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Given a critical quantum spin chain with a microscopic Lie group symmetry, corresponding, e.g., to U(1)
or SU(2) spin isotropy, we numerically investigate the emergence of Kac-Moody symmetry at low energies
and long distances. In that regime, one such critical quantum spin chain is described by a conformal field
theory where the usual Virasoro algebra associated with conformal invariance is augmented with a Kac-Moody
algebra associated with conserved currents. Specifically, we first propose a method to construct lattice operators
corresponding to the Kac-Moody generators. We then numerically show that, when projected onto low-energy
states of the quantum spin chain, these operators indeed approximately fulfill the Kac-Moody algebra. The
lattice version of the Kac-Moody generators allows us to compute the so-called level constant and to organize
the low-energy eigenstates of the lattice Hamiltonian into Kac-Moody towers. We illustrate the proposal with
the XXZ model and the Heisenberg model with a next-to-nearest-neighbor coupling.
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I. INTRODUCTION

Near a continuous phase transition, microscopically differ-
ent systems may display low-energy, long-distance behavior
that is remarkably similar. Such universality is explained by
saying that those systems flow to the same fixed point of
the renormalization group (RG) [1]. In 1+1 dimensions, the
universality class of a (massless) RG fixed point is often
described by a conformal field theory (CFT) which, in turn,
is completely characterized by a set of parameters known as
the conformal data [2,3].

In this work we are concerned with critical quantum spin
chains, as specified in terms of a local lattice Hamiltonian in
one spatial dimension. Given one such Hamiltonian, a natural
goal is to numerically compute the conformal data of the
emergent 141 CFT that describes the behavior of the spin
chain at long distances and low energies—in other words, to
numerically characterize the emergent universal behavior of
the phase transition realized by the quantum spin chain. For
this purpose, one may follow an approach, initiated in the
1980s [4-7], that is based on the operator-state correspon-
dence. Given a 141 CFT on the circle, this correspondence
establishes that each simultaneous eigenstate |SFT) of the
Hamiltonian H°FT and momentum PCFT of the CFT on the
circle corresponds to a scaling operator IﬂfF T (an operator that
transforms covariantly under scale transformations). More-
over, the energy and momentum of the state [<TT) relate
to the universal scaling properties of the operator ¥SFT. Im-
portantly, the low-energy states of a critical quantum spin
chain on the circle are organized as in the emergent CFT.
Accordingly, Cardy and others [4—7] proposed that one could
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extract the conformal data by simply studying the low-energy
states of the critical quantum spin chain. Over the years,
several other authors have contributed additional insights into
this strategy. A crucial step was to identify operators on
the lattice with operators of the CFT. In particular, certain
lattice operators can be identified with Virasoro generators
of the conformal symmetry in the CFT [8-14]. This means
that such lattice operators act on the low-energy states of the
critical quantum spin chain approximately (up to finite-size
corrections) in the same way that the Virasoro generators
act on the corresponding states in the CFT. The lattice Vi-
rasoro generators allow us to see the emergence of conformal
symmetry directly on the lattice, offering a way to system-
atically identify primary operators and conformal towers in
the low-energy spectrum of a quantum critical spin chain
[14-16].

In some CFTs, conformal symmetry is enhanced to a larger
symmetry, which further relates different Virasoro primary
operators and conformal towers. Extended symmetries exist in
many CFTs that describe lattice models, such as quantum spin
chains [17,18], classical statistical-mechanics models [19,20],
and edge modes of topological orders [21,22]. One important
implication of the extended symmetry is that it reduces the
number of independent primary operators in the conformal
data. In the cases known as rational CFTs [23], the number
of primary operators with respect to the extended symmetry
is finite, while the number of Virasoro primary fields can be
infinite. This makes the extraction of complete conformal data
possible. A prominent example is when conformal symmetry
is enhanced by a global symmetry with Lie group G. In this
case, scaling operators are organized by an extension of the
Virasoro algebra, the Kac-Moody algebra [24,25], denoted by
gk, where g is the Lie algebra of the the group G and k € Z is
the level constant. A remarkable consequence of the extension
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is that the global symmetry of the CFT becomes G x G, which
acts independently on left and right moving fields.

In this paper we investigate how the Kac-Moody symmetry
emerges from critical quantum spin chains with a Lie group
symmetry G. We construct lattice operators that correspond
to the generators of the Kac-Moody algebra. We numerically
confirm that the global symmetry is enhanced to G x G in the
low-energy subspace and that the eigenstates can be organized
into Kac-Moody towers. We test our proposal with the XXZ
model for the G = U(1) case and the Heisenberg model with
next-to-nearest-neighbor interactions for the G = SU (2) case.
In both cases we find that the proposed lattice Kac-Moody
generators act on the low-energy states as their CFT coun-
terparts in the thermodynamic limit. In particular, we can
extract the level constant k by computing the commutators of
lattice Kac-Moody generators in the low-energy subspace. In
previous work by some of the authors, lattice operators that
correspond to generators of another form of extended sym-
metry, namely superconformal symmetry [26], were found
numerically. Here, in contrast, we provide an analytical ansatz
for the lattice Kac-Moody generators. For the specific case of
the XXZ model, which is an integrable model, the lattice Kac-
Moody generators can also be found via bosonization [27]
(as reviewed in Appendix A), and we can use this previous
result to further validate our proposal. In contrast, no previous
results appear to be known for the Heisenberg model with
next-to-nearest-neighbor interactions. The performance of our
method, which treats all models on the same footing, is seen
to not rely on integrability.

The rest of the paper is organized as follows. In Sec. II, we
review the conformal symmetry and the Virasoro algebra in
a CFT, as well as the approximate lattice version of Virasoro
generators. In Sec. III, we consider the Kac-Moody algebra
for the Abelian group G = U(1). We first review the free
boson CFT and the action of the Kac-Moody algebra, and then
propose our method to build an approximate lattice version of
the Kac-Moody generators. We also present numerical tests
of the lattice Kac-Moody generators in the XXZ quantum spin
model. In Sec. IV we generalize the formalism to general non-
Abelian group G. We will focus on G = SU(2) and construct
an approximate lattice version of the Kac-Moody generators
for the Heisenberg model with next-to-nearest-neighbor inter-
actions. In Sec. V we conclude with discussions and future
directions.

II. CONFORMAL SYMMETRY AND LATTICE
VIRASORO GENERATORS

In this section we review conformal symmetry, the Vira-
soro algebra, and its approximate realization in the low-energy
states of a quantum critical spin chain; see Ref. [14] and
Ref. [24] for an introduction. Throughout this paper, we use
superscript T to denote objects in a CFT, e.g., TFT, LCFT,
JCFT "and in this way distinguish them from the correspond-
ing objects in a lattice, e.g., T, L,, J:.

A. Virasoro algebra

Consider a conformal field theory in 141 dimensions.
Conformal transformations on the plane are generated by

Virasoro generators LETT, LEFT (n € 7Z) that satisfy the Vira-
soro algebra,

CFT

C
[ L] = = mL & a0 = Do, (1)
. _ _ CCFT
[ L] = (0= m)L & —5on(n® = Dénimo. - (2)
[ L] =0. )

In particular, dilations and rotations of the plane are generated
by DT = [§FT 4+ [EFT and RE'T = L§FT — [S'T, respec-
tively. The Hilbert space of the CFT is supported on circles
around the origin. Any state in the Hilbert space can be
spcanned by simultaneous eigenstates [¢STT) of LGTT and
LSFT,

L(():FT ’ ,(//_L(EFT> — hSFT ‘ I/fO?FT>, I_J(():FT ’ ,(//_EFT) — BSFT ‘ wEFT), (4)

where (hSFT, hSFT) are the holomorphic and anti-holomorphic
conformal dimensions of the state. The eigenvalues of DT
and RFT are ACFT — ;CFT | jOFT yng (CFT _ jCFT _ CFT
known as scaling dimensions and conformal spins, respec-
tively.

Setting n = 0 in Eq. (1), we see that acting with ona
state changes the holomorphic dimension by —m. Therefore,
LEFT lowers the scaling dimensions and the conformal spins
by m. Similarly, ZSFT lowers the scaling dimensions by m and
increases the conformal spins by m. A Virasoro primary state
|#SFT) is defined such that its scaling dimension cannot be
lowered,

CFT
Lm

ESTET) =0, LTl =0, w0, 9

Each primary state is associated with a Virasoro conformal
tower, which contains that primary state as well as all its Vira-
soro descendant states. The descendant states are obtained by
acting successively with raising operators LS, LSFT (m < 0)
on the primary state.

B. CFT on the cylinder

In 1+1 dimensions one can use a conformal transforma-
tion to map the CFT from the plane to a cylinder S' x R,
where the axial direction is the imaginary time direction with
coordinate T € (—o00, 00), and the angular direction is the
spatial direction with coordinate x € [0, L). The Hilbert space
is supported on the equal-time slices. We will focus on the
T = O slice, and denote the fields with its spatial coordinate x.
In any CFT, there exist the holomorphic and anti-holomorphic
energy-momentum tensors 7T and 7T, with conformal
dimensions (2,0) and (0,2), respectively. The Hamiltonian and
momentum can be expressed as an integral of the stress tensor,

L
HEFT — / dx hFT (x), (6)
0

L
PCFT — / dx pCFT(x)7 (7)
0
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where
R (x) = %[TCFT()C) + T (), ®)
P ) = i[TCFT(x) — T (x)]. )
27

The Virasoro generators are the Fourier modes of 7T and
TCFT

CFT L t inx 2 - CFT T
L7 = f dxet™ T T (x) + E&x,o,
0

T 2n)?
(2m) (10)
7 CFT /Ld —me”TCFT( ) + CCFT(S
= xe "™ X) + ——b,0.
" en) J 24 "0
We may express the Hamiltonian and momentum as
20T _ CCFT
gCFT — 2T ([ CFT || jCFT _ 7 11
L\ Tl 12 (b
2 -
PCFT — _( SFT _ L((J:FT). (12)

L

We see that each simultaneous eigenstate |STT) of HCFT and
PCFT has energy and momentum

27 cCFT
ECFT _ = ACFT _ , 13
o L ( « 12 (13)
2
PCFT = T”sg”. (14)

It is also useful to express the Fourier mode of the Hamilto-
nian density as a linear combination of Virasoro generators
LEFT and L°FT,

_ L (* i 21

L+ O =1 = o /0 dx e"™E R (x). (15)
These operators transform states within the same conformal
tower of the CFT.

C. Lattice Virasoro generators

Given a critical quantum spin chain on a circle with Hamil-
tonian

H=> hj (16)
J

its low-energy eigenstates |y, ) are in one-to-one correspon-
dence with CFT states |1ﬂ§F T). The energies and momenta of
|, ) are related to the scaling dimensions and conformal spins
by [4-6]

2T CFT CCFT

E,=A+B—[A" — — ON™), 17
+B— ( o B ) +OW™), A7

2
P, o = FSSFT,
where the O(N~) with x > 1 is the nonuniversal finite-size
correction. These relations are direct lattice versions of ex-
pressions (13) and (14) for the CFT, in that upon identifying
the circle size L with the size N of the spin chain, we could
rewrite them as E, = A + BE, + O(N™) and P, = PS'T.
From Egs. (17) and (18), one may extract approximate scaling
dimensions A, and exact conformal spins s, from the low-
energy spectrum of the spin chain. In particular, the constants

(18)

A, B (which depend on how the lattice Hamiltonian is nor-
malized) may be determined by demanding that the scaling
dimensions of the identity operator and the stress tensor be
Ay = AY*T =0 and A7 = AT =2 [14]. Notice that for a
CFT that describes the continuum limit of a local critical spin
chain Hamiltonian, the states |1°FT) and |7CFT) must exist,
so the above procedure to determine constants A and B can
always be applied.

The lattice operator H, that corresponds to HST is the
Fourier mode of the lattice Hamiltonian density 4,

N injZ C
H,,:EXj:eho_,-~HnFT. (19)

There is both analytical and numerical evidence that H, acts
on the low-energy eigenstates of the lattice Hamiltonian as
HEFT acts on the corresponding CFT states [8—14]. We stress
that the lattice Virasoro generators H, only (approximately)
satisfy the algebra obeyed by the CFT operators H,?FT when
projected onto the low-energy eigenstates of the quantum spin
chains. At the level of lattice operators, it is easily checked
(e.g., numerically) that the H, operators do not satisfy the
Virasoro algebra. Similar to the O(N™) term in Eq. (17),
there are also nonuniversal finite-size corrections in the matrix
elements of H,, which can be reduced by an extrapolation to
the thermodynamic limit (that is, the limit of an infinitely large
spin chain, N — 00).

Since the lattice Virasoro generators H, connect low-
energy eigenstates within the same conformal tower, they can
be used to identify Virasoro primary states and their conformal
towers on the lattice [14].

III. LATTICE REALIZATION OF KAC-MOODY ALGEBRA:
THE U (1) CASE

In this section we first review the U (1) Kac-Moody algebra
and its manifestation in the free compactified boson CFT.
We then consider a critical quantum spin chain with U(1)
symmetry and construct a lattice version of the Kac-Moody
generators. Finally we numerically verify the actions of the
proposed lattice Kac-Moody generators in the XXZ model.

A. U (1) Kac-Moody algebra

We consider a CFT with a global U(1) symmetry, with
conserved U (1) charge QFT, which is an integral over space
of a conserved local current qCFT (x),

QCFT — /dquFT(x). (20)

In a CFT, it turns out that the conserved current can be further
divided into holomorphic and anti-holomorphic parts which
are separately conserved,

g (o) =TT ) + T (), @n

where JFT and JT are current operators with conformal
dimensions (1,0) and (0,1), respectively. Since both current
operators satisfy conservation laws, namely /T =0 and
3JCFT — 0, there is an additional conserved charge

M = / dx m“FT(x), (22)
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where
mT(x) = I (x) — T (x). (23)

The global symmetry is therefore U (1) x U(1).
For later reference, let us combine Egs. (21)—(23) and the
conservation relations above, to obtain

—id:qT(x) = 9,;mT (x). (24)

Then, upon substituting the time derivative with the commu-
tator by the Hamiltonian we further obtain

iHT, ¢ ()] = 8.m“ (x). 25)

Similarly to Eq. (10), which defined the Virasoro gen-
erators, we may define the generators of the Kac-Moody
algebra by

1 L ; 24
JET = — | dxet ™ Oy, (26)
" 2w 0
1 L ; T
T = — | dxe ™ ] (x), 27
. 2 0

They satisfy the u(1); Kac-Moody algebra for some value k €
Z, known as the level constant,

[JnSFT’ JnCFT] = km8,1n,0,
[ JCFT. J‘r(l?FT] = kmd4n.0, (28)

[JnSFTv J',?FT] =0.

The Virasoro generators and Kac-Moody generators satisfy
the commutation relations

CFT 4CFT] _ CFT
[Lm "]n ]_ _n‘Iern’

yCFT 7CFT] __ 7CFT
[Lm ’Jn ]__n‘]m+n’

(29)

which is compatible with the fact that J°FT is a Virasoro
primary operator with conformal dimensions (1,0). Setting
m = 0 in Eq. (29), we see that JS'T changes the holomorphic
dimension by —m, as what LSt does. Therefore, JSIT is a
raising operator with negative m, and a lowering operator with
positive m. When m = 0, J§¥T commutes with LS and they
have the same eigenstates. This reflects the fact that J°FT(x)
is a conserved current.

In analogy with the definition of Virasoro primary states in
Eq. (5), we define Kac-Moody primary states,

ST =0, gy =0, Va0 G0

A Kac-Moody tower consists of a Kac-Moody primary state
|pSFT) with scaling dimension A, and conformal spin s, and
their descendent states, obtained from the primary state by
sequentially acting with the generators.

For instance, examples of Kac-Moody descendants include

667) = IS5 T [6577) = JSET[6ET. forn >
(3D
with

Ag=Ay+n, sg=s,%n, forn>0. (32)

It can be shown that all Kac-Moody primary states are
also Virasoro primary states. However, there are Virasoro
primary states that are not Kac-Moody primary states. For

R=2,Q=0,CFT

31 e L 3 o »
21
<
11
0- T T
-3 3
- -
3
21
<
11
0- T T
-3 3

FIG. 1. Spectra of Q = 0 sector (top) and Q = 1 sector (bottom)
of the free boson theory at compactification radius R = 2 and some
examples of the actions of Kac-Moody generators JFT and J°FT on
the low-energy eigenstates. States marked with diamonds are Vira-
soro primary states. Different Virasoro towers are shown in different
colors. States marked with dots on top of the diamonds are the
primary states with respect to the Kac-Moody symmetry in these two
sectors. For the purpose of visibility, we shifted states horizontally to
better show the energy-momentum degeneracies. It should be kept in
mind that in these figures the conformal spin S is quantized to only
take exact integer numbers.

example,
|JCFT) — JEII:THCFT), (33)
|JEFT) = JET 1), (34)
|JTCETy = JCFT jOFT) 1 CF Ty 35)

that is, the states corresponding to the holomorphic current
JCFT, the anti-holomorphic current ST, and their composite
operator JJFT, which can be seen to be Virasoro primary
states, all belong to the same Kac-Moody tower.

B. Free compactified boson CFT

A simple example of CFT that has Kac-Moody symmetry
is a free compactified boson CFT (Fig. 1), with action

§CFT _ % / dtdx[(3;9)* + (3.9)], (36)

where ¢ is identified with ¢ + 27 R, and R is the compactifica-
tion radius. The holomorphic and anti-holomorphic conserved
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currents read
JT = 3¢, JT = idg, (37)

where 3 = (3; +id,)/2 and d = (8; — id,)/2 are holomor-
phic and anti-holomorphic derivatives. In this CFT, the
conservation relations 3J°FT = 0 and J°FT = 0 follow from
the equation of motion 3¢ = 0. Now, using the definition of
Kac-Moody generators in Egs. (26) and (27) and the canoni-
cal commutation [¢(x), 3;¢(y)] = §(x — y), we can verify the
Kac-Moody algebra,

[]’SFT’ JHCFF] — [J-’SFT, J_nCFT] — mstrn,(),
e 1) =,

which corresponds to level constant k = 1.

The free compactified boson CFT has infinitely many pri-
mary states with respect to the u(1); Kac-Moody algebra.
They are vertex operators VQCILT labeled by integers Q and M,
with scaling dimensions and conformal spins

(38)

2 2002
R°M
ACFT Q

CFT __
Vou = R2 Svpy =OM, O.MeZ, (39)

4 7 Tlow

where Q and M are the eigenvalues of QT and MCFT,
respectively.

C. Lattice Kac-Moody generators

Consider now a critical quantum spin chain on the circle
with Hamiltonian H and global U (1) symmetry (see, e.g.,
the XXZ model below). Our goal is to construct lattice op-
erators J,,, J,, that correspond to the Kac-Moody generators
JEFT JEFT_ On the lattice, let the conserved U (1) charge be

0=> g (40)
J

which commutes with the Hamiltonian [H, Q] = 0. We iden-
tify Q with the CFT charge operator QT in Eq. (20), and ¢
with the CFT current density ¢ in Eq. (21). In order to find
the Kac-Moody generators, one also needs to find the lattice
operator m corresponding to m“FT in Eq. (23).

Our proposal is that the corresponding lattice operators
should satisfy an equation analogous to Eq. (25), after re-
placing the spatial derivative d, with a finite difference; see
Eq. (41) below. Then by Egs. (21)—(23), the lattice operators
J; and J; that correspond to JFT and J°FT can be identified
as in Eq. (42) below. Finally the lattice operators J, and J,
corresponding to the Kac-Moody generators are constructed
as Fourier modes in Eq. (43).

i[H,qgjl=mj —mj_q, (41
C4m; _ —m
Ji= qu—mf’ Ji = %, (42)

N N
Jo=Y e J=Y e 43)

J J
Equations (41), (42), and (43) are the main proposal of

this paper (together with their generalization below to the
non-Abelian case).

Let us elaborate on the form of m; when H is a nearest-
neighbor and a next-to-nearest-neighbor Hamiltonian. These
specializations will be useful in the applications to specific
lattice models.

1. Nearest-neighbor Hamiltonian

Consider a nearest-neighbor Hamiltonian H =} h; j 11
with a global symmetry that is realized on-site with charge
0=y ;4;- 1t follows from [H, Q] =0 that for any pair
(j, j + 1) of contiguous sites,

[A) 1,97 +qj+1] = 0. 44)
The left-hand side of Eq. (41) then becomes
ilH,q;l =i(lhj_1j,q;]1 +[hj j+1,9;])
=i(=[hj-1j, qj—1] + [h; 11, q;]), 45)
and matching it with the right-hand side of Eq. (41), we obtain

which is our proposal as a lattice version of the locally con-
served current m©FT (x).

2. Next-to-nearest-neighbor Hamiltonian

As a second example, consider a next-to-nearest-neighbor
Hamiltonian H = ) jhj-1,j,j+1, again with a global symme-
try that is realized on-site with charge Q = ) ;4j- To simplify
the notation, in the following Ay = hj_y j j+1.

Atany set (j — 1, j, j + 1) of three consecutive sites,

lhijy, qj-1 +q; +qj+11=0, (47)
we can check that
. i+ q; 1
’[H’ M] = s(mjp1 —mjy), (48)
2 2
where
mj = i([h¢+1), q;1 = [heys gjr1])- (49)

This is a discrete version of Eq. (25) in the case of next-to-
nearest-neighbor Hamiltonian. Therefore we identify m; in
Eq. (49) with m©FT (x).

To reiterate, given a local Hamiltonian H with a micro-
scopic global symmetry realized on-site, that is with charge
o=y ;4> our proposal gives a concrete way of constructing
the lattice current density m; via Eq. (41) and subsequently
lattice Kac-Moody generators J,, and J, via Egs. (42) and (43).

D. Example: XXZ model
As a test of our construction of lattice current generators
J, and J,, for a critical quantum spin chain with a global U (1)
symmetry, we consider the XXZ model
2y al
X oX Y oY 7 oZ

H=—uny D (S7SFr + 878750 — cosyS7SE,,) (50)

j=1

with anisotropy y € [0, ) and S* = 0%/2, where o7, 0”,
and o° stand for the Pauli matrices. This model displays
indeed a global U(1) symmetry realized on-site, generated

by the charge operator Q = Z?’:l SJZ- , which commutes with
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the Hamiltonian, [Q, H] = 0. In the continuum limit the XXZ,
model is equivalent via bosonization to the Gaussian model of
a free massless boson compactified on a circle with radius R =
/27 /(m — y) and the symmetry algebra in the corresponding
CFT theory is the Kac-Moody algebra with g = u(1).

As discussed in the last section, we use Eq. (46) to compute
the lattice current m;,

— Z_V(S’?SY

Y oX
mj_nsin)/ ! jH_SjS ) GD

j+1
We note that the lattice currents ¢; and m; for the XXZ model
can also be understood using bosonization, as discussed in
Appendix A.

Following Eq. (79) the lattice versions of Kac-Moody gen-
erators can be constructed as

N
_ vinz 1 oz 2y X oY Y oX
In = ]Z_;e ! 5[51 + ﬂsiny(sj Sit —Sij+1)}
(52)

N
7 _iz 1| oz 2y X o Y oX
= #3157 - s SISt |

To numerically check our proposal, we use exact diago-
nalization to find a set of low-energy eigenstates |¥,). We
simultaneously diagonalize the Hamiltonian and the transla-
tion operator with periodic boundary conditions to get the
scaling dimensions A, and conformal spins s,. We also sort
the low-energy eigenstates into different sectors according to
the eigenvalues of O = > i SJZ . As an example, in Fig. 2 the
low-energy spectra of the XXZ spin chain of 20 sites with
y = /2 in the Q = 0 sector and Q = 1 sector are plotted.

That the above lattice generators J, and J, approximately
satisfy the Kac-Moody algebra at low energies can be verified
by directly evaluating Eqgs. (28) and (29) on low-energy states.
Those constitute an infinite set of conditions. In the following,
we will demonstrate it for a subset of these conditions that
are physically important. Other conditions can be confirmed
similarly. From Eq. (29) for m =n =0, we see that the
charge M = Jy — Jy should approximately satisfy [M, H] = 0
and [M, Q] = 0 when acting on low-energy states. While for
general anisotropy y the operator M = > ;jm; does not nec-
essarily commute with the Hamiltonian, in the specific case
of the XX model (y = 7/2), M ~ 3~ S¥S}, | — S} 87, does
commute with H. In fact, there exists a series of conserved
charges in the XX model [28]. However M does not exactly
commute with Q on the lattice. To confirm that the micro-
scopic global U (1) symmetry turns indeed into an emergent
U(1) x U(1) symmetry at low energies, we check both the
commutation relation (¥ |[Q, M]|¥) and the expectation value
(¥ |M|y) in the eigenbasis of Q. For low-energy eigenstates,
we find that QO and M commute, up to a finite-size error.
We further show that the expectation value of the charge M
approaches an integer value; see Fig. 3. This is compatible
with the emergence of a global U (1) x U(1) symmetry and
allows us to identify vertex operators Vp » according to their
eigenvalues of Q and M.

We can also examine the commutation relations in Eq. (28)
in the energy-momentum eigenbasis by calculating matrix
elements (Y |[J,, J.]|Yr). The level constant k can be ex-
tracted from (Y |[J,,J—,]|¥), according to Eq. (38). For

R=2Q=0,N=20

3- .. o L J ..
2_
<
11
0- T T
-3 3
[ [~
31 [} [ )
2_
<
1,
0- T T
-3 3

FIG. 2. Spectra of Q = 0 sector and Q = 1 sector of the XXZ
model with y = /2 at system size N = 20. We find the spectrum
here in good agreement with the exact free boson spectrum in Fig. 1.
Kac-Moody primary states are labeled with dots. Some examples of
actions of J, and J, are illustrated.

example, we can estimate k using the three expectation
values ki = (1[J;,J_1111), k» = 3(1|[/2, J2]|1), and k3 =
%(1| [J3, J—3]|1), as shown in Fig. 4. Linear extrapolation gives
ki = 1.0000, k» = 0.9999, and k3 = 0.9992, which are in
good agreement with theoretical value k = 1.

1 x Vo x  Von x o Vi x  Viin
A=0,7y=m/2
1.0
0.5
= 0.0
—0.51
-1.0

0.000 0.001 0.002 0003 0004 0005 0006 0.007
1/N?

FIG. 3. Expectation values of M in the eigenbasis of Q ap-
proach integers in the thermodynamic limit. Finite-size scaling
of (YIM|y) with [¢) = [1), [Vo1), Va1 42) at system sizes N =
12, 14, 16, 18, 20. Results for different compactification radii can be
found in Appendix C.
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1.02
1.00+1
0.981
—0.96
=
% 00, (A[[J1, J]I1)
0.941 fit: k = 1.0000
ogpl % (/2
—— fit: k = 0.9999
0.90{ * (s J5)1)/3
—— fit: k = 0.9992
0.88 ‘ £
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

1/N?

FIG. 4. Extracting level constant from matrix elements k; =
A, T 11), k= (1), J2][1), and ks = $(1[[J;,J_1][]1) at
system sizes N = 12, 14, 16, 18, 20.

We check the action of J, on low-energy eigenstates by
examining matrix elements (¥ |J,|g) (similarly for the an-
tichiral part J,). By numerically checking whether a state is
annihilated by Ji,J; and J,,J>, up to finite-size error, we
successfully identify all the Kac-Moody primaries. In Fig. 2,
the candidate primary states in the Q = 0 and Q = 1 sectors
are marked. Compared with the analytical result of free boson
CFT in Fig. 1, our lattice generators identify the primary
states correctly. By acting on a primary state with the lattice
generators J, and J,, we can obtain all the descendant states
of that primary state. Up to finite-size error, J, and J, act
as ladder operators; they change the scaling dimension and
conformal spin as illustrated in the example of Eq. (32). We
plot a few examples of their actions in Fig. 2. Together we
are able to organize all low-energy eigenstates into different
Kac-Moody towers.

In addition to the case of the XX model with y = /2,
our proposal can be verified for the general XXZ model.
We provide numerical results for some other values of y in
Appendix C. Up to an overall normalization constant of J and
J, we find consistently k = 1 and expectation values of M to
be integers, confirming the Kac-Moody algebra.

IV. LATTICE REALIZATION OF KAC-MOODY ALGEBRA:
THE SU (2) CASE

In this section we generalize the construction of lattice
Kac-Moody generators to general Lie groups. We will first in-
troduce the Kac-Moody algebra with general semisimple Lie
groups. Then we consider a specific example, the free com-
pactified boson with compactification radius R = +/2, which
possesses an su(2); Kac-Moody symmetry. We then con-
sider critical quantum spin chains with semisimple Lie group
symmetry and construct approximate lattice Kac-Moody gen-
erators. Finally we present the numerical verification with the
Heisenberg model with next-to-nearest-neighbor interactions.

A. Kac-Moody algebra with a non-Abelian group

We consider a CFT that has an internal semisimple Lie
group symmetry G, where the Lie algebra is denoted as g. The
extended symmetry is generated by Kac-Moody generators

that form the Kac-Moody algebra, denoted as §;, where k
is the level constant of the Kac-Moody algebra. In a CFT
with Kac-Moody algebra, there exists a set of chiral and
antichiral current operators J*°FT and J*“FT with conformal
dimensions (1,0) and (0,1), where « = 1, 2, ..., dim g labels
different currents.

The Kac-Moody generators are Fourier modes of the
currents,

1 [t inx 22
Js,CFT — 2_ / dx e+l"x2TJa*CFr(x), (53)
T Jo
ja,CFT 1 t —inx% 7o, CFT
Jje - dxe L J* (X) (54)
n 27 0

They satisfy the Kac-Moody algebra g,

[JZ.CFTy Jf,CFT] — iZfaﬁyJ,ZﬁlFT + km5aﬂ5m+n,0,

%
[Jg,CFT’ J‘f,CFT] -0, (55)
[T ST BT =i > B ST + kmd“P S0,

Y

where f%f7 are the structure constants of the Lie algebra g
and k is the level constant.

Setting n = m = 0 in Eq. (55), we see that the zero modes
of the currents form exactly the ordinary Lie algebra g of the
global symmetry G,

[JS,CFT’Jg,CFr] _ izfaﬁy‘]g,CFT‘ (56)
Y

a,CFT ya,CFT
JO JO

Since and are separately conserved, the global
symmetry is G x G, as it also happened in the Abelian U(1)
case of the previous section.

The holomorphic and anti-holomorphic currents transform
into each other under spatial parity. We may consider the
linear combinations of currents that have definite parity,

g™ ) = T ) + T ), (57)

ma,CFT(x) = JC(,CFT(x) _ J_a'CFT()C)_ (58)
They correspond to charges

Qat,CFT EJg’CFT—}—J_g’CFT’ (59)

Ma,CFT = Jg,CFT _ j(())z,CFT. (60)

From Eq. (56), it follows that charges Q*CF'T satisfy the Lie
algebra g,

[Qa,CFT’ Qﬂ,CFT] — iZfaﬁyQy'CFT. 61)
Y

B. Free compactified boson at R = +/2

At R = /2, the free compactified boson has three Virasoro
primary operators with conformal dimension (1,0),
1
]x,CFT = E (VfrT + VS]F:I;I)v (62)
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JYCFT _ ﬁ(vff"r LA (63)
JET = idg. (64)

Together with three anti-holomorphic currents (with sim-
ilar expressions), their Fourier modes constitute the su(2);
algebra,

[J;,CFT’ J’f.CFT] — Z i«/_éaﬁyjr}z/+(,«:,lw + m8m+n,05aﬁ,

v
[Je:CFT_ JB.CFT] — ¢, 65)
[T T = D V2 I 4 mbyn 08

¥

where we can read off the structure constants f* apy — ﬁe""gy
and the level constant k = 1. For later convenience, we also
define

Ji,CFF — E(J;,CFT :l: iJ;;”CFF),
(66)
J3,CFT _ L]Z,CFT.

- «/5 n

While there can be infinite (but countable) Virasoro pri-
mary states, in the presence of additional symmetry, the
number of primary states with respect to the extended symme-
try can be finite. In the case of su(2);, a Kac-Moody primary

state | jCFT) satisfies
JOCET Ty =0 for n >0,
J(;r,CFTUCFT) =0, (67)
JS,CFT|]~CFT> 15T,

where j =0, % The only two SU (2) level 1 Kac-Moody pri-

mary operators are the identity operator 1FT with ASFT =0
and s“FT = 0 and Vlcg T with AFT = 1/2 and s“T = 0. Other
Virasoro primary oi)erators can be obtained by acting with
Kac-Moody generators on these primaries, as in the examples
shown in Fig. 5. For instance, in the Kac-Moody tower of the

identity, |foT) and |Vf§ T) can be obtained in the following
way,
J+ ,CFT ICFT | )’ (68)
J+ CFT|VCFT |V2(,j(l):T> (69)

Other Virasoro primary operators with scaling dimension 1 or
2 can be obtained in an analogous way. In the Kac-Moody
tower of Vo,

J+ CFT|VCFT> |V0(,:FT>1 (70)
J CFT| CFT> |V0CE¥>, (71)
IHTVET) = v, (72)
JSEVET) = [va ) (73)

Other Virasoro primary operators with scaling dimension 1/2
or 5/2 can be obtained in a similar way. These relations can be

R=+/2,CFT

1 2 3

no

FIG. 5. Exact spectrum of the free boson at compactification ra-
dius R = +/2 divided into two Kac-Moody towers. Virasoro primary
states are labeled with diamonds, among which Kac-Moody primary
states are marked with dots. Top: Kac-Moody tower of the identity
operator |1°FT). The current operators J¢, J#, J%, J? are labeled.
Bottom: Kac-Moody tower of operator |V CET). Some vertex states
Vu.n are labeled. Some examples of actions of J*CFT are illustrated
with arrows.

justified by the operator product expansion of vertex operators
(see Appendix B).

C. Lattice Kac-Moody generators for general G

Consider a lattice model with Hamiltonian H and an
on-site symmetry G with Lie algebra g. The symmetry is
associated with a set of conserved charges

Zq,»a=

The charges commute with the Hamiltonian, [H, Q“] = 0, and
satisfy

,dim g. (74)

(0%, QF1 = if*Pr Q". (75)

The one-site lattice operator ¢} corresponds to the CFT opera-
tor ¢*FT(x) in Eq. (57), because they are both conserved and
have even spatial parity. As in the U (1) case, we need to find
the lattice operator m% corresponding to m®CFT(x)in Eq. (58).

The derivation that leads to Eq. (25) goes through for each
conserved current J%FT(x), and we obtain

TTHET, g% CFT ()] = 0,m® T (x), (76)
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which on the lattice transforms to Eq. (77) below. Then anal-
ogously to Egs. (57) and (58), we can write down the lattice
operators that correspond to the chiral current density J7 and
antichiral current density J_J‘?‘ as in Eq. (78) below. Finally the
lattice Kac-Moody generators J* and J* can be constructed as
the Fourier modes of J¢ and J§.

i[H, q] =m§,, —mS, a7)
o q‘7+m7 JOU q7 _m?
=2 =2 (78)

§ :eZJnWJa

This completes the construction of lattice Kac-Moody gener-
ators for general symmetry G.

N 2;
=Y NI (719)
i

D. Example: XXX model with next-to-nearest-
neighbor coupling

Consider an antiferromagnetic spin-1/2 chain with next-
to-nearest-neighbor coupling J, = 0.241167 [29,30],

H= /\/'(ZS Sii e ZS SJ+2) (80)

j=1

where §% = zcr ¢ and o = x, y, z. Overall normalization factor
N = 0.856 is determined by fixing the energy spectrum to be
Eq. (13) in the large-N limit.

This model has three exact conserved charges Q% =
ZIJY:] 9 = Z_l,\'/:1 «/ES;" which commute with the Hamil-
tonian: [Q% H] =0. These charges satisfy [Q%, 0P =
if*FY Qv with structure constants f#? = /2¢%#7 . In the con-
tinuum limit, this model corresponds to the SU(2) WZW
model at level k = 1.

To find the lattice Kac-Moody generators, first we calculate
the current m§ using Eq. (49),

o B B
= —fPYN(SIST, +1.SISY ). (81)
Then following Eq. (79), we construct J* and J% as fol-
lows:
N[) ﬁ
o __ +ijn2Z o
Jy= e 5 [S;
j=1

— PN (SEST, |+ J.SESTL)).

Z e*l]nf Soz

+ e P N(SEST | + 1808 L))

(82)

In order to confirm that they correspond to Kac-Moody
generators in the continuum, we perform simultaneous ex-
act diagonalization of the above lattice Hamiltonian H and
of the lattice translation operator to obtain the low-energy
eigenstates. Scaling dimensions and conformal spins can be
computed using Eqgs. (17) and (18).

Now we check various matrix elements of the lattice Kac-
Moody generators. We start by examining the zero modes
of the lattice generators J§ and J§. While Q% = J§ + J§ are
exact symmetries, the charges M* = J§ — J¢ do not com-

1 % Ve * Vi X Vomr X Vi Vos2
R=12
2
1
= 0
-1
—2

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007
1/N?

FIG. 6. Expectation values of M* approach integers in the ther-
modynamic limit. Finite-size scaling of expectation value (¥ |M*|y),

for [¥) = 1), [Ver,21), Vi, 21), Vox1), [Var,42), Vo, +2), extrapo-
lated from system sizes N = 12, 14, 16, 18, 20. This suggests that
M? is an emergent conserved charge.

mute with the Hamiltonian on the lattice, i.e., [M*, H] # 0.
However linear extrapolation of matrix elements (y/|M%|yr)
suggests that in the thermodynamic limit each M“ becomes
indeed a conserved charge, as illustrated in Fig. 6. We also nu-
merically confirmed that the matrix elements (y¥|[Q%, MP#]|y/)
approximately vanish for low-energy eigenstates, up to finite-
size error (not shown in Fig. 6).

R=+2, N=20

JeJgs

il XJ
10 Jo e
0.5 J+17J_>\ /1,J3

1

-3 — —

Lnoie

R=+2 N =

Vio 51 Va2
z »

Vig+1 Vai 42
z ]

0.0

no

FIG. 7. XXX model spectrum with NNN interaction at system
size N = 20, separated into two Kac-Moody towers. Top: Kac-
Moody tower of |1). Bottom: Kac-Moody tower of |V; o). Some
examples of actions of J* and J* are plotted.
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1.20
Vil 1) fit: 1.0025
. (Vaol 51 |Via) fit: 1.0013
LIST o v — fit: 10024
x <Vz l‘ T 2‘VIH> — fit: 0.9985
1.10]
1.051
1.001
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

1/N?
FIG. 8. Matrix elements from Eqgs. (68)—(70) and Eq. (72).

Kac-Moody primary states can be identified numerically
by checking conditions in Eq. (67). Up to finite-size error,
the only eigenstates that satisfy the conditions in Eq. (67)
are |1) = |V 0) and |V} ;). For other Virasoro primary states
that are not Kac-Moody primary states, we confirm that they
can be obtained as descendants of these two Kac-Moody pri-
mary states using the lattice generators. For example, among
the four Virasoro primary states |Vp +1) and Vi o) at con-
formal spin S = 0 and dimension A = 1/2, only |V} ) is a
Kac-Moody primary state. We show that [V 1) are indeed
Kac-Moody descendant states of |V; o) by checking matrix
elements (Vo 1 |J§|VL0), as plotted in Fig. 8.

Acting on the Kac-Moody primary states with J%, and J%, ,
all other descendant states can be reached and classified into
Kac-Moody towers. While J? preserves the eigenvalue of JZ,
an changes the eigenvalue of J* by 4+n. We illustrate some
examples of the actions of J%, and J, in Fig. 7 and present
the finite-size scaling results of some corresponding matrix
elements in Fig. 8.

Moreover, we are able to confirm not only the level con-
stant k but also the structure constants f*f7. While the
structure constants of the diagonal subalgebra are given, it
is nontrivial to check the commutation relations of the chi-
ral algebra Eq. (65). For example, we confirm [J,fq,J,y,'] =
iv2 2J% ., in the low-energy subspace by calculating the ra-

tio between (y|[J%, J11¥) and (¥|iv/2J5,,|¥). In Fig. 9,
we show that in the thermodynam1c limit (1|Jv WA Yt

0.9787 x (if(1|Jzz|1)) which is in good agreement with

QF. 0.08 (U2 1) B
(L[5, T5,)[1)/2 fit: 0.9787
1.06 fit: k= 1.0359 _
fit: k = 1.0365 0.97
2105 0.96
~
0.95
1.04
0.94
L3 . . ’ .
7000 0.002  0.004 0006 0008 0000 0.002 0004 0006 0.008
1/N? 1/N?

FIG. 9. Left: Level constant extracted from matrix elements
A5, J5 1) and (1[J5,, J%,]1). Right: Finite-size scaling of
structure constant f from Eq. (65).

Eq. (65), up to finite-size effects. Other components of f*/7
can be checked numerically in similar fashion using the pro-
posed lattice Kac-Moody generators.

V. DISCUSSION

Since the ground-breaking work by Cardy and others in the
1980s, there have been a series of studies on numerically ob-
taining conformal data from critical lattice systems (see, e.g.,
[4-16,26]). Our paper adds new capabilities and applications
to this line of work, by addressing the very important case of
quantum critical spin chains with a global symmetry.

As we have reviewed, a critical quantum spin chains with
a microscopic Lie group symmetry G corresponds to a CFT
with Kac-Moody symmetry. In this paper, we have proposed
a concrete construction of Kac-Moody currents J* and J* on
a lattice with the Hamiltonian and its microscopic symmetry
as the only input. Our construction allows us to observe the
emergence of Kac-Moody symmetries numerically.

We illustrated our methods using two spin models, each
having a global symmetry with Lie group G, namely the
XXZ model as an Abelian example and the XXX (or Heisen-
berg) model with next-to-nearest-neighbor coupling as a
non-Abelian example. First, we obtained the low-energy spec-
trum of the Hamiltonian using exact diagonalization. We
then verified our proposal by studying the action of lat-
tice Kac-Moody generators on low-energy energy-momentum
eigenstates. As we consider larger system sizes, a second
copy of the symmetry is observed to emerge, making the
global symmetry G x G. We also successfully demonstrated
the identification of the Kac-Moody primary states and their
Kac-Moody towers. We show that the proposal works for both
the Abelian and non-Abelian cases, and with independence of
whether the model is integrable.

To apply our method to larger system sizes, and thus further
reduce finite-size corrections in the extracted conformal data,
tensor network techniques such as puMPS [15] can be em-
ployed. It would also be interesting to study the realizations
of other extended symmetries on the lattice, such as the W
algebra appearing in the three-state Potts model [19].

Note added. In subsequent work (which was posted re-
cently [31]), one of the authors generalized some of the
aspects of our work to a more general setting that includes
critical systems for which an explicit local Hamiltonian de-
scription is not available.

ACKNOWLEDGMENTS

R.W. acknowledges support from the Perimeter Institute
for Theoretical Physics through the Visiting Graduate Fellow-
ship Program where part of this research was done. Y.Z. is
supported by the Q-FARM fellowship at Stanford University.
G.V. is supported as a CIFAR fellow in the Quantum Infor-
mation Science Program, a Distinguished Invited Professor at
the Institute of Photonic Sciences (ICFO), and a Distinguished
Visiting Research Chair at Perimeter Institute. Research at
Perimeter Institute is supported in part by the Government
of Canada through the Department of Innovation, Science,
and Economic Development Canada and by the Province of
Ontario through the Ministry of Colleges and Universities.

115111-10



EMERGENCE OF KAC-MOODY SYMMETRY IN CRITICAL ...

PHYSICAL REVIEW B 106, 115111 (2022)

APPENDIX A: CONTINUUM LIMIT OF XX MODEL
AND ABELIAN BOSONIZATION

In this Appendix, we discuss lattice Kac-Moody generator
construction of the XX model through bosonization [27]. The
result is consistent with the Kac-Moody generator we found
in the main text.

The Hamiltonian of XX model on a 1-dimensional lattice
of N sites is

H =

(A)

N
(S Skt + i),
k=1

where §* = ¢®/2. It can be brought to a fermionic represen-
tation

N
H=> > (iajars +He) (A2)
k=1
by introducing fermionic variables
k-1
ar =i Fexp (m' > S}Sj)sk, (A3)
j=1
where S = S¥ LS}
Define spinor field ¢, (¢ = 1, 2) by
_ Jé1(k) = ayy, k = 2s,
Pa (k) = {‘Pz(k) = a1, k=2s+1. (A4)
It can be easily checked that
{bo (). dp(m)} = SapBinn. (A5)

In the continuum limit, define v, (x) = ﬁqﬁa (k) where

x = 2sA and A is the lattice spacing. Then Eq. (A2) can be
rewritten as

N
l +
H = 3 ;ak(akJrl —ap_1)

. N2
- % Z{¢:-(2S)[¢2(2s +1)— ¢ 2s —1)]

s=1

+ ¢7 (25 + D2 (25 +2) — $2(29)]}

(A6)

NA
~ / dx " (x)oid, ¥ (x),
0

where we have replaced finite differences by derivatives and
the finite sum by an integral. The Hamiltonian has a U(1)
symmetry ¥ (x) — e (x). Fermionic currents j, associated
with the symmetry are

Jo =iV + v,

=93V =¥,
where jj is the total charge density and j; equals the differ-
ence of densities of left and right movers. To make connection

with our notation, we can go back to the lattice where the
currents can be written as

Jo ~ Sli(S/)c(-H + SZSZ-&-I’

. X oY Y oX
J1 7~ S S — Sk Sk

(A7)

(A8)

Currents jj and j; correspond to g and m in our notation.

APPENDIX B: MATRIX ELEMENTS OF KAC-MOODY
GENERATORS

In this Appendix we compute matrix elements of Kac-
Moody generators that appear in the main text. We will omit
the “FT superscript in the Appendix. It should be understood
that all operators and states are in the CFT. Here we will
only discuss the chiral part of the operators; the antichiral part
yields analogous properties.

First, consider the u(1l); Kac-Moody algebra. We would
like to show that

J_a1) = Vrk|3™ ) (> 1). (B1)

On the cylinder J, is the Fourier mode of the current density
J(x),

L

1 -
Jon=— | dxe™TJ(x). (B2)

21 0

This can be mapped to the complex plane, where the integral
in x becomes a contour integral around the origin,

1
R f dz2"(2). (B3)
Zﬂl 0

Using the residue theorem, when n > 1,

n—1

Jon = — D!——=J(2)|:=0- (B4)
dz"
Using the operator-state correspondence,
0(0)[1) o< |0), (BS)

we know that J_,, acting on the vacuum gives the [3"~1J) state.
The overall normalization +/nk can be determined by

(WJnJ-nl1) = nk (n = 1), (B6)

which follows from the Kac-Moody algebra.

Next, we compute the action of J, on a vertex operator state
[Vo,m). To do this, first recall that the vertex operator can be
decomposed into a chiral part and an antichiral part,

Vom(z,2) = e ()P (2), (B7)

where ¢; and ¢y represent the chiral and antichiral boson
operator, and

_Q MR
=% 5 (BS)
_Q_MR

B=x -7 (B9)

where R is the compactification radius. The Kac-Moody gen-
erators J, only act on the chiral part % If o = 0, then the
chiral part is the identity operator. Then

T_ulVoum) = V/nk|9"~ JeP%)  (n > 1), (B10)

where 3"~ 1Je#%% is the composite operator of the chiral com-
ponent 3"~'J and the antichiral component ¢/#%. This is a
result of combining Eq. (B1) and the antichiral part of the
vertex operator. If n < 1, then J_,, annihilates the vertex oper-
ator state. Equation (B1) can be seen as a special case where
0=M=0.
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Below we consider the case where @ 7 0. The result of act-
ing J, on a vertex operator can be represented as the contour
integral of an operator product expansion (OPE),

(") (w) = 2% f"z (z — w)'J(2)e™ (w), (B11)

Z

where

J(z) = i0¢(2).

The OPE can be computed in a standard way via Wick con-
traction,

(B12)

, , 1 ,
T () = —— e (1) 4+ — 8, % (w) + - -,

I—w o

(B13)
where --- represents terms with positive powers of z — w.
This implies that

(/€9 (w) = 0 (n > 0), (B14)
(Joe™)(w) = ae®? (w), (B15)
(1) (w) = éawei""’"(w). (B16)

The first equation implies that the vertex operator is a Kac-
Moody primary operator. The second equation implies (via
operator-state correspondence) that |Vp ) is an eigenstate
of ](),

DolVo.m) = a|Vou)- (B17)
The third equation implies
I Vo) = VElaVo m), (BI8)

where we have normalized the state [0V 3) to unit norm. In
general, acting with J_,, on a vertex operator produces a linear
combination of Virasoro descendant states at level .

Next, we consider the su(2); Kac-Moody algebra. Note
that J,f is identical to J,, in the u(1); case with the compactifi-
cation radius R = +/2. We will then focus on the action of J*
and J,". Recall that

JH@) =Vi1(2), I (@) = V1. 1(). (B19)
By the same argument that leads to Eq. (B1), we have
JE ) = Vnl" Vi 1) (B20)

In order to see how the Kac-Moody generators act on vertex
operator states, we need the OPE of vertex operators,
Vo.m(z, D)V mr(w, w)
= (@ = w)* @ — D) Vosomim (w, ®)+ -+, (B21)

where «, 8 and o', 8’ are determined by Q, M and Q', M’
with Egs. (B8) and (B9), respectively, and --- represents
terms that contain descendants of Vpi o m4p. In particular,

atR = ﬁ,
JT@WVom(w, w) = (z — w)™MVo i pyr(w, ) + -+,
(B22)

A=—05~=2r/3

1.007

= 0.981
~2

([T, JA][1)
(1 [, Jo][1)
fit: & =1.0019
— fit: £ =1.0018

0961 x

0%.()00 0.001  0.002 0.003 0.004 0.005 0.006 0.007 0.008

1/N?
Lo An —0.1288,y = 1.7
1.001
Z0.98
~2

A, T

0.961 » 31|l J_o)|1)
fit: k= 1.0002
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FIG. 10. Finite-size scaling of level constant k from XXZ model
with y = 27 /3 at system sizes N = 12, 14, 16, 18, 20.

J~@WVomw, ) = (z —w) TV | y(w, )+ - .

(B23)

LetQ =1,M = 0, and w = 0; we obtain
JH(@)Vi,0(0,0) = 2V5,1(0,0) + - - -, (B24)
J~(@V10(0,0) =z7'Vo_1(0,0)+--- . (B25)

Acting with both sides on the vacuum states and using the
Laurent expansion of J*(z), we obtain

JHIVie) = [Va), (B26)

Jo Vi0) = Vo,-1). (B27)

Other matrix elements used in the main text can be derived in
an analogous way.

APPENDIX C: XXZ MODEL AT DIFFERENT RADII

Our construction of lattice Kac-Moody generators works
for the general XXZ model. To illustrate, we study the XXZ
model with y = 27/3 as an example of a rational CFT, and
y = 1.7 as an example of an irrational CFT.

As opposed to the non-Abelian case, the normalization of
charge density ¢ is not fixed by the Lie algebra. Thus we
have freedom to add an overall normalization constant in front
of J and J. In order to fix the normalization, we use the
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1 o Vo x Vo o Vo x Vi
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0.5
= 00
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0.000  0.001  0.002 0.003 0.004 0.005 0.006 0.007
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1 x o Vo X Vo O o Vi
A= —0.1283,y =1.7
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—1.0

0.000 0.001 0.002 0003 0004 0005 0006 0.007
1/N?

FIG. 11. Finite-size scaling of (¥|M|y) from XXZ model with
y = 2m /3 at system sizes N = 12, 14, 16, 18, 20.

normalization of the CFT
JcpT_QJr@ jorr _ 2 MR
2 R 2’
where Q and M are integers and R is the compactification
radius. We thus identify

(ChH

5 (JCFT 4 J-(§:FT)

N
~ > st (C2)
j=1

since they both have integer eigenvalues. Now we run the
general procedure to construct the current operators on the
lattice, and we obtain

N
i'nzll Z
L= N]_?[s,.+

j=1

_iin 1 2y
Ze = [’ 7rs1n)/(SXS’+1 SYS’H)}

(C3)
They are the same as Eq. (52) up to an overall factor. We
expect that they satisfy the U (1) Kac-Moody algebra at level
k = 1. This is checked and shown in Fig. 10. In order to check
the emergent charge M, we note that in the CFT

7T siny (57841 = SYSJH)]

M = R(J§FT - J§T), (€4
and thus on the lattice we have
N
~ Z m(s"sj+1 SYSE). (C5)

The expectation value of M on low-energy eigenstates is ex-
pected to be an integer. This is indeed the case; see Fig. 11.
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