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1 Introduction

The problem of finding analytic String Field Theory (SFT) solutions corresponding to
different boundary CFTs has received plenty of attention in the last few years. There are
several different approaches to this problem, including a perturbative approach based on
marginal deformations of the boundary CFT, as well as a more general non-perturbative
approach based on boundary condition changing (bcc) operators. In much of this work,
analytic solutions to SFT are constructed as wedge states with insertions. Operators
inserted on the boundary of the wedge state are built using either a marginal operator or a
bce operator, together with ghosts and other universal elements such as the stress energy



tensor. The largest technical challenge to be overcome in constructing SFT solutions is due
to the generically singular nature of marginal deformation operators and bcc operators:
when these operators have singular OPEs, regularization schemes must be introduced.
Earliest attempts to construct SFT solutions dealt mainly with finite boundary operators
(for example, [2, 3]), but the challenge due to singular operators has been mostly overcome:
for marginal operators, in [1, 4], and, for bee operators, in several recent works, including [5—
7]. Other approaches have also been considered in [8] and [9-11].

One issue that has not been addressed very much is that of uniqueness of the SFT
solutions being constructed. In particular, there is the question of whether different renor-
malization schemes could result in different SE'T solutions. Here, we attempt to study the
issue of uniqueness, focusing on the formalism developed in [1]. This is one of the formalisms
able to handle a time-dependent singular marginal deformation, such as the time-symmetric
rolling tachyon solution generated by an exactly marginal operator v/2cosh (X 0/ \/E)
Since the SFT solution is built out of renormalized operators, we can ask whether different
choices of renormalization schemes will lead to different SFT solutions.

We do uncover a two-parameter family of SF'T solutions all corresponding to the same
marginal operator and discuss the possibility that more might exist. We do not, at this
point, have a clear interpretation of these solutions. Notice that previous numerical studies
of the rolling tachyon solutions with regular OPE have not always agreed on coefficients [2,
5, 12], and a few possible explanations for the meaning of those coefficients have been
suggested in [13]. If these different solutions are gauge equivalent, our analytic approach
might make it easier to demonstrate that fact. Should the solutions, however, prove not
to be gauge equivalent, under the equivalence of boundary CFTs and open SFT solutions
each of them would correspond to a new boundary CFT.

The structure of this paper is as follows: in section 2 we review the conditions that
renormalized operators must meet for the construction of [1] to be valid and provide a
description of our initial approach. In section 3 we study the space of all possible renor-
malization schemes at second order in the deformation parameter. In section 4 we consider
the cubic order. In section 5 we consider all orders for a particular two-parameter family
of renormalization schemes and prove that all the conditions set out by [1] are satisfied for
this family. In section 6 we discuss which of the free parameters present in the renormal-
ization scheme actually affect the SFT solution and how. Finally, we propose the existence
of an even larger family of solutions. Appendix C contains the proof of an important tech-
nical result necessary to prove the first BRST condition of [1] which was not included in
that paper.

2 Setup
The approach taken in [1] starts with a marginal operator V(¢) with a self-OPE given by
1
V(t)V(0) ~ 2 +0(1) (2.1)

with no % term. A deformed boundary condition on the interval (a,b) is achieved by
inserting an exponential of the marginal operator integrated between a and b, defined in



terms of a Taylor series in the deformation parameter A:

MV (ab) — 2} ~V(a,b)", (2.2)

where N
Via,b)" = </ab dtV(t)) = /(a,b)” A"t V(ty)...V(ty). (2.3)

Since V() has a singular self-OPE, the the above expressions need to be regulated. We
will denote the regulated (or renormalized) operators by enclosing them with [ |,.

In [1], a list of conditions which must be satisfied by the renormalization procedure is
given. If these conditions are satisfied, the formal solution constructed in [1] will satisfy
the SFT equations of motion and be real; however, different renormalization schemes can
possibly lead to different SF'T solutions. The main goal of this paper is to examine the
space of possible renormalization schemes compatible with the condition required for a real
SE'T solution. We begin by reviewing the conditions that any renormalization scheme must
satisfy to construct a SF'T solution using the approach of [1]. These conditions are basically

AV (ab)]

physical conditions which ensure that when | » is inserted on the boundary, the effect

is a conformal change of boundary conditions on the interval (a,b), and nothing else.

The first condition ensures that the insertion [e/\v(‘“b)]

. does not modify the boundary
conditions away from the interval (a,b). In particular, it requires that when products
of operators that are inserted away from each other are renormalized, it is sufficient to
renormalize each term separately. In other words, the renormalized operator factorizes for
operators with disjoint support. For example:

ehviab)haVied) } = [ . e)‘lv(a’b)} [e)‘QV(C’d) . } , forb<ec. (2.4a)

Further, changing the boundary condition on the interval (a,b) and (b,c) using the same
deformation parameter should be the same as changing the boundary condition on the in-
terval (a, c). In other words, renormalization should not spoil factorization of exponentials.
Ve ] —[LVeneveo ] | (2.4b)
T T
This condition was called the ‘replacement condition’ in [1] to differentiate it from the
factorization condition (2.4a). We we will continue to use this term.
The next two conditions ensure that the resulting boundary condition is conformal.
The first condition defines two local (unintegrated) operators Oy, and Og, which play an
important role in the solution. We have

o [eAV(a,b)} _ [e)\V(a,b)OR(b)}

which requires the existence and finiteness of the renormalized operators [O L(a)e’\v(a’b)]r
and [e)‘v(a’b)OR(b)]r, implying that the OPE of the marginal operator V' with Oy, g is not
so singular that it cannot be renormalized within the scheme we choose. The second of

- [OL(a)e/\v(a’b)} , (2.4¢)

T T T

these two assumptions expresses the fact that Q)p is anti-commuting:

Q1 [00(@) D] =~ [01(@)M “DOR(p)] (2.4d)

T T



To obtain a real solution, it is important not to violate the reflection symmetry:

_ [6)\[: dtV(a—i—b—t)] . (2.4e)

T

[e’\ 1L dtV(t)}

T

The last condition is:

[e)‘v(a’b)} and [OL (a)eAV(a’b)] do not depend on the circumference of the wedge. (2.4f)

T

Therefore, the subtractions involved in renormalizing operators need to depend on the
operators being renormalized only, and not on the size of the wedge state on which they are
inserted. To achieve this last property, in [1], renormalization took two steps: in the first,
the infinities were cancelled by subtracting the two-point function; in the second, the finite
part of the two-point function (which depends on the width of the wedge) was compensated
for. In contrast, we use the divergent part of the two-point function alone to compensate
for the divergence and then study the impact of the finite part on the renormalization
scheme, which means that in our approach, (2.4f) is automatically satisfied.

In addition to these explicitly stated conditions, a very natural condition of translation
invariance was also implied in [1].

At this point, it is relevant to ask what classes of operators we need to provide a
renormalization scheme for. Clearly, we need to be able to renormalize exponentials and
their products. This is done order by order, so operators such as V(a,b)” must be renor-
malizable. Further, the action of the BRST operator Qp on V(a,b) (QV () = %(cV(t)))
immediately implies that Oy (a) = AcV(a) + O(A\?) and Og(b) = AcV (b) + O(N\?). Thus,
we must be able to at least write down such operators as [V(a)e’\v(“’b)]r. In fact, we
will see that this is sufficient: we need to renormalize products of exponentials of inte-
grated operators with possible insertions of a single unintegrated V' on either the left, or
the right, or both. These operators also arise naturally when derivatives are taken, for
example: % [e/\v(“’b)} .

T

Once we have decided on the renormalization scheme for [eAV(“’b)] .» derivative opera-

tors such as Qp [e’\v(%b)]r and % [e)‘v(“’b)]r will be fixed. The choice of renormalization
scheme for such operators as [V(a)e’\v(“7b)]r can influence the explicit form of operators
Org,1, and the existence of natural properties such as

9 [ eAV(a,b)}

o - [V(a)e)‘v(“’b)] : (2.5)

T T

but it does not change Qp [6)\V(a,b)]r )

or 5 [e’\v(“’b)]r themselves. In other words, our
choice of renormalization scheme for operators with unintegrated insertions will not affect
the SFT solution. However, it does affect the linearity of the renormalization scheme (for
example, property (2.5)).

We then need to ask: do the set of assumptions (2.4) imply that the renormalization
scheme is linear? The answer is that the replacement condition (2.4e) can be interpreted
as a statement about linearity. If we accept that

eVl = V(@) AVbe) (2.6)



(a statement about the singular operators and not about the renormalization), then the
replacement condition seems to be a tautology. Its true meaning is revealed when we
rewrite it order by order

1 " - 1 i e

m [V(CL, C) ]7‘ = Z m‘/(a, b) ‘/(b7 C) (27&)
§=0

r

and then bring the combinatorial sum outside the renormalization:

Lo, =3 -

" S iln =) V@bV (b )], - (2.7b)

Viewed this way, the replacement condition becomes a nontrivial statement about linearity
of the renormalization scheme when applied to the exponentials and their products. We
will see that this condition places restrictions on possible renormalization schemes.

Repeated application of the replacement condition implies linearity for all operators
of the form V("l)(al,bl) . V("k)(ak,bk) with a1 < by <ag <by <az...<ag < b as long
as the lengths b; — a; of the intervals involved are all finite. It also applies to operators
with an extra insertion of an unintegrated operator on either the left, the right or both
(for example: V(ag)V ™) (ay,b1)... V") (ay, by) where ag < ay), but with one restriction:
in all the parts of the sum, the unintegrated operator must be inserted at the same point.
Therefore, the replacement condition does not imply such linearity properties as (2.5),
which requires that linearity be extended to addition of operators where the unintegrated
operator is inserted at different points. Such ‘extended’ linearity holds only for some choices
of renormalization schemes involving unintegrated operator insertions. Linearity beyond
the replacement condition does not seem necessary to construct the SE'T solution, and does
not affect the details of this solution. However, it is implicitly assumed in the analysis of
conformal properties of the renormalized operator, for example in [4] (for more details, see
section 3.3).

Our initial approach to renormalization will be to consider products of integrated
operators, regulate them with a cut off by modifying the domain of integration so that
all insertions are separated by a minimum distance of €, and introduce counterterms that
cancel the divergences when € approaches zero. We will modify the domain of integration
so that the insertions of integrated operators are separated by at least € from any fixed
insertions. We will use the notation ( ), to denote regulated operators, for example

b—e b b t1—e
a 2 = .0a
(V(a.b)?), / it /tﬁedtg V(tl)V(tg)Jr/Hedtl/a dts V()V (t), (2.82)
b c
(V(a.b)V (b)), = / iy /m o 2 VOV () (2.8b)
and

b
(V(a)V(a,b)). = V(a) / v, (2.80)
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Figure 1. The regions of integration used in (V(a,b)?)_and (V(b,¢)?)_ (diagonal hatching), and
the region of (V(a,b)V'(b,c)), (cross-hatched): (a) using our prescription for the renormalizations.
(b) using the prescription of [1], equation (2.9). The difference is the gray strips, which are not
covered using the latter choice. The dashed line indicates the location of a singularity due to
colliding operators.

A crucial property of our regularization is that it is linear. To show this, consider the
most general operator with n V-insertions, [,, V(t1) ...V (t,) where M is some measure on
R™. For example, V (a)V (a,b)? is associated with a uniform measure on {a} x (a,b) x (a, b)
(where {a} is a point and (a, b) is an interval.) When adding two such operators, we simply
add the corresponding measures. The map A — (A), acts on the measure M (A) associated
with A by setting it to zero for any point (¢1,...,t,) such that |t; —t;| < € and leaving
it unchanged otherwise. Denote this map by U, : M(A) — M(A). Since the action of
the map U, on any given point within a measure depends only on the coordinates of that
point, we have that U, (M + M) = U (M) + U(M). Thus, A — (A). is a linear map for
any operator. This linearity property will be important to ensure that our renormalization
satisfies the replacement condition.

We should point out that our implementation here differs slightly from [1]. In partic-
ular, the e-regularization of the operator V'(a,b)V (b, c) in that work was not linear, being
equivalent to

b—5 c
(V(a,b)V (b, ) )KO = / it /W dtaV (1) V (t2) . (2.9)

The difference between our definition (2.8b) and the above equation is illustrated in figure 1.
This lack of linearity makes it difficult to see whether there exists a complete renormaliza-
tion scheme consistent with the assumption (2.4b) using the approach in [1].

In the € — 0 limit, finite operators can be constructed by canceling the divergences in
the regulated operators with counterterms, so that generally [A], = (A)¢ — counterterms.
While the divergent part of the counterterms is fixed by the OPEs of the operators in
question, the finite part is constrained only by the assumptions (2.4) and we will see that
there is considerable freedom there.



3 Renormalization of operators quadratic in V'

In this section, we begin to construct a general renormalization scheme, starting with the
simplest nontrivial situation: operators quadratic in V. We will discuss some (but not
all) of the conditions (2.4). Those we do not discuss in this section will be proved in all
generality in section 5.

To start with, setting any other operator insertions aside, consider the operator V' (a)
V(a,b). The corresponding e-regulated operator has the following behaviour for small e:

1
(V(a)V(a,b)), = — + terms finite when € goes to zero. (3.1)
€

Therefore, the corresponding renormalized operator can be defined as

[V(a)V(a,b)], = lim [(V(a)V(a,b)), — GL)] (3.2)

e—0

where the counterterm GaLb is given by
1
GL = -+ ok .. (3.3)

Note that, by translation invariance, the counterterm GaLb depends on a and b only through
the difference b — a. Discussion for GaRb parallels that of GaLb.
Now, consider another operator requiring regularization, V (a,b)?. We have:

bh—
(V(a, b)2)E =27 % \ Ine + terms finite when e goes to zero. (3.4)
€

N | —

(Our factor of % is convenient when evaluating the integral: the two components in defini-
tion (2.8a) are equal to each other and therefore either one of them is equal to 3 (V (a,b)?) .)

.
The corresponding renormalized operator is then given by

[V(a,0)?] =1lim [(V(a,b)?), —2GL] , (3.5)

e—0
where the “double” counterterm Gﬁ for doubly integrated operators is

b—a

GszT—l-lne—FClp_a. (3.6)
By a similar process, we also define
[V (@, b)V (b, ), = lim [(V(a,0)V (b,c)), — Gaye] - (3.7)
€E—>
where GaEbc is the “edge” counterterm for operators meeting only at a single shared edge,
Glhe=—-lne+Cl,, .. (3.8)

As we have discussed already in section 2, our choice of C'aLb’R cannot influence the
SE'T solution, but the choice of qu ., and Cf_ pb—a Certainly can. We now find restrictions
on these finite parts of the counterterms due to the replacement condition (2.4b) and the
more general assumption of linearity.



3.1 Replacement condition (2.4b)

We begin by using condition (2.4b) with an insertion of V'(a) on the left:

[V(a)e)\\/(a,c)] — [V(a)e)\\/(a,b) 6)\V(b,c) 7 (39)

s T

which to first order in A implies that
[V(a)V(a,c)l, = [V(a)V(a,b)], + [V(a)V(b,0)], = [V(a)V(a,b)], + V(a)V(b,c). (3.10a)

For the last term we have used the factorization condition (2.4a) to remove the renormal-
ization. Since it is trivially true that

(V(a)V(a,c), = (V(a)V(a,b)) + V(a)V(b,c), (3.10b)

€

we obtain that
ct =cf, =0t (3.10c)

The finite part of the counterterm for [V (a)V(a,b)], is a constant C* which does not

-
depend on the size of the integration region.

A similar argument, condition (2.4b) with an integrated operator inserted on the left:

[exl(a,b)eww,d)] _ [eh(a,wemb,c)eAV(cﬁd)} , (3.11)

s T

when expanded to first order in A and Aq, gives
V(a,b)V(b,d)], = [V(a,b)V(b,c)], + V(a,b)V(c,d), (3.12a)
which, together with
(V(a,b)V(b,d)), = (V(a,b)V(b,c)), + V(a,b)V(c,d), (3.12b)
yields
Co]lEfb,bfa = fib,bfa . (3.12¢)

This, together with a similar statement given when the extra integrated operator is inserted
on the right, implies that C’f_ bba = CF is independent of the values of a, b and c.
Next, we examine condition (2.4b) without any extra insertions at second order in A:

[V(a,¢)?], = [V(a,0)?] + [V(b,c)?], +2[V(a,b)V (b, )], (3.13a)
Since, as follows trivially from the linearity of ( - ),

(V(a,0)%), = (V(a,0)?), + (V(b,c)*)_+2(V(a,b)V(b,c)), , (3.13b)



after canceling the e-dependent terms, we are left with
cP, -cP,—cP —cF=o. (3.13c)

Therefore the finite counterterm must be of the form Cgt = Cy+ C1At, and we must have
cF =_q,.

At this point, our renormalization scheme is parametrized by 4 parameters: Cy, Cq,
C® and CF. We will see that CF and C* do not affect the eventual SFT solution (and we
could have set them to zero without a loss of generality) but that Cy and C; do. It is worth
mentioning that, at this order, our scheme reproduces that of [1] if we take C7 = 0 and
Co = —1, though comparison for operators with multiple integration regions is complicated

by the discrepancy described in section 2.

3.2 The BRST assumptions (2.4c) and (2.4d)

These two assumptions are easily proven at second order in A. Throughout this section we
will omit the limit € — 0, and it should be inferred. Recall that the first BRST assumption is

QB [eAV(a,b):| _ [eAV(a,b)OR(b)} . [OL(a)e/\V(a,b)} ) (2.4(3)
At second order (in A) this statement reads as
2
1 07 N~ 1 21 (1) [/ (2-n)
508 [V(a.b)%], _nz:% P ([V(a, b)2 "0\ (b)L [OL (a)V (a, b) ]) (3.14)

where Or/p =), )\”O(LZ)R is a local operator to be determined. The behaviour of primitive

operators when acted on by the BRST charge is not difficult to determine by integrating
the BRST current on a contour about the operator in question. The results we will need are

QeV(t) = 0i(cV (1)), Qp(cV (1) =0,
Qpc(t) = coc(t), Qpoc(t) = cd*c(t).

Using these and the definition of the renormalization scheme, we can start working out the
left hand side of (3.14) explicitly.

(3.15)

5@ [V(@,b7], = 5Q5 (V(a,D)?), (3.16a)
b—e b
=QnB / dty / dtaV (t1)V (t2) (3.16Db)
a t1+e
b—e¢ b
_ / it /t it (0eV (V1) + V() (1) (3160)

The next step is to integrate by parts:

1 b—e b
5QB [V(a,b)2]r:/ dtV(t)(cV(b)—cV(t+e))+/ dt (cV(t—e)—cV(a))V(t) (3.17a)
a ate
=V(a,b—e€)cV(b)—cV(a)V(a+te, b)—i—/b dt(cV(t—e)V(t)—V (t—e)cV (t)).
ate
(3.17b)



The integral in the last term is equal to (neglecting all terms that go to zero as e — 0),

b b 1 €2
/ dt V(t —e)V(t) (et —e) —c(t)) = dt =2 <—680(t) + 282c(t)> (3.18a)
a+e ate
=~ (elb) ~ela+ ) + 5 (9e(b) — de(a)) (3180)
= _% (c(b) — c(a)) + % (Oc(b) + Oc(a)) . (3.18¢)
Thus:

(3.19a)
= [V(a, b)cV(b)]r—l-CRc(b)—i-%@c(b) — [V (a)V(a,b)], — Cte(a) + %80(0,).
(3.19D)

This has the form of (3.14) where

Or(b) = AV (b) + )\2260(6) +A2C8e(b), Op(a) = AeV(a) — /\2286((1) +X2C%¢(a). (3.20)

Our operators Og 1, depend explicitly on the renormalization parameters CL-E. However,
this dependence only serves to cancel the dependence of the renormalization scheme on
these parameters, so that in fact [OL(a)e)‘V(a’b)]T and [e’\V(“’b)OR(b)]r are independent of
CEF (as they must be). Notice that condition (2.4e) implies that
¢ b)—t
[Op(@eVen] BT [ Wi (3.21)
T T

but this does not restrict C and C to be equal.
For the second BRST condition, (2.4d), at this order we just need to show that

Qp ([cV(a)V(a, b)], — %80(@) + CLc(a)> = —cV(a)cV (D). (3.22)

This is shown as follows:

05 ([cV(a)V(a, b, — %80(@) + CLc(a)>

—Op (cV(a) / " AV () — ()G — Loc(a) + C’Lc(a)>

+e€ 2

= —cV(a) (cV(b) —cV(a+e¢)) — cace(a) — C*ede(a) — %c@zc(a) + Cteoc(a). (3.23)

Writing V(a)V (a + €) = e 2+finite terms and c(a)c(a + €) = ecde(a) + 2e2cd’c, several
terms cancel and we end up with

QB ([cV(a)V(a, b)], — %80(@) + CLc(a)> = —cV(a)cV (D). (3.24)

Thus, the second BRST condition is satisfied at this order as well.

~10 -



3.3 Linearity and boundary condition changing operators

In this section, we discuss linearity of the renormalization scheme beyond the replacement
condition. We investigate the consequences of such natural and related! assumptions as

b ?
/ datlV()V(t, o), = %[V(a,b)Q]rvL[V(a, b)V (b, c)], (3.25a)
and
aaa[V(a,b)Q]r = —2[V(a)V(a,b)], - (3.25b)

One can ask why we would be interested in such conditions, given that they don’t seem to
be needed to construct a SE'T solution. The answer is that these properties are related to
the conformal properties of the corresponding boundary condition changing (bcc) operator.

We might assume (as has been the focus of recent work, for example [5-7]), that the
point where the boundary condition is changed behaves as if a bee operator o was inserted
there. If this operator is primary and has conformal weight h()\), we would expect that [4]

[OL(G)ew(a’b) = —c(a)2 [e’\v(“vb)]

i - — h(N)dc(a) [e’\v(“’b)] . (3.26)

s T

Thus, to compare with our formula for Oy, we need to know the form that the derivative
takes. However, as the equivalent assumption (3.25a) is easier to investigate, we start there.

The definition of the e-regularization implies that

(V(a,0)%), + (V(a,b)V (b, c))e - (3.27)

b 1
| aveveo. -,

Subtracting this expression from equation (3.25a), we obtain
Cl(b—a)=Co+Ci(b—a)+CF. (3.28)

Since this equation should be true for arbitrary a and b, we obtain a new constraint C = C
and confirm our previous result that Co = —C¥. A similar argument with the unintegrated
operator on the right implies that C* = C4.

Let us now examine the statement about a derivative, (3.25b). We look at

[V(a,0)?], = [V(a—A,b)?*]

da[V (a,b)?], = lim A (3.29a)
Via—A,a)?] +2[V(a—A,a)V(a,b
:—hm[ (a ], +2Via Qvia, bl (3.29b)
A=0 A
Via—A,a)?) +2(V(a—A,a)V(a, b)) —22—-201A
~ i gy (0220 F2(Viez A 9V (e, ) =20 —2C, . (3.29¢)
A—0e—0 A

!By the fundamental theorem of calculus.
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where we have used that Cy = —CF. Now, we carefully examine the integration regions
for the two e-regulated expressions and discover that they can be recombined to give

R dzVia—2) [0, dtV(t)— 2 - 1A

. . . a—z-+e
2 A (329
A 1 L
dz{(V(a—2)V(a—zb), —L-C
o g J AV V@ m 2 ) 2 Ch) (C1—CE)  (3.290)
A—0e—0 A
L RdzV(a—2)V(a—20), .
=-2 ilglo A +2(Ch —C) (3.29f)
= —2[V(a)V(a,b)], +2(Cy — C*). (3.29g)

In the last line we have used the fact that [V (a — 2)V(a — z,b)],. is a finite and smooth

T
function of z to write

A
/0 dz[V(a—2)V(a—2b)], = AV(@)V(a,b)], + O(A?). (3.30)

Thus, we obtained a formula for the derivative:

;a [V(a,b)*] = —=2[V(a)V(a,b)], +2(C1 - C"). (3.31)
The linear result (3.25b) holds only for C; = C%, which is (unsurprisingly) the same
condition that we obtained from requiring (3.25a).

Now, using equation (3.31), we can compare equations (3.26) and (3.20). We see that
the bee operator must have conformal weight A% (this was already discussed in [4]) and
that C1 must be zero. Thus, interestingly, while we can assume any C to construct a SFT,
only for C; = 0 will this solution have a primary bcc operator.

In our computation of the derivative, we were careful to not bring the A — 0 limit
inside the regularization bracket [...]., as pathologies can develop when doing so. For
example, an explicit computation using the V'V OPE gives that

[V(a—A,a)*] =-2(InA+1+Co+ C1A) + O(A?), (3.32)

which is infinite in the A — 0 limit. Naively, lima_,0 V(@ — A, a)? might be thought to be
zero, since the operators are integrated over a set whose measure approaches zero. But this
too is suspect, as it’s not clear what lima .0V (a — A, a)? means without any regulation.
Further, at fixed €, lima g (V(a — A, a)2)6 =0, so we could write that

. B 2| _ . D_
ilin() Via—A,a) i lgr(l) ilglo 2GX lgr(l) (2lne+2ChH) , (3.33)

which is again infinite.
The divergence for A — 0 in equation (3.32) is necessary and it has a simple inter-
pretation in terms of the OPE of the corresponding boundary condition changing (bcc)

operator,
1
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where h is the conformal weight of the bce operator 0. As we already saw, the conformal
weight is related to A by 2h = A2. At the lowest nontrivial order in ), the divergent part
of the above OPE is

a(s)o(0) = e M5 4= _X2Ins + terms that are finite or higher order in \. (3.35)
The term —\?In s is exactly what we obtained in equation (3.32):

5(s)o(0) = [6)“/(0’5)} - %V V(0,52 +...= —AIns+.... (3.36)

T
Finally, we conclude this subsection with a warning. Naively, the following two regu-
lated operators should be equal:

b
V(a,)?], and / dt([VOVED), + V(e )V (E)],) . (3.37)

However, it is easy to see that

b
/ dt (VOV (LB, + V(e )V B)],) = (V(a,b)?), —

which is not the same as [V(a, b)2] .- In particular, (3.38) is missing the divergent In € part of

b—a

—(Cf+ ") (b-a), (3.38)

the counterterm, so it’s not even finite. What went wrong? On the Lh.s. of equation (3.38)
we included a small operator lim; ,, V' (¢)V(¢,b), which is divergent even when regulated.
The two operators in (3.37) would only be equal if we were able to commute the order of
integration and regularization, which fails when the operators involved are small. Notice
that we were careful not to use small operators when we wrote down equation (3.25a).

To summarize section 3, we have found that the factorization and replacement condi-
tions restrict possible renormalization schemes for two operators to

| 1
Gay=—+C" Gi=—+CF, (3.39a)
Gszb_—“+1ne+co+cl(b—a), (3.39Db)

€

Glye = —Ine—Cp. (3.39¢)

Parameters C* and C* do not change the SFT solution and could be set to zero without
loss of generality. Insisting on linearity implies a further condition that C* = C; = CF,
while the bee operator corresponding to the renormalized boundary deformation is primary
only if C7 = 0.

4 Third order

Before we plunge into a computation at all orders, we will consider our renormalization
scheme at third order, i.e. the renormalization of a product of three V's.

At this order, we define a regularized operator involving a single integrated operator
by following the same regularization pattern as we did for the quadratic operator:

[V(a,0)?] = (V(a,b)?), — 665" V(a,b), (4.1)
where

(4.2)

a

h—
G(?I’))’D ¢ +Ine+ CISS)’D .
a € 5
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The extra superscript (3) indicates that these are the counterterms at third order. We also
define a regularized operator involving two integrated operators:

[V(a,b)2V(b,e)], = (V(a,b)>V (b)), — 2G5 PPV (b,¢) — 268 V(a,0),  (4.3a)
and three operators:

V(@ )V(b, 0V (e.d)], = (V(a, bV (b, )V (e, d),~Gr "V (a,b) GV (e,d) (4.3D)

where
GF = e+ P, (4.4a)
GPE =P ey 0P, (44b)
C™ = e+ O (440

Notice that we have four new and potentially different counterterms. Using translation
invariance together with the factorization and replacement conditions in a way similar to
that presented in the quadratic case, we can show that

CoMP =—Cy, (4.5a)
CHRPE = —cy, (4.5b)
cOP — (b—ayc, + Y, (4.5¢)
COPE _(h—a)Cy + Co, (4.5d)

where the constants C and Cj are necessarily the same as the ones used at quadratic order,
but Cé3) is a new independent constant. One can check, by examining all combinations,
that the replacement condition at third order is satisfied for any value of Cé3).

We also need to define renormalized operators involving unintegrated insertions; using

factorization and replacement conditions, these can be constrained to
V(a)V(a,0)?] = (V(a)V(a,0)?) —2V(a)GPPE — ov(a, b)GOF 4.6a
T € CLb (lb
V(a)V(a,b)V(D)]. = (V(a)V(a,b)V (D). — V()G —ypygBLE 4.6b
r ab ab
[V (a)V(a,b)V(b,c)], = (V(a)V(a, D)V (b, c))e — V(a)GDFL — v (b, 0)GDLE | (4.6¢)

abc abc
where

GSZ)’DL = b ; a +Ilne+ C(gs),DL + (b —a)Ch, (4.7a)

GOL _ % Lok, (4.7b)
GOWRL _ % +CR, (4.7¢)
GIOLR _ % o (4.7d)
GEL%)C’EL =—Ine—Cp, (4.7¢)
GEYE =y ot (4.76)
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There are two new constants: C(()g)’DL and its partner, CSS)’DR. Just like C* and CF,
however, these constants cannot change the SFT solution and can only affect the form of
the BRST insertions O and O®. For example, an explicit computation shows that the
first BRST condition holds with corrected boundary operators:

1
O(a) = AeV(a) = 5\0e(a) + N*Cle(a) + A° (053)“ - (53)) cV(a) (4.82)
and
1
OR(b) = AV (b) + 5X20e(b) + NCTe(b) 4+ X° (053)’1’3 - 053)) V(). (4.8b)

As we did at quadratic order, this should be compared with

0% [V(a,0)*], = =3 [V(a)V(a,b)?] +6V(a,b) (C1 — CF) +6V (a) (cgstcg?»%m) . (4.9)
We see that the bee operator corresponding to our solution is still primary at this order as
long as C7; = 0.

At this order we did find one new free parameter that can affect the SF'T solution:
C’(g?’). It is clear that if we were to continue our order-by-order approach to renormalization,
we would find new free parameters. However, at quartic and higher orders, this approach
in unwieldy: it is hard to write down the most general renormalized operator that is
demonstratively finite. To study renormalization to all orders, we will no longer try to
study the space of all renormalizations and instead focus on a particular renormalization
scheme. The scheme we chose will have Cy and C; as free parameters, however we will
not add new constants at every order. We will return to the question of classifying all
renormalization schemes in section 6.

5 Renormalization to all orders

In this section, we present an example renormalization scheme at all orders. Our scheme is
demonstratively finite, and we prove that it satisfies all the conditions set out in section 2.
At second order, our scheme matches that described in section 3, and it has the same two
free parameters, Cy and Cj.

To define the full renormalization scheme, we need to consider what kind of singularities
can appear when considering products of three or more operators. One class of singularities
appears when any two of these operators are inserted at the same point; we can deal with
this class of singularities by recursively subtracting divergences that occur when any two
operators are inserted at the same point. However, it is also possible to have additional
singularities. Since the finite part of the OPE of any two operators that are close together
will contain operators other than the identity, another operator inserted close can then have
a singular OPE with these operators. In other words, we can have additional divergences
caused by three or more operators inserted at the same point. Following equation (4.10)
of [1], we require that such singularities are not present and restrict our arguments to a
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class of operators V' such that

1 1 o
P <_2 /dtldt2 (b — )20V (¢ 5V (t2) > [V 5-1)

remains finite even when more than two of the coordinates ¢; collide simultaneously. This

implies that to decide whether any renormalization scheme leads to a finite operator, we
only have to ensure that the renormalized operator stays finite in the limit ¢; — ¢; for any
pair of coordinates ¢; and t;. With this restriction in place, it is sufficient, for composite
operators with more than two factors, to subtract the divergence which results from any
two operators coming together.
Now, consider for example (e’\V(a’b))e. As € — 0, this operator diverges. To regulate
it, we might propose an expression such as
lim e G0 (e)‘v(“’b)> . (5.2)
e—0 €
Using the quadratic counterterm ng to define the renormalization at all orders would
correspond to making many choices about finite parts of higher order counterterms, for
example choosing C(()?’) = Cy at third order. However, as we will see in appendix A, the
above definition does not lead to a finite operator.

5.1 The renormalization scheme [ - ]9

To obtain an operator that is demonstrably finite and that, for simplicity’s sake, can be
obtained from the quadratic counter term alone, we will generalize equation (5.1) to include
finite terms in the counterterm:

HV ° d_ef <—;/dt1dt2 g(tl,tg)évitl)évitQQ HV(ti% (5.3)

where g(t1,t2) = ﬁ -+ finite terms.

We can rewrite equation (3.5) using this new notation

ab

[(V(a,b))Z]r = /b dt1dts EV(tl)V(tz) ZgD . (5.4)

To compare with equation (3.5) we notice that since the integrand in the above equation

is finite, we can equivalently write

[(V(a,b))?], = lim dtrdty SV (t)V (t2) on (5.5a)

e—0 FS’b(tl ,tg)

= lim dtidts [V (61)V (t2) — g5 (tr, )] (5.5b)

e—0 FS’b(tl ,tg)

which allows us to split the integral into two pieces (neither of which is finite for e — 0).

The above equation introduces a new notation: T®’(ty, ... t,) == {(t1,....tn) | a <
ti <b,|ti —t;] > €}. This is the same region of integration that is used for (V(a,b)").. For
the sake of brevity, we often omit the list of parameters (¢1,...,t,).
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Requiring that the function gg) not depend on €, to match (3.5) we must have

b—e
/ dtl/ dto gab tl,tQ) G + O( ) (5.6&)
t1+e€
which can be satisfied by, for example
1 2
D
7 (tl, tg) = + (1 + ln(b - CL) + Co + (b — a)C’l) . (5.6b)
’ (t1—t2)?  (0—a)?

We will be able to show shortly that details of the function g% are not important as long
as (5.6a) is satisfied. However, notice that the counterterm

(o] Og

p does depend on a and b:
it is not a ‘local’ regulator like that in (5.1).

At higher orders, we now make the following definition for a specific higher order
regularization scheme:

[(V(a, b)) & /b dty...dty SV(t) ...Vt b . (5.7)

a ©9ab

The guiding principle of this scheme, which makes it easier to prove that is satisfies all the

required conditions, is to use the same integration region for every term related to a single

renormalized integrated operator. This requirement fixes finite parts of the counterterms

at higher order in terms of those at quadratic orders so the only free parameters are Cjy

and C (which enter through the specific counterterm g we are using). For example, in the

language of the previous section, we have Cég) = C(()g)’DL = Cég)’DR =—(34+1n2)+ Cp.
The renormalization scheme has a simple form when applied to an exponential:

[AVab Z /Hdt o325 AV (5.8)

The notation here is similar to that commonly used for the Chern-Simmons action on a D-
brane: under an n-dimensional integral, we include all the terms from the Taylor expansion
of the integrand that have the right number of variables to saturate the integral. It is easy
to see that this is the same definition as that in equation (5.7).

Expanding the above in powers of A we obtain a different form

ani= [y Y D 2k,Hgab wntoe) 1] V(e

oESn 0<k<Z j=2k+1
(5.9)
Reinstating e regularization allows us to remove the cumbersome symmetrization sum from
the above expression

[(V(a,b))"]¢ =1lim dty...dt, Y 2kk,n 2k'Hgab toi 1, t2) H V(t

e—0 Jpa,b
Te (tl,...,tn) nggn j=2k+1

(5.10)
In contrast to equation (5.9), the integrand in equation (5.10) is not finite and the integra-
tion region must be modified appropriately.
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Now, consider a renormalization scheme with a different function g}g) = g(ﬁ(tl,tg) +
Aﬁ(tl, t2) where the difference Agb is assumed to be a finite function of ¢; and t3. As is
shown in appendix B,

[V(a, b)n]§:g+A _ (5.11&)
/dt1 Y Y 2,%, % Hgab sointozy) 1] Vitew) (.110)
0€Sn 0<k<3H j=2k+1
1/ 1 "
= Z ,(-2/d51d32Aan(51,52)> [V (a,b)" "4 (5.11c)
pSmen m)! a

This implies, in particular, that if f: ds1dsaAD (s1,83) = 0, then the operator renor-
malized using gé% is the same as that renormalized using gfb. However, if A% .=
f ds1dso A ab(sl, s2) # 0, the new operator is different, but the difference exponentiates:

[eAV(a,b)]§:g+A _ -hxean [e)\V(a,b)}g . (5.12)

T T

5.2 Renormalization of unintegrated operators

Having defined a regularization scheme for V'(a,b)”, we now move on to V(a)V(a,b)".
Again, we want to exponentiate our second-order scheme. With a bit of abuse of notation,
we will use

CV(ty)...V(t)® (5.13)

©9Gab

to mean an operator in which a pairwise divergence between any two insertions is regulated
. . . D L R
by subtracting, as required, either g ;, g;; or g;;, where

L def 1 1 CL
= + + 14
gab(t) (t a)z (b a)2 b a ) (5 a)

so that it satisfies

b
/ dt gh(t) =Gl +0(e), (5.14b)
a-+te

and where the definition of gf;) follows along similar lines. As was the case with ggj, the
exact form of the finite part of functions gfb and its counterpart gﬁ is not important, and
only its average value affects the operator. We have used a convenient and simple constant
form in our definition above.

So, for example, in the context of

b
[V(a)V(a,b)2]fd:ef/ dtrdty JV(a)V(t1)V(t2)¢, (5.15)

our notation ; ¢ indicates

V@)V (t)V(t2) 5y =V(@)V (8)V (t2) = V(a)ga (11, t2) = gai (t1)V (t2) = g (t2)V (t1). (5.16)
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5.3 Multiple regions of integration and replacement condition (2.4b)

Using the exponential notation, we extend our definition (5.8) to more complicated oper-
ators with several regions of integration

p g
[HGW(WM)] def Z Z H ey (5.17)

ki=0  kp=0/ i=1"%
L —1)24D pd — I hir1gE P NV
L Jag,a; 17\ a;,a; ,a; i Vaj;,a;
He 27 Jaq,a541 He 2 i1 Ai+1,2542 He 1V aq,A541 ,
i=1 i=1 i=1 .

where we must define another counterterm function g%:

E det 1 1 Lle=b)b-a) N
gabc(tlat27t3)*(tl_t2)2 R <1+1< p— >+Co>, (5.18a)

to satisfy

b c
[an [ dt gt ts) =GB + 0(). (5.18b)
a max(b,t1+€)

In equation (5.17), all functions should be considered zero outside of their natural

domain, such as (a;, a;41)? for g£, To remove ambiguity, we have decorated \;V with

yQi+1"
its appropriate domain as well: \;Vy, 4,,,. Finally, special attention needs to paid to the
. E . .

domain of g, 4., 4,.,- We have taken it to be the region (a,b) x (b,c) U (b,c) x (a,b),

instead of (a,b) x (b, c). This choice, to double the domain of the function, which will be

convenient below, has resulted in a factor of % in the exponent containing gfi i 1,Gir 2"
To verify that our renormalization scheme satisfies the replacement condition, we write

a simpler version of (5.17) with only two exponentials and equal couplings A\; = Ay = A:

,\V(ab) AV (be) |7 _ ky j IX2gD —1X2gD— 1,\2 g5 AVap AVpc
{e ]r ll_r%kzozo/d /dt e 2 b beeabe K (5.19)
J

We can now prove replacement in exponential notation: the e-map (...) — (...) is linear,
so the above equation implies that

~D _ D D E
g 9ac=9ab T 9beT9abe
[eAV(a,b)e)\V(b,c):| _ |:e)\V(a,c):| . (5.20)
T T
From our previous discussion, we have
~D D D E D
9ac=9ap T 9bet9ab Jac
[vieo) Bk _ avio] 65.21)
T T

as long as g2 — (gfb + gbe + gﬁm) is a finite function and fac dtgl — (gcg + glg + gﬂc) = 0.
That g2 — (95 + g2 + g%,.) is finite is obvious from equations (5.6b) and (5.18a) when
keeping in mind that the union of natural domains of gﬂ, géz and gEl; . is the same as the
domain of g©. Furth “d’t (gP — (g D EY)) =G i

Gac- Further, fa t (gac (gab + Gpe T gabc)) - G (G + Gbc + Gabc) which
vanishes if Cy = CF, the same condition we obtained from the replacement condition at
second order.

~19 —



5.4 Assumptions (2.4a), (2.4e) and (2.4f)

To start with, we notice that the factorization assumption (2.4a) follows quite obviously
from our renormalization scheme: renormalized operators which are inserted away from
each other do not undergo any further renormalization when combined.

The assumption (2.4e) is also fairly straightforward to verify. Examining equation (5.8)
we see that assumption (2.4e) is satisfied because the region of integration relevant to
(V(a,b)"™),, parametrized by t1,...,t,, is invariant under the map t; — (a + b) — t; and
because gg,(tl, to) = gﬁ,(a +b—ti,a+b—t9).

The last assumption, (2.4f), is trivial in our construction, since at no point in the
renormalization of the integrated operators have we considered the wedge state on which
they are embedded. By constructing the counterterms using the local OPE rather than
the two-point functions, we have avoided any difficulties that this assumption may have
caused. It is here that our approach differs from that in work [1].

5.5 The first BRST condition (2.4c)

Our proof follows that in [1] quite closely, while filling in some missing technical steps. We
present it here in detail for completeness and to highlight where our lemma (5.35) comes in.

The renormalized operator we start with this time is, as in (5.7),

. I
VOO =3 gty o,

k=0

k n
)dtl...dthg(ti,tHk) II v (622
it paiey

j=2k+1

The limit € — 0 will be implied throughout, but not stated explicitly. Also, because the
counterterm gg) appears very frequently, we will drop the indices and simply refer to it as
g when this does not result in ambiguity.

We wish to show that

@ V@ =30 o ([Vienr o)

=1

g

- [0§>(a)V(a,b)n—l}g) . (5.23)

T T

The BRST @Qp operator acts like a derivative on the marginal operators V' (see equa-
tion (3.15)), but not the counterterms g. If the BRST operator acted on both, then its
action on the renormalized operator would naturally contain complete total derivatives
and the proof of the BRST condition would be simple. Since it does not, we effectively

proceed as if it did and then subtract the unnecessary extra terms this generates. To do
so, we need to give a precise implementation of the morally correct statement that

[V(a,b)"], + [V(a,b)"""] V(a,b) = (n—1) [V(a,b)" %] GL. (5.24)

We will achieve this with an add-and-subtract trick. The final result of this lengthy calcu-
lation is presented in equations (5.38) and (5.39).
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To begin, we use the action of the BRST operator on the marginal deformation (3.15)

LQplV(a )} =

(/2] k
(_ mn

22’%‘(71——% Lt Oy, | (n—2k) [T a(ti, tisn) H V(tj)e(tn) | - (5.25)

k=0 i=1 j=2k+1

We have left the term (n — 2k) explicit (instead of canceling it against the exponential) so
that the sum could be extended to k = |n/2] for n even.
We now add and subtract the following quantity:

_1\k
D 2’%'((71122145)‘ /Fa,b d"t oy, [ 2k [T V&) TI 9t tin)e(tn) (5.26a)

k=1 j=1 i=n—2k-+1

Ry
- Z 2kk'(n—2k—2)|/rabdnt O, Hgtutwk H V(tj)g(tn—1,tn)c(tn)|. (5.26b)
k=0 ’ ’ €

j=2k+1

In going between the two lines, we have shifted the range of k, cancelled a factor of 2k
against the combinatorial factor in front and relabeled the integration variables ¢; for i < n.
Now we take (5.25) and we add (5.26a) and subtract (5.26b). This gives us

1
@BlV(a,b)"], = A+B, (5.27)
where
n/2] §
wr [ g (0t
AL F?bd t O, | e(tn) k; (3
(5.28a)
k n—2k n—k
(n—2k)H (tistisw) H V(t;) + 2k H V(t H g(titive)
i=1 J=2k+1 i=n—2k+1
I
5= kzo 2kk;!(n—2k—2)!/ 4"t O, Hg ka] 12;[“‘/ tn—1,tn)c(tn)]- (5.28b)

To evaluate A, we observe that if we symmetrize its integrand over the variables

t1,...,tn_1, it will take on the form
B, (c(tn) f (F)) (5.29)
where
[n/2] )k k
f( B l Z Z Qkkl Hg( (i) uz+k H V u(]) (5.30)
ueSy k=0 =1 j=2k+1

In this form, A is completely symmetric in all n variables t¢;, except for the factor of c(ty,).
As we already showed when demonstrating the finiteness of the renormalization scheme, this
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integrand is completely finite. In this symmetrized form, it is safe to change the integration
region to (a, b)™ and perform the (trivial) integral over ¢,, using the fundamental theorem of
calculus. We can then change the remaining (n — 1)-dimensional region of integration back

a+e,b—e
€ (tl)

to an e-regulated one I" ...,tp—1). Finally, we relabel the integration variables

and obtain a simpler expression

e 0
A= Fg+e,b76(tlw’tn71)d t kZ:O 2Kk (n — 2k)!
k n—1
(n—2k) [[9Ctitivn) [] V)V (b) —cV(a)
i=1 j=2k+1
n—2k n—k—1
+2k [T vty I gtitier) (95 (tn-k0)ed) = g5 (tni, a)c(a)) | . (5.31)
j=1 i=2—2k+1

The expression above has a form reminiscent of [V (a,b)"~!(cV (b) — ¢V (a))] , as required;
however, one more adjustment is necessary: in [V (a,b)""'(cV (b) — ¢V (a))],, cla)gh (i, a)
and c(b)gfb(ti,b) should appear in the correct places, but in the expression above, it is
c(a)gl (ti,a) and c(b)gh)(t;,b) that appear instead (we have restored the decorations on
g here to make this more apparent). Fortunately, the difference between g (a,t;) and
gL (a,t;) is finite, so we can write

A= ! 5 V@0 eV ) - Vi) + (5.32)
b b
o a2 (o) [ oo -g80.0) ~cla) [ aefifan)-a53(0.0))
From the definitions in (5.6b) and (5.14a) we then have
gb(z,y) — gD (z,y) = ! + ct + 2 (I+ln(b—a)+Co+(b—a)Cq)  (5.33a)
ab\ T Y Gab\L> Y (b—a)2 b—a (b—a)2 0 1 .
1 ct I
= G it (5.33b)

where f def (b—2a)2 (1+1n(b—a)+ Co+ (b—a)Cy) is the constant part of g£). Thus

A= 0 _1 ol [V(a,b)" ¢V (b) — ¢V (a))]? (5.34)
+ o Gt (D=2 4 ) - et — (e~ o) - 1)

To evaluate B, we notice that the integrand diverges whenever t,_1 and t, approach
each other, but not when these two variables approach any of the others. This alone is not
enough to factorize the region of integration, but with (5.24) in mind we notice that the
rest of the integrand (including the sum and combinatorial factors) is what we would see
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for [V(a, b)”*2]f , so there are no divergences due to t; approaching any other ¢; as long as
1 <n — 1. In appendix C, we show that

/ d”t/ d*s f(£)0s, (g5 (s1,82)c(s2)) :/ d"t d*s f(£)0s, (g5(s1,82)c(s2)) (5.35)
rab rab raeb

for any function f(_‘) which is finite on (a,b)”. Thus, the domain of integration can be
changed to I't” (tl, coytp_2) X F?’b(tn,l,tn) and we evaluate the integrals with respect
to t,—1 and t,:

In/2]—1 i
_ (1) n
B= 2 Qkk:!(n2k:2)!/r?bd L, Hgtutwk H V(t))g(tn—1, tn)e(tn)| (5.362)

k=0 j=2k+1

S g =
_ d" 2t gt ts V(ts
Z 2kk(n — 2k — 2)! /r’l P(t1,rtn_2) H ) H ) (5.36b)

=0 j=2k+1

</b €dtl /tl+€dt2+/ dtq /tl edt2> O, (9(t1,t2)c(ta))

_ V(@)™ 2]] (e(b) —ela) | ela) = c(b) o ct) —ctte)
- (n—2)! ( € + b—a +/a dt €2

(5.36¢)
T (efb) — e(a))(b — a) fz)

[V(a,)" %7 (c(a) —c(b) | De(b) | c(a)
T (n—-2) ( b—a 2 2

+ (¢(b) — ¢(a))(b—a) 5) . (5.36d)

Putting (5.34) and (5.36d) together, several terms cancel and we get

V4 7bnfl‘/bg Vv 7bn729
A+B: [ (CL ) ¢ (>]r [ (a ) ]7" 6c(b) +CRC(b)
(n—1)! (n—2)! 2
119 019 (5.37)
V@)V (a,b) 1] 4+ (249 _ iy [V(a,b)"2]¢
(n—1)! 2 (n—2)!
Multiplying this it by A” and then summing over n, we arrive at the precise form we
wanted: g g g
On [eAV(a,b)} _ {eAV(a,b)OR(b)] _ [OL(G)eAV(a,b)] ’ (5.38)
where

Or(a) = AV (a) — );80(&) +22CT¢c(a), ORg(b) = AV (b) + )\2200(6) + A2CEc(b) . (5.39)

As has already been discussed, the explicit dependence of OF and OF on CF and CF is
there to cancel the dependence of the renormalization scheme on these parameters. It can
be shown that

[V(a)e)‘v(“’b)}gL:gLJrAL — [(V(a)eMV (@b — <>\ / b thL(t)> [ema’b)}g, (5.40)

T T

which implies that the renormalized operators [e’\v(a’b)OR(b)]f and [OL(a)e)‘V(“’b)]i are
independent of the choice of C* and C*.
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5.6 The second BRST condition (2.4d)

To avoid clutter, in this section we will set C* and C* to zero. As we have stressed so far,
these constants are a matter of choice and do not affect the eventual SF'T solution.

5.6.1 A note on notation

To prove the second BRST assumption, it will be useful to introduce more flexible notation
than what we have introduced so far. In particular, we have written in equation (5.7)

b
[V (a, )79 = / dty . dty SV(0) ..V (t) oo (5.41a)
To be more specific, we could have written
b
[V (a, b))"]%5 — / by . dty SV(0) .. V(ta) oo (5.41b)

Such notation will allow us to use a counterterm g(g whose parameters do not match the
region of integration of V' exactly, for example

b
(V(a + e, b))% :/ dty .ty SV (1) V() Sy (5.41¢)
a+te @
Further, since the counterterms g, g% and ¢ will need to be modified independently, we
will use a notation
p L/R

[ . ]gab’gab (541d)

to list the appropriate counterterms and (when necessary) their parameters.

To verify the second BRST condition, we must compute

(nQiBl)! [V (a)V(a,b)" ] + (nCiB2)! (—;8c(a) [V(mb)”ﬂr) : (5.42)
From the first BRST condition, the second term is
co%c(a
- (nCiBQ)! S0e(a) [V(a, 02! = - o ! 5 4D [y 0,2y
(n _1 3)! 8cg(a) [V(a,0)" eV (b)]7 + (n i 3)! 0662(@) {V(a)v(“’ b)n_g))}j

In what follows, we need to know what happens when the BRST operator acts on opera-
tors renormalized using a different counterterm §P = gg) + Agj instead of g(g. Recalling
equation (5.12), we can write

On [ema,mﬁfb _ B esalee g [ewm,w]ifb (5.44a)
_ o N P d2s AL (51,50) <[€)\V(a,b) OR(b)Kﬁ”g‘?” B [OL(a) ewm,m]iﬁy&)

(5.44b)

_ [ew(“b)OR(b)}ffb’g‘ﬁ B [OL(a)eAV(a,b)}fﬁﬂgfb ’ (5.44c)
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where Op,/r have the form given in equation (5.39). To shift from gL/ Bio gL/ R g(fb/ B

Ai/ L we must use equation (5.40):

i 190094
O [ eAV(a,b)}r“ _ [EAV(a,b) <0 )+ A2 / th (t b))
Ar (5.44d)

7 9ab:9ab
- [(OL(a) + )2 / dt Agb(t)> eV(ad)

a

ol R _~D ~L
I R MR

T

i (5.44e)
42 / dt (A% (1.) - A1) [ )]
If Aﬁ) = Agb, we have that
Qu [V @] _ [V 0p0) " _ [0, @V @n) (55

Le., the first BRST condition has the same form and uses the same operators Op /g given
in equation (5.39) for any counterterms ¢g” and g*/%.
We will make use of this fact when g is different from ¢ because it uses different values

of @ and b by a small amount e. For example, we might have §fb = gcﬁ .p and gfb = g(f b

Then, since we are taking C%/f = 0 in this section, AaLb = Afb = (b—c11+5)2 — (b—la)27 and we
can use results (5.38) and (5.39) without any changes.

With these preliminaries out of the way, the main part of the proof of (2.4d) consists
of calculating the first term in (5.42).

Q n—119 Q b - . n—1 i
. _Bl)! [V (a)V (a,b)"]? = - —B1)! / -l OcV(a)il;[lV(ti)og. (5.46a)

At this point, we introduce a small parameter € which is implicitly taken to zero. Since
the integrand is finite, we can modify the integration region. We make an e-sized mod-
ification to the integration region at a to examine the divergence there and write, using
notation (5.41c):

QB b n—1 n—1
(n—l)'/ d”_1t<cV(a) s [Vt g, —(n-De(a)ga(a.tr) §HV(ti)§gab>. (5.46b)
P Jate i=1 i=2

Using the fact that @p(cV) = 0 and then rewriting some operators in the renormalized
form with an understanding that the implicit counterterm present in [ |, be taken to zero
before € gives

~ V(a)
(n—1)!

D b D
Qo [Via+eby1] 4 A9 | dtghQn Vet ey 2

(n - 2)' a-+e "

_ Dela / dt gh(t) [V (a+e,b)"2)% . (5.46c)

n—2
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The BRST operator can now act on these renormalized operators using (5.45) since the
e-regulator is holding the unintegrated insertion ‘away’, resulting in:

- (ZV_(‘;))! (V(a+e, b)"2eV (B)] % — [V (a+ )V (a+e, b)"*Q]ffb’gaLb)
- Y i+ b>"*3}fffb (30600 + jocta)
e “; / at gy 1) ([V(ate, 0" SV (B))7 % — [V (a+e)V (ate, b2 7% )
1 C(“L) / K gL () [V(a+ e b))% (;60(13) + ;8c(a)>
cdc(a)

(n—2)!

D
N
a-+te

(5.46d)

Rearranging and recombining some of the integrands into finite combinations, and in one

place using the fact that f Lo dt ght) =

1 b
(n_Q)!/a+Ed t . cVi(a

1 b
_(n_g)!/aJre
b
/a+e

dn73t o

1
~ (n—3)!

)
cVi(a

1
d”_3t§cﬁc(a

L+ O(e), we get

n—2

[[ve

=

V(b) o,

o 1
OGab iac(b)

o
nes
IO

i=1
n—3

) V() [ V(t)

i=1

o
©9ab

(5.46¢e)

1
(n—2)!

cac

[e)
o

_%

Ogab

/b d”_2t<cV( Via+e) HV HVtz -
a-+t+e

—(n—2)c(a)gh(a,t1) eV a+eHV Ogab).

Where the integrands are finite, we can now remove the e-regulator on the integration
region. The resulting expression is

_ (n—12)! [V (a)V(a,b)" 2V (b)]? — (n i 31 [V (a)V(a,b)"?]? Gc(b)
cdc(a cd2ecla
- 2(:3_(3)); [V(@)V(a,b)" "] Q(i_(;)! [V(a,b)"2]?, (5.46f)

where, to simplify the last and most complicated term in equation (5.46e), we have exam-
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ined the following chain of equalities,?

°cV(a)eV(a+€)V(a+e b)" 2 odus (5.47a)
=cV(a) 2cV(a+e)V(a+eb) 2 zgab - C(CL)CEEH—E) *Via+eb)" 2 ggab
(5.47b)

b
~(n=2)ela) [ drgly(t) SeVia+ebVia+ ez, 400

o —920 0 o n—2o
=cV(a) 2cV(a+e)V(a+eb)" 2 ogan c ce(a) *Via+eb)" 2 oGub
1 (o] n—20
— 50820(61) *V(a+eb)" 2 oGut (5.47¢)

b
— (n—2)c(a) / dtgh(t) ScVia+e,b)V(ia+eb)" 3%  +0(e).

OGab
+e

These, together with the observation that ° ¢V (a)cV (a + €)V(a + €,b)" 2 is of order

©9ab

€, imply that we can replace the parentheses in (5.46e) with 0625(‘1) TPVt 2 o

Parenthetically, it is worth noting that we can use explicit third order calculations to

show that all of these steps are correct at that order. For example, at third order (5.46c¢)
and (5.46d) both match the explicitly computed third order result

L@ [V @V (@,D))? =~ [V @)V (a, eV (B)} — eV (a)de(b)

1 1
n 50820(61)‘/(6% b) — icacV(a) . (5.48)

Finally, we add the two pieces (5.46f) and (5.43) together to see that

OB
(n—1)!

n—119 Q
[V (a)V (a,b)" )7 — @ _Bz)!
1

cV(a)V(a,b)" 2V ()] — = [V (a)V (a,b)"?]" %80(6)

T (n/_>3)
cocla . ela
- g(n_(g))l [V(a)V(a,b)"%]? + M

cd?c(a) e
~ s gy V@ T g
coc(a)
2(n — 3)!
1

= D [cV(a)V (a, b)"_QcV(b)]i ~ o)

+ g 2el) [V b eV 0]+ el [V b Soct).

%80(@) V(a, b)) (5.492)

1
Ty

(5.49b)

[V(a)V(a,b)" 5] + G

(5.49¢)

2Consistent with our notation, we include a counterterm for V(a)V(a+e¢) in 2 V(a)V(a+e)... o0 ,- The

finite part of this counterterm is irrelevant since the ghost factor will suppress it.
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Summing this expression over n gives
g

T

Qs [<)\CV(a) - f@c(a)) e/\V(a,b)]

A2 A2
=— [()\CV(CL) — 280(@)) eAViad) (AcV(b) + 280(()))} . (5.50)
This proves that the second BRST assumption (2.4d) holds in this particular renormaliza-
tion scheme at all orders.

6 Conclusions

In this section, we will discuss the effect that our free parameters have on the correspon-
ing SFT solution. We will discuss first the effect of the already explicitly identified free
parameters, and then consider the existence of other free parameters.

In sections 3 and 4, we have discussed parameters such as Cp,, Crg, 083)’DL and Cég)’DR
that affect the renormalization scheme in a relatively trivial way. They change only the
explicit form of O and Of, but do not change the corresponding SF'T solution. In contrast,
parameters Cy, Cy and C’ég) appear at first glance to affect the renormalization scheme and
the SFT solution. Let’s examine these in some detail.

From equation (5.12), we see that our free parameters Cy and C are simply a rescaling
of the renormalized operator:

9(Co,C1) 9(Co=0,C1=0)

— ¢~ (C1(b—a)+Co) [BAV(a,b)} . (6.1)

T

[ eAV(a,b)}

r

To understand whether this implies a change in the SFT solution, we consider equations
(3.11) and (3.12) of [1]:

U=y xun, (6.2a)
n=0
where )
(6,UM) = —{f o6, [V(L0)"ln)w, (6.2b)

This pair of equations defines a string field U from which the SF'T solution of Kiermaier and
Okawa is constructed. Following the details of the construction, we see that a rescaling of
U by a A-dependent factor changes U and therefore has impact on the SFT solution. This
is because, in equation (6.2b), the interval on which V is integrated is different at every
order: b—a = n—1. With a A-dependent rescaling factor, in the resulting expression for U,
the width of the integration interval will no longer match the power to which V is raised,
and the final expression for U will be different. A numerical computation [14] indicates
that indeed Cy and C; do affect the SF'T solution. We leave the question of whether SFT
solutions given by different values of C'y and Cj are related by a gauge transformations to
future work, and offer only one more observation: introducing a nonzero C] is the same as
replacing V' (¢) with V(¢) — AC.
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Notice that the rescaling (6.1) is consistent with our comparison between equa-
tions (3.26) and (3.31): if C; is not zero, the 2 derivative in equation (3.26) has an

da
additional term from the derivative acting on the rescaling factor e (C1(b-a))

. The appar-
ent non-primarity of the bce operator seems to arise from this rescaling of the renormalized
operator.

Leaving now the confines of the renormalization scheme defined in section 5, we can
ask whether changing Cég) changes the SF'T solution. It is easy to see that generalizing

the rescaling in equation (6.1) to include higher order terms, as in

, (6.3)

I

|:€)‘V(a’b)} . (Con2+C{VA1+..) = (i +C{ N4 ) (b-a) [ew(a,b)] 9(Co=0,C1=0)

r

does not result in a change of 083) from the value it has in the scheme of section 5, 063) =

—(341n2) 4+ Cy. There is, however, another simple change in the renormalization schemes
which does affect C(gg): a renormalization of the perturbation parameter A. Specifically, we

can take
g

7 (6.4)

7

{ez\V(a,b)} _ {e(A+6AC(()3))\3+...>V(a,b):|

r

where AC((]3) = C’ég) + (3+1In2) — Cp. The conclusion is then that changing C’ég) away from
—(341n2)+ Cp does affect the SF'T solution, but in a benign and easy to understand way:
by reparametrizing the deformation flow. This observation also explains why there is no
independent parameter C'{?’).

As equation (6.3) makes clear, at higher orders there are more parameters that will
affect the SFT solution beyond a reparametrization of the deformation flow. The first two
of these are C(()4) and C’£4). Are there any other, more complicated modifications to the
renormalization scheme that affect the SFT solution and are not just a reparameterization
of the flow? To answer this question, we could, for example, repeat the analysis of section 4
at quartic order in A (to see whether there are any parameters other than C’(()4) and C§4)).
This, however, is complicated. Not only are there more terms, but constructing the most
general finite renormalization scheme at this order is nontrivial: recall that the naive guess
in equation (5.2) turned out to not be finite (see appendix A for details). We are not able
to offer an analysis beyond third order here, but do briefly discuss a possible approach in
the following subsection.

6.1 Renormalization operator

A good renormalization scheme must make the operator eV (a:b)

finite and satisfy the
conditions (2.4). In our analysis in sections 3 and 4, we saw that the conditions of factor-
ization (2.4a) and replacement (2.4b) place strong constraints on possible renormalization
parameters. Since we have already identified the replacement condition as essentially a
linearity condition, to get this condition ‘for free’, we could implement our renormalization
scheme as a linear operator. This approach will require the ‘extended linearity’ of (2.5),
and so it will produce restrictions such as C¥' = Cf = €}, which we will assume for this

subsection.
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Consider then an operator L, given by

0 0
L.= — L -
/dxdy Sz —y)G V() V() .
1. oo e g 0 ) ’
+ 5 ilglo/dxdy ('z—y+A)—d(z—y—A))G V() V)
It has the property that

Le V(a)V(a,b) = GF, (6.6a)
Le V(a,b)? =2 (-GF + (b—a)G*) =2GL}, (6.6b)
Le V(a,b)V(b,c) = G¥, (6.6¢)

thus it correctly produces the counterterms at quadratic order.
We could then ask whether, for any operator A built out of integrated or fixed insertions
of the marginal operator V', we should define

[A], = lim(e L A), . (6.7)

e—0

The answer is no: this would be equivalent to using equation (5.2), which we know not to
be finite. However, we might be able to ‘patch up’ this problem (and introduce more free
parameters at the same time) by using a more general operator L.. Consider, for example

o0 . N n (5
LE:Z/d x L >(x1,...,xn)H6V($i). (6.8)
n=2 i

=1

This gives us a parametrization of sorts of possible renormalization schemes at different
orders. At the quadratic order, we have

L) (x,y) = GEo(x —y) + %iimo GF(§'(x—y+A) =& (z—y—A)), (6.9)
—
and at third order we could have
L (@,y,2) = APV (2)d(z — y)d(z — 2) + BOV(2)d(z — y)d(y — 2), (6.10)

where the free parameters uncovered in section 4 are shown, by an explicit calculation, to
be reproduced with

C(()3) — CO + A(3) + B(3), C(g3),DL _ C(()3),DR _ CO + A(3) + gB(3) ) (611)

Since renormalization arises through an action of an operator here, it is naturally linear,
so the replacement condition (2.4b) would be naturally satisfied. If we want to satisfy the
factorization condition (2.4a), we just need some strategically placed J-functions, as is
explicit in equation (6.10).

To extend this analysis to the next (quartic) order, we must account for subleading
divergences at fourth order that were uncovered in appendix A. An explicit calculation
gives additional divergent counterterms at fourth order:

1
L5(x1, x2, 23, 24) ~ 2(5(351 — x9)0(x2 — x3)0(z3 — x4) + O(Ine). (6.12)
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Finite terms are of course allowed as well, and will contribute additional free parame-
ters. While we have not demonstrated that our scheme [ |7 is of this type, we believe
this to be true.

With this approach, we could in principle write down the most general finite scheme
at quartic order that satisfies conditions (2.4b) and (2.4a). Then, we would need to check
that the BRST conditions do not impose any extra restriction on the free parameters.
This would allow us to discover whether there are any free parameters at quartic order
that affect the SF'T solution in a nontrivial way, without analyzing all possible restrictions

due to the replacement condition at this order.

A Comments on equation (5.2)

While the renormalization schemes

lim e Gy (e/\v(“’b)> (5.2)

e—0

and
L=y [T e @9

look very similar, they are not equivalent. The scheme we have been using, (5.8), is given
at order A" by (5.10), and (5.2) is similarly written out as

. (=)kn! ok / n |
lim T~ 2h)] (GL) Fg’b(t%ﬂmtn)dtl...dtn IT v). (A1)

0<k<?Z j=2k+1

The critical difference between these two schemes is illustrated by

(265" / dty...dt; [[V(ty) (A.2a)
F?’b(tl,...,ti) j=1
i k
= dtl...dti dSl...d82k V g(s24 1,82
/F?’b(tl,...,ti)><I‘S’b(sl,52)><...XF‘:’b(s%1,52k) ]J E ] !
(A.2b)
i k
7é / dtl e dtidsl e dSQk H V H 82] 1, 32j (A.QC)
TP (81,0 ti,51 000,50k i—1 j=1

We might try to argue that since the integrand has no singularity where one of the s;
approaches a t; or an s; belonging to another counterterm, the difference vanishes as e — 0
and the difference between the integration regions shrinks. The flaw in this reasoning is
that when, for example, s is close to one of the t;-s, then the integrand does become large
for |s; —t;| < €, an integration region which is included in one case but not in the other.
As a concrete example, at third order it can be shown that

b b
/ dt/ dSldSQ—/ dtdsidss | f(t)g(s1,s2) = (6+21n2)/ dt f(t). (A.3)
a % (s1,52) % (t,s1,50) a
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At fourth order, the problem becomes worse. Examining the difference between the two
renormalization schemes at this order, we see that

SVl = o (Vb)) - 5 (Vb)) 65 + 5 (G5)° (A4)

24
1
+ - / dtldtz/ d81d82 / dtldtgdsld.s’g
4 ©b(t1,t2) @b (s1,52) TP (t1,t2,51,52)
1
(Vieovie) - jo(0.t)) asr.o0).

The term on the last line is not finite as t; approaches t5 and so the difference between
the two renormalization schemes is not finite as e approaches zero. Slnce [V (a, b) |7 is
demonstratively finite, it must be that 55 (V(a, b)A‘)6 —1(V(a,b) ) GE + (Gﬁ,) is not.

B Proof of equation (5.11)

g=g+A

We will explicitly write out the operator [V (a,b)"]? in order to compare it to the same

operator renormalized with g:

k
/dtl .dt, Z Z Qkk‘ chg) (t 2i—1) 0(21 H V 0’(]) (Bla)
=1

oc€ESH 0<k<” j=2k+1

/dtl LIDDEDY 2kkln—2k

o€Sn 0<k<n

. . (B.1b)
Z < )H o(2-1)» to(21)) H 9oy (to@i—1) to(2i)) H V(to(y))
m=0 =1 i=m+1 j=2k+1
AR IIN
:/a dty...dt, Z Z H o] Aab (tU(Ql_l),tJ(gl))
ogESy O<m<% =1
. (B.1¢)
(=)™
Z 9k— m(k m n—2k: H gab o(2i—1) H V
m<k<g i=m+1 j=2k+1
— bdtl...dt Z (=)™ HAD (tar—1,tar)
“ " 2mm) ab ’
0<m<2 =1
(B.1d)
(=1)km
Z Z 2k=m (k—m)|(n—2k)! H gab o(2i-1) H vt
aeSnfmm<k<ﬁ i=m+1 J=2k+1
b
= Y 2mm, H/ dtor 1 dbg AL (tar - 1,?521)/ dlptr - .. dtn
0<m<2 @
. (B.1e)
)
Z Z ok— m 'TL 2/6 H gab o(2i—1) 0(21 H V 0'(])
oES,— mm<k<” i=m+1 j=2k+1
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1 I D "
_ —= | dsidsaAg(s1,82) ) X%

m!\ 2
ogmgg
bd g (_1)k;
becdinon D D ST amaR) (B.1f)
a 0ESn—m 0<k<Z—m
k n—2m
D
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While the exponential form would automatically make the combinatorial factors ‘work out’,
using this form makes it easier to ensure that the integrand stays finite at every step, a
crucial part of the proof.

C Proof of equation (5.35)

We wish to show that

/Fab d"t - d?s ]‘(7?)852 (gg)(ShSQ)C(SQ)) = d™t d*s f(t_')ag2 (957(81,82)6(82)) (C.1)

b
re

for any function f (f ) which is bounded on (a,b). The difference between integrals over the
two regions can be written in terms of three other other integrals:

</1"«€zb d"t /I"Sb d?s — /ng d™t d2s> f(f)GSQ (93(51, 82)0(52))

= Z/ d’s (/ d"t+/ d”t) f(l?)@s2 (gﬂ(sl,SQ)c(SQ))
i—q vIeb rabn|t; —s1|<e rabnt; —sa|<e
- Z/ d2$/ d"t f(f)OSQ (gfi(sl,sz)c(sz)) . (C.2)
i JIeb rebnlt; —s1|<en|t;—sa|<e

The first and second lines of the right hand side both vanish independently, so we will
compute them separately, starting with the first line.

Because the function f is finite and is integrated over a region with area of order e,
we notice that each of those integrals over ¢ is e times a finite function of one of the two
remaining coordinates. Specifically, by defining

1 n
F(s) == E d" C.
(S) € i—1 /ngﬂ|ti—s|<e ! f(F) ’ ( 3)

the first line of (C.2) is

€ d?s 0, (gﬁ,(sl, s2)c(s2)) (F(s1) + F(s2)) . (C.4a)
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We will not need to know the precise form of F'(s) so long as it and its derivative are finite.
With the full expression having an e factor out front from the small area of the ¢; integral,
we know that the finite part of gfb will not play any role, and we only need to consider the
singular term. Integrating by parts, we have

E/b_€ s <c(b)F(s) +c(O)F(b)  c(s+e)F(s)—cls+e)F(s+ e))
a (b - 8)2 €2
b (c(s—e)F (s )+C(8—6)F(8—6) c(a)F(s) +c(a)F(a)
[ )

€2 a (s —a)?

(/b €d51 /81+Ed32+/ dSl/ > 522)_11(1*;22) (C.b)

The integrals with (b_S)Q and (S_la)2 can be done explicitly by Taylor expanding F'(s)

about the appropriate endpoint. The integrals with }2 can be put over a common region
by shifting the coordinate s in one of them. For the double integrals, we will Taylor expand
the numerator about s; in order to perform the so integral.

2eF (b) — 2¢F (a) +/b s lels =€) —c(s)) (F(s — ) + F(s))
a+te€ €

b—e b b S1—€ FI F/
—€ </ dsl/ dso +/ dsl/ d.sz) ( ¢ (81)2 + k) (s1) +.. > . (Cde)
a s14€ ate a (82 - 81) S2 — 81

Evaluating this further, we get

2cF(b) — 2cF (a —2/ ds Oc(s)F(s)

b—e cF'(s) cF'(s) b cF'(s) cF'(s) (C4d)
[ e L ()
b b
= 2cF(b) — 2cF(a) — 2/ ds 0c(s)F(s) — 2/ ds cF'(s) + O(elne) (C.de)
— 26 (b) — 2cF(a) — 2 / " ds 0, (cF(s)) + Ol o). (C.4f)

which goes to zero in the € — 0 limit.
Turning now to the last line in (C.2), where t; is close to both s; and s2, we define

81, 82 Z/ dnt f({), F3(81, 82) = FQ(Sl, 82)0(82) . (05)
Tebn|t; —s1|<eN|t; —s2|<e

Both of these functions are finite for the same reasons as F'(s) above: they are finite
functions integrated over a region with area proportional to €, and then divided by e. The
term we wish to evaluate is

b s1—¢€ b—2¢ s1+2¢ a+2e¢ s1—¢€ b—e b
€ (/ dsl/ dso + / dsl/ —1—/ dsl/ dsg + / d81/ d$2>
a+2e s1—2¢ a S1+€ a+te a b—2¢ s1+e€

Fy(s1,52)0s, (g£(51,32)c(32)) . (C.6a)
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As with the other term, we will integrate this by parts.

b F. —¢ F -2 b2 F. 2 F.
6/ ds< 3(8728 € 3(s,s 6))+€/ ds< 3(s, s+ e)_ 3(3,3—1—6))

toe € 4e? 4¢? €

+6/::25 s <F3(s,6;’ —€ éﬁ%&s,;;l) +€/bb;:ds ((Fb3(_ssl))) F5(s, s—l—e)>

s1—¢€ b—2¢ s1+2¢ a+2e b
(/ dsl/ dSz—l—/ d81/ / d81/ dSQ—l-/ d81/ ng)
a+2e¢ s1—2¢€ s1+e€ b Ss1+e€

852 (F2(817 52)) 82)
o _ (C.6b)

For the terms with a 5 we will gather like denominators, shifting the integration variable
when necessary to match intervals. For the other single integrals, the functions F3(s,a)
and Fj3(s,b) can be Taylor expanded about the endpoints a and b and only the first term
will contribute, with the rest of the Taylor series giving at most terms of order O(elne).
For the double integrals, we will also Taylor expand 0s, F5(s1, $2)c(s2) in s2 about sa = s;
and again only the first term will contribute. In addition, the last two double integrals will
not contribute at all because the s; integrals there provide extra suppression.

/b dng(s—2e,s)—F3(s,s—2e)+/b dng(s,s—e)—Fg(s—e,s)
a+2e 4e a

+e €

b—e a+2e ds

4 Fy(b, ) / + Fy(a, a) /

b2 b—S) a+e (s—a)?

b—2¢ s1+2¢
(/ dsl/ dsg +/ d31/ dSQ) 82(F2(81’81))26(81) ) (C.6¢)
+2¢ 51—2€ a s1+e€ (81 - 82)

Here 0>F5 is the derivative with respect to the second parameter, and 0; will be with

respect to the first. Now we Taylor expand the numerators on the first line and evaluate
an integral for everything else.

;/ab ds (01 — O2) Fs(s,s) + F3(6,5) ; Fy(a,a) </ab ds + /;26 ds) M

+2e¢ 2
(C.6d)
In order to remove the middle term, we would like to change (01 — 92) to — (01 + J2) = —0s
in the first term, which we can do by adding an extra J; piece.

1 b F _F b b
—2/ ds OsF3(s,s)+ 3(b,b)2 3(a,a)+/ ds@ng(s,s)—/ ds D2 F» (s, s)c(s) (C.6e)

b
= / ds (01 Fs(s,s) — 02Fs(s,8)) c(s) . (C.6f)

Now we look back at the definition of Fy(s1,s2) and see that it is a symmetric function of
its two parameters, so that the two derivatives are equal when acting on the line 51 = so.
We thus have zero for all of (C.2).
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