(T (x1) — T(x2)) + (0+)?2
+V(x1, x2) log €72 [o(xl x2) +2i0%(T (x1) — T(x2)) + (0+)2] ,

H(.xl, _X‘2) = (226)

]D/Z—l +

where the quantities appearing in this equation are defined as in Eq.(2.14). Thus,
H (x1, xp) differs from the two-point function of any Hadamard state, W, by a state-
dependent, smooth, symmetric function Wy (x1, x2). We refer to H(xy,x2) as a
“parametrix” because, although it does not satisfy the Klein—-Gordon equation in ei-
ther variable, its failure to satisfy the Klein—Gordon equation is smooth. We define the
normal-ordered product of field operators with respect to H by,

tpe) ) =y DFNT] Hexp [T eew, @27)

P @i,j)eP ke(l,...,n}\P
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i.e., by the same formula as in Eq. (2.7) but with the two-point function, (¢ (x;)¢ (x;))
of a state, W, replaced by the Hadamard parametrix H (x;, x ;). Note that the Hadamard
normal-ordered elements satisfy Wick’s theorem (2.10) with, again, (¢ (x;)¢ (x;)), re-
placed by H (x;, x;) in Eq.(2.11). Using H, we define the Wick monomial corresponding
t0 Vo, @ -+ - Vg, ¢ by,

()= (V¢ Vo, ) (f) (2.28)
E/ sP(x1) - (X)) tH it 1, X1, .0 X)),
Y, X1,X2 Xn

,,,,,

with #,+1[ f] given by,

B LF10 3 m) = f ) DIV Vs ).
(2.29)

where we define [Aly = Y "_, |o;| and the abbreviation f S is defined as in
(2.12) and our “Notation and Conventions” in Sect. 1. In contrast to normal ordering
defined with respect to a Hadamard state, the prescription (2.28) for @ given by normal
ordering with respect to the locally and covariantly constructed Hadamard parametrix
Eq. (2.26) satisfies requirement W 1. It also satisfies [30] requirements W2—-W7 for Wick
monomials.

However, the failure of H to be an exact solution of the Klein—Gordon wave equation
implies this prescription generally does not satisfy requirement W8,

(VoK) (f) = / dpg) VSV Ky H(xt, x0) |y iomy # 0. (2.30)

Odd dimensions are an exception: For D odd, formula (2.26) contains only half-integer
powers of o (x1, x32), so it follows that for U (x1, x2) smooth, H(x1, x3) is a parametrix
of the Klein—Gordon equation only if,

K, H(x1, x2)| =0. (2.31)

Xi,x0=y

Furthermore, it can be shown [33, Lemma 2.1] that,

VIV Koy H(xt, x0) |y oy = VO (Ko Hxt, x2)] (2.32)

xp,x2=y"’

2(D +2)

s0 (2.31) implies the left-hand side of (2.30) does, in fact, vanish and, thus, W8 is satisfied
in all odd dimensions.

In even dimensions, however, K, H (x1, X2)|x x,=y yields a curvature scalar which
is non-vanishing in general spacetimes and, thus, normal-ordering with respect to the
parametrix (2.26) fails to produce Wick fields satisfying the conservation axiom WS.
Nevertheless, we prove in “Appendix A” that for D > 2, there exists a smooth symmetric
function Q(x1, x2) which is locally and covariantly defined for x; = x; such that

VIV Ko Hxt, x2) ey = =V Kb Q1 x2) |y oy (2.33)

16 The proof in [30] used an analytic dependence assumption in place of the joint smoothness condition
of [31] that we have used here in our formulation of W2. In order to prove that W2 holds for the Hadamard
normal ordered prescription, we would need to show that the Hadamard normal ordered n-point functions,
(:p(x1)---P(xp) :g )y, are jointly smooth in the required sense. We do not anticipate any difficulties in
proving this but, as far as we are aware, a proof has not been given in the literature.
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Furthermore, Q is smooth in (m?2, &) and scales as,

O 2 gap, 1°m?, £1 = 1 P72 O[gup, m?, €], (2.34)

in a sufficiently small neighborhood of x1, x» = y. Therefore, normal-ordering instead
with respect to the new Hadamard parametrix,

H =H+0, (2.35)

will give a construction of Wick fields satisfying the axioms W1-W8.
It will be understood below that, unless otherwise stated, we are always normal-
ordering with respect to a Hadamard parametrix H which is smooth in (m?, &), satisfies

V'V K H(x1, 260) ) =y = 0, (2.36)
and scales homogeneously up to logarithms,
2P HA gap, 32m®, §] = Hlgap, m*, €1+ Vigap, m*, §]log 2> (2.37)

(Recall V = 0 for D odd, so H scales exactly homogeneously in odd spacetime di-
mensions.) Thus, for any D > 2, Hadamard normal ordering yields a prescription for
defining Wick monomials that satisfies W1-W8. For D = 2, no such Q exists, and
condition W8 cannot be satisfied by any prescription that satisfies W1-W7 [30, see
Subsection 3.2]. However, Hadamard normal ordering satisfies W1-W7.

We turn our attention now to the characterization of the non-uniqueness of prescrip-
tions satisfying W1-W8 (or W1-W7 for D = 2).

2.2. Uniqueness of Wick monomials. In the previous subsection, we imposed condi-
tions W1-WS8 on the definition of Wick monomials and gave a prescription based on
“Hadamard normal-ordering” which satisfies these requirements (or requirements W 1—
W7 for D = 2). This prescription is not unique. In this subsection, we will show that the
difference between any two prescriptions ®4 and ®4 for Wick monomials satisfying
WI1-W8 (or W1-W7 for D = 2) are described by a “mixing matrix” Z such that

Dp(x) =Y ZE )P (). (2.38)
B

Theorem 1 below explicitly gives the general form of Z which, thereby, characterizes the
freedom to modify any prescription, such as the Hadamard prescription of the previous
subsection.

It will be convenient to use the following notation for Z f. An arbitrary Wick mono-
mial is of the form &4 = Vy,¢ -V, qu and thus is characterized by the multi-indices

ai, ..., ap. For CTJA =Vy - Vaqu and ®p = Vg ¢ --- Vﬂqqﬁ, we represent Zf as
8=z h (2.39)

Each multi-index, «, is itself a product of spacetime indices, « = aj - - - @j¢|, SO We may,
in turn, write Z as a spacetime tensor field
by q---b Abp1 b
fo..fﬁ _ Z{ 10D gy b b1 br g |} (2.40)

{ai1 "‘al,\all}"'{an,l "'an.lap\}
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In this notation, we enclose the spacetime indices corresponding to any given multi-
index with a curly bracket. If any multi-index is “empty”—i.e., if any factor of ¢ in the
corresponding Wick monomial has no derivatives acting on it, then we insert a “{0}” as
a place-holder. If ¢ is zero, it is understood ®p = I and we simply write “I” in the
superscripts of (2.39) and (2.40) as in examples (2.41)—(2.43) below. Similarly, when
p = 0, itis understood ® 4 = I and we write “I” in the subscripts of (2.39) and (2.40).

As an example to illustrate this notation, it will follow from the theorem below that
the difference between any two prescriptions for Wick monomials that are quadratic in
¢ will be given by a multiple of the identity element, /. In our notation, this would be
expressed as

(Vay @ Ver0)(x) = Y 2B () (V¢ Vi, ) (x) + 25,4, (0], (2.41)
Bi.B2
BB _ oB1 P2 B ST
where Zy 0y =6 @ 80[2) and & is the Kronecker delta for the multi-indices defined by

85 = 1 if the multi-indices « and B coincide and zero otherwise. As particular examples
of (2.41), we have

(VaVoVed) () = (Va Vo Ved) (x) + 2l ey (1. (2.42)

whereas
(@VaVed) () = (@Va Vo) (x) + Z{oy 0 (1. (2.43)

With this notation established, we may state our main result in the following theorem.
Let [A]y = p and [B]y = g denote the number of factors of ¢ in ®4 = Vg, ¢ - - - Vo, ¢
and ®p = Vg, ¢ --- Vg ¢, respectively.

Theorem 1. The Wick mixing matrix Z f defined in (2.38) is nonzero only when [Bly <
[Alg, i.e. ¢ < p, and is given in terms onfI‘ by,

2P (”) s sl 2! (2.44)

ap-ap q (a1 ag Tagerap)’

where (s ) denotes the binomial coefficient. Furthermore, we have Z! = 1 and Zél =0
For p > 2, each Z! ) is a real-valued, smooth tensor field of type (0, Zle |ai|) that

o]
is symmetric under permutation 7w of multi-indices,

z! =z! (2.45)

ey (1)t (p)*
and is of the form,
Z,{\ = Z,Iq [gabs Rabed, VeRabed, - - - V(e1 T Ve,,)Rabcd’ m27 ¢l (2.46)

where the right side is a jointly smooth function of its arguments with polynomial de-
pendence on m?, Rupeq, and finitely many (totally-symmetric) covariant derivatives of
Rapea- The Zf‘ scale as,

Zh 2 gap, A2m?, €] = 29 2L [gap, m?, €1, (2.47)
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recalling the definition (2.22) of the scaling dimension d 4. Furthermore, the tensor fields
Z /{‘ satisfy the Leibniz condition,

(%) %I I I I
Vbx Z — (x) = Z{bal}a2~~-ap (x) + Zal{baz}“up xX)+---+ Zalm{bap}(x), (2.48)

o

where {ba} = bajay ---a for @« = ay---a. In addition, on account of WS, for
D > 2, the tensor fields Z{Ib}{ac} and Z{Ib}{o} must satisfy,

1 2 1

Conversely, if (Pp(x)|B = B1 - - BylqeN, are any Wick monomials satisfying WI-W8
(or WI-W7 for D =2)and Z ﬁ satisfy all of the above conditions of this theorem, then
the new prescription {EA [A = oy ---ap)peN, defined by Eq. (2.38) will also satisfy W1—
W8 (or WI-W7 for D = 2). Consequently, the inverse mixing matrix (Z_l)g satisfies
the same properties as Z f .

Sketch of Proof. The proof follows [23, Proof of Theorem 5.1], with the main difference
being that they did not consider Wick powers involving derivatives and did not impose
requirement W4. The key first step is to note that if, inductively, the prescription for Wick
monomials involving g-factors of ¢ has been fixed for all ¢ < p, then the prescription
for any Wick monomial with p-factors of ¢ is uniquely determined by the commutator
condition W3 up to the addition of a multiple of the identity /. In our notation, this
c-number multiple is denoted by Zof . In particular, Eq.(2.41) holds for p = 2. We

then can prove Eq.(2.44) for general p by induction. By condition W6, Z/

1o

[t must

be totally symmetric in its multi-indices. By condition W1, ZOI[l ttp must be local and
covariant, and thus must be constructed from the metric and the Riemann tensor and its
derivatives as well as from m? and &. By the arguments of [31,32] the joint smoothness
requirement, W2, and the scaling requirement, W7, imply polynomial dependence'” on
m?, Rypea, and finitely many derivatives of R,p.4. The remaining properties of Zofl ety
follow directly from the axioms. The verification of the converse is straightforward. O

Remark 2. The fact that Zél ety has polynomial dependence on m2, Rupcd, and finitely

many of its derivatives and must have the scaling behavior stated in the theorem puts

significant constraints on Zolll_‘,ap. In particular, (2.47) can hold non-trivially only if

p(D —2)/2 is even. Hence, Z! , = 0 when p is odd and D # 2 + 4k for integer k.

(IR

Furthermore, if D is odd, then we also have Zofl -

)= 0 whenever p = 2 + 4k.

Remark 3. For the purpose of proving Proposition 3 in Sect. 3.2, it is useful to note the
Wick mixing matrices Zf satisfy the following recursion relation, for any » < ¢,

-1
BBy (D q Bi Br 5Bir+1)By
Zm._% = (r ) (r) 8oy O, Za(,~+|>-~ap)' (2.50)
This identity is immediately established by plugging the expression (2.44) for Z f into
both sides of (2.50) and noting,

00" (2)-C)

17 The corresponding result was obtained in [23, Theorem 5.1] by imposing an additional analytic variation
requirement, which we do not impose here.



202 M. G. Klehfoth, R. M. Wald

We now prove the following result that will enable us to characterize in a simple and
direct manner the freedom in the prescription for defining Wick monomials specified by
Theorem 1. This new characterization will be very useful for characterizing the freedom
of the OPE coefficients for products of Wick monomials.

Proposition 1. For each n > 2, there exists a smooth, real-valued function F,(x1, ...,

Xn; 2) on some neighborhood of x g containing (z, . . ., z) such that F, is symmetric
in (x1, ..., Xxy) and such that the coefficients ZOI[l ey of Eq. (2.44) are given by,
ZY @ =V VI E (e s Dy =z (2.52)

Furthermore, F, satisfy,

[V VeIV Fyar, i 2)] =0. (2.53)

X yees Xn=2
Sketch of Proof. Let x be in a normal neighborhood of z € M and let o (x, z) denote the
(signed) squared geodesic distance between z and x. Let

= 1lvo 2.54
04(x,2) = 7Va o(x,2). (2.54)

Note that in flat spacetime, in global inertial coordinates, we have
of(x,z2) = —(x" —z1). (2.55)

Let f : M — R be smooth at z. Then the covariant Taylor expansion of f at z is given
by [34, see “Addendum to chapter 4: derivation of covariant Taylor expansions’]

k
f@~° %Vm oV fW|,_ oM (2o 2), (2.56)
P !

where the meaning of this equation is that if the sum on the right side is taken fromk = 0
to k = N, then its difference with the right side in any coordinates vanishes to order
(x — 2)V. Note that 0% ... 0% = ¢@ ... 5% 50 only the totally-symmetric part of
f’s covariant derivatives contribute non-trivially to (2.56). We may write this equation
more compactly as,

Fe)~ Ve fm|,_.$Px.2) (2.57)
B
where the sum ranges over all multi-indices 8 and we have written,
_1Bl
S{bl"'blﬁl}(x; Z) = ( |ﬁT’ O_b| (.X, Z) . O.bw(x’ Z)- (258)

Note that in flat spacetime in global inertial coordinates, we have

1
S{”'l'"“k}(x; 7) = E(xm _ ZM) .. (xltn — Zﬂk) (2.59)
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Applying the operator Véx) to both sides of (2.56) and evaluating at x = z should yield

the trivial identity, VéZ) f) = VéZ) f(z). This will be the case, in general, if and only
if,

> VISP (x, )=V = V), (2.60)
1BI<lal

when applied to any smooth scalar field.!® It follows that if the multivariable series,

D s @8 x5 2) - 8P 2), (2.62)
Bi-Bn
were to converge to a smooth function of (xi, ..., x,; z), then this function would

satisfy Eq.(2.52) by construction. However, there is no reason why the series (2.62)
need converge. Nevertheless, it is always possible to modify the series (2.62) away
from xp, ..., x, = z so as to render it convergent and C°°, while preserving the desired
identity (2.52). To see this, fix z, choose a tetrad at z, and let U, C M be a convex normal
neighborhood of z. In Riemannian normal coordinates x* centered at z and based on
this tetrad, the (non-convergent) series (2.62) takes the form,

S 2k @b, (2.63)
Bi—bn

with x# = x#1 ... x"M#. By Borel’s Lemma [35, see Corollary 1.3.4], every power
series is the Taylor series of some smooth function, so we may always construct F;, €
C®(x"RRP) such that,

) - 95 el 90 B ery )

ar ar an,1 X, =0
_ 5
= Z{(ar a1 )} An 1)} 0)> (2.64)

where we note the equality of mixed partials and the index symmetry of the terms which
contribute non-trivially to (2.63). Without loss of generality, we may assume that the
support of F), is contained in x" U, since, if necessary, we may multiply it by smooth
function x (xy, ..., Xn; 5) which is equal to unity in a neighborhood of the origin and
has support in x"U,. However, in any RNC system, the ordinary partial derivatives of
a scalar field evaluated at the origin coincide with the totally-symmetrized covariant
derivatives of the scalar field evaluated at the origin.'® It follows then from the identity

18 Of course, for any finite |«|, this identity could (with substantial computational labor) alternatively be
directly derived from the values of the differentiated geodesic distance function o (x, z) at coincidence x = z.
In global inertial coordinates in flat spacetime, the identity (2.60) holds if and only if,

VP (x; D)y = 8F, 2.61)

since covariant derivatives commute in this case. Note the identity (2.61) can be directly verified using formula
(2.59) for S B in flat spacetime. However, in curved spacetime, the left-hand side of (2.60) receives non-trivial
contributions which depend on the curvature tensor from |B] < |e/.

191 any RNC system, it can be deduced from the geodesic equation for geodesics passing through the
origin that

a((ﬂ U 8(7,, FK//,U) (x)lx:() =0, (2.65)

with T'¥ v denoting the Christoffel symbols. For scalar fields evaluated at the origin, the equivalence between
partial derivatives and totally-symmetrized covariant derivatives can then be inductively established for all n
using (2.65).
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(2.60) that, in fact,
==z (). (2.66)

..... X, =0 o0y

VoD VI E (L X)L

Thus, we have obtained a function F;, satisfying (2.52) in a neighborhood of one fixed
event z. However, by choosing a smooth set of tetrad vector fields and using them to
define RNC systems at each event, F), satisfying (2.52) can be defined as a smooth
function of z for any event z € M, noting that Zél ety (z) is smooth in z by Theorem 1.
Although this construction of F;, will depend on z (and the arbitrarily-chosen tetrad
vector fields) away from total coincidence, the “germ” of F, at xi,...,x, = z is
independent of z in the sense of (2.53). To prove Eq.(2.53) we use the fact that

,,,,,

- [((v{(;‘&)l} VY 4 (VS v{(;‘;i})) Fy(X1s ..o X z)]

R PR Xn=2

+ [V‘Sl”) VIOV (x1, L z)] ,
X1y Xn=2
which follows from the ordinary Leibniz rule and the commutativity of derivatives with
respect to different variables. The Leibniz condition, Eq. (2.48), on Zél ey then implies
that the first line of Eq.(2.67) is equal to the second line, so the final line must vanish
identically. This establishes the result (2.53) for 8 = {b}. The general case, |B| > 1
follows via induction. O

Remark 4. By Remark 2 below Theorem 1, F;, and all its derivatives on the total diagonal
are greatly constrained by the Wick axioms and will vanish identically unless n(D —2)/2

.....

and D # 2 + 4k for integer k, and when D is odd and n = 2 + 4k.

Remark 5. Only the germ of F,(x1, ..., x,; z) on the total diagonal is relevant to (2.52)
and (2.53). Hence, if F,, and F, have the same germ on the total diagonal, they are
equivalent as far as Proposition 1 is concerned. Note that F}, is not locally and covariantly
defined away from the total diagonal on account of the coordinate system and cutoff
function used in its construction. However, F, and its derivatives on the total diagonal
are local and covariant.

Remark 6. The property (2.53) implies the germ of F},(x1, ..., x,; ) on the total diag-
onal is independent of its right-most point, z. By the previous remark, F, (x1, ..., X;; 2)
is, therefore, equivalent to, e.g., F,(x1, ..., x,; x1) or F,(xy, ..., X,; x,). Therefore,
it is possible to write F), as functions of only n-spacetime points rather than (n + 1)-
points. However, in anticipation of the role they will play in the Wick OPE coefficients
of Sect. 3.2, it is more convenient to write F; symmetrically with respect to x1, ..., X,
as we have done here by using the auxiliary point, z.

Remark 7. A notable consequence of Proposition 1 is that all prescriptions for construct-
ing the quadratic Wick fields may be obtained by normal-ordering with respect to some
Hadamard parametrix. Suppose H is any Hadamard parametrix such that the prescrip-
tion for Wick monomials satisfies axioms W1-W8 (or W1-W7 for D = 2). Then by
the above proposition, any other prescription will satisfy

(Vay 0 Ve, ) (2) = (Vay ¢ Ve ) 11 (2) + VEVVED By (x1, %23 2) |y sy . (2.68)
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This prescription for general quadratic Wick monomials can be reproduced by Hadamard
normal ordering with respect to the new Hadamard parametrix

~ 1 1
H(xy,x2) = H(x1,x2) + EFz(xl,xz; x1) + EFz(xl,xz; x2) (2.69)

This result is special to the quadratic fields. Prescriptions for the higher-order Wick
monomials are generally not equivalent to Hadamard normal ordering.

Thus, we have shown that the ambiguities between any two definitions of the Wick mono-
mials is completely characterized by a sequence of functions { Fj, (x1, ..., Xz; 2)}n>2. AS
described in the previous subsection, normal ordering [see Eq.(2.28)] with respect to
a Hadamard parametrix satisfying (2.36) provides an explicit construction of the Wick
monomials compatible with axioms W1-W8 (or W1-W7 in D = 2). Our results, there-
fore, imply any Hadamard normal-ordered monomial & z’ may be expressed as

P
H B p
of =Y zZRo,=>" ( q> (Var® Vo, ®)[Vays * Vay) Fpgl.  (2.70)
B q=0
where ® p corresponds to a Wick monomial defined via any renormalization prescription
satisfying the axioms, and we have introduced the shorthand
[Val '.'VanFn]Z EVét)lc””'V(E[),Cln)Fn(-xlv-~-sxn;Z)|x1 Xp=2"* (271)

.....

The right-most equality in (2.70) follows directly from plugging (2.52) of Proposition
1 into the expression (2.44) for Zf in Theorem 1. Of course, (2.70) can be inverted
to express any monomial ® 4 in a general Wick prescription in terms of Hadamard
normal-ordered fields

Dy = Z(z—l)ﬁcpg. (2.72)
B

Note that Theorem 1 and Proposition 1 apply also to (Z_l)ﬁ and (Z‘l)/{\. We can
obtain expressions for (Z‘l)f4 in terms of the functions Fj,(xy, ..., x,; z) by using
Y c(Z27HEZ$ = 581 together with the expression for Z§ in terms of F, implied by
Eqgs.(2.44) and (2.52). For A # I, this yields

n—2

E D= (Z) (Z Ny Vs, Ve Fril: (2.73)
k=0

where we recall the shorthand (2.71) for the Taylor coefficients of F;, at z. This relation
allows one to recursively solve for (Z _1) él ctty For example, we have

2 HE o = —[Va, Ve, F] (2.74)

ajon
E ) [V, Vay Ve Vs Fal () Ve, Vay F2 Ve Ve Fa .
10304 2

In this way, (2.72) provides a construction of the Wick monomials in any prescription
satisfying the axioms in terms of F; and the Hadamard normal-ordered monomials
defined in (2.28). In the next section, we will see that the corresponding ambiguities in
the OPE coefficients for products of Wick fields can be expressed in a simple way in
terms of F},.
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3. Klein—-Gordon OPE Coefficients

A renormalization prescription for the Wick monomials uniquely determines the Wight-
man products of Wick fields as well as the unextended time-ordered products. In Sect. 3.1,
we obtain the explicit form of the OPE coefficients of the n-point Wightman distribu-
tions involving Wick monomials defined via a local Hadamard normal-ordering proce-
dure (see Theorem 2). In Sect. 3.2, we then give the general form of the (Wightman)
OPE coefficients corresponding to any prescription for the Wick monomials satisfying
axioms W1-W8 in terms of the smooth functions F; appearing in the Wick monomial
uniqueness theorem (see Theorem 4). In Sect. 3.3, we show that the OPE coefficients for
unextended time-ordered products are given by the same expressions as for the Wightman
products with the substitution H — Hp, where H is a locally constructed Hadamard
distribution and HF is a locally-constructed Feynman distribution (see Proposition 6).

3.1. Local Hadamard normal-ordered OPE coefficients. In this subsection, we show
that products of Wick monomials defined by local Hadamard normal ordering admit
an operator product expansion (OPE), i.e., we will show that for any Wick monomi-
als CDX . dJH defined via the local Hadamard normal ordering prescription [see
Eq. (2. 28)] and in any Hadamard state ¥ we have,

(@ (x1) -+ 4 (), Z(le A, G (@), B

where the B-sum runs over all Wick monomials. In Theorem 2 below, we will also
obtain explicit expressions for the local and covariant OPE coefficients, (Cp) ﬁl .4, - For
products involving more than two Hadamard normal-ordered monomials (i.e.n > 2), the
OPE coefficients of (3.1) are found to satisfy important relations called ‘““associativity”
conditions which are especially useful for analyzing the OPE for Wick monomials ® 4
that are not defined via Hadamard normal ordering. In the next subsection, we will then
show that a general definition of Wick monomials @ 4 also satisfy an OPE, and we will
characterize how the freedom in the choice of the definition of Wick monomials affects
its OPE coefficients C /?1 Ay

The asymptotic equivalence relation “*X” used in the definition of the OPE (3.1) was
precisely formulated in a local and covariant manner in [9] by introducing a family
of asymptotic equivalence relations “~7 s~ which are parameterized by a positive real
number § and a “merger tree” 7. We introduce here the details relevant for our analysis
and refer the reader to [9] for the precise definition of ~7 5 and for further discussion.
Merger trees classify the different ways in which the limit xy, ..., x, — z may be
taken. For instance, when n = 3, one possible merger tree would correspond to taking
all three points (x, x2, x3) together to z at the “same rate”, while another possible merger
tree would correspond to having two of the points, e.g. x; and x», approach each other
“faster” than all three points (x, x2, x3) approach z. For a given merger tree, 7, the
positive number § in “~7 5" indicates how rapidly the difference between both sides of
the equivalence relation goes to zero as the spacetime points approach z at their various
rates. Altogether, the equivalence relation “~” in (3.1) means that, for every 7 and
8 > 0, there exists a real number A such that,

(@F ey o))y ~7s D (C)E a1 X (R (D)), (3.2)
[BI=A(T,9)
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where we define the “engineering dimension” of ®p,

(D-2)

[Pl =[Bl= — X [Blg +[Blv, (3.3)
with [B]y and [B]y denoting, respectively, the number of factors of ¢ in ®p and
the number of covariant derivatives acting on the ¢ factors in ®p (e.g., for dp =
(Vo -+ Vg, $), we have [Bly = pand [Bly = Y |Bil).

The rate at which a distribution either diverges or converges to zero in the limit all its
spacetime points merge to z at the same rate (i.e. for the trivial merger tree) is known as
its “scaling degree at 7.2 By convention, positive scaling degrees indicate divergence
and negative scaling degrees imply convergence: For example, the geometric factors
SP(x; z) have scaling degree —|f| at z, while the Hadamard parametrix H has scaling
degree D — 2. As we will see, the engineering dimension [A] of a Wick field ®4 is
related to the scaling degree of the coefficient C /ﬁ 4 as follows?!:

A—ld c! : 34
[A] = 3sd; [ChaCrrxai2) ] (34)

Moreover, we will find the scaling degree of all Wick OPE coefficients are bounded
from above by:

sde [Cha, ] S 1A+ 4 1AL = 1B, (35)

The key result needed to show the existence of an OPE for Hadamard normal-ordered
Wick monomials is that, in any Hadamard state W, the distribution,

I w (X1, x0) = CP(x1) - d(xn) H)w (3.6)
is, in fact, a smooth function?? of (x1, ..., xy). It then follows immediately from the
definition, Eq. (2.28), of the Hadamard normal-ordered Wick power ¢, (z) that we have,

(P @)y =hnw(z,....2) (3.7
i.e., the expectation value of the Wick power ¢7%, evaluated at z is the total coincidence
value at z of the smooth function Ay (x1, ..., x,). More generally, we have,

(Ve Ver O @by = V&V Ve g Cets )], ()

Z

The simplest example of an OPE is the one for the two point function (¢ (x1)¢ (x2)) y -
From the definition Eq.(2.27) of Hadamard normal ordering, we have for x; and x; in
a common convex normal neighborhood,

¢(x)@(x2) =1 ¢ (x1)@(x2) 11 +H (x1, x2)1 (3.9)

20 The “scaling degree” was introduced by Steinmann in the context of Minkowski spacetime [36, Section
5]; see [25] for further discussion in the context of curved manifolds.

21 1f the scaling degree varies for different background geometries, then [A] is equal to the supremum of
the right-hand side with respect to (M, g,p). If ® 4 is tensor-valued, then the maximum scaling degree of the
tensor components is used.

22 1t was proven in [29, Lemma III.1] that (3.6) is smooth if and only if W is Hadamard and the truncated
n-point functions of W are smooth. However, Sanders later proved that all Hadamard states have smooth
truncated n-point functions [37, Proposition 3.1.14] and, therefore, (3.6) is smooth for all Hadamard ¥ and
only Hadamard W.
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We now take the expectation value of this equation in an arbitrary Hadamard state W.
Since (: ¢(x1)¢ (x2) :p)y is smooth, we may take its covariant Taylor expansion [see
Eq.(2.57) above] for x; and x, in a normal neighborhood of some arbitrarily chosen
point z, thereby obtaining asymptotic relations”? that hold in the coincidence limit,

(t p(x1)P(x2) ‘H)y

~5 oy P 9SP e oV VER e, . (3.10)
|B11+]B2]<8
using the fact that
SPr(x1:2)8P2 (x252) ~5 0, for |Bi| + 2] > 8. (3.11)

Substituting expression (3.10) into Eq.(3.9) and using Eq.(3.8), we find that for any
Hadamard state ¥, we have,

(@(x1)9(x2))w (3.12)

~s oy S 8P (00 DUV @V 9 () + H(xt, x2) (D,
|Bil+B2| =6

Noting this holds for all § > 0, this equation takes the form of an OPE, from which we
can read off the OPE coefficients,

(Cr)jy(x1. 225 2) = H(x1, x2) (3.13)
Vg, ¢V
€72 (x1, x23 2) = S (1 ) (a3 2), (3.14)

where we have symmetrized over 81 and B> on the right side of the last expression
since (Vg, ¢ Vg, @) g is symmetric in B1 and B, so only the symmetric part of this OPE
coefficient contributes. All other OPE coefficients of the form C ¢1>3¢ vanish. Given the

scaling degree of S# and H stated above, we indeed find [as anticipated in formula
(CX)]

— Lsa.[em) 9] =12 3.15
[#] = 55d: [(Cify 1. x2:2) | = 5D = . (3.15)

and [as anticipated in formula (3.5)] the scaling degree of (Cx) g¢ at z is found to be
bounded from above by [¢] + [¢] — [ B] with the non-trivial coefficients saturating the
bound.

In order to illustrate how more general OPEs are obtained for Hadamard normal-
ordered monomials and to understand the patterns that emerge in the structure of the
general OPE coefficients, it is instructive to consider another simple example, namely
n =2 and CDX , @f = ¢12,1. Wick’s theorem (2.10) implies that for x1, x in a common
convex normai neigﬁborhood, we have

(% (o3 (x2))y = (- p(x1)P (X)) (x2) (x2) 1) g+ (3.16)
+4H (x1,x2)(: (x1)p(x2) :H)y +2H (x1, x2) H (X1, x2).

23 Forn = 2, we omit the 7 symbol since there is only one possible merger tree in this case.
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Again, all of the “totally normal-ordered” quantities appearing on the right-hand side
are smooth functions. Therefore, we may covariantly Taylor expand these terms about
X1, X3 = z, to obtain

(3 (x1)dH (x2))y

D SPx1; 8P (x1; 2) 87 (023 2 SP (23 2) (Y, 6V, Vs Vs ) 1 (2)) g+
B1.B2.B3.B4
+AH (1, x) Y SP(x1: 285 (01 2) (Vg 0V, ) 1 (2)) G.17)
Bi.B2
+2H (x1, x2)H (x1, x2){I)y

where the respective sums runover y . i |Bi| < 8. Thus, the nonvanishing OPE coefficients
are,

(CH)jogo (x1, %25 2) (3.18)
SB1(x1; 2)8P2 (x15 2) 8P (x25 )PV (x23 7). PH = (Vp, ¢V, ¢ V0 Vs, )
= 145%1(x1; 2)SP) (xp; 2) H (x1, x2) O = (V4,¢Vp )
2H (x1, x2)H (x1, x7) d)g =7

Thus, we see that all of the nonvanishing OPE coefficients are given by products of
the Hadamard parametrix H (x1, x2) and the geometrical factors SP(x; z) defined by
Eq.(2.58).

The existence of an OPE for an arbitrary product of » Hadamard normal-ordered
Wick monomials,

(Va8 Vi @11 1) (Ve 6+ Ve D)1 (52) (3.19)
X e (Vg @ - a(nk,,@)H(xn))

can be established by paralleling the derivation used in the above examples. As in
the definition of the engineering dimension, Eq.(3.3), we denote the number of fac-
tors of ¢ that appear in a Wick monomial ®4 by [®4]y. Thus, for the factor <I>H =

(Vi@ a<,k @) in Eq.(3.19), we have [dDH lg = ki. We denote by K the total
number of factors of ¢ appearing in the expression (3 19),

K = Xn:ki (3.20)

We write the quantity (3.19) in terms of products of H and normal ordered products
of ¢’s. We then obtain an OPE for (3.19) by Taylor expanding the normal-ordered
products of ¢’s. It follows that the general OPE coefficients are given by products
of H(xq1, x2), sh (x; z) and their derivatives. It also can be seen that the only fields
<I>g = (Vg,0Vp,¢p--- Vg, @)y for which (CH),?.---A,I can be non-vanishing are such
that [(DIB{]¢ = m takes the valuesm = K, K —2, K —4,... andm > 0.

In order to explain the combinatorics of the formula for the general OPE coefficients
in terms of H (x1, x2), NA (x; z) and their derivatives, it is useful to introduce a uniform
notation for all the multi-indices relevant for (C H)ﬁl A, by pairing each 8; multi-index
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(0,1) (1,1) (1,2) (2,1) (0,1) (1,1) (1,2) (2,1)

YD,

(0,1) (1,1) (1,2) (2,1)

N

Fig. 1. Directed graphs representing the three perfect matchings in (3.22). Arrow direction points from a
vertex (v, i) € S toward a vertex (w, j) € Ssuchthatv < wandi < j

with a “0” and write ®# = Vo, VB0 ® ** VBom®) H- The multi-indices relevant
for (Cy) ﬁl_” A then comprise the set of ordered pairs,

S$=1{0,1),(0,2),...,0,m), (1,1),(1,2),..., (1, ky), (3.21)
2,0,2,2),...,2,k2),...... ,(n,1),(n,2),...,(n, ky)}

This set has (m + K)-elements, which is an even number whenever (C H)ﬁ LA is non-
n

vanishing. In order to describe the combinations of Shi (x,) and H (xy, xy) and their
derivatives that appear in the formula for (C H)fl_” A, We follow [13, see Section 4.1]

by employing the notion of “perfect matchings”>* for elements of S. By definition, the
set, M(S), of perfect matchings is the set of all partitions of S into subsets each of
which contains precisely two elements. Each pair of distinct elements of S is of the form
{(v, 1), (w, j)}. It is convenient to require that these pairs be ordered so that v < w.
(When v = w, we may require i < j, but the matrix elements of the matrix N defined
below will vanish in that case, so the ordering is irrelevant.) Since S has (m+ K )-elements
it follows that M(S) has (m+ K —ID)!'=m+K —1)(m+ K —3)(m+K —5)---1
elements when m + K is even. Thus, for example, if S = {(0, 1), (1, 1), (1, 2), (2, 1)}
corresponding ton = 2, K = 3, and m = 1, then M(S) consists of the three partitions:

M(S) = {{(0, 1), (1, 1); (1,2), 2, D}, {(0, D), (1,2); (1, 1), (2, D},
{0, 1), 2,1); (1, 1), (1,2)}}, (3.22)

which are diagrammed in Fig. 1.
It is useful to combine the relevant multi-index derivatives of S# (x,) and H (xy, xy)
into a single (K +m) x (K +m) matrix A as follows,

v ) gl H(xy, X)) v#w;v,w#0

Ai) " X(w,))

N iy, ) = 1 VE SPi (xy: 2) v=0,w#0 (3.23)

A(w, j)
0 otherwise

24 The terminology is borrowed from graph theory: The elements of S can be viewed as labeling the vertices
of a graph (see e.g. Fig. 1 below). An arrow connecting two vertices of this graph corresponds then to a pairing
between two elements of S. A “perfect matching” is achieved when every vertex is connected to exactly one
arrow and there are no loops (connecting a vertex to itself): i.e., every element of S is paired with precisely
one other element of S.
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The hafnian of N is defined by [38]

haf V= )~ [T Mebwps (3.24)
MeM(S) {(v.i),(w.)}eM

where the sum is taken over the (m + K — 1)!! perfect matchings, M, of the set S,
Eq. (3.21), and the product is taken over all ordered pairs {(v, i), (w, j)} occurring in M.
With these definitions, the existence of an OPE for Hadamard normal-ordered products
and the general formula for the OPE coefficients may now be stated as the following
theorem:

Theorem 2. For Hadamard normal-ordered fields CDHI , there exists an OPE of the form
Eq. (3.1), with local and covariant OPE coefficients (CH)gl”‘An (x1,...,xn;2). The

OPE coefficients (Cy)gl .4, Can be nonvanishing only when m = [CDg]q; takes the val-
uesm=K,K—2,K—4,... andm > 0, where K is given by Eq. (3.20). Furthermore,
the OPE coefficients are explicitly given by

1
(CH)ﬁl...An(m,...,xn;z) = %haff\f, (3.25)

with haf N given by Eq. (3.24) and they satisfy the scaling degree properties (3.4) and
(3.5), saturating the bound whenever (3.25) is nonzero.

A formal proof of the existence of an OPE for scalar field theories with renormalizable
interactions on any globally-hyperbolic spacetime was given (to any finite order in
perturbation theory) in [4, Theorem 1]. Since at zeroth-order the quantum fields in [4]
were defined via Hadamard normal ordering, this result encompasses the case considered

here. For the case of flat spacetime, we have V(Sj‘)sﬁ (x;2) = Tl B(X)(x — 2)# and our

formula (3.25) for the Hadamard normal-ordered OPE coefficients corresponds?> to the
formula given in [13, Section 4.1] for the vacuum normal-ordered (flat) Euclidean OPE
coefficients after replacing H with the Euclidean Green’s function Gg [see Eq.(4.3)
below]. The scaling degree properties stated in the theorem follow immediately from
Eq. (3.25) and the scaling behavior of the Hadamard parametrix and the geometric factors

SP(x; 2).

Remark 8. Inthe Euclidean case considered in [13, Section4.1], Gg (x1, x2) is symmetric
in (x1, x2) so the ordering of (x1, x») is irrelevant. However, in the Lorentzian case, the
anti-symmetric part of H is proportional to the causal propagator, i A = i AV — j ATl
modulo C*®(M x M), so the ordering of the events matters.

Remark 9. For B = I, we have m = 0, so we have (CH),IAIMA,, =0if Kisodd. If K

is even, then since v = 0 does not arise on the right side of Eq. (3.25) when m = 0, we

may replace ./\/'(U,,-)(w,j) by Véfgz)Véfwwi)H(xv, Xw), SO (CH)ihmAn is given by

Clyon, 610 i) = Y [T V&) Ve Hxw, xw), (3.26)
MeM(S) {,i),(w,)}eM

ie., (Cy)l, Ape Ay is a sum of products of derivatives of H’s. As in the specific examples
with B = I given in formulas (3.13) and (3.18) above, it is observed that the right-hand

25 Thereis a discrepancy of a factor of 1/m! between our formula (3.25) and the formula given in [13].
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side of the general formula (3.26) does not explicitly depend on the expansion point z.
We will sometimes emphasize this independence by omitting z in the notation for the
identity OPE coefficients, writing (CH)QI_“An = (CH)QI‘“An (X1, ..., xn).

Remark 10. At the other extreme, when m = K, then if any product on the right side
of Eq. (3.25) contained a factor with both v # 0 and w # 0, then it would also have to
contain a factor with v = w = 0 and thus would vanish. Thus, for m = K, the only
elements of M (S) which may contribute nontrivially to (3.25) are those such that v = 0
and w # 0, and the OPE coefficients (C H)gl .4, Are given by a sum of terms composed

of products of derivatives of S#’s. Explicitly, this formula is,
n ki
CmE a0 x) =symg [T ] vgﬁi)sﬂpw (i3 2), (3.27)
i=1j=1

where p(i, j) = j + Z | k4 and the symmetrization over the 8- Inultl indices [already
seen in examples (3. 14) and (3 18)] is here denoted using “symg” as follows,

1
Br...gbn = ¢WB1 . gBm) — E Boty ... §Pom)
symgS Shm = § SPm) = - A S S , (3.28)
where o sums over the permutations of {1, ..., m}.

For 0 < m < K, the OPE coefficient (C H)ﬁl A, will be a sum of terms involving

products of derivatives of both H’s and SP°s. In fact, the formula for (Cy)8 Al in
this case satisfies very useful recursion relations in terms of a sum of products of OPE
coefficients of smaller K. An example of this structure can be seen from Eqgs. (3.13),
(3.14), and (3.18) where, by inspection, we see that

(Vg #Vp,9)
292

(Vﬂl¢ ﬂ2¢)

(Cr) (1, x2:2) = 4(Ch) (1, x2: D) (Ci)lyy (e, x2). (3.29)

To state the general result, let S4 be the set of the K multi-index labels of the @Hl,
.,@fﬂ fields,i.e., Sq = {(1, 1), ..., (n, ky)}. (S4 differs from S by not including the
labels {(0, 1), ..., (0, m)} associated with multi-indices of the operator CDZ.) Let p be

an integer with 0 < p < m. Partition Sy into two subsets P;, P, such that P; contains
p elements and P, contains (K — p) elements, i.e., P and P, are complements of each

other with respect to the set S4 [There are (1; ) possible ordered partitions of this sort].
For any such partition, we define,

Oy = ]‘[ Ve, ¢ (3.30)
@i, j)epP

o= [ Veu,od (3.31)
@i, j)epP,

For any i such that there exists no (i, j) € Py, then we set &, = I and, similarly, for
any i such that there are no (i, j) € P>, we have ® 4» = I. Our result on the Hadamard

OPE coefficients (CH)ﬁl“'An with 0 < m < K is the following:
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Proposition 2. For0 < m < K, the Hadamard normal-ordered OPE coefficients (3.25)
of Theorem 2 satisfy,

B .
(CH)AI...AH(XI» e Xy 2) =

-1
m (V1 6-Vp9)
(p) > [(CH)AII'?{A; P s ) X (3.32)
{P1,P2}eP)(Sa)

(Voer) V5, 9)
X (CH)A/I/(pA+;11/) ('xla ...,.Xn; Z)} .

Here p isany integer withO < p < m and the sum s taken over the (I; ) -ordered partitions
Pp(Sa) into subsets, Py and P», containing p and K — p elements, respectively. The
fields CDZ and & 1’1,‘/ were defined with respect to the partition by Egs. (3.30) and (3.31),
respectivély. l

Proof. From the explicit expression for the Hadamard normal-ordered OPE coefficients
(3.25) given in Theorem 2, it can be seen directly that (3.32) is equivalent, for any
0<p<mand0 <m < K, to the relation

> [T Nuows
MEM(S) (). w. eM

= 2 > [T MNMebwsy|x (3.33)
{P];PZ}EPI;(SA) _MleMIIPI]{(U,i),(w,j)}EM]

> [T Noswi| ¢

| Mae Mo Po] {(v.i),(w, j)}eM2

with M| = M(PU{(0, 1), ..., (0, p)}) and My = M(P,U{(0, p+1), ..., (0, m)}).
To prove this relation, we note that the first line of Eq.(3.33) instructs us to take the
product of the matrix elements Ny jyw, j) over a perfect matching of S and then sum
over all perfect matchings. By Eq. (3.23), in order for any perfect matching to contribute
nontrivially, any element of the form (0, j) must be matched with an element of S4. Fix
any integer p withO < p < m. For a given perfect matching that contributes nontrivially
to Eq. (3.33), the elements of Sy that are paired with (0, 1), ..., (0, p) define a subset,
Py, of S4 with p elements. Let P, = S4 \ P; so that { Py, P>} is a partition of S4 into
subsets of p and K — p elements, respectively. When we sum over all perfect matchings,
we may first sum over all perfect matchings that respect these partitions. That sum yields
the term in large curly braces on the second and third lines of Eq. (3.33). It then remains
to sum over all partitions { Py, P>} € P,(S4), which yields Eq. (3.33). O

Remark 11. An important case is m = p for which relation (3.32) of Proposition 2
reduces to,

(Co)R o, (10 X3 2) (3.34)

= D € O D€y (1),
{P1,P2}ePy(Sa)
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This implies that every Hadamard normal-ordered OPE coefficient can be expressed
as a sum of products of OPE coefficients with m = 0 of the form (3.26) and OPE
coefficients with m = K’ of the form (3.27). In the second line of (3.34), we note the
OPE coefficients with B = I are independent of z; see also Remark 9 above.

While Eq. (3.32) was derived here using the particular form (3.25) of the Hadamard
normal-ordered coefficients, we will show, in the next subsection, these identities for the
Hadamard normal-ordered OPE coefficients and the field redefinition relations for Wick
fields obtained in Sect. 2.2 can be used to prove relation (3.32) holds also for the OPE
coefficients corresponding to completely general constructions of the Wick fields; that
is, we will show that (3.32) continues to be a valid formula even when the H -subscripts
are removed.

Above, we have given explicit formulas for all of the OPE coefficients occurring for
products of Wick monomials of the Klein—Gordon field defined by Hadamard normal
ordering. There is an important associativity property satisfied by these OPE coefficients,
which will be seen in the next subsection to hold for general prescriptions for Wick
monomials and, indeed, is expected to hold for general interacting theories [4]. As
already mentioned at the beginning of this subsection, for an OPE involving n > 2
spacetime points x;, we have different possible “merger trees”, i.e., different possible
rates at which the different x;’s may approach z. For example, for an OPE involving three
spacetime points (x1, x2, x3), we could let x; and x;, approach each other faster than
the remaining point, x3. In this case, one might expect that the OPE and its coefficients
could be alternatively computed by first expanding the expectation value in x; and x»
about an auxiliary point z” and, subsequently, expanding z’ and x3 about z. For this to
be self-consistent, the OPE coefficients obtained via this iterated expansion should be
asymptotically equivalent (for this merger tree) to the original OPE coefficients. This
implies that OPE coefficients involving n > 2 spacetime points must factorize into a
sum of products of OPE coefficients involving fewer spacetime points. This property is
referred to as “associativity”.

The associativity conditions corresponding to the most general possible merger trees
may be found in [9, Section 3]. For our purposes, it will be useful to have an explicit
formula for the following merger trees: Consider the set of K = kj + ko +--- + kj
spacelike-separated spacetime points,

{x(l,l)’ e XLk s X2, 1) - s X(2ka)s e Xy 1)s v v e s X(n,kn)} . (3.35)
Let 7 denote any merger tree where, for all i € {1, ..., n}, the k;-spacetime points
X@i 1), ---»X(i ;) approach each other faster than the remaining points in (3.35). Sup-

posing a Wick field is located at each one of these spacetime points, the associativity
condition for this class of merger trees is,

B > >
(CH) A1y Agy, K1 -+ o5 X0 2) (3.36)
C = G, 7.
~Ts D (CHGlags, Gz (CoF o Gk 2n) X
Ciyny Cy
B .
X(CH)CIC,, (Zla -5 Zns Z)5
where we have introduced the shorthand X; = X@i,1)s - -+ X k;)- Here the Cy, ..., Cy-

sums are carried out to sufficiently high, but finite, [C;] for all i. The associativity
condition and other properties of the OPE coefficients were established in [4, Section
4]. We state this result in the following theorem:



Local and Covariant Flow Relations for OPE Coefficients in Lorentzian Spacetimes 215

Theorem 3. The OPE coefficients (C H)ﬁlm A, satisfy (3.36) and the more general as-
sociativity conditions of [4,9].

3.2. OPE coefficients for a general definition of Wick monomials. We are now in a po-
sition to obtain the expression for the coefficients that arise in the OPE expansion of
products of Wick monomials defined using an arbitrary prescription for Wick monomi-
als that satisfies the axioms of Sect. 2.1. Let ® X denote the Hadamard normal-ordered
prescription for Wick monomials and let @ 4 be an arbitrary prescription. The key equa-
tions (2.70) and (2.72) relating @g and 4 via Z and its inverse, respectively, were
obtained in Sect. 2.2.

To obtain an OPE for (® 4, (x1) - - - ® 4, (x,))y for our arbitrary prescription for Wick
monomials, we now use Eq. (2.72) to write

(@4, (x1) - P, (n)) g (3.37)
=Y > EhHi e EH @@ () - o (),

It should be noted that the sums in the second line include only a finite number of
terms because (Z”l)faj = O unless [C] < [A]. Next, we use the OPE, Eq. (3.1), for the
Hadamard normal-ordered Wick monomials, with OPE coefficients given by Eq. (3.25)
to obtain

(@A, (D) @a, () g Y- Y (ZTHT D) (ETHT ) x (338)

C Cy

Y CHIE. ., (x1 s DDE (),

Co

Finally, we use Eq. (2.70) to write (CDg (2)) v in terms of one-point Wick monomials in
the prescription that we are using,

(@4, ) -+ a, )y = D Y (ETH T D (27D () % (3.39)
Cl Cn
x {Z(cmg?mc” (X1, - X3 2) [Z zg(,(zxch(z))wH :
Co B

This provides an OPE expansion for (® 4, (x1) - - - ® 4, (x5))y,, from which we can read
off the OPE coefficients

Chin, (X1, X1 2) & (3.40)

Y 2B DD E T (ETH @€ e, (X1 X3 2)
C

Expressions for the Hadamard normal-ordered coefficients (C H)g(l)-~-Cn were given in

terms of S# and H by Eq. (3.25) of Theorem 2. The mixing matrix Z g was given in
terms of F}, via Eq. (2.44) of Theorem 1 and (2.52) of Proposition 1. As described in
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Sect.2.2, (Z‘l)f; can also be expressed in terms of F;, using Eq. (2.44) and Eq. (2.73).
Thus, as desired, Eq. (3.40) yields a formula for the OPE coefficients C £1 A, in terms

of a Hadamard parametrix H, the geometric factors S, and the smooth functions F,
(which characterize the difference between ® 4 and ® Z ).

Theorem 4. For any prescription for the Wick monomials {P4|A = a1 - dylneN,
compatible with axioms WI1-WS, there exists an OPE in the sense of (3.2) with local
and covariant defined OPE coefficients C fr- A, (X1, ..., Xn; 2) given by (3.40). These
OPE coefficients satisfy (3.36) (with the H-subscripts removed) as well as the general
associativity conditions of [4,9]. The coefficients are also compatible with the scaling
degree properties (3.4) and (3.5).

Sketch of proof. See “Appendix B”. O

Equation (3.40) provides a complete characterization of the OPE coefficients for an
arbitrary prescription for Wick monomials and, thus, achieves the primary goal of this
subsection. However, there are important properties of the general Wick coefficients
which are not immediately apparent from (3.40) but will be extremely useful for our
analysis of the flow relations in future sections as well as for illuminating the general
qualitative structure of the Wick coefficients. In particular, as we will show, the spe-
cial form of the Wick mixing matrices (2.38) and the factorization properties (3.32) of
the Hadamard normal-ordered products together imply knowledge of just the CqI> 0"
coefficients is sufficient for one to determine all other Wick OPE coefficients. This
property of the Wick coefficients will greatly reduce the number of independent flow
relations we must consider in future sections. Moreover, the relative simplicity of the
C qI) ¢—coefﬁcients permits us to obtain an explicit formula for these elementary coeffi-
cients in terms of H and F},, thereby generalizing the Hadamard normal-ordered formula
(3.26) to arbitrary prescriptions.

‘We now outline the steps that allow us to obtain an arbitrary OPE coefficient C f LA,

in terms of S# and OPE coefficients of the form C ¢I) e We will then give an explicit
formula [see Eq. (3.48)] for C 415 o in terms of the Hadamard parametrix H and the
functions F},. Finally, we obtain in Proposition 5 an explicit (inductive) construction for
the Wick monomials in terms of the OPE coefficients C (115 &

We first note that Eq. (3.40) implies that C flm A, = Owheneverm > K form = [B]y,

since this property holds for (C)% ., and the mixing matrices Z7 and (Z~")% never
increase the number of powers of ¢ appearing in any Wick monomial. For the case

m = K, the only terms in Z f and (Z _1)§ that can contribute nontrivially to Eq. (3.40)
are 8§ . Thus, for m = K we obtain,

B . B .
Capoa, X1, oo X032) = (CH) gy p, (X1 -0 X3 2)

n o ki
= symy 1_[ 1_[ Véffy_)j)sﬂ””‘“ (xi5 2), (3.41)
i=1j=1

with p(, j) = j + Zf[:ll kq and symy defined as in (3.28). Thus, for m = K the OPE
coefficients for a general prescription are the same as for the Hadamard normal ordered
prescription, and depend only on the geometrical factors SP.
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Next, we show that the OPE coefficients Cy B ArA, suchthat) < m < K are determined
by OPE coefficients with B = I together with OPE coefficients of the form Eq. (3.41).
More precisely,

B .
CA]"'An(xl’ <o Xng Z)

= Z Cﬁ,]mA;l(xl,...,x,,;z) Cf{/l,mA;,(xl,...,xn;z), (3.42)
{P1, P2}€Py (Sa)

with the notation as in Proposition 2. Since we have [A|]y + - - - + [A} ]y = m = [Bly,
the coefficients Cg, o (1o x5 2) are of the form (3.41). Thus, (3.42) expresses a
1 n

general OPE coefficient with 0 < m < K in terms of OPE coefficients with B = I.
Formula (3.42) is a special case of the following proposition when p = m.

Proposition 3. For 0 < p < m < K, the OPE coefficients given by (3.40) satisfy
the same formula (3.32) as derived in Proposition 2 for the Hadamard normal-ordered
OPE coefficients. i.e., formula (3.32) remains a valid formula when the H -subscripts
are removed.

Sketch of proof. See “Appendix B”. O

The following proposition shows that any Wick OPE coefficient C fl A, X1, ..., X035 2)

is ultimately fixed by OPE coefficients of the form Cgf'__ o (X1, ..., xk;5 2) for [Cilp <
[A;1p = k;. When combined with the previous proposition, this implies all Wick OPE
coefficients may be obtained from a finite number of OPE coefficients of the form C (/I) e

Proposition 4. The Wick OPE coefficients (3.40) satisfy,

Cﬁ‘]...An(xl,'.. Xn; 2)
= lim - lim Vo0 .. Vo0 [cg“q,(y,,...,yn;zn (3.43)
YI—>X1 Vn—>Xn
_ cS' (S1ix)---CS (5 x)CB .
¢...¢(y1,X1) ¢,...¢()’n7xn) Cl...Cn(xl"'~7-xnsZ) ,
[C1]1<[A1] [Cnl<[A4]

[C1lp<[A1le [Cnlp<[Anlg

where we define the shorthand y; = Vi, 1)s - - -5 Vi k) and denote ki = [A;]g.
Proof. See “Appendix B”. O

Remark 12. Recall the definition (3.3) of [C] = (D — 2)/2 x [C]g + [Clv. Hence, for
a fixed [A], there are only finitely-many [C]y and [Clv such that [C] < [A] and, thus,
the C-sums in (3.43) are all finite sums. Note also [C] < [A] iff

D —
[Clv < x ([Alp — [Clg) +[Alv, (3.44)

where the right-hand side is non-negative for [C]y < [A]g and reduces to [A]y when
D =2.
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The preceding proposition enables us to inductively compute all OPE coefficients using
only the OPE coefficients C g @S input. To observe this, first note that, for these
elementary OPE Coefﬁc:lents

CRuy ) ) (X1 - i 2) = V- VW CH (1, i), (349)

and, thus, knowledge of C (f_ - implies knowledge of C (BVal $)(Vay ®) for all «;. Hence,
by assumption, we begin with knowledge of all OPE coefficients Cfl___ A, such that
[Ailp = land [A;]v < oofori € {l,...,n}. Noting the bounds on the C;-sums, we
may, therefore, immediately use formula (3.43) to calculate any C f -4, such that, for all
i,[Ailp <2and[A;]v < oo. Of course, this, in turn, provides enough data to compute
any coefficient such that [A;]4 < 3 and [A;]v < oo and, in this way, we may obtain any
OPE coefficient C gl_” A, from formula (3.43) starting from knowledge of just C g o

Remark 13. For any finite [A;]y and [A;]v, we emphasize that the coefficient cB ApAy
can be computed from (3.43) with only a finite number of iterations. In partlcular it
is not required that we compute all [A;]v < oo for a given [A;]y before incrementing

to [A;]¢, = [A;]p + 1. By inequality (3.44), computing CflmAn for any [A;]s and
[A;]v only requires knowledge of coefficients Cgl.‘_cn such that [C;]y < [A;]ly and
[Cilv < (D —=2)/2 x [Ai]lp +[Ailv.

Taken together, the above results allow us to express an arbitrary Wick OPE coefficient
C fw A, I terms2® of the OPE coefficients C 415 é and pure geometrical factors S#.
Finally, we give an explicit formula for C 4’) - To see how this formula is obtained,
consider first the simplest case of C, é s We have,

(Vy V1, 0)

Cho(x1,x2:2) X Z[(Cp) g (X1, x2) + Z Z) (D (Cr)yy (x1, x25 2)
Y172
~ H(x,x) + Y[V Vi Fal: 87 (x15 )87 (x2; 2)
Y. ¥2
~ H(xy, x2) + Fo(xy, x2; 2), (3.46)
where in the last line, we used the fact that the series,
> 19, Yy Fale SV (rp: 2087 (x2: 2, (3.47)

V1,12

is simply the covariant Taylor expansion of the smooth function F, (x1, x2; z). Proceeding
in a similar manner and recalling formulas (3.40) and (3.41), we obtain the general
formula,

Chog X1y ooy X053 2) A Fy(x1, o, X3 2) + (3.48)

26 The only method we have provided for computing coefficients of the form C 1{‘1 Ay from C 5) ® is via
formula (3.43) of Proposition 4. However, coefficients Cf | Ap for B # I may be computed from Cé P

either via formula (3.43) or, alternatively, by plugging the values of CQ] e An back into formula (3.32) of
Proposition 3.



Local and Covariant Flow Relations for OPE Coefficients in Lorentzian Spacetimes 219

[n/2]
+ Z Z H(xz(1), Xz 2)) - - - H(Xzk=1)» X2 2k) Fn—26) X 2k41)5 - - - » X ()3 2)5
k=1 mk
where the 3 sums over the permutations of {1, ..., n} such that 7 (1) < 7(2),7(3) <

7)), -, 72k —-1) <7Rk);7n(l) <7B) < - <7k —1);and 12k +1) <
m(2k+2) < --- < w(n). Formula (3.48) generalizes the normal-ordered formula (3.26)
obtained in the previous subsection to arbitrary prescriptions for the Wick monomials.

Formula (3.48) now implies the full renormalization freedom for the Wick fields may
be expressed entirely in terms of the identity coefficients { C ! (x Ly «-sXn; 2)}n>2 and,
thus, the set of these coefficients uniquely determines a prescnptlon for the Wick fields
{PAlA = a1 -+ - op)pen,- To see this, note Eq. (3.48) implies C¢d) is itself a Hadamard
parametrix H = H + F, (in accordance with Remark 7). If we choose to normal order
instead with respect to the parametrix H, i.e. use ® g’ in formula (2.72) rather than &%,
then the preceding manipulations would again yield formula (3.48) for C é é but now
with all H’s replaced by H= qub - Since this formula depends only on Fi <, and OPE
coefficients of the form C (5) » it may be iteratively inverted to express F),, purely in
terms of C!  (x1,...,xx; z) for k < n. The claim is then an immediate consequence
of Proposition 1 and the Wick uniqueness theorem (Theorem 1).

Using identities (2.44) and (2.73), our expression for F,, in terms of the OPE coeffi-

cients allows us to similarly express (Z _1)‘3 purely in terms of C 415 ¢(x1, .oy Xy 2) for
k < n.A Wick monomial ® 4 in any prescription satisfying axioms W 1-W8 can, thus, be
expressed via ®4 = Z B1<(A](Z~ l)A in terms of just {C¢ ¢(x1, ces Xns Dn<[A]

and products of the linear ﬁeld observable ¢, noting that the normal- ordered Wick fields
CIJg are themselves defined in (2.28) with respect to only products of the linear field
observable ¢ and the OPE coefficient H = Cs I . An explicit inductive formula for ® 4

expressed purely in terms of ¢, C¢ » and the geometrlc factors SP is obtained in the
following proposition.

Proposition 5. Forthe OPE coefficients C q]) @ given by the formula (3.48), the monomial
@ 4 in any prescription satisfying axioms WI-W8 satisfies:

(Vey @ -+ Ve, ) (f)

,,,,,

— Y Y ChgCauriys s Xuy ) X (3.49)

(8] (a7 ™ €m

X SPU(xr1y; 2) -+ - SPM (X (mys 2) (Vg - - - vﬁm¢>><z>} ,

where 1, denotes the set of all permutations of {1,...,n} such that t(1) < 7 (2) <
c<am)yandm(m+1) <ma(m+2) <--- <mw(n), ana’ the abbreviation f . is
defined as in (2.12) and our “Notation and Conventions” in Sect. 1.

Proof. See “Appendix B”. O
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3.3. OPE coefficients of (unextended) time-ordered products. As we shall see in Sect. 5,
the flow relations for OPE coefficients that we shall obtain in Lorentzian spacetimes will
involve expansions of time-ordered products—rather than ordinary products—of Wick
monomials. Away from the diagonals,27 the “unextended time-ordered product” of Wick
monomials is defined by

Tof®@a, (x1) -+ Pa, (xn)} = Papy, (Xp) -+ Pap,, (XP@)), (3.50)

where P is a permutation of {1, ..., n} such that xp;) ¢ J~ (xp@+1)), Where J— de-
notes the causal past. In other words, To{® 4, (x1) - - - P4, (x,)} re-orders the product
Dy, (x1) -+ - Py, (x,) by the “time” at which the Wick monomial is being evaluated. The
right side of Eq. (3.50) yields a well-defined (algebra-valued) distribution on the product
manifold x" M minus all of the diagonals.

Renormalization theory is primarily concerned with the “extension of To{® 4, (x1) - - -
® 4, (x,)} to the diagonals™: i.e., obtaining (algebra-valued) distributions 7 {® 4, (x1) - - -
® 4, (x,)} that are well-defined on all of x" M, including the diagonals and defined such
that,

T{Pa,(x1) - P, (xp)} = Tof{Pa, (x1) - Py, (xn)}, (3.51)

away from all diagonals. In curved spacetime, it has been proven [30,39] that there
exist “extensions” of (3.50) that are compatible with a list of axioms that generalize
those stated here (W1-W8) for Wick powers.28 However, generally, there are additional
“contact term” ambiguities in these extensions, corresponding to the freedom to add
finitely-many “§-function-type” terms on the diagonals. Although these ambiguities
can be fully characterized [30], they greatly complicate the analysis of time-ordered
products. For the integral in Lorentzian flow relations such as Eq. (1.4) to be well-
defined, it is necessary that the unextended time-ordered products be extended to, at
least, all partial diagonals involving the integration variable, y. Fortunately, as we shall
see in Sect.5, the unextended time-ordered-products will satisfy flow relations where
the extension to the requisite partial diagonals is unambiguous and, thus, independent
of contact terms. Therefore, we will only ever need to consider the OPE of unextended
time-ordered-products and the field redefinition freedom of its coefficients, and we may
thereby bypass all of the usual complications of renormalization theory.

It is clear that the unextended time-ordered products satisfy OPE relations of the
form,

(To{@a, (x1) - Pa, (X))} g = ch){Al..iAn}(xly e X 2)(PB(2) g, (3.52)
B

where
Charan @1 o X032 = CRL gy (FPQYs - o s XP ()3 D), (3.53)

with the permutations P as defined in (3.50). Itis understood that Eq. (3.52) holds only on
x" M minus all of the diagonals. As described in the following proposition, the explicit
form of the time-ordered OPE coefficients (3.53) is readily obtained from our previously-
stated expressions for the Wick OPE coefficients in terms of a Hadamard parametrix

27 The “diagonals” are the subset of the product manifold, {(xq, ..., Xp) € X"M | x; = x jforanyi, j €
{1 ..., n}}. Thus, “away from the diagonals” means when all points are distinct.

28 The proof in [30,39] used an analytic dependence assumption in place of W2 (see Footnote 16).
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H, the geometrical quantities S#, and the smooth functions F,, that characterize the
difference between the Hadamard normal-ordering prescription for Wick monomials
and the prescription being used.

Proposition 6. For any fixed prescription for the Wick monomials, the time-ordered OPE
coefficients (3.53) are simply obtained from the formula for C£|~~~An (X1, ..., x5 2) by
individually time-ordering all Hadamard parametrices: i.e., replacing every occurrence
of H with its corresponding Feynman parametrix,%’

Hp (1, x2) = H(x1,x0) = i A (e, x2), (3.55)
with A*Y denoting the advanced Green’s function.
Proof. By applying the definition of time-ordering (3.53) to the formula (3.40) for the
general Wick OPE coefficients, it is straightforwardly shown that we have

C%{AIU.A”](XI,~--7xn§Z) ~ (3.56)

Y ZE@ | Y Y E ) Y ) Cr e,y K X D) |
Co Cn

Cy

where we use the notation (C H)tT;O (AL Ay for the OPE coefficients of the unextended

time-ordered products (3.53) when the Wick fields are defined via a Hadamard normal-
ordering prescription, 4 = ¢ g . It then follows from the factorization property (3.34)
of the Hadamard normal-ordered OPE coefficients that we have

(CH)%){CI_..CH}(M, cees X3 2) (3.57)

C
= ) g an Gl DCH gy (1 ).
{P1, P2}ePu(S)

The first factor in each product is unaffected by time-ordering because they depend only
on symmetric combinations of SP _factors, i.e., we have

C C
(CH)T(?{A/I---A,/,,}(XI’ e 7xn; Z) = (CH)A(/:"'A;I(X]’ e ’xn; Z)’ (358)

where the explicit form of the right-hand side is given by (3.27). Finally, recalling (3.26),
we have

1 v w
Cofyagang =T 2 [T vayver s, x
PeM(S) {(v,i),(w,j)}eP

> Il VST (HGx)) . (3.59)
PeM(S) {(v,i),(w,j)}eP

29 The precise asymptotic behavior of the distribution kernel for Hf is obtained by replacing the “ie-
prescription” in the expression (2.26) for H with the usual Feynman prescription: i.e., making the following
substitution,

[2i07 (T (x}) — T(x2)) + (01)2] — i0* (3.54)
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where the second line follows from the fact that tensor products of ordinary c-number
distributions commute. Altogether, we conclude the time-ordering map acts non-trivially
only on the Hadamard parametrices and in the way specified by the proposition. We note,
when x| # x», the time-ordered Hadamard parametrix To{H (x1, x2)} is equivalent to
the Feynman parametrix (3.55). O

Remark 14. Although To{H (x1, x2)} is a priori only defined away from x| = xj, its
extension to its diagonal x; = x; uniquely yields the Feynman parametrix (3.55), be-
cause the scaling degree of To{H} is D — 2 which is less than that of the Dirac delta
distribution (and all of its distributional derivatives) and, thus, there do not exist any
possible “contact terms” with the correct scaling degree.

As examples, from Egs. (3.13) and (3.18), we see that for the Hadamard normal-ordering
prescription, we have,

(CH) g9y (X1, %25 2) = Hp(x1, x2) (3.60)
(CH) g2y 01 223 2) = Hp (X1, x2) Hp (x1, x2). (3.61)

The wavefront set calculus implies H? is a well-defined distribution on (a convex normal
neighborhood of) the product manifold M x M and, thus, the ordinary OPE coefficient
(Cr) ;2 e is similarly well-defined. However, the pointwise product of the Feynman

parametrix, HZ, is only well-defined as a distribution on the product manifold minus

the diagonal so the time-ordered coefficient (C H);0 (6262) is thus only well-defined as a
distribution for x; # x3.

The advanced Green’s function scales almost homogeneously and, thus, Hr defined
via (3.55) will scale almost homogeneously if and only if H is compatible with axiom
W7. Note (3.55) is symmetric in its spacetime variables and solves the inhomogeneous

Klein—Gordon equation with “§-source” up to a smooth remainder,
KHp(x1,x) = —id(x1,x2) mod C®(M x M) (3.62)

Any bi-distribution satisfying (3.62) is referred to as a parametrix of a fundamental
solution for the differential operator K. If H (x1, x2) is any Hadamard parametrix (of the
homogeneous Klein—-Gordon equation) in D > 2 satisfying the conservation constraint
(2.36), then the Feynman parametrix defined via (3.55) will then necessarily satisfy,

(V5K () + 195500, 0] =0, (3.63)
X1,X2=2Z

Conversely, for any Feynman parametrix satisfying (3.63), the corresponding Hadamard

parametrix, H = Hp +1i Aad", will satisfy the conservation constraint (2.36).

4. Flow Relations for OPE Coefficients in Flat Euclidean Space

In this section, we obtain flow equations in m? for the Wick OPE coefficients in flat
Euclidean space. We initially focus our attention on the flow relation for C! | since
our analysis of the preceding section implies the flow relations for all other Wick OPE
coefficients can be readily obtained after the flow relation for C! . is known. We be-
gin in Sect. 4.1 by deriving flow relations for the case where the Euclidean Green’s
function Gg(x1, xp) is used to define a Hadamard normal-ordering prescription, so
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(Cg)é,d) (x1, x2; 2) = GEg(x1, x2). These flow equations [see Eq. (4.9) below] are the di-
rect analogues of the Holland and Hollands flow equations (1.2) for Klein—Gordon theory
in the limit as the infrared cutoff L is removed, i.e., L — +00. Note that Hadamard
normal-ordering with respect to Gg(x1, x2) corresponds to ordinary normal ordering
with respect to the Euclidean vacuum state. However, G (x1, x2; mz) does not have
smooth dependence in m? at m> = 0, so it is not acceptable to use it in a Hadamard
normal-ordering prescription that is valid in an open interval in m? containing m> = 0.
Nevertheless, it can be used outside any open interval in m? containing m? = 0, and it is
convenient to begin our consideration of flow relations with it because the flow relation
analysis is much simpler when a Green’s function (rather than a parametrix) is used in
the Hadamard normal-ordering prescription.

We turn then in Sect. 4.2 to the derivation of Euclidean flow relations for the case of a
Euclidean-invariant parametrix that has smooth dependence on m? for all m?, including
m? = 0. To avoid infrared divergences, this requires introducing a cutoff function
in the integral over all space appearing in the flow relation. The cutoff function can
be chosen to be Euclidean invariant, so it will not spoil the Euclidean invariance of
the flow relations. However, it will unavoidably spoil the scaling behavior of the flow
relations. Nevertheless, we develop an algorithm for modifying the flow relations which
restores proper scaling behavior to any desired scaling degree. We show any ambiguities
in our algorithm are in a 1-1 correspondence with the ambiguities of Euclidean OPE
coefficients for Hadamard normal-ordered Wick fields (see Theorem 6).

4.1. Vacuum normal ordering without an infrared cutoff (m*> > 0). The Riemannian
version of quantum field theory in curved spacetime has been formulated by [40] in
close parallel with the axiomatic formulation for the Lorentzian case given in Sect.2.1.
An analogue of the “Hadamard normal-ordering” prescription for defining Wick mono-
mials can then be given by choosing a local and covariant Green’s parametrix for the
(now elliptic) Klein—-Gordon operator. OPE coefficients for the Euclidean Wick OPE
coefficients can then be obtained in parallel with the Lorentzian case away from the
diagonals.3?

In this section, we will be concerned only with the case of flat, Euclidean space
(RP, 8,). In this case, there is a unique Green’s function, Gg(x1, x2; m?), for the
operator,

K = —88,0, + m?, 4.1)

such that Gg vanishes as |x; — x2| — oo. It would be extremely convenient to use
this Green’s function in a Hadamard normal-ordering prescription for Wick monomials.
Indeed, since this Green’s function is the vacuum 2-point function of the Euclidean
quantum field theory,

(@(x1)P (x2))vac = GE(x1, X2), (4.2)

it follows that Hadamard normal ordering with respect to G g (x1, x2; m?) corresponds
to ordinary normal ordering with respect to the Euclidean vacuum state. However, as
previously mentioned, G g (x1, x2; mz) does not have smooth dependence on m?atm? =

30 Defining products of Euclidean Wick fields on diagonals generally requires renormalization analogous to
extending the Lorentzian unextended time-ordered products to their diagonals and, thus, is subject to additional
contact-term renormalization ambiguities. See also Footnote 32.
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0. Thus, it is not acceptable to use it in a Hadamard normal-ordering prescription that
is valid in an open interval in m? containing m> = 0, since the corresponding Wick
monomials defined in this way will not have the required smooth dependence on m?. In
order to obtain an acceptable prescription that includes the case m*> = 0, we therefore
must use a Green’s function (or parametrix) for K that has smooth dependence on m?.
Nevertheless, there are significant simplifications in the derivation of the flow relations
for Gg(xy, x2; mz). Therefore, we will proceed by first obtaining flow relations for
normal ordering with respect to Gg(xy, x2; mz) for m?2 > 0, and then derive flow
relations for normal ordering with respect to a parametrix that is smooth in m?.

Although we shall not need to make use of its explicit form, we note that for m? >0,
Gr(xy1, x2; m2) is given explicitly by,

) de eip~Ax
Ge(axym® = | =2 °
g(Ax;m?) /RD 20)D pZ+m?

m(P=2/2

= ——=Ki-2)2 (m |Ax|2), 4.3)
@m)P/2 (|ax(?) P24

where Ax = x; — x2 and K(p_2),2 is a modified Bessel function of the second kind
[41, see Subsection 10.25 for definition of K, (z) and Subsection 10.30 for its limiting
form at the origin]. It should be noted that G g (x1, x2; m?) is symmetric in x; and x;.
The wavefront set of G g is the same as the wavefront set of a (two-variable) §-function,

WF[G ] = WF[5] (4.4)
= {(xl, k: x2, —k) € X2(T*RP\Z*RP)|x = x2, k € T*RD\Z*RD} .

In particular, Gg is smooth in x| and x; for Ax 7 0. Furthermore, it follows from
the form of its wavefront set that, when smeared in one of its variables with any test
function f, Gg(x1, f; m?) is smooth.3! in x;. In other words, as a Schwartz kernel,
GEg(x1, x2) defines a continuous linear map from C{°(R?) into C*(RP). It follows
from the explicit formula (4.3) that Gg (x1, f; m?) is smooth in m?2 for m? > 0.

For Wick monomials defined by normal ordering with respect to G g, the Euclidean
OPE coefficients are given, away from their diagonals,>* by formula (3.25) with the
replacement H — G . In particular, for the OPE coefficient (Cg) é o with n factors of

¢, we have (C(;)(;__q> = 0 when n is odd, whereas when n is even, we have,
(C6)pg (X1 xy) = Z GEQr1y: X22) - CE(Xx(n—1), Xx(n))> 4.5)
T

where the 7 sums over all permutations such that 7(1) < 7(3) < --- < w(n — 1)
and (1) < 7w(2),7(3) < w@),...,n(n — 1) < w(n). As discussed in Sect.3.2, the
Wick OPE coefficients for any prescription are determined by the values of the C (]15 0"
coefficients.

31 This is established by a straightforward application of [35, Theorem 8.2.12] In fact, as explained in the
next section, this property holds for any translation invariant bi-distribution.

32 Whereas the wavefront set calculus implies the pointwise products of any Lorentzian Hadamard
parametrix H appearing in formula (3.25) are guaranteed to be well-defined as distributions, the corresponding
pointwise products of G g are generally ill-defined as distributions on diagonals, since the wavefront set (4.4)
of G is identical to the wavefront set of the two-variable Dirac delta function. In this respect, G g is more
analogous to a Feynman parametrix Hp rather than to H; see also the discussion following Eq. (3.61).
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We first motivate the form of the flow equations for (Cc)ém ® following Hollands

[11]. Since the OPE coefficients (Cg). P defined by normal ordering are just n-point
“Schwinger functions”, they are formaqfly given by the functional integral,

(Corpglitevix = [ dulgloa)-- o). 4.6)
S'(RP)
with measure,
d — Dlgl— SkG[8ap. RP 4.7
ulgl = Dlpl-exp (~Saldas, B”1) 47

Formal differentiation of Eq. (4.6) with respect to m? yields,

3 1
W(CG>;_.¢<)«1, s Xp) = _E/Ro dDy//(RD)duwz(y)w(m)-~-<p(xn)- (4.8)

This suggests that we should have the flow relation

0 1
T 3(C6)pp (X1, Xn) = _E/RD APy (Ce)gg. sV xXts o). (49)

That this flow equation, Eq. (4.9), does indeed hold will be seen to be a consequence of
the following lemma:

Lemma 1. The Euclidean Green’s function G g satisfies the flow relation

a
—ZGE<x1,x2;m2)=—f dPy Ge(y, xi;m)GE(y, xasm?).  (4.10)
am RD

Proof. We note first that, by a trivial calculation, the commutator of the differential
operators K = —3%9, + m? and d,,2 1s given by,

[K,8,2]=—1 @.11)

Thus, in particular, we have,

0
Ko Grly, x; m?) = —Gg(y, x; m*) + 53Ky GE(y, x; m?)

d
= —Gp(y, x;m*) + —8(y, x)
om
=Gy, x;m?), (4.12)

where we used the Green’s function property, K, G (y, x; mz) = 46(y, x), to get the sec-
ond line and we used the fact that the §-function has no m? dependence to get the last line.
As already noted, the wavefront set of Gg(y, x; m?) (and, hence, of 0,2GE(, x; m?))
is such that if we smear in x, we obtain a smooth function of y and, on account of the
explicit formula (4.3), a smooth function of m? for m? > 0. Therefore, for any test
functions f; and f>, we have
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0 d
s Ge(fi fum®) = [ dPys0 )5 GGy, frim?)
m RD om

d
_ D v 2 . n2
_\/I‘Ql)d y[KyGE()U flvm ):I 8m2GE(yv f27m )
0
= [, 4Py G0 fiim®IK, Gy, i)
RDP am
=- /R APy GE(y, fim)GE(y, faim?). (4.13)

Here, in the third line, we integrated by parts twice, invoking the fall-off behavior>> of
Gg as y — oo. Equation (4.13) is just the smeared form of Eq. (4.10). O

As an immediate consequence of this lemma, we have

Theorem 5. The flow relation (4.9) holds for OPE coefficients (CG)é...q) X1, ...,Xxn)
corresponding to Euclidean vacuum normal-ordered Wick fields.

Proof. To obtain the flow equation (4.9), we apply 9,2 to Eq. (4.5), and use Eq. (4.10)
together with the fact that (C G)éﬂ bt = 0 when n is odd and, when 7 is even,
(C6) g X1 s )

= ZZGE(y, Xr()GEW,; X2 2)GE(Xz3), Xa@) - GEXn(n—1)s Xz (), (4.14)
T

where the 7 -sum runs over the same permutations as in (4.5). Equation (4.9) then follows
by inspection. O

4.2. Hadamard normal ordering with an infrared cutoff. We turn now to the modifica-
tions to the Euclidean flow relations that arise when we consider the OPE coefficients
corresponding to a Hadamard normal-ordering prescription using a Euclidean invari-
ant Hadamard parametrix, Hg (x1, x2; m?), that varies smoothly with m? for all m2,
including m? = 0. That is, Hg is required to satisfy,

(=82 + m*) HE (x1, x2; m?) = 8(x1, x2) + hg(x1, x2; m?), (4.15)

where hg(x1, x2; m2) is smooth in all of its variables and symmetric in (x1, x2). Clearly,
the choice of HEg is not unique, but any two such parametrices must differ from each
other by addition of a smooth, Euclidean-invariant function, w(x1, x3; m2). If we now
try to repeat the calculation of Eq. (4.13) to obtain a flow relation for Hg, we will pick up
extra terms involving /4. In addition, Hg will not, in general, vanish as [x; — x2| — oo,
so we will not be able to carry out the integration by parts of the third line of Eq. (4.13) in
the preceding subsection. We can deal with the latter problem in the following manner by
introducing a cutoff function x (x1, x3). We take x to be Euclidean invariant by choosing
it to be of the form,

X L) = ¢ (L0 x) (4.16)

33 We have restricted to the case m2 > 0 here, but it is worth noting that for m2 = 0, the fall-off of G is
too slow to justify the integration by parts.
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where o (x1, x2) is the squared geodesic distance between x| and x», L is an arbitrary
length scale, and ¢ (s) is a smooth function that is equal to one for |s| < 1 and vanishes
for |s| > 2. Let z be an arbitrary point in R? and let 3, denote the ball of radius L
centered about z. Then for x1, x, € B, we have the identity,

ad a
—ZHE<x1,xz;m2>=/ dPy x (v, 2: L) 8(y, x1) —5 He (y, x2:m*). (4.17)
om RD am

Starting with this equation, we can now carry out all the steps of Eq. (4.13) including
the integration by parts, although we now pick up additional terms where derivatives act
on x. The final result is,

0
WHE(xl,xz;mz) =-— /R dPy x(v; z: L) HE(y, x1; m*) Hg (v, x2; m?)

a
+ / dPy o x(viz: L) [a{;)Hm,xl;mz)—zHE(y,xz; m?)
RD am

a
= Hi(y,x0m)dy — He (3, x2; mz)]

9
+f dPy x(y, 2 L) | HE(y, x15m*) —5hE(y, x2; m?)
RD om
2 d 2
e m) o He i) (418)

The first term on the right side corresponds to the final line of Eq. (4.13). The second
and third lines contain the terms where derivatives from the integration by parts act on
X, and the fourth and fifth lines contain the terms arising from the fact that Hg is a
parametrix rather than a Green’s function.

Equation (4.18) is unsatisfactory as a flow equation since terms below the first line
contain the unknown quantities 9,,» Hg and 9d,,2h . Nevertheless, the second through

fifth lines must be smooth in (xy, x2; m2) for x1, xo € B;. To see this, we note that

Hpg(y, x) can be singular only when y = x. However, 8;(}))(()7, z) is nonvanishing

only for y ¢ B, so the second and third lines are smooth for x|, xo € B;. Since & is
smooth in all of its variables and y is of compact support in y, the fourth and fifth lines
must be smooth for all x1, x». Recall from its definition (4.15) that Hg is only uniquely
determined up to the addition of a smooth function, so we have some freedom to redefine
Hp. Thus, a possible way of dealing with the problematic terms in the second through
fifth lines of Eq. (4.18) would to simply drop these terms from the flow relations, leaving
only the first line,3*

d
Ty He (v, xo; m?) ~s —/DdDy x (s 23 LYHE(y, x1; m*)Hg (v, x2; m?). (4.19)
R

In other words, one might attempt to use the freedom in the choice of Hg to work with
flow relation (4.19) rather than (4.18). Indeed, this is a simple analog of the procedure

used in [13, Section V] to deal with the infrared difficulties in their Euclidean flow
relations for A¢*-theory. Note that since (CH)é,d) = Hg and (CH)(;2¢¢ (v, X1, X2 2) =

34 Since only the asymptotic behavior of the parametrix is relevant for the OPE coefficients, we have replaced
the equality symbol in (4.18) with the weaker relation “~s” which implies both sides are asymptotically
equivalent to an arbitrary scaling degree §.
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2HE(y, x1)HE(y, x2), we see that (4.19) is equivalent to relation (1.3) discussed in the
introduction for the special case of n = 2, with x is chosen to be a sharp step function
instead of a smooth function.

However, for Klein—Gordon theory, the flow relation (1.3) would give rise to OPE
coefficients that are incompatible with the scaling axiom W7. Namely, in order to satisfy
this axiom, Hr must have scaling behavior given by Eq. (2.37) under the simultaneous
rescaling (84p, m2) — (A28, A2m?). Here we are working in a fixed global inertial
coordinate system defined with respect to metric é,,. Hence, with the coordinate basis
held fixed, rescaling the metric §,5 — 2728, is equivalent to rescaling the metric
coordinate components as §,,, —> 1728 wv and the volume element as d Dy 5 x=DPgPy.
However, under the rescaling

Buvs dPy,m?) — (A28, A PdPy, 22m?), (4.20)

we find the quantity
Qxi,x; z;m% L) = —/D dPy x(v: 2 LYHg (y, x1; m») Hg (v, xo3 m?),  (4.21)
R

appearing on the right side of (1.3) does not scale almost homogeneously for any fixed
power of A on account of the fact that—due to the presence of the length scale L—y
scales as

(D280 325 L) = ¢ (L) o8]0, 1)) (4.22)

rather than homogeneously. It follows that Eq. (1.3) is incompatible with the scaling
behavior (2.37) of Hg, and any prescription for defining Wick monomials based on its
solutions would fail to satisfy axiom W7.

Although €2, as defined in (4.21), does not scale almost homogeneously under (4.20),
it does transform almost homogeneously with an overall factor of A?~* under the si-
multaneous rescaling

B, dPy, m*, L) — W28, A" PdPy, 2?m?, 27'L), (4.23)
since
XA 28,11, x25 A7 L) = x[8,0]1(x1, x25 L). (4.24)

It follows that we will obtain a satisfactory flow relation if we can replace the flow
relation (4.19), i.e.,

0
o 2HE(X1,x2,m ) ~s Qx1, x2; z;m?; L), (4.25)
with the modified flow relation
0 ~
—— Hi (x1, x2; m?) ~5 Qs(x1, x2; 23 m%; L). (4.26)
om?

where Q5 (x1, x2; z; m?; L) satisfies the following two properties:

1. Qs is an Euchdean invariant distribution, symmetric in (x1, x2), and depending
smoothly on m? such that for any (x1,x2) € B, the distribution Qg differs from
2 by at most a smooth function in (x1, x) which scales almost homogeneously
under (4.23) with an overall factor of A(P—4
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2. To scaling degree d,

0 ~
ﬁﬂs(xl,xz, zim?; L) ~ 4.27)

Given the previously-described scaling behavior of €2, the first property implies Qs is
required to scale almost homogeneously under (4.23) with an overall factor of A(P=4)

However, since the second property requires s to be independent of L up to asymptotic
degree 4, it follows immediately that €25 must, in fact, scale almost homogeneously under
just (4.20) up to asymptotic degree §. Note we make no demand that Q25 be independent
of L at asymptotic orders higher than the chosen § since this is not relevant to the
OPE coefficients. Together, the two properties above therefore formalize the notion that
s must contain the same L-independent distributional behavior in (x1, x2) as €2 and
simultaneously scale almost homogeneously with respect to (4.20) up to any arbitrary,
but fixed, asymptotic degree. In odd spacetime dimensions, any €25 satisfying the two
properties described below Eq. (4.26) is necessarily unique up to scaling degree . In
even spacetime dimensions, any two 25 satisfying the described propertles may differ,
to asymptotic degree §, by only a smooth function of the form, m®=® f(m20 (x1, x2)).

Our task is now to find Q5(x1, x2; z; m?; L) satisfying the above two properties.

Since L enters 2 only through the cutoff function Y, it follows that,

0 d
—Qx1,x2;z;m*; L) = / dPy —x(y; z; L) Hg(y, x1; m*)Hg (y, x2; m?).
oL RD oL

(4.28)

From the definition of the cutoff function (4.16), we observe 97 x (v; z; L) = 0 for any
y € B.. However, since Hg(y, x) is singular only when y = x, it follows immediately
that (4.28) is, in fact, a smooth function of (x1, x2) in the neighborhood B, containing
z. If the L-dependence of the smooth function of (x1, x3) appearing on the right side
of Eq. (4.28) were integrable in L on the interval [0, L], we could obtain the desired
Qs by simply subtracting fOL of the right side of Eq. (4.28) from 2. However, the right
side of Eq. (4.28) is not integrable in L on the interval [0, L]. Nevertheless, the singular
behavior in L of the right side of Eq. (4.28) can be characterized as follows.

The quantity € scales almost homogeneously with an overall factor of A”~* under
the simultaneous rescaling (4.23). It follows that the quantities
[3“1)3("2) Q(x1, x2; 2 L)} , (4.29)
X1,X2=2

appearing in the Taylor expansion of 92 /9 L scale almost homogeneously with an overall
factor of A3+ 'with " = |y;|+|y»|, under (m?, L) — (A*m?, A~ L) with the metric
components and volume element held fixed. The smoothness of €2 in m? then implies
that any divergent dependence of (4.29) on L (as L — 0%) is expressible as a finite
linear combination of terms of the form,

L= logN L, forinteger A < (D —3+T")and N € Np. (4.30)

For A > 1, this gives rise to non-integrable divergences in L in any neighborhood of
L = 0. Our procedure for eliminating these non-integrable terms is to apply a differential
operator £[L] to 2 that annihilates these terms but leaves the L-independent parts of
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2 untouched. The remaining L dependence can then be eliminated by following the
strategy indicated in the previous paragraph.

The desired operator £[L] is constructed as follows. Define first the family of differ-
ential operators,

aN

—— 1% A#£0,NeN. (431
3(log L)N 70N (4.31)

N
LN 1L = <1 +A—1Li> =A"L7A
AT aL ]

These operators are designed so as to act trivially on L-independent terms and annihilate
terms of the form (4.30) with the same A-value and lower N-values. When acting on
a term of the form (4.30) with a different A-value, the operator Eg’ leaves the leading
L-behavior unchanged in the sense of Eq. (4.42) below. We define also the operators,

N N
Nirq_ o 0\ - d
NE ]_[ (1 k LlogL8L> = ]_[ (1 k logLa(logL)) . (4.32)

k=1 k=1
whose definition is unambiguous because the commutator between every k-factor van-

ishes. The E(I)V operator is designed to annihilate terms of the form (4.30) with A = 0
and lower N-values. When Lﬁf)v acts on a term of the form (4.30) with A # 0, it produces
terms of the same form and A-value (but generally increases the N-value). We define
L[L] by®
D—4+5
g=cy [] £X. (4.33)
A=1

forany N > 2. Note that [,C[X N /] = Oforany A, A" #0, so the order of composition
between these operators does not matter. However, [LO , £ 0] # 0, so the order of
composition for CO relative to the other operators £V A0 does matter. Note that (4.33)

scales almost homogeneously with an overall factor of A’ under L — A~!'L since it
is composed of operators (4.31) and (4.32) with this property. By expanding out the
product of operators in (4.33), note also that £[L] can be rewritten in the general form,

N(D-3+8) N

a4
LILl=1+ g LA1 L——-or, 4.34
[L] ; ;)cm og" L——% (4.34)

where ¢, A are L-independent numerical coefficients. Hence,

LIL12(x1, x25 23 L) — Q(x1,x2: 23 L) (4.35)
N(D—-3+8) N

A 98
= > Y canl®log" Lorx Q0 L),
A=1 n=0

35 The product over £ A -operators with different A-values is needed to account for the dependence of the
Wick OPE coefficients on the dimensionful parameter m?. In a theory without dimensionful parameters,
we could eliminate the L-dependence of a flow relation by simply using the operator £ = LA with A
corresponding to the conformal scaling dimension of the flow relation (Note that A would generally depend
on the renormalized coupling parameter in an interacting theory).
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Recalling 97 €2 is smooth in (x1, X3, m?%)ina neighborhood containing z € RP, it follows
the second line of (4.35) is also smooth in (x{, x2; m2) because every term involves at
least one L-derivative of 2. Every term on the second line of (4.35) clearly scales almost
homogeneously with an overall factor of A(P~%).

We now define Q25 by

Qs(x1,x2; 2 L) (4.36)
= L[L]1Q(x1, x2;2; L) — Z

yil+ly2|<é

(D =" =2,

where

Vn/z(L) = bgm /0 dL’ |:a(xl)a(x2) 5L (SILQ(x1, x2: 25 L ))] ;

X1,X2=2

(4.37)

where bgl ,» corresponds to the inherent ambiguities in our prescription discussed under-

neath Eq. (4.48) below. That b (L) is well defined is a consequence of the following
proposition:

Proposition 7. For any N > 2, the L-dependent (Euclidean-covariant) tensors,
[a;f”a(m (S5IL1Q(x1, %25 23 L))} , (4.38)
X1,X2=2
are integrable in L on a finite interval containing L = 0 for any |y + |y2] <6

Proof. Tt is useful to first commute d;, past the operator £s[L] in (4.38). To do this, we
note,

—N N
(A+ NN, A>0
oLl = (AL , 4.39
L~a = {( DN(NDogh (L) LNa, A =0 (4.39)
and, therefore,

D—3+6
3,.£ oc log" (L)( I1 c’AV) dr. (4.40)

A=I1

Plugging this back into (4.38) and noting the smoothness of 97 €2 in (x1, x2), we obtain,

D—3+5
9
formula (4.38) o< log™ (L) ]—[ LJAV[L]) [a<x1>a<x2> Q(x1, x2; 23 L)}
A= X1,X2=2Z
(4.41)
Noting that
/ 0 A/ =A N/ > N
LN (L2 logV L) = ’ , 4.42
pEIE L = o A l0aN L) A £ AN =0 (4.42)
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we see that, for any N’ > N and all ' < §, all non-integrable terms of the form
(4.30) are annihilated by the string of operators Eiv / Llév Lo LZ;_3 +5) appearing in (4.29),
and that any integrable terms of the form (4.30) remain integrable after application of
[,iv /ﬁé\' Lo [,{VI;_3 +5)- Noting that Hp contains at most one power of the logarithm and
2 depends quadratically on Hg, we conclude the right-hand side of (4.41) and, thus, the
Taylor coefficients (4.38) must be integrable on an interval containing L = 0 for any
N > 2 as we desired to show. O

Remark 15. By the same reasoning as in (4.28), it follows that £Q[x] = Q[£x]. For
any cutoff function x of the form (4.16), it follows from (4.34) that £y is also a smooth
cutoff function. Hence, Proposition 7 implies £ acts as a map from the set of cutoff
functions of the form (4.16) to the set of cutoff functions such that, to scaling degree &,
the asymptotic expansion of 97, (2[£x]) diverges, at worst, logarithmically as L — 0.

Note the translational symmetry of Q implies b7 are independent of z and rotational

Y1y2
symmetry of € implies by1 ,, are composed of products of the Euclidean metric3® and,
thus, vanish unless |y1], |y2| are even. Recalling the definition (4.21) of €2 and the fact

that (Cr)yy*?” (r1.x2:2) = (x1 — 27 (x2 — 27/ (n!yaD), we note that the s
defined in (4.36) is identical to the second and third lines of L-independent flow relation
(1.7) claimed in the introduction for the special case thatn = 2.1.e., bg in formula (1.7)
is given explicitly by (4.37) for [C]s = 2 and vanishes otherwise.

The required L-independence (4.27) of S~25 is verified by differentiating (4.36),

0 ~
—Qs(x1,x2; 73 L)

oL
d
= o7 B, 03 25 L)]_Iy l%j L b (L)(x1 — )" (x2 — 2)”
1 1=
~5 Y (x1 — ) (2 — )% (4.43)

[yil+ly21<8

|:|:3(X1)3(x2) (LIL1R2(x1, x2; 2; L)):| 9L )’IVZ(L):|

X1,X2=2Z

~5 0,

where in going to the third line we have used the smoothness of a7 (££2) in (x1, x2) to
Taylor expand the first term in the second line around xj, xo = z. The final line then

follows from the definition (4. 37) of bm, and the fundamental theorem of calculus.

Thus, our construction (4.36) of Qs complies with the required properties.
It is worth noting that, using the formulas for the Hadamard-normal ordered coeffi-
cients

(CH) g (Vs X1, x232) = 2HE (v, x1)HE (v, x2) (4.44)

2059 H (y, 00 He(v,2) k=2

. (4.45)
0 otherwise

1 . —
(CH)¢2(8V1¢”'BVI<¢) (yv <3 Z) -

36 Note that Q is invariant under the full orthogonal group including improper rotations. Although the Levi-
Civita symbols €, ...;,,, are invariant under proper rotations, the Euclidean metric is the only tensor invariant
under all R € O(D).
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By, $9y,9)

1
(CH)yg (1, %25 2) = ——(x1 — )V (x2 — 7)) (4.46)
yilys!

the flow relation (4.26) can be written equivalently as,

a 1
53 (Cr)j (X1,32,2) ~5 = 5 / dPy SILIX (v, 25 L) (Ch) o gy (s X1, %23 2) +
D bEL)(C)Gyx1. %23 2), (4.47)
[C]<é+2

where, for L > 0,

b (L) =bd — - / dL’' f dDyE (CIL1x (v, z; L") (CH)ézc(y, 7:2). (4.48)
The only ambiguities in our construction arise from a limited choice for the value of the
L-independent boc—tensors when [C]y = 2. We have bg = O unless [C]y = 2. The bg
are required to depend smoothly on (8., m?) and scale exactly homogeneously under
(R m?) — ()»_25,“), 12m?) with an overall factor of A(°~%_ This implies that bOC must
vanish identically when D is odd. In even spacetime dimensions, these ambiguities cor-
respond to the freedom to choose the Taylor coefficients of a smooth, Euclidean-invariant
function which depends smoothly on (8, m?) and scales exactly homogeneously un-
der (8,0, m?) — ()L_ZBW, A2m?) with an overall factor of A(?~% . For any fixed cutoff
function x and any choice of Euclidean-invariant Hadamard parametrix Hg which scales
almost homogeneously, one can choose b . such that OPE coefficients obtained via
Hadamard normal ordering satisfy (4.47). Conversely, for any fixed x and admissible
choice of bgl 4,» ONE can find an Hg such that the Hadamard-normal-ordered OPE co-
efficients satisty (4.47). Hence, the ambiguity in our construction of the L-independent
flow relation (4.47) is in a 1-1 correspondence with the inherent freedom to choose a
Hadamard parametrix for defining normal-ordered Wick fields compatible with axioms
WI1-W8.

Remark 16. In flat space and all dimensions D > 2, we note the conservation axiom W8
places no constraints on the ambiguities in Hg and, thus, does not require any further
modifications to the flow relation (4.47). In particular, although Hpg is not an exact
Green’s function of the Euclidean Klein—Gordon operator (4.1), it does automatically
satisfy the Euclidean version of the conservation constraint (3.63):

VIV hg (X1, x2) o=z = [V,&X”KUHE(xl,xz) - vyl)«sm,m]x =0,
1,X2=2
(4.49)

where we recall the smooth function 4 g was defined via (4.15). Because H, is required to
be invariant under the inhomogeneous orthogonal group, V,(j”)h E(X1, X2)|x;,xy=7 Must
be invariant under rotations about the point z. However, since there does not exist a

rotationally-invariant D-vector, we conclude Vl(fl)h E(X1, X2)|x, x,=; identically van-
ishes in flat Euclidean space for any dimension, including D = 2.

By the same reasoning used in the proof of Theorem 5, the flow relation (4.47)
for (C H)’ straightforwardly implies flow relations for (C)’ $g AS expressed in the
fol]owmg theorem



234 M. G. Klehfoth, R. M. Wald

Theorem 6. Forany Hadamard parametrix satisfying (4.47), the corresponding Hadamard
normal-ordered coefficients (CH)(;“_(Z) satisfy the flow relation:

d
W(CH)(;...(p(xla e X Z) ~
1
—— [ dPy LILIX(, 5 L) (Ci)lsy (0o X1, ey X3 2) + (4.50)
2 ¢=p---

=Y L) (Cu)§. s x1. 2 2),

where bg (L) is again given by (4.48) with the same constraints on bg as stated below
(4.48).

Finally, the results of Sect. 3.2 can be used to obtain the flow relations for C (; @ for
an arbitrary prescription for Wick monomials satisfying W1-W8. We obtain

ad
am?2
1
- E/dDyS[L]x(y,z; L)Chy y0uxixi s (45D)

C¢ ¢(Xls e X )R

- ZbC(L) C§. (X1, .. X3 2) + “Fy-terms”,
where

be(L) = 8,2b% — 5 / dr' / dDy@ (SIL1X (v, 55 L)) Choc (v 532), (452)
and “F-terms” denotes terms that contain at least one factor of Fy (for k < n). By
the discussion in Sect. 3.2 below Eq. (3.48), F; can, in turn, be written purely in terms
of OPE coefficients of the form Cqu...¢ (x1,...,xi; z) such that i < j. In this way, all
terms in the second and third lines of (4.51) are expressible entirely in terms of OPE
coefficients and the cutoff function y, and (4.51) yields the flow relation for the OPE
coefficients corresponding to an arbitrary prescription for the Wick fields compatible
with the axioms W1-W8. Note, in contrast to bg (L) given in (4.48), here bc (L) can
be nonzero when [C]y # 2 since, for prescriptions that do not correspond to normal

ordering, C 4152 ¢ 1s generally nonzero when [Cly # 2.

5. Flow Relations for OPE Coefficients in Minkowski Spacetime

We turn, now, to the derivation of flow relations for OPE coefficients in Minkowski
spacetime (R, nap). As can be seen from the derivation of the Euclidean flow relations
in the preceding section, it is essential that the two-point OPE coefficient for which we are
obtaining a flow relation be a Green’s parametrix for the wave equation. Consequently,
we do not believe it is possible to obtain a flow relation for the Lorentzian C ql> ¢, since it

does not have this property. However, as we shall show, a flow relation for C Tolge) Can
be obtained, where 7y denotes the unextended time-ordered-product.
In the Minkowski case, if we choose C }0 (¢} t0 be the exact Feynman propagator for

m? > 0, the spacetime integral that would appear in the flow relation will not converge,
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so we would need to introduce a cutoff function even in this case. Therefore, in contrast
to the Euclidean case, there is no advantage in initially working with the exact Feynman
propagator as compared with a Poincaré-invariant Feynman parametrix that is smooth at
m? = 0. As we shall see, a new difficulty arises from a cutoff in the Minkowski case in
that there does not exist a nontrivial function of compact support that is Lorentz invariant.
Consequently, in the Minkowski case, the introduction of a cutoff spoils the Poincaré
invariance of the flow relations. Nevertheless, we shall show that counterterms can be
introduced into the flow relations so as to restore Poincaré invariance. The presence of the
cutoff function in the flow relations also spoils their scaling behavior. However, this can
be fixed using the same procedure as developed for the Euclidean flow relations. Thus,
we will, in the end, obtain entirely satisfactory flow relations for the OPE coefficients
of unextended time-ordered-products in Minkowski spacetime (see Theorem 7). These
flow relations will be unique up to modifications of the counterterms that correspond to
the ambiguities in the definitions of the Wick monomials themselves.

The requirement W1 that the Wick monomials be locally and covariantly defined
implies that, in Minkowski spacetime, the Wick monomials must be Poincaré covariant
[9]. Thus, in a Hadamard normal-ordering prescription, we must use a Poincaré-invariant
Hadamard parametrix. Since, in this section, we will want to include the case m? =0,
we will not use the usual choice (¢ (x1)¢ (x2))vac—Which fails to be smooth in m? at
m? = 0—but rather will take H (x1, x2; m?) to be given by Eq. (2.26), with ¢ fixed (i.e.,
independent of m?).

The starting point for our derivation of Euclidean flow relations in the preced-
ing section was the preliminary flow-like equation (4.18) for the Euclidean Hadamard
parametrix Hg (x1, x2; m?). The key ingredients that went into the derivation of this
equation were (i) that Hg is a fundamental solution (4.15) of the Klein—-Gordon op-
erator up to smooth remainder and (ii) for any test function f, Hg(y, f) is smooth
in y. In Minkowski spacetime, the OPE coefficient (C H)é) o = H (x1, x) will not be

a Green’s parametrix, i.e., it will satisfy Ky, (C H)é,d) (x1, x2) = smooth rather than

Ky (Ch) (; " (x1, x2) = (8(x1, x2) + smooth). Consequently, the analog of condition (i)
will not be satisfied and we cannot expect to obtain flow relations for the ordinary OPE co-
efficients. However, condition (i) does hold for the Feynman parametrix Hp (x1, x2; m?)
given by Eq. (3.55). Such a parametrix satisfies,

(—n%8,8p + m®)Hp (x1, x2; m?) = —i8(x1, x2) + h(x1, x2; m?), (5.1)

where & is a smooth function of its arguments. As with the Euclidean parametrix, any
two Feynman parametrices Hr and H, satisfying (5.1) can differ by a Poincaré invariant

smooth function of (x1, x2). Since (CH)ITO{¢¢} = Hp(x1, x2), it might be expected that

flow relations will hold for the OPE coefficients of time-ordered products.’’ As we
shall see below, flow relations do indeed hold for the OPE coefficients of time-ordered
products.

Condition (ii) also holds for Hg(x], x2; m?). Indeed, for any translation invariant
distribution D(x1, x2) on RP xRP and any test function f on RP, we have that D(x1, f)
is smooth in x;. Namely, if we define new variables X| = x| + x» and X = x| — x2,
then, by translation invariance, D cannot depend on X, so the elements of its wavefront
set must be of the form (X1, 0; X», K») with K> 7# 0. Therefore, in terms of the original
variables (xp, x2), the elements of WF[D] must be of the form (x1, k1; xo, —k1) with

37 Indeed, this also could be anticipated from the fact that a Wick rotation from Euclidean space to Minkowski
spacetime will take the Euclidean Green’s function G g to the Feynman propagator G .
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k1 # 0. The wavefront set calculus rules then immediately imply that D(x;, f) is smooth
for any test function f.

Remark 17. Since the unextended time-ordered products are only defined away from
all diagonals, applying the Klein—Gordon operator to (C H)ITO (6o} = To{H (x1, x2)} will
yield a distribution that is a priori only defined when x| 7 x; and, thus, the OPE coeffi-
cient (C H)éo (6} isitself not actually a Green’s function satisfying (5.1). Nevertheless, as
discussed in Remark 14 below Proposition 6, the extension of To{ H (x1, x2)} to x1 = x»
is uniquely given by the Feynman parametrix Hr = H — i A*YY. Hence, whenever we
need to use the identity (5.1) in what follows below, we may, without introducing any
new ambiguities, first extend (C H)ITO{ o) 1O its diagonal x; = x; and then subsequently
apply the Green’s function identity (5.1) for the Feynman parametrix. As we will see, this
is sufficient to derive all the flow relations for the time-ordered Wick OPE coefficients
of the form C%O (6 As discussed in the introduction and Sect. 3.3, unique extensions
of the OPE coefficients appearing inside the integral on the right-hand side of the flow
relations are only possible, in general, to the “partial diagonals”, where the integration
variable y coincides with only a single x;-spacetime variable, so we will continue to
write all OPE coefficients appearing in the flow relations with the unextended time-
ordering symbol Tj rather than 7', with the understanding that (unique) extensions to
the appropriate partial diagonals with y are necessary for evaluating the y-integral. See
Remark 19 below Theorem 7 for further discussion regarding the extension of the OPE
coefficients appearing in the Minkowski flow relations.

Since conditions (i) and (ii) hold for Hr, we can directly parallel the derivation of the
key preliminary Euclidean flow-like equation (5.2) for Hg to obtain a flow-like relation
for Hp (x1, x2; m2) by introducing a cutoff function x (y, z; L) defined such that y =1
for y in some compact neighborhood, 1, of z and x = 0 outside of some larger compact
neighborhood, B,, of z. We again denote by L the arbitrary length scale which is required
to define a spacetime cutoff. Then, for x, x, € By, we similarly obtain,

0 .
WHF(Xl,xz;m2)=—l/B dPy x(y; z L) HF (y, x1; m*) Hp (v, x2; m?)
2

; d
+i/ dPy o x(v;z: L) [a{;)Hﬂy,xl;mz)—zHF(y,xz;mz)
B\Bj om
d
A e 2
— Hp(y,x1;m )3(),)WHF()’,X2,WZ )j|
. D 2 d 2
+i | d7yx(yiz L) | Hr(y, x1;m%) —=h(y, x2;m”)
B> om
3
= h(y, i m?) s Hi (3, 32; mz)], (5.2)

where 4 is defined via Eq. (5.1). Note that the factor of 8,9) x (y; z; L) appearing in the
second line has support only on B\ because we require x (y; z; L) = 1 for y € Bj.
Note also that Eq. (5.2) is identical to (4.18) modulo the substitutions Hg — i Hr and
/’ZE — ih.

As in the Euclidean formula (4.18), the fourth and fifth lines are automatically smooth
on account of the smoothness of /2 and the compact-support of x. Similarly, in the second

and third lines, the differentiated cutoff function 8,(} ) x(y; z; L) is only nonzero when
y € By\Bj and thus vanishes when y = x1, x» if x1, xo € Bj. However, whereas the
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Euclidean parametrix Hg (y, x) is singular only when y = x, the singular support of the
Feynman parametrix Hr (y, x) includes all (y, x) such that y and x can be connected by
anull geodesic. Thus, the integrand in the second and third lines of (5.2) will be singular
even for y € By\B; whenever y is lightlike separated from either or both (xy, x7).
Therefore, it is not at all obvious that the integral will yield a smooth function. However,
since the partial m?-derivative does not alter the wavefront set of Hp, the terms in the
second and third lines of (5.2) will be smooth if and only if the quantity,

Olx, Hrl(x1, x2; 73 m?) (5.3)

E/B e 0% x (v, z5 L) Hp (y, x15 m*)3(, Hr (v, x2; m?),
2\Bi

is smooth. The following proposition establishes smoothness of this quantity:
Proposition 8. For x|, x € Bi(z), the quantity © defined by (5.3) is a C* function of
(x1, x2).

Proof. A generalized function is smooth if and only if its wavefront set is the empty set.
We show the wavefront set of the generalized function (5.3) is contained in the empty set
when x1, xp € Bi(z) and, thus, ®(x1, x»; z) must be smooth. Note first the wavefront
set of a Feynman parametrix is,

WF[HFp] = WF[§] U !(xl, ki; x2, ko) € x2(T*RP\Z*RP) | x| # x2, (5.4)

(x1. k1) ~ (x2, —k2), ki € V! if x; € TH(xp). ki € V| if x; € J—(xz)},

where we recall the notation: in denotes, respectively the boundary of the future/past
lightcone at x; (x, k) ~ (y, p) iff points x and y may be joined by a null geodesic y
such that k and p are cotangent and coparallel to y; and Z*RP denotes the zero section
of the cotangent bundle 7*R”. Recall the wavefront set of the §-distribution was given
in (4.4).

We write B = B;\B;. Theorem 8.2.14 of [35] immediately implies the wavefront
set of the bi-distribution (5.3) is bounded by the union of three sets,

WF[O] (5.5)
C (WF'[HF] o WE[Hp]) U (WFB[HF] x (B x {0})) U ((B x {0}) x WEg[HF]).

Here the notation is defined as follows: For any u € D'(RP x RP),

WF'[u] = {(x,k: y, p) | (x, k: y, —p) € WF[ul]} (5.6)
WEFg[u] = {(x, k)| (x, k; y,0) € WF[u] for some y € B}. 5.7)

For any u,v € D’ (RP x RP), the composition of wavefront sets WF'[u] and WF[v]
goes as,

WF'[u] o WF[v] = {(m,kl; x2,k2) | (v, p; x1, k1) € WF'[u] and (y, p; x2, k2) € WF[v],

for some (y, p) € (B x ]RD\{O})}. (5.8)
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The form of the Feynman wavefront set (5.4) immediately implies that,®

WFg[HF] C 9, (5.9)

so nontrivial contributions to the second line of (5.5) could only potentially come from
the set WF'[Hf] o WF[Hf]. We show now this set is empty. Note, for y € BB, we have
(y, p; x1, k1) € WF[HF] and (y, p; x2, k2) € WF[HF] only if all three spacetime
points (y, x1, x3) reside on the same null geodesic. Furthermore, when x{, x, € Bj,
then any y € B must be either to the future or to the past of both x; and x,. Consider
first the case where y is to the future of x1: By (5.4), (y, p; x1, k1) € WF[Hp] only if
pE Vy_. However, when y is to the future of x», then (y, p; x2, k) € WF[HF] only if

pE VyJr . Since Vy_ N V; C @, it follows that, when y is to the future of both points, there
are no nontrivial elements in (5.8). In the case where y lies instead to the past of both
points, one arrives at the same conclusions only with the roles of Vy+ and V™ swapped.
Therefore, when x1, x2 € Bj,

WF'[HFp] o WF[HFE] C @, (5.10)

and, thus, (5.5) implies,
WE[B] C ¢, (5.11)
which is what we sought to show. O

Remark 18. The proof of Proposition 8 would not go through if the Feynman parametrix,
Hp, was replaced by parametrices for the advanced, G 4, or retarded, G g, Green’s func-
tions. In particular, one finds, WF’[GA/R] o WF[G 4/r] = WF[G 4/r], respectively, so
(5.10) would no longer hold. Note also, despite its apparent similarity to ®, Proposition 8
does not apply to the integral on the first line of (5.2) which is not a smooth function
in (x1, x2). In particular, for the result of Proposition 8, it was critical that y ¢ By;
otherwise, it would be possible for y to simultaneously lie to the past of one point and
to the future of the other, while being an element of both (y, p; x1, k1) € WF'[Hfg] and
(y, p; x2, ko) € WF[Hp], in which case, WF[Hp] o WF[Hp] = WF[Hfp] # @ and
(5.10) no longer holds.

Since the second through fifth lines of (5.2) are smooth, we may attempt to drop these
terms and replace that flow relation with

3
WHF(XI,XZ;WZ) = Qu(x1, x2; z:m?; L) (5.12)

E—i/B dPy x(y:z; L) Hp (v, x1: m*) Hp (v, x2; m?).
2

As in the Euclidean case, this replacement will lead to difficulties with scaling behavior
under (1gp, m2) — (k‘znab, A2m2). (As previously mentioned, in a fixed global inertial
coordinate system, this is equivalent torescaling (1., dPy, m?) — (A‘znﬂv, 2~ PaPy,
A2m?).) If this were the only difficulty with (5.12), it could be dealt with in the same
manner as in the Euclidean case. However, a potentially much more serious difficulty

38 In fact, Eq. (5.9) would hold if Hr was replaced with any bi-distribution whose wavefront set contains
only covectors such that ki = —k». Hence, by the discussion above, it holds also for all translationally-invariant
bi-distributions.
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arises from the fact that (5.12) fails to be Poincaré-invariant since there do not exist
Lorentz-invariant functions of compact support,>

X (Ay, Az) # x(y,2). (5.13)

Hence, for a Lorentzian metric, naively dropping the second through fifth lines of (5.2)
would necessarily violate the locality and covariance axiom W1, since this axiom implies
Poincaré invariance in the case of flat spacetime.

It follows from the smoothness of the second through fifth lines of (5.2) for all
X1, X2 € Bi(z) that the failure of (5.12) to be Poincaré-invariant on its own must then
be given by a smooth function of (x1, xp). More precisely, for any x1, x; € B1(z) and
any Poincaré transformation P such that Pxj, Px, € B1(Pz), the quantity

Qu(Px1, Px2; Pz) — Qu(x1, x25 2) (5.14)

is smooth in (x1, x3). Therefore, in parallel with our restoration of desired scaling be-
havior in the Euclidean case, we will restore Poincaré invariance to the flow relation
(5.12) if we can replace €2p on the right-hand side of that equation with a distribution
Q7,5 which satisfies the following two properties:

1. For (x1, x2) € Bi(2),
Qurs(x1, x25 23 m%; L) (5.15)

= Qu(x1, x2; 25 mz; L) — Z
lyil+ly21<8

il Ay, (X)) (X1 — 27 (X2 — 2)72,

where a,,,, = a,,,, are constant tensors that scale almost homogeneously under
(Nap, m?, L) — (A\"2nap, 22m?, A~1 L) with an overall factor of 1(P~9,

2. To asymptotic degree 8§, Q27,5 is asymptotically Poincaré-invariant with respect
to (x1, x2, z). That is, for any Poincaré transformation P such that (Pxy, Px;) €
Bi(Pz),

Qu.s(Px1, Pxa; Pz;m?; L) ~5 Q.6(x1, x2; 23 m?; L), (5.16)

Note it is not required that Q m.s be Poincaré-invariant at asymptotic degrees higher
than 6. Any two Q2 s satisfying these properties may differ, to scaling degree §, by at
most a quantity of the form L(D_4)f(m o(x1,x2), L™20(x1, x2)), where f is a smooth

bi-variate function. Thus, the difference between any two a,,,, and ay1 y 10 (5.15) 1s
necessarily of the form,
Ay yy — @)y, = LP™ 050902 £n%0 (x1, x2), L™ %0 (x1, x2)) R (5.17)
1,X2=

If we can find a distribution & um s satisfying the above two properties, then the flow
relation

9 5
53 He G, 203 m?) ~s Qg 5(x1, x25 2, m?; L), (5.18)

will be Poincaré invariant. This ﬂow relation still fails to scale almost homogeneously
with respect to the metric and m? due to the dependence of Q m.s on L. However, the

39 Note the function used in Euclidean space, ;(L_zo(y, 7)), is Lorentz invariant but not compactly-
supported in Minkowski spacetime, since o (y, z) is zero on the boundary of the entire lightcone of point z.
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unwanted L-dependence can then be eliminated by the same procedure as used in the
Euclidean case treated in Sect.4.2. Thus, we will be able to obtain satisfactory flow
relation if we can find a distribution & M5 satisfying the above two properties. We turn
now to the construction of the tensors a,, ,, in the definition (5.16) of €27 such that Qs
is Poincaré invariant to scaling degree § in the sense of (5.16).

Although we cannot choose the cutoff function x (y, z) to be Lorentz invariant, we
can require that it be invariant under a simultaneous translation of (y, z). In particular,
we can choose a global inertial coordinate system on Minkowski spacetime and take x
to be given by

Xz Lty = ¢ (L7 (o +200) (0 = 2" (v = "), (5.19)

where t" is proportional to the unit time vector field of these coordinates but is required
to remain unit normalized with respect to the metric components under the rescaling
Muv = AN, i.e., under this rescaling, it is required that #, — A~'#,. As in the
Euclidean case, ¢ is a test function and ¢(s) = 1 if |s| < 1 and ¢(z) = 0if |s| > 2. Note
that n,,, +21,1, is a Riemannian metric with components diag(+1, ..., +1) in the chosen
global inertial coordinates, so (5.19) is supported on a D-dimensional coordinate ball of
radius 2L. Equation (5.19) is manifestly translationally invariant under a simultaneous
translation of (y, z). It is also invariant under pure spatial rotations (y, z) — (Ry, Rz)
since (R_lt) u = 1y, but it is not invariant under Lorentz boosts. Note also the cutoff
(5.19) is invariant under the rescaling (145, L) — (A’znab, Pt L) with the coordinate
basis held fixed.

For any translationally-invariant x and any Poincaré transformation P composed of
an arbitrary Lorentz transformation A together with an arbitrary translation, it follows
that,

Qu(Pxy, Pxy; Pz) = Qu(Axy, Axa; Az). (5.20)

Plugging this into (5.16) and using the definition (5.15) of Q. it follows that 2 will
be Poincaré-invariant to the required scaling degree if and only if a,,,, can be found
such that,

Quy(Ax1, Axz; Az) — Qar(x1, x25 2) (5.21)
1 ’ /
~s —— - )" (xy — 2)7? (AylmAyzyz - ‘SV 5V2 )ay/y/,
i lelal<s V172!
where AY, = AM ), ---A“‘lalula‘ with the convention A%, = 1 if |a| = 0. Since

the first line of (5.21) has been shown to be smooth in (x1, x2), it is asymptotic to its
Taylor series. Hence, Taylor expanding the first line and equating the coefficients of
(x1 — 2)V" (x2 — z)?? appearing on both lines, we see that a,,,, must satisfy

[3,(,)1”)3(“) [S2p (Ax1, Axz; Az) — Qur(x1, x2; Z)]]
X1,X2=2

oY o
- (A LA, — 87 8 )aW (5.22)

If Q)7 were itself a smooth function of (x1, x2), then we could trivially satisfy (5.22) by
setting a,,,, equal to the Taylor coefficients of €2,7(x1, x2; z) evaluated at x1, x; = z.
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However, Q) is fundamentally distributional, so it is far from obvious that there exist
A-independent a,,,, satisfying (5.22).

In “Appendix C” we show that (5.22) can always be solved and we obtain explicit
solutions. First, we use a cohomological argument to prove existence of solutions ay, ,
to (5.22). We then obtain the explicit solutions for a,,,, in the cases of rank r = 1, 2,
where r = |y1] + |y2]. The r = 1 solutions are

ayuioy = agoye) = —i f dPy 3 x(y,0) Hr(y, 0)Hr (y, 0). (5.23)

and the r = 2 solutions are*’

Ayv)y = (5.24)
- . - 1 . .
—i/dDyx(y,O) |:auHF(y7O)3uHF()’sO) - BnuvaaHF(y,O)a”HF(y,O)],
and

A(u)H0} = A{o}{(uv)} = (5.25)

. " " S " "
—1 /dDy X()@ O) |:HF()’7 O)aMaUHF(y’ O) - Bn/LVHF(y5 O)azHF(y’ O)} .

Finally, we obtain the recursive solution (C.44) for a,,,, forall r > 2.

With the above solution for a,,,,, we obtain Q s satisfying (5.15) and (5.16). We
thereby obtain the Poincaré-invariant flow relation (5.18). However, as in the Euclidean
case, the flow relation (5.18) is not compatible with the scaling behavior of the Wick
monomials required by the scaling axiom W7. Nevertheless, as in the Euclidean case, we
can obtain a flow relation that remains compatible with Poincaré invariance and satisfies
the desired scaling behavior by replacing €257 s on the right side of (5.18) with

YLy, 325 L) = Y ey (D — )Y (= 9", (5.26)

yil+ly21<é

|

where £ was defined by (4.33) and

L
cm(L)zfo dr’ [am)agz’)ay (SIL1Sm (x1, x2; z,L))] (5.27)

The distribution (5.26) is Poincaré-invariant and is asymptotically independent of L
up to scaling degree §. Moreover, the distribution (5.26) differs from 2); by a smooth
function of (x1, x»). Hence, the distribution (5.26) can be used in a flow relation for
the Feynman parametrix C;O 0o} = HFr which is compatible with all Wick axioms.

Recalling the definition (5.15) of QM and the explicit formulas (4.44)—(4.46) for the
OPE coefficients, the flow relation with (5.26) on the right-hand side can be written in
the form:

40 1y Eqgs. (5.24) and (5.25), it is understood that the subtraction inside the integrand must be performed
prior to evaluatmg the integral, since the individual terms in the integrand contain non-integrable divergences
aty = O i.e., the integrand is well-defined as a distribution in y only when y # 0, but its definition can be
uniquely extended to include the origin.
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d
W(CH)ITO{M)}(XIa X2;2) ™~
i
-3 f dPy LI, 2 L) (Ci)h oy 0o X1 X2 )+ (528)

— Y e (Ca)§yipp) (x10 %2 2),
[C]<é+2

where cc = O unless [C]y = 2, in which case it is given by

cc(L) = £[L]ac(L) + (5.29)

L o [i D - ;
—/0 dL’aL, [E/d y L[Lx(y,0; L") (CH)Tow,zC}(y,z;z)+£[L’]ac(L/)],

for L > 0. The tensors ac are also zero unless [Cly = 2, in which case, they are
inductively defined via (C.44) in terms of

(B)c =i f dy y*9P % (v, 0) (Cr) Y oy (05 05 0). (5.30)

Note, by writing the y-integral in (5.28), we have implicitly (uniquely) extended the OPE
coefficient (CH)ITO{¢2¢¢}(y, Xx1,x2;z) = 2HF(y, x1)Hr (v, x2) to the partial diagonals
y = x1 and y = x» as justified in Remark 17 above.

The inductive solution (C.44) determines ac up to Lorentz-invariant tensors of
the correct rank which scale with an overall factor of A~ under (945, m?, L) —
(A‘znab, Azmz, A_ZL) and depend smoothly on (74, m2). Although the inherent am-
biguities in ac may depend on L, the £-operator and L-integral terms in (5.29) ensure
that only the L-independent parts of ac can contribute non-trivially to c¢c. Therefore, the
only ambiguity in c¢¢ corresponds to the choice of an L-independent tensor in ac that
scales with an overall factor of A(°~% under (Mab, mz) — (k‘znab, Azmz). In odd di-
mensions, there are no tensors that scale in this way and depend smoothly on (17,5, mz),
o ac is unique. In even dimensions, this ambiguity corresponds to freedom to choose
the Taylor coefficients of a Poincaré-invariant smooth function in (x1, x2, m2). We note
also, as discussed in Remark 16, that the conservation constraint (2.36) is automatically
satisfied in flat spacetime.

The flow relation (5.28) for the (unextended) time-ordered OPE coefficient (C ) ITO (60
is the Minkowski spacetime analogue of the Euclidean flow relation (4.47) for the or-
dinary OPE coefficient (C H)é " In both cases, the inherent ambiguity in the flow re-
lation corresponds to a smooth function that is invariant under the respective isometry
group. By Proposition 6, formulas for the (unextended) time-ordered OPE coefficients,
Cg) (Ardy) = To{C fl A, }, for any given Wick prescription are obtained from formulas

for the corresponding non-time-ordered OPE coefficients, C ffl“_ 4,» by simply replac-
ing all occurrences of the Hadamard parametrix H with its corresponding Feynman
parametrix Hr = H (x1, x3) — i A3V (x1, x2). Hence, from the explicit formulas for the
Hadamard normal-ordered OPE coefficients [see (4.5) and (4.14)] and the flow relation
(5.28), we immediately obtain the following theorem giving the flow relations for the
(unextended) time-ordered OPE coefficients (C H)ITO (60} (X1, ..., Xns 2).
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Theorem 7. For any Hadamard parametrix satisfying (5.28), the corresponding OPE
coefficients (CH)§O{¢~.¢} satisfy:

ad
53 CH Ty (K103 ) &
i
-3 / dPy SILIX Y, 25 L) ()Y gy (6 F1 s X3 2) (5.31)
= ec(L) (C)G 5y (K1 - Xn 2,
C

where cc is given by formula (5.29) with the same ambiguities arising from ac.

Note that the inherent ambiguities in these flow relations are in 1-1 correspondence
with the freedom to choose a Hadamard parametrix whose corresponding Hadamard
normal-ordered Wick fields are compatible with axioms W1-WS.

Remark 19. As emphasized in Sect.3.3, the extension of To{®P 4, (x1) - P4, (x,)} to
algebra-valued distributions defined on the diagonals generally introduces additional
“contact-term” ambiguities proportional to §-distributions (and their distributional deriva-

tives). However, the scaling degree of  (x1, . .., x,) is (n — 1) - D, whereas by Theorem 4
the scaling degree of the coefficients C§0{¢...¢}(xlv ..., Xp; 2) appearing in the flow re-

lation (5.31)is n - (D —2)/2. Since n(D —2)/2 is strictly less than (n — 1) D for D > 2,
it follows that there do not exist contact terms with scaling degree less than or equal
to the scaling degree of Cﬁ) (6} By the axioms for time-ordered products in [23,30],

this implies that the extension of the C%O (60} coefficients to the diagonals is unique
and, therefore, it so happens that we could replace Ty with T in formula (5.31) without
introducing additional contact term ambiguities. Note, however, that this does not occur
for the general unextended time-ordered Wick coefficients C 7% {A-A,} DOT, in general,

for the coefficients appearing in the flow relations (1.2) of A¢*-theory.

Relation (5.31) of Theorem 7 applies to the time-ordered OPE coefficients for the
Hadamard normal-ordered Wick fields. However, following the steps outlined below
Theorem 6 of the preceding section, one may straightforwardly obtain flow relations for
the time-ordered OPE coefficients corresponding to any prescription for the Wick fields
satisfying axioms W1-W8&. These relations will similarly take the same general form
as the Hadamard normal-ordered relation (5.31) except there will be additional terms
containing factors of Fy (with k < n) as in relation (4.51) above.

Finally, we note that our derivation of the flow relation (5.31) for general n relied
heavily on our knowledge of the explicit expressions for the time-ordered OPE coef-
ficients of Hadamard normal-ordered Wick fields, since this knowledge enabled us to
obtain (5.31) from the flow relation (5.28) for n = 2 via inspection. However, if the OPE
coefficients with n > 2 had not been related in a simple, known manner to the n = 2
OPE coefficients, we would not have been able to construct covariance-restoring terms
for the n > 2 case using the techniques described in this section. In “Appendix E”, we
develop a general method for constructing covariance-restoring counterterms based on
the model-independent associativity conditions that can be applied to the n > 2 case
and show that this general algorithm reproduces the results claimed here.
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6. Flow Relations for OPE Coefficients in Curved Spacetime

In this section, we obtain flow relations for the unextended time-ordered Wick OPE coef-
ficients in general globally-hyperbolic Lorentzian spacetimes (M, g,5) in any dimension
D > 2. As in the preceding Minkowski section, we focus attention initially to the flow
relation for the time-ordered OPE coefficient (C H)ITO (6o} = Hp(x1, x2; m?; &), since the
flow relations for other time-ordered Wick OPE coefficients may be straightforwardly
obtained once the flow relation for (C H)IT0 (60 is known.

In curved spacetime, any Feynman parametrix Hp used for the construction of
(c H)’T0 (60 is required to be locally and covariantly defined and have (jointly) smooth

dependence on the coupling parameters (m?, £). As already noted in Proposition 6, the
relation between Hr and a Hadamard parametrix H [see (2.26)] is given by

Hrp(x1, xy) = H(x1, x2) — i A (x1, x2), (6.1)

with A2 denoting the advanced Green’s function. Since the forms of H and Hy depend
on the squared geodesic distance function o (x1, x2), these parametrices are well defined
only in convex normal neighborhoods. The Feynman parametrix is a fundamental solu-
tion to the Klein—Gordon equation

(—g*V,V, + m* + ER)Hp (x1, x2: m?; €) ~ —i8(x1, x2) + smooth terms. (6.2)

Furthermore, in curved spacetime, the wavefront set of Hr continues to be of the form*!
(x1, k; x2, —k) [28]. In particular, when smeared in either of its spacetime variables with
a test function f of sufficiently small compact support, Hr (y, f) is a smooth function
in y within a convex normal neighborhood of the support of f.

The above properties of Hr were all that were needed to obtain the initial flow
relation (5.12) in Minkowski spacetime, so we can parallel these steps to derive a similar
flow relation in any any globally-hyperbolic curved spacetime (M, g,5). To do so, let
U, C M be a convex normal neighborhood of the point z € M. It is convenient to work
in a Riemannian normal coordinate (RNC) system about z. A RNC system is constructed
by introducing an orthonormal basis (i.e., “tetrad”) for T, M,

{(eﬂ)“ ET.M|pef0,....D— 1} and gap(en)(er)? = mw} . 6.3)

The tetrad allows us to identify 7, M with R”. We then use the exponential map—which
maps v* € T;M into the point in M lying at unit affine parameter along the geodesic
determined by (z, v¥)—to provide a diffeomorphism between U, and a neighborhood
Uy of the origin of RP. This correspondence provides coordinates x* on U,. We denote
by t* the RNC components of the timelike vector at z that is proportional to (eg)* but
required to remain unit-normalized with respect to the metric components under the
rescaling g, — A_zg,w, i.e., under this rescaling, it is required that #, — A‘ltﬂ. Let
¢ € C°(R) again denote a test function that is equal to one for |s| < 1 and vanishes for
|s| > 2. We then define a cutoff function on U, by,

XL 1 LI 0) = ¢ (L7 (810 ©) + 261, ) 3" ). (6.4)

41 Replacing RP with M in the Minkowski formula (5.4) gives the explicit wavefront set of Hf in a curved
spacetime.
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where L is chosen such that the coordinate ball of radius 2L lies within U,. Here
yH* denotes the RNC values of y and we have denoted z by its RNC value 0. Note
that the cutoff function (6.4) is invariant under the simultaneous rescaling (g.», L) —
(A"2gap, A~ 1 L) with the RNC coordinate basis held fixed.

With these definitions and constructions, we can now straightforwardly generalize
the derivation of (5.12) to curved spacetime. We obtain

S5 Hrlgu) (1, 1) ~ Qclgun fu, L1001, x2; 0) + terms smooth in (xy, x2), (6.5)

where

Qclgus tu, L1, f2:0) (6.6)

=—i /RD dPy/—g () x1guvs tu, L1(v; 0) Hrlgwl(y, fHF[guw](, f2).

In curved spacetime, the parameter & enters the Klein—-Gordon equation in a nontrivial
manner and we also seek a flow equation in &. Using the fact that the commutator of the
differential operator d¢ = 9/0& with the Klein—Gordon operator (2.3) is given by

[K, 1= —RI. (6.7)
we can similarly derive the £-flow equation
a
%HF[g/w](xl s x2; §) (6.8)

~ - fRD dPy/—gMx (v, DR HFIuw] (v, x13 &) HF[,0] (v, X2; &) + smooth.

Note that the integral in the second line vanishes unless the scalar curvature is nonzero.
Since the analysis of the flow relations (6.5) and (6.8) are essentially identical, in the
following we will focus attention on only the m2-flow relation (6.5), it being understood
that (6.8) can be analyzed in a completely parallel manner, with the minor differences
described in Remark 20 below Theorem 8.

If we attempt to drop the smooth terms and use (6.5) as our flow equation we will
encounter three major difficulties: (i) Since the quantity Q¢ is defined in (6.6) by an
integral over a finite spacetime region, 2¢ depends nonlocally on the metric, which is
not compatible with axiom W1. (ii) On account of the presence of the cutoff function
X, S2¢ is not covariantly defined, which also is not compatible with axiom W1. (iii) On
account of the cutoff scale L presentin y, the scaling dependence of the OPE coefficients
will not be compatible with axiom W7. As we shall now show, these difficulties can be
overcome by suitably modifying the flow relation (6.5). Specifically, difficulty (i) can be
overcome by replacing (6.6) with a similar expression involving the Taylor coefficients
of the metric in an expansion about z rather than the metric itself. Difficulty (ii) then can
be overcome by a generalization of the procedure used to restore Lorentz invariance in
Minkowski spacetime. Finally, difficulty (iii) can be overcome by the same procedure
as used for the Euclidean and Minkowski flow relations. We now discuss, in turn, these
difficulties and their resolutions.

(i) Locality
As already indicated above, the key idea needed to convert (6.6) into an expression
that depends only on the metric in an arbitrarily small neighborhood of z is to replace the
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metric by its Taylor approximation about z, carried to sufficiently high order. To scaling
degree &, the RNC components of the metric are asymptotically equivalent to its Taylor
polynomial about the origin,

N

! 0 guy (x)
8uv(x) ~s gLNv) x) = Z —xO ... xOk Hv

—_— 6.9
= k! 0x%l .- 9x% | . _5 69

1 - 1 -
=N + ng,(p(O)x"xp — EVUR,w,(p(O)x”x”x‘7 +.e,

provided that we take N > §. As indicated by the second line of (6.9), the Taylor
coefficients are expressible entirely in terms of the Riemann curvature tensor and its
totally-symmetric covariant derivatives evaluated at the origin.*> For sufficiently large
x", the Taylor polynomial g,%) (x) need not define a Lorentz metric. However, we can
choose L sufficiently small that | g,(f,\,l) — nuv| < 1 within a coordinate ball of radius 2L,
so that gw) (x) is a Lorentz metric wherever x is nonvanishing.

To proceed, we perform an expansion of Qc[g,v, t,, L] about g, = 1, as a power
series in the (symmetrized) covariant derivatives of the Riemann curvature tensor. This
curvature expansion as well as the precise bound on the scaling degree of its non-smooth

terms is derived in “Appendix D”. This expansion also will be needed for our construction
of covariance-restoring counterterms below. The expansion takes the form*3

Qclguvs tu, L1(f1, f2; 0)

§+D—4 k—2
- VZ
s Z Z(Qﬁ){u”ﬂk—ﬂ[nuv’ Ty, L](flv f2; 0) 1_[ I:Ruvxp;(al-naj)(o):l ! +
k=0 pi Jj=0
+ smooth terms, (6.10)

where “smooth” refers to the behavior in x| and x prior to smearing [cf. formula (6.14)
of Proposition 9 below]. Here we have defined,

Q@)W 1, LI, f230) (6.11)

_ 9PQclg, ty, LICA, £ 0)
aro R;wlcp (0) s QP2 Rp,UKp;(al---ok_z) (0)

k
g)(w):np.v

where g,(LkU) denotes the kth-order polynomial metric (6.9) computed from g, and P =

Z";;(z) pj-In(6.10) the Pr-sumruns over all non-negative integers py = (po, . . ., DPk—2))
such that

2p0+3p1+---+kp(k_2)=k. (6.12)

Note (6.11) are tensor-valued distributions defined on a neighborhood of the origin in
flat Minkowski spacetime, (N, nuv). Hence, all of the curvature dependence of the
explicit terms in the curvature expansion (6.10) for Q¢ comes through a finite product
of curvature tensors evaluated at the origin. Note the derivatives in (6.11) with respect

42 This follows from a close relative [42, see Lemma 2.1] of the “Thomas replacement theorem” [43].

43 To avoid overly cumbersome notation involving multiple subscripts on spacetime indices, we have im-
plicitly re-used some Greek letters in (6.10), but the intended summations should be clear from context.
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to curvature tensors are well-defined because the smeared distribution ¢ is a smooth
function of the metric and the polynomial metric g,(fv) is a smooth function of finitely-
many curvature tensors evaluated at the origin:

gR) (1) = ¢ 1, Ruvo 0. Vo Ryunip(0), - .., Vioy - Vo) Ruviep (0)].
(6.13)

The resultneeded to effectively replace g, with g,(ﬁ,’) in (6.6) is given in the following
proposition:

Proposition 9. Let Hr be a local and covariant Feynman parametrix which scales al-
most homogeneously with an overall factor of AP~ under (8uvs m?) — ()Fzgw,, A2m?)
and which depends smoothly on m?. Let Q¢ be given by (6.6). Then forall N > §+D —4,
we have

Qclguv. tus L10x1, x2:0) ~5 Qclg), 1. L1(x1, x2; 0) + terms smooth in (x1, x2).

(6.14)

Proof. The proposition can be deduced from the curvature expansion (6.10) for Q¢
as follows: Note the maximum number of covariant derivatives of R, appearing
in the curvature expansion (6.10) is 6 + D — 6. Consider first the special case that

g = g,(f:) for arbitrary, but finite, integer P. We want to determine the smallest integer

N < P such that the relation (6.14) of the proposition holds. Since both g, and

g,(f\‘f) are themselves polynomial metrics of the form (6.9), it follows immediately that

their respective polynomial approximations, gl(fv) [g,v] and g,(Lk,,) [g,(f:f)], are identical for

any k < N and, thus, all the coefficients (6.11) of the curvature expansion computed
from their respective polynomial approximations are identical so long as the number of
covariant derivatives in g,(ﬁ) isatleast§ + D — 6 (i.e.,if N —2 > § + D — 6). Since
their respective curvature expansions (6.10) are thus identical for N > § + D — 4, this
then implies the claimed relation (6.14) holds for the special case that g, = g,(f,). To
extend the proof of relation (6.14) to arbitrary smooth metrics g,., we use the fact [39,
see proof of Theorem 4.1] that it is always possible to define a 1-parameter family of
metrics /i, (x; p) which depend smoothly on p in a neighborhood of p = 0 and such
that: i) For any fixed p # 0, hy,(x; p) is a polynomial metric of finite order and ii)
hyuw(x; p = 0) = guv. The proposition has already been established for 4, (x; p) when
p # 0 since these are polynomial metrics, so compatibility with the smoothness axiom
W2 then implies the proposition must hold also for p = 0. O

Our provisional proposal is to replace (6.5) with

d -
S Helgu (o, x2) ~5 Qelgin)s tu, L1, 123 0), (6.15)

where N > §+ D —4. The distribution Qc[g,(ﬁ), t,., L] appearing on the right-hand side
of (6.15) is manifestly local with respect to the original spacetime (M, g,»), since the
only dependence of g,(f\‘f) on the spacetime curvature comes through a finite number of
local curvature tensors evaluated at z [see (6.9)]. Thus, the flow equation (6.15) is now
local in the spacetime metric. However, it fails to be covariant. We turn now to making
a further modification of (6.15) to restore covariance.
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(ii) Covariance
The distribution Qc[g,(ﬁ,), 1, L] appearing in (6.15) fails to be covariant because the
cutoff function, y, depends upon a choice of the unit timelike co-vector #,, at z, which is
not determined by the metric. However, any two normalized timelike co-vectors 7, and
t//l at z are related via a restricted Lorentz transformation A € EI,
I __ AV _ =1y v, _—_ -1
=N, 0, =7, 1, =1

- (6.16)

Thus, in order to obtain a covariant flow relation, we seek to modify the flow relations
by the addition of smooth locally-constructed “counterterms” that compensate for the
failure of Qc[g,(ﬁ,,), t,., L] to be invariant under Lorentz transformations of #,.

The dependence of Qc[g,(fg), t., L] on Lorentz transformations of ¢, is quantified
by the distribution,

0clg™N), ty. L1(x1, x2:0; A7) (6.17)
= Qclg. (A", L)(x1, %21 0) — Qclg). 1,0, L1(x1, x2: 0)

= / [x[gﬂu>,zu,L](Ay,0>—x[gw ,t,L,L](y;(»] Helg W1y, x) Hr [N 1(y, x2),
y

where [ = [,,dPy/—g™)(y). By the same arguments as given for quantity Oy
in Minkowski spacetime [see Eq. (C.3)], the quantity Q¢ has smooth dependence on
(x1, x2). In Minkowski spacetime, the Taylor coefficients, @ ,,(A~") = 8(x')8(x2)Q M
(x1,x0;2; A~ )|x1,x2=m of Oy (xy, x5 2 A~ 1) were shown to satisfy (C.9). The exis-
tence of the desired counterterms in the flow relations was then established by coho-
mological arguments. However, in curved spacetime, the Taylor coefficients of Q¢ do
not satisfy (C.9) for the simple reason that the curved metric g,(ﬁ) given by (6.9) is not
invariant under Lorentz transformations.

Nevertheless, we can use the curvature expansion (6.10) for Qc[gl(ﬁ), ty, L] and
consider the behavior under Lorentz transformations of the coefficients (2 ,;){“"'”k—z}
[7,0, 1,0, L] appearing in that expansion [see (6.11)]. We write

() Mt Ly A7 = ()7 Iaws (A7 10 L1 = (25) v 0, L1, (6.18)

where we use the multi-index notation y = {u - - - 0x—3}. For notational convenience, we
will suppress the p-subscripts in the following and write the left side of (6.18) simply as
Q7. Since QY is smooth, its asymptotic behavior is determined by its Taylor coefficients,

Q7 (A1) = 85802 07 (xy, xp; 0; A7) (6.19)

X1,X2=
The crucial point is that the Taylor coefficients (6.19) depend only on 7., not the

spacetime metric gw)—all of the dependence on the spacetime metric in the curvature
expansion (6.10) appears in the curvature factors, notin (£25). Consequently, we obtain,

0%, (A1A2) — Q% (A1)
=[085 [P 1(A 1 A20), 101, 225 0) — QP I(A10),1(x1, 225 0) |

xl,xzza

= (A7 [05005 [ @710 (AT 31, AT 23 §) +
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- AT L AT D]
x1,x2=0

= (A (A1), (A1, 0% 1 1 (A), (6.20)

where the second equality follows from the identity:

Qg (A7) L1Gx1, x2:0) = (A™HY QY g, 1, LI(Ax1, Ax2; 0), (6.21)

where we have used the fact that HF[(Ag)LNU)](Ay, Ax) = Hp[g,(ﬁ)](y, x), with

ANy = A, A, 2N (A1) (6.22)

7Y vy

Equation (6.20) is a close analogue of Eq. (C.9). Writing Q~(A) = (QI;)V3),1 n(A), we
see that (6.20) corresponds to the cohomological identity

OQc(A) + DA Qc(A2) — Qc(A1A2) =0, (6.23)

see (C.14). By the same arguments as given in Proposition 10 of “Appendix C”, it follows
that there exist tensors @ = (aj3)"?,,,, such that

Oc(A) =(DA) —Da. (6.24)

We now can restore covariance to the curved spacetime flow equations in close
parallel with the procedure we used to restore Lorentz covariance to the Minkowski
flow equations. Let a = (a3)”3,,,, denote the solutions to (6.24). Let

s+D—4

any = Y DY RNy @)@y, (6.25)
k=0 p ¥
with the p = (po, p1, ..., Pr—2) sum running over (6.12). Here we have abbreviated
the product of curvature tensors appearing in the curvature expansion by writing
k=2 s
D = = J
RO guvepion-o©) = [ [ Rpitorap @] (6.26)
j=0

Now replace Qclg'), 7, L1(x1, x2; 0) in (6.15) with
ﬁc[gfﬁ), tu, L1(x1, x2; 0) (6.27)

- l
= Qclgl) 1w, LI, 13 0) = D" ——aynle), e, LI}
I +pml<s Y1V

Then, to scaling degree §, Qc is independent of the choice of unit-normalized timelike
t,, and differs from Q¢ by a smooth function of (x1, x2) with the same scaling behavior
as Q¢. Thus, the flow relation

a ~ o
Sz Hrlgu 100, x2) ~ Qclg). tu. L1(x1, x2: 0), (6.28)
is both local and covariant in the metric. However, it does not have the required scaling
behavior, so we will make a further modification to this flow relation in the “scaling”
paragraph below.
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Finally, we note that we can obtain a recursive formula for a by the same procedure
as in the Minkowski case discussed in Appendix C. Define

— ; — — ylegel
B = (B*)",,,, = =297, [x = y*9”x], (6.29)
with @ nplx = yl€9P1x 1 denoting the Taylor coefficients of the smooth function,
QP [x = y* 0 x1(x1, x2: 0). (6.30)

(Smoothness of (6.30) in (x1, x7) is guaranteed by the fact that 3&) x(y, 6) vanishes in

a neighborhood of y = 6.) Then for any infinitesimal restricted Lorentz transformation
Ag, we have

Qc (M) = =0, B + O(67). (6.31)
The analysis of “Appendix C” then implies that

k

1
&= Z 7L —Lyp B +4'Z N ija | (6.32)
J=1 i<j<n
E£0

with the notation defined in “Appendix C”, where we have lowered all indices on the
tensors so that all tensors in (6.32) are of type (0, |y1| + |y2| + |y3]). As explained in
“Appendix C”, Eq.(6.32) determines higher rank coefficients (a3)"?,,,, inductively in
terms of the equations for the lowest nontrivial ranks with a given symmetry. When
p= 0, the coefficients (ap)?3y,y, coincide with those appearing in the Minkowski flow
relations: i.e., (ag)"3y,y, = ay,y,, whose rank r = |y1| + |y2| = 0, 1,2 cases were

stated explicitly in the appendix. When p # 0, the explicit lower-rank cases can be
straightforwardly obtained using the methods of the appendix. For this purpose, it is
worth noting the (a3)”3,,,, coefficients have the same symmetries as the Minkowski
coefficients a,, ,, in the lower multi-indices (and their respective spacetime indices y; =
{1 ---mpl, y2 = {v1---vg}). However, the symmetries of the upper spacetime indices
in (a3)"?,,,, are dictated by the curvature tensors (6.26).

Under the rescaling

(v, dPy, m* L) — 2,0, A PdPy, 22m?, 2711, (6.33)

the inductive solutions (6.32) for (a 15k)y3 yy» Will scale in the manner required for fZC
to have the same scaling behavior as Q.

(iii) Scaling

The flow equation (6.28) is local and covariant and scales almost homogeneously with
the correct power of A under (g, m2, L) — ()ﬁzg,w, 22m2, )flL). However, on
account of the nontrivial L dependence, we do not have the required almost homogeneous
scaling under (g,.p, m?) — (A~2g,, A2m?). This is the same difficulty as occurred in
the Euclidean and Minkowski cases, and it can be overcome by further modifying the
flow relation in the same manner as for those cases. Specifically, we replace the flow
relation (6.28) with
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d
WHF[gW](M,xz)

~ ~ 1
~s SILIQC (e, x5 0 L) = Y ey (DY, (6.34)
il+al<s V1Y

where £ was defined by (4.33) and where, for L > 0,

(L) =D Y (RP),,(0) [S[Lka,;)”m (L) + (6.35)
K p
L ‘ 9
+ /0 dL’ [mm [x = o (QIL'10)] - 5 (s[L/](a,;)Vﬁm(L/))H

The flow relation (6.34) is local and covariant and has the proper scaling under (g, , m?) —
()Fzgw, Azmz).

Using the definition (6.27) of ch and the relations (4.44)—(4.46), we may rewrite
(6.34) in terms of the OPE coefficients:

9 .
53 CH) Ty (1, %25 0)

i " ,
~5 —5/\/ M) LILIX (), 05 L) (CH gy goggy 05 X1, 22, 00+ (6.36)

— Y cclg) .t LICH)S 14y (31, x2: 0),
[C]<é+2

where N > § + D — 4. Here we have

L L Rl
cc=Y Y (R, 0 [z[Lua,;)Vc(L) - /0 dL' 5 (SILap) ¢ (L) (6.37)

ko pr

A B /L dL// 0 (S[L/]X(y 0; L/)) cl ., (v.0;0)
2 (aﬁR)y((’)) o y oL’ » To{p>C) N B ’
v =Ny
with the k and p; sums taken as in the curvature expansion (6.10) and we have abbreviated
S, =dPyy/=g®(y) and,
(apR){lL“ﬂkfz} = apORHVK,Oapl Ryviepso -+ ark=2 Ryivicp;(o1-01-2)- (6.38)

It is required that (aﬁ)yc = O unless [C]y = 2. For [C]y = 2, the tensors (al;)yc are
given via the inductive formula (6.32) with,

(B3 ¢ = (6.39)
arf = - o
i f/dl)y\/ —g® ) y*0 X (v, 0; L) (Ci)y g0y (05 05 0)
(9P R)y (0)

Formula (6.32) determines (a 5)’/C up to Lorentz-invariant tensors that depend smoothly
on (1, m?2, &) and that scale with the same overall factor of 1 as " ¢ under the rescaling

k
g;(u?:nu,v
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(6.33). As in the Minkowski case, the £-operator and L-integral terms in (6.37) ensure
that only the L-independent terms in (a ﬁ)yc can contribute to cc. Therefore, the only
ambiguity in ¢c corresponds to the choice of an L-independent Lorentz-invariant tensor
in (a,;)yc that scales with the same overall factor of A as ch under (1, m?) —
(A’znw, A2m2). In odd dimensions, there are no tensors that scale in this way and
depend smoothly on (1, m?) so (aI;)yC is unique and, thus, cc has no ambiguities.
In even dimensions, (a [;)y ¢ 1s not unique and this yields the freedom in cc to choose

a local and covariant smooth function in (x1, x2, g;};’), m2, &). In curved spacetime,
compatibility with the Leibniz axiom W4 places additional constraints on the allowed
choices of c¢ and, in even dimensional curved spacetimes with D > 2, there is an
additional constraint coming from the conservation axiom W8. These constraints can
always be (non-uniquely) satisfied and, for c¢ satisfying these conditions, the remaining
ambiguities in (6.36) are in 1-1 correspondence with the freedom to choose a Hadamard
parametrix whose corresponding Hadamard normal-ordered Wick fields are compatible
with axioms W1-W8.

By the same reasoning that led to Theorems 6 and 7, the flow relation Eq. (6.36)
together with the explicit formulas for the unextended time-ordered OPE coefficients
of the Hadamard normal-ordered Wick fields imply flow relations for (C H)ITO {poip)> AS
expressed by the following theorem:

Theorem 8. Forany construction of the Wick monomials by Hadamard normal ordering,
we have

d -
3 Cr)y(pg) F15 - X3 0)

i - -
~ —E/dDy\/—g(M(y) SILIX (. 0: L) (CH) g2y Vs X1 - s X 0)

= > eclgN s LICH)G gy 1. - - X 0), (6.40)
C

with cc defined in (6.37).

As was the case in the flat spacetime case, the ambiguities in these flow relations are
in 1-1 correspondence with the freedom to choose H. The flow relations for general
prescriptions for the Wick fields may straightforwardly obtained from (6.40) in the
manner discussed below Theorem 6.

Remark 20. The derivation of L-independent local and covariant flow relations with
respect to the curvature-coupling parameter & proceeds essentially identically as the one
presented here for m?. The & flow relations are of the same form as (6.40) with the

substitutions m?> — & and dPy — dPyR(y). Of course, locality requires the Ricci

scalar curvature, R, must be computed using the polynomial metric g,(ﬁ) rather than
guv- Note also & is dimensionless and the Ricci scalar curvature scales as R[)\ 2 gff,\)])] =

)LZR[g,(ﬁf)] so the & flow relations scale with an overall extra power of A2 relative to the
m? flow relations.
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Appendix A Existence of Hadamard Parametrix Satisfying the Conservation Con-
straint

In this appendix, we prove that there exists Q(xi, x2) satisfying (2.33) for D > 2.
Abbreviate Qg(y) = Q(y, y) and

Qur(») = [VEVVEP 0 )| (A

X1,X02=Y

It is straightforward to show that

1 1
[vlgmgsz(xl, xz)] ==V 0pa+ 5V 0% + 5(m2 +ER)V Q0. (A2)

X1,X2=Y

with 97, = g“b Q.- Hence, the conservation condition (2.33) is equivalent to:

VO + V)07 + 2 (mE 4 ER)V 00 = — D) [Ke H(x1. x2)]
a ) b a ) b0 = 2(D+2) b X2 1, A2

xp,x2=y’

(A.3)

where we have used (2.32). Equation (A.3) is solved (non-uniquely) for D > 2 by setting
Qo(y) =0 and

D
Qupr(y) = 7 — 48 [KxH (x1, x2)]
To see that there exists a smooth function Q(x1, x) with these properties, we first
note one can always obtain a smooth function f(xy, xz; y) with arbitrarily-specified
covariant derivatives evaluated at x1, x, = y, by the construction described in the proof
of Proposition 1. Thus, we may arrange that f(y, y; y) = 0 and

(A4)

Xp,x2=y "

D
VOOV £ (x1, x03 V) mamy = — <5 ab [ K H(x1, x2)]

3 (A.5)

xy,x=y’

while requiring f and its derivatives at x1, x = y to depend smoothly on (mz, &) and
scale almost homogeneously. Moreover, this construction implies

VIV F (1,323 Yy ip=y =0, forall |B] > 0, (A.6)

and, thus, the “germ” of f at x1, xo = y is independent of y. Hence, we may con-
struct a y-independent smooth bi-variate Q satisfying (2.33) and (2.34) which depends
symmetrically on (x1, x2) via:

1 1
O(x1,x) = zf(xl,xz;x1)+Ef(xl,xz;xz)- (A7)
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Appendix B Proofs for Sect. 3.2
We collect here proofs to the theorem and propositions contained in Sect. 3.2

Sketch of proof for Theorem 4. The manipulations leading to (3.40) establish OPEs are
preserved under field redefinitions, so the existence of the OPE for general Wick pre-
scriptions follows from the existence of an OPE for Hadamard normal-ordered Wick
fields (see Theorem 2 in Sect. 3.1). Moreover, the scaling degree of the OPE coefficients
are unaffected by the field redefinitions. We now argue the associativity conditions are
also preserved under field redefinitions. For notational simplicity, we give the argument
for an OPE involving three spacetime points with the merger tree 7 corresponding to x|
and x, approaching each other faster than x3. The argument can then be straightforwardly
generalized to n-point OPEs with arbitrary merger trees. From (3.40), we have,

Cf1A2A3(x1,xz,x3; 2) (B.1)

~ Y 28 @E O EDETHE ) ETHE 63 (Cr)Epye, (1 x2, X35 2).
Co,...,C3

The associativity condition for Hadamard normal-ordered OPE coefficients implies the
coefficient in the second line can be expanded as

(C)E ey, (X1, X2, X3 2)
~T5 Y (Cr)ele, (61, x2: D)C)$ e, (@ x3: 2) (B.2)
D
= [Z 252@)(2‘)2‘(5)} (Cr)&e, 1. 22 N CH) P o, (@ 231 2),
Di1,D> E

where, in going to the final line, we have used the identity:

Y z2h @ ETHE ) =8p). (B.3)
E

Plugging (B.3) back into (B.2) and rearranging summations, we find then,

B .
Ca aya, (X1, X2, X352) ~T 5

Yoo YD 25 E O aNEHE (€, (1 x2: 2) | x
E _Dz,C],Cz

x| Y 2 @E HPE HEEC Y@ x| (B4
| Co0.D1.C3

By (3.40), this is equivalent to,

B . E . B .
CR s (1.2, x3:2) ~75 Y CH (1 x0i 2)CE L (2 x3i2). (BS)
E

All other associativity conditions, including (3.36), for general prescriptions of the Wick
powers may similarly be established using the corresponding associativity conditions
for Hadamard normal-ordered OPE coefficients and the identity (B.3). O
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Sketch of proof for Proposition 3. The proof makes use of the relationship (3.40) be-
tween the general Wick OPE coefficients and the Hadamard normal-ordered coefficients,
the identity (3.32) for the Hadamard OPE coefficients established in Proposition 2, and
the recursion relation (2.50) satisfied by the mixing matrix Zf. By (3.40) and (3.32),
we have for any p < m = [B]y,

Choa = [@1)511...(31)5; x (B.6)

Ci,ees Cp

—1
k ( y1¢ Y ¢) V( +1)¢ k¢)
D DD 3] (4 I IR

{P1,P2}eP)(Sc) k=m

()
Now, inserting the recursion relation (2.50) for the mixing matrix,
B B1-Bm k m B Bi . ﬁp ﬂ(p+l)“'/5m
Z <Yk T ZVI"')/k - <p> (p) 8()/1 8]/17 Z)/(p+1>~~-y1<)’ (B.7)
into the underbraced factor immediately yields:
m (Vﬂ ‘7’ Vep D) S B(p+1yBm Mypany @ Vi )
(a) = ( p ) Crderter 7 Znhyn Crderlcy - (BY
Plugging this back into (B.6) gives,
~1
B ([ m Bp+1) - Bm
Chou = (p) %;[ZCOP x (B.9)

Z EHYEhe Y ety T end. }

..... {PI,PZ]E,PI)(SC)

(b)
Recalling the definition of P, (S) above Eq. (3.30), one may use the recursion relation

(2.50) for the inverse mixing matrices in a similar manner (as with Zfl ..., inthe (a)-term
above) to rewrite the underbraced term:

Ci Q% ¢ Vy, &) _1.Cf
OEEED DR R (C) Lo TTED (2T )A//(CH)C// o
{Pl»PZ}GPp(SA)

Yk

(B.10)

where we note that the sum in (B.10) is now taken over elements of P, (S, ) rather than
Pp(Sc). Finally, inserting this back into (B.9) yields,

-1
m 8% ¢ % ¢)
CBoa = ( p) > [emy (B.11)
{P1, PZ}EPP(SA)

x Y @EhgeE 1>A,,Z’3(”*” emd el
Cy.CY,nCy

which, by Eqgs. (3.41) and (3.40), is equivalent to formula (3.32) with the H-subscripts
removed. |
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Proof of Proposition 4. The proof of (3.43) is based on the associativity conditions
(3.36) and the behavior of the Wick OPE coefficients C g_ ¢ (x1, ..., Xxy; z) on the total
diagonal when [B], = n. As established in Theorem 4, the associativity conditions hold
for general prescriptions for the Wick powers. In particular, for the class of merger trees
T such that y; — x; at a faster rate than x; — z, we have, cf. formula (3.36),

C(qu(;l’ cee in; Z)

C ind CH 4
~T.s Cyl g x) - Cyl G Xa)CE, o, (1, .., 03 2),  (B12)
Ci,...,Cy

with the summations carried to a sufficiently high, but finite, order. As we shall see, for
our purposes, it is sufficient to include only [C;] < [A;] for all 7.

We note the OPE coefficients ngi__¢(§i; x;) vanish unless [C;ly < k; = [A;]y for all i.
useful to rearrange (B.12), putting all terms such that [C;] = k; for all i on one side:

C > Cy >
Yoo Y gl G Cyl G x)CE e, (1 X 2)
[Cilp=[A1ly  [Cal=[Anly
~75 Ch o sGlue i) + (B.13)
_ Z Z S Grix)) - CS" Gz x0)CE .
¢\ V15 x1) ¢...¢(yn» Xn) Ci-Cy (X1, .0y Xn3 2).

[Cilg<[Atlg  [Culp<[Anlg

We now note the limiting behavior of the coefficients:

lim €yl (it x) = (B.14)

Yi—>Xi

1 [Ci]l=I[Cilp =ki
0 [C,’] > k,'

The second case follows from the fact that C(g_i__ o (¥i; x;) has negative scaling degree
when [C;] > k; by (3.5). The first case follows from the fact that, when [C;]y = k;, the

Cg_"“ o (yi; x;) are given by geometric factors (3.41) and these factors satisfy:

(B.15)

. I |8l=0
lim §# (y; x) = :
Jim S70:0) {0 18] > 0

because limy_, Vé’y)o (y; x) = 0. Evaluating the proposed limit of (B.13), using (B.14),
we then find:

C(fkl...qskn (X1, eeey X5 2)

— lim --- lim [cg,dj(yl,...,;n;zn (B.16)
Yi—Xx1 Yn—>Xn
_ Z Z ' Grix) - CS (G x)CE L (x Xn: 2)
¢ Y15 X1 ¢ s X))oy, X1 - Xn3 2)
[C11<[A1] [Ch1<[An]
[Cilp<[A1lgp [Chlp<[Anlyp

This establishes formula (3.43) for the OPE coefficients involving products of Wick
powers with no derivatives. To obtain the general case, apply the derivative operator
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V&f}}i . V&EZ::; to both sides of relation (B.13) and take the limits y; — x; for all i,

using the identity:
. Vi (Yi,ki) C; -
ﬂllm Z V(z,':ll)) e v‘)‘(i‘kl‘) C¢¢ (yls xi)Cgl...Ci...Cn (-xl’ ey Xns Z)
s
T Cp=1A
=C8, g, (X1 X3 ), (B.17)

which follows, in turn, from the identity (2.60) for the covariant derivative acting on any
scalar field.

Note, in our derivation, no assumption has been made about the rate x, ..., x,
approach each other in (B.12), so the resulting formula (3.43) is valid under arbitrary
merger trees for these points. O

Proof of Proposition 5. Using Wick’s theorem (2.8), we find:

d(x1)P(x2) - - P (xn) (B.18)
ln/2]

=Y D Ho) Xo@) - HXo k-1 Xo20) © ¢ (KXo @ks1) - (Ko () :H)
k=0 ox

where oy runs over the same permutations as in formula (3.48). Putting all terms on the
right-hand side and smearing with the test distribution t,,1 € &' (x ™V M, g.p,) defined
in Eq. (2.29) then yields:

0:/ f“l"'“na(z,xl,...,x,,)vg;”---v;jn>[¢(xl)---¢(xn)+ (B.19)

Ln/2]

- Z ZH(xa(l),xaa))~-~H(xa(2k71),xa(2k)) x
k=0 ok

x §Pa+1 (Xo (k41 2) - - - S§Pn (Yo (m); D) (Vg & -+ - V/S,,¢)H(Z)]s

with implied summations over 8 multi-indices. Note only finitely-many terms con-
tribute non-trivially to the sum. In writing (B.19), we have used the definition (2.28)
of the Hadamard normal-ordered Wick fields. We may now use formula (2.70) to write
(Vg ¢ ---Vp, d)p in terms of (Vg ¢ --- Vg, ¢) and the smooth functions Fj<,. Plug-
ging this into (B.19), one can then use the explicit expression (3.48) for the Wick OPE
coefficients C (g oo write (B.19) as:

0 =/ f“""“"a(z,xl,...,xnwsjl’---Vé,i">[¢(x1)-~-¢<xn)+ (B.20)
2, X 5ees X

- Z Z Cé"'(ﬁ(x”(m‘*'l)’ <o Xr(n)s 7) X

m=n gell,

X SPU(xr(1y; 2) - SPM (X (my; 2) (Vg - - Vﬂm¢)(z)},

with IT,, and fz P defined as in (3.49). Note again there are implied finite sums
over B multi-indices. Note the m = n term in the sum yields:
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=8z, X1y x) VISP Gy 2) - VISP (x5 2) (V00 Vi, 8)

=—(Vg, ¢+ Vqy, ), (B.21)
using the identity (2.60). Moving this term to the left-hand side of (B.20), then gives the
equation (3.49) we sought to show. O

Appendix C Construction of ay, ,, for Lorentz-Covariance-Restoring Terms

The goal of this appendix is construct A-independent @ = a,,,, such that (5.22) holds
for any choice of cutoff function , i.e., to construct @ such that Q m defined via (5.15)
is Lorentz-invariant. Our strategy will be to solve (5.22) inductively for infinitesimal
Lorentz transformations,

1
Ag =1+ Eel(plkpa (Cl)

which generate the restricted Lorentz group. Here 6, = 0., parameterize an arbitrary
infinitesimal transformation and /“” denote the Lorentz generators. Restoring indices,
the generators are given explicitly by,

(P = 2,7M[K(gp]w (C.2)
in the vector representation. We define
Oumxr, x5z A7) = Qu(Axt, Axa; Az) — Qur(x1, %23 2), (C.3)
and we denote the Taylor coefficients which appear on the first line of (5.22) by
QAT = 0y, AT = 050002 Qpr (1, 525 23 A Dy gz (C4)

Thus, Q is a spacetime tensor of the same rank r = |y |+]|y1]| as a. Translation invariance
implies Q(A ') is independent of z. With this notation, the set of equations (5.22) that
we wish to solve for a can be written as,

O(A) =(DA) —Da, (C.5)

where D(A) denotes the representation of the Lorentz group on tensors of rank r. The
kernel of the operator D(A) — I is comprised of Lorentz-invariant tensors, so (C.5)
determines a up to the addition of a Lorentz-invariant tensor of rank r.

For the purposes of showing existence of a solution, a, to (C.5), it is useful to have
a manifestly smooth expression for the function Q7 (x1, x2; z; A~!) defined in (C.3).
From the definition (5.12) of €2, we have,

Qup(Axy, Axz; Az) = —ideyx(y, Az) Hr (y, Ax1)HFp(y, Ax2)
= —i/dDy’X(Ay/,Az) Hp(AY', Ax)HFp(AY', Axz)

= —i/dDy/X(Ay/y A2) HE (Y, x)HF (Y, x2). (C.6)
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Here, the second equality was obtained by making a change of integration variables
y — y' = A~!y and the final equality follows from the Lorentz invariance of Hp.
Plugging (C.6) into (C.3) yields,

Om(xi, xzs A7 = —i /d”y (X (Ay, Az) — x (v, 2] Hp (y, x1) Hp (y, x2).
(C.7

Since for arbitrary, fixed A, we have x(Ay, Az) — x(y,z) = 0 when y is sufficiently
close to z, it follows from Proposition 8 that Q(x1, x2; z; A1) is smooth in (x1, x2)
when these points are sufficiently close to z. Evaluating the Taylor coefficients of (C.7)
yields,

Oy (A7) = (C.8)

(D HnkrD; f dPy [x(Ay,0) = x (v, 0)] 0% Hr (v, 000 Hr (3, 0),

where the translation symmetry has been used to put z at the origin. Note Q,,,, are
manifestly invariant under interchange of multi-indices Q,,,, = Q,,,, and symmetric
within their respective spacetime indices Qyu...ujy, }v1-viyy ) = Qa1 DHOL-V]y )
The following proposition establishes the existence of a satisfying (C.5) by the same
type of cohomology argument as used to prove the existence of counterterms in Epstein—
Glaser renormalization [16]:

Proposition 10. Forany translation-invariant cutoff function x and any restricted Lorentz
transformation A, the tensors Q(A™") defined in (C.8) are always of the form (C.5) for
some A-independent tensors a, which are uniquely determined modulo Lorentz-invariant
tensors of rank r = |y1] + |12

Proof. Using the explicit formula (C.8), we find:

Qi (A1A2) = Oy (A1)
= (_1)(1+\V1\+|V2|)i /dDy [X(Az—lAl—ly, 6) _ X(Aflyﬁ 6)] 3}(,?')HF()” 6)3}(5)].[1:(% 6)
— (A]—l)ylyl (AI—I)VZVZ(_I)(IH)/] \+|y2|)l x

x / dPy [ 1A'y 0) = 20" 0 |0 Hr (v, 00 Hr (. D)

= (A (A 0y (). (C.9)
In going to the first equality, we note (AjA>)~! = Ay lAfl. The second equality
follows from a change of integration variables y — y’ = Al_ly, noting the parametrix
is Lorentz invariant and det A| = 1 so dPy = dPy.

Given (C.9), Eq. (C.5) can now be established via the following cohomological
argument: Denote the restricted Lorentz group EI = SO*(1, D — 1) and denote by
C"(EI) the set of all tensors T' = T, (A1, ..., A,) which depend continuously on A.
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For each n > 0, we define the “coboundary operator” d" : C" (LI) — ! (EI) by,*

@"T)(A1, ..., Ape)

= (=D"IT(AL ... A+ DAADT (A2, ..., Asr) + (C.10)
n
+ Z(—l)kT(Ah coos D=1y DDk A sy, A2y -+ s D))
k=1

Forany T € C" (51), it follows from the definition (C.10) via a straightforward com-
putation that we have

@' 0d"T)(Ay, ..., Ays2) = 0. (C.11)
Hence, for any T such that,
d"T =0, (C.12)
it follows immediately from (C.11) that (C.12) is satisfied by,
T =d""'s, (C.13)

for tensor § = S(Aq,..., A,—1) with the same rank as 7. If the only solutions
to (C.12) are of the form (C.13), then it is said that the “n-th cohomology group”,

H" (EI) = kerd"/imd" !, is empty. It has been proven [44, Subsection 5.C] that the
first cohomology group H'! (CI) is empty. However, by Eq. (C.9), we have

0=(' @)A1, A2) = QA+ D(A)Q(A2) — Q(A1A2),  (C.14)

Therefore, the only tensors satisfying (C.14) are of the form
Q(A) = (d°a)(A) = (D(A) — Da. (C.15)
Thus, for Q given by (C.8), there exists a solution a to (C.5). |

Although Proposition 10 establishes existence of a, we wish to obtain an explicit solution
for a in order to write the flow relations in an explicit form. In the remainder of this
appendix, we derive an explicit solution for a for ranks » = 0, 1, 2 and then obtain an
inductive solution for a for r > 2. Our analysis closely follows the approach taken by
[18, Subsection 3.3] in the context of the Epstein—Glaser renormalization scheme, while
generalizing to arbitrary spacetime dimension.

Forr =0, D(A) = 1 and thus (C.15) implies Qo){0; = O for any Lorentz-invariant
scalar aoy{0). Forr = 1, we have Qy,310y = Q{o0}{u}, 50 there is only a single independent
Q(A). The dependence of Q on A comes entirely through the cutoff function . Since
we have

> > 1 >
—1 2
XNy y,0) = x(v,0) = —EQKp(le)“vaauX(y, 0) +0(©6) (C.16)
0 1
“1n cohomology theory, C" are known as the group of “n-cochains”. The sequence, C 0 d—> c! d—>
2
c? i) .-+, generated by the coboundary operators d" : C" (LZI) — C"+l(£1) is called a “cochain

complex”.
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it follows from (C.8) that, at leading order in 6, we have

1
Qo) (Ng) = —59/(;;(3"’)){#}{0}, (C.17)
where
(BP) 0y = i (1), / dPy y7 0 x (3,08 Hp (v, 0)Hp(y.0).  (C.18)

Note that (B*?){,}(0) is independent of 6,,. On the other hand, for » = 1 and to leading
order in 6,,, the right-hand side of (C.5) is simply,

(D(Ag) — D a = —%Gwl"pa. (C.19)
Hence, for r = 1 and to leading order in 6,,, Eq. (C.5) is equivalent to,
OcplPa = O, B*P. (C.20)
Eq. (C.20) will hold for all infinitesimal 6,, if and only if,
[“Pa = B**, (C.21)
forallx, p =0, 1, ..., D—1.Contracting this equation with /., and using the identity®
LeplP = =2(D — 1, (C.22)

we obtain the explicit solution
ao}p) = au)oy = —;(leB”p )0}
2(D-1)

=i / dPy 3 x(y.0) Hr(y, 0)Hr (y, 0), (C.23)

where we have used (C.2) and (C.18) to obtain the second line.

We proceed now to r = 2. There are two independent Q tensors of rank two and
they are both symmetric in their spacetime indices: Q,3v} = Qi) and Quy0) =
Q0}{uv) = Q0){(uv))- For r = 2 and infinitesimal A = Ay, one now finds (C.5) takes
the form

(" ®1+1®I1)a =B, (C.24)

Here (B*P)(u1vy and (B“?)(uvyj0y = (B*?)(0}{uv} are defined by a rank 2 generalization
of (C.18); the general formula for B“P for arbitrary rank is given in Eq.(C.31) below.
Applying the operator (le RI+IR® l,(p) to both sides of (C.24) and contracting over
the «, p indices yields,

—4D = Da+2(lp ®1")a = (lcy @ I +1 @ lp) BV, (C.25)

Using the explicit expression (C.2) for [P, it is easily seen that for any rank two tensor
T =T, we have

((heo @ 1) T) ,, =2 (tr (T) oy — Tups) » (C.26)

45 The left-hand side of (C.22) is the quadratic Casimir operator of the Lie algebra of the homogeneous
Lorentz group.
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where tr(T') = n**¥T,,,. Note that the trace is a Lorentz scalar, so this term is automat-
ically Lorentz invariant. Substituting (C.26) into (C.25) and symmetrizing over (u, v),
we obtain

A} (v}

1
=7 (U @ I +1 ®1p) B),

5 (C.27)

(k1 Hp2)}

_ 5 > -1 - ~
=1 f dDy X(ya 0) [BMHF()’, O)BVHF(y’ 0) - BnMUaO’HF(yv O)BUHF()’» 0)} >
where all derivatives are taken with respect to the spacetime point y. Similarly, we find,

A{(uv)}{0} = HOH(uv)}

(l/(p RI+I® l/{p)BK'D){O}{ (CZS)

1
4D ( (n1p2)}

. . . 1 - -
= —i/dDy x(y,0) [Hp(y,O)B;LBVHF(y,O) - B']/j,vHF(y,O)azHF(y,o)]-

Thus, we have explicitly solved for a for all ranks r < 2.
‘We turn now to the derivation of an inductive solution to (C.5) for» > 2. For infinitesimal
A = Ay and to leading order in 8, Eq. (C.5) now yields

L*’a = B*?, (C.29)
where

L’=(1"@IQ - @)+(IQI"QI® - @)+ +(I® - QIQI"),
(C.30)

and
(BK'O){M~“M|y1|}{v1~“v\y2\} = (C3D)

2,-(_1)(|m|+lyz\)dey Y321y (v, 0) Oy, Oy HE (3, 0)d,, cedy HE (3, 0),

with all derivatives taken with respect to y. As in the r = 1, 2 cases, we solve (C.29) by
applying the operator L, to both sides and contracting the «, p-indices. We begin by
noting that the operator we obtain on the left-hand side,

L., L*, (C.32)
contains two types of terms: There are r terms of the form,
IQ @I’ RI®-- QI =-2D-DI® -1, (C.33)

where we used (C.22). Similarly, using (C.26), the remaining r(» — 1) terms in (C.32)
are of the form,

1@ 1Q® Ly QI---1® 1A ®I"'®I=2(nﬂiﬂftrij_Tij), (C.34)
—— ~—~— .
i-th slot Jj-thslot
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where tr;; and T;; denote, respectively, the trace over the 7, j-th spacetime indices and
the transposition of the i, j-th indices, i.e., for any tensor T' we have

(i Tty =0 Tty T Doy = Ty iy iy (C.35)

Altogether, therefore, we have

LepL? = =2r(D — 1)1 +4 Z (M, trij — Tij), (C.36)

i<j<r

where I = /®". Hence, multiplying both sides of (C.29) by L, and contracting the
Kk, p-indices yields,

2r(D—Da+4 Y Tja=—-L,BY+4 Y ny,tma. (C.37)

i<j<n i<j<n
Now, the trace of (C.29) yields
i (Lha) =LY ) (iyja) = tr;; B, (C.38)

where we have inserted a subscript (r) on ]L'((S to indicate the rank of the operator (C.30)
being considered. Thus, tr;;a satisfies an equation of the same form as (C.29) but for the
lower rank r’ = r — 2 and with B"* = tr;; B/ For example, this implies the trace of
the r = 3 tensor ayy, u,}(v) With respect to its two p1-spacetime indices is given by:

nmuza{uluz}{m} = nmm(l/chKp){uluz}{vl}v (C.39)

2D -1

which is obtained by replacing (B*")oy(v;) With n#1¥2(B*P) ., 51v) in the r = 1
solution (C.23) for ao)(v,}- Thus, since we are obtaining solutions inductively in r and
have already obtained explicit solutions for » = 1,2, we may treat tr;;a in (C.37) as
“known”.

Thus, it remains only to extract @ from the combination of components of a appear-
ing on the left side of (C.37). To do so, we note that the sum over all transpositions
commutes with any permutation. A standard result in the representation theory of finite-
dimensional groups implies the set of all elements that commute with the group algebra
of the symmetric group S, is spanned by a complete set of orthogonal (idempotent)
elements E;,

EE; =8E., Y E =1L (C.40)

where k denotes the number of partitions of . Hence, we may expand the sum over
transpositions appearing in (C.37),

k
Z Ty = ZciEi, (C41)
1

i<j<r i=
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for some real-valued coefficients ¢;. Applying the operator E; to both sides of (C.37)
and using the orthogonality property (C.40), we obtain then,

(2r(D—1)+4c;)Eja =E; | L., B +4 Z Ny trija |- (C.42)

i<j<n
We abbreviate the numerical coefficients,
Ej Ezr(D— 1)+4Cj. (C43)

For any j such that ¢; = 0, Eq. (C.42) places no constraint on the corresponding E ;a
and, thus, this particular IE ja must automatically be composed of an Lorentz-invariant
combination of the metric and totally-antisymmetric D-dimensional tensor densities
(i.e. “Levi-Civita symbols” €,,,....,,,). For all j such that ¢; # 0, we may divide (C.42)
through by ¢; and use the completeness relation (C.40) to obtain the inductive solution,

k

1
a = Z ETJE/ —]LKpBKp +4'Z U,u,»ujtrija ’ (C44)
j=1 i<j=n
cj#0

modulo arbitrary Lorentz-invariant tensors which may be identified with the value of
the sum over the terms which are unconstrained by (C.42):

k
Z E;a = Lorentz invariant tensor of rank r. (C45)

=
Ej:O

All quantities appearing in our inductive solution (C.44) for a have been explicitly
defined here except for the numerical coefficients ¢; and the idempotent elements [E;
which may be constructed via standard methods from the representation theory of the
symmetric group (see [18, see “Appendix A: Representation of the symmetric groups”]
and references therein). Note that the inductive solution, Eq. (C.44), with B*" defined
via

0(Ap) = —%QWB"” +06?), (C.46)

holds for any tensors Q(A) satisfying (C.5) not just those defined*® via (C4).

46 1n particular, the solution (C.44) for a holds when Q corresponds to the A-dependent coefficients of the
contact terms,

(@ a) @ (AT 085 (xy, L x), (€47

that quantify the failure of the Epstein—Glaser renormalized (i.e. “extended”) time-ordered products,
T{®4,(x1)--- Py, (xn)}, to be Lorentz covariant [18]. Hence, there is a close analogy between the coun-
terterms required to restore Lorentz covariance in Epstein—Glaser renormalization and our “counterterms”
for the flow relations. The primary difference is that our counterterms are not proportional to (differentiated)
S-functions and, in the particular case of the flow relation for (C H)ITO 66} = HF, they are actually smooth

functions of the spacetime variables, see Egs. (5.18) and (5.15).
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Remark 21. In the case where either |y;| = 0 or |y;| = 0, the tensor a,,,, is totally
symmetric in its spacetime indices and a closed-form solution to the induction equa-
tion (C.44) can be obtained (see the solution to the analogous problem in Epstein—Glaser
renormalization given in [17, Section 3]).

Remark 22. When r < 2, the inductive solution (C.44) to Eq. (C.5) reproduces the
explicit solutions we obtained above. The r = 0, 1 cases are trivial. To verify the
r = 2 case, note the symmetric group S, contains two elements: the identity I and the
transposition T1. It is easily checked, in this case, that the idempotent decomposition
(C.41) is satisfied by,

Ty =S — A, (C.48)

where S = S and A2 = A denote, respectively, the projector onto the symmetric
part and the anti-symmetric part of any tensor of rank 2. Note these projectors are
“orthogonal” in the sense that, for any tensor 7' of rank 2, S(AT) = 0 = A(ST).
Moreover, they are “complete” in the sense that S + A = II. Therefore, since they satisfy
all the requisite properties, we may identify these projectors with the idempotents (C.40)
forr = 2. Denoting E; = Sand E, = A, we simply read off the coefficients c; = 1 and
¢ = —1 by comparing (C.48) with (C.41). Hence, the formula (C.43) gives¢; = 4D and
¢2 = 4(D — 2) in this case. Plugging these into the general formula (C.44) immediately
yields: for D # 2,

1
a=—— <S+
4D

Do 2A> (leo ® I +1 ®1ep) B +4n,, ,tri0a,  (C.49)
which is the most general rank 2 solution to (C.5). For D = 2, we have ¢; = 0, so the
general formula (C.44) yields (C.49) without the anti-symmetric term: note, in D = 2,
any anti-symmetric tensor of type (0, 2) is proportional to the Levi-Civita symbol €, ,,
and, thus, is automatically invariant under restricted Lorentz transformations. For our
application in any dimension, only the symmetric part of a is of interest. Note also the
trace of any rank two tensor is a Lorentz scalar. Hence, (C.49) is consistent with the
results given in Egs. (C.27) and (C.28) above, i.e.,

1
Sa = —ES (lep ® I +1 ®1p) B + Lorentz-invariant tensor.  (C.50)

Appendix D Curvature Expansion of ¢

In this appendix, we derive the curvature expansion, Eq. (6.10), for Q¢. The derivation
closely follows the approach of [39, Proof of Theorem 4.1] with modifications to account
for the non-local metric dependence of Q¢ and its dependence on ¢,,. Let g,,, denote the
components of the metric in RNC centered at z € M. Let S5 : R? — RP denote the
map corresponding to re-scaling the Riemannian normal coordinates x* +— Ax*. We
note S leaves the origin invariant and it is a diffeomorphism for A € (0, 1]. Consider
now the smooth 1-parameter family of smooth metrics defined via,

By (X5 2) = 27285 8) v (X) = guuv (AX). (D.1)

Note that £, (1) smoothly interpolates between the flat spacetime metric, 1,,,, at A =0
and the original curved metric, gy, at A = 1.
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For any Feynman parametrix compatible with the joint smoothness axiom W2, the
quantity,

Qclhuw (), 4y, L1Cf1, f2:0), (D.2)

defined via (6.6) is smooth in A. Hence, by Taylor’s theorem with remainder, for any
nonnegative integer n, we have

QC[g/w, Iy, L1(f1, f2; 6)

_ Z - [dkk Qclhuw), ty, L1(f1, fos 0)] + Ry(fi, f:0), (D.3)

A=0

where the Taylor remainder is given by
(n+1)

W clhuw ), ty, LI(f1, f:0). (D.4)

- 1 !
Rn(fl,fz;O)E;/O dr(l = )"

We now show that, modulo smooth terms, the remainder (D.4) is of scaling degree
(n — D +5) and, thus, the non-smooth behavior of Q¢ is entirely contained (up to
scaling degree §) in the finite k-sum of (D.3) forn > 6 + D — 4. We have

(S¥Qclhun (), L1) = Qel(SER) (W), (S50, L] = Qclshyun(s), sty L.
(D.5)

where the first equality follows directly from the definition (6.6) of Q¢ and the second
equality follows from the definition (D.1) of 4,

(SFR) (x5 2) = A72(SF 0 S5 8) 1w (%) = 52(S5.8) v (1) = 5%hyy (x; 51).  (D.6)

On the other hand, since x (y, 6; sL) — x(y, 0; L) vanishes in a neighborhood of the
origin, y = 0, it follows from the same wavefront set arguments used in Proposition 8
that for any s € (0, 1], we have

Qclhw), ty, L1 = Qclhw(X), ty, sL] + smooth terms. D.7)
Plugging (D.7) into (D.5) yields,
(S¥Qclhuw(), ty, L1) = Qcls?hyun(sh), sty sL]+smooth terms.  (D.8)
Plugging this back into the remainder (D.4), we find modulo smooth terms,
(SR (f1, f2:0)

(n+1)
- _/ dr(1 _,\)nd (+])Qc[s Ruv(sA), sty, sL1Cf1, fa; 0) (D.9)

(n+1)
(n+l) 1 n d
. dm =" | 3o Rl @) st SLICS, £3:0)
’ g=sA

However, from the almost homogeneous scaling behavior of the Feynman parametrix
and its smoothness in m? together with the invariance of the cutoff function (6.4) under
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the simultaneous rescaling (g, f,, L) — (szg,w, sty,sL), it follows that for any
q € [0, 1], we have

Qels*hun (@), st, LI, f2:0) = O(sP), (D.10)
Consequently, we find modulo smooth terms
(STR)(f1, f2:0) = OGP (D.11)

which implies that the scaling degree of any non-smooth contributions to R, ( f1, f2; 6)
must be at leastn + 5 — D.
Thus, we have shown that

Qclguv tu. LI(f1. f2:0)
§—D+4 dk

~5 Y F[Wﬂc[kZ(Sikg)uu,tu,L](fl,fz;O)] +smooth.  (D.12)
k=0 ' A=0

We now rewrite (D.12) in the form of the claimed curvature expansion (6.10) for the

special case that the metric has polynomial dependence on the coordinates, g, = g,(f:).

Since we have

2SN ) (D.13)
_ (P 2R s (0), 23V Ry (0 PV -V Ryuvep (0
=8 [x7, Nuvs A /ump( ), A" Vg ;w/(p( ), A (o1 o(p-2)) ;pr( )1,

it follows that

QC[)\_Z(S)Tg);w, tu, L]
= QC[U}LV’ )\ZR;pr(O)a e )\Pv(ol T Va(p,z))R;pr((_j)a t;u L]~ (D-14)

For any smooth function of the form f = f(kzao, Bay, ..., rPap o), a straightfor-
ward application of the multi-variate chain rule yields,

dc f
d Ak

_ (D.15)
=0

(po+--+p-2))
Z k'()(go o{p(kfz) d f(a0,~-.,()l(p,2))

Fk-2) P00 - - - APt

2po+3p1+-+kp—2)=k ag,...,c(p—2)=0

Using this formula to evaluate the terms in the k-sum of (D.12) then yields the claimed
curvature expansion (6.10). The result can then be extended to general smooth g, via
compatibility with axiom W2, using the same argument as in the proof of Proposition 9.
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Appendix E Construction of Covariance-Restoring Counterterms Based on Gen-
eral Associativity Conditions

The purpose of this appendix is to develop an algorithm for constructing covariance-
restoring counterterms without relying on explicit formulas for the OPE coefficients
or any other special model-dependent properties. This algorithm is based on the gen-
eral associativity properties of OPE coefficients and, thus, should be applicable to flow
relations for any renormalizable Lorentzian quantum field theory. At the end of the ap-
pendix, we show this algorithm reproduces the counterterms derived in Sect.5 for the
Klein—Gordon OPE coefficients C ;0 {pgy ANd we will use the algorithm to generate

counterterms for the flow relations of A¢*-theory. For simplicity, we give a derivation
for Lorentz-covariance restoring counterterms in flat spacetime; however, the derivation
can be generalized to curved spacetimes using the approach developed in Sect. 6.

Consider a theory arising from a Lagrangian with a self-interaction term { ®y,
where ¢ denotes the coupling parameter. (Note that for power-counting renormalizable
theories, the dimension of ®y must be less than or equal to the spacetime dimension.)
For example, for A¢*-theory we have ¢ = A and ®y = ¢*/4!. Consider the OPE
coefficients arising from products ® 4, (x1) - - - @4, (x,), where the fields @4, are of
arbitrary tensorial (or spinorial) type. We assume that the Lorentzian OPE coefficients
C% (AL An) have been found to satisfy a flow relation of the form

0 B
&CTO{AI ,,,,, An}(xl,-~-7xn§Z)
~ —i/dDy)((y,z; L)QF va a0 X1e o Xni )+ (E.1)

+ covariance-restoring counterterms,

where x (v, z; L) is a suitable translationally-invariant cutoff function [see (5.19)] and
the quantity Q?O{VAI--An}(y’ X1, ..., Xy; z) is given in terms of OPE coefficients by a
formula of the general form

B .
QTO{VAI_“An}(y, X1y ooy Xn, Z)

= C%{VA]...An}(yyxl,...,xn;z)+ (Ez)

n
C . B .
_Z Z CTO{VAi}(ys xi’xi)CT(){A]'HA\,'CWA,Z}(xl’“.’xn’ Z)+
i=1[C]<[A;]+[V]-D

- Z C]%{Al...An}(xl»~--axn;Z)C1€){vc}(y, 7 2),
[Cl<[B]-[VI]+D

where D denotes the spacetime dimension. For Klein-Gordon theory ({ = m? and
®y = ¢2/2), Eq. (E.2) corresponds to the flow relation (1.4) for the Wick OPE co-
efficient C ;0 (o) (where only the second line of Eq. (E.2) contributes in this case).

For 4-dimensional k¢4-theory (¢ = A and Dy = ¢*/4)), Eq. (E.2) corresponds to the
Wick-rotated integrand of the Euclidean Holland and Hollands flow equation (1.2). For
4-dimensional Yang-Mills gauge theories, Eq. (E.2) coincides with the Wick-rotated
integrand of the Euclidean flow relations given in [14, Theorem 4]. Thus, Eq. (E.2)
encompasses all of these cases. Our aim is to explicitly obtain the covariance restoring
counterterms in Eq. (E.1).
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Note that the individual terms in the sum for Q?O (VA --4,) aT€ well-defined as dis-
tributions in spacetime variables y, x1, ..., x, only away from all diagonals, i.e., where
none of the spacetime events coincide. However, assuming the OPE coefficients sat-
isfy the associativity and scaling axioms postulated in [9], then the scaling degree of
ng{v A-A,) OD any partial diagonal involving y and one other spacetime event x;
is guaranteed to be strictly less than the spacetime dimension D. It follows then that
Q?O (VA,-a,) Can be uniquely extended to a distribution on these partial diagonals in-
volving y, so the integral in (E.1) is well defined (even though individual terms in
QZT;O (VA A, generally contain non-integrable divergences at y = x; fori =1, ..., n).

The failure of the integral in (E.1) by itself to be covariant under Lorentz transfor-
mation A is characterized by the nonvanishing of the quantity

—i/dDy [x(Ay. Az: L) = x(y. 2: QG v py.op,) - X1o - a3 2) - (B3)

Since x(y,z; L) = 1 in an open neighborhood of z, if the spacetime events x; are
sufficiently near to z, then we have

X (Axi, Az; L) = x(x;,z; L), foralli =1,...,n. (E.4)

It then follows that the integrand in (E.3) vanishes as y approaches the partial diagonals
y = x; # x;j. Consequently, unlike the integral in (E.1), the expression (E.3) is well
defined for each of the individual terms in the sum defining QI;O{V A4,y Note the

y-dependence of Q?O (VA Ay is isolated within terms of the form

CIoV DD, (E.5)

Specifically, the y-dependence of second line of (E.2) appears in C% (VA A} The y-
dependence of the third line of (E.2) appears in C % VA Finally, the y-dependence of

the fourth line of (E.2) appears in C 7130 ey It follows that the non-covariance of (E.3)
is quantified by integrals of the form:

T]%{Dl...pn}(xly«~-,xn§Z; A) (E.6)

= —idey [X(Ay, Azi L) — x (3. 2 DI Chypypyy (Vs X1 -0 X0 2).

Our task is now to show that the non-covariance of these terms can be compensated by
counterterms and thereby to construct the “covariance-restoring counterterms” for the
flow relation (E.1).

The integrand of (E.6) is nonvanishing only when y lies outside an open neighbor-
hood of z. The associativity condition [see Eq. (3.36)] implies that, for any merger tree

7 such that x1, ..., x, approach an auxiliary point z’ faster than z’ and y approach z,
we have
E .
CTO{VDan}(y’ X1y ooy Xny Z)
~T.8 Z C]%{DIA..Dn}(xla <o Xns Z/)C]E"O{VC}()’, Z,; 2), (E.7)

c
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where both lines are viewed as distributions in (y, x1, ..., x,, z’) but with the first line
having trivial dependence on the auxiliary point 7. Plugging (E.7) into (E.6) yields,

Tﬁ){Dl-an}(xls ce Xy 2 A) s (E.8)

—i ) CRpyepy (1o 03 ) /y [X(Ay. A2) = x (v, D1 CE ey (0, 25 2),
C

where 7 denotes any merger tree with (xi, ..., x,) approaching z’ faster than z’ ap-
proaches z. Here fy = [d Dy and we suppress the L-dependence of x for notational
convenience. Assuming the OPE coefficient C 5 ¢ satisfies the general microlocal spec-
trum condition stated in [9], then all elements (y, k1, 7, k2, 2, k3) € (T*M)3 in the
wavefront set of CITEO{VC}(y, 7’; z) will be such that k; = —k and k3 = 0. Tt follows

then from a straightforward application of [35, Theorem 8.2.12] that the dependence of
(E.8) on (Z/, z) is, in fact, smooth and, thus, we may set 7’ = z:

T%){Dl'“Dn}(xl’ Xy A) R Z Q%){VC}(AA)C%{D,...Dn}(xl, cees X3 2)s
C
(E.9)

where Q%){VC}(A_l) is given by

OF ey (A =—i f dy [x(Ay, 0; L) — x (., 0: L)] CE vey(0.0;0), (E.10)

where translation invariance was used to set z = 0. Thus, Q%} e (A V) is independent
of spacetime point z. Note that no assumption has been made on how quickly events
X1, ..., Xy approach z relative to each other, so (E.9) is valid for all merger trees involving
the events x1, ..., x,. Hence, we simply use the notation “~” that was introduced in the
paragraph surrounding Eq. (3.2).

We now show that (E.10) satisfies a cohomological identity that enables us to obtain
the desired counterterms. Let A; and A, be Lorentz transformations. Then we have

QEO{VC}(AlAZ) - QI;O{VC}(AI)

- —i/ [X(A;A;Iy,é; L) — x(A7'y. 0; L)] Ch vy (. 0:0)
\
: -1/ A. A E 30
=i [ [xa7'. 80 = 070 0] €y (417 B:D)
yl
= i / (28710 1) = x(.8: )] Y- DEADDEATHCR v 5y (. 0:0)
Y A.B

=Y DEADDENTH O v 5y (A2, (E.11)
A,B

where the second equality follows from a change of integration variables y — y’ =
Afl y and third equality follows from the Lorentz covariance of the OPE coefficients
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(where we recall that ®y is a Lorentz scalar). Here we have abbreviated [, = ['d by.
Denoting Q = Q]Ts0 ey and suppressing field indices, Eq. (E.11) is equivalent to:

0=(d"Q)(A1, A2) = Q(A1) + D(A1) Q(A2) — Q(A1Ay), (E.12)

which is the cohomological identity (C.14). As established in Proposition 10, this identity
implies there exists a = 0760 (vcy such that:

Q(A) = (@ a)(A) = (D(A) — Da. (E.13)

For tensor-valued*’ Q, the results of “Appendix C” imply the a can be inductively
constructed (modulo Lorentz-invariant tensors) from

i

=1
0

~Lip B +4 > nutrija | (E.14)

i<j<n

"52| —_

ﬁl\

with
B = (B)E ¢y = Zi/dDy Y 9P x (v,0) CF )y (v, 0:0).  (E.15)

By reasoning analogous to the arguments of Sect. 5, we obtain counterterms that ensure
the Lorentz-covariance of the flow relation (E.1) by making the following substitution
: E OB .
in every appearance of CTO{VD1~~D,,} in QTO{VA1~~A,,}'

C]I%{VDI...D,,} - C%{VD]»--D,l}(y’ X1y ooy X3 2)+ (E.16)

1 E C
=5 2 DA Cly(pypy (K15 - 203 2,
C

where we have written
V= /dDy x(y,0;0). (E.17)

Itis understood the C-sum in (E.16) is carried to sufficiently-large field dimension [C] to
achieve whatever asymptotic precision is desired from the flow relation. The substitution
rule (E.16) is the key result of this appendix. We now illustrate it by applying it to the
cases of the massive Klein—-Gordon field and 4-dimensional A¢*-theory.

For the case of the flow relations for C}O (6} obtained in this paper for the massive

Klein—-Gordon field, we have ®y = ¢?/2, { = m?, and (E.2) reduces to:

IC,

Q1492 20y O X1 o0 X3 D) = 7 Croi926- 0y O

XlyovusXns 2). (E.18)

Our algorithm instructs us to make the substitution (E.16) in Q!
the result of this substitution into (E.1) yields the flow relation:

To((@/2)p--¢) T UEEING

47 A formula analogous to (E.14) can be obtained using the methods of “Appendix C” when Q is spinor-
valued (see also [18, Section 4]).



272 M. G. Klehfoth, R. M. Wald

9 I
WCTOW-"(#}(M’ ce X 2)
i
~ —E/d’)yx(y, 2 L) Cly 524y O X1 - Xn1 2) + (E.19)

1 C .
- ZaTo{(¢2/2)C}CTo{A1--~An}(x1’ cees X Z)
C

where al

Tol@?/2)cy 1S &iven recursively by (E.14) with

Dl -0
(BK )T(){(¢2/2)C fd yYy Kap X(y O) CT {¢ZC}(y’ 07 O) (Ezo)

Comparing (E.19) with (5.31) of Theorem 7 and (E.20) with (5.30), we find that the
substitution (E.16) reproduces the covariance-restoring counterterms obtained in Sect. 5
for the flow relations of the Klein—Gordon OPE coefficients C%O{ bd)

For A¢*-theory, we have ®y = ¢*/4! and ¢ = A. Our algorithm instructs us to make
the following substitutions in the formula (E.2) for Q

Tol(*/4)A 1A}
B B .
Crotgtar-an = Crogtar-an O ¥ Wi )+
1
-5 D ap ey ooty FLs + - X3 2) (E21)
C

1
C C . E C D "
CT0{¢4A,-} ? CTO{¢4AI.}()’, Xis Z) - § aTO{¢4D}CT0{Ai}(xl’ Z) (E22)
D

cB — CB = LB E.23
nigic) ~ Crypic) (V252 — L5 pacy (E.23)

where a?o (#C) is given inductively by (E.14) in terms of
(B) pic) = 2i / dy Y€ x (v, 0) CF 4y (. 0: 0). (E.24)

Note that the OPE coefficient Cffo m=C ff appearing on the right side of (E.22) is zero
unless [A]y = [B]p = m and, in this case, it is given by

1
Cg (x;2) = Wagf)(x Z)(ﬂl . 8‘5);)()5 _ Z)ﬂm), (E.25)

where A = a1 -y, and B = By - - - B;. Making the substitutions (E.21)—(E.23) in
QB and plugging this back into the flow relation (E.1), we obtain

To{(¢*/4) A1+ An)
0 p ~
a_)LCTO{Al"'An}(xl’ cees Xns Z) ~

4' d4yX(y 23 L)|: TO{¢4A1A,,AH}()’1X1,-u,xn;Z)‘F

_Z Z I: TO{¢4AI.}(yvx[;xi)+

i=1[C1<[A;]
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1 C D . B .
Ty 2 iyt y Cropan (s Z)] CrptAr o) K1 o0 K03 2)

[D]
1
B . B C .
- [ Z CT0{¢4C}(y’ 7;2) — i Z aTo{¢4C}] CTO{Al---An}(xlv <o Xns Z):| .
[C]<[B] [C]=[B]

(E.26)

The generalization of this relation to curved spacetime was already given in (1.10) of
the introduction.
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