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1 Introduction

While we believe we know everything about the Virasoro minimal models in two-dimensional
conformal field theories, the renormalization group flow between them, in particular when
one of them is non-unitary has been largely unknown. The Virasoro minimal model M(p, q)
is characterized by two coprime integers p and ¢, and we can compute all the conformal data
for an arbitrary choice of (p, q). It has been, however, a surprisingly difficult question to ask if
they are connected by a renormalization group flow, given two randomly chosen integers (p, q)
and (p/,¢'), Our goal is to answer this question by using the non-invertible symmetries to
classify the flows. Indeed, we will show that non-invertible symmetries give rise to infinitely
many new renormalization group flows between two Virasoro minimal models.

Our infinitely many new flows M(kq + I, q) — M(kq — I, q) induced by ¢(; 41y vastly
generalize the previously proposed ones k = I = 1 by Zamolodchikov [1], k = 1,1 > 1 by
Ahn [2] and Lissig [3], and k = 2 by Dorey et al. [4].! Tt also encodes the other Zs preserving
renormalization group flow sporadically known in the literature (e.g. M(10,3) — M(8,3)
studied by Klebanov et al. [5]). With a slight twist, the renormalization group flows between
multi-critical Lee-Yang fixed points M(2,q) studied in the literature [6, 7] fall into our
proposal. We claim that our flows give a complete understanding of the renormalization

Dorey et al. also studied the flows corresponding to k = % with odd ¢ [4]. Since the preserved non-invertible
symmetries become smaller, we study the generalization of half-integer k separately in section 3.2.



group flows between minimal models that preserve a modular tensor category (or more
precisely modular fusion category) with the SU(2),_2 fusion ring.

In our discussions, the non-invertible symmetries or categorical symmetries,® which are
realized by topological defect lines in two-dimensional conformal field theories, will play
an analog of the 't Hooft anomaly. Similarly to the 't Hooft anomaly, their properties are
preserved under the renormalization group flows. When the renormalization group invariants
obtained from the non-invertible symmetries are different, they cannot be connected by the
renormalization group flow that preserves the symmetries. We will show that our proposed
renormalization group flows are not only consistent with the constraint but also give the
actual flows between two minimal models with the same preserved non-invertible symmetries.

Some of our results may appeal to more physical intuitions. For instance, the pre-
served non-invertible symmetries in M(p,4) — M(p’,4) flows are given by the Zy Tambara-
Yamagami modular tensor category in math terms or the duality defect line in physics
terms. We know from mathematics that there are two distinct quantum dimensions consistent
with the Zs Tambara-Yamagami (or Ising) fusion rule. We also know from physics that
the quantum dimensions are renormalization group invariants. Accordingly, there exist two
intrinsically different duality defects in two-dimensional conformal field theories. Our new
renormalization group flows know them and the flows are completely separated as long as
the duality is preserved. One physical application of such a flow was to identify the fate
of the non-supersymmetric Yukawa fixed point in two dimensions [38]. As a vast general-
ization, our new results should give us a new map to explore renormalization group flows
in two-dimensional quantum field theories.

The organization of our paper is as follows. In section 2, we give a review of Virasoro
minimal models and topological defect lines. In section 3, we present our main claim of
the new renormalization group flows and give supporting evidence from the study of the
renormalization group invariants associated with the non-invertible symmetries. In section 4,
we study several physically interesting examples of our new renormalization group flows. In
section 5, we conclude with some discussions for future directions.

2 Virasoro minimal models

Let us first state our conventions of Virasoro minimal models. We specify the Virasoro
minimal model M(p, q) by two coprime integers p and g. While our convention is more
or less the same as the one in the yellow book [39], one notable exception is they always
assume p > ¢ in the yellow book, but we take g to be a fixed integer, and we investigate the
renormalization group flow that changes p. For instance, the well-known renormalization
group flow from the tricritical Ising model to the critical Ising model is M(5,4) — M(3,4)
in our paper rather than M(5,4) — M(4,3) as in the yellow book.

2The fusion ring SU(2),—2 is given by the fusion rule of the primary operators in the SU(2) WZW model
at level ¢ — 2. It is essentially angular momentum addition of J = 0, %, cee ‘%2 with a ¢ dependent “cap”:
Ji + J2 + J3 < g — 2. Given the fusion ring, the modular tensor category is further classified by the solutions
of the Pentagon identity. The relation between the solutions of the Pentagon identity and the renormalization
group invariants we will discuss can be found in [8].

3Recent applications of non-invertible symmetries in two-dimensional conformal field theories include [8-37].
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Figure 1. The Kac table and its fundamental domain T" of M(p, q).
The central charge of M(p,q) is
(2.1)

and it has (7’71)2& (chiral) primary operators ¢, ) where r and s are the Kac indices
whose ranges are 1 < r < ¢,1 < s < p. Two primary operators ¢, and ¢, ) are
identified: they have the same conformal weight

(pr —gs)> = (p—q)

2

hr,s — hq—r,p—s - 4pq (22)
The fusion rule of the primary operators is given by
min(r+m—1,2¢g—1—r—m) min(s+n—1,2p—1—s—n)
P(rs) X Pimn) = > > Bk,1)- (2.3)
k=1+|r—m]| I=1+4|s—n]|
k4+r+m=1 mod 2 l+s4+n=1 mod 2

For example, we can choose a fundamental domain I' of the Kac table, which specifies

W distinct Kac indices as

F={(rs)|1<r<qg—1,1<s<p-—1, pr+qs <pgq}. (2.4)

See figure 1.

The Virasoro minimal models are further classified by the modular invariant partition
functions. In this paper, we focus on those with A-series modular invariant partition functions
(a.k.a. A-series minimal models). Since most of the renormalization group flows that we
will discuss preserve the Zs symmetry, which can be used to relate the A-series and D-
series by orbifolding (when it can be gauged), most of the following discussions apply to
the D-series minimal models. Exceptions are half-integer k£ flow discussed in section 3.2
because the deformation may not exist in D-series. Furthermore, when we can gauge the
Zs symmetry, we have fermionic minimal models [40, 41] as well. Our discussions also
apply to their cases. Again, exceptions are half-integer k£ flow discussed in section 3.2. Our



discussions do not directly apply to the E-series minimal models, however, and we need
separate considerations. Some studies of the topological defect lines in E-series minimal
models in view of the renormalization group flows can be found in [8, 38].

2.1 Non-invertible symmetries and topological defect lines

In two-dimensional quantum field theories, non-invertible symmetries are synonyms of topo-
logical defect lines. In Virasoro minimal models with A-series modular invariant partition
functions, it is widely believed that all the topological defect lines are given by the Verlinde
lines.* Verlinde lines Ly s have the same label (r, s) as the (chiral) primary operators ¢,

(p=1)(g=1)
2

of the same theory, so of them are independent.

The action of L, ) on a primary state |¢(,,)) = ¢(,0) |0) is given by

S(r,5).(00)
Lirs) b)) = o |(p0)) » 2.5
(r9) [9(p.0)) 5(171)’(%0)\ (p.0)) (2.5)
where S, ;) (p,0) is modular S-matrix. The explicit expression of the S-matrix is
2 . (D . q
S8 (0.0) = 21| — (=) sin (15 1p) sin (7= s0), 2.6
(r,9),(p:0) L) (qp) (p ) (2.6)

which is real and symmetric.

As a special case, the action of L, ) on the vacuum [0) = [¢(; 1)) is given by

S(rs),(1,1) 0)

L |0) =d.|0) =
(’)H (’)H S,1),1,1)

(2.7)
where the eigenvalue d, ) is called quantum dimension of L(, ). The salient property of
the quantum dimension is that it is a renormalization group invariant when L, ) commutes
with the deforming operators as we will see.

The Verlinde lines satisfy the same fusion rule as (chiral) primary operators:

(k,0)
L(TS XLm” ZNTS kl)
min(r+m— 1,2q 1 —r—m) min(s+n—1,2p—1—s—n)

— > > Likp)- (2.8)

k=1+|r—m| I=14|s—n]|
k+r+m=1 mod 2 l[+s+n=1 mod 2
The fusion coefficients N, ((r S)) (m,n) AT€ related to the modular S-matrix by the Verlinde formula:
SadSbdSd
S = === 2.9
ab zd: S‘Jd ( )

where we collectively denote (r, s) by a etc. This short-hand collective notation is sometimes
used hereafter.

4To avoid trivial counterexamples, we here exclude space-time symmetries such as Poincaré transformation
or space-time parity.



2.2 Invertible Zs symmetry

All the Virasoro minimal models with A-series modular invariance (except when p or ¢ is 2)
possess a special topological defect line L,_y 1) corresponding to the invertible Zy symmetry.
It is invertible because the fusion rule (see e.g. (2.8)) gives Lg_11) X L(g—1,1) = L.

Under the action of L(,_1,1), Z2 charge of the primary operators ¢, can be sum-
marized as

r—1 mod 2 (when ¢ is even)
s—1 mod 2 (when pis even) (2.10)
r+s—2 mod2 (when g and p are both odd).

See e.g. [3]. The Zg symmetry is compatible with the fusion rule of the primary operators
and operator identifications. If we gauge the Zy symmetry (or orbifold it in the conformal
field theory language), A-series minimal models are exchanged with the D-series minimal
models unless it is anomalous.

At this point, we note that the Zs symmetry is anomalous when p and ¢ are both odd.
One way to see this is to compute the quantum dimensions of L,_; 1y, which is —1 rather than
+1. As we will review in the next subsection, the quantum dimension is a renormalization
group invariant and it gives a selection rule of the renormalization group flow as the 't Hooft
anomaly. We can also compute the spin contents of the defect Hilbert space, which will be
again reviewed in the next subsection, and see that it is :t% rather than 0, j:%. As discussed
in [8] this is a clear signal of the 't Hooft anomaly. Let us also recall that there is no D-series
modular invariant partition function when p and g are both odd. This means that we cannot
gauge the Zo invertible symmetry and it is consistent with the existence of the anomaly.

In this paper, we focus on the renormalization group flow that preserves the Zo invertible
symmetry. To be more precise, our renormalization group flow will preserve a larger modular
tensor category with the SU(2),—2 fusion ring. This modular tensor category includes
the Zy invertible symmetry but gives extra ¢ — 3 non-invertible symmetries. In the next
subsection, we will review how the preserved non-invertible symmetries will constrain the

renormalization group flows.

2.3 Renormalization group invariants

The salient feature of the topological defect lines regarded as non-invertible symmetries is
that they give renormalization group invariants when they are preserved along the flow.
Let us first discuss the condition that the topological defect lines are preserved along the
renormalization group flow in the general setup.

Suppose we are at the ultraviolet conformal field theory with a topological defect line
L,. We deform the theory by a relevant operator ¢,. More generally we have to consider
a collection of relevant operators {¢,} to reach the desired infrared fixed point. In such a
case, we assume that the following conditions are met with all the operators we need. Now,
we say that L, is preserved along the renormalization group flow when they commute with
op: Loty = ¢pL, on the cylinder. More explicitly, they must satisfy

La¢y |®) = ¢pLa |®) (2.11)



on any state |®) on the cylinder. In unitary conformal field theories, it is sufficient to check
it on the vacuum [0) = |$(1 1)) [8], but in non-unitary conformal field theories, we may have
to study all the states. We will, however, explicitly see that in our discussions we do not gain
any new constraint by studying all the states rather than the vacuum alone.

In the mathematics language, topological defect lines give a realization of the modular
tensor category. As a modular tensor category, the physical properties of the topological
defect lines are severely constrained. It is believed that the finite-rank modular tensor
categories have no continuous parameters (so-called rigidity). Therefore, when the topological
defect lines are preserved, we expect that the properties of the topological defect lines as a
modular tensor category should be preserved by regarding the renormalization group flow
as a continuous deformation.

Some properties of the topological defect lines are directly related to the ’t Hooft anomaly
i.e. an obstruction to gauge the symmetry, in which case it is not necessary to assume
the non-existence of the continuous deformation of the modular tensor category to deduce
the renormalization group invariance of the modular tensor category. It is simply the 't
Hooft anomaly matching.

In this paper, we focus on two such properties. One is the quantum dimensions of
topological defect lines and the other is the spin contents of the defect Hilbert space. See
e.g. [42-45] for studies of these properties in various examples.

We have already introduced the quantum dimensions of the topological defect lines L,
in (2.7). The renormalization group invariance of the quantum dimensions can be understood
as follows. Recall that the fusion of the topological defect lines is

Lo x Ly =Y N§Le, (2.12)

where N, is the fusion coefficients.

Let us now take the vacuum expectation value of this equality: (Lg) := (0|L,|0), where
|0) = ]qﬁ(l,l)) on the cylinder. The topological defect lines are topological, and we can place
them far away. Then we may assume that the expectation value is factorized®

(La) x (Lp) =Y N&(Le). (2.13)

The solutions of these quadratic equations turn out to be discrete, so it is invariant under
the continuous renormalization group flows.

As the simplest example, let us consider the Zs invertible symmetry with the fusion
rule Lig_11) X Lg_1,1) = L(l,l)(: 1). By taking the vacuum expectation value, we can
immediately see that (L(,_1,1)) = +1. The sign choice corresponds to the anomaly of the
7o invertible symmetry.® In this case, the renormalization group invariance of the quantum
dimension is equivalent to the 't Hooft anomaly matching.

5Potentially, this argument can fail because we are applying the idea developed in unitary quantum field
theories to non-unitary conformal field theories. It, however, turns out that the quantum dimensions that we
can compute explicitly in non-unitary minimal models do satisfy the constraints obtained from this cluster
decomposition ansatz.

SWhether one can choose the sign depends on the constraint from the other fusion rules. In appendix C
of [38], we can find the discussion of why the minus sign is still consistent with the Z, selection rule in
correlation functions.



The other renormalization group invariants we will discuss are the spin contents of the
defect Hilbert space associated with the preserved topological defect line L,. To introduce
the notion of the defect Hilbert space and the spin contents, we begin with the torus partition
function with the insertion of L, in the spatial direction.

ZLa (T, 7_') =Tr (L qLO*C/24 _Eofc/24)

2mT and Yy, is the Virasoro character of the primary operator ¢y.

where ¢ = e
Let us perform the S-modular transformation (7 = —77!) to regard the partition

function as the sum over the defect Hilbert space Hr,,:

Zr,(1.7) = ?bsbcsbch(T)Xd(T)
bye,d ©0P

=Y Neaxe(P)Xa(?)
c,d
= Try,, (ghom/?gho—/2t), (2.15)

where we have used the Verlinde formula (2.9). In the last line, the topological defect line is
inserted in the time direction, and the quantization condition on the spatial circle is modified.
The spin contents of the defect Hilbert space Hy, are defined by the set of “Lorents spin”
{h¢ — hq (mod Z)} evaluated over non-zero N,

Let us now argue that the spin contents of preserved topological defect lines are renor-
malization group invariants (see e.g. [8]). The idea is that the topological defect lines are
topological and the relevant deformation preserves the U(1) rotational symmetry of the
quantum field theory. It implies that the twisted quantization condition on the defect Hilbert
space cannot change in a discrete manner. More precisely, in [43, 46] it is claimed that the spin
content of the infrared theory must be a subset of the ultraviolet theory. The spin contents
of the infrared theory can be a subset because the states might become heavy and decouple.

3 New renormalization group flows

In this section, based on the study of non-invertible symmetries, we propose infinitely many
new renormalization group flows in Virasoro minimal models. We give some formal checks
of the agreement of renormalization group invariants under the flow. Examples will be
given in the next section.

3.1 Renormalization group flow M(kq+ I,q) — M(kq — I,q)

The main claim of our paper is there exist infinitely many renormalization group flows
M(kq + I,q) — M(kq — I,q) induced by the ¢ 1) deformation, which satisfy the
constraint from the non-invertible symmetries. We further claim that the renormalization
group flow is complete when we preserve a modular tensor category with the SU(2),_2
fusion rule that includes the Z, invertible symmetry. By complete, we mean that all the



possible flows that preserve a modular tensor category with the SU(2),_2 fusion ring can
be represented by a repeated use of our proposed flows M(kq+ I,q) — M(kq—1,q). For
concreteness, we assume k and I are both integers in this subsection. The generalization for
non-integer k (and I) will be discussed in the next subsection. The half-integer case does
not preserve the modular tensor category with the SU(2),_o fusion ring.

We first show that the ¢ 9141) deformation preserves the SU(2),_o subcategory L, 1)
(t=1,---,9—1) out of the non-invertible symmetries of the undeformed theory M(kq+1I,q).
For this purpose, as reviewed in section 2.3, we should check L, 1) and ¢ ox41) commute
on the cylinder.

Let us start with the fusion rule (2.3). We have

min(2k+0,2(kq+1)—2—2k—0o)

P1,2k41) X P(p0) = > Ppt) = D_ Do) (3.1)

I=1+|2k+1—0| leA
l4+0=0 mod 2

in M(kq + 1,q), where we have defined A as
A={1]1<I<min(2k+o0,2(k¢q+1)—2—-2k—0), l+0=0 mod 2}, (3.2)

and then we can compare the action of L, 1P(1,2k41) and ¢y ax41)L(r,1) on arbitrary primary
states [@(.q)):

Lir1y(1,2641) |9(p0)) = Lir1)O(1,26+1)P(p0) 0) = > Lz 1)b (o 0)

leA
S r,1),(p,l
=3 Ly o) = 3 w2 (60,0) (3.3)
leA leA (171)7(p’l)
S(rl (p,0) S("‘l)( )
ba 2611 L1y [P(p,0)) = 7’¢ 1,2k+1) |P(p,0)) = 1 26+1)P(p,0) [0)
( ) (r,1) 19(p,0) 5(1 1) (o) (p,o 5(171)7([%0) ( )P (p,0)
Str1),(p0) S(r,1),(p.0)
= P 10) =D < [D0)) - (3.4)
l%:\ S1,1),(0.0) (ot 1%:\ S,1),(p0) *0

Because [ + o is even in the above sum,

. kq+1 : kq+1
Sr1). (o) / Senton) _ (_pye-t2 g o) / Y P G L

San.en/ Sanee) sin(r 2 p) sin(m L p)
— (3.5)

and hence L1 1y, Li21)," +, Lig—21), L(g—1,1) commute with ¢ 2,41). This means that
SU(2)4—2 subcategory generated by L) is preserved under the renormalization group
flow induced by the ¢(; ox41) deformation. In particular, we stress that L(,_; 1) generates
the invertible Zo symmetry of the minimal models, so the renormalization group flow is
Zo symmetric.

In the above discussions, we realize that ¢(; o41) can be replaced with ¢y 941y for any
integer [ such that ¢ 41) is in the Kac table. The physical significance of choosing [ = k is
that then ¢ o541y will be the least relevant deformation within {¢(; 241y} if I < k. When
k > 1, we typically have to introduce the other more relevant deformation ¢(; 211y (with
| < k) and fine-tune the deformation parameters to get to the critical point.” When I > k,
we need fewer fine-tunings to reach the fixed point dictated by the proposed flow.

"Generally we have to fine-tune k — 1 parameters.



Let us now show that the quantum dimensions of all the preserved topological defect lines
match under the proposed renormalization group flows M(kq+ I,q) — M(kq—1I,q).8 The
proof follows by the direct calculation. The quantum dimension dy,.1) of L, 1) in M(kq+1, q) is
(—1)r+t sin(ﬂ%r)/ sin(ﬂ%) and that in M(kq—1,q) is (—1)"*! sin(w%r)/ sin(ﬂ%).

Its ratio is

sin(ﬂ%r) sin(ﬂ%) B Sin(ﬂ'éT’) sin(—wé) . (3.6)
sin(ﬂ%r) sin(w%) sin(—wér) sin(wé) ' '

We can further argue that the constraint from the quantum dimensions is sufficiently non-
trivial. We observe that because kq+ (£l +¢q) = (k+1)gx1I, I takesa valuein1 <1 <¢g—1,
and kq £ I and q are coprime, our proposed flows can be classified by ¢(q) kinds of I, where
©(q) is Euler function. Now we want to see that each connected flows have different quantum
dimensions. For this purpose, let us examine the quantum dimensions of Ly 1) in M(p,q)
in particular; the constraint from the other preserved topological defect lines is typically
not as strong. The explicit evaluation of the formula (2.7) gives di2,1) = —2cos (gw) and
we immediately observe d, 1) takes a distinct value for different p (mod q), given ¢g. Thus,
the quantum dimensions do distinguish our renormalization group flows.

From the general argument in section 2.3, under the new renormalization group flow,
the spin contents of the preserved line L,y (r = 1,---,¢q — 1) should remain the same or
become a subset. While it may be non-trivial to check the agreement of all the spin contents
in the most generic cases, one can systematically check the agreement in the following way.

We first realize that N ((;’2)( £y X(5,m) X (t,n) is non-zero only when m = n. Furthermore, the
fusion coefficients necessary for us do not depend on m, so we can first determine the non-zero
entry of N (;’2)@”) = 5mnN((;’11))(t71) from SU(2),—» fusion rule, and then we can compute
the spin of the defect Hilbert space from (2.2). In this way, it is possible to systematically
compute the spin contents of L, 1) and see the agreement under the proposed renormalization
group flow. We will show some examples in section 4.

Now let us show that the spin contents of H Lz 1D M(p,q) are preserved under the

proposed renormalization group flows. We first observe that the only non-zero fusion

. 2,1 2,1 .
coefficients are N((t,n))(t+1,m) and N((tJrl),m)(t,m)' By computing £ (h(¢41,m) — At,m)), we find the
spin contents of HL@J) are i%% (mod %Z) with ¢t = 1,---,qg — 2. Thus, the spin contents

of Hi,,, in M(kq + I,q) contain those in M(kq — 1, q).

We further want to see that the spin contents of H Lz distinguish the renormalization
group flows as the quantum dimensions. We observe that g% never equals to %% mod
%, SO gi is always missing in the spin content. (Indeed, if this were true, we would have
%l = 7Z, but since p and ¢ are coprime, it should be a contradiction.) On the other hand,
the missing ones (except 4%1 and Q—Iq) always appear in p = 2q — 1 or p = 2q — 2 as long as
q > 3, so the spin contents of p = 2¢ — 1 and p = 2¢g — 2 are different from the other p’s
(mode ¢). We can repeat the analysis with the other p = 2g — s with s = 3,4,--- ;¢ — 1
to realize that they all have different spin contents. The exceptional but easier ¢ = 3 case

can be treated separately (see section 4.1).

8The matching of the quantum dimensions when k = 1 and k = 2, corresponding to the previously known
renormalization group flows, was discussed in [42, 45].



The renormalization group invariants cannot tell which of M(kq+1,q) or M(kq—1,q) is
the ultraviolet theory. To address this question, let us mention two evidence that M(kq+1,q)
is the ultraviolet theory. The first evidence is the c.q theorem [47]. While M(p,q) can be
non-unitary, it is believed that as long as the deformation preserves the PT-symmetry (see
e.g. [48] for a review), the renormalization group flow shows the monotonicity with respect
to the effective central charge cog = 1 — % along the flow. If we accept the ceg theorem
(with the assumption our flows preserve the PT-symmetry), we may conclude M(kq + I,q)
is the ultraviolet theory.’

The other evidence comes from the number of (singlet) relevant deformations [49].
It was argued there that along the renormalization group flow, the number of (singlet)
relevant deformations should decrease. Intuitively, if we deform the theory by relevant
perturbation, the deformed theory becomes less critical and we expect less fine-tuning is
needed to reach the criticality. In [50], it was put on firmer ground by studying the topology of
the renormalization group flow. Again once we accept this conjecture, we realize M(kq+ I, q)
is the ultraviolet theory because it has a larger number of relevant singlet operators. Note also
that if our constraint from the non-invertible symmetries did not exist, we could have found
counterexamples of the conjecture. For instance in the would-be flow M(7,4) — M(5,4), the
number of relevant singlet operators did not decrease. We have, however, forbidden the flow
by matching the non-invertible symmetries. In this discussion, it is important to note that by
singlet, we mean the operators that commute with all the non-invertible symmetries {L 1)}
whose fusion ring is SU(2),—2 than just those that commute with the Zy invertible symmetry.

Here are some historical comments. In a classic paper [1], Zamolodchikov studied the
renormalization group flow &k = I = 1, which turns out to be integrable [51]. This case is
most physically interesting because it describes the flow between unitary minimal models.
Subsequently, Ahn [2] and Léssig [3] proposed the generalization to the non-unitary minimal
models independently, corresponding to k = 1,1 > 1. Later, Dorey, Dunning and Tateo [4]
(see also [52-54]) studied the case with & = 2 from the viewpoint of non-linear integral
equations. Our approach, based on the non-invertible symmetries, also provides us with
new insights into the previously known flows.

3.2 Half-integer k

Our proposed renormalization group flow M(kq + I, q) — M(kq — I,q) induced by ¢ 2541
formally makes sense even if k is a half-integer, where I takes a half-integer or integer
depending on g. The main difference is that 2k + 1 is even so not all the topological defect
lines L, 1) commute with ¢ 2541), but only the subcategory spanned by L4 1), where £ is
an integer, is preserved. This restriction can be explicitly seen in (3.5), where for half-integer
k, 1+ o is odd (rather than even for integer k case discussed there), so we have to assume r
is an odd integer. This subcategory has the fusion ring of SO(3)[%]_1.

If we restrict ourselves to these topological defect lines, all the discussions above can
be repeated. In particular, the consistency of the proposed renormalization group flow with
the preserved non-invertible symmetry holds. For instance, the invariance of the quantum

90ne caveat here is that we have not verified our renormalization group flow preserves the P7 symmetry.
It is an interesting question to see if the P77 symmetry can be realized as a topological defect line.
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dimensions of L,,1) can be checked as in (3.6), but with half-integer k, the ratio becomes
(—=1)"*L. Thus only the preserved lines with r = 2¢ + 1 have the same quantum dimensions
as claimed. The strongest constraint from the spin contents comes from L3 (rather than
L(2,1) which does not exist). In M(p,q), the spin contents of Hp,, are {O,ig(ﬁ +1)}
(¢=1,---,9—3), and we can check it is consistent with our flow M(kq+1,q) — M(kq—1,q)
with half-integer k.

Some specific renormalization group flows have been studied in the literature. The
particular case with k = % was discussed in Dorey et al. [4], but note (p, ¢) there was swapped
compared with our unified notation so that their ¢ ) is our ¢(31). The non-invertible
symmetries, in this previously known case, were studied in [45]. Again, we generalize their
works by letting k be an arbitrary half-integer.

Let us comment on the fate of the Zy invertible symmetry under the half-integer k flow.
When £ is a half-integer and ¢ is odd, ¢ 2541) is odd under the Zy invertible symmetry,
so the preserved modular tensor category does not include L(,_1 ). Nevertheless, after
the flow, we do recover the entire modular tensor category with the SU(2),—2 fusion ring,
including the invertible Zy symmetry. They must be emergent symmetries. While this must
be the case since this half-integer k& flow allows us to change the (non-)anomalous nature
of the Zy symmetry, the microscopic details of the renormalization group flow may be of
interest and needs further study.

4 Some examples

In this section, we study explicit examples of M(kq+1,q) — M(kq—1I,q) flows for ¢ = 3,4, 5,
emphasizing physical interpretations. As a potentially exceptional case, we then examine
q = 2 separately.

4.1 M@Bk+1,3) > M(3k — I,3) and anomaly matching

In this case, our proposal with integer k boils down to the conclusion that there exists
distinct renormalization group flows among M (20 + 1,3) and among M(2l,3). The only non-
trivial topological defect line preserved by the ¢(j g4 1) deformation is Ly ;) that generates
the invertible Zs symmetry. The constraint from the quantum dimensions as well as spin
contents will be equivalent to the 't Hooft anomaly matching. We recall that the Zy invertible
symmetry is anomalous in M (2] + 1,3) and non-anomalous in M (21, 3) so they cannot mix
under the Zs preserving renormalization group flow.

While the quantum dimensions of L3 1y can be directly computable from (2.7), the spin
contents of H Lz, CaN be computed by the algorithm mentioned in section 2.3. As argued

there, non-zero entry of N((fﬁl))(t n) implies m = n and (s,t) =(2,1) or (1,2), which have the
opposite spins. From the dimensions of primary operators (2.2), we find the spin of the defect
Hilbert space Hp,, ,, is given by F(hm) — ham) = :I:%(p —2m) with 1 <m <p—1. The
spin contents are therefore {£1} when p is odd and {0,£3} when p is even.

We have summarized the quantum dimensions and spin contents of M (p,3) models in ta-
ble 1 and table 2. Note that for the anomalous Zs invertible symmetry, the quantum dimension

is —1 and the spin content is {£1}, which is consistent with the general argument [8].
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p |45 | 7 [8|10] 11|13 |14
dogy |1 -1|-1|1|1|-1]-1|1

Table 1. The quantum dimensions of Ly 1) in M(p, 3) series.

p 4 ) 7 8 10 11 | 13 14
1 1 1 1 1 1
HL(QJ) 0,5 | £ + 0,£5 [ 0,+5 | £ | £ | 0,£5

Ll
W=

Table 2. The spin contents of Hy,, ,, in M(p, 3) series.

P 3 5 7 9 11 | 13 15 17
dow | V2 | V2| V2| V2| V2 Ve -2 | -2
1 1 1 1 1 1 1 1

d(3,1)

Table 3. The quantum dimensions of Ly 1) = N and L34y =nin M(p,4) series.

We would like to note that in the literature [5, 55], one of the flows in this class
M(10,3) — M(8,3) induced by ¢ 7) (k = 3,1 = 1) was used to study the Landau-
Ginzburg-like Lagrangian constructions of non-unitary minimal models. The further flow
M(8,3) — M(4,3) induced by ¢ 5 (k = 2,1 = 2) can be straightforwardly realized in
their Landau-Ginzburg-like Lagrangian. Another flow M(7,3) — M(5,3) induced by ¢ 5
(k = 2,1 = 1) was studied in [56] from the truncated conformal space approach.

Let us briefly discuss the case with half-integer k. With the half-integer k, ¢ 2541
deformation does not preserve any non-trivial topological defect lines in M(p,3), so the

constraint is none. We, however, observe that some of the predicted flow such as M(10, 3) d)(ﬁ))
M(5,3) 19 M(4,3) may give an interesting Lagrangian description of M(5,3), given the
Lagrangian description of M(10, 3) is available. Indeed, the flow has some theoretical interest

because of the (dis)appearance of the anomalous Zy symmetry of M(5,3) in the middle
of the renormalization group flow.

4.2 M(4k +1,4) - M(4k — I,4) and duality defects

Here, under the ¢ 9141y deformations with integer k, the preserved topological defect lines
are Ly 1), L(2,1) (sometimes called N') and L3 ;) (sometimes called ) and generate the Zy
Tambara-Yamagami modular tensor category. There are p(4) = 2 distinct renormalization
group flows predicted from our proposal.

Let us first study the quantum dimensions of L, 1y and L3 ), as shown in table 3. As
discussed in section 3, d(y 1) distinguishes the two renormalization group flows inside M(p,4).
Since the Zy invertible symmetry is non-anomalous, d3 1) =1 for all p, and it is not useful
as a constraint on the renormalization group flow.

We can also compute the spin contents of L, 1) and L3 1. Since the topological defect
line L3 1) generates the non-anomalous Zy invertible symmetry, the spin contents must be
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P hsm — hin the spin contents
3 +i +L +L +L
5 +i, L, 25 1 i, £k
7 +3 25 b4l 13 419 42T +3 +5
9 3, 45, 55, £13, £330, 5, £ 2, +8 +3,+5%
11 i, L £ p 15 1T 428 425 43l 439 44T +i, 5
13 +15,£15 £15 £10, H1g, £33, +2 43, 433 44 488 45T +i6, T
15 +3 43 pIl p 18 418 2l 427 29 438 43T 443 40l 459 40T +3,+5
17 | k3, t, 216, 12, £12, £34, +21, +20 435 437 48 428 488 401 488 410 3,5

Table 4. The values of hg ,, — ht ., When N((f’lm))(t ) # 0 and the spin content of the defect Hilbert

space H s for minimal model M(p,4) (p = 3,5,---,17). The spin contents can be obtained by taking
mod 1.

{0, j:%} as can be checked easily, so we focus on L3 1). The result of the explicit computation
is summarized in table 4.

As derived in section 3, for M(p,4), the general formula for hg ., — ht, and the spin
content of HL(QJ) can be derived:

3p —8m i5p—8m

hsom = han + { £ T [1<m<p-1}, (4.1)
1 7
+—.+— (p=3,5mod )
the spin contents of Hyp,,  : ]§ ]56 (4.2)
7 ZIZE,ZIZE (p:1,7m0d 8)

This is compatible with (6.5) in [8] on the spin content of the duality defect line. With this
agreement in mind, let us argue that L, ) is indeed the duality defect line.

As is well-known in the critical Ising model M(3,4) and the tricritical Ising model
M(5,4), the Zy Tambara-Yamagami modular tensor category has a physical interpretation
as the duality defect line. We would like to offer a similar interpretation to the general
M(p,4) Virasoro minimal models.

First, let us review the duality defect in more generality [57-59]. Consider a quantum field
theory Q on a d-dimensional spacetime with a non-anomalous Zy ¢-form global symmetry.
We divide the spacetime into two regions and gauge the Zy global symmetry in half of
the spacetime. Then, we can construct a codimension-one topological interface between
the original theory Q and its gauged theory Q/Zy. If the original theory Q is invariant
under gauging the Zy global symmetry

Q= Q/Zn,
the interface becomes the duality defect in the original theory O.

(4.3)

When do we expect the duality defect in this so-called half-space gauging construction?
Note that the gauged theory has Zn 27N (d—q—2)-form dual (or quantum) symmetry, so the
ungauged theory and the gauged theory may have the same symmetry as in (4.3) if we require
d—2
=5
Our cases discussed in this paper correspond to (d,q) = (2,0).

q (4.4)
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Given a duality defect in the ultraviolet conformal field theory, we want to understand
its fate under the renormalization group flow. Let us assume that the duality procedure
commutes with the deformation of the ultraviolet conformal field theory.'® Then, we should
have the duality defect with the same property in the infrared as well. Such an existence
should provide us with a strong constraint on the renormalization group flow.

We want to argue that the topological defect line Ly 1) in M(p, 4) is the duality defect
line. Let us consider general M(p, q) with the A-series modular invariant partition functions
Za, 1A, - Let us further assume the case when p or ¢ is even (but not 2) so that the Zs
symmetry is non-anomalous and can be gauged. The partition function of the Zo gauged
theory can be obtained by the orbifold technique:

when ¢ = 0 mod 2

Z
ZM(p.a) /22 = Do (4.5)
ZAq,l,Dp/QH when p = 0 mod 2.

The right-hand side is generically a non-diagonal modular invariant partition function of
D-series, but the exception is when ¢ = 4 (or p = 4). Because A3 = D3, A-series minimal
models M(p, q) are invariant under gauging Zsy global symmetry if and only if p or ¢ is 4. In
other words, M(4, q) is self-dual under the Zs gauging and it has a duality defect line V.
Moreover, we can show that the duality defect line N satisfies the Zy Tambara-Yamagami
fusion rule such as nxn =1, nx N =N xn =N and N x N = 1+n. This is nothing but the
fusion rule of the topological defect lines L5 1) and L3 1) preserved under the renormalization
group flow M(4k + I,4) — M(4k — I,4) induced by ¢(1 2141)-

After seeing how the duality line plays a significant role in the renormalization group
flows of M(4k + I,4) — M(4k — I,4) when k is an integer, let us briefly discuss the case
when £ is a half-integer. Here, ¢(1 o41) does not commute with L3 ;) and the only preserved
symmetry is L3 ). Accordingly, there are no obstructions for the renormalization group
flows between any pair of p in M(p,4). The simplest example would be M(3,4) to “M(1,4)”
induced by ¢(172)(: €), which is a massive flow. Physically, if we change the temperature
of the Ising model, the Kramers-Wannier duality is broken and the criticality will be lost.
See [4] for an interpretation of “M(1,4)” from the viewpoint of the integral equations.

To conclude this subsection, we have summarized the renormalization group flows between
M(p,4) in figure 2. As a physical application beyond the classic tri-critical Ising to critical
Ising flow M(5,4) — M(3,4), the fermionic version of the renormalization group flow
M(11,4) to M(5,4) was discussed in [38] to understand the fate of the non-supersymmetric
Yukawa fixed point.

4.3 M(5k+I,5) — M(5k — I,5)

We repeat our analysis on the renormalization group flows M(5k + I,5) — M(5k — 1,5)
induced by ¢(; 2x41) that preserve a modular tensor category with the SU(2)3 fusion ring,
assuming k is an integer. Here, we have ¢(5) = 4 distinct flows that cannot mix. The 't
Hooft anomaly matching of the Zg invertible symmetry distinguishes M(p,5) with even p
and odd p, but the other non-invertible symmetries give a finer classification.

10This assumption is stronger than just assuming the deformation preserves Zs invertible symmetry. For
the difference, see the example of half-integer k£ flows below.
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(k,I)=(2,1) (k,I)=(3,3) (k,I)=(4,1)

M(7,4)  M(9,4) M(15.4)  M(17,4)
/‘k/ / \A’\ /%/ /
M(3.4)  M(5,4) M(11,4)  M(13,4)

\/\_/\/

(k,I)=(1,1) (k,I)=1(2,3) (k,I) = (3,1)

Figure 2. M(p,4) are classified in terms of the spin contents and the quantum dimensions of the
duality defect N'. They constrain the renormalization group flow like this figure. Dotted arrows are
possible in the half-integer k£ flow which does not preserve the duality defect lines.

P 2 3
d2,1) —¢pt | ¢!
d3,1) —¢p7t | —pt
duyy | 1 | -1

7 8 | 9|11
ot | o] 0| ¢
—¢ 7| b | ¢
-1 | 1 |[-1|-1

RS RS S

=S [ S| O

Table 5. The quantum dimensions of L, 1y in M(p, 5) series.

The quantum dimensions of preserved non-invertible symmetries are given in table 5.
Here, ¢ = 1+27\/5 is the golden ratio. As discussed in section 3, not only all the quantum
dimensions are consistent with the proposed renormalization group flow, but Ly ;) gives the
strongest constraint such that it fully distinguishes our proposed renormalization group flows.

Let us also compute the spin contents of the preserved topological defect lines. On

] 3 2,1 2,1 2,1 2,1
Hfz(zi;), the non—zer(cz) 1f)usmn coefficients are N((Lm))@m), N((2,m))(1,m), N((z,m))(g,m)v N((&m))(lm)’
N(3:m)(4,m)7 and N(4,’m)(37m), so we have
3p m 1 ™ m
| m——= ], =2 + | =—-— 4.
{ (20 2)’ 4(p m), (20 2)}’ (4.6)
where 1 < m < p — 1. Similarly on Hp,, ,,, from the non-zero fusion coefficients N, ((f ’jn)) 3m)>
(3,1) (3,1) (3,1) (3,1) (3,1)
N(3,m)(1,m)7 N(Q,m)(él,m)? N(4,m)(2,m)7 N(Q,m)(?,m)’ and N(3,m)(3,m)’ we have
2
{i(f—m),i(?—m)ﬂ}. (4.7)
Finally, on Hp,, , , from the non-zero fusion coefficients NN ((i’yln)) (4,m)’ N, ((i’lm)) (L)’ ((;1},11))(37"1)7
and N((g"lm))@ myr We have

{ii@QmLii@Qmﬁ. (4.8)

The results are summarized in table 6. We note that the constraints from the quantum
dimensions and constraints from the spin contents are the same.
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p 2 3 4 6 7 8 9 11
1 1 1 9 1 2 1 1 2 1 1 1 9 1 3 1 3 1 7 3 1 7
MHry, |03 | o5, th 455 | 0,04, #2325 |0,k #2341 |20 #3220, 4L 43+ | £5 #1325 | 3 +1 4%

20° 10° 107 207
1 1 2 2 1 1 2 2
Hig,, | 0,41 0,+1 0,+2 0,+2 0,+1 0,+1 0,+2 0,+2
1 1 1 1 1 1 1
i, 0 +1 0,+1 0,+1 +1 0,+1 +1 +1

(4,1)

Table 6. The spin contents of Hy,, ,, in M(p,5) series.

Since this is the first example of the appearance of p = 2 as in the flow M(8,5) — M(2,5)
induced by ¢q 3y, let us comment on it. We will give more detailed discussions in section 4.4.
Unlike in M(p, 5) with p > 2, in M(2,5), L(4,1) is identified with L(; 1y and L3 is identified
with L, 1), so we have only half of the preserved non-invertible symmetries in the infrared
compared with the ones in the ultraviolet. These symmetries may be spontaneously broken
or disappear. Note, in particular, that The Z, invertible symmetry generated by L4 1) is
non-anomalous, so it can simply disappear. Understanding the fate of these symmetries
requires dynamical analysis which is beyond the scope of our paper, but further discussions
follow in section 4.4.

Let us finally make a brief discussion on the half-integer k flow. The preserved topological
defect lines are Ly 1y and L3 1), which form the fusion rule of M(2,5) (Lee-Yang fusion ring).
It is also called the Fibonacci fusion ring (see the appearance of the golden ratio above).
There exist two distinct renormalization group flows depending on d3 1), which is consistent
with the classification of the modular tensor category with the Fibonacci fusion ring. The Zo
invertible symmetry is broken by the deformation, but it reappears as an emergent symmetry.
This is how we can change the (non-)anomalous nature of the Zy invertible symmetry along
the renormalization group flow.

4.4 Flows to M(p,2) or M(2,q)

As far as the non-invertible symmetry goes, there is nothing wrong with our flows M (kq +
I,q) - M(kq—1I,q) even when q = 2 or kq — I = 2. A closer look tells us, however, the
situation is more subtle essentially because there is no Zy invertible symmetry in M(p, q)
when either p or ¢ is 2. From the viewpoint of the topological defect lines, the would-be Zo
topological defect line L,_; 1) is identified with the identity defect line L(; ;). In other words,
there exist no charged primary operators under the Zs invertible symmetry.

By taking ¢ = 2, our proposal suggests the existence of the renormalization group flow
M2k +1,2) — M(2k —1,2) induced by ¢(; o41)- The case with I = 1, however, may sound
problematic because ¢(; o541 is outside of the Kac table. The most reasonable interpretation
is that the flow exists but the primary operator that induces the renormalization group flow
is a certain fine-tuned combination of ¢ ;) with [ = 1,2,--- , k. Indeed, the numerical
analysis based on the truncated conformal space approach shows the existence of such flows
(for small k) [6, 7, 60]. Of course, we could be simply agnostic about these flows because
the argument based on the non-invertible symmetries does not give any constraint at all
here, but we are tempted to unify them within our proposal.

Another subtle case is ¢ # 2 but k¢ — I = 2. In this case, the question is about the
fate of the Zs invertible symmetry. We start with the ultraviolet theory with a Zsy invertible

"Under the identification, this is equivalent to taking I =1,3,--- ,2k — 1.
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symmetry and we add the deformation that preserves it. In the infrared limit, we end up
with the theory that does not possess any Zs invertible symmetry. What happened to the
symmetry? One possibility is it is spontaneously broken. Another possibility is all the
charged operators are decoupled in the infrared limit. The latter is possible because the
Zo symmetry here is non-anomalous.

In the massive flow example of M(4,3) — M(2,3) induced by ¢(; 3) (formally k = 1,
I =1 flow), where a Lagrangian description is available, both can happen depending on the
sign of the deformation. Regarding M (4,3) as a critical ¢* theory, adding m2¢? with positive
m? gives decoupling of the Zs charged field ¢, and with negative m? it gives spontaneous
breaking of the Zo symmetry.

Physically M(2,q) can be realized in the multi-critical Lee-Yang fixed point in two
dimensions. So far, the canonical construction of the (multi-critical) Lee-Yang fixed point
was to start with the Zy symmetric theory, say Ising model, and add the (imaginary) Zo
breaking interaction, say pure imaginary magnetic field, to get to the fixed point. This new
construction without explicitly breaking the Zo symmetry is novel and worth studying further.

5 Discussions

In this paper, based on the study of non-invertible symmetries, we have proposed there
exist infinitely many new renormalization group flows between Virasoro minimal models
M(kq+1,q9) - M(kq—1I,q) induced by ®@1,2k+1)- They vastly generalize the previously
proposed renormalization group flows in the literature.

One should be able to check our new renormalization group flows by using the conformal
perturbation theory or truncated conformal space approach [61-63]. Here, let us simply
observe that the deformation operator ¢(; o511y is more relevant when the separation of the
renormalization group flow given by [ is larger. This agrees with our intuitive picture; the
more relevant deformations, the longer the renormalization group trajectory becomes. It
should also agree with the difference of the central charge at the fixed points. More recent
approaches to the renormalization group flow based on the boundary states and interfaces
can be found in [64-66], and they may be useful to understand our new renormalization
group flows better (see also the recent work [67]).

For a future direction, it is interesting to study the integrable structure of our new
renormalization group flows M(kq + I,q) — M(kq — I,q). As initiated in [51, 68] the
flows with I =1 (or I = 1) can be described by the Thermodynamic Bethe Ansatz [69-75].
When I > 1, there seem to be no known descriptions in terms of the Thermodynamic
Bethe Ansatz, but the integral equations that describe the effective central charge along
the flow were proposed [4]. It should be interesting to generalize these works to our new
renormalization group flows.

Another direction to be explored further is a concrete realization of our new renormal-
ization group flows in statistical models or quantum field theories. It is known that any
(non-unitary) minimal models have a statistical model realization based on the Restricted
Solid-On-Solid (RSOS) model [76-79] (see also [80, 81] for the related spin chain construction).
It is interesting to understand the nature of the anomalous Zs symmetries, duality defects as
well as general non-invertible symmetries preserved by our renormalization group flow.
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As for the quantum field theory realization, we are still in our infancy even more than
fifty years after the birth of conformal field theories. This is because the quantum field theory
descriptions (e.g. Landau-Ginzburg theory [82] or gauge theory [83]) for non-unitary minimal
models are largely unknown. We, nevertheless, note that 2d-4d correspondence [84] gives
realizations of certain (but probably not all) non-unitary chiral algebra from supersymmetric
conformal field theories in four dimensions. We hope our renormalization group flow may
become a breakthrough in this direction.

Concerning the explicit constructions of minimal models from known quantum field
theories, while our discussions focus on the infrared flow, it seems interesting to look at
the flow in the opposite way as an ultraviolet flow [85, 86]. Since the ultraviolet flow is
a non-renormalizable deformation, we may need some other input such as an integrability
to pursue, but once done, it should give a strong hint toward the quantum field theory
descriptions of the ultraviolet theory whose “Lagrangian description” were unknown.

Why do we crave Lagrangian descriptions of the Virasoro minimal models? We wish to
point out here that once the Lagrangian descriptions are available, we may generalize these
models in higher dimensions. When we obtain the higher dimensional fixed points, we can
ask whether the constraints on the renormalization flow from the non-invertible symmetries
can also be uplifted. Since we have less explicit constructions of non-invertible symmetries in
higher dimensions, this is an outstanding question to be pursued.
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