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Abstract

We construct a generalization of the cyclic A-deformed models of [10] by relaxing the requirement that
all the WZW models should have the same level k. Our theories are integrable and flow from a single UV
point to different IR fixed points depending on the different orderings of the WZW levels k;. First we cal-
culate the Zamolodchikov’s C-function for these models as exact functions of the deformation parameters.
Subsequently, we fully characterize each of the IR conformal field theories. Although the corresponding left
and right sectors have different symmetries, realized as products of current and coset-type symmetries, the
associated central charges are precisely equal, in agreement with the values obtained from the C-function.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction

It is an extremely important and interesting endeavour to obtain exact results for quantum field
theories (QFTs) living in any number of dimensions. The importance lies on the fact that based
on this achievement one gains access to the non-perturbative regime of the theory, on one hand,
and may uncover hidden symmetries that are not at all apparent from the Lagrangian formulation
of the theory, on the other. Recently, this goal was achieved for a class of two-dimensional QFTs.
These theories can be formulated as current-current perturbations of conformal field theories
(CFTs) of the WZW type.

The systematic construction of a large class of integrable two-dimensional field theories based
on group spaces G and having an explicit Lagrangian formulation was performed in [1-6].
The quantum properties of these theories were further studied in [7-12]. These models are
parametrized by several couplings, for small values of which the models take the form of one
or more WZW models [13] perturbed by current bilinears. In the context of these models a large
class of observables, including B-functions [14,15,11,16,17], anomalous dimensions of currents
and primary operators [7-9,18,19], three-point correlators of currents and/or primary fields [7,19]
were computed. In addition, Zamolodchikov’s C-function [20] in these models were calculated
as exact functions of the deformation parameters [21,22]." This goal was achieved by using a va-
riety of complementary methods. One way [8,7] was to use low order perturbation theory around
the conformal point in conjunction with certain non-perturbative symmetries [25] in the space of
couplings which these theories generically exhibit. A second method is based on the geometry in
the space of couplings assisted by the knowledge of the all-loop effective action of these models.
This method allows in principle the calculation of the anomalous dimensions of composite oper-
ators built from an arbitrary number of currents was developed in [18]. More recently, yet another
method for calculating exact results in this class of models was initiated in [ 19]. This method was
very recently applied to deformed coset CFTs in [26]. In this method one ends up performing
calculations around the free field point and not around the conformal one, which is much easier
and in addition all deformation effects are captured by the couplings in the interaction vertices.

! These results are exact in the deformation parameters but leading in the 1/k-expansion. Recently, the subleading
terms in this expansion were obtained in [23,24] for the B-functions, the C-function and the anomalous dimensions of
the operators perturbing the CFT in the cases of group and coset spaces.
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The virtue of the models constructed in [3—5] for deformations based on current algebras and
in [27] for deformations cases of coset CFTs, as compared to the prototype A-deformed model [1]
(for SU (2) the A-deformed model was found earlier in [28]) is that they possess a rich structure
in their RG flow consisting of several fixed points with a different CFT sitting at each fixed point.
It remains an open problem to fully classify these CFTs by determining their symmetry groups.
In this work we make a major advancement towards this direction. In particular, we will firstly
construct a generalization of the cyclic model presented in [10] by relaxing the requirement
that all the WZW models employed in the construction have the same level k. In this way, we
will obtain a class of models which under the renormalization group (RG) flow from the single
ultraviolet (UV) point to different infrared (IR) fixed points depending on the different orderings
of the WZW levels k;. This was not the case in the original model of [10] which did not have any
IR fixed points due to the equality of the levels. Subsequently, we will calculate the C-functions
of these models as exact functions of the deformation parameters. This will be the first step in
the complete characterization of each of the conformal field theories that live at each of the IR
fixed points.

Our result consists of the remarkable fact that although the left and right sectors of the cor-
responding IR CFTs have different symmetries, which are products of current and coset-type
symmetries (see Tables 2 and 4), the central charge of the left and right sectors are precisely
equal, in agreement with the expressions for the C-functions which do not distinguish the left
from the right sector. We note that left-right asymmetric coset CFTs with equal left-right central
charges were realized before in [29] as CFTs corresponding to the left-right asymmetric gauged
actions of [30,31]. Finally, let us mention that the models presented in this work are integrable
but we do not make any direct use of this fact in our considerations.

The paper is organized as follows: In section 2, we will firstly review the model of [10] and
then we will present a certain generalization of it suited for our purposes. In section 3.1, we will
calculate the, exact in the deformation parameters A;, C-function of the aforementioned theory
from which we will read off the central charge of the IR CFTs. Its form will give us a strong
indication for the type of symmetries of the IR CFTs. The emerging symmetries at the IR will
be products of chiral current and coset-type symmetries. In section 3.2, we will present a method
for identifying the chiral symmetries in the case of two group elements, n = 2. This will be
based on the identification of the chiral currents generating the left-right group transformations
and the calculation of the Poisson brackets (PBs) for them using the canonical formalism. This
method for identifying the chiral symmetries is easily generalized to the case of arbitrary n. In
section 3.3, we will investigate the type of the IR fixed point CFTs at the IR in all detail by
developing a formalism which will give us access, also to the coset-type part of the conformal
symmetry. We will present it in detail for n = 2,3 and n = 4. This formalism will render us
capable of identifying the type of the CFTs in the IR regime for arbitrary n. We present our
conclusions in section 4. Finally, in appendix A we prove that our models are integrable by
finding the appropriate Lax pairs, and in appendix B we collect some formulae regarding the
Hamiltonian formulation of our n =2 model.

2. Constructing closed chain models

In this section, we first briefly review the models constructed in [10] which will serve as a
basis in subsequent developments in this paper. These models represent the effective action of
coupled WZW models all at the same level k£ with the characteristic that when the deviation
from the conformal point is small they interact via current bilinears forming a closed chain. Then
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we will generalize this construction to the case of arbitrary levels for the corresponding WZW
models. As we will see having different levels warranties that there will be an IR fixed point
under the RG flow, as well as the avoidance of the strong coupling regime.

The basic idea [2,10] was to start with the sum of » WZW models all at level k, based on
the same semi-simple group G to which one adds n PCM models with non-isotropic, in general,
coupling matrices. Next, one gauges their common global symmetry

g — h'gihiv, & —higi, i=1,2,...n, .1

where g; € G refers to each of the WZW, g; € G refers to the PCM models and /; € G denotes
the local symmetry transformation. This kind of gauging resembles the one used for gauged
WZW in [30,31]. The index i is defined modulo n. Fixing the gauge by choosing g; =1,V i
gives the action [10]

n n
k ; _ j _
S=) Selg)+— / oy Tr(AV0sgig ! — AT Vg N0 git
i=1 i=1 2.2

+ADgAT T A%;‘A@) ,

where A; denote arbitrary matrices while Sy (g;) represents the WZW action for the field g;, at
level k. Finally, the gauge fields Ag_i) belong in the algebra £(G) of G. We emphasize that the
whole gauging procedure is such that the resulting action is free of gauge anomalies [10].

The effective action that is obtained after we integrate out in (2.2) the gauge fields A(i') takes,
for small values of the matrices A;, the form of n distinct WZW models interacting by mutual
current bilinears

n n
kf (i+1) (i) 2
S:;Sk(gi)+;/d agTr(J+ Aiv1 2+ O )), 2.3)

where
J(i) — idie: -1 @ . -1 . .
L =—idygig; , J =-—ig; 0-g, i=12,....n. 24

We see that when the strength of the interactions, controlled by the magnitude of the elements
of the matrices A;, is small, the interactions are bilinear in the current of the nearest neighbors
and in such a way that a closed chain is formed. This property, together with the fact that all the
WZW models have the same level, warrants an anomaly free gauging procedure. The exact in
A; effective action can be found in [10] and will not be needed for our purposes. In addition, a
Hamiltonian analysis of the action (2.2) revealed that the model at hand is canonically equivalent
to n independent single A-deformed WZW-models each with a coupling ;. Thus the RG flow
equations of each of the coupling matrices X; should be the same as that of a single A-deformed
model [10]. This fact may also be seen from the form of the interaction terms (2.3) and conformal
perturbation theory arguments, as discussed in [10] as well.

We will study a generalization of (2.2) in which the levels k; of the WZW models will be
different for adjacent sites. Then, the analog of the action (2.2) is

n n
1 2 @) -1 i+ _—1
S=;Sk,.(g,->+; / d a;kiTr(A_’ drgig — ATV g, s

+ A0 A Vg ) kDT (AP AD).
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Solving the equations of motion of A(ii) we find that
n
AV =i@-Dy...D)™"Y Dy D) AU (2.6)
i=1
In the above equations the various parameters are defined as

. : ki_
KO = ki1, A0 = ’k‘, i=1,2,....n. 2.7
i

Note that, not all A’s are independent since they obey the identity [7_, A8 = 1. In addition
Di =0 " Di, (D =Trltagitog; ), i=1,2,....n, (2.8)

for a set of representation matrices t,, a = 1,2, ..., dim G, normalized to unity and obeying the
corresponding Lie algebra. The rest of the fields are obtained by cyclic permutations.” Note that,
the sequence of the D; operators that appears in the sum should be strictly increasing, otherwise
it should be replaced by the identity matrix.

The action (2.5) is permutation invariant in the index i, as well as invariant under the general-
ized parity transformation

- : i
Or 0, g g i ki ke, A=Al AL - AU 200
)

Using this and (2.6) we may find the on-shell values of the gauge fields A’ as well.

Plugging the gauge fields into (2.5) we find the o-model action’
1+DID!...DY

ki 1, 3k /' 2 ) 2 ()
=— [t d — | d°oTr\ =J.'D — —=J 2.12
127 r(gl gl) + . olr ) + l]l—DlTDZDg ( )

n
+y sPeh WDl .. DYa - DI Dl ... 152T)—1J£”> +(cyclicin 1,2, ..., n).
i=2
This action is of course invariant under the generalized parity transformation (2.10). In addition,
for small values of the coupling matrices A; we have that

n n
S=> S+ kith / oTr(J 001D+ 002). (2.13)
i=1 i=1
For diagonal matrices A; the above o-model action (2.12) is integrable and this is explicitly
demonstrated Appendix A. The Hamiltonian analysis for two-coupled models was performed in
[3] for the equal level case. The extension of this for unequal levels can be found in Appendix B.

2 For example

n+1
2 i ~ A oA ~ ~ A .
AP =i~ Dy...DeD)VY Dy D 0TI L (2.9)
i=2

3 Cyclic in the indices 1, 2, ..., n below means that the next term is

L 1DID] DT o) N ) 5 5 5T BT B @
Tr<EJ+ D2WJ_ +Y sPoagh .. pfa-pIpl .. bt > @.11)
It U] i=3
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As in the case of equal levels, the RG flow equations for the matrices A; are decoupled. This
is apparent from the form of the interactions in (2.13) since different terms have trivial OPE’s
among themselves.* For the purposes of the present paper we consider the isotropic case in which
(Xi)ab = Aidgp. Then, the B-function for each of the couplings A; reads

i W20 =20 — gH !
P 6 MO mho )i = (o)) ), i=1,2,....n, (2.14)
dlnp? 2k® (1—22)2

where p is the renormalization energy scale. As we can see the running of each of the defor-
mation parameters does not depend on the other couplings but only on the levels of the adjacent
WZW models. In fact, each of the 8-functions (2.14) are identical to the B-function of the model
constructed in [3]. Note also that the symmetry transformation (2.10) induces the transformation

N S Y Y (Yl R I 2.15)

Therefore, the RG flow equations (2.14) are consistent with the transformation of A; in (2.10).
Clearly the CFT defined at the UV at A; = 0 is the current algebra product G, x G, X --- X

Gy, . The RG flow is between this point and the IR fixed point. The IR CFT is reached when

each of the deformation parameters A; takes a particular value, namely A; = A(()’) if ki > ki

or A; = (A(()i ))_1 if k; < kj—_1. The details of the IR fixed point are, of course, sensitive to the
ordering of the levels. For example, for the case of n = 2 it was shown in [3] that for k| < k>
(which is an ordering we may always do with no loss of generality) we obtain the following flow
of CFTs from the UV point (A1, A2) = (0, 0) towards the IR (A1, A2) = (Xg, X0)-

Gy X Glp—ky

Gy, x Gy, =
1 2 sz

X Gry—iy |- (2.16)

The main goal of the present work is to be able to identify the nature of the CFTs in the IR
regime. We will see that there is an increasing number of inequivalent IR CFTs as the number n
of coupled WZW models increases. The nature of each of these CFTs crucially depends on the
ordering of the levels or equivalently on the values that each coupling A; takes at the IR fixed
point. The reader might think that changing the order of the levels corresponds to the same RG
flows, up to an appropriate renaming of the labels i. However, this is not the case since as we
see from (2.13), only adjacent currents th are coupled. We will discover the very novel feature
that for more than two coupled models the symmetries of the left and the right sectors of the
IR CFTs are not the same. Hence, the IR CFT for n = 2 depicted in (2.16) is a special case in
which both sectors have the same symmetry. Note that for k; = k» the IR CFT in (2.16) seizes
to have a meaning since the theory is driven to a strong coupling regime in which it makes sense
to consider the non-Abelian limit as in section 2 of [10]. Finally let us mention that (2.5) is a
particular case of the most general multiparameter deformation of a G, x -+ x G, CFT. The
action was constructed in [5] and reads

4 For general matrices the RG flow equations can be found for the equal level case in [16] and for unequal levels in
[32].
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n n
k. . _ . _
s=Y s (g,-)+Z(;’fdzaTr(A(l>a+g,-gi o ADe o gt
= = 1 2.17)
+40a0e7h) = 3 — / o JkikiTra i a)),
b4
ij=1

where the inverses refer to the suppressed group indices and not in the space of couplings with
indices i and j. Choosing the entries of )Ll.;l as
A=At Al =a7ls (2.18)
nl =M o ij TN onj-l :
and redefining Agf) — AE:) and Aﬂi*l) — Aﬁ) this action becomes the one in (2.5). Integrability
of (2.17) is ensured for a specific form of the matrix kl.;l taken to be isotropic in group space and
given by [5]

ifdab = 8Pxi;
Al £0, i=12,...,n-1, )»;jl;éo, i=2.3,....n, (2.19)
){jl =0 forall otherentries .

The o-model action (2.5), is proven to be integrable in Appendix A for diagonal matrices, i.e.
(Xi)ab = Mi8qp. Combining with (2.18) we conclude that the case at hand is a new integrable case
compared to the one found in [5].

3. CFTsin the IR
In this section we will investigate the fixed point of the RG flow reached in the IR.
3.1. The exact C-function and the central charge at the IR point

A strong indication of the nature of the IR CFT may come from it’s central charge. This
is the value of Zamolodchikov C-function [20] at the IR fixed point of the RG flow. The way
to calculate C-functions as non-trivial functions of the deformation parameters in the context
of models obtained as deformations of CFTs was put forward in [21], where the C-function
calculated for the basic isotropic examples. Generalizations for generic deformation parameters
cab be found in [22].

The C-function was explicitly derived in [21] for the n = 2 case, so here we will just state
the result as, the generalization for arbitrary » is straightforward, the reason being that the defor-
mation parameters A; are decoupled. The C-function to O(1/k;) in the large k-expansion reads
[21]

cgdim G «
COutvvee hui 2 A7) = ndimG = 22 3 Flki ), 3.1
i=1
where c¢ is the eigenvalue of the quadratic Casimir in the adjoint representation, i.e. fycq foed =
Cg5ab and

1 34— XG- WY+ o™

Flhishi) = 1+ 2 BT . i=1,2,....n. (3.2)
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When (3.1) is evaluated at a fixed point it will give the large k") expansion of the central charge
of the CFT defined at this point. For example, at the UV point where all the couplings are zero,
we get

dim G
cov =ndimG — $GEMY Z (3.3)

which is indeed the large k; expansion of the central charge of a G, x --- x Gy, CFT.

Before we proceed to compute the central charge of the CFTs at the IR regime for the cases
n = 2,3, 4, which are the cases we will present in full detail in the rest of the paper, we would like
to make a few remarks. The parameters A; run independently under the RG flow (2.14) and the
UV fixed point is reached when all deformation parameters equal zero. In the IR fixed point each
A; reaches the smaller of Aé’) or its inverse, (kg ) )~!, depending on the ordering of the levels. Due

to the specific form of k(') it turns out that different orderings of the levels k; may correspond to
the same IR fixed point. For example, for the case of n =4 the orderings k| < k3 < kp < k4 and
k1 < k3 < kq < ky correspond to the same IR fixed point and in fact to the same RG flow

UV:(0,0,0,00 = IR:(M") AP, 09, 3.5)

Thus we classify every CFT at the IR in terms of the different combinations of the values of the
deformation parameters (that is whether A; is equal to k(()l) or (A((; ))_1) and not in terms of the
orderings of the levels. We assume without generality loss, that k; is the smallest level among

them all. Then, in the IR fixed point we necessarily have that A1 = ()»(()1))_l =,/ Z—‘l and that A =
ng) =,/ % For a given n we have (n — 1)! different orderings of the levels k;, i =2,3,...,n

which correspond to 212 different IR fixed points, thus CFTs. This is the case because for a
general number n of WZW models (3.5) will have n — 2 independent entries to each of which
one can assign a Ag or a A, ! In the following sections we will see that the independent IR CFTs
are further reduced in number, due to interrelations using the parity transformation (2.10), (2.15).

We will organize the notation of the IR fixed points by assigning to every )\8) an arrow point-
ing upwards and to its inverse an arrow pointing downwards. We disregard the ones withi =1, 2,
since their direction is fixed for every ordering, the first one is always pointing downwards and
the second one always upwards. For example, in the n = 3 case we have two possible CFTs de-
fined at the IR fixed points (AS) ™, 457,25 = (1) and (A ")"1, 2%, 0§~ = (). For
n = 4 there are six different ordermgs of the levels which correspond to four different IR fixed
points

S Itis easy to see this at the linearized level. Indeed, note that the operator driving the CFT away from the UV point,
up to first order in A;, from (2.13) is

Ling =k Tr(7 P 10 + k@311 P 12) + kD e D10 + kO eV 1D 3.4

Under the transformation (2.10) for n = 4 we have that o <> 0_, g < g4_], ky <> kg, A1 <> X and A3 <> A4, then
(3.4) remains invariant.
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Table 1
Large k; expansion of the central charge of the IR CFTs for n =2, 3, 4.
n IR " Fki )| R
SN N L S
ki kp—ki  ky  ka—k
3™ R e —
ki kz—ki k3 ka—ki k3 —ka
1 1 1 1 1
R Ty S gyl gy
T CYR S J U L S S S
ki ka—ky ka ky—ky  kz3—ky kg—k3
1 1 1 1 1 1 1 1
w1 Mk ki k bk ko k-k -k
1 1 1 1 1 1
.9 Wik bk kb ok k-k
1 1 1 1 1
(s

aJrkz—kl 75+k4—k1+k3—k4+k2—k3

(1D =D 25 267 460,

LD = ()" g g,

(h D =G ag” 06) ™,
(D=2 o)™ ogh ™.

In our notation for n = 2, the IR fixed point (11, A2) = (X, 19) Will be denoted by (0).

In order to recognize the IR fixed point CFT we will utilize the information contained in the
large level expansion of the C-function (3.1) when this is evaluated at the end of the flow in the
IR. For the cases with n = 2, 3, 4 we present the result in Table 1.

We will assume that the CFTs we are after, are of the current algebra type or of the coset type,
an assumption that will be further supported later in the paper. Under this assumption, we may
assign the various 1/k-factors according to the rule

1

——term == Gy, —chiral current symmetry ,
i

(3.6)

3.7

(1+1 1 )t = Ok X ki _ chiral coset t
-+ — - —term —— —chiral coset symmetry .
ki ki ki+kj Gk,-+k_,-
Then, we may easily deduce that for n = 2 the symmetry of the CFT at (0) is that in (2.16), as
shown in [3]. However, this reasoning alone does not uniquely fix the symmetry of the IR CFT
for higher values of n.
For example, the CFT, even at the IR fixed point (1), can be equally well described with both

types of conformal symmetries

G, X Gpy—k Gi; X Gry—ty X Gpa—i

— 5T Giy—ky X Giy—k, OF ! 21 N Giy—k - (3.8)

Gk3 Gk3

These CFTs are clearly different but nevertheless have the same central charge. We will see in
the following, that both contribute to the underlying conformal symmetry of the IR theory, one
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to the left and the other to the right sector. The next sections will be dedicated to the explicit
derivation of the conformal symmetry of the IR CFTs presented in Table 1.

3.2. Identifying the left-right current chiral symmetries of the IR CFTs

As a warm up we start with the easiest case having two deformation parameters. The chiral
symmetries of the CFT defined at the IR point (0), are clearly exhibited if we set (A1, A2) =
(X0, Ap) in (2.5). In this case the action takes the form (after relabeling the gauge fields A(il) and

Agf) by A+ and By, respectively)

k1 _ _ _
S = Sk, (g1) + Sk, (g2) + ;/dzo Tr(A_04 818, (- By g, 18,g1 +A_g1Byg 1)

39
+ %/dzaTr(B_aJrgzgz_l —Aig;'9 g2+ B_grArg;' —ALA_ — B B). o
We next parametrize A1 and By in terms of a+ and b4, taking values in G, as
Ay =0draral', Bi=01bibl'. (3.10)
Then, using the Polyakov-Weigmann (PW) identity we can rewrite (3.9) as®
S =Sy (=" g1b1) + Sy (b= g204) — S, (a='ay) = S, (b='by) G.12)

+ Skz*kl (Cl:]) + Sszkl (b+) .

Since we can rewrite (3.9) as a sum of WZW actions of independent fields the conformal invari-
ance of the model is preserved at the quantum level.

In order to clarify the type of chiral symmetry of this CFT we make two observations:
o The first one is that under the transformation

(g1,82) — (hy'g1ha, hy ' gahy),

o i (3.13)
(at,by) —> (h| ax,h, by),
with k1, hy € G, the infinitesimal variation of the action is
ky — ki )
8S=—— | d°oTr(A_d €1 + B+0_¢e3), (3.14)
T

where €1, €2 € L(G). This result indicates that the action (3.12) possesses two chiral symmetries,
i.e. €] = €1(0-), €3 = €3(04), with associated chiral and antichiral currents B4 and A_ at level
(ko — ky). In further support of this, the equations of motion of the fields A_, B, as it is shown
in (A.6) of Appendix A, in the case of arbitrary A, A, are given by

_ 31
[A+.A_], 3_By= Itk b

By,B_]. 3.15
1—22 1—A§[+ ] G-19)

Hence, at the IR fixed point (A1, A2) = (A, Ao) the fields indeed become chiral and antichiral.

6 In our conventions the PW identity is

k
k(8281 = St(1) + Sk(82) + = /dza Te(U1sJao). @3.11)
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e The second observation is that, as it is shown in Appendix B, in the IR fixed point (0) the equal
time Poisson brackets of the two fields A_, B4 reduce to two independents Kac—Moody algebras
with central extension (ky — k1) (copied for convenience from (B.12) and (B.13))

[A4%©@), A" @)} = i phe A by + 58! ..
k l— ki ky — k1 (3.16)
b b b
{8t Bl = ok B = 8 e
From the above we deduce that the chiral symmetry of the action (3.9) is
(GkZ_kl)L X (GkZ—kl)R . 3.17)

3.2.1. Current chiral symmetries of the IR CFTs for arbitrary n
This analysis is easily generalized to arbitrary n. Suppose the ordering of the levels is k1 <
ky < --- <kjy. Then the IR conformal point is reached for

G2z, 2) = (O TG g™ (3.18)

Furthermore, the action (2.5) becomes

n n
S=3 S (@) ga) = 8, (@) al) = 37 s (@ aH+

i=l i=2 (3.19)

n
+ S, (@)™ + Y Sk, @),
i=2
where we used again the Polyakov—Weigman identity (3.11) and we have parametrized each of
the fields Ai) € L(G) in terms of ai) € G similarly to (3.10). As before under the transformation

g — h;lgihi+1, ai) — h;lai), the infinitesimal variation of (3.19) reads

ke —k " k— ki :
55— fn =k / PoTiAVa e + 3 Him / o TeAVo_e; . (3.20)
T iz 7

It is a lengthy, albeit straightforward calculation in the canonical formalism, to show that the

fields AEFI) and Ag) with i =2,3,...,n obey n independent Kac—Moody algebras with central
extensions k, — k1 and k; — k;_1, respectively. Thus the chiral symmetry of (3.19) is based on
the following products

(sz—kl X +e X Gkn_k%l)L X (Gkn_kl)R . (3.21)

If we now make a small modification in the ordering of the levels, for example if we pick
ki < k;—1 the IR conformal point is reached for

s 22 e b oo d) = (OGS TLAE a7l (3.22)

Under the same transformation as before the infinitesimal variation of the action at the IR point
(3.22)is
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Table 2
Chiral symmetries of the CFTs defined at the IR points for
n=2,3,4.

IR point  Chiral symmetries

©) (Glo—k1) 1, % (Ghy—ki ) g
() (G 2—ky X Glz— kz) (Gk3—k1)R
) (Gky—k )1 % (Grg—ky X Ghy—k3)
oM (Gry—ky X Gig—ky X Ghy—ks)p X (Ghy=k; ) g
4D (Ghyky X Grymks)p % (Ghy—ky % Gy )
. (Gry—ky X Gig—ky) . X (Gry—ty X Ghy—ky) g
) (Cryk)p X (Chyty X Ghy—ks X Ghy—ty)
k, —k ki1 —k; i
58 = ”—‘/d% TrA0, ¢, + #/dza TrAD0, ¢+
b4 7
3.23)
T Z(k kj— 1)/d2chrA(l)8 6 . (
Jj=2,
J#
Similar reasoning as before indicates that the chiral symmetry of the CFT is
(szfkl X -0 X éki*ki—l X e X Gkn*kn—l)L X (Gkn*kl X Gki—l*ki)R , (3.24)

where the hat above Gy, _y,_, indicates that this term is missing from the sequence. In fact it
appears in the right sector with the opposite sign for the level which is now positive.

It is now straightforward to identify the chiral symmetries of the conformal field theories
at the fixed points for n = 2, 3,4, which we present in Table 2. The above symmetries are in
agreement, as far as the chiral symmetries are concerned, with the central charges presented in
Table 1. Notice also that, the case of n = 2 is a special case, since the left and right chiral algebras
coincide. This will become clearer in the following.

3.3. The full conformal symmetry

In order to set the grounds for our arguments we will develop our formalism for the case of
n = 2 and then we will extend it to larger values of n. Our strategy will be to determine an action
which after a gauge fixing will give the action of the IR CFT obtained after integrating out a
subset of the gauge fields Ai_i). The symmetries of the IR CFT can then be easily read from the
former action.

3.3.1. The conformal symmetry for n =2

The starting point will be the action (3.9) or equivalently (3.12). Since the action is quadratic
in the fields we can perform the integration over them. Integrating out B1 we find (this produces
a trivial determinant, i.e. a trivial dilaton field)

ko — ki _
5= 50,8 )+ Stamir (82) — [ o TrA g0 g - A, (3.25)
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where Sg, (g, A) stands for the standard diagonal vector gauged WZW model and we used the
invariance of the path integral measure to replace the integral over the group variables g; and g»
by one over g = g1 g2 and g». Using the parametrization (3.10) and the PW formula we find that
(3.25) can be rewritten as

S =Sk, (a”'gay) + Sky—k, (8201) + Sty (a~") — S, (@ 'ay) . (3.26)
We would like to identify (3.26) as the gauge fixed version of an action which realizes the chiral
symmetries and central charge presented in the previous sections for the case of the IR point (0).
Suppose that we define the following action

S = Sk, (81) + Sky—k, (82) + Sky—k; (83) » (3.27)

which is the WZW model defined on the product group G = Gy, X Gi,—g; X Gpy—k, - This
model clearly has a global G; x G symmetry. We now gauge the anomaly free subgroup H C
G x Gpg, defined as

H:(g1.82.83) — (h™'gih, g2h,h ™' g3), (3.28)
with & some constant element in G. The gauged action then takes the form
S/ = Sk (@Z'g1a4) + Stp—ky (82a+) + Sio—ky (=" 83) = Sy (@~ ), (3.29)

where in order to find it we have introduced the gauge fields A+ = d+ata; ! with a+ € G. The
gauge symmetry of (3.29) is given by (3.28), but with a local element h(c4,0_) € G and the
additional transformation at — h~'a.. In addition, there are the chiral symmetries given by

(82.83) = (7' (01)82. 83Qk(0-)) . QL(04). Qr(0-) €G. (3.30)
From the above we deduce that conformal symmetry of (3.29) is
G, X Gr,—k Gr, X G,k
Ut iy X Gk2_kl : B ] X Gk2_kl . (3.31)
sz L sz R

The two coset type symmetries in the left and right sector appearing in (3.31) correspond to the
transformation in (3.28) while the remaining two chiral symmetries at level ky — k1 to (3.30).
This is in agreement with the previous section in which we saw that the two chiral symmetries
are generated by the fields B1, A_ which satisfy two independent Kac-Moody algebras at level
ko — kj. Since the action (3.29) is gauge invariant we may fix the gauge. Choosing to fix the
gauge by setting g3 = 1, the action (3.29) becomes precisely (3.26). Choosing instead to fix the
gauge by setting go = 1, the resulting action would be the same as the one obtained from (3.9)
but with the AL ’s integrated out instead of the B. Note that, we could not choose g; =1 as the
gauge group acts vectorially on gi.

Thus, since the procedure of integrating out does not affect the conformal symmetry of a
theory, we conclude that the conformal symmetry of the CFT defined at the IR point (0) and
which is described by the action (3.9) is the one given in (3.31) or equivalently in (2.16).

3.3.2. The conformal symmetry for n =3

In this case we have three levels ki, kp, k3. Since k; is the smallest one fixed, we have two
different IR fixed points, (1) and (|) which correspond to k> < k3 and k3 < k3, respectively.
e The CFT defined at (1) is found from (2.5) evaluated at the IR fixed point at which
(A1, A2, A3) = ((A(()l))_l,k(()z),k(()3)). After a relabeling of the gauge fields Ag), A(iz), Ag) by
A4, By, C1 and the use of the PW identity it is described by the action
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S :Skl (a:1g1b+) + Skz(b:lg26+) + Sk3 (C:1g3a+) + Skg*kl (a:l) + Skz*kl (b+)
+ Sty -k (¢4) = St (b= 'b4) — Si(cZ'ey) — Si(aZ'ay)

where we have used (3.10) and the group elements c4 correspond to the third gauge field Cx.
Performing the integration over the fields (b4, c+) (equivalently (B4, C1)) we find

(3.32)

k
S=5k () + Sta—k, (&) + Sts—r(83) + ;1 / doTe(A_d  ff ' — Ay o f

ko — k
FA_fAL Y - % /d% Tr(Arg "9 g)

ks — ky k3

— —/donr(A+g;18,g3) — —/donr(A+A,)
T T

(3.33)

= Sk, (@=" fay) + Sky—k, (8a1) + Sks—ty (8301) — Sky (@ ay) + Sky—t, (@=h),

where we replaced the group elements g and g, with the group elements f = g18283, g = 2283
Using a similar reasoning as before for the n = 2 case, we find that (3.33) is the gauge fixed
version, with g4 = 1, of the gauged WZW action

SG/H = Sk, (81) + Sky—k (82) + Sk3—k,(83) + Skz—k, (84)

ki - _ _
+— / PoTr(A-drgig; —Avg g1 +A-g1A1g )

k2_k1f 2 -1 k3—k2f 2 -1
——— [ doTr(A 0_ — = [ doTr(A 0_
p ( +8> 82) - ( +83 g3) (3.34)
ks —k k
+ g/dzo Tr(A_ 0, gag; ") — i/dZGTr(A+A,)
T T
= Sy, (@="g1ay) + Sky—k, (82a4) + Sks—ky (€304)
+ Sty—iy (@='g4) — Sty (aZ'ay),
where H acts as
H:(g1,22 83, 84) — (h'g1h, gah, g3h,h'gs), heG. (3.35)

Notice again that we can fix the gauge in (3.34) by choosing g3 = 1. If we do so, the resulting
action can be obtained from (3.32), if we integrate out the fields (a+, b+ ). Indeed, if we perform
such an integration in (3.32) we find again (3.33) with some field relabeling.

Turning our attention to the symmetries of (3.34), the gauge symmetry is given by (3.35) with
alocal element h (o4, 0_) € G and in addition with ax — h~lay . The chiral symmetries are

(g2, 83, 84) — (' (00)g2, @, ' (04)g3, 84QR(02)) . (3.36)

Thus we conclude that the conformal symmetry of the CFT defined at the IR fixed point (1) is
given by

Gy X Giy—iy Gry X Giy—ky X Gly—ky

X Giyty X Gig—ky| > X Gry—k
G, L Giy R

(3.37)

Notice the asymmetry between the left and right sectors. Despite this asymmetry the left and
right moving Virassoro algebra possess the same central charge, which agrees with the central
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Table 3

The conformal field theories at the IR fixed points for n = 3.

IR Left sector Right sector
Gy % Oy~ Gy X Gky—ky * Oks—ky

) T X Gry—ky X Giz—k, Gy X Gly—k
Gy X Gig—ky X Giy—k3 Gy % Grp—ky

() Gr, X Giy—ky T X Giy—ky X Gry—ks

charge presented in section 3.1. The result (3.37) is also in agreement with the chiral symmetries
that we derived previously.

The attentive reader might wonder what would happen if in (3.32) we integrate out the fields
(a+, c+) (equivalently (A, C+)) which is the only other possibility, presumably and in principle
equivalent to the ones considered leading to the same conclusion. We found terms assigned with

kik
ratios of levels, i.e. %g{la_gzDﬁJrglgfl. Such terms cannot be factorized using the PW

identity so the resulting action can not be easily associated with a CFT.
e We now turn to the other fixed point, denoted by ({). The action of the corresponding CFT is
given by

S =Sk, (@ g1b4) + Sk, (b= g2¢1) + Sky (¢ g3a4) + Sty—iey (@Z1) + Sy, (b+)

_ _ _ _ (3.38)
+ Sty ks (€21 = Sk (b= "by) — Sty (¢l ey) — Siy(a”'ay)

after substituting in (2.5) the values (A1, Az, A3) = ((A(()l))_l, A(()z), (A(()3))_1). The procedure is
identical to that before so that we will skip most of the details. If we integrate out either (a+, by)
or (a+, c+) and identify the resulting action as a gauge fixed version of a gauge invariant one,
depending on an additional group element, we conclude that the conformal symmetry of the CFT
defined at the IR point () is given by

Gi, X Gly—ty X Gry—i Gi, X Gp,—k

i 3—ki 2—k3 i 2=k
. X Gt SRR Gy x Gl

ko L ) R

(3.39)

Again the left and right moving Virassoro algebra possess the same central charges. It is needless
to say that result (3.39) agrees with the central charge and the chiral symmetries presented in
Tables | and 2. For the convenience of the reader the IR CFTs for n = 3 are listed in Table 3.

Note that, the two IR CFTs we found for n = 3 are not independent. They are instead, related
under the renaming ky <> k3 and the parity transformation in order interchange the left with the
right sector.

3.3.3. The conformal symmetry for n =4

For n = 4 we have four different IR fixed points. They correspond to different CFTs and in
Table 4, we present the associated symmetries for each one of them. Needless to say that the
central charges agree, in the large level limit, with the ones calculated in section 3.1. We will
perform a detailed derivation of the conformal symmetry of the field theories defined at ({, 1)
and (1, |) with the other two being straightforward generalizations of the n = 3 cases.
e CFTat({,1)
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Table 4
The conformal field theories at the IR fixed points for n = 4.
IR Left sector Right sector

Gy, X Gp,—k G, X Gpy—ky X Gpa—kn X Giy—k

1 4=k 1 2=k 3=k 4—k3

Q) T X Gly—ky X Giz—ky X Gly—k3 Gr, X Gry—ky

Gk x Gry—ky Gk3 X sz—k3 Gk X Gry—k; Gk3 X Gk4—k3
(! ! x X Gly—ky % Ghy—is x X Gry—ky X Gy—i3

Gk4 sz & sz Gk4

Gy, X Gp,—k, X Gy
b L3

P G Gk X Oky—ky * Cy—ky G G
Gk3 X ko —kq X k3 —ky Gkg X kg—ky X k3—ky
Gy X Gy—ky X Gky—ky X Gky—k Gy X Gry—k
1 4—ky 3=k 2—k3 1 2=ky
G, X Gry—ky G, % Giy—ky % Ghz—ky ¥ Ghy—ks

()

In this case we have four gauge fields and IR fixed point is described by the action

S =Sk, (a="g1by) + Sk, (b= g2¢1) + Sy (c=' gady) + Sk, (4~ ' gaay)
— Sk ay) = Sy (b7'by) — Siy (el ey) — S, (d”'dy) (3.40)
+ Sk47k1 (a:l) + Sszkl (b+) + Skz*k} (c:l) + Sk47k3 (d+) .

This expression is found from (2.5) evaluated at the IR fixed point using the corresponding values

in (3.6), the relabeling Ail), e, A(f) by A4,..., D1 and a parametrization of the latter like
(3.10). Integrating out the fields (b4, d+), we find the following action
S =Sk, (=" fei) + Sky—ty (82¢1) + Sty (= hay) + Sky—k; (84a4) 341)
+ Sty (21 + Sty (21 = S (@l ar) = Sy (eZ'ey)

where f = g1g2 and h = g3g4. As before, the statement is that, (3.4 1) is the gauged fixed version
of the action

SG/H =Sk (@' g1c1) + Sky (¢ = g2a4) + Sky—ky (83¢+) + Sty—ky (=" g4)

_ 1 1 (3.42)
+ Sk4—k3 (g5a+) + Sk4—k1 (a— 86) - Sk4 (a— Cl+) - Sk2 (C_ C+) s
with the gauge choice g4 = g¢ = 1. The gauge symmetries of (3.42) are clearly
(81, 82, 83, 84, 5. 86) — (hy ' g1ha, by 'gahi, g3ha, hy ' ga, gshi, hy 'ge) (3.43)
(at, c2) = (hy laz, hy e,
where h1(04,0-), ha(o4,0-) € G, while the chiral ones are given by
(83: 84. 85 86) = (R (0:4)g3, 84Qr(0-), Q7 (0485, 862R(0-)) - (3.44)

The symmetries in (3.43), (3.44) exactly correspond to the symmetries presented in the second
row of Table 4.
e CFT at (1, )

The corresponding CFT is described by the action

S = S, (aZ" g1by) + Sk, (=" g2¢1) + Sk (c=' g3dy) + Sk, (4= gaay)
— Si@='ay) = Sy (b= by) — Sk (cZ'ey) — Sy (d=dy) (3.45)
+ Sky—ky @=1) + Sky—ty (b1) + Sty —ky (c4) + Sty ks (@)
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which is found from (2.5) evaluated at the IR fixed point using (3.6). Integrating over the fields
(a+, b+, c+) we find that the action becomes
S =Sk, (d=" fd) + Styi (hd ) + Sy, (83d4)+
+ Sky—i (A7 84) + Sky—iy (d~") — Si;(d”'d)

where f = g4g1g283 and h = g>g3. The above action can be viewed as the gauged fixed version,
gs =1, of the following gauged action

(3.46)

SG/H =Sk, (d=" fdi) 4 Sy, (hd) + Sky—ky (83d4)+
+ Sty (A" g4) + Sky—1, ("' g5) — Sy (d”'dy) .

Identifying the gauge and chiral symmetries of (3.47), we see that they correspond exactly to the
ones presented in the third row of Table 4. Indeed, the gauge symmetry of (3.47) is

(3.47)

H: (81,828 84,85 — (h'gih, goh, g3h,h ' ga,h 7 gs), do—h7'de,  (3.48)

where h(o4,0_) € G, whereas the chiral algebra symmetry is

(82,83, 84, 85) — (] (0:)g2, Q7 ' g3, 325 (0-), 2425 (0)) . (3.49)

Notice that, the CFTs at the IR fixed points (|, 1), (1, |) are selfdual under the generalized
parity transformation and the renaming ky <> k4, in the sense that the symmetry of the left sector
is mapped to the symmetry of the right sector and vice versa (see Table 4). In contrast, the
CFTs at the IR fixed points (1, 1), ({, J) are mapped to each other under the generalized parity
transformation and the same renaming as before kp <> k4.

3.3.4. Remarks on the conformal symmetry for arbitrary n

We conclude this subsection with some remarks for the general case of n coupled models. We
will not present the intermediate details which are a more complicated version of the low n cases
we have already analyzed.

Consider the basic ordering of levels k; < kp < - -+ < k. The current algebra part of the CFT
for both sectors is (3.21), whereas the full conformal symmetry is

Giy X G, —ky
G —— X Gyt X X Gloy_j—ky 2 X Ghiy—by |
k,
" L (3.50)
le X GkZ_kl X X Gkn—l_kn—Q X Gkn_kn—l
X Gkn*kl
Gy, R

A slightly changed ordering of the levels, for example that with k; < k;—1 fori =2,3,...,n—1
led to the current algebra part of the CFT found in (3.24). The full conformal symmetry in that
case is

G, X Gg,—k, y Gi; X Gry_y—k;

' T X Gryty X - X Gryetyy X o X Gl | 5 (3.51)
Gkn Gk,;l L
Gy X Gly—tey X -+ X Gy —kis «
Gk,
G, X G~y X -+ X G, —k

x G,
Gr, R
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where we note that the hat in G in the line corresponding to the left sector implies that this term
is missing and instead it appears in second coset with reverse sign for the level which makes
it positive. Note also that the case with i = 1 cannot be realized since ki is chosen to be the
smallest level. The case with i = n is also special and there is a modification in (3.51) above
given by

Gy X Giy—ty %X Gk
Gkn—l
Gy X Gyt X - X Gy y—kiyy X Glyoy—kys
Gk,

X Gly—iey X+ X Gl y—ky 5y X Gy —kys

3

L

(3.52)

X Gknfl*kn X Gkn*kl

R

We next present the general rule for identifying the IR fixed point CFTs. It turns out that it
is more convenient to discuss this in terms of the A(()l)’s instead of the ordering of the levels as
we did in the previous two examples. Let us begin with a fixed but otherwise arbitrary IR fixed
point which in our notation is an array of arrows pointing upwards or downwards. In that array,
for each )»(()l) term, corresponding to a pointing upwards arrow 1;, we write down a chiral algebra
symmetry in the left sector and a coset type symmetry in the right sector. In contrast, for each
(A(()'))_l term, corresponding to a pointing downwards arrow |;, a coset type in the left sector
and a chiral algebra symmetry in the right sector is written. Thus, in detail we have that

Gy X Giy—k;_
Ti - le‘—k,',l X i . )
L G R (3.53)
G X G~k '
i —————| X G-k
Gy L R

The above rule applies solely when no two adjacent arrows in the array point in the same direc-
tion. A refinement of this rule is needed if this is not the case. We present it first for the case
when two adjacent arrows are pointing in the same direction either upwards or downwards

Gk- X Gk-—k- X Gk- —k;i
—1 —1 +1
Ti s Ti+1 - Gk,‘*klpl X Gk,urlfk,' X : — : . s
L Gy R (3.54)
Giipy X Gli—kip1 X Gl -k, .
lidinn = G X Gli_j—k; X Gli—kiy
ki— L

Obviously, this rule is extentable for more adjacent arrows pointing in the same direction. Also,
we should keep in mind that the array of arrows forms a closed chain, implying that the 1st and
the nth should be considered as adjacent ones.

For the reader’s convenience we present an explicit example corresponding to the n = 6 case
with array

(s 12,43, T4, 45, d6) - (3.55)

Using the above rules we have that

Gy X Grg—k; X Grs—ks X Gky—ks % Giy X Gly—ks
Gk4 sz

Gy X Giy—ky « Giz X Giy—1s
G, Gy,

X Gly—k; X Gry—ks

’

L (3.56)

X Gry—ky X Gkg—ky X Ghks—ks X Gly—ks

R
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Fig. 1. The vertices of the right triangle represent the three last terms of (3.58), where for simplicity we did not include the
k@ terms and we assigned the X; value instead of its inverse. Every side of the triangle, which connects the appropriate
fields, is denoted with the appropriate level k; which appears as the prefactor of the corresponding propagating term

from the first and second line of (3.58). One can check that ]R3 transforms the fields of (3.58) as JJ(rl) <~ —Jil) s Jf> <~

—Jq(f) , A+ < By, C+ — Cx the deformation parameters as A1 <> A», A3 — A3 and the levels as k1 — kq and kp < k3.
Thus in the framework of polygons R3 transforms the left triangle to the right one. (For interpretation of the colors in
the figure(s), the reader is referred to the web version of this article.)

Notice that in (3.55), due to the cyclicity of our models, there are three consecutive arrows point-
ing downwards, those at positions 5, 6 and 1. This is the origin of the first coset in the first line of
(3.56). Finally, the fact that the levels in all coset-type symmetries sum up to zero is very helpful
when applying the aforementioned rules.

3.4. Independent IR CFTs

As already mentioned, for every n the transformation (2.10) involving the renaming of the
index i and the parity transformation leaves the action (2.5) invariant. In the weak coupling limit,
it is a transformation that does not change the interaction of the nearest neighbors in (2.13). We
rewrite here the part of this symmetry transformation needed for our purposes below

Ra: AL = A ko ko, KO o k0370 50 0T (357)

In (3.57) we have also included (2.15) which will be useful when studying the CFTs at the IR
fixed points. Our aim here is to discover which of the previously identified 2”2 IR fixed point
CFTs are in fact the independent ones. Towards that, an elegant way to realize this symmetry
pictorially with the aid of a polygon will be most useful. We assign to the ith vertex of an n-
polygon the ith interaction term of the fields Ai), and to every side connecting the edges i and
i + 1 the level k;, which is the prefactor of the ith propagating term in (2.5) connecting the
fields Ag) and A$+1). Doing so, the transformation R, is realized as the reflection about the
perpendicular bisector through the side k1, denoted with the blue line in the figures. In Fig. 1 we
give an example for the case of n =3 where the action (2.5) is represented as a triangle. For the
reader’s convenience we give also the Lagrangian, not including for the sake of simplicity the
WZW terms

L=k Tr(A_J" — B, 7V + A_giBigi") +kaTr(B_J® —C1J? + B_g:Crgy")
FlaTe(C_ TP — AL D +C_g3A,87") — kAT Tr(ALA_) — k@2 ' Tr(BLB_)
— k@3 e C0). (3.58)

Next we would like to understand the action of the symmetry (3.57) at the IR fixed point CFTs.
In order to do this we replace each A; at the edges of the polygon with the corresponding arrow,
1 or |;. Under R,, each arrow will be reversed, if the reflected arrows with respect to the
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Fig. 2. The left triangle represents the CFT defined at the IR point (1) and the right triangle the CFT at the IR point ().

bisector are pointing to the same direction (both are up or down) and it will remain the same if

they are opposite. This rule originates from the transformation of the Ag ) in (3.57). Seemingly
different fixed points related with the above transformation describe equivalent CFTs.

When n is odd, the independent CFTs are £, that is

For n odd : 23 (3.59)

since every fixed point has a dual corresponding to a different array of arrows as the perpendicular
bisector always passes from a vertex of the polygon. Thus according to (3.57) the arrow of this
vertex will be reversed under R,,.

For the case of n even things are a bit more involved as in this case there exist IR fixed points
which are self dual. Self dual IR points, are the points, in which the arrows of the edges that are
mirror images of each other with respect to the perpendicular bisector have opposite directions.

We find that the independent CFTs are ﬂ +27 7 , that is
For n even : 3 40572 (3.60)

Notice that, for n odd there are no self dual fixed points.

We now turn our attention to the cases presented in the previous sections, namely those with
n = 3,4 and then we also consider the n =5, 6 cases where the pictorial method we developed
is particularly very useful.

Consider first the case with n = 3. The transformation R 3, in the framework of polygons, is

Ry: 12, khok, WWeri™!", (3.61)

where for simplicity we replaced the pair of gauge fields A(i’) at every vertex with the label i of the
vertex, a notation we will use subsequently. In addition, we omit writing indices and quantities
that remain invariant under the symmetry transformation. The right triangle in Fig. 2 corresponds
to the CFT defined at the IR point denoted as (1). Since points 1 and 2 are mirror images of each
other with respect to the blue line and the corresponding arrows have opposite directions, they
do not change under R3, while the arrow at point 3 is reversed. The resulting set up is the right
triangle in Fig. 2 which corresponds to the CFT at the IR point denoted as ({). We conclude that
the symmetry (3.61) relates the two CFTs in Table 3 and that there is only one independent CFT.
For the case of n = 4, the symmetry operation R4 acts as

Ra: 12, 304, hok, o0 WWoeri!. ¢e62

In Fig. 3 we present the relation between the CFTs at the IR points (1, 1), ({, }) and the self
duality of the fixed point ({, 1) under (3.62). We did not include the self duality of the IR point



G. Georgiou et al. / Nuclear Physics B 958 (2020) 115138 21

Fig. 3. The first line corresponds to the dual CFTs defined at the IR points (4, 1), ({,|) and the second line to the
selfdual CFT at (|, 1).

T2

Fig. 4. The first and second line correspond to the dual CFTs at the IR points (1, 1, 1), ({, },{)and (J, 1, 1), (4, 4, 1),
respectively.

(1, J) as it is straightforward in this framework. Hence, among the CFTs presented in Table 4
there are three independent ones.

In the case with n =5 there are eight different IR fixed points CFTs which are presented in
Table 5. The symmetry acts as

Rs: 12, 3«5, kh<k, k3<k,
1 2)\— 3 5)\—
aW e o AP e e

In Fig. 4 we present the related CFTs at the IR points (1, 1, 1), (I, , $)and (4, |, 1), (I, 1, 4)
as polygons.

(3.63)
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Table 5
Left and right sector of the CFTs for n = 5.
IR Left sector
Gy, X Gpe—k
(GNP % X Gky—ky X Grz—ky X Ghy—ky X Grs—ky
Gy X Gis—k; Gy X Gpy—k
() ] Gr L 3 Gk22 2 % Gy —ky X Gly—ty X Gs—ky
Gy X Gks—k;  Giy X Grz—k
t4n ! Grs L x or, 3= X Gry—iy X Gky—ky % Ghs—ky
Gy, X Gie—iy X Gry—k )
) - SGk; 4= X Gy iy X Ghy—ky X Giyeis
Gy X Grs—ky  Giy X Gig—ky X Giy—ks
4 X X Gly—ky X Gpe_
(O] Grs Gr, ka—k) ks—kg
Gy X Gpy—k Gl X Gra—iy X Giy—k
Lt 222 S X Gy gy % Gy
G, Gy
Gy X Grs—ky X Gky—ks X Giz—k
! L Sl 4—3 32 X Gry—iy % Gig—ky
Gk3
Gy X Gis—ky X Ghy—ks X Giz—ky X Ghy—k
() ! 577 4G 3 3704 2753 Gk2,k1
ka
IR Right sector
Gk X Giy—k; X Giky—ky X Gry—k3 % Grs—k
(Ta T’ T) 1 2—K1 3—K2 4—K3 57K4 x Gk57k1
Gks
G, X G,k Gy X Gly—tr X Gie—k
(O] ! 2L =3 — 4 Gis—ky X Gy—ks
G, Gis i ’
Oky X Cks—ky Oy X Chy—ty X Chy—ky
s X X Gre—fy X Gpq—
4 Gre Gy ks—k, k3—ky
Gy X Gry—ky X Ghy—ky X Giy—k
(CERR2) ] = i 3 X Gig—y % Gry—ks
Gy
Gy X Gry—ky Gy X Giks—ky
() G, x Crs X Gis—k; X Giy—ky X Ghy—k3
Gy X Gly—ky Oy X Giy—is
(1) G, X Gr, X Gis—ky X Gry—ks X Gky—k3
Gy X Gry—iy X Grg—k
GRS ] ZGk; 32 X Grs—ky X Giy—ks X Giy—ky
Gy, X Giy—k
(O] ! =L Gk57k1 X Gk47k5 X Gk37k4 X szfkg

A more direct but equivalent way towards finding the equivalent IR points under Rs is the
following. In a given array of arrows denoting the IR fixed point CFT, we compare the first one
with the last one, the second with the next to the last and so on and so forth. If they are pointing
in the same direction we reverse their direction, whereas if they point in opposite directions we
keep these the same. For the middle one, for odd values of n as in this example, we reverse its
direction.

Thus we have the equivalent IR fixed point CFTs

D~ LD, D~ D,

(3.64)
D~ D, O~ LD
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Thus for n = 5 there are four independent CFTs among the entries of Table 5.
Finally in the n = 6 case there are sixteen different IR fixed CFT points. According to our
analysis, only ten of them define independent ones. The equivalent ones related by R¢ are

e ~Ad D s D~ LT,
¢t~ bbb LD~ LN, (3.65)
D ~dnth s LD~ L),

whereas the selfdual ones are (|, |, 1, 1), (L, N, 4. D), (L 4. 1 ), (N 1L D).

4. Concluding remarks

We have constructed a large class of integrable multiparametric deformations of n WZW o -
models each at a different level k;. The theories considered can be rewritten as a special case of
the most general A-deformed models of [5] but they were not explicitly considered in that work.
Our models flow from a CFT which at the UV point has the symmetry group G, X G, X -+ X
Gy, to different IR fixed points depending on the number n and on the different orderings of
the levels k;. This happens because in our construction the WZW models are cyclically coupled,
similarly to [10,3,2]. The goal of this paper was to classify the resulting IR CFTs.

In order to determine the conformal symmetry of each IR CFT, we constructed gauge invariant
actions which, after fixing the gauge, describe the corresponding IR CFTs. The subgroup gauged
at each case, is a different, anomaly free, subgroup of the global G; x Gr symmetry of the n
WZW models. This procedure lead to the conclusion that the left and right sector of each of the
IR CFTs is based on different products of coset and affine type conformal symmetries. Despite
this asymmetry between sectors, the left and right central charge are the same and in agreement
with the central charge read from the exact in the deformation parameters C-function which we
also have derived. Furthermore, we have shown that there are CFTs defined at different fixed
points which are related by a transformation, the parity transformation (3.57). That allowed for
the final classification of the inequivalent IR fixed point CFTs.

An interesting future direction is to apply the formalism developed in this work in order to
characterize and determine the symmetries of the IR fixed points to which the models constructed
in [4] and [5] flow. These models have an explicit Lagrangian realization and their RG flow
equations have a much richer structure that the theories considered here. In that respect it would
be important to see what modifications, if any, will be needed in achieving the characterization
of their IR fixed points. Furthermore, it would be also interesting to study the RG flow equations
and their fixed points of the integrable models of [33] (see also [34]). It would also be important
to examine if the integrable models presented in this work, as well as the ones in [10,4,5], belong
to a class of the E -models of [35]. This may enable one to identify the corresponding integrable
n-deformed models introduced in [36-38] for the case of group spaces. Finally, it would be
interesting to determine the integrability preserving D-branes all the way along the RG flow
(2.14) of our models. Our theories posses non-trivial IR fixed points, in contradistinction to the
work of [39] which considered this problem for the prototype deformed models of [1] which
possess no such points. This renders the embedding of D-branes in the target space a more
involved problem.
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Appendix A. Integrability
In this appendix we will show classical integrability of the o-model action (2.5), for the

isotropic case, by determining the Lax pairs explicitly. Varying the action with respect to the
gauge fields we get the following constraints

_ i) . _ i+1) —
g AL =0rgig + g Al g

. ) ; (A.1)
- - - - ~1
A 1()x(()l)) 'Al = —g,-,lla—gi—l + gi,llA(_l Jgiy.
Defining the covariant derivative
. it
Digi=0:gi — Algi+giAL™ (A2)
the equation (A.1) can be rewritten as
Digig ' = (A;u(g” - 1)A‘+’),
(A.3)

g '\ Digio1= _<,\;‘ ! - 1>A(_’) .
Varying again the action (2.5) with respect to g; and using the definition (A.2) we obtain that

D_(Dygig ) =F{.

; (A4)
- 1
Dy(g7'D_g)=F*",
which are in fact equivalent and where Fi”_ = 8+A@ - 8_A$) - [Aif), A@].
Substituting the constraints (A.3) into the equations of motion (A.4) we find that
@) -1, () @) =1, (D @) 4 @)
e AY a7 oA =71 [AY, A9, (AS5)

o oA —a_al = o)1 AY, A9,
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After some algebra one can solve for the derivatives of the gauge fields to get

1— )1

oAl = L0 ) hipn 40
T —2;
o (A.6)
@ _ L= i) 400
LAY :17[A+,A ].
A
In general, the Lax pair satisfies the Lax equation
I+ L_(2) —0_Ly(2) =[L4+(2), L_(2)], VzeC. (A7)

It is quite straightforward to see that in our case equations (A.6) are equivalent to (A.7) for

M)
22 iy o _ =M Ao (@)

—AD, AP =—"0a0, A=
zF1 1—Ai

1= 05"

@
A, (A.8)
2
1 —2;

=
where z € C is the spectral parameter.
Appendix B. Hamiltonian formulation

In this appendix we will present the Hamiltonian formulation of (2.5) for n = 2, but it can
be easily generalized to arbitrary n, with the goal to show that the Poisson Brackets of the two
fields B4+, A_ evaluated at the fixed point (0) reduce to two independent equal time Kac-Moody
algebras with central extension k; — k. Let us remind to the reader that at the fixed point (0) the
two fields generate the chiral algebra symmetry of the corresponding CFT.

Choosing a set of coordinates to parametrize the group valued fields g; we find that the action
(2.5) for n = 2 in our conventions reads’

kl 2 1 . . 1
S = y d o (2 Ri’v(xl“xl —x xl)+k() 1)—}—

ky 1 o
+ o d20<§R§MRgU(x2“x2” —x5"x5") + A(Z)x2“x2 )+

k

+ é / dZO_ <2ZAZR?M(X.1M +xi#) _ 2lBiL?M(x.1H — x;'u) —|— 4BiDi)aA}i) (BZ)
k

v / a2 (2B RS, (0" +x)) = 2iAG LS, (02" — ) + 444 DY B )

Jik
_ vk /d%Tr{Bi(xz—‘)“bBé + AT Al Y
T

The momenta canonically conjugate to the variables (x1, x2, A+, B+) are

7 In our conventions
ot =1+o0, dot Ado™ =72d2c7, d’oc =dt Ado R

-1 i a oy Iy ,a -1 i a oy Iy ,a (B.1)
0188 :ERM(X +xM", g a_g:ELH(x —x e
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k
x (= ﬁ(RI“MR?Vfc” +A0x" +2iAC R, — 2iB4LY,)

k
7@ = é(RgHRgvxv +2 X" +2iBURY, —2iA4LY,). (B.3)
5L 5L
Pi=—7=0, Qi=—=0
SAL 5B

Following [40] and [41] we define two sets of currents Ji+, J>+ that obey two commuting Kac-
Moody algebras at levels k1, k> respectively

2 1
L, g} = 70 10 T b1 & =850, (B4)
ki ki
and are given in terms of the initial variables as

1
J = ER?ﬂ(x’f +x")+iA® —iD$ B

1 (B.5)
. / . .
J= L, G =X — B + iDb AL
and
1
I3 = SRS, G +x)) +iB —iD§ AL
1 (B.6)
Ji = EL‘;M()&{‘ —x\")—iAY +iD5B" .
We can show that the Hamiltonian can be rewritten in terms of (J. b, Jf), Ai, By) as
k
H = ﬁ(hﬁfﬁ + T —4i AT, +4iBLI{ —2BYBY —2A% AY)
k
+ ﬁ(fzﬂfzﬂ + J TS —4iBYUY, +4iAY TS —2A% AY — 2B BY)+ (B.7)

Vkika

+ T(Bi(kgl)“bBé + AL THA) .

Thanks to Dirac we know that the primary constraints, i.e. in our case P(Q)+ = 0, can in prin-
ciple generate secondary constraints from the demand that their time evolution on the constraint
surface should vanish. In our case we obtain the following set of constraints

[PeH}=0 = i —ag a6 Pa? =0,
[pem}=0 = i +ac =5t arhal =o,
{Qi,H} =0 =

{Q“,,H} =0 = iJ{ +B*—20,HB, =0.

(B.8)
iJf — B+ ()P Bl =0,

The set of all constraints, primary and secondary, are all second class which means that we can
impose them strongly. Thus making use of (B.8) the Hamiltonian takes the form



G. Georgiou et al. / Nuclear Physics B 958 (2020) 115138 27

1 (k3 —1) ki(A3 —1)
==L A A+ —L “TrA_A_
4 ( )L% Ashet k% !
) (B.9)
ki(As —1) kr (03— 1)
7T tB, B, + 7T B_B_
)‘2 2

while the PBs of the fields A, B are given by®

h(x1)

{A (o), A® (a)} if“bc(f(A 20)AS + g(A1, o) AS )5 + 5!,
+ k2 1, A0 — g 1, A0 —+ oo ol
a b 4 i abc —1 c —1 c h()‘l) ab ¢
{Af(a),Ai(a)}:—Ff (g()\l,,\o VAC + f(h10g )A+>8,m/— 58,
{450). 4% @] =- k; £ (@G, 20)AS + b0, 20) A )b, (B.10)
and
i \ ‘ h(
{8900, B0} = =T (£ g B + 8055 B oo + (k”aaba/
i | . hQ. /
{Bi(a),Bi(a’)}=_ki2’(g(x2,xo)3‘_+f(/\2,/\0)3;)500/— (kZ)(s“bs .
.
{BL0), B0 | =~ 7 (b0, 00 B + a2, 20) B )b (B.11)
where we have made the following definitions
h(X;) h(Ai) 23
Ao A 1= ki), his ho) = —t)
f i, Xo) = 22— ( 0Ai) g(Ai, o) = A(Az—l)( )
H(n ) h(x )
My o) = b(hi, o) =
a(Ai, Mo) = 22— (Ais Ao) = -
2
h(h) = .
(A1) = 1

Notice that in the case of equal levels, i.e. 1o = 1, the above PBs reduce to two copies of the
A-deformed algebra with two different deformation parameters. It is immediate to see that at the
fixed point (A1, A2) = (Ao, Xo) the above Poisson brackets simplify to

2 2722
(4% (0), A (0")) = ”’kl e+ adag —A%Ai)8oa/+ T e
a b / Zﬂi abc 4c ab ¢/
{A%(0), A (0 )}=—k . f A,am,/+ k 8s! (B.12)
— K1 — K1

{A%(0), A® (o))} = 22 A S0

and

8 In what follows, we have calculated the Poisson brackets of the fields A4 and B4. Notice that for this particular
choice of fields the Dirac and Poisson brackets are the same due to the protection mechanism discussed in [41].
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2mi 2w
b b b
{Bi(o), B+(0J)} = kr — k1 fe CBiscra’ - k> — k1 84 8:70/ )
2mi 2702
b b 2 2 0 b
(BL(0). B2 (o)} = (- /¢ (42D BE = 23BS )80 — =i Soo (B3I

27i
{B4(0), B (0')} = mf”’”Bisw/ .

Notice that the fields A_, B4 form two commuting Kac-Moody algebras with central extension
ky — k1.
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