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ABSTRACT: The holomorphic Coulomb gas formalism, as developed by Feigin-Fuchs,
Dotsenko-Fateev and Felder, is a set of rules for computing minimal model observables
using free field techniques. We attempt to derive and clarify these rules using standard
techniques of quantum field theory. We begin with a careful examination of the timelike
linear dilaton. Although the background charge of the model breaks the scalar field’s contin-
uous shift symmetry, the exponential of the action remains invariant under a discrete shift
because the background charge is imaginary. Gauging this symmetry makes the dilaton
compact and introduces winding modes into the spectrum. One of these winding operators
corresponds to the anti-holomorphic completion of the BRST current first introduced by
Felder, and the full left /right cohomology of this BRST charge isolates the irreducible rep-
resentations of the Virasoro algebra within the degenerate Fock space of the linear dilaton.
The “supertrace” in the BRST complex reproduces the minimal model partition function
and exhibits delicate cancellations between states with both momentum and winding. The
model at the radius R = 4/pp’ has two marginal operators corresponding to the Dotsenko-
Fateev “screening charges”. Deforming by them, we obtain a model that might be called a
“BRST quotiented compact timelike Liouville theory”. The Hamiltonian of the zero-mode
quantum mechanics of this model is not Hermitian, but it is PT-symmetric and exactly
solvable. Its eigenfunctions have support on an infinite number of plane waves, suggesting
an infinite reduction in the number of independent states in the full quantum field theory.
Applying conformal perturbation theory to the exponential interactions reproduces the
Coulomb gas calculations of minimal model correlation functions. In contrast to spacelike
Liouville, these “resonance correlators” are finite because the zero mode is compact. We
comment on subtleties regarding the reflection operator identification, as well as naive vi-
olations of truncation in correlators with multiple reflection operators inserted. This work
is part of an attempt to understand the relationship between the JT model of two dimen-
sional gravity and the worldsheet description of the (2,p) minimal string as suggested by
Seiberg and Stanford.

KeEyworDs: BRST Quantization, Conformal Field Theory, Field Theories in Lower Di-
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1 Introduction

The minimal models of two dimensional conformal field theory are among the most studied
and best understood of all quantum field theories [1-3]. They serve as the prototypical
examples of rational conformal field theories [4, 5], and their solution via the conformal
bootstrap exemplifies the power of the abstract, non-Lagrangian approach to conformal
field theory and critical phenomena.

Although these models are defined abstractly by their spectrum of local operators
and OPE coefficients, they are perhaps most interesting when viewed in relation to other
two-dimensional systems. Each minimal model controls the long-distance dynamics of a
rich universality class of interesting and physically realizable lattice models [6, 7]. Within
the realm of continuum field theory, these universality classes are known to include the
Landau-Ginzburg models [8], and probably include some version of highly curved, small-
AdS quantum gravity in three dimensions [9-11]. There are interesting renormalization
group flows between the different models [12], and even their massive deformations exhibit
fascinating properties [13].

In each of the previous examples, the minimal model describes the (ultraviolet or in-
frared) asymptotics of another scale-dependent system. The minimal models also have a
number of exact descriptions in terms of other seemingly unrelated conformal field the-
ories, each of which involves a gauging procedure or the imposition of constraints. The
Goddard-Kent-Olive coset construction of the minimal models [14-18] played a key role in
demonstrating unitarity of the (m,m + 1) series, and the work of Bershadsky and Ooguri
relates the models to a Hamiltonian reduction of the SL(2,R) WZW model. The focus of
this paper will be on the oldest, and in some sense most puzzling, exact construction of
the minimal models: the Coulomb gas formalism. Our main conclusion is that, at least
for the (2,p) models, the Coulomb Gas formalism fits comfortably within the standard
framework of local quantum field theory, and can in fact be derived from standard QFT
manipulations of a somewhat exotic “compact timelike linear dilaton theory” with a pe-
culiar operator spectrum and a BRST symmetry. The framework could equivalently be
described as a “BRST quotient of the compact timelike Liouville theory”. The goal is
to subject these models to a careful modern analysis and to clarify their relation to the
minimal models.

It was known very early on that a large class of two dimensional lattice models renor-
malize onto a scalar field at criticality. Indeed, a two dimensional scalar field with a
background coupling to curvature can realize any central charge, and the exponential ver-
tex operators of such a model can realize almost any conformal dimension. This fact alone
suggests that many fixed points could be described or embedded within such a model, and
most known rational conformal field theories do have realizations in terms of multiple free
fields. The heuristic suggests that, just as a highly curved manifold can always be embed-
ded in a flat space of sufficiently high dimension, it might be possible to conformally embed
any interacting 2d CFT in a set of free (flat) fields subject to some constraints (gauging,
deformation by a marginal operator, BRST quotient, etc.). In this sense the Coulomb gas
formalism plays a role similar to the Whitney embedding theorem for 2d CFT [19].



The standard free field realization of the minimal models involves a single scalar field,

1" The linear dilaton first appeared in the physics

the so-called timelike linear dilaton.
literature in a paper by Chodos and Thorn [20] as part of an attempt to change the
critical dimension of the bosonic string. A decade later, Thorn returned to the model to
study the Kac determinant formula and to work out explicit expressions for the singular
vectors [21] (see also the works of Tsuchiya-Kanie [22], Kato-Matsuda [23-26], and Gervais-
Neveu [27-29]). In a separate attempt to understand the structure of the reducible Verma
modules over the Virasoro algebra (and to prove the Kac determinant formula), Feigin
and Fuchs were led to study a series of auxiliary modules (importantly inequivalent to
any Verma module), the spaces of semi-infinite forms. Phrased in physical terms, this
construction embedded states of the degenerate Virasoro representation in the Fock space
of an anticommuting be ghost system [30, 31]. Later work “bosonized” the construction [32],
leading to the modern presentation of the Coulomb gas formalism. In the language of this
paper, Feigin and Fuchs investigated the Hilbert space of the timelike linear dilaton, but
they did not study its marginal deformations since they were concerned with kinematics
rather than dynamics.

These mathematical developments first made contact with the minimal models through
the work of Dotsenko and Fateev [33-36], who invented a seemingly ad-hoc prescription to
compute observables in the minimal models using free field correlation functions. Working
with the holomorphic sector of the timelike linear dilaton theory
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Dotsenko and Fateev were led to identify the minimal model primaries M, s(z) with the

exponential operators ei@rs?(2) of the same conformal dimension (the indices r, s label en-
tries in the Kac table). Genus zero correlation functions of these exponential operators
are given by free field expectation values with a modified selection rule > a; = —2iQ on
the momenta, and obviously do not reproduce the correlations of the interacting minimal
models. As a remedy, Dotsenko and Fateev identified a pair of dimension h = 1 pri-
mary operators e2i¢+9(2) (importantly, neither corresponds to an operator in the minimal
model). Closed line integrals of these operators commute with the Virasoro algebra, but
not with the anomalous U(1) current d¢(z). They can therefore be used to “screen” the
background charge asymmetry, producing non-zero values for correlation functions on the
sphere that would otherwise vanish. The prescription for calculating the holomorphic parts
of correlators takes the schematic form

(Myy,5,(21) « - - My, 5, (20))
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'The terminology “timelike” derives from the string theory literature, where it is common to use a dilaton
with a wrong-sign kinetic term and a real background charge rather than a dilaton with a conventional
kinetic term and an imaginary background charge. The two descriptions are related by the field redefinition

P(x) — ig(z).



where the number of screening charges is determined by the selection rule on the mo-
menta. Without any a priori justification for the screening charge prescription, the choice
of contours in this formula is not fixed. Instead, the correct combination of contours is
determined by combining the holomorphic and anti-holomorphic correlators and requiring
locality (absence of branch cuts) in the final answer. With the four-point functions in hand,
Dotsenko and Fateev worked backwards to derive the set of OPE coefficients that define
each model.

This convoluted procedure devised by Dotsenko and Fateev is commonly known as the
Coulomb gas formalism. At the time of its invention, the framework appeared to be a clever
trick for finding integral representations of conformal blocks, but the physical interpretation
remained murky. Its relation to more central ideas in quantum field theory began with the
work of Felder [37], who identified a hidden BRST structure in the construction and used
it to compute certain genus one observables.

The most obvious question raised by the work of Dotsenko and Fateev regards the spe-
cial status of the “minimal model exponentials” in the linear dilaton theory. In particular,
what is it that singles them out from the much larger space of exponential vertex operators
in the model? Felder’s answer to this question involved an ingenious combination of the
work of Thorn, Feigin-Fuchs, and Dotsenko-Fateev. His basic innovation was to reinterpret
the construction of Feigin and Fuchs as a BRST quotient of the linear dilaton Hilbert space.
Combining Thorn’s explicit expressions for the Fock space singular vectors [21-26] with the
structure of the Feigin-Fuchs bosonic resolution [32], Felder constructed a series of nilpo-
tent BRST operators from multiple nested line integrals of the Dotsenko-Fateev screening
operators. The cohomology of these charges in the “minimal model Fock spaces” F}. s yields
the corresponding irreducible representation of the Virasoro algebra. Felder’s holomorphic
BRST complex is infinite in both directions, so his construction involves the extraneous
vertex operators present in the linear dilaton but not the minimal model. Crucially, he
demonstrated that all of the cohomology of the complex
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is concentrated in F.s: the extra operators in the model are all either BRST exact or not
BRST closed. Since a trace in the cohomology is the same as the alternating trace in the
full complex, Felder was able to easily reproduce the Rocha-Caridi form of the minimal
model character [38]. A second major component of Felder’s work developed the notion of
“screened vertex operators”, in which one attaches line integrals of the Dotsenko-Fateev
screening operators to the exponential operators. Inside of correlation functions, these
integrals can be deformed onto the Dotsenko-Fateev contours, reproducing the Coulomb
gas calculation. This construction seems far less natural from the point of view of local
quantum field theory, and we will not need it in our formulation. In its place we substitute
conformal perturbation theory.

Felder’s work sparked followups in many directions (see [39, 40] for useful reviews). In
particular, the ability to project out unwanted states through the BRST quotient opened
up the possibility to calculate observables on higher genus surfaces using the Coulomb gas
formalism [41-43] (see also [44-54]). Importantly, in some of these higher genus calculations



it was noted that the scalar field should be compact, although attention to such global
issues was scarce. As we will see, this is a crucial ingredient in the Coulomb gas quantum
field theory: without it, Felder’s BRST current (which is a winding operator in the full
model) would not be in the spectrum. The Dotsenko-Fateev contour prescription becomes
much more complicated on a surface with nontrivial cycles, and many of the works on
higher genus had difficulty explicitly demonstrating modular invariance. This would be an
afterthought if the rules could be derived from a description where locality was manifest.

The combined work of Dotsenko-Fateev and Felder is highly suggestive. In fact, al-
ready in their second paper Dotsenko and Fateev noted that their final answers could be
reproduced by surface integrals of a pair of marginal operators. The precise physical inter-
pretation of this fact was left open due to certain technical puzzles that we will describe, but
this observation clearly suggests that the minimal model might be obtained as a marginal
deformation of the timelike linear dilaton.

The aim of this paper is to combine this observation of Dotsenko-Fateev with Felder’s
BRST construction, paying close attention to global issues and clarifying some subtle points
which have been glossed over in previous treatments. The main takeaway of the analysis is
that compactness of the linear dilaton is crucial, and the BRST structure of the model is
indispensable. Taken together, they conspire to fix several pathologies arising in the naive
interpretation of the theory, including some apparent violations of the minimal model fusion
rules that actually result from calculating non-BRST invariant quantities.

It is useful to compare the techniques of this paper with the standard treatment of
spacelike Liouville theory, which historically also developed from Coulomb gas techniques.
The screening charge prescription of Goulian-Li [55] calculates a special class of resonance
correlators in spacelike Liouville. For this set of correlators, which can be screened by an in-
teger number of Liouville interactions, the zero-mode of the field feels no effective potential.
Integrating over this undamped non-compact direction in field space produces divergences
in the correlation functions which are identified as poles in the DOZZ formula [56, 57],
and the residues of these poles match the naive screening charge calculation. In spacelike
Liouville theory, most of the correlation functions of interest cannot be screened in this
way, and are instead obtained through a clever analytic continuation. In the case at hand
it is precisely these resonance correlators that one wants to calculate and compare to the
minimal model. We obtain finite answers, along with a normalizable SL(2,C) invariant
groundstate and normalizable operators, because our zero mode is compact. We should
also note that there has been scattered work on timelike Liouville theory [58-68]. These
treatments typically do not compactify the Liouville scalar, nor do they implement the
BRST quotient. Taking these global issues into account might shed light on some of the
puzzles encountered in these works, especially the failure of truncation noted in [64].

Finally, we should mention that our primary motivation for this work is to better
understand the relationship between the JT model [69-74] of two-dimensional quantum
gravity and the worldsheet description of the (2,p) minimal string. The JT model is a
profoundly simple theory of two-dimensional gravity in which one only path-integrates
over metrics of constant negative curvature (plus some extrinsic wiggles in the asymptotic
regions). The path integral of this model has recently been computed to all orders in the



genus expansion [75], where it was also linked to the type of double-scaled matrix integral
known to describe minimal matter coupled to the Liouville field [76-79]. In particular,
calculations in the JT description seem to imply a relationship with the p — oo limit of
the (2,p) minimal model coupled to Liouville. The heuristic explanation for this corre-
spondence was suggested by Seiberg and Stanford [75]: as p — oo the central charge of
the minimal model cjy; — —o0 so that the Liouville central charge tends to ¢, — +o0.
This is a semiclassical limit for the conformal factor in which only the saddles (which
are constant curvature surfaces) contribute. Formal manipulations [75, 80] involving the
Feigin-Fuchs description of the minimal model coupled to Liouville seem to suggest that a
direct, rigorous limit might be taken, and this paper is a first step in that direction.

The outline of this paper is as follows. In section 2, we briefly review well known
facts about the minimal models and the structure of degenerate Verma modules. Sec-
tion 3 presents the standard treatment of the Coulomb gas formalism, including the work
of Feigin-Fuchs and Dotsenko-Fateev. Section 4 explores Felder’s BRST construction in
some instructive examples before presenting the general case. In section 5, we introduce
and begin to analyze the compact timelike linear dilaton, paying special attention to the
BRST structure of the model as well as its marginal deformations and currents. In par-
ticular, we demonstrate that a (slightly nontrivial) generalization of Felder’s holomorphic
BRST construction reduces the spectrum of the compact timelike linear dilaton to that of
the minimal model. In section 6, we perturb the timelike linear dilaton by its marginal
deformations, and relate the resulting observables to the screening charge calculations of
the Coulomb gas formalism. Along the way we clarify some subtle points regarding the
truncation of the OPE and the “reflection identification” of operators with the same scaling
dimension but different U(1) charge.

2 Minimal models

In this section we quickly review well known facts about the representation theory of the
Virasoro algebra at central charge ¢ < 1, as well as the operator content and fusion rules of
the minimal models. Each minimal model is labeled by a distinct pair of coprime integers
(p,p’), and our convention is p > p’. We will not restrict to the unitary series for which
p=p + 1, but we will only consider the diagonal models.

2.1 Structure of reducible Verma modules

In this section we provide a review of the representation theory of the Virasoro algebra

c

[Lyn, L] = (n —m)Lpyyn + ﬁ(n‘o’ —1)0n,—m (2.1)
when ¢ < 1. Textbook treatments can be found in [81, 82]. Verma modules M (h,c) over
the Virasoro algebra are generated by the action of the L,-o on a highest weight vector
|h, c). At each descendant level n, the matrix of overlaps is calculated using the adjoints
L! = L_, and the commutation relations (2.1). The determinant of this matrix was worked



out by Kac [82, 83] and takes the form
detn(c,h) = K [ [ (h=he )P0, K, = T ((2r) styptnre)-plnr(s+l) o (9.9)

r,seN r,seN
TSN rs<n

In this formula, p(N) is the number of partitions of N. The zeroes of this polynomial are

given by
1 1 Vi—ct+25—-c¢
= — — 1 — — 2 - . .
hys(c) 51 (c—1)+ 4(ra+ +sa_), fo o1 (2.3)

If our aim was to isolate the unitary models, we would require all norms to be positive
semi-definite. However, the quantum field theory description of a statistical system at a
second order phase transition need not be unitary, and the requirement that we impose
instead is that the representations be of type III_ in the classification of [32]. In this case,
there exists a rational relation

poy +pa_ =0, (2.4)

P P’
g =, [—, a_ = —4[—. 2.5
=yE ’ (2.5)

In terms of these coprime integers, the central charge takes the rational form

and we take

(p—p')*
Cppy =1 —6——7— 2.6
PP pp/ ( )
and the degenerate weights are simply
1 1
hys = —Z(our +a )+ Z(rmr +sa_)?. (2.7)

It is important to note that h,s = hyyp s4p = hp—rp—s. Returning to (2.2), this implies
that the Verma module M (h; s, ¢, ) = M(hys) has distinct singular vectors appearing at
level rs and level (p’ —7)(p — s). It is easy to calculate the conformal dimensions of these
null descendants, and one finds that they too are highest weight states for type III_ Verma
modules:

hr,s +rs= hp’Jrr,pfs = hp’fr,p+s ) hr,s + (p/ - 7")(]0 - 5) = hr,2pfs = h2p’fr,s . (28)

In order to form the irreducible representation, one must quotient by the maximal sub-
representation M (hy 4rp—s) + M(hr2p—s). The irreducible state space of the model is
therefore

Mr,s = M(hr,s)/{M(hp’+r,p—s) + M(hr,2p—8)} . (2'9)

Unfortunately, M (hpyyrp—s) N M(hr2p—s) # 0, so it is incorrect to simply remove a
copy of each state in the two modules M (hy iyp—s) and M(hy.2,—s). The Verma mod-
ule M (hy 4rp—s) has two null descendants occurring at level | = (p’ 4+ r)(p—s) and at level
l=(p—r)(p+s), each of which also generates a type III_ module:

hp’+7‘,p—s + (p/ + r)(p - S) = h2p’+r,s = hp’—r,Sp—s ) (210)
hp'JF?",P*S + (p/ - r)(p + S) = h3p’fr,pfs = hr,2p+s . (211)
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Figure 1. Structure of reducible Verma modules. An arrow from one point to the next indicates
that the highest weight vector of the second module is a singular vector of the first module.

Importantly, these are the same null states appearing in the Verma module M (hy 2,—s) at
the levels | = r(2p — s) and [ = s(2p’ — r):

hr,2p—s + 7‘(2p - 3) = h2p’+r,s = hp’fr,Spfs ) h'r,2p—s + (2p’ - 7“)8 = h3p’7r,pfs = hr,2p+s .

(2.12)
Since both M (hy 1y p—s) and M (hy2,—s) contain the same two submodules, the sum is a
quotient
M(hp’+7“,p—8) + M(hrﬂp—é‘) = {M(hp’+r,p—s) @ M(hr,2p—8)}/{M(h2p’+r,s) + M(hr,2p+8)} :

(2.13)
Therefore, if one removes a copy of each state in the two modules M (hy i, ,—s) and
M (hyop—s) from M(h, ), one must add back in the states contained in M (hop irs) +

M(hr72p+s).
Repeating this analysis allows one to calculate the sum M (hgyiys) + M (hr2pts) in
terms of the direct sum M (hop 1r,5) @ M (hr2pts):

M (hopsr.s) + M(hyopts) = {M(hopsrs) @ M(hroprs)/{M (hap srp—s) + M(hrap—s)} -
(2.14)
This pattern persists indefinitely, and is illustrated in figure 1.

2.2 Minimal model spectrum, OPE coefficients and torus partition function

The diagonal minimal models contain scalar primary operators M, s(z) of weight h = h =

hr s with r and s in the range
1<r<p -1, 1<s<p-1, (2.15)
subject to the identification My _,, s = M, ;.



The fusion rules of the (p,p’) minimal model take the form

Tmax Smax

My sy X My, s, = Z Z My (2.16)

7‘3:1+|7'177‘2| 33:1+‘81782|

with 71 + ro + r3 and s; + s2 + s3 simultaneously odd and

Tmax = min(ry +r2 —1,2p" =1 =71 —12) (2.17)
Smax = min(s; +s2 —1,2p — 1 — 51 — s9) . (2.18)
The OPE coefficients, denoted in this section by D;3:53. . were originally derived by

Dotsenko and Fateev using the Coulomb gas formalism [35]. For operators with canonically
normalized two-point functions, they are given by

1
Drs:ss _ (R(Tl’sl)R(T2’52>> ’ (353 (2.19)

r1,81;72,52 71,51;72,82 )
R(’I“g, 53)

where

PS5 ([rs + 1+ 1] — plsz + 1+ 4])

crves = T [ i ploe = L) = L i) — ploy = 1= )" (2.20)

. D=2 P(—p/[re — 1 —i] + $2)D(=p/[r1 — 1 —i] + s))D(p'[rs + 1 + ] — 83)
Fo P+ pra—1—i] =s2)I'(1 + p/[r1 = 1 —i] — s))I'(1 = p/[r3 + 1 + 4] + s3)
T Tplsa =1l +ro)P(=plsi =1 — 4] +r)T(plss + 1 +4] —r3)
ioo T+ plsa =1 =41 =)D+ plsy =1 = j] =r)l(1 = plss + 1+ 5] +73)
1 e (ripl ) ﬁ ()P —p1+1) TF TGALC—p(l+ 1))
R(ros) 40 (=ip? 3 T=ip)T(=1+p/(1+4) ;5 T(1 = jo)U(=1+p(1+7))
(2.21)
and
( ) 4(7‘ 1)(s—1) ﬁﬁ ﬁ F(Zpl> ﬁ F(jp) (2 22)
Hr s\ P .
it = pi)? L TA—ip) 3T —jp)
In these formulas
1 1
l'=§(7“1+7“2—r3+1), l=§(31+32—53+1), p=a2, p=a>. (223

For the OPE coefficients in the non-diagonal models, see [84, 85].

Representations of the torus partition function. The character associated to each
irreducible representation M, s follows directly from the structure of inclusions in the de-
generate Verma module:

g(1—0)/24

Xr,s(q) = W

[ s 4 Z ( N L T th,kp+(—1)ks+§<1—<—1)k)p)] .

(2.24)



Here 7(q) = ¢/ [T7.,(1 — ¢") is the Dedekind eta function and g = €™ is the elliptic
nome. There is also a simpler expression, originally due to Rocha-Caridi [38], which will

arise more naturally in the Coulomb gas construction:

/ / / ]_ / )2 /
xrs(a) = KE(q) = KPP (q) . KE(q) = — 3 qGow/meor=/sl*/am’ (2.95)
n(a) 4
This will be the form of the trace obtained through Felder’s BRST construction. Summing
over all of the primaries in the Kac table, the partition function of the diagonal mini-
mal model can be written in terms of the partition function Z(R) of the ¢ = 1 compact

boson [86-88]
22 ) = Z(NpP') = Z(\/P/ [p) - (2.26)

This can of course be rewritten several ways using T-duality.

3 Review of the Coulomb gas formalism

The conformal data of the minimal models reviewed in section 2 completely characterizes
them as abstract conformal field theories. Historically, this data (the OPE coefficients in
particular, but also the structure of the degenerate Verma modules) was actually derived
using a set of free field techniques known as the Coulomb gas formalism [33-36]. This
relationship with the free field progressed in several stages. The relationship between
degenerate Verma modules over the Virasoro algebra and the timelike linear dilaton Fock
space was proven in all generality by Feigin and Fuchs, who built on earlier work by Kac.
We briefly review their results in section 3.1, focusing on simple examples that will play
a role in the rest of the paper. These mathematical results were followed by the work of
Dotsenko and Fateev, who first understood how to calculate genus zero minimal model
correlation functions using the free field representation. This well known technique is
reviewed in section 3.2. The extension of the Coulomb gas formalism to higher genus
surfaces required understanding the role of the numerous operators present in the linear
dilaton description but absent in the minimal model. This problem was essentially solved
by Felder, who unearthed a BRST structure in the model that can be used to project
out the unphysical states that would otherwise contribute on higher genus surfaces. We
describe this construction in section 4.

3.1 U(1) current algebra and the Feigin-Fuchs free field resolution

The Feigin-Fuchs free field resolution of the degenerate Virasoro representations has its
roots in the oscillator description of the old dual resonance models [21, 89]. Since the
work of Feigin and Fuchs is completely kinematical and deals only with the representation
theory of the Virasoro algebra, it can be completely described with a free Lagrangian field
theory. The relation of this model to the interacting minimal models will be the focus of
sections 5-6.

The basic Lagrangian model for the Feigin-Fuchs construction is the linear dilaton with
action

Sl0.9) = 4= [ Vada [g"00000 + QoR(g)| (31)

~10 -



and an imaginary background charge @ = i(a4 + o). Although the system is conformally
invariant, it exhibits a number of peculiar, seemingly pathological features. The model will
be thoroughly analyzed in section 5 as a proper quantum field theory. In this section, as in
the work of Feigin and Fuchs, we will view it simply as a vehicle for studying degenerate
representations of the Virasoro algebra. In particular, we will work holomorphically and
will not need to consider global issues like the compactness of ¢(z).

Free scalar without background charge. It will be useful to collect formulas for
the theory with () = 0 in order to highlight the effect of the background charge. In our
conventions,? the two-point function of the scalar field is given by

D)) = —5 los(x —y)”. (32)

On any two dimensional surface, the model without a background charge has an exactly
conserved current whose holomorphic component is a primary operator with the mode
expansion

() =i8¢)(z)=\1@ 3 Zf;jl. (3.3)

m=—0o0

The modes of this current are simply the Fock space creation and annihilation operators

d
m = VB 52 20(2). (3.9
27
and they satisfy the commutation relations of the Heisenberg algebra
[]mvjn] = mém,—n . (35)
The holomorphic energy momentum tensor and its moments take the Sugawara form?
1 a0
T(z) = —09(2)06(z) = J(2)J(2) , Lm=5 D, dm-njn (3.6)
n=—00

from which it follows that
[Lmajn] = _njm+n . (37)

The spectrum of the model contains holomorphic vertex operators ¢ *?(*) with weight
h = %2, and the state-operator correspondence assigns a state |«) on the cylinder to each
such primary operator inserted at the origin of the plane. These states satisfy

2
a , a .
Lolay = Z|a> ; Jolay = ﬁ|a> ; Lypsola) = jp>ola)y =0. (3.8)

For each such state we can consider the Fock space of current algebra descendants generated
by vectors of the form

Jeng - Jengl) . (3.9)

2Qur conventions are those of [90] with o/ = 1.
3These operators are defined by normal ordering, which we suppress.
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The adjoint with respect to the standard CFT5 inner product is
Ll =1L, i =don - (3.10)

Of particular importance is the state j_1|0) corresponding to the conserved current. Since
[L1,j-1] = jo and [L2,j—_1] = 71, this state is annihilated by all L,~o and is therefore a
Virasoro singular vector.? The current algebra Fock space is an irreducible representation
of the Heisenberg algebra but contains multiple representations of the Virasoro algebra.
Note that although it is orthogonal to all Virasoro descendants of the identity, the level
one current algebra descendant is of course not a zero norm state:

Oljrj-110) = 1. (3.11)

As we will see, this discussion is related to the reducibility of the Verma module M (h, c)
with ¢ = 1 and h = m?/4 with m € Z. For instance, for m = 1 it is easy to verify that

[L_o—L?]ja=1) (3.12)

is annihilated by L; and Lo, and therefore by all L,~g. More generally, the exponential
¢®(2) has an infinite set of singular vectors with Lo = l(n + 2k)? within its highest weight
module. We will also need the commutators (for n > —1)

2

[Ln,ew“z’(z)] = <z”+1jz + %(n + 1)z"> eted(z) [jn,emqj(z)] j?z”ew“z’( 2) (3.13)
Non-zero background charge. The nontrivial coupling of the model (3.1) to the back-
ground curvature affects both the spectrum and correlation functions of the model. The
effect on correlation functions is the focus of the work by Dotsenko and Fateev and will be
described in the next section. The effect which is important for the Feigin-Fuchs analysis is
the change in the spectrum. The background coupling to curvature adds an improvement
term to the energy momentum tensor, which becomes

T(z) = —06(2)06(2) + Q% (2) . (3.14)

It is useful to view this as a twist of the original theory’s energy momentum tensor by the
U(1) current
T(z) —» T(z) = T(2) —iQdJ (%) . (3.15)

This twist mixes the Virasoro and current algebra generators

_ iQm+1) .
Ly — L = Lom + 5 dm (3.16)
1 & 1
5 Z ]m n.]n Q(in/;_)]my (3'17)

“In what follows, we use the term “singular vector” to denote a Virasoro singular vector since we
are ultimately only interested in Virasoro representations. The terminology includes a current algebra
descendant which is Virasoro primary.
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and the new generators Lo satisfy the Virasoro algebra with central charge ¢ = 1 4+ 6Q>.

The new conformal dimensions of the exponential operators follow simply from (3.16)
and (3.8):

o] - (4 ig) et 19

Perhaps most importantly, the twist also alters the Virasoro Kac-Moody commutation
relation

[ﬁm,jn] = —NJmin + i}%m(m + 1)0m,—n - (3.19)

In particular, the relation [L1,j_1] = jo + i+/2Q implies that j_1]0) is no longer a singular
vector:

L1j-1]0) = iv/2Q|0) # 0 . (3.20)

This is equivalent to the statement that the current J(z) = id¢(z) is no longer a primary
operator in the twisted model due to the anomalous OPE with the energy-momentum
tensor

iQ J o7
(z—w)3+(z—w)2+z—w

T(z)J(w) ~ + ... (3.21)
Taking the adjoint of the equation [ﬁl,j_l] = jo + iv/2Q and requiring IZIL =L, along
with ji = j_, for n # 0 demands that jg = jo + V/2iQ. Evaluating (0|jo [T}, e’¢)|0)
in two ways then gives the genus zero selection rule

n
Do = —2iQ =204 + 20 (3.22)
=1

and requires o)’ = (2a4 + 2a_ — af for charged states. Although the primary motivation
for Feigin and Fuchs was to determine the structure of the reducible Verma modules over
the Virasoro algebra, they were led to study this model (more precisely, its fermionic
version, or the space of semi-infinite forms) as an intermediate step in proving the Kac
determinant formula. Although the structure of the Fock space is not the same as that
of the Verma module, it is easier to study in some respects because of the extra structure
(current algebra) that it carries. The Kac determinant can be viewed as the determinant
of the map from a Verma module to its contragradient Verma module® M (h,c) — M¢(h,c)
given by the matrix of overlaps of descendants of the highest weight vector. Because the
Fock space F, with ¢ = 1 + 6Q? has a highest weight state with h = 5 (% + iQ) and
furnishes a representation of the Virasoro algebra, there are also unique homomorphisms
from M (h,c) to Fg  and from Fg , to M¢(h,c). We will denote these maps I" and L. The
situation is depicted in figure 2 [91].

There is a natural grading according to level in each space and the maps restrict to
the fixed-level subspaces. Importantly, the maps I', L need not be isomorphisms. Since we
are only interested in the case of the type III_ Verma modules, there are two interesting
possibilities. If I' is an isomorphism, then the Fock space is also reducible with two singular

SIf we denote the Verma module grading as M = @M j, then the contragradient Verma module satisfies
M7 = Hom(M;,C).
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Figure 3. Feigin-Fuchs characterization of the Fock space structure.

vectors at levels rs and (p' — r)(p — s). However, it could also be the case that ' is not
surjective, in which case the Fock space is still reducible (the image of I' is a submodule),
but the image of the second singular vector in Fg , might be zero. In this case the role
of the second singular vector is played by a current algebra descendant which is not a
Virasoro descendant. It is this second scenario that will be relevant in what follows. The
composition of I' and L is a homomorphism from M — M¢ that sends highest weight to
highest weight. Such a map is unique (up to a scalar) by the universal property of Verma
modules, so computing the determinants of I' and L produces the Kac determinant and
indirectly determines the singular vector structure of the original Verma module.

The determination of the singular vector structure of the Fock module is technical.
The computations are most easily carried out in the fermionic oscillator description, but
a bosonized representation is implicit in the work of Thorn and Tsuchiya-Kanie [21, 22].
The structure of the Fock space is summarized in figure 3, whose structure of inclusions
should be contrasted with that of figure 1. In particular, while the dimension of each state
appearing in this diagram matches that of the corresponding state in the Verma module
diagram, the properties of the states are different. In the Fock space diagram, the vectors
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Figure 4. Successive quotients of the Fock space.

vg, U labeled by black dots represent the only singular vectors. In particular, wg, which
replaces the first singular vector in the Verma module diagram, is not a singular vector.
A useful example to keep in mind is the identity Fock space: after the twist the current
algebra descendant wy = j_1]0) is no longer singular, but the highest weight state can be
written vy = |0) oc L1j-1]0). The vectors vy depicted in red in figure 3 have the property
that they become singular vectors if one quotients the Fock space by the ug. Finally, the
wg become singular if one quotients out by the wp’s. This characterization in terms of
successive quotients is depicted in figure 4. Upon performing all quotients, one arrives at
a Hilbert space isomorphic to the irreducible representation of the Virasoro algebra. The
physical interpretation of these states is most transparent in Felder’s BRST formulation,
and we postpone further discussion until section 4.

3.2 Dotsenko and Fateev’s construction and the screening charges

The discovery of the Feigin-Fuchs bosonic resolution made it clear that the degenerate
representations of the Virasoro algebra can be embedded within the Hilbert space of the
timelike linear dilaton, but said nothing about dynamics. Around the same time, it was
independently discovered [1] that null-state decoupling conditions lead to ordinary differen-
tial equations for the minimal model four-point functions. These ODE’s are generalizations
of the hypergeometric equation, and their solutions have integral representations. Dotsenko
and Fateev realized that these integrals could be represented in terms of integrated free
field correlation functions, and this insight led to the development of a powerful formalism
that computes any genus zero minimal model observable in terms of free field data. In
this section we will briefly review this Coulomb gas formalism. For more complete reviews
see [36, 81, 92].
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Recall that the linear dilaton exponential operators ¢*?(2) have left-moving weights

h=3 (% +iQ) (3.23)

and that this expression is invariant under the “reflection” map

a— 204 + 20 —a. (3.24)

When the momentum selection rule is satisfied, the free field expectation value of these
operators takes the form

(elordGn) | etandln)y - T (2 — )2 (3.25)
1>7]
The vertex operators
Vis(z) = glors®(z) ars=1—-r)ay+(1—s)a_, rseZ (3.26)

have the same conformal dimensions as the minimal model primaries, as do their reflection
partners V_, _4(z). In the original application of the Coulomb gas formalism, one sim-
ply restricts attention to the set of operators (3.26) with values of r, s appearing in the
Kac table. However, when we construct Felder’s BRST complex we will have to consider
operators lying outside of this range, but still of the form (3.26).

The genus zero selection rule

Do =20 + 20 (3.27)

sets most correlation functions of local operators to zero. There are however two h = 1
operators in the model with momenta that lie outside of the Kac table:

M, (z) = 2io+e(®) M_(z) = e?e-2(2), (3.28)

Importantly, these exponentials have non-vanishing U(1) charges and the nonlocal “screen-
ing operators”

S, = JﬁdzMi(z) (3.20)

commute with the Virasoro algebra for suitably chosen closed contours. Since these oper-
ators carry charge, they can be used to satisfy the selection rule (3.27) without altering
the conformal properties of a correlator. The first step in producing the minimal model
correlation function

<MT1,81 <Z17 Zl) e Mrn,sn (zm Zn)> (3.30)

is to determine the appropriate number of screening charges needed to satisfy the selection
rule in the linear dilaton theory:

<Vr1,51 (z1) ... Vinsn (Zn)Sﬁ+Sﬁ7> . (3.31)

There is no principle which independently fixes the specific combination of contours in this
holomorphic correlation function. Indeed, for each correlator there is a fixed number of
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independent contours, each corresponding to a particular conformal block. The correct
combination is instead determined by combining the holomorphic correlator with its anti-
holomorphic counterpart and requiring locality (absence of branch cuts) in the final answer.
This prescription reproduces the full minimal model correlator up to normalization factors.

The textbook example of an application of the Coulomb gas formalism is the calculation
of the four-point correlation function

<M1"1,S1 (O)MLQ(Z’ Z)MT3,S4 (1)MT4,84 (OO)> (3'32)

with the three operators chosen so that a single screening charge is needed. Ignoring factors
that do not produce interesting analytic structure when combined with the right moving
correlator, we find

<eia1¢>(0)efioz_qﬁ(z)eia3¢(1)eia4¢(oo) %dw€2ia+¢(w)> o }dwwala_,_ (w o 1)a3a+ (w o z)fa_oz_,_ )

(3.33)
The integrand has branch points at 0, z, 1,00 and the integral has two independent closed
contours. Up to phase factors arising from crossing the cuts (which we ignore since we are
blind to normalization at this stage), they can be shrunk to run from 0 to z and from 1 to
00. We denote the two independent integrals

Ii(2) = fﬁdww“(w —1)%(w - 2)¢, (3.34)
C;
with the obvious identifications.

The full minimal model correlator must be proportional to a sum of products of the
holomorphic and antiholomorphic correlators

<M7"1,81 (O)Ml,Q(za 2)M7'3733(1)M7‘4,54 (00)) ~ ZXUIZ(Z)W ) (3.35)

and the correct combination is determined by requiring the absence of branch cuts in the
full correlator. Since the integrands of the I;(z) have branch points at 0,1, and oo, taking
z around a closed path encircling 0 or 1 results in a monodromy transformation M;; that
mixes the different solutions of the hypergeometric equation

Ii(2) — Gi;15(2) , a=0,1. (3.36)

In the case at hand the monodromy around 0 is a diagonal transformation, so that Xj;
must be a diagonal matrix. The monodromy around the point 1 is not diagonal in this
basis, but there is another basis of solutions I;(1 — z) in which it is. The two bases are
linearly related

Ii(z) = ) i (1 = 2) (3.37)

and the locality requirement translates into the condition

Eainiozik =0, ] # k, (338)

17 -



where X; denote the diagonal elements of X;;. Once the a;; are known, the X; are fixed (up
to normalization) and the solution to the crossing constraint obtained. Once the four-point
function has been determined, it is factorized onto three-point functions to determine the
fusion rules. Extra work is required to determine the correct normalization: this is most
easily done using the two-dimensional surface integrals we will discuss in section 6.

4 Felder’s BRST construction

The screening charge prescription of Dotsenko and Fateev is capable of computing genus
zero minimal model correlators. However, higher genus observables naively receive con-
tributions from the spurious states that are present in the linear dilaton but not in the
minimal model, and it is necessary to understand how to remove these contributions. This
problem was solved algebraically by Felder, who unearthed a hidden BRST structure im-
plicit in the works of Feigin-Fuchs and Thorn. We will begin by analyzing a very simple
model where the BRST structure is extremely transparent. Felder’s general construction
is reviewed in section 4.2.

4.1 Warmup: the (2,1) model and the n{ system

In this subsection we will analyze what might be called the (2, 1) minimal model. According
to section 2, this system should have no local operators, and understanding how this
statement is realised within the compact timelike linear dilaton theory will prove useful
in the analysis of the more complicated models. In fact, Felder’s BRST construction is
extremely transparent in this model, and will be immediately recognized by those familiar
with the quantization of the superstring. The standard description of the holomorphic part
of the model uses a pair of anticommuting fields 7(z) and £(z) with central charge ¢ = —2
and an action of the form

S = ;ﬂjdzz no< . (4.1)

The operator 7(z) is naturally a vector current with h = 1, while £(z) is an h = 0 scalar.
The Coulomb gas scalar can be viewed as a “bosonization” of this system, but several
peculiar properties of the Coulomb gas formalism have simple explanations within the n&
description.

Although our primary goal is to motivate Felder’s BRST construction, there are several
reasons to consider this model. There is an argument® due to Distler [94] that relates
the (2,1) model, coupled to Liouville, to topological gravity [95, 96] and the one-matrix
model [76-78]. The n¢ system also makes an appearance in the free field realization of
the WZW models [97], and most famously, in the “bosonization” of the 57 superconformal

®Distler identifies the n¢ system (viewed as the (2,1) minimal model) combined with the Liouville field
© as a bosonization of the 8+ ghosts, which combine with the bc reparameterization ghosts to form the Svbe
BRST multiplet of topological gravity. Certain global issues, including non-compactness of the Liouville
field, the absence of the Liouville potential, and the proper treatment of the £(z) zero mode seem puzzling
in this derivation [93]. As we will describe, the (2,1) model is treated differently when viewed as a minimal
model than it is in string theory.
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ghosts [98]:
B =eV?0t, v =ne V. (4.2)

The action (4.1) has an obvious shift symmetry under which
§ — & + const. (4.3)
as well as an anomalous ghost number current j, = —n& whose bosonization is simply the

momentum current of the linear dilaton. The ghost OPE

n(2)(w) ~ —— | n(=)n(w) ~ 0, E(=)Ew) ~ 0 (4.4)

zZ—Ww

indicates that jp(z) = n(z) is the current for the £(z) shift symmetry, and the corresponding
charge is

Qs = jﬁ & (4.5)

21

Since 7 is anticommuting, Q% = 0 and Qg is a scalar BRST charge. Crucially, it commutes
with the Virasoro algebra since the energy momentum tensor 1" = 7n0d¢€ is shift invariant.
The BRST transformations are

{@B.€(2)} =1, (4.6)
{@B,n(2)} =0. 4.7

From the first of these equations we see that the identity operator is BRST exact, and £(z)
is not BRST closed. In particular, if we identify the dimension zero operator £(z) as the
“reflection of the identity”, then we see that neither putative identity operator is in the
BRST cohomology.

It is helpful to translate some of these statements using the free field mode expansions

=Y = Yy (19)

n=—00 n=—00

In this language the scalar BRST charge is the zero mode of 7
Qe =m0 - (4.9)
The anticommutators of the modes follow directly from the ghost OPE (4.4):

{nn7£m} = 5n,7m s {Umﬁm} = {gnagm} =0. (4'10)

Because the zero mode of £ does not appear in the 8y model (4.2), standard treatments
distinguish between the “large algebra”, which contains &y, and the “small algebra” which
does not. Indeed, the definition of the SL(2,C) invariant vacuum requires

~19 —



Since [Lo,&p] = 0, when &y acts on the SL(2, C) invariant vacuum, it generates a new state
&0|0) of the same energy. This is a state in the “large” Hilbert space: it has the same
energy, but carries different ghost charge. The vacuum is BRST invariant since 79/|0) = 0,
and the states of the model are built using the usual fermionic Fock space construction.
Since {no,&m} = 00,m, restricting to the small Hilbert space is the same as restricting to the
kernel of the BRST charge Q. In other words, the small Hilbert space is the space of BRST
invariant states, and passing to the kernel of QQp removes the “reflected” operators from
the spectrum. If we pass to the cohomology of Q5 then we find, as expected, that there are
no states. Each potential state is constructed by acting on |0) with each fermionic mode
at most once. Any state that includes & is not BRST invariant, and any state without &
is BRST exact since

10) = {no,&0}0) = Q@B(&]0)) - (4.13)

The same statements hold in the Fock spaces built on different fillings of the Fermi sea.
Felder’s BRST construction is a more complicated (and bosonized) version of this story.

Given the (2,1) model defined by (4.1), how do we know that we are supposed to
perform the BRST reduction? Apparently, it is a choice that we make in the definition of
the model. When this system is used to bosonize the 5+ superconformal ghosts, we discard
states that are not BRST invariant but keep BRST exact states. The same model with
no BRST projection at all actually describes the critical phase of dense polymers [99-101]
(obviously, this critical point exhibits many non-standard features). In this case, passing
to the cohomology is a choice, and it determines the observables we allow ourselves to
compute. For instance, we expect that if we perform a trace in the Hilbert space of the
BRST quotiented model, we should get zero. Moreover, this trace should differ from the
trace in the model without the BRST quotient. Since n¢ are anticommuting variables, we
need to pick a spin structure on the torus, and to describe the “trivial” minimal model we
should pick the one that gives zero. From the functional integral point of view, this will be
the spin structure such that £(z) has a zero mode. We are naturally led to the conclusion
that the path integral with periodic boundary conditions,

Z(B) = Trp(—1)Fe PH | (4.14)

is the quantity that actually computes the “observables” in the (2,1) model viewed as a
trivial minimal model. From the algebraic perspective, this quantity vanishes identically
due to the exact degeneracy between states built on |0) and on £y|0), which cancel in pairs.

The appearance of a specific spin structure in this construction suggests that, in
bosonizing the model to obtain the usual Coulomb gas description, we may need to in-
troduce discrete gauge fields coupled to the spin structure through a topological term. In
other words, what term do we add to the compact timelike dilaton action to compute zero
with the functional integral?

In the treatment of the S system, n and £ are often further bosonized in terms of a
scalar field ¢(z) with a background charge Q = —i-:

S

£(z) = V2 | n(z) = e~ V262 (4.15)
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This description in terms of ¢(z) is the analog of the Coulomb gas formulation of the (2, 1)
minimal model, and we would like to use it to draw lessons for the physical models. We
begin by reproducing the BRST discussion in these new variables. For reasons that will
become clear in later sections, we will assume that the radius of the boson is R = +/2. For
a holomorphic vertex operator the OPE is

eia1¢(z)€ia2¢(0) N Za1a2/2€i(a1+oz2)¢(0) o, (416)
the conformal weight is
a o
h=3 (5 —ay — a_> (4.17)

and the reflection is &« — —2i@Q) — .. Since the identity operator has U(1) charge zero, we
identify
£(2) = e!Rart20-)8(2) eiV20(2) (4.18)

Since 7(z) should have opposite ghost charge, we identify

n(z) = o2ia-(2) _ o—iv26(2) , i(z) = ci2V26(2) (4.19)

These identifications reproduce the correct form of the ghost OPE:

n(2)§(0) ~ eTIV20(2) iV2(0) _ 1 , n(z)n(0) ~ 2o 2V2i00) 4 , &(2)€(0)~ 2e2V200)
z
(4.20)
In particular, the nn and &£ OPEs are non-singular. It is also important to note that
_ 1
1(2)1(0) ~ —5 [£(0) + 2L-1£(0) + ... ] (4.21)

so that the level-one singular vector in the £(z) Fock space is BRST exact:

[@B,71(0)] = L-1£(0) . (4.22)

Also note that although 7j(2) is not BRST closed, the non-local operator

jgﬁ(z)dz = ﬁ;emo“f‘b(z)dz (4.23)

is BRST invariant since the variation of 7(z) is a total derivative. We can briefly summarize
the discussion with the statement that the BRST complex with cochain groups given by
the Fock spaces

) QB EB(Z) 9] T(Z) QB 1 QB ]B(Z) QB L —
98, 200 98, i3 QB 9B, miV20() QB, (4.24)

is exact: there is no cohomology with respect to the differential Qp. It is important
to understand the structure of this BRST complex, because a more complicated version
underlies Felder’s construction. Each exponential operator to the left of the identity has a
singular OPE with the BRST current and is not BRST closed. The @Q-variations of these
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operators and their descendants prepare the singular vectors in the Fock spaces to their
right. The exponential operators to the right of the identity all have non-singular OPE’s
with the BRST current and are therefore BRST closed. They are however also BRST exact.
In order to understand this point, it is important to remember that the Fock spaces built
on the exponential operators contain current algebra descendants in addition to Virasoro
descendants. In particular, while the BRST charge commutes with the Virasoro algebra, it
does not commute with individual elements of the current algebra (for instance, it carries
U(1) charge). For instance, since the identity operator is BRST exact, each of its Virasoro
descendants is also @-exact and therefore has trivial image in the Fock space built on
jB = €**-% However, the level one current algebra descendant in the identity Fock space
is not BRST closed and its image is precisely the BRST current:

[@B,i(2)] = jB(2) . (4.25)

This crucial formula actually holds in all of the linear dilaton models we consider, and
explains how the U(1) currents of the linear dilaton are eliminated when reducing to the
minimal model.

4.2 Felder’s BRST complex: the general case

In section 2, we saw that the degenerate Verma module associated to the primary of weight
hr s has two infinite classes of singular vectors. The first class occurred with weights h

TkySk
given by
— / _ k kP
re=r+kp, sp=(—1)%s+[1—-(-1) ]5 . (4.26)
The other class was of the form h, ;, with
sp=kp+ (—1)Fs + [1 — (—1)k]§ . (4.27)

The structure of the Fock space discussed in section 3.1 was slightly more complicated. In
particular, the full Fock space had fewer singular vectors than the reducible Verma module.
However, upon performing successive quotients by submodules of singular vectors, the Fock
space is reduced to the irreducible representation of the Virasoro algebra needed for the
construction of the minimal model. When placed side by side, as in figure 5, the vectors
in each diagram share the same conformal dimension.

Felder’s innovation was to reformulate the successive quotients of the Fock space by
the submodules of singular vectors in the language of BRST.

To begin, Felder considers a sequence of cochain groups given by Fock spaces Fj, s,
whose highest weight vectors have the dimensions h,, s, appearing in figure 5:

s> Lrap—s — L'r2p+s = Lr2p—s — F'r,s - Fp’+'r,p—s - F2p’+r,s - F3p’+'r,p—s ..
(4.28)

Note that the Fock spaces to the right of F}. s have momenta corresponding to (4.26), while
those to the left have momenta given by (4.27). It had been known since the work of

Thorn [21] that multiple nested integrals of the h = 1 operator M_(z) could be used to
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Figure 5. Verma module structure versus Fock space structure.

write the singular vectors in the Fock space Fj. s in terms of exponential operators with
different momenta. This led Felder to identify the operator

Q- = ﬁM,(z) (4.29)
27

as the appropriate differential for the complex (4.28). For a closed contour, the operator
Q- commutes with the Virasoro algebra. However, since the holomorphic operator M_(z)
is not itself mutually local with all exponentials in the model, it is actually an appropriately
chosen power of ()_ that acts nilpotently on the individual Fock spaces. It is also precisely
this power of ()— which was known to prepare singular vectors in the Fock space F). ;. The

actual BRST complex takes the form

p—s s p—s s p—s s
— L'y dp—s Q;’ r,2p+s &_’ r,2p—s Q;’ Fr,s &_’ Fp’-i—r,p—s Q;’ F2p’+r,s g:’ F3p’+r,p—s -

(4.30)
Using the results of Feigin and Fuchs, Felder proved that the only nontrivial cohomology
of this complex lies in F. 5. Therefore, a trace in the cohomology of F;. ; can be extended to
a trace in the cohomology of the entire complex, which by the algebraic Lefshetz principle
can be represented by an alternating trace in the full cochain groups themselves. This
fact is the basis for Felder’s simple rederivation of the Rocha-Caridi form of the minimal
model characters. An equivalent complex can be constructed using appropriate powers of

the BRST charge
dz
Qs = %MJr(Z) . (4.31)
We will illustrate the general idea with a few simple examples before describing the full

action of the BRST charge within each Fock space.
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Example: the identity Fock space. If we specialize the complex (4.30) to the case
r = s = 1, it becomes

p—1 Q
. > F1,2p—l ;) F171 —7—) F17_1 —_— ... (4‘32)

The exponential operator acting as the highest weight state in Fj _q is simply e2io—¢(2)
which is the BRST current jp(z). Now according to formula (3.13) we have

. j1eY z a1 ia_p(z
[j1, ¥ >]=\—@g€2 6(2) | (4.33)

Integrating both sides of the equality on a contour surrounding the origin, we find

. _ Q= 9ia_¢(0) . -
1,Q_] = —=e o jp(0) . 4.34
[i-1.Q-] 73 j5(0) (4.34)
This equation says that the U(1) momentum current is not BRST closed, and that its Q_
variation simply produces the BRST current jp(2):

Q-j-110) = [Q—,j-1]0) o« jp(0)]0) . (4.35)

Restoring position dependence, we have the operator equality [Q_,j(z)] = jp(z). This is
an extremely important equation, since the minimal model obviously does not contain any
U(1) momentum current. In this example, the identity operator in the Verma module has
two singular descendants at levels one and (p’ —1)(p—1). In the Fock module, the singular
descendant at level one is replaced by a nonsingular vector which is however not BRST
closed. Meanwhile, the singular vector at level (p’ —1)(p — 1) is Q-exact and is produced
by the action of Qﬁfl on the highest weight exponential ¢!2=2P)a-¢(2) jp Fi2p—1. To see
this, note that since Q- commutes with the Virasoro algebra, the dimension and charge of
the Q-exact operator [Q" 71, ei(z_zp)a—‘b(z)] matches that of the singular descendant in Fi 1
which was known from the work of Feigin and Fuchs. Moreover, since the exponential is
singular (highest weight), it’s Q-variation will be singular provided that it is non-vanishing.
One then verifies that this vector is nonzero by computing its inner product with another
state using the Dotsenko-Fateev integrals.

Another simple example demonstrates why the reflection of the identity operator does
not introduce position dependence in BRST invariant correlation functions. The reflection
of the identity is in the Fock space Fjp_j,_1, and the relevant segment of the BRST
complex is

P25 F, . (4.36)

The action of the BRST charge is given by

; dw A ,
[QJ”eZza,qb(z)] _ %m(w o z)2a+o¢, . 621a+¢(w)62w¢,¢(z) :
d 1 A
— Y 511+ 2iay (w—2)0¢ + .. Jeias+20-)¢(2) (4.37)

o 0,6l +2a)6(2) |

— 24 —



The derivative of the reflection of the identity is BRST exact, so e*(2¢++20-)(2) ig a topo-
logical operator.

Another tractable example is the construction of the leading singular vector in the
Fock space F p_1. The relevant segment of the BRST complex is

Fipi1 <, Frp-1. (4.38)

The BRST charge should produce the null state at level | = (p' —7)(p —s) = p' — 1. Its
action on the exponential operator in I ;1 is given by

[Q—, Vip+1(0)] = %dzz_o‘zp : e2i0-9(z) gmipa—¢(0) . (4.39)

1
2P

_ jgdZ[VLpl bt P Loy + o Wapa ], (440)

and the contour integral picks out the correct descendant at level p’ — 1.

The general mechanism. The action of the BRST charge in a general Fock space F g
corresponding to a minimal model primary is shown in figure 6. The vector wg (the analog
of the singular vector at level | = rs in the Verma module), while not singular, is not
Q-closed and is mapped to the highest weight state in F. _;. On the other hand, the vector
uy is singular and corresponds to the null descendant at level (p' — r)(p — s). It is the
image of the highest weight state in F;. 2, under the action of the BRST charge. Outside
of F} s there is no cohomology: the other exponential operators appearing in the complex
are all either BRST exact or not BRST closed. In general, the states appearing in the
right column are not BRST closed and are mapped into the vectors w;, vp<1 in the Fock
space to the right. The vectors in the left-hand columns are correspondingly BRST-exact.
Demonstrating that the BRST charge acts nilpotently and produces non-vanishing singular
vectors is nontrivial: for details see section 4 of [37]. Resolutions of the degenerate Verma
modules located outside of the Kac table were obtained in [40].

The special case p’ = 2. For the special case of the (2, p) minimal models, the entries
of the Kac table all have r = 1. Felder’s BRST complex with @), as the differential takes
the form

r P,—T‘ r P/—T‘
L& F, L’ Frs % F L (4.41)
For p’ = 2 and r = 1 this becomes
A AN SN (RN (4.42)

and no nested contours are necessary. This is because the BRST current is mutually local
with all of the minimal model exponentials V; s(2):

Jr(2)Vis(2) ~ 2571V 4(0) + ... (4.43)

As we will see, this simplification is preserved in the full quantum field theory.
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Figure 6. BRST structure of Fock modules.

4.3 SL(2,R) quantum Hamiltonian reduction, Felder’s BRST, and 7¢

In the introduction we mentioned that there exists yet another construction related to the
minimal models, due to Bershadsky and Ooguri [102], that makes use of SL(2, R) quantum
Hamiltonian reduction. In fact, there is an argument that relates this construction to
Felder’s BRST complex, although it requires invoking yet another free field realization.

Bershadsky and Ooguri begin by considering the SL(2,R); WZW model at level k +
2 = p/p’ with the twisted energy momentum tensor T'(z) — T(z) — 0J3(z). The central
charge of this twisted energy momentum tensor nearly reproduces that of the corresponding
minimal model

CSL(Z) —2= m —6k—2= Cpp' s (4.44)

but the systems are clearly not the same. The basic idea of the construction is to associate
the —2 appearing in this formula with the n¢ system discussed in section 4.1. The first step
in reducing the model involves fixing lightcone gauge through the constraint J_(z) = 1. In
order for this equation to make any sense, the scaling dimension of J_(z) should be zero,
motivating the twist of the Sugawara stress tensor

T(z) > T(z) — dJ3(2) . (4.45)

The imposition of the constraint in the path integral is accompanied by the introduction
of the n€ BRST multiplet, and the BRST charge is

dz

2mi

Qnrst = 3€ (J_(2) = Dn(2) - (4.46)

— 96 —



Bershadsky and Ooguri argue that the cohomology of this charge in the combined ghost-
SL(2,R)x Hilbert space reproduces the irreducible representations of the Virasoro algebra.
In order to connect with Felder’s BRST and the Coulomb gas formalism, one replaces
the SL(2,R); WZW model with its Wakimoto free field resolution [103]. The relationship
between this free field representation and the WZW model itself involves a separate BRST
quotient, as demonstrated by Bernard and Felder [104]. We denote this second BRST
charge as Qsr,-

The Wakimoto realization bosonizes the current Js3(z) in terms of d¢(z) and the
scalar /vector be ghosts. Bershadsky and Ooguri demonstrate that passing to the @prst
cohomology of the combined ¢pbc — né system simply removes all of the ghosts, leaving only
the Fock spaces of the scalar ¢(z) which is then interpreted as the Feigin-Fuchs field. The
BRST charge (Qs1, associated to the Wakimoto realization is then shown to be Qrst-
equivalent to Felder’s Coulomb gas BRST operator Qcg. Therefore, taking the cohomology
in the ¢pbc—né system with respect to both QprsT and Q gz, is equivalent to Felder’s BRST
quotient of the Feigin-Fuchs Fock space using (Qcog. This in turn establishes that passing to
the @prsT cohomology of the SL(2, R); —né system produces the irreducible representation
of the Virasoro algebra.

Although this analysis is primarily kinematic, it does seem to provide a moral reason
for the existence of Felder’s BRST construction. It would be interesting to establish the
precise connection between this model and the quantum field theory that we describe in
the next two sections at the level of correlation functions.

5 Lagrangian formulation: kinematics

The combined results of Feigin-Fuchs, Dotsenko-Fateev, and Felder strongly suggest that
there is a physical relationship between some variation of the timelike linear dilaton the-
ory and the minimal models. The correct quantum field theory should consolidate the
“representation-by-representation” analysis of Feigin-Fuchs and Felder, and should ezplain
the computational rules invented by Dotsenko-Fateev. The goal of the rest of the paper
is to embed all of these ingredients in an explicitly local Lagrangian quantum field theory,
paying close attention to global issues which have often been ignored. Morally, we would
like to perform a sequence of standard, well-defined quantum field theory operations (in
this case gauging, BRST projection, and deformation by a marginal operator) that turns
the timelike linear dilaton into the minimal model.
The systems that we will ultimately consider have actions of the form

S[e, g] = i f\/ﬁdzx [gab5a¢5b¢ + QoR(g) + 4rpte?ior? 4 47['/1,76%&_(1)] ) (5.1)

We will view the last two terms as marginal deformations of the timelike linear dilaton, and
treat them in perturbation theory. An important point to note is that both deformations
are charged under the U(1) symmetry of the model. This is essential, since none of the
minimal models support continuous symmetries. More importantly, if we deform by a
single marginal operator, then only a single order in perturbation theory can contribute
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to any physical observable. This exact calculability appears to be lost if one turns on the
second deformation, since p’ay +pa_ = 0 and higher orders in perturbation theory naively
contribute.” We will have more to say about this in the following section.

The analysis of this model splits up naturally into two parts. The Feigin-Fuchs res-
olution and Felder’s BRST analysis are purely kinematical, and can be studied before
deforming away from the free theory. So we begin by studying a single scalar ¢ with the

action 1
1091 = 4= [ Vo |5 0u0u0 + QoR(o)] (.2
and a background charge @) = i(a4 +«a_) chosen to match the central charge of the minimal
model )
(p—p)

c=14+6Q*=1-6 (5.3)

/

pp
Interpreted naively, the system has a number of pathologies. The partition function van-
ishes on all surfaces except the torus due to the background charge asymmetry. The
spectrum is continuous, and many states have zero or negative norm. We would like a
model with a normalizable SL(2,C) invariant groundstate and a discrete spectrum, but
the background charge term renders the shift symmetry ¢(xz) — ¢(x) + const. anoma-
lous on a curved surface and seems to prevent us from gauging the discrete subgroup
¢ — ¢+ 2 R. It is at this point that we encounter the first qualitative difference between
the @ € R spacelike case used in Liouville theory and the @ € iR timelike case relevant for
the minimal models. Indeed, although the action itself is not invariant under any constant
shift of ¢(x), the exponential of the action is still invariant provided

27 R|Q|x € 27Z . (5.4)

Since the minimal models make sense on surfaces with boundary (for which x € Z can be

e

> P 5,. In order to retain the Dotsenko-
Fateev screening operators e?*“£® for generic p,p’, this integer is fixed so that the radius

is R = +/pp’. We therefore identify

¢(z) ~ d(x) + 2m\/pp . (5.5)

odd), the radius must be an integer® multiple of

Note that this is the radius that appears naturally in the formula (2.26) for the torus
partition function.

The compactness of the timelike linear dilaton has important consequences for our
construction. It immediately cuts down the number of momentum states in the model,

"This puzzle already arises in the holomorphic Coulomb gas construction with line integral screening
charges. Authors always choose the minimal number of screening charges to compute a given correlator,
and we are not aware of any justification for this choice. It seems plausible that the perturbation series does
terminate at leading order due to the BRST structure inherent in the model, but we have been unable to
verify this. In spacelike Liouville theory, the nonperturbative DOZZ formula does exhibit a double lattice
mb + nb~"' of poles, which is suggestive of the double deformation.

8If we only require the model to make sense on closed surfaces, we could quotient by a half-integer

v/ pp'
p— 7

multiple of
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making the identification of the “minimal model exponentials” more natural. It also intro-
duces a new set of operators with nontrivial winding. These operators are never discussed
in the Coulomb gas formalism, but they will play an important role in our construction.
Finally, the compactness of the zero mode of ¢(z) has a dramatic effect on the correlators
of the deformed theory (5.1), producing a stark contrast with the spacelike Liouville theory.
When performing the path integral, we can separate out the zero-mode ¢(x) = ¢g + ®(z)
and integrate over ¢y and ®(x) separately. Then on a surface of constant curvature the
un-normalized correlation functions in the free theory take the form

<H eiai¢(xi)> _ JD¢OD¢.6—¢0QX+Z'¢0 2 @i o= Siree[P,9] H elai®(@i) (5.6)

Since the zero-mode enters linearly in the action, it acts as a Lagrange multiplier enforcing
the constraint

Zai = —iQx . (5.7)

The strategy to calculate correlators of the deformed model (5.1) in section 6 treats the
deformation as a perturbation. The typical calculation involves a free field integral of
the form

n—

(5.8)
and the selection rule for non-vanishing correlators becomes

Z a; +2npaq +2n_a- = —iQy . (5.9)
7

This is the same prescription used by Goulian and Li [55] to calculate resonance correlators
in spacelike Liouville theory. In spacelike Liouville most correlators are off resonance, and
their technique only works for combinations of exponential operators whose momenta can
be exactly screened by some number of the screening charges. For those observables, the
zero mode of ¢(x) is completely undamped in the path integral, and integrating over this
noncompact direction in field space yields a divergent answer. Analytic continuation away
from the Goulian-Li momenta yields the DOZZ formula, which exhibits poles at the points
where the zero-mode integral diverges. In contrast, the interesting observables in our
version of “timelike Liouville theory” are precisely the resonance correlators which can be
screened by integer numbers of screening charges, since these correspond to the minimal
model correlation functions. The answers we obtain are finite because the zero-mode is
compact. Omne can think of the pole as being replaced by 27 R, which diverges in the
decompactification limit.

5.1 States and local operators

Performing the quotient ¢(x) ~ ¢(x) + 2mR projects onto operators with momenta of
the form
V(z) = e'7%@) nez. (5.10)
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The improvement term in the energy momentum tensor shifts the conformal weights of

these exponentials
n

h=h=- (%Jﬂ'@) (5.11)

but does not spoil their transformation properties (as it does for the U(1) current). Since
the scalar field is compact, there is a second U(1) symmetry of the model generated by
the current jyw(x) = d¢(x). In the non-compact theory this current is exact and there
are no local charged operators. In the compact theory, ¢(x) is no longer gauge invariant
and winding operators appear in the spectrum. The dyonic operators charged under both
U(1)’s take the form

Vow(x) = etk or(@)+ikror(®) = oxp [z (% + wR) or(x) +1i (% - wR) gZ)R(a:)] (5.12)

up to cocycle factors that we will suppress. The dimension and spin of this operator is
given by

_ o
A =2 -p)  pr'w 7 g

2pp’ 2 =w(n—(p-7p)). (5.13)

These formulas follow immediately from the left and right conformal weights

1/n 2 1 - 1/n 2 1
h== (E—aJr—a_—i-wR) +ZQ2’ h = 1 (E—aJr—a_—wR) +1Q2. (5.14)
Comparing with the spectrum of the diagonal minimal models singles out two sets of
operators satisfying

+
Nrs

R

This parametrization is redundant since

=1+r)jar+(1*s)a-, w=0. (5.15)

e =(LErp—(LEs)p =n, . (5.16)

It is important to note that, for fixed r and s, there are two physically distinct vertex
operators which could be identified with the minimal model primary. Both operators
have the same scaling dimension, but differ in their U(1) charges. This degeneracy of the
spectrum is the remnant of the ¢ — —¢ symmetry of the model, which is broken by the
¢R coupling. Instead, the model is invariant under the substitution ¢ — —¢ and Q — —Q,
which is equivalent to switching p and p'.

The timelike linear dilaton still has a state-operator correspondence. However, because
0¢ is not a primary operator, there is an inhomogeneous relationship between the charges
of states on the cylinder and of operators on the plane. The formula relating the charge of
the state n to the momentum n of the operator is

n=n+p—p, (5.17)

and in terms of this variable we have

1/ 21, _
h=—-(+5+wR +ZQ’ h =

A 21,
A <—wR> +39° (5.18)
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5.2 Marginal deformations
Regardless of whether or not the scalar field is taken to be compact, the timelike linear

dilaton has two A = 2, S = 0 marginal operators given by

My (z) = 2io+o(@) (5.19)

In the compact model, these operators are not charged under the U(1) winding symmetry.
Deforming away from the compact linear dilaton by either of these operators explicitly
breaks the U(1) momentum symmetry of the model but preserves the winding symmetry.
Given a conformal field theory with one or more marginal operators, one can consider
infinitesimal deformations of the form

08 = J\/§d2x [t My(z) + p~ M_(z)] . (5.20)

If the operators are exactly marginal (which is certainly not guaranteed and is in fact quite
rare), then the deformation parameters p* provide local coordinates on the conformal
manifold. In these coordinates the Zamolodchikov metric has components

g++=9-— =0, gi— = (r — y)4<62m+¢(z)62m_¢(y)> =1 (5.21)

in our example at leading order. Note that the diagonal entries vanish due to the selection
rule (3.27).

Now to leading order in conformal perturbation theory, exact marginality requires the
vanishing of the beta function for each deformation

gl = Zijuiuj =0, (5.22)

where 4,7,k € {+,—}. It is easy to verify that the 3-point functions of the marginal
deformations all vanish due to the selection rule (3.27)

Cf,=C__=C{_=C;_=0, (5.23)

so that to first order in perturbation theory the resulting system is still conformally invari-
ant as was to be expected. This alone does not guarantee exact conformal invariance, and
in principle one should continue to higher orders in perturbation theory to be sure that no
scale enters the model. The relation

pay +pa_ =0 (5.24)
implies that the correlation function

(M (1) My (2149 )M_(y1) ... M_(y14p)) (5.25)

requires no screening and does not vanish. Since all non-trivial minimal models have
p+p +2 > 9, the first dangerous correlation function is a nine-point function, but the
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possibility to gap out the system remains.” Note that if we deform by a single marginal
operator, this potential problem disappears.

We can also make a trivial check that the scaling dimensions of the minimal model
exponentials do not change to first order in perturbation theory. The relevant formula

6hr,s = 5Br,s = _EC{T,S},{T,S},i/'Li =0 (527)

is easily verified, again due to the selection rule. Therefore, the scaling dimensions of the
“minimal model exponentials” do not change to leading order, which is required but was
not guaranteed.

The above analysis suggests that the deformation (5.20) will produce scale-invariant
correlation functions for a set of primary operators whose conformal dimensions match
those of the minimal models. This might seem puzzling at first glance, since there is
certainly no continuous family of minimal models labeled by u* for fixed (p,p’). The
situation is analogous to that of spacelike Liouville theory. There, the cosmological constant
term appears to be a marginal deformation and yet there is a single theory for fixed Q. In
section 6 we demonstrate that the dependence of physical correlators on put is trivial for
canonically normalized operators.

5.3 The reflection identification

The spectrum (5.13) of the compact linear dilaton is doubly degenerate. Each operator
Vow(x) of a given dimension and spin has a “reflection partner” V; () with the quantum
numbers

n=2p-p)—n, W=—w. (5.28)

As discussed previously, this is the Q-shifted version of the the n —» —n,w — —w symmetry
of the free compact boson. The double degeneracy means that there are actually two candi-
date operators V,,, , o(x) and V,,_ _ o(z) which could be identified with the corresponding
minimal model primary.

A similar degeneracy (with w = 0) occurs for the non-compact spacelike linear dilaton
with a real background charge. When this model is deformed by the Liouville exponential,
the spectrum is effectively halved: in the full non-perturbative Liouville theory, there is an
operator identification Vj,(z) = R(p)V_p(x). This reflection amplitude R(p) is related to the
quantum mechanics of the zero mode scattering off of the unbounded Liouville potential.

9There is a second set of marginal operators with fractional winding

p+p
pp’

n=p-p, w=+ : (5.26)
which we denote W (z). Ordinarily we would discard these operators, since they are not mutually local
with the minimal model exponentials. However, as we will describe later, Felder’s BRST current also has
fractional winding, so there might be an interesting role for these operators. These deformations would
break the winding symmetry of the system, but since both W (z) have the same U(1) momentum charge,
multiple orders of perturbation could not contribute to a single observable due to the selection rule (3.27)
when p™ = p~ = 0.
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In seeking a relationship between the deformed compact timelike linear dilaton and
the minimal model, one might hope for a similar operator identification

Vi

Nr s,

o(z) £ R(r,8) Vi, 0(x) . (5.29)

The two operators certainly cannot be identified before deforming the compact dilaton by
the marginal operators My (z): generic non-vanishing correlation functions involving V()
will vanish upon substitution of V(z) due to the selection rule (3.27). The identification
is only made possible by the deformation, which allows one to trade V(z) and V(z) in-
side correlation functions while balancing the resulting charge-asymmetry with additional
screening operators.

There is an even more important distinction to be made between the operator identifi-
cation in Liouville theory and the corresponding identification in our model. The operator
identification (5.29), and its analog in Liouville theory, is only possible because the contin-
uous shift symmetry of the boson is explicitly broken by the perturbation. If this were not
the case, the operators being identified would transform in inequivalent representations of a
global symmetry group of the theory, which is impossible. However, the deformation (5.20)
does not break the U(1) winding symmetry of the compact dilaton. This means that there
can be no analog of (5.29) for operators with winding in the theory defined by (5.1). In-
deed, substituting Vi g(z) for Vy(z) in a non-vanishing correlator would introduce an
asymmetry in the global winding charge, which could not be screened by the perturbation.
This subtlety does not exist in Liouville theory (where the scalar is non-compact) and is
irrelevant for the identification of the minimal model primaries (5.29), all of which are
winding singlets. However, in the next section we will encounter winding operators (BRST
currents) that play a crucial role in reducing the theory (5.1) to the minimal model, and
for which the identification cannot hold.

Since the reflection identification cannot be made before the deformation of the com-
pact dilaton, it certainly makes sense to perturb with both My (z) and M_(z) simultane-
ously. Whether or not this is the correct prescription seems less clear, and we will postpone
this question until section 6.

5.4 BRST currents

In the holomorphic Coulomb gas formalism of section 3, we encountered special h = 1
operators which seemed to play several roles. In particular, the operators e2ie+9(2) were
used to construct Felder’s BRST operators as well as the screening charges used in the
calculation of correlation functions. In the full theory, these holomorphic operators must
be paired with their right-moving counterparts to form genuine local operators. As we
saw in section 5.2, the holomorphic screening operators of the Coulomb gas formalism are
naturally completed into (1,1) marginal operators M (z). In this section we will try to
identify Felder’s BRST currents in the spectrum of the compact dilaton.

There are two potential sets of (1,0) operators in the compact linear dilaton theory.
Their momenta and winding, as well as the left and right momenta, are summarized in the
following table:
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n 7 w kr, kr
Ji(z) p P 1% 2004 0
J.(z) | p—2p | —p' —ﬁ 200 | 204 + 200
J_(x) | —p —p —I% 200 0
J_ () | 2p—p' | »p % 200, | 2ay + 20

Ji(x) and J;(z) are related by the reflection transform (5.28), but are not identified as
operators. Similarly, there are two potential sets of (0,1) currents:

n 7 w kr, kr
K (z) p i _1% 0 204
K. () | p—2p" | = 1% 2004 + 20— | 20—
K_(x) —p' —p 1% 0 200
K (z)|2p—p | p —% 200, + 20 | 20y

The first important point to note is that each of these operators carries winding. This could
have been predicted on general grounds: the null descendants of the non-holomorphic min-
imal model primary M, ¢(z) generically carry spin. Therefore, the exponential operators
surrounding the minimal model exponential in the BRST complex must also carry spin
(since the BRST charge commutes with both Virasoro algebras), and in order for an ex-
ponential operator to carry spin, it must have nonzero winding. The more troubling fact
is that the winding carried by the BRST currents is fractional. We can define the scalar
BRST charge operators

Qs J;Ji(z)dz 04— J;Ki(z)dz W jﬁji(z)dz - jgf(i(z)dz . (5.30)

Each charge formally commutes with both copies of the Virasoro algebra, but carries non-
trivial momentum and winding. The fact that the BRST charges carry winding has an
important consequence: the insertion of a charge in any correlation function consisting only
of operators of the form V;,,  o(z) (the minimal model exponentials) vanishes trivially due
to winding conservation. A second important consequence is that the full BRST complex
will now involve operators with non-trivial winding.

Mutual locality. In an ordinary interpretation of the compact boson CFT, one does not
permit operators with fractional winding since they are not mutually local with respect to
the momentum operators. However, Felder’s holomorphic BRST construction produced a
charge which was not mutually local with respect to all of the exponential vertex opera-
tors needed for the construction of the minimal model. Rather, different combinations of
multiple line integrals with nested contours were needed for each separate Fock space.
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The OPE of two operators with momentum and winding takes the form

etkLoL(2)+ikroR(2) oL oL (0)+iPROR(0)  kLpL/25kRPR/2,i(kL+pL)dL(0)+i(kr+PR)OR(0) 4
(5.31)

2mi, one obtains the condition for the mutual locality of two operators:

Sending z — e
kLpL — kRpR €27 . (532)

Since the BRST currents J4 (resp. K+) have kr = 0 (resp. kr = 0) while the minimal

T,8

model exponentials have p; = pr = "R , it is clear that the lack of mutual locality in

Felder’s construction is not removed by considering the full theory.

Therefore, it may be too much to ask for the BRST currents J4(z) and K4 (z) to
be mutually local with respect to all of the operators in the compact timelike linear dila-
ton model: we seem to have to tolerate a non-standard spectrum in order to reproduce
the minimal model. Since the majority of the local operators of the system (including
the BRST currents) do not belong to the physical subsector, it seems enough to require
mutual locality among the minimal model exponentials (which is guaranteed). Neverthe-
less, the construction does not seem completely natural and we would welcome a simpler

explanation.

The special case p’ = 2. As we noted in section 4, Felder’s holomorphic BRST complex
appears particularly natural when p’ = 2. In that case, the BRST current J, (2) is mutually
local with all of the minimal model exponentials Vj s(z), and only a single power of the
BRST charge @ is needed in the complex (rather than multiple nested contours). This
simplification is maintained in our full quantum field theory. Although the BRST current
J4(z) has winding w = 1/2, all of the minimal model exponentials (as well as the marginal
operators) have even momenta since ny s = (s — 1)p’ = 2(s — 1). This suggests that the
more natural radius for this subset of models might be R’ = R/2, although the discrete
shift-symmetry of the scalar would be lost on a surface of odd Euler character. Note that
for this case

1
R = iy/pp’ =qy . (5.33)

Indeed, a naive candidate for the completion of the holomorphic minimal model exponen-
tials with
kr =(1—r)ay + (1 —s)a_ (5.34)

would have been to interpret a.y as the radius, (s — 1) as the momentum and (1 —r) as the
winding. This is incorrect since the resulting operator in the full theory would have spin,
except for the case p’ = 2 when r = 1.

5.5 Full BRST complex

The minimal model primaries M, s(z,Z) are simply the products of their holomorphic and
antiholomorphic counterparts, and they have their first singular vectors at the levels

(hr,s +r37}_1r,s)7 (hr,s+(p/_r)(p_5)7hr,s)a (hr,57 h7»75+7’8), (hr,&l_lr,s"" (p/_r)(p_s)) .
(5.35)
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Similarly, the minimal model exponentials in the linear dilaton model holomorphically
factorize into products of left and right-moving exponentials

V

Nr,s,

nr,s

0(z,2) = e R L() TR OR() (5.36)

Since J_(z) = e**-%L(2) is purely holomorphic and K_(z) = e**?r(3) is purely anti-
holomorphic, Felder’s holomorphic BRST construction can be applied separately to the
left-moving and the right-moving part of each operator. Combining this with the momen-
tum and winding charges of the BRST currents, it is possible to map out the full BRST
complex. For instance, the four Fock spaces directly adjacent to the minimal model Fock
space I s in the double complex are

- Fr—p o
[)

l@?s
Q- Q@

(p—s) Frfp’,() OFr,s —;—*;Fr,()

P
JQS_

sLpr0
P

Here F, s denotes the Fock space with momentum 7, and winding w. As expected,
the highest weight states in each of these Fock spaces carries winding since the descen-
dants (5.35) all carry spin. As a result, these Fock spaces carry different momenta than
those appearing in Felder’s BRST complex: Felder labeled the Fock spaces with the left-
moving momentum k; while we label them with momentum and winding charge. Ex-
panding the complex out further helps to exhibit the patterns more clearly. The result is
depicted in figure 7.

Since all of the cohomology is concentrated in o F;. 5, the terms in blue will contribute to
the torus partition function with positive signs, while those in red will enter with negative
signs in order to cancel states that are not present in the minimal model. In particular,
note that all of the blue terms actually have integer winding, while the red “ghost states”
are built on vertex operators with bad fractional winding which nonetheless have integer
spins. This structure is related to the expression (2.26) for the minimal model partition
function in terms of ¢ = 1 partition functions at different radii: terms contributing with a
positive sign naturally live at the radius R = 1/pp/, while the ghost states that contribute
with a negative sign seem to live at the radius R = %\/W . Next we would like to verify that
this set of signs appearing in the BRST complex matches those that arise in the minimal
model character formula.

5.6 Torus partition function

In this section we will show that the “supertrace” in the full Hilbert space of the compact
timelike linear dilaton produces precisely the trace in the Hilbert space of the minimal
model. The Rocha-Caridi form of the holomorphic character for the minimal model is

s r,—S 8

, / , 1 —pr+p’s iR 2
Xrs = K& (q) = KP (), K@) (q) = D3 (TFEBRN M (s 57y
JEZ
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Figure 7. Structure of the full BRST complex.

where R = /pp’. We would like to express the quantity x,sXrs as a sum over momenta
and winding states in order to compare with the BRST complex in section 5.5. It will prove
useful to have an expression for the trace in the linear dilaton system when restricted to
momenta and winding charges in the sets n € S; and w € S3. For an operator with
kr = +wR, we have

c—1

h— —
24

2 2
(ko + Q)+ 4 - 12O =1

7 (b +iQ)° (5.38)

| — ] =

Recalling the relation (5.17) between the U(1) charges of operators on the plane and states
on the cylinder, we find a simple formula for the trace over operators with n € 57 and

'LUGSQZ

ﬁnesquo—C/quo—C/m = |n(q)| 2 Z q(%erR) /4 (—wa) A = At (p—p). (5.39)
’wESQ nESl
’LUESQ

The BRST complex of figure 7 indicates that the partition function will be a sum of terms
of this type, with relative signs determined by S7 and S5. Make the definition

ﬁr,s =-—rp+ Sp, = Nps — (p - p/) ) (540)

and consider the first term in the product x; sXrs, which is

s _2jR)2/4q(ﬁrRs

E®) (K87 () = n(g)| 2 Y o F ) (5.41)
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In order to relate this to the BRST complex, we would like to equate

. 2 . 2 A 2 . 2
ﬁ — nT,S . ﬁ . _ nr75 o ./
<R + wR) ( 7 J > , <R wR) < 7 27 R> . (5.42)

There are four solutions to this set of equations (each solution relating to one of the four

possible BRST currents encountered in section 5.4 that could be used to construct the
BRST complex). For the complex based on @_, the relevant solution is

=t —(G+7)R*, w=j—7j. (5.43)
We write
KO (@K® (@) = In(@)| 2 Y glrenagli-wn)/ (5.44)
nen, s+pp'Z
WEZ

where importantly both integers in the sum have the same parity. The second term in the
product
A 2
- KWK @ = o) Yo (e -2im) g (=) 1

7,8

has a similar solution with

i = o — (j +5)R?, w=;+j’—j, (5.46)
and can be written
— ﬁfs,p’)(q>K7(‘f7f;)<q) = —[n(q)| 2 Z g FHwR)? /A (f—wR) /4 (5.47)
nenyo+pp'Z
we§+Z

Again, the two integers summed over are restricted to be simultaneously even or odd. The
third term

Ars o 2
~ KPP (KB (G) = ~In(o)]” 22 ) g(fe-am) (5

) »S

can be represented with momenta and winding given by

A

s
f=fno— (j+5)R?, w = —};Jrj’—j. (5.49)
With this representation it takes the form

P (K@D (@) =~ Y qlirwR) Mgl (5.50)
neny o+pp'Z
we— 247

with both integers of identical parity. Finally, the fourth term is easily obtained from the
first term and is given by

KPP (@K (@) = n@? Y Ui+ Aglh-wr)/s (5.51)
nen, _s+pp'Z
wWEZ
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with the same condition on the sum. The final expression for the character is

A 2 (A 2 A 2 (A 2
(@) Pxrsirs =y qURTeRyAglRmeR)y A S gGreR) fag(GmwR)
neny s+pp'Z neny, —s+pp'Z
weZ weZ
-y g (RrwR) /ag(f—wR) /4 _ D g (RrwR) /ag(f—wR)" /4
neny 0+pp'Z neny o+pp'Z
we+Z we—2+7
(5.52)

with the two integers always of the same parity. The ranges of momenta and winding
match the BRST complex in figure 7, which reproduces the signs in the partition function.
Note that in order to reproduce the partition function of the minimal model, we do not
separately sum over the reflection states. Doing so would produce a factor of two in the
partition function.

6 Lagrangian formulation: dynamics

In section 5 we saw that the spectrum of the compact timelike linear dilaton, after an
appropriate BRST quotient, reproduces the spectrum of the corresponding minimal model.
This is a statement purely within the realm of representation theory, and says noting about
the dynamics of either system. The results of Dotsenko and Fateev reviewed in section 3
indicate that we must somehow incorporate the “screening charges” if we want the dynamics
to match. In this section we will try to reproduce the Coulomb gas calculations using
conformal perturbation theory for the compact linear dilaton deformed by the marginal
operators discussed in section 5.2:

08 = J\/ngx [ My(z) + p~ M_(z)] . (6.1)

A construction along these lines was originally suggested in an appendix of the second
paper by Dotsenko and Fateev [34, 36], where they also noted that infinitely many orders
in perturbation theory might contribute (and gap out the system) when both deformations
are turned on. We do not have a fully satisfactory resolution of this puzzle, and feel that
it is an important question that requires further clarification. In much of what follows,
we will restrict attention to the (2,p) timelike linear dilaton. These systems have the
special property that a representative of each correlation function of physical operators
can be screened using only M_(z) (this is no longer the case when p’ # 2). Even within
this restricted class of models, we will encounter subtleties when attempting to reproduce
the truncation of the OPE expected in the minimal models. Nevertheless, the ultimate
conclusion is that, for this class of models, the BRST quotiented Lagrangian quantum field
theory really does describe the minimal model.

6.1 Converting surface integrals into the Dotsenko-Fateev line integrals

The main advantage of a Lagrangian formulation of the Coulomb gas formalism is that
it produces manifestly local correlation functions. The abstract axioms of conformal field
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theory like associativity of the OPE and modular covariance, which are constraining when
applied to non-Lagrangian systems, are more or less guaranteed by the local path integral
formalism. The quantities computed in conformal perturbation theory and identified with
minimal model observables take the schematic form

My, sy (21) - o - My, s, (T0))
n n_—

N <emm,31¢(xl) et T f i 80 2, T | f ezia_¢(wj>d2wj>7
i=1 j=1

where the number of surface integrals is determined by the selection rule > a; = —iQx
just as in the Coulomb gas formalism. There is no choice of contours to be made, and
one can compute the three-point functions directly rather than resorting to monodromy
constraints on holomorphic four-point functions. The method should be especially powerful
when applied to computations on higher genus surfaces, where producing modular covariant
answers using the holomorphic line integral prescription is more difficult.

Before calculating any observables, it is important to first understand how the two
dimensional surface integrals of conformal perturbation theory are capable of reproducing
the Dotsekno-Fateev line integral prescription. Conformal perturbation theory requires
regularization, since the integrals

ny n_
< plory s $(@1) it s, $(@n) H f d2sedio+d(wi) H f d2wje2ia¢(wj)> (6.2)
i=1 Jj=1

generically diverge for physical values of the momenta «; due to short-distance singular-
ities in the operator product expansion. The scheme that will be adopted first factorizes
the surface integrals into products of Dotsenko-Fateev-type line integrals, and defines all
expressions by a suitable analytic continuation from regions of parameter space where the
integrals are convergent. This prescription for defining integrals of the type (6.2) is familiar
in perturbative string theory [105], and the relationship between the surface integrals and
the Dotsenko-Fateev line integrals is nothing more than the KLT double copy [106] in a
different setting.

Toy model. In order to illustrate the general procedure in a concrete setting, we will
evaluate the surface integral

R(a,b) = Jd2z|z|2“z — 1% (6.3)

by reducing it to a product of line integrals, following closely the discussion in [36]. This
integral is simpler than the generic Coulomb gas integral, but would arise when computing
a correlator

<eia1¢(0) eia2¢(1) f€2ia+¢(z)d2z> _ JdZZ’z‘QoH_al ’1 o Z’2a+a2 (6.4)

requiring a single screening charge. The first step in evaluating the integral (6.3) is to take
the Euclidean coordinate z = x + i7 and Wick rotate to Lorentzian signature 7 = ie~2¥t,
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The integral becomes
R(a,b) = ijdtdaz[xg _ 2emtiejaf(y _ )2 _ 2] (6.5)

Taking lightcone coordinates x4+ = x + ¢ and rearranging terms puts the integral in a
factorized form

R(a,b) = ;focoo dry (zy —ic(zy —x )Y (xy — 1 —de(zy —a_))°
X foooo de_(z_ +ic(zy —x_ )Y o — 1 +ic(xy —x_)). (6.6)

Assuming for the moment that a, b are such that the integrals converge for large x4, each
integrand has two potential singularities, which are generically branch points. The x4
integration cycle can be separated into three pieces, which we denote by C; = (—0,0),
Cy = (0,1), and C3 = (1,0). When z; € Ci, Im[iez;] < 0 and Im[ie(z4 — 1)] < 0.
In this case, both singularities in the z_ integrand lie in the same half plane, so we can
deform the contour to infinity (assuming convergence) and the integral vanishes. Likewise
when z; € Cs, Im[iezy] > 0 and Im[ie(x4 — 1)] > 0 so the z_ contour can be deformed
to infinity and the integral vanishes.

The nonzero contribution to the integral (6.6) arises when z; € Co, in which case
Sliexy] > 0 while Sie(z4 — 1)] < 0. In this case the z_ integration contour is trapped and
cannot be deformed to infinity. Instead, we rotate the x_ contour around the singularity

at z_ =1 to obtain
0 0 .
G# = f % (z_ —1)%dx_ — J 2% (e7 ¥z —1))’da_
1 1
. o0
=2i sin(wb)e“’bf 2 (x_ —1)’dx_ . (6.7)
1
Restoring the x integration, the full integral now reads
1 0
Rla,b) = — sin(wb)f 27 (1 — x+)bdx+f 2 (. — 1)de_ . (6.8)
0 1

Changing variables z_ — 1/x_ in the second integral expresses R(a,b) as a product of
Euler Beta functions

R(a,b) = — sin(rb) J

0

1 1

dryzf (1 — x+)bJ de_x7277 (1 —z_)°, (6.9)
0

and the final answer is
Frl+a)l(1+b)T(-1—a—-0I(1+b)

R(a,b) = =sin(mb) =520 I'(~a)

(6.10)

It will be useful to recall the geometric picture for the analytic structure of this for-
mula [105, 107]. The naive integral expression for the Euler Beta function

Bla,b) — Ll =11 — 1)Ly (6.11)
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Figure 8. Pochhammer contour.

does not converge for all possible values of its arguments. When the values of a, b are such
that the singularities at ¢t = 0,1 become unintegrable, the function must be defined by
analytic continuation. The most transparent definition makes use of the the Pochhammer
contour (P.C.), which is depicted in figure 8. This contour zig-zags back and forth between

= 0 and t = 1 on different sheets of the Riemann surface associated to the different
branches of the multivalued integrand. Keeping track of the phase shifts as the contour
circles around the singular points, one obtains the formula

(1 — e2mia)(1 — 27ib) B(q ) — JPC L1 — )Lt (6.12)

Since the Pochhammer contour is compact, the integral on the right hand side of the
formula is manifestly finite for all values of a,b. It vanishes when either of the singular
points becomes regular and the contour becomes contractible, which occurs when a — 1 or
b — 1 is a non-negative integer. The Beta function therefore has poles only when a or b
is a non-positive integer. Similarly, when —(a + b) is a non-negative integer, the point at
infinity becomes regular and the contour can be shrunk to zero on the other side of the
Riemann sphere. Therefore, if a,b ¢ Z<o but —(a + b) is a non-negative integer then the
Beta function vanishes. This example is important because it illustrates the mechanism by
which certain OPE coefficients vanish in the Coulomb gas formalism. The Coulomb gas
integrals have strictly positive integrands but are generically divergent. The regularization
scheme defines them using analytic continuation in a manner similar to the definition of
the Beta function in terms of the Pochhammer contour and thus allows for zeros.

Surface integral identities. The conversion of more complicated surface integrals into
products of Dotsenko-Fateev line integrals follows the same basic steps described above.
Dotsenko and Fateev developed the technique to evaluate the integrals arising in the com-
putation of four-point functions, but to analyze three-point functions we only need the
integrals

Im(a,b;c) = m'JH dzzdzzl_[|zz|2a|1 Zz|2bl_[|zz 2 4c (6.13)

1<jJ
m (I1—2¢)
- < > HFl—kc

"ﬁ 1+a+k:c) (1+b+ke)T(=1—a—b—(m—1+k)c)
bl (—a—ke)I(=b—ke)T2+a+b+ (m—1+k)c)
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and

n4 n_ n4 n_
!’ / /
f dzzzfndzwj [T1zP" =z | Tl 1= T T lzi—2el* | [l —wil* ] T l2i—w;]
i=1 j=1 i=1 j=1

i<k j<l 1,
e tren n ) (DA —¢)\™ (TA-o)\"" % Tlkd —n_) {7 T(ke)
= cAnin_ ( r'(c) ) < L(c) ) x kljl T(1—kd+n_) ’1:[1 (1 —ke)

n

+

— 'l—n_+d +kd)TA—n_+b + k) I(=14+n_—da —b — (ny —1+k))
Fno —a —kd)T(n- =0 —kd)T(2—n_+d +¥ +[ny — 1+ k])

X
k

n_—

I
I o

1F(l+a+kc)F(1+b+kc)F(—1+2n+ —a—b—(n_—1+4k))
x . (6.14)
Falie I'(—a—k)I'(=b—ko)T'(2—2ny +a+b+ [n- —1+k|c)

Both of these formulas first appeared in the appendix of [35].

6.2 Reflection amplitudes

Having seen that the surface integrals of marginal perturbations are capable of being fac-
torized into products of Dotsenko-Fateev line integrals, we can begin to reproduce some of
the Coulomb gas results using conformal perturbation theory. Correlation functions in the
deformed theory are calculated using the correlation functions of the undeformed theory
with an exponential insertion of the deformation

(Or(a1) -+ On(wn) actormed = (O1(w1) - -+ O (e SFT M IEmTMAT e

(6.15)
In what follows we will drop the labels on the correlation functions since the meaning will
always be clear. Conformal perturbation theory requires some scheme for regulating the
integrals appearing on the right hand side of this equation. The scheme adopted here is
to convert the surface integrals into Dotsenko-Fateev line integrals as in section 6.1, and
to define these integrals by analytic continuation from regions in parameter space where
convergence is guaranteed. In the models that we consider, the observables that we would
like to compute typically vanish in the unperturbed theory. Moreover, provided that we
only deform the model by the marginal operator M_(x), a single term in the expansion
of the exponential will contribute to any given correlator due to the selection rule on the
momenta. When the selection rule > a; = 2a4 +2cr_ is satisfied, the unperturbed compact
timelike linear dilaton correlator takes the form

<eia1¢(m) ... eia"¢(x”)> = H |z — x> . (6.16)

i>]
Reflection map. We saw in section 4.2 and in section 5.5 that the level-one descendant
of the reflection partner of the identity operator is BRST exact:

ol(z) = [Q,] . (6.17)

This equation has several important consequences. First, it means that inserting the re-
flection of the identity inside a correlation function of BRST invariant operators does not
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introduce any position dependence: the reflection of the identity is a topological local op-
erator. Now in the free theory without a background charge, the reflection map simply
sends the momentum n — —n, which one could view as a map

Va(z) = 1(z)V_n(x) .
The generalization to the model with a background charge is immediate:
Va(z) = 1(2)V_g () .

Because the reflection of the identity is essentially topological, no special care is needed in
defining this composite operator. In the undeformed theory, the operator and its reflec-
tion cannot be identified, since replacing an operator by its reflection introduces a charge
asymmetry into the correlation function which cannot be screened.

Reflection coefficient. We would like to work with a basis of operators O;(z) with

canonically normalized two point functions

(0;(21)0j(x2)) = R

(6.18)
As we will see, there are important subtleties with the operator normalizations in this model
which are tied in with (but do not fully resolve) the apparent violations of truncation that
we will encounter in section 6.4.

In the undeformed linear dilaton theory, the non-vanishing two point function involves
an operator and its reflection partner:

1
<Va($1)‘/20¢++2a_—a(l'2)> = (1'1 — x2)a(a+2iQ) . (619)

The coefficient in this formula is finite because the zero mode of the dilaton is compact (we
absorb a factor of the radius into the normalization of these operators). In the deformed
theory, it is possible to screen the charge asymmetry in the two point function so that the
correlator

+\n4 —\n_— _ n+ . n— .
U S (sto Voo o) [ ] [ et T [ dbuyetin-oten
i=1 j=1

n4 In_!

R(r,s)
= ‘ 6.20
(xl — x2)ar,s(ar,s+27f@) ( )

is generically non-vanishing for some choice of positive integers n4.. Note that the definition
of the reflection coefficient involves the insertion of one factor of the reflection of the
identity [92].

These considerations suggest that the correctly normalized minimal model correlation
functions will be produced if one identifies

Vis(z) = A/R(r,s)M, s(z) . (6.21)
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Similarly one would like to identify

VR, $)Voyp —s(x) = My s(z) (6.22)

provided that the reflection coefficient is finite and non-vanishing. These integrals were
originally calculated by Dotsenko and Fateev and are given in eq. (2.21) up to factors of
p*. For the (2,p) models, they take a particularly simple form [92]

- 1—a 1+ (1+j)a?
R(1, ) 11_[ J ;_uij) ])) =) (6.23)

An important point to note is that some of these coefficients are zero, which complicates
the identifications (6.21). The first zero is encountered at the border of the Kac table at
s = p, and in fact all R(1, kp) with k € N vanish.

In spacelike Liouville theory, the cosmological constant p is not an actual parameter
of the theory. Similarly, we do not expect any interesting u* dependence in the deformed,
BRST quotiented timelike linear dilaton theory given the uniqueness of the minimal models.
In order to screen the correlator (6.20), one needs

(2ny —2r +2)ar + (2n_ —2s +2)a_ =0 (6.24)
so that the number of screening charges is given by!?
nyg=r—1, n_=s—-1. (6.25)

Therefore R(r,s) ~ (u*) "1 (u~)*~1. If we instead consider a k-point function (again with
an insertion of the reflection of the identity), the selection rule requires

(k — Zm +2ny)ay + (k— Zsi +2n_)a_ =0. (6.26)

The correlator therefore scales like

LIS 1) s L (e 1 , L htYss
<HMT“S’L xz> ( +) 5 20(ri 1)(M ) 5 (s U(N )2[ k+3 1](# )2[ k+3si] ’\’(,LLJ“UJ,)O

(6.27)
and there is no interesting dependence on the deformation parameter.

6.3 Zero-mode quantum mechanics

In spacelike Liouville theory, significant insight is gained by studying the dynamics of
the zero-mode. In particular, the analysis “explains” the halving of the physical spectrum
induced by the Liouville potential, and provides a way to calculate the reflection amplitude.
We would like to perform the same analysis on our model. Putting the model on the cylinder
and considering the region of field space in which ¢(¢,0) does not depend on the spatial

10This derivation assumes that only one order in perturbation theory contributes. The exactness of
the reflection amplitude (needed in order to match the minimal model data) seems to be evidence that
perturbation theory does truncate at the first nontrivial order.
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coordinate o, we obtain an effective quantum mechanics for the zero mode. This leads us

to study the spectrum and eigenfunctions of the Hamiltonian

2

d 4
H=——s+ elia-® (6.28)

with periodic boundary conditions ¢ (x + 27R) = ¢ (z) for the eigenfunctions. This
Hamiltonian is obviously not Hermitian since the potential is complex. However, since
V(z)* = V(—x), the operator is PT-symmetric [108] and may still make sense as a quantum
mechanical system. If we make the change of variables w = a,e’®? then the Hamiltonian

becomes
H = o? u;2d—2+wi + ot w? (6.29)
- dw? dw - ’
The eigenfunctions with energy E are solutions of the Bessel equation
d? d
[w2dw2 +wo— w? — Ea‘i] Y(w) =0. (6.30)

For arbitrary (non-integer) /Fa?2, the two linearly independent solutions to this equa-
tion are

T, Jmat (aye™") . (6.31)

Although the solution appears automatically periodic, caution is required since the argu-
ment is complex. The Bessel function J,(w) has a branch cut beginning at w = 0 and
extending to infinity, so sending z — x + 27 R moves the argument onto the next sheet.
Requiring absence of the branch cut requires that the order Eai be an integer, so we

may write F = n?a? with n € Z. The solution becomes
Jin(oyeo=") (6.32)
When the order is an integer, the two solutions satisfy a “reflection identification”
J_p(w) = (=1)"Jp(w) (6.33)

and are no longer linearly independent. In this case the second linearly independent solution
is the Bessel function of the second kind. This function always has a branch point at w = 0
so we discard it.

For integer order, the Bessel function of the first kind is an entire function with a
Taylor series 4

(_1)J w\ n+27
Jn(w) = ;0 TG TaTD (5) : (6.34)

Recalling that w = a €7, we see that the wavefunction has support on an infinite num-
ber of plane waves. This should be contrasted with the case of spacelike Liouville theory,
where the scattering states only have support on a given momentum and its reflection.
This is surely at the heart of the drastic reduction in the number of independent states in
the full model. The shift in momentum between terms in (6.34) is of the form An = 25p’.
Returning to figure 7, one sees that the exponentials that appear in the BRST complex
based on F, ; all either contain a shift of r by a multiple of p’ or shift of s. In either case,
the momentum n shifts by a multiple of p’ as in the Bessel function.

— 46 —



6.4 Three-point functions and truncation of the OPE

In this subsection we will attempt to reproduce the minimal model fusion rules using the
compact timelike linear dilaton deformed by both marginal operators. The OPE we would
like to reproduce is

Tmax Smax

Mrl’sl X MT2732 = Z Z MT3,S3 ) (635)

ra=1+|ri—ra| s3=1+|s1—s2|
with 71 + 79 + r3 and s1 + s92 + s3 odd and
Tmax = min(ry +ro —1,2p" =1 —ry —19)
Smax = Min(s; +s2 —1,2p— 1 — 81 — s2) . (6.36)
We will refer to the upper bounds 2p’ — 1 — 7y — 7y and 2p — 1 — 57 — s as truncation

from above. Our notation will distinguish between the minimal model operator M, s(x),
its linear dilaton avatar V;.¢(x) and the reflection partner V; 4(z) = V_, _4(z).

A quick but misleading derivation of truncation. There is a formal argu-
ment [109, 110] which reproduces some of the fusion rules of the minimal models from
the deformed timelike linear dilaton. The quantity that we would like to calculate in the
minimal model is the three-point function of primary operators within the Kac table

<M7'1751M7"2752M7’3753> . (637)

In fact, for the purposes of this section we are really only interested in whether or not
the coefficient vanishes. Within the linear dilaton theory, there are eight distinct ways
of calculating this coefficient, depending on which and how many reflection operators we
choose to insert. They are

<‘/7”1,51 VTQ,SQ VT‘3753> ) <V*T‘17*31 ‘/1“2752 VT3733> ) <V;"1,81V*T27*52 V1“3753> )
<VT1781 ‘/;“2752 V—T37—S3> ) <V—T17—81 V—T2,—82 V7“37S3> ’ <V—7"17—81 VT2782 V—T37—83> ) (6'38)
<VT1 »S1 V*Tz,*sz V*TS,*83> ) <V7T17*81 Vﬂ“zﬁsz V*T37*33> :

For the moment, we will allow ourselves to use both marginal perturbations. In order to
obtain a non-zero coefficient using the representative (V_,, _¢ V., s,V s,) we must have

(I+r—ro—r3+2ny)ay +(1+s1—s2—s3+2n_)a_ =0 (6.39)

for some number n; and n_ of the two screening charges. Similarly, to screen the repre-
sentative (Vy, s V_p, —s,Vpy s,) One needs

(I—=ri4+reg—rs+2my)ay + (1 —s1 +s2 —s3+2m_)a_ =0 (6.40)

for a different number m4 of screening charges. Finally, in order to obtain a nonzero
coefficient from the representative (V. s, Vy, s,V_ry s, ) One must have

(I—=r—ro+rzg+24)ay +(1—s1—s2+s3+2l_)a_=0. (6.41)
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Imagine for the moment that each term in parentheses must vanish identically in order to
satisfy each equality (this would be the case if ay were not rationally related). Then it is
easy to see that each equality requires

r1+ro+rg odd, 51+ 82+ s3 odd. (6'42)

This is the first ingredient in the fusion rules (6.35). Now since n4, m4, [+ are non-negative
integers, we also encounter three sets of inequalities. Equation (6.39) requires

1+7r—rp—1r3<0, 1+81—89—53<0. (6.43)
Similarly, equation (6.40) necessitates

1—r14+ro—1r3<0, 1—51+s3—53<0 (6.44)
and equation (6.41) requires

1—ri—ro+1r3<0, 1—51—89+53<0. (6.45)

Now if one requires that each set of inequalities be satisfied simultaneously (so that all
three representatives separately yield a nonzero answer) one finds that

T3€[1+|T1—T2’,T1+T2—1], 836[14-‘81—82’,814-82—1]. (6.46)
The lower bound comes from equations (6.43)—(6.44) while the upper bounds come from

equation (6.45). From this analysis we can conclude at most that

ri+ra—1 s1+s2—1
My sy X My, s, = Z Z My - (6.47)

T3:1+|7'17T2| 83:1+‘81782|

We have thus reproduced part of the fusion rule (6.36), but have not demonstrated trun-
cation from above.

The logic of this argument appears to be rather delicate. Following the same steps as
above, the representative (V_,, _s V_,, _s, V. 5. leads to an apparent inequality

14+r1+7r0—7r3<0, 1+5s1+s59—53<0. (6.48)

This would seem to imply a bound 1 + ry 4+ r9 < rg, which is certainly not obeyed in the
minimal models. This is our first example of a naively problematic correlation function
involving two reflection operators. More serious examples will be encountered later. Sim-
ilarly, the representative (V_,, _s Vi, s, V_py _s,) leads to upper bounds on (r3, s3) which
are far too strong

14+ri1—ro4+r3<0, 1+51 —s9+s3<0. (6.49)
The same goes for the representative (Vi, s, Voyy 5, Vopy g5

1—ri+ro4+r3<0, 1—51+s52+53<0. (6'50)

48 —



Meanwhile, according to this logic the correlator (V;, s, Vi, s, Vrs ;) gives no constraints
while the correlator (V_,, _5V_ 4, —5,V_r, _s,) can never be screened. There is clearly an
issue in the treatment of correlators with multiple reflection operator insertions.

In demonstrating that the minimal model OPE closes on a finite number of primaries,
it is very important that a4 are rationally related and h,.s = hy_,p_s. Similarly, any
attempt to fix the inequalities (6.48)—(6.50) must somehow work p,p’ into the formulas.
Now for rational oz%_r, the identity Vy_,,—s = V_,. _s is tautological and results from the
redundancy in the parametrization of the momentum n, s = (1 —r)p — (1 — s)p’. The
formal manipulation that reproduces the minimal model fusion rules applies the logic of
eqs. (6.39)—(6.45) to the correlator (Vi s, Vipy—ry p—ss Virs,s5) at an irrational point, and
then sets Vyy_,,—s = V. _s = V.5 at the end of the calculation. To be explicit, the

representative (V_, Vil —rg p—sy Vrs,s3 ) leads to the inequalities

'—r1),—(p—s1)

l—ri+ro—r3<0, 1—s1+85—53<0, (6.51)

while the representative (Vi s, V_( Vis,s5) Tequires

p'—712),—(p—s2)

14+7r—1r9o—13<0, 1+s51—82—-53<0. (6'52)

The truncation from below is therefore unaffected. However, the ability to screen the
correlation function (Viy_y s Viy—ry p—sy Vrs,—s;) leads to the requirement that

L= (@ —r)— (@ —r) +r3<0, I—(p—s1)—(p—s2) +s3<0,  (6.53)

and we conclude that

2p' —1—r1—r9 2p—1—51—82

M,

M 3,83 - (6.54)

p'—r1,p—5s1

X Mp’

—T2,p—82 ~
T3:1+|7“1—T'2| 83:1+‘81—82|

If we now go to the rational point, set M_,. ,_s = M, 5, and require consistency with (6.47),
we obtain the full fusion rule (6.35) with truncation from above. Note that for this entire
argument to work, we must make the reflection identification.

6.5 Apparent failures of truncation and subtleties with the reflection identi-
fication

Although the above derivation ultimately produces the desired answer, it is unsatisfying
in several respects and requires justification. Requiring each term in (6.39) to vanish
separately is not justified since p’a; + pa_ = 0 and there can be cancellation between the
two terms. This same basic issue is encountered in obtaining truncation from above, where
one must obtain the fusion rules for Vj/_,, s before taking a%_r rational. The ultimate
justification for these manipulations probably relies on the fact that, in order to even
define the Coulomb gas integrals, one must analytically continue the momenta from regions
where the integrals converge. Consideration of irrational quantities is seemingly inevitable
even though the definition of the theory is purely rational. However, it is important that
we encountered problems with the naive interpretation of correlation functions involving

— 49 —



multiple reflection operators, and the use of analytic continuation also implies that the
ability to screen a correlator does not guarantee that it is non-vanishing, as the simple
Pochhammer contour example of section 6.1 shows.

The best way to illustrate the subtleties in the calculation of the three-point functions
is with examples. Perhaps the simplest OPE to check is

Mg x Myg =M+ M. (6.55)

In the Yang-Lee model, this would be the only fusion rule to verify since Mo = M;j 5_2.
The first point to note is that we can represent the correlator (M 1,2M7 o M 1,3) using a single
reflection operator

Vio(z1)Via(zo)Vo1_s(23)) = <€fia—¢(x1)efia—¢(x2)ei(2a++4a—)¢(x3)> ) (6.56)

This correlator does not require screening, so we conclude that the OPE coeflicient will not
vanish as expected. We could also choose to represent the OPE coefficient using a different
combination of operators that requires a single screening charge:

<V1,2(1‘1)V1,2($2)V1,3($3) Jd2w€2m¢(w)> : (6.57)
In this case, the integral that we need to do is
<e—ia¢(z1)ei(2a++3a)¢(;t2)e—2ia¢(z3) fd2we2ia¢(w)>

_ |x1_x2|2—3o¢2_|x1_x3|2a2_x2_x3|4—6agfd2w’x1_w|—2a2_|x2_w‘—4+6a2_|m3_w|—4a2_ )
(6.58)

In general this integral needs to be defined by analytic continuation from a region of
parameter space where it converges. Sending x1 = 0,29 = 1,3 — 00 the integral takes
the form (6.13). Evaluating the Dotsenko-Fateev expression, one obtains a finite limit with
nonsingular terms multiplied by lim._,g % The two calculations agree and the OPE

coeflicient does not vanish. Similarly, the representation

3

<V172(I1)V172(I2)V173 (1173) Jd2y€2ia+¢(y) H J d2’wi€2ia¢(wi)> (659)
i=1

_ <eia¢(w1>eia¢(m2)62m¢(a:3) f 2ye2iosdw) J 2, i) f Pupgelio- ) f s €2ia¢><w3>>

also yields a non-vanishing answer, although a finite limit of a different ratio of divergent

gamma functions appears.

Next we try to verify truncation in a few simple examples. The minimal model fusion
rule requires the following three-point function to vanish:

(M 2(z1) M 2(x2) M3 1(x3)) =0 . (6.60)
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One representative of this correlation function, requiring a single screening charge, is

<V1,2(:c1)V1,2(x2)%,,1(x3) J d2ye2m+¢<y)>
- <em_d)(xl)ei(2a++3a_)¢(x2)e2ia+¢(m) Jd2y62ia+¢(y)> . (6.61)

This correlator satisfies the neutrality condition (can be screened), but should vanish due
to the fusion rules. Applying (6.13), one finds non-singular terms multiplied by a vanishing

ratio of gamma functions
. I'(e)
lim ————— =
=0 (e)['(—1 +¢)
We could try to calculate this three-point function without using any reflection operators.

(6.62)

The relevant correlator is

<e—m¢>(a:1) i b(w2) g~ 2iory B(a) J 2y 2o Hun) J 2y 2o Do) J 2, o) J d2w2e2ia¢(w2)> ,
(6.63)

Unsurprisingly, one finds non-singular terms multiplied by a different vanishing ratio of
gamma functions

L TE
eS0T(e)2(—2 +¢)

Truncation in the s-direction is similarly verified. For instance, the three-point func-

(6.64)

tion (Mj oM 2M; 5) should vanish, but it has linear dilaton representatives that can be
screened. One representative is

4
<€—ia¢(x1)e—ia¢<ccz)e—4a¢<a:3) f dyetiar o) T | J dzwi€2m¢(wi>>‘ (6.65)
1=1

Evaluating this integral in a region of convergence and continuing to the physical values, one
obtains a non-singular prefactor multiplied by a vanishing combination of gamma functions
(-2 +¢)*I(—4
lim (—2+¢)T(—4+¢)
e—0 F<€)4

=0. (6.66)

Now let’s consider a slightly more complicated fusion rule. We will take p, p’ large so that
we do not need to worry about truncation from above, and consider the OPE

My x Mag= Y, > M. (6.67)
r=1,3s=1,3,5

The prediction from the minimal model is that any linear-dilaton representative of the
correlator (My 3 My 3Ms5 9) should vanish. There is a simple representative that requires a
single screening charge

<V—2,—3 ($1)V_27_3 (332)‘/579(‘%3) f d2we2ia¢(w)>

= <ei(3a++4a—)¢(m)ei(3a++4a—)¢(r2)ei(4a+801—)(15(13) fd2w62i°“¢(w)> ) (6.68)
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Oddly, after analytic continuation and application of (6.14) one obtains finite non-zero
terms multiplied by a non-vanishing ratio of gamma functions

F( )

yielding an apparent violation of truncation. To test the seriousness of this violation, we
can do the analogous calculation without the use of any reflection operators. The answer
also does not vanish:

2
<V2 3(21)Va3(72) V5 9(23 HJdQ?J g2t (vi) HfdQ@U e ¢(wl)> ~ ;13(1) m :

(6.70)
Unfortunately, this violation of fusion is the first among many. One seems to encounter the
identical problem whenever a representative correlation function with two reflection oper-
ators can be screened. Low-lying examples include (My 3 M3 4 Mg g) and (Ma3Ms3M79).
Perhaps the simplest example that illustrates the problem is the correlator (M oMy 2 M3 5).
This three-point function should vanish in any minimal model irrespective of the values of
p,p’. However, it has a representative involving two reflection operators

<V_1 5 ($1)V—1 _2(x2)‘/3 5(%3)> _ <€(2ia++3ia,)¢(ml)e(2ia++3ia,)¢>(22)6(72ia+f4ia,)¢(:p3)>
(6.71)

that does not even need to be screened and cannot vanish. Similar examples abound.

6.6 Discussion and resolution for (2,p) models

The apparent failure of truncation in certain analytically continued Coulomb gas integrals
has been noted before (see for example section 6.4 of [79]). Although this appears discour-
aging, we have already encountered many instances where a naive interpretation of the
timelike linear dilaton seems to conflict with the minimal model, so we need to be more
careful in our interpretation of the results of calculations.

In the rest of this section we will restrict attention to the (2,p) models deformed by
the single marginal operator e2@-#()  This will allow us to avoid the question of the
truncation of perturbation theory, and simplifies the analysis of the apparent violations of

fusion.
In these models, there are % fundamental BRST invariant operators, which we label
by Vi, with s = 1,2,...%. The operators with s = %,...p — 1 are the reflections

of these fundamental operators. Note that the reflection operation V; , — Vi ,_s flips the
parity of the second Kac label since p is by assumption odd. Because p’ = 2, any momentum
operator in the theory can be written as Vg or Vi, for some integer ¢, depending on the
parity of the momentum n. The parameter ¢ is of course unbounded in both directions.

Yang-Lee. We are going to begin by studying the violation of truncation in the simplest
possible case, the (2,5) Yang-Lee edge singularity. Since we do not deform the linear
dilaton by e2@+#(®) the selection rule on the momenta is

Zni —dn_=2p—2p =6. (6.72)
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r=0 -3 -1 1 3 5 7 9 11 13 15

Table 1. Values of the momentum n of some operators in the (2,5) compact linear dilaton. The
correct fusion range for M o x M, 5 is shaded in blue and green. The gray shaded boxes correspond

to the operator V3 5 which seemingly violates the fusion rule.

Here n_ is the number of screening charge insertions, and it is important that its coefficient
is negative. It will be helpful to switch from the redundant r,s label to the momentum
label n which is unambiguous. In table 1 we list the momenta for low-lying values of 7, s.

The reflection map is simply n — 6 — n, and reflection pairs are shaded with the same
color. In the previous subsection, we encountered a troublesome three-point correlator
(V_1,-2V_1,_2V35) that seemed to violate fusion. In this model V35 = Vi, and we see
that the correlator (V_1 _oV_1 V3 5) does not vanish since ), n = 4+4—2 = 6. Given the
BRST structure of the model, the natural question to ask is whether or not this three-point
function can contribute to correlation functions of BRST invariant operators.

Consider all the representatives of the 4-point function for identical operators V(x) =
Vi2(x) and the reflection partner V(z) = V_; _o(x). They are

V@)V (22)V (z3)V(xa)y, V(@)V(x)V(ws)V(2a)), V(x)V(22)V(x3)V (24)),
(6.73)
and

(V(z)V(@2)V(@3)V(wa)y,  (V(en)V(w2)V(23)V (24)) - (6.74)
The combined momentum charges of the operators in each correlation function on the top
line are all equal to 0 mod 4 so these correlators cannot be screened. The combined charges
of the operators on the bottom line are both 2 mod 4 and these four-point functions can
be screened.
Consider first the correlation function (V(x1)V (x2)V (23)V (24)). When we evaluate
this by factorizing onto three-point functions, we need to keep in mind that |O) = (O] so
that the insertion of the identity takes the form (see figure 9)

V@)V (@2)V (@3)V (@a)) ~ DV (@1)V (22)[OXOV (23)V (24)) - (6.75)
(@

In order for an operator O to contribute via exchange, two separate three-point functions
must be nonvanishing: we need (V(x1)V (22)O(23)) # 0 and (V(x1)V (22)O(23)) # 0. In
order to screen both three-point functions, one must be able to solve the simultaneous
equations

44n—4n_ =6, 64+ (6—n)—4m_ =6 (6.76)

The only shared solutions are n = 2 and n = 6, which are precisely the operators expected
to show up in the Yang-Lee OPE. The contribution from |O)O| just picks out the reflec-
tions of these two operators, n = 0 and n = 4. The point of this example is to show that it
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Figure 9. Potential exchange for an operator O or its reflection @) violating fusion. A pair of
distinct three-point functions must be non-vanishing simultaneously if the operator is to contribute
to the four-point function.

is possible to have a non-vanishing three-point function outside of the fusion range which
does not contribute to the four-point function.

Now consider factorizing the representative (V (x1)V (22)V (23)V (24)) on three-point
functions. In order to contribute, an operator O(z) must satisfy (V(x1)V (z2)O(z3)) # 0

and (V(x1)V (z2)O(z3)) # 0. The simultaneous equations are
8+n—4n_ =6, 6+(6—n)—4m_=6. (6.77)

There is now an extra shared solution at n = —2 corresponding to the coefficient
<V1,2‘~/1’2‘/3,5> that we encountered previously. In order to determine whether or not this
term contributes, we need to evaluate (V (z1)V (22)O(x3)) explicitly, since considering fac-
torization on (V(x1)V (22)O(x3)) and (V(x1)V (x2)O(x3)) allows possible contributions
from the reflected operators at n = 0,4, 8 and does not solve the problem. This correlation
function requires two screening operators, but one can check that it does vanish for the

correct values of the parameters:

<e—ia¢(w1)e(2ia+ +3ia_)¢(z2) ,(dicrt +6ia—)p(z3) ﬁjd2wi€2i0¢¢(wi)> ~ lim 1 -0
il e—0 F(E )
(6.78)

So although the reflected representative of the four-point function naively allows for contri-
butions from outside of the fusion range, only the expected operators actually contribute.
This points to a possible mechanism for the deformed linear dilaton to reproduce the cor-
rect minimal model correlation functions while botching some three-point functions: the
linear dilaton does not have to set every representative of a vanishing fusion coefficient to
zero, but only certain combinations.

The non-obvious vanishing of the integral (6.78) was necessary in order for the danger-
ous three-point function (6.71) to have no effect on the correlator (V (x1)V (22)V (23)V (4)).
It is tempting to look for an explanation of this mechanism in terms of the BRST structure
of the model. Indeed, at least in the (2,5) model the operator V35 is not in the BRST
cohomology and calculating the three-point function (6.71) is akin to calculating a non-
gauge-invariant quantity: the value does not matter since it will not contribute to physical
BRST invariant observables. This argument seems too fast, since we could find a model in
which V35 is in the cohomology while (6.71) would still represent an apparent violation of
truncation. Indeed, we now turn to an example in which an apparent failure of truncation
is not remedied solely by the vanishing of a reflection partner three-point function.
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n s=-2|s=-1]5s=0|s=1|5=2|s=3|s=4|s=5|s8s=6|s=7
r=0 1 3 5 7 9 11 13 15 17 19

Table 2. Values of the momentum n of some operators in the (2,7) compact linear dilaton. The
correct truncated fusion range for the model is shaded in blue and green.

The (2,7) model. Next we would like to verify the fusion rules in the (2,7) model. The
reflection map sends n — 10 —n and the selection rule is Y n; —4n_ = 10. There are three
fusion rules in this model to verify

Mg x Myo=1+4+ M3, (6.79)
Mo x My3= Mo+ Myg= M+ M3, (6.80)
Ml,g X M173 =1+ M173 + M1’5 =1+ M172 + M1,3 . (6.81)

In table 2 we list the linear dilaton momenta corresponding to these operators.
We will consider first the four-point functions with a single reflection operator insertion.
In order to check the first fusion rule (6.79) we consider

Via(@1)Vig(w2)Vi2(@s)Vig(za)) ~ > (Via(21)Via(2)|OXO Vi 2(w3) Vi 2(w4)) . (6.82)
o

In order for an operator to contribute to this correlator one must have
V1a(21)Vi2(22) Oy s(23)) # 0 and (V4 2(21)Vi2(22)Ors(23)) # 0. This leads to two con-
straints

Nps=6+4n_, Nps =10 —4m_ . (6.83)

The simultaneous solutions are n,, = 6 and n, s = 10 corresponding to My 3 and M as
expected. Next we check the third fusion rule (6.81) for M; 3 x M; 3 using the correlator
<V1’3(l’l)V173(:Ez)Vlyg(SCg)Vl’g(ajgl». In order for an operator O,  to contribute, it must
satisfy the constraints

Nps=2+4n_, Nps = 10 —4m_ . (6.84)

The simultaneous solutions are n, s = 2,6, 10, corresponding to the operators M 2, M1 3
and 1. In order to verify the last fusion rule (6.80), we consider the correlator
<V1’2(£C1)VY173(.%'2)V1,2(333)‘71,3(1'4)>. In order for an operator O, to contribute, it must
be the case that

nps=4+4n_, Nps=8—4m_ . (6.85)

The simultaneous solutions are n,.s = 4 and n, s = 8, corresponding to the expected
operators My 3 and Mjo. At this point the general mechanism for obtaining truncation
from the (VVVV) correlator should be clear: the truncation from below arises from the
(VV O, three-point function, where n, s enters the selection rule with a positive sign.
Likewise, the truncation from above is enforced by the non-vanishing of the three-point
function <V‘~/(§r,5>, in which n, s enters the selection rule with a negative sign.
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Now we would like to repeat the above analysis for the four-point function with three
reflection operator insertions, denoted schematically <V‘7VV> One might imagine that
this correlator leads to identical constraints, but we already saw that this is not the case
in the (2,5) model. For instance, we can revisit the M; o x M fusion rules using the
correlation function <1~/1,2(x1)1~/172(x2)1~/172(x3)V172(:U4)>. Factorizing on an operator O, s, one
encounters a pair of constraints from the three-point functions (Vi 2(x1)Vi2(22)Ops(23))
and (V1 2(x1)V1.2(22)Oys(23)). They are

Nps=—6+4n_, nps =10 —4m_ . (6.86)
There are five solutions n = —6,—2,2,6,10 to this set of equations, but the fusion rules
predict only n = 6 and n = 10. In particular, for the case n = —6 the three-point

function (V1 2(x1)V1 2(22)On_g(x3)) does not even need to be screened and does not
vanish. In order to determine whether or not this apparent violation of fusion actually
contributes to the four-point function, we need to check if (V;2(x1)Vi2(22)On=_6(23))
vanishes. The integral is of the usual form, but now one finds a finite coefficient multiplied
by a nonvanishing ratio of divergent Gamma functions

<e<2ia++3a>¢<w1>e—ia¢(z2>e—8a¢(z3) ﬁ J d2wiezw¢(wi>> ~lim LELEE) 687
il e—0 1—‘(6)
This calculation seems to represent a genuine violation of the fusion rules (in particular,
the reflection coefficient for this operator is finite). Note that, in contrast with the four-
point function with a single reflection operator insertion, both three-point functions in this
example contain two reflection operators. The root of the problem seems to be that the
reflection operators have larger momenta and contribute to the selection rule in the wrong
direction, loosening the bounds. Apparently, the nonzero contribution from this operator
is cancelled by other apparent violations of fusion in order to reproduce the correct four-
point function. As we will see in the next section, one never encounters this subtlety if one
restricts attention to the four-point function with a single reflection operator.

General case (2,p). In this section we will derive the (2, p) minimal model fusion rules

min(s1+s2—1,2p—s1—s2—1)
Mg, x My, = > M 5, (6.88)

83:1+|51782‘

from the timelike linear dilaton deformed by the marginal operator M_(z). We will only
make use of the four-point function with a single reflection operator insertion. There are
two types of OPE to consider: that of an operator with itself, and the OPE between
two distinct operators in the fundamental range s € [1, %] To treat the first case,
we consider the correlator <VLS(xl)Vl,s(xg)VLs(xg)vl,s(x4)> factorized onto a product of

three-point functions:

(V1,s(21) Vi (22)]O0) x (OVa,s(3) Vi s(@a)) - (6.89)
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In order to contribute, the momentum n of the operator O must satisfy the relations
n=2p—4s+4n_ n=2p—4—4m_. (6.90)

Taking the difference of these two equations one finds s—1 = n_ +m_. There are s distinct
combinations of positive integers (n_, m_) satisfying this equation. Similarly, taking the
sum of (6.90), one finds

n=2p—2s+2n_—2m_—2. (6.91)

For the allowed partitions of s —1 = n_ +m_, the quantity (n_— —m_ — 1) spans the range
[—s,s—2] in increments of 2 so that the allowed values of n span the range [2p —4s, 2p — 4]
in increments of 4. These are are precisely the momenta allowed by the fusion rules (6.88).
The upper bound 2p—4 = 2p—2p’ is simply the reflection of the identity, and the decreases
of momenta in increments of 4 pick out a single representative of each allowed operator in
the OPE.

In order to check the OPE between two distinct operators M s, () and M g, (z)
we consider the correlation function (V3 g, (1) V1 ¢, (22) Vi s, (3) Vi s, (74)) factorized onto a
product of three-point functions:

V1,51 (21) V15, (22)|O) x (OV g, (23) Vi 5, (4)) - (6.92)

Without loss of generality we will assume s > s1. In order to contribute, the momentum
n of the operator O must satisfy

n=2p—2s —2s9 +4n_, n=2p+2s —2s9 —4—4m_ . (6.93)

Taking the difference of these two equations, one finds s1 — 1 = n_ + m_. There are s;
such partitions. Similarly, taking the sum yields the equation

n=2p—2s9+2n_—2m_ —2. (6.94)

For the allowed partitions of s1 — 1 = n_ + m_, the quantity (n_ — m_ — 1) spans the
range [—s1,s1 — 2] in increments of 2 so that the allowed values of n span the range
[2p — 251 — 259,2p — 4 + 251 — 2s9] in increments of 4. These are are precisely the momenta
allowed by the fusion rules (6.88).

As discussed earlier, if we were willing to work at an irrational point (so that there
can be no compensation between «; and a_ in the selection rule) and then continue
to the rational point, then there would be a shortcut to obtaining the fusion rules. In
this scenario, at least for the (2,p) models deformed by the single marginal deformation
M_(x), it is not possible to screen a correlation function with more than a single reflection
operator. Using this fact one could read off the fusion rules directly from the three-
point function without resorting to the four-point function. As an example, note that the
correlator (M ¢, My s, M1 s, +s,—14n, should vanish for n > 0. If we represent it using a
single reflection operator

<€i(1—51)o¢7¢($1)ei(1—82)o‘*¢($2)€[2i0¢++i(51+52+n)0‘7]¢(5‘3)> (6.95)

we find that the three-point function cannot be screened. In particular, since all of the
problematic three-point functions that we encountered in previous sections involved mul-
tiple reflection operator insertions, we avoid the subtle puzzles and their resolutions.
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Table 3. Values of the momentum n of some operators in the (4,3) compact linear dilaton.

6.7 Comments on truncation of perturbation theory and general (p,p’) models

In this section we will investigate truncation in the general (p,p’) compact timelike linear
dilaton models. These cases involve puzzles not present in the (2,p) models.

Ising model. The Ising model corresponds to (p,p’) = (4,3). There are three Virasoro
primaries in the model

Mg =DM3z=1, Mip=Mypy=0, Mis=My1=c¢. (6.96)
Their fusion rules are
Mg x Mg = Myy + Mg, Mz x Myz = My , Mg x Myz = Mz . (6.97)
For all of the unitary models, the selection rule on momenta is given by
dn+2np—2n_p =2. (6.98)

In table 3 we list the momenta of the linear dilaton exponentials corresponding to Ising
model primaries. Our convention will be to denote the operator with the smallest value of
n as V(z), and its reflection partner as V(z).

Consider first the ¢ x ¢ OPE. If we only deform the linear dilaton theory by the
operator M_(z), then the only representative of the four-point function (cooco) that can
be screened is

<V1,2(331)V1,2(582)V1,2(333)V2,2(934) fd2w62m¢(w)> ) (6.99)

Factorizing the correlator on three-point functions, one finds conditions on the exchanged
operator Oy:
n=—4+6n_, n=2-—6m_. (6.100)

The simultaneous solutions are n = —4 and n = 2, as expected from exchange of ¢
and the identity. Similarly, one can check that the only representative of the four-point
function (eecee) that can be screened is

<V173(xl)VLg(QZQ)VLg(.%’g)VQ’l(x4) Jd2w1€2m_¢(w1) Jd2w2€2io¢_¢(w2)> . (6.101)
Factorizing onto three-point functions, the constraints for exchange are

n=—10+6n_, n=2-—6m_. (6.102)
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The simultaneous solutions are n = 2,—4,—10, while only n = 2 is expected from the
fusion rules. This appears to be the same phenomena encountered in the (2,p) models
when considering the four-point function with three reflection operator insertions (in this
case V31 has the lesser momentum and the reflection operator is V; 3): delicate cancellations
between the two anomalous contributions combine to yield the correct answer.

The ability to screen representatives of each minimal model correlator using only
M_(z) in this system corresponds to the ability to choose representatives of the form
V1,s(x) for all operators in the model. This is a general feature of the (3,p) models, but
will not hold for more general models as we now demonstrate.

Tricritical Ising model. The tricritical Ising model corresponds to (p,p’) = (5,4). The
independent operators are

Myy=Msy, Myg=Ms3z, Myz=Mszs, Myg=M3z1, Moo= Moz, Moy= M.
(6.103)

The selection rule on momenta in the linear dilaton system is
din+10n; —8n_ =2. (6.104)

In table 4 we list the momenta of the linear dilaton exponentials corresponding to Tricritical
Ising model primaries. There are in principle 15 separate OPE’s to check, but the basic
problem can be illustrated using the four-point function (MagMag Moo Mao). It is easy to
see that no representative of this correlation function can be screened using only M_(x).
If we deform by both marginal operators My (x), then it is possible to screen all five
representatives of this correlator. For instance, the correlation function

<v272(x1)w,2(x2)v2,2(xg,m,g(m) jd@e?mm(y) f d2w62m¢<w>> (6.105)

satisfies the momentum constraint. Unfortunately, the correlator

1+4k 1+5k
<‘/2,2(x1)‘/272(.%'2)V2,2(.%3)‘/2’3(1‘4) H szyi€2@a+¢(yi) H fd?wj€21a¢(wj)> (6.106)
=1

j=1

also satisfies the momentum constraint for any positive k. This term would arise as a
contribution to the four-point function from a higher order in perturbation theory. If it
were to contribute, then the total answer in the deformed linear dilaton model would not
match that of the minimal model. The same basic puzzle arises in any model with p’ # 2,3
when we are seemingly forced to deform by both marginal operators in order to screen all
relevant four-point functions.

The fusion rule associated to this correlator is

Moo x Moo =M1+ Mo+ Miz+ Mys. (6.107)
Factorizing on three-point functions, we find the constraints for exchange:

n=4—10ny + 8n_ , n=2+10ms —8m_ . (6.108)
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(ny,m_) | 4—10ny +8n_ | (my,m_) | 2+ 10m4 — 8m_
0,0) 4 (1,1) 4
0,1) 12 (1,0) 12
(1,0) —6 (0,1) —6
(1,1) 2 (0,0) 2

Table 5. Low-lying operator exchanges corresponding to the correlator (6.105).

In table 5 we list the lowest lying values of n given by (6.108). The values of n4, m4 depicted
in this table are special since, for fixed n, they satisfy n, + my = 1 and n_ + m_ = 1.
Not coincidentally, these values of n are precisely those expected from the minimal model
fusion rules. This is related to the fact that the correlator (6.105) has one insertion of
M, (z) and one insertion of M_(z). In fact, given a four-point function with a fixed
number of screening charges, determination of the possible operator exchanges amounts to
determining the pairs of three-point functions that can be simultaneously screened using
all partitions of the available screening charges.
To see this, note that taking the difference of the two equations in (6.108) yields

2=10(ny + m4) —8(n_ +m_) . (6.109)

There are an infinite number of solutions to this equation, all of the form
ny +my =1+4k, n_+m_=1+5k. (6.110)
Taking the sum of the equations in (6.108) and using (6.110) gives an infinite set of solutions
n=4-—10n, + 8n_ (6.111)

with ny unconstrained since m4 enters with coefficient 1 in (6.110). This point of view
makes it obvious that a correction like (6.106) will be problematic since it allows for many
more potential operator exchanges than are desired.

It seems plausible that corrections like (6.106) do vanish due to the BRST structure
inherent in the model. Indeed, these terms all involve one or more insertions of the form

, p
(j deem‘i’(w)) . (6.112)

Schematically, when we factorize this expression (inside correlation functions) using the
techniques of section 6.1, the result involves a line integral of the form

p
( J dze2i“—¢L<Z>) . (6.113)
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This is most obvious in the holomorphic Coulomb gas formalism, where the analog
of (6.112) is literally (6.113). Now (6.113) is of the form Q”, and Q_ is a differential
satisfying QP~°Q° = 0. This suggests that all higher order contributions might vanish as
desired. This argument, even if correct, obviously needs to be made more precise.

6.8 Summary of fusion rules and truncation

In this section we provide a brief summary of the derivation of the minimal model fusion
rules within the BRST quotiented compact timelike Liouville description. The first impor-
tant point is that the minimal model fusion rule cannot be read off from the U(1) selection
rule for a single three-point function. For two fixed minimal model exponentials, infinitely
many three-point functions can be screened. In fact, some representatives of the three-
point functions which should vanish outside of the fusion range are finite and nonzero.
The resolution of this puzzle relies on the fact that factorization of a four-point function
Vg (1) Vg (22) Vi (3) Vi, (4) ) in a model with a background charge asymmetry involves
a particular asymmetric combination of three-point function coefficients

Clag, a2, —2iQ — a)C(ao, a3, aq) (6.114)

In particular, a four-point function of identical operators is not related to squares of OPE
coefficients. This means that it is possible for the Liouville description to reproduce the
minimal model fusion rules without getting all representations of the three-point functions
correct: it is enough for either term in (6.114) to vanish individually. Said differently, one
must be able to simultaneously screen both three-point functions in (6.114) using the same
combination of screening charges used to screen the four-point function if the operator
Va(x) is to contribute.

In order to actually determine the fusion rules, it is enough to consider the four-point
function with a single reflection operator insertion:

Vo (1) Vi (22) Vg (3) Vi (24)) ~ 3 (Vi (1) Vaay (22)| OO Vi (3) Vi () - (6.115)
(@

This four-point function requires some minimal number of screening charges, which must
be distributed onto the three-point functions upon factorization:

<V011 (fL‘l)Va2 ($2)Va3 (Ig)Va4 (564)55:[+ S]fVi >frcc -
Vo (€1) Ve (2) ST ST OX O Vg (3) Vg (4) ST2ST2) (6.116)

The different (non-vanishing) partitions of the screening charges satisfying ni + no = Ny
and m1 +mgo = N_ pick out the correct operators that appear in the minimal model fusion
rules. Roughly speaking, the momentum of the operator O enters the selection rule with
a positive sign in one three-point function and with a negative sign in the other three-
point function (the one involving @). This is responsible for truncation from above and
from below.

At lowest order in perturbation theory (using the minimal number of screening
charges), the range of operators arising in (6.116) matches the fusion rules of the mini-
mal model. However, this range is enlarged if Ny and N_ are larger than the minimal
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value needed to screen the four-point function. It therefore appears that truncation of
perturbation theory is necessary in order to provide an honest derivation of the minimal
model results within the linear dilaton theory.

One can artificially enforce truncation of perturbation theory in the (2,p) models by
deforming by the single marginal operator M_(z). In this case, a representative of each
minimal model correlator can be screened using a unique number of screening charges and
the fusion rules can be rigorously derived. This is not the case for the generic (p, p’) model:
in order to screen a representative of all minimal model correlation functions one must
make use of both marginal operators. In order to rigorously connect with the minimal
models, it must be demonstrated that perturbation theory truncates in these theories. It
seems plausible that the peculiar BRST structure inherent in the model is responsible for
the truncation, but this needs to be explored more carefully and is left to future work.

7 Conclusions, questions and future work

We have demonstrated that the deformed compact timelike linear dilaton (with a peculiar
fractional-winding spectrum and a BRST quotient) reproduces minimal model observ-
ables. While the analysis does present a coherent derivation of the Coulomb gas rules from
standard operations in quantum field theory, we feel that the discussion could be slightly
improved.

We evaluated the torus partition function of the model using a trace in the BRST-
quotiented Hilbert space, but it should also be possible to reproduce the answer through
the functional integral. This would seem to require a discrete term in the action capable of
introducing the appropriate minus signs in the sum over instantons. There is no candidate
term available in the model as defined in this paper, but it seems possible that we might have
neglected a discrete gauge field in focusing primarily on genus zero observables. Indeed,
a discrete gauge field coupled to a sum over spin structures [111] seems natural if we
view the Coulomb gas scalar as the bosonization of the original Feigin-Fuchs fermionic
resolution. Understanding this point would simplify the analysis on higher genus surfaces.
It would also be nice to understand the precise relation (including the winding states and
correlation functions) between our construction and the SL(2,R) quantum Hamiltonian
reduction. The question remains whether or not to deform by both marginal operators
in the general (p,p’) model. Doing so would seem to involve contributions from infinitely
many orders in perturbation theory, but there is possibility for truncation due to the BRST
structure. We also feel that a more direct explanation for the reflection identification is
needed, and might arise from a more thorough study of the zero mode quantum mechanics.

The Coulomb gas formalism on surfaces with boundary seems to be relatively unex-
plored (although see [112-114]), and might be used to simplify certain calculations in the
minimal string. It would also be useful to understand Distler’s derivation of topological
gravity using the n€ system, paying close attention to the global issues referred to in sec-
tion 4.1. Finally, the primary motivation for the paper was to understand and rigorously
derive the connection between the JT model of two dimensional gravity and the worldsheet
description of the (2,p) minimal string. We hope to address this problem soon.
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