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Abstract

Understanding the universality class of continuous phase transition is of central im-
portance in condensed matter physics. In one spatial dimension, the universal properties
are encoded in the conformal field theory (CFT), which is in turn specified by the con-
formal data. In this thesis, we propose a systematic method to extract complete and
accurate conformal data from the critical quantum spin chain based on the operator-state
correspondence, thus completing the project initiated by Cardy and others in the 80’s.

Our method is based on the low-energy eigenstates of the critical quantum spin chain
with periodic boundary conditions. First, scaling dimensions and conformal spins are ex-
tracted by the energies and momenta. Second, the primary states and conformal towers are
identified by using the Koo-Saleur lattice Virasoro generators. Third, we propose a system-
atic way of identifying lattice operators with CF'T operators, which enables us to compute
operator product expansion coefficients from the low-energy eigenstates. Finally, the whole
approach is generalized to critical quantum spin chains with antiperiodic boundary condi-
tion. In order to reduce finite-size corrections, we put forward the periodic uniform matrix
product state (puMPS) algorithm which enables us to compute low-energy eigenstates of
a critical quantum spin chain up to several hundreds of spins. Our method also enables us
to study nonperturbatively the renormalization group flow between two CFTs as well as
explore the emergence of extended symmetries beyond conformal symmetry.

We test our method with the Ising model and its generalization due to O’Brien and
Fendley. The latter model is featured by a tricritical point described by the tricritical Ising
CFT and a line of critical points interpolating between the Ising CFT and the tricritical
Ising CFT. We extract complete conformal data from the two models and find excellent
agreement with analytical results. Furthermore, we study the spectral renormalization
group flow between the two CFTs nonperturbatively. At the tricritical point, the under-
lying CF'T has an extended symmetry, the superconformal symmetry. We propose lattice
operators that correspond to supervirasoro generators and verify their action on low-energy
eigenstates. In this way we study the emergence of superconformal symmetry in critical
quantum spin chains.
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Chapter 1

Introduction

In a long time of the history, people believed that the whole universe could be constructed
if we know all fundamental laws of nature. This belief has led to tremendous progress
in modern physics, including Newtonian mechanics and Maxwell’s electromagnetic theory.
However, this constructionism perspective has been challenged in the past century by the
flourishing of condensed matter physics. It was discovered that a wide range of natural phe-
nomena, such as phase transitions and superconductivity, cannot be easily explained using
the underlying fundamental laws, i.e., quantum mechanics of few particles. The reason is
that many macroscopic properties of matter only emerge when there are a macroscopic
number of, or even infinite number of, particles. The theory of many-body physics uses
terminologies that are absent in few-body physics, such as phases and symmetry break-
ing. It was argued by Anderson in the famous paper More is different [0] that different
conceptual frameworks have to be used for physics at different scales, and that many-body
physics is as fundamental as the physics of elementary particles.

This thesis focuses a particular phenomenon of many-body physics, namely continuous
phase transitions. In the 80s, people have realized that long-distance physics of most
continuous phase transitions can be described by a conformal field theory (CEFT) [9, 10],
a quantum field theory with conformal symmetry. (Interestingly, CFT is also a building
block of string theory that describes the most fundamental constituents of nature so far.)
The CFT encodes all universal information of the continuous phase transition. A CFT
involves degrees of freedom (conformal fields) that are very different from the microscopic
degrees of freedom (typically spins on a lattice), and has much richer symmetries than the
microscopic system. Despite the conceptual differences between microscopic models and
CFT, this thesis is aimed to connect the two languages. Given a microscopic model at its
critical point, some of the questions that this thesis is trying to answer are



e How can we obtain all the information (conformal data) of the underlying CFT?

e How do the microscopic degrees of freedom correspond to the degrees of freedom in

the CFT?

e How do symmetries of the CFT manifest themselves in the microscopic model?

Some of these questions have been partially addressed in the literature. Much of the
past results rely on special properties of the microscopic model, such as symmetry, duality
and integrability. In this thesis we will systematically answer these questions for generic
critical quantum spin chains. We will exploit two classical results, (i) As pointed out by
Cardy and others [19, 10, 20, 22 3], the low-energy eigenstates of a critical quantum spin
chain with periodic boundary conditions (PBC) is in one to one correspondence with CFT
scaling operators. The energies and momenta of the eigenstates correspond to scaling
dimensions and conformal spins of the CFT scaling operators. (ii) As first exploited by
Koo and Saleur [0, , 33, , 19, 50, 13] in integrable systems, Fourier modes of the
Hamiltonian density of the spin chain corresponds to Virasoro generators that implement
infinitesimal conformal transformations. We can then identify the primary operators and
conformal towers in the low-energy eigenstates of the critical quantum spin chain, as well
as extract scaling dimensions and conformal spins of primary operators.

Another ingradient of conformal data is the operator product expansion (OPE) coef-
ficients. In order to extract OPE coefficients from the lattice model, we first propose a
systematic way to identify lattice operators with CFT operators. All OPE coefficients are
then extracted by computing the corresponding matrix elements of lattice operators in the
low-energy eigenstates. This completes the extraction of conformal data from the critical
quantum spin chains. The whole approach only needs the critical lattice Hamiltonian as
its input.

We then generalize the approach above to critical quantum spin chains with anti-
periodic boundary conditions (APBC). We first generalize the Koo-Saleur lattice Virasoro
generators to APBC and use it to the identify primary operators. We then generalize
the identification of lattice operators and CFT operators to APBC. We find that string
operators on the lattice correspond to CFT operators in the APBC sector, and that the
OPE coefficients of involving those CFT operators can be obtained by matrix elements of
string operators in low-energy eigenstates.

There are finite-size errors in the conformal data extracted from a finite spin chain. In
order to obtain the low-energy eigenstates, we may use exact diagonalization (ED), but it
has exponentially growing numerical cost in the total number of spins due to exponential



growth of the dimension of Hilbert space. This severely limits the sizes that ED can
reach and results in large finite-size errors in the conformal data. During the past two
decades, tensor network techniques [129, 39, , 28, , , 38, , 36, | have
proven extremely useful to solve the low-energy eigenstates of quantum spin chains with a
large number of spins. The underlying reason is that tensor networks select the subspace
of the total Hilbert space relevant to the low-energy eigenstates of quantum spin chains.
In this thesis, we focus on one type of tensor network, the matrix product states (MPS).
Specifically, we will develop the periodic uniform matrix product state (puMPS) techniques
that are suited for critical quantum spin chains on a circle. Making use of the puMPS
techniques, we obtain low-energy eigenstates for critical quantum spins chains with up to
several hundreds of spins. This enables us to extract accurate and precise information of
the emergent CFT.

In this thesis, we illustrate our approach with two models, the Ising model and the
O’Brien-Fendley (OF). The Ising model is exactly solvable and its underlying CFT is well
known. It is used as a benchmark of our approach. The O’Brien-Fendley model [$3] has a
critical phase described by the Ising CFT and a tricritical point described by the tricritical
Ising (TCI) CFT. It interpolates between the Ising CFT and the TCI CFT and displays
a spectral renormalization group (RG) flow between the two CFTs. We will extract the
information of the two CFTs from the OF model and study the spectral RG flow between
them using puMPS techniques. At the tricritical point, the OBF model has an emergent
superconformal symmetry beyond usual conformal symmetry in a CFT. We will study how
the superconformal symmetry is manifest in the OF model with PBC and APBC.

This thesis is organized as follows. In Chapter 2 we will review the basic concept
of continuous phase transitions and the aspects of conformal field theory related to our
work. In Chapter 3 we describe the puMPS techniques for critical quantum spin chains.
In Chapter 4 we describe how to extract central charge and scaling dimensions of CFT
based on low-energy eigenstates of critical quantum spin chains with PBC. We will study
the Ising and the OF models and simulate the spectral RG flow in the OF model. In
Chapter 5 we explain how to relate lattice operators to CFT operators and extract OPE
coefficients. We will examine in detail how it works for the Ising model. In Chapter 6
we generalize the approach to critical quantum spin chains with APBC. We then apply
it to the Ising model and the OF model at the tricritical point. In the latter case, we
will explain how the emergent superconformal symmetry manifests itself in the OF model.
In Chapter 7 we study the emergence of Kac-Moody symmetry in the XXZ model using
techniques developed in Chapters 4 and 5. We will conclude in Chapter 8 with remarks
on future directions.



Chapter 2

Conformal field theory

In this chapter we review the basic concept of continuous phase transitions and conformal
field theory. We first review universality in continuous phase transitions and the underlying
physical argument, the renormalization group (RG). This leads to the central topic of the
thesis, conformal field theory (CFT). A CFT is a fixed point of the RG flow and encodes all
universal information of the continuous phase transition. We then review conformal data
which completely characterizes the CFT. We will study how conformal data determined
various properties of the CFT on the plane and on the cylinder. Finally we will give
examples of CFTs relevant to the rest of the thesis.

2.1 Universality in continuous phase transitions

2.1.1 Phase transitions

In classical thermodynamics, a phase transition [21] is characterized by nonanalyticity of
the free energy. A classical phase transition is a continuous phase transition if first-order
derivatives of the free energy is continuous. Remarkably, microscopically very different sys-
tems can exhibit universal long-distance behavior near continuous phase transitions. (e.g.,
they may share the same critical exponents.) Therefore, continuous phase transitions are
classified by their universality classes that encode their universal long-distance properties.

In quantum systems, a quantum phase transition [106] can happen due to quantum
fluctuations. Consider a quantum Hamiltoian H(g) that depends on one parameter g, and
its ground state energy Fy(g) as a function of g, a quantum phase transition happens at
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g = gc if FEy(g) is not analytic at g = g.. Let F1(g) be the energy of the first excited state,
a quantum phase transition is continuous if the spectral gap

A = Ei(g) — Eo(g) (2.1)

goes to zero as g goes to g.. In a continuous quantum phase transition, g. is called
a critical point, and the system is gapless. Like classical phase transitions, continuous
quantum phase transitions also exhibit universality. Given a quantum phase transition
in d spatial dimensions, there is often a corresponding classical phase transition in d + 1
dimensions in the same universality class, where the extra dimension in the classical system
corresponds to imaginary time in the quantum system. From now on, we focus on quantum
phase transitions in d = 1 spatial dimension, and we refer to the quantum system as 1+ 1
dimensional.

It is worth noting that phase transitions only happen at infinite volume, since in finite-
size systems nonanalyticity can never occur. However, as we will see, critical systems at
finite-sizes also show universal behaviors, and we will exploit them to extract universal
information of the phase transition in the following chapters.

2.1.2 Quantum field theory

Given a microscopic Hamiltonian H(g) with a microscopic length scale (typically a lattice
spacing a), we tune the coupling g — g., such that the energy gap A closes. The correlation
length ¢ ~ A7 — oco. In dimensionless parameters, {/a — oo as we tune g — g..
Alternatively, we can view the tuning as a — 0 with ¢ fixed. This implies that long-
distance properties of H(g) near g. can be described by a quantum theory of continuous
degrees of freedom, i.e., a quantum field theory (QFT) [35, , 128].

Let us consider a QFT in 1+1 dimensional Euclidean spacetime, where x denotes the
spatial coordinate and 7 denotes the imaginary time coordinate. A QFT has a number of
fields ©4(z, 2), where z = 7 +1iz and Z = 7 —iz. The theory is equipped with a Lagrangian
density L[¢,](z, Z) and an action

Sy] = / dzdz L] (2 7). (2.2)

A symmetry in a QFT is a transformation ¢, (2, 2) — ¢/ (2, Z’) such that the action is
invariant,

S[¥] = S, (2.3)
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We will be interested in QFTs with scale invariance and rotational invariance, for reasons
that are evident shortly. In such a QFT, we have a set of scaling operators 1, (z, Z) that
are covariant under rotation and scale transformations,

2 =Xz, Y2, Z) = NPy (2, 2), (2.4)
where A > 0, and A, is the scaling dimension of the scaling operator 1, and
=Pz (2, 7) = ey (2, 2), (2.5)

where 0 < 0 < 27 and s, is the conformal spin of 1.

2.1.3 Renormalization group

A physical explanation for universality is based on renormalization group (RG) [131, 130].
RG implements a scale transformation of a QFT such that short-distance degrees of freedom
are discarded and long-distance properties are kept unchanged. By doing RG on a system,
we are probing the system with larger length scales and lower energy scales.

Coupling constants in the Lagrangian flow under RG. Irrelevant coupling constants die
off, and relevant coupling constants grow. Given a QFT in the ultraviolet (UV), it often
flows in the infared (IR) to fixed points, a scale invariant QFT. Continuous phase transitions
are described by such RG fixed points, which will encode all universal information of
the phase transition. A RG fixed point is characterized by all relevant couplings, which
typically depend only on symmetries and dimensionality of the system. The fact that RG
fixed points do not depend on microscopic details explains universality of continuous phase
transitions.

At a RG fixed point in 1+1 dimensions, an operator 1,(z, Z) is relevant if
A, <2 (2.6)

and irrelevant if

Ay > 2. (2.7)

This means that if we perturb a fixed-point theory with an irrelevant operator 1, with
A, > 2, at long distances the theory will be described by the same fixed point, because
irrelevant couplings die off under RG flow. On the other hand, if we perturb a RG fixed
point with a relevant operator with A, < 2, then in the IR the theory will flow to another
RG fixed point, which can describe another universality class of phase transitions. We will
see such an example in Chapter 4.



2.2 Conformal field theory on the plane

In this section we review basic ingredients of conformal field theory (CFT). CFTs are
RG fixed points with conformal symmetry, and describe a large class of continuous phase
transitions. We will reach the concept of conformal data, a set of data that completely
characterizes the CFT.

2.2.1 Conformal symmetry

Conformal transformations in 141 dimensional are holomorphic maps,
2 =w(z) (2.8)

An infinitesimal conformal transformation z’ = z + €(z) can be parameterized using a

Laurent expansion,
[e.e]

e(z) = Z €n2" L. (2.9)

n=—0o0

Let [,, be the vector fields associated with the infinitesimal transformations,
l, = —2""19,, (2.10)

then it can be verified that
Ly lm] = (n—m) i (2.11)

We can regard z and Z as independent variables, then there are similar vector fields [,, that
generate conformal transformations of zZ. They satisfy the same commutation relation as

b,

Loy b)) = (n—m) i (2.12)
and

[ln, ] = 0. (2.13)

Eqgs. (2.11)(2.12)(2.13) define the Witt algebra of the generators of the conformal group.
Note that Iy + lp and Iy — [y generate dilations (scale transformations) and rotations, re-
spectively.



2.2.2 Virasoro algebra

It is well known that generators of a symmetry are represented as operators in a QFT. In
a CF'T, the generators of conformal symmetry are denoted as L, and L,,. They form the
Virasoro algebra, a central extension of the Witt algebra,

CFT

(L3 L'l = (n=m) L, + =5 (n” = 1)onimo (2.14)
T CFT T CFT| __ _ T CFT ct 2

(L Ly = (n—m) L), + 5 n(n” — 1)dp+m.o (2.15)
(L, Ly =0, (2.16)

where ¢“" is called the central charge of the CFT. The central extension appears because
in a quantum theory a symmetry can be represented projectively [125].

2.2.3 Scaling dimension and conformal spin

In a CFT, D" = L§™ + LS and R = L§™ — L§™™ generate dilations and rotations.

Scaling operators ¥57(0,0) are eigenvectors of D" and R", with eigenvalues A" and

CFT
Sa

(DT, 67(0,0)] = A5(0,0) (2.17)
(R, 457(0,0)] = sS4 (0,0). (2.18)

The above commutation comes from infinitesimal dilations and rotations in Eqgs. (2.4)(2.5).
It will be convenient to define holomorphic (anti-holomorphic) conformal dimensions hS"™ =
(AJT + 50 /2 and A = (AJ™ — 597 /2, which are eigenvalues of L{™ and L§™.

Scale invariance and rotational invariance imply that two point correlation functions

are of the form p
; N of
<¢3FT(Z7 Z)wéFT(()? 0)> = ZthT+thT2BgFT+BgFT' (2'19)

2.2.4 Primary operator

Virasoro generators L*" and L™ with n < 0 are raising operators with respect to dilation
DT — they raise the scaling dimension by |n|, while those with n > 0 lower the scaling



dimension by n,

(D L 5™ (0,0)]] = (AGT = n)[L™, 5™ (0, 0)] (2.20)
(D L 95 (0,0)]] = (AL = n)[L3", 937 (0, 0)). (2.21)

Likewise, it can be shown that LT and LCT raise the conformal spin by n. Primary
operators are scaling operators whose scaling dimensions cannot be lowered,

(L2, 057(0,0)] = 0, [LE™, 657(0,0) = 0 (n > 0). (222)

Under a conformal transformation Eq. (2.8), a primary operator transforms as

(bgm’ (Z/, 2/) _ (le_qj)

Two-point correlation function of primary operators are further restricted,

—hCFT —hCFT

(‘;_g) ¢ (2, 2). (2.23)

(672, 2)657(0,0)) = — 2 (2.24)

»2hGFT Z2RGFT

One may check that Eq. (2.24) is the only form that is invariant under dilations, rotations,
and w=1/z.

2.2.5 Conformal tower

Each primary operator expands a conformal tower, composed of the primary operator and
its descendant operators. Descendant operators are obtained by applying raising operators
LI L™ (n < 0) to the primary operator, e.g. LYT¢S"™, LYTLY oS ete. A general
descendant

L L, - LY LY LY - LY o (2.25)

has scaling dimension A" + [, where

[=> ki+)Y k (2.26)

is the level of the descendant.

A special type of descendant operators is
o = (LR Lo, (2.27)
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They are called derivative descendants because
Ty = 00 (229)
where 0 = 0, = (0, +10,)/2 and 0 = 0; = (0, — i0,) /2.

There is a unique primary operator, the identity operator 1" that does not have any
derivative descendants. The identity operator has A{"" = s{"" = 0. However, it has other
descendants, the most important example being the holomorphic stress tensor,

TCFT — LSI;T]_CFT (229)

with AF" = s&" = 2 and similarly the anti-holomorphic stress tensor

TCFT — I_/CFQT]_CFT (230)
with AZ™" = —sZ™ = 2. Virasoro generators can be expressed by the stress tensors as
1
L= o 7{ dz 2T () (2.31)
_ 1 _
L) = o= ¢ dzz" T (3), (2.32)

where the integration contour can be chosen as the |z| = 1 circle.

Descendant operators transform in a non-trivial way under conformal transformations,
but the rules are completely determined by the conformal dimensions of the primary op-
erator and the central charge. For example, the stress tensor transforms under Eq. (2.8)

as
d —2 CFT
TCFTJ(z’) = (d—lj) <TCFT(Z> — 612 {w,z}) , (2.33)
where , , , ox 2
d*w/dz® 3 [(d*w/dz
_ o 2= 2.34
{w, z} dw/dz 2 ( dw/dz ) (2:34)
is the Schwarzian derivative.
2.2.6 Operator-state correspondence
A scaling operator creates a state in a CFT,
[05"") = ¢a"(0,0)[077), (2.35)
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where |09") is the vacuum state. Reversely, any state in a CFT can be created by acting
with a local operator at the origin. This is known as operator-state correspondence. Note
that operator-state correspondence is a special property of a CFT and is not generally true
in QFTs. Each state [¢S") is a simultaneous eigenvector of D" and R,

DCFT’ngT) _ AZFT|ngT>’ (2.36)
RCF’1‘|,¢)§F'1‘> _ 82}?’1‘|¢2F’1‘>‘ (2.37)

A state [¢S") is a primary state if the corresponding operator is a primary operator.
Analogous to Eq. (2.22), a state |¢"") is a primary state if and only if

LE ¢Sy = 0, LEToS™) = 0 (Vn > 0). (2.38)

Note that the Virasoro algebra Eq. (2.14) implies that the above equalities hold for all
n > 0 if they hold for n = 1,2, since other generators can be obtained by commutators
of those with n = 1,2. Acting with raising operators L_,, L_, on the primary state gives
all descendant states that correspond to descendant operators. The vacuum state |097),
corresponding to the 1°"T operator, is a primary state. It is also annihilated by LT, LT
because it does not have derivative descendants, then

LSFT‘QCFT> _ 07 ESFT‘OCFT> =0 (vn > _1)_ (2.39)

The descendants of identity with lowest scaling dimensions are the stress tensor states,

crt CFT CFT|CFT crt TCFT T CFT|NCFT
Ty = L0, ([T = L0, (2.40)

where /c“7/2 is a normalization constant.

2.2.7 Operator product expansion

The scaling operators form an associative algebra, the operator product expansion (OPE),
which relates the product of two scaling operators to a linear superposition of scaling
operators. Let us consider the product of two primary operators,

bo ' (2,2)p5 " (0,0) = Z Capy(2,2)957(0,0) 4 descendants, (2.41)

il

where rr

Capy (2, 7) = L (2.42)

CFT CFT CFT _jCFT_ },CFT_} CFT
HGFTHhGFT—hGFT RGFT - RCFT R
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is fixed by conformal symmetry, up to constants Cgz . Cgg is known as the OPE co-
CFT

efficients. It can be shown that the rest of Eq. (2.41) is completely determined by B
and ¢“"". The OPE coefficients are invariant under cyclic permutations of indices, and
are complex conjugated under odd permutations. OPE involving the identity operator is

trivial, Cggy = dags-

In Eq. (2.41) let z = Z =1 and using Eq. (2.24) we obtain

iy = (057(00)05" (1, 1)95™(0,0)), (2.43)
where e
¢ (00) = lim 22 2 0T (2, 7). (2.44)
2,Z2—00

Eq. (2.43) can be alternatively expressed as

oy = (057165 (1, )]gg™), (2.45)

where we have used the definition of the ket state Eq. (2.35) and the definition of the bra
state
(@57 = (075 (00) (2.46)

This definition is such that the bra states and ket states form an orthonormal basis.

2.2.8 Conformal data

Finally we come to the conformal data that completely characterizes the CFT. The con-
formal data is composed of (A" sS") of primary operators, OPE coefficients iy Of
primary operators, and the central charge ¢“".

Let us reiterate how conformal data determines all correlation functions of the CFT.
The scaling dimensions and conformal spins determine all two-point correlation functions
of primary operators by Eq. (2.24). Correlation functions of descendant operators are then
determined by conformal symmetry. The OPE reduces higher-point correlation functions
to two-point correlation functions, such as Eq. (2.43). OPE involving descendant fields is
determined by C g5 and ¢™". As a result, all correlation functions are determined by the
conformal data.
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2.3 Conformal field theory on the cylinder

In this section we review how conformal data manifests themselves for a CFT on the
cylinder. As we will see, our method of extracting conformal data from a critical quantum
spin chain comes directly from CFT results in this section.

2.3.1 Mapping from the plane to the cylinder

A conformal transformation

L
w = %logz (2.47)

maps the complex plane to a cylinder (Fig. 1). Let w = 7+iz, then x € [0, L) is the angular
coordinate of the cylinder and 7 € (—o00,00) labels the axial coordinate. Physically 7 is
the imaginary time and x is the compactified spatial coordinate. We will assign each equal
7 circle a Hilbert space H,. States on different time slice are related by a Hamiltonian
evolution. It can be seen that translations in 7 and x on the cylinder are mapped to
dilations and rotations on the complex plane. In particular, the 7 = 0 circle corresponds
to the |z| = 1 circle on the complex plane.

The Hamiltonian and momentum are the integrals of the Hamiltonian and momentum
density h""(z) and p“"(x) on the time slice 7 = 0,

L
HET = / da h () (2.48)
0

L
Pt = /dxpCFT(x), (2.49)
0

where we have omitted the 7 coordinate in the fields for simplicity. The Hamiltonian and
momentum densities are related to the stress tensors by

hT(z) = % (T () + T"(x)) (2.50)
pCFT(:L,) — % (TCFT(x) _ TCFl(l,)) , (251)

where T"(x), T°"(z) on the cylinder is determined by Eqs (2.33),(2.47). Combined with
Egs. (2.31)(2.32)(2.48)(2.49)(2.50)(2.51), we can derive the Hamiltonian and momentum

13



on the cylinder

, 2T ; = c
CFT 27 CFT T CFT
P A (LO — Lg ) . (2.53)

Note that the integrals of Egs. (2.48)(2.49) are mapped to the contour integrals of Egs. (2.31)(2.32)
in the conformal mapping Eq. (2.47).

The operator-state correspondence [9, 16, 19, 10] implies that all simultaneous eigen-
states [") of HY" and P“" are in one to one correspondence with scaling operators
Y. The energy and momentum are thus related to scaling dimensions and conformal
spins by

- 2 -
EoFT = %(Afj’-%) (2.54)
porr %sa (2.55)

Egs. (2.54)(2.55) will be useful to extract scaling dimensions and conformal spins.

2.3.2 Virasoro generators

It can be further shown [6%, 80] that Fourier modes of h(z) and p(x) are linear combinations
of Virasoro generators. In particular, the Fourier modes of h“"(x),

e L [" <
o = 2 dx hCFT<x)€mI27T/L (2.56)
" 2 0
equal
CFT
HSFT — LgFT+ EEI;“;I _ 612 5%0' (2.57)

The special case n = 0 is equivalent to Eq. (2.52).

The two Virasoro generators LT and LT in HS™™) Eq. (2.57), raise scaling dimensions
and lower scaling dimensions respectively for n # 0. The definition of a primary state
Eq. (2.38) is equivalent to

Po " H o) =0 (n = £1, £2), (2.58)
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where P(;f T is a projector onto the subspace spanned by states whose energy is lower than
that of ¢S

The central charge is related to the matrix element of H.*" with n = —2,
CCFT — 2|<7‘VCFT|H‘EF2T’0CFT>|27 (259)

which follows from Eq. (2.39) and Eq. (2.40). Egs. (2.57)(2.58)(2.59) will be useful to
identify conformal towers and compute the central charge.

2.3.3 OPE coefficients

OPE coefficients of primary fields are related to matrix elements of primary operators,

ACFT

2
s =0l = () e (2:60)

which follows from Eq. (2.23) and Eq. (2.45). Translation invariance of the eigenstates
allow us to express the OPE coefficients in terms of the Fourier mode of the CF'T operator,

.
oo = () e (2:61)
where the Fourier mode of any CF'T operator is defined as
I ,
OCFT,S = z/ dx OCFT(x)e—zstW/L‘ (2.62)
0

Eq. (2.61) will be useful to compute OPE coefficients.

2.4 Examples of conformal field theory

In the section we review conformal data of the Ising CFT, the tricritical Ising (TCI) CFT
and the free compactified boson CFT. We will only consider the primary operators relevant
to periodic boundary conditions of the quantum spin chains in Chapters 4 and 5. There are
other primary operators relevant to anti-periodic boundary conditions of the spin chains.
And we will not consider them until Chapter 6.
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2.4.1 Ising CFT

The Ising CFT belongs to unitary minimal models [9, 16, 22] that can be solved exactly.
Minimal models have a finite number of primary operators, resulting in a finite set of
conformal data.

Conformal data

The central charge is ¢" = 1/2 and there are three primary fields, namely the identity
operator 1 (present in any CFT), the spin operator ¢ and the energy density operator
e. They all have conformal spin s{"" = sJ" = 5" = 0 and their scaling dimensions are

AT =0, A" =1/8, and AY" = 1, respectively. They are summarized in Table 2.1.

¢CFT ACFT SCFT
1 (identity) | 0 0
¢ (spin) 1 0
o (energy) | 1/8 | 0

Table 2.1: Primary operators of the Ising CFT.
The only nonzero OPE coefficients (up to permutations of the indices) are Cgi =
dop and CSET = 1/2. It can be seen that the OPE coefficients are invariant under a Zs

symmetry, 1 — 1,0 — —o,e¢ — €. Therefore o is odd under the Z, symmetry and the
other two primary operators are even.

conformal towers

Scaling operators of the Ising CFT with A" < 6+ 1/8 is plotted in Fig. 2.

A generic property of minimal models is that each primary operator has descendants
that annihilate the vacuum. Such a descendant is called a null field. In the Ising CFT we
have null fields at level 2.

4
Yo = (LSF; — g(LiFlT)z) o (2.63)

(LCF; — Z(LC?)Q) €. (2.64)

Xe
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Null fields do not correspond to any state. As a result, all descendants of ¢ and ¢ at level
2 are derivative descendants. The lowest descendant that is not a derivative descendant
is Lo in the o tower and Le in the e tower (and those with LYT). This fact will be
important in Chapter 5 where we analyze the correspondence between lattice operators
and CF'T operators.

24.2 TCICFT

TCI CFT also belongs to unitary minimal models. The central charge is ¢“*" = 0.7. It has
6 primary operators, listed in Table 2.2.

(bgFT ASFT SZFT
1 (identity) 0 0
e (energy) 1/5 | 0
¢’ (vacancy) 6/5 | 0
¢’ (irrelevant) 3 0
o (spin) 3/40 | 0
o’ (subleading spin) | 7/8 | 0

Table 2.2: Virasoro primary operators of the TCI CFT.

The scaling operators with A“" < 3.2 are plotted in Fig. 3.

Nonzero OPE coefficients that do not involve the identity operator are [31]

Cll =c, C&L=ca, CLL =3/7 (2.65)
CIr=3c¢1/2, CEL =c1/4, CEL, =1/56 (2.66)
Coore = 1/2, Cogio = 3/4, Cgigen =T7/8, (2.67)
where
2 [T(4/5)03(2/5)
== ~ (0.61030. 2.68
“ 3\/r(1/5)r3(3/5) (2.68)
We note that the OPE coefficient C'75., was written (wrongly) in [70] as 7¢; /8, instead of

7/8 in Eq. (6.76). The TCI CFT also has a Zs symmetry where o and ¢’ are odd.

The TCI CFT has a celebrated superconformal symmetry that relates different primary
operators. We will come back to it in Chapter 6.
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Chapter 3

Periodic uniform matrix product
states

In this chapter, we describe in detail the periodic uniform matrix product state (puMPS)
techniques that are used to diagonalize low-energy eigenstates of a critical quantum spin
chain with periodic boundary conditions (PBC). Compared with the exponential growth
of numerical cost for ED, the puMPS method scales polynomially with the system size.
This chapter is relevant to readers interested in the details of the algorithm. Readers solely
interested in the extraction of conformal data may read section 3.1 and skip to the next
chapter.

We will first review entanglement properties in quantum spin chains. Then we introduce
tensor network methods, and in particular the uniform infinite MPS. Next we consider
gradient optimization of puMPS for the ground state. Finally we use puMPS tangent
states to compute low-energy excitations. We will illustrate the technique with the critical
Ising model.

3.1 Quantum spin chains

3.1.1 Hilbert space

A quantum spin chain is composed of spin S degrees of freedom on a lattice. The Hilbert
space is H = H?N , where N is the total number of spins and Hg is the Hilbert space for
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a single spin, with dimension dim(#Hgs) = d = 25 + 1. The total dimension of the Hilbert
space is

dim(H) = d". (3.1)
We will be interested in S = 1/2 spin chains, the local dimension being d = 2, and the
Pauli matrices are
01 0 —i 1 0

The Hamiltonian is a sum of local terms,

H=> h (3.3)
where h; is supported near site j. We will consider translation invariant Hamiltonian with
PBC. The action of the translation operator 7 is,

ThiT" = Ry, (3.4)

where the site j = N 4 1 is identified with site j = 1. The Hamiltonian with PBC is then
N

H=> T""'hTv " (3.5)

Jj=1

In all cases that we will consider, the spin chain has a global Zs spin flip symmetry.
The representation of the Zy generator is

N
z=]]z. (3.6)
j=1

where
Z; =2l =2 (3.7)

The Hamiltonian density is invariant under the Z, transformations,
h; = Zh; 21, (3.8)

For convenience, we will write the Hamiltonian in a basis such that Z; = Z;.
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Energy eigenstates can be labelled by eigenvalues of H™ 7T, Z in the PBC,

Hlva) = Falte) (39)

Tla) = €7 [a) (3.10)

Za) = Zaltha), (3.11)
where Z, = £+1 and )
T

P = 57 Sa (3.12)

with s, € Z.

The simplest example of critical quantum spin chain that we will use is the critical
Ising model, where

At long distance the model is described by the Ising CFT. We will also consider its gener-
alization, the O’Brien-Fendley (OBF) model,

hj - —Xij+1 - Zj + )\(Xij+1Zj+2 + Zij+1Xj+2). (314)

In the range of 0 < A < A*, the model is described by the Ising CFT. At A = \* & 0.428,
the model is described by the TCI CFT. A* is known as the tricritical point.

3.1.2 Entanglement

Given a state [¢) € H and a bipartition of the spin chain into A and B, there is a Schmidt
decomposition

) = ZA1-|¢1~>A|¢1->B, (3.15)

where |1;) 4/ are orthonormal states in Ha/p. A; is the Schmidt coefficient, and encodes
the entanglement between A and B. The entanglement entropy is

Sa==Y Mloghl. (3.16)
Let A be contagious [ spins where 1 < [ < N, and [¢) be the ground state of a critical
quantum spin chain, then it can be shown [17] that
CCFT
Sa= logl + Sy, (3.17)
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where ¢ is the central charge of the CFT. Eq. (3.17) is an example of universal behavior
at long distances. In a gapped quantum spin chain, there is no logarithmic growth of
entanglement entropy. Instead, we have the area law [34],

SA S Smaxa (318)

where Spax is a non-universal number independent of [ and N.

3.2 Matrix product states

Given the exponential growth of the dimension of the Hilbert space Eq. (3.1), it becomes
exponentially costly to solve the eigenstates by exact diagonalization (ED). However, the
ground state of a local Hamiltonian has a special structure of entanglement, e.g., the en-
tropy satisfies Eq. (3.18) for a gapped Hamiltonian or Eq. (3.17) for a gapless (critical)
Hamiltonian. Tensor network states [129, 39, , 28, , , 38, , 36, | ultilize
these properties and dramatically decrease the numerical cost to O(Poly(/N)) or even inde-
pendent of N. In this section we will review a special type of tensor network, namely the
uniform infinite matrix product state (MPS) that is suited for gapped spin chains on an
infinite line. The puMPS algorithm will be analogous to the gradient descent optimization
of the uniform infinite MPS.

3.2.1 Notation

A tensor A;;,..;, with rank n is represented by a circle (or box) with n legs. Each leg
corresponds to an index, and has the same dimension as this index. Contraction of two
tensors is represented by connecting contracted legs, called bonds, whose dimensions are
bond dimensions. After contraction, the tensor network may have external legs that are
not contracted, whose dimensions are called physical dimensions. External legs of a tensor
network state correspond to the Hilbert space in which it lives. A tensor network with no
external legs represents a scalar. Some basic examples are shown in Figure 3.1.

3.2.2 Uniform infinite matrix product states

A uniform infinite MPS is defined as
[W(A)) =D wf(--- ATARAT - ogld), (3.19)

s
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Figure 3.1:  Basic examples of tensor networks. (a) A bipartite state |1))4ap. (b) The
reduced density matrix of A of the state. (c) The square of the norm of the state (]1).
(d) The expectation value of O on subsystem A, (¢)|O4]¢) (e) The Schmidt decomposition,
Eq. (3.15). (f) An uniform infinite MPS, Eq. (3.19). (g) A puMPS, Eq. (3.34). (h) The
square of the norm of the puMPS, (U(A)|W(A)).

22



where s; = 1,2, ---d labels a basis of the local Hilbert space on the site with position i,
§=---5_18081- -+, and A% is a set of d matrices with size D x D that specifies the infinite
MPS. D is the bond dimension of the MPS.

It can be shown that the maximal entanglement entropy between the left and the right

of the MPS is
S <log D, (3.20)
since there are at most D nonvanishing Schmidt coefficients. Therefore, the MPS can only
faithfully represent the ground state of a gapped Hamiltonian. There are both analytical
and extensive numerical evidence that the ground state of any gapped Hamiltonian can be
represented as a MPS (either uniform or non-uniform) [120, , , b6, 58, , 137]. In

additional to a numerical tool, MPS has also been used to classify of topological phases in
1D [25, 20].

Given a Hamiltonian H, we can minimize the energy function
(P(A)|H|P(A))
(W(A)[w(A))

with respect to the tensor A to get an approximation to the ground state. One may then
compute correlation functions from |W(A)).

E(AA) = (3.21)

It is well known that when applying infinite MPS to a critical system the finite bond
dimension D introduces an artificial finite correlation length £(D) which grows with D.
Despite the fact that long distance physics beyond the correlation length is not captured, al-
gebraically decaying correlation functions at shorter distances can be faithfully reproduced,
and conformal data such as scaling dimensions and the central charge can be extracted. In
order to obtain higher accuracy, one may minimize the energy with a series of increasing D
and extrapolate to the D — oo limit. Such a way is known as finite entanglement scaling
(FES) [117, 116]. We will compare FES with our method based on puMPS in Chapter 4.

3.2.3 Canonical forms

The variational ansatz Eq. (3.19) has a gauge freedom. Two sets of matrices A® and A"
describe the same state, i.e. [U(A)) = |¥(A")) if they are related by a gauge transformation,
A’® = g7t A%g, where g is a D x D invertible matrix. We can enforce certain conditions
for the tensor A for any uniform infinite MPS by exploiting this gauge freedom. One
convenient condition is the left canonical gauge, where we fix A = Ay, that satisfies

> APA; = (3.22)
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and
> ANAP =N, (3.23)

where A is a D x D diagonal matrix consisting of descending positive numbers \; as its
diagonal elements. The \;’s are the Schmidt coefficients of the bipartition of the infinite
chain into left and right semi-infinite chains. Given the original tensor A of the MPS, the
left canonical tensor Ay, can be obtained with a standard procedure [109]. We will use the
left canonical gauge in the following. Then the optimization of Eq. (3.21) is equivalent to
optimizing

(U(AL)|H|¥(AL))

E(Ap, Ap) = = (3.24)
(W(AL)[¥(AL))
over all possible left canonical tensor Aj,.
3.2.4 Gradient descent optimiztion
The gradient optimization was originally proposed in [51] as an energy minimization algo-

rithm for continuous matrix product states. Here we will adapt it to the case of uniform
infinite MPS. First, let us review how gradient descent works in general numerical analysis
[2]. Given a smooth functon f: M — R where M is a Kahler manifold with local coordi-
nates z*, z# we want to find the minimum of f. Starting with an initial guess (z, z), The
gradient descent optimization consists of two iterative steps,

1. Compute the gradient 0f/0z".

2. Change the coordinate z# — z* — ag"0f/0z" where g"” is the metric tensor and «
is a step size obtained by a line search.

Consider a local deformation of the MPS that changes the tensor only on the site 1
into another tensor. The deformed state

Wa, (A0)) = Z v (- AP (AZATHAE - Jorl3) (3.25)

S

depends on a d X D x D tensor Ac, which is referred to as the central tensor. The choice
of Ac to parametrize the local deformation is justified by (3.26) below. If Ac = A\, the
state | W4, (A¢)) comes back to the original state |W(Ap)).

It can be shown that the expectation value of any one site operator O on site 1 for
the deformed state is (O;) = Tr(OSS/AgASCT), where repeated upper and lower indices are
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implicitly summed. In particular, the square of the norm of the deformed MPS equals the
vector norm of tensor Ag,

<\PAL (AC>|\1/AL (AC)> - 5}“’14/61416'7 (326)

where we use . = (s,a,b) to denote the combination of the physical index s and matrix
indices (a,b), that is A* = A?%,. The fact that the metric tensor in Eq. (3.26) is J,, leads
to a crucial simplification of the gradient optimization of MPS. We will see in the next
section that the norm of a locally deformed puMPS is related to the central tensor A not
by an identity matrix, but a general positive definite matrix, which results in additional
complexity in the gradient algorithm for puMPS.

Now we explain how gradient optimization works. We will not work with the highly
nonlinear cost function Eq. (3.24) directly. Instead, we will work with an auxiliary energy

function _

(W4, (Ac)[H[V4, (Ac))
(W1, (Ac) W, (Ac))
which only depends on the central tensor Ax on site 1. The auxiliary energy function
satisfies the following properties: (i) Ea, (Ac, Ac) = E(Ap, Ap) if Ao = ApA. (ii) Under
an infinitesimal change of tensor A} = A +0Ay, the change in the original energy function
SE(Ap,AL) = E(A},A}) — E(AL, Ap) is related to the change in the auxiliary energy
function 0F4, (Ao, Ac) = Ea, (AL, AL) — Ea, (Ac, Ac) by

SE(AL, AL) = NOE4, (Ac, Ac) + O((6AL)?), (3.28)

EAL (A07 AC) =

(3.27)

where Ac = Ap\ and A, = A} A\, and N is the size of the system. Thus, if an infinitesimal
change dAc away from Ac = Ap\ decreases the auxiliary energy function, (3.27), the
corresponding change dA;, = dAcA™! also decreases the original energy function, (3.24).
We expect that this is still true for a finite but small change. Therefore, to minimize the
energy function Eq. (3.24) iteratively, we first identify the direction of change AAq in A¢
that decreases (3.27), and then change Ay according to 6A; = dAcA™!.

To be more concrete, given an initial MPS, we compute its left canonical tensor Ay
and the diagonal matrix A. Next, taking the derivative of Fa, (Ac, Ac) with respect to the
central tensor A on site 1, we obtain the local gradient

OE4, (Ao, Ac)
0AY,
where H = H — (U(AL)|H|W(AL)) is the shifted Hamiltonian, and we have assumed the
normalization

= ((0/0AL)V 4, (Ac) [ H|V 4, (Ac)) (3.29)

(Ug,(Ac)|Wa,(Ac)) = 1. (3.30)

25



ApApL Ap Ac MNALALALAL

-----------

AL AL AL Ac) TALALALA]L
AL Ar A A, AL AL ApAp

............
............

AL ALAL  NTALALALA;L

Figure 3.2: Tensor networks used in the gradient descent algorithm for uniform infinite
MPS. Top: the square of the norm of locally deformed MPS with central tensor Ac. It
equals the vector norm of the tensor Ag, Eq. (3.26). Bottom: derivative of the auxiliary
energy function Fy4, (A¢) with respect to the central tensor A¢ in Eq. (3.29), where red
tensors form a matrix product operator representation of the shifted Hamiltonian H.

Contracting the tensor network representing Eq. (3.29) gives us the local gradient, see
Fig. 3.2, where we have used the matrix product operator (MPO) representation of the
Hamiltonian. More details about the MPO are discussed in Appendix A. The direction of
AA¢ is then chosen as opposite to the direction of the local gradient,

94, (Ac, Ac)
AY, '
The appearance of 6 is related to the fact that the vector space of Aq inherits a flat

metric from the norm of the locally deformed MPS, as already noted in (3.26). Next, we
change Ay in the direction of AA-A"?,

AL = Ap + a(AATY (3.32)

AA’é — (3.31)

where @ > 0 is a step size obtained by either a line search or empirical observations to
optimally minimize the energy function. Finally, we replace the tensor A of the MPS with
A, and use the standard procedure [109] to put it back to the left canonical form. Note
that A} does not fulfill the left canonical condition (3.22)(3.23) in general. In the next
iteration we first need to compute the left canonical tensor Ay from of the updated MPS

(W (AL)).

We iterate the steps above until the norm of the gradient

_ [ s 9BaL(Ac, Ag) 04, (Ag, Ac)
" DAY, DAY,

(3.33)
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is sufficiently small. Notice that n would vanish if we had reached the minimum of the
energy function. In practice, we observe that the error in ground state energy is on the
order of n?, thus we may stop when 1 equals the square root of the expected precision in
energy.

The most costly part of the algorithm is the computation of the local gradient (3.29) at
O(D?) per iteration, comparable to the cost of the infinite density matrix renormalization

group (iDMRG) [77, ], while we have the additional advantage of keeping explicit
translation invariance. Other optimization schemes, such as the infinite time evolution
block decimation (iTEBD) [124] and the time dependent variational principle (TDVP)

[56, 92], though keep translation invariance explicitly, converge slower than the gradient
optimization because they follow an imaginary time evolution trajectory.

3.3 Periodic uniform matrix product states

A puMPS on a finite circle is a finite size analog of the translation invariant MPS on an
infinite line. A puMPS on N sites is defined as

[W(A)) =D Tr(A A% ... AV)[3), (3.34)

where § = s;...sy and d is the dimension of the Hilbert space for a single site. It can
represent the ground state of critical spin chains with high fidelity provided that the bond
dimension D grows polynomially with the system size N [123, |. This can be seen by
the fact that the maximal entanglement entropy of a contagious region in a puMPS is

S < 2log D, (3.35)

and that the entanglement entropy in the ground state of a critical spin chain scales
logarithmically with N.

3.3.1 Gradient descent algorithm
The optimization of a periodic MPS, which typically costs O(NN D?) or higher, is numerically
more costly than open boundary MPS [123, 89] which costs O(ND?). In a gapped system,

one may reduce the cost of optimizing a puMPS to O(N D?) by truncating singular values
of the transfer matrix [92]. However, in a critical system, the truncation will introduce
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larger errors. Therefore, here we will not follow such a strategy. Instead, we propose a local
gradient descent method that resembles the gradient optimization for open boundary MPS
introduced in the previous section, but with cost O(ND?). Tt also shares some features
with the TDVP method although we do not follow an imaginary time evolution trajectory.

The energy minimization goes as follows. First, we treat the tensor A as if it belonged to
an infinite MPS and compute Ay, and A that satisfy the left canonical condition (3.22)(3.23).
Then we define the locally deformed puMPS as

W, (Ac)) = Y Tr[(AZATHAP - A3, (3.36)

5=1
Here, as in (3.25) for the infinite MPS case, the dependence on A¢ is only on site 1.

We can relate the square of the norm of the deformed puMPS to the central tensor Aq
with a bilinear form,

(U4, (Ac)Wa, (Ac)) = AL gu Al (3.37)

We call the positive definite matrix g,,,, the local effective norm matriz for the central tensor.
For an infinite MPS, we can read off ¢, = d,, from (3.26). However, g, is nontrivial in
the case of puMPS as a result of periodic boundary conditions, as represented in Fig. 3.3.
Then, as we did for infinite MPS, we can define the auxiliary energy function as (3.27)
with the state substituted by the deformed puMPS. The computation of the local gradient
OE 4, (Ac, Ac)/0AY, is also simplified by using the shifted Hamiltonian, which leads to the
same expression for the local gradient as (3.29) but the state substituted by the deformed
puMPS. It is represented as a tensor network in Fig. 3.3. These tensor networks can be
contracted with time cost O(N D?).

Next, we compute the direction of change AAq in the central tensor As with gradient
descent. The optimal direction AAqx that decreases the auxiliary energy function now
becomes

—g" OE,, (407 Ac) :
0AY,
where ¢g"” is the inverse of the nontrivial metric g,, as given by the local effective norm
matrix in (3.37), satisfying g""g,, = 6#. This results from the fact that the space of A¢ now
inherits the nontrivial metric g, from the norm of the locally deformed puMPS, compared
to (3.31). The inverse metric, however, does not need to be computed densely, since all we
need is to compute (3.38), where the left hand side can be solved for iteratively. The use
of the left canonical form, though it does not eliminate the need for inverting the metric,

AAL = (3.38)
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Figure 3.3: Top: the tensor network for the local effective norm matrix (3.37) for the de-
formed puMPS in the left canonical gauge. Bottom: the tensor network for the derivative
of the auxiliary energy function with respect to the puMPS tensor A¢ in (3.29), assuming
that the puMPS is normalized. The red tensors form a matrix product operator represen-
tation of the shifted Hamiltonian H.

is advantageous in practice, since it generally leads to a better conditioned local metric
favored by iterative linear equation solvers.

Finally, we transform the change of A into the change of puMPS tensor A; by AA, =
AAcA"!, then update the tensor according to

AIL = AL + OzAAM (339)

where a > 0 is the step size obtained by either line search or empirical observations. A’
is then used as the new puMPS tensor (for all sites), resulting in an updated puMPS. The
iteration then restarts from computing the left canonical tensor of the updated puMPS.

Convergence is also monitored using the norm of the local gradient with a modified
definition

- \/gwjaEAL(ACHAC) aEAL(ACUAC)' (3.40)

0AY, OAY,
We also observe that the error in ground state energy is roughly n? for the puMPS gradient
descent algorithm. Thus we stop at 7 < 107° in all the simulations, resulting in a 1072

error in the ground state energy which is negligible compared to other sources of errors in
conformal data, such as the non-universal subleading finite size corrections.

The above method shares with TDVP the computation of an effective norm matrix
and its inverse matrix. The main difference is that while in TDVP we compute the full
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effective norm matrix to follow the trajectory of an imaginary time evolution, which costs
O(N DY) per iteration for puMPS, in the local gradient descent method above we compute
the local effective norm matrix where the dependence of As is only kept explicit on one
site. In order to find the ground state, it is not necessary to follow the trajectory of an
imaginary time evolution. Instead, in many cases [51, | including our case, a simpler
local gradient method makes energy minimization faster.

3.3.2 Preconditioning

Optimization using gradient descent usually suffers from local minima. Preconditioning
is a procedure to find an initial state that approximates the global minimum, with which
gradient descent converges faster. In the context of puMPS optimization, we observe that
starting with a random state only works well for small bond dimension in small systems.
For puMPS with larger bond dimension in larger systems, the energy landscape of the
variational manifold becomes more complicated, and the algorithm is more likely to get
stuck in a local minimum. Here, we use several simple ways of preconditioning.

First, we can directly use the optimized puMPS tensor for system size Ny as the tensor A
for the initial state for slightly larger system sizes Ny > Ny with the same bond dimension.

Second, for the same system size, as an initial puMPS state with bond dimension Dy,
we can use the optimized puMPS tensor with smaller bond dimension Dy, enlarging it to
d x Dy x Dy and filling the vacancies with small random numbers.

We compare the convergence of the local gradient descent algorithm in these two cases,
with preconditioning or starting with random state, in Fig. 3.4. The results show that
preconditioning significantly accelerates convergence and helps produce accurate ground
state approximations within a smaller number of iterations.

3.4 Excited states

After iteratively optimizing the ground state puMPS |W(A)) of bond dimension D with
respect to a critical Hamiltonian with size N , we can solve low-energy excited states
with time cost O(N D®) using the puMPS Bloch state ansatz. We find that puMPS Bloch
states can accurately reproduce all low-energy eigenstates of critical quantum spin chains
(that is, up to some appropriate maximum energy). This is remarkable, since the puMPS
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(a) Preconditioning with puMPS from a smaller system size

10° 1 energy without preconditioning
"""""""""""""" gradient norm without preconditioning
10721 energy with preconditioning
------- gradient norm with preconditioning
S 10741
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1074
107%1
0 50 100 150 200 250 300
step
(b) Preconditioning with puMPS from a smaller bond dimension
10() 4
10721 \~—-—-___,
1074_
—
3
-
f-_'i 107(5 J
energy without preconditioning
10784 e gradient norm without preconditioning
energy with preconditioning
L e N A E—R gradient norm with preconditioning
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step

Figure 3.4: Convergence of the puMPS gradient descent algorithm with preconditioning for
the critical Ising model with N = 128. The dashed lines are the convergence of the gradient
norm 7, and the solid lines represent the energy difference of puMPS from the exact ground
state energy at each step of energy minimization. (a) Bond dimension D = 18, initial state
chosen with the pre-optimized puMPS tensor for N = 64, D = 18 (red), and random initial
state (blue). (b) Bond dimension D = 30, initial state chosen by enlarging the optimized
puMPS tensor from D = 18, N = 128 (red), and random initial state (blue). Iterations are
stopped when n < 1075,
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Bloch state is originally designed to capture only some (namely single-quasiparticle) low-
energy excitations in gapped systems [104], where multi-quasiparticle excitations require
an alternative, significantly more sophisticated ansatz [115].

3.4.1 puMPS Bloch states

A Bloch state of the optimized puMPS with momentum p is determined by anthoer d x
D x D tensor B’

ab’
N d
|D,(B; A)) =) e Ty Tr (BYA™ . A™)[5), (3.41)
n=1 5=1

where 7T is the translation operator by one site. The Bloch state is an eigenstate of the
translation operator T,

T|®,(B; A)) = €?|®,(B; A)), (3.42)
because
T12,(B; A))
N d
_ Z e~ wiitl Z Tr(leA” o ASN)‘§‘>
j=1 F=1
N+1 d
= Z e~ =1 Z Tr(B* A% - .- A*V)|3)
j=2 F=1
N+1 d

= €Y e Ty Tr(BUA® - A3
j=2 §=1

N d

= P Z eI Z Tr(BSlASQ . A3N>’§>
j=1 F=1

= ?|®,(B; A)),

where the fourth equality makes use of the fact that e PWN+D TN+ — =T a5 a result of
e~V =1 and TV = 1. Following the terminology in [70], we also refer to |®,(B; A)) as a
puMPS tangent state, and B the tangent tensor.

The tangent tensor B can be determined by solving a generalized eigenvalue problem,
which is detailed below.
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3.4.2 The generalized eigenvalue problem

An eigenstate of a Hamiltonian is a saddle point of the expectation value of energy in the
Hilbert space. Analogously, we require that

0 (0,(B; A)|H|Py(B; A))

_ i =0 3.43
557 (0,(B: A)[@,(B: A)) 349

It can be simplified to a generalized eigenvalue equation [90],
H,,(p)B" = EN,,(p)B", (3.44)

where N, (p), H,.(p) are the effective norm matrix and the effective Hamiltonian in each
momentum sector,

Noulo) = (5B )| g 0(B.)) (3.45)
Houlo) = (5B )| | G 0B.4) ) (3.46)

where the derivative is taken with respect to the tensor on all sites in contrast with the
local effective norm matrix g,, in the previous section (see Eq. (3.37)).

We have to be a bit cautious when solving the generalized eigenvalue equation Eq. (3.44)
by multiplying the inverse of N,,(p) on both sides. This is because (i) the full effective
norm matrix N, (p) is only semi-positive definite due to gauge freedom of MPS tangent
vectors [92, 58], and (ii) it is not well conditioned, even if we project out its null space,
as many positive eigenvalues may be close to zero, see Fig. 3.6 for an example. The first
problem is settled if we use the pseudoinverse of the effective norm matrix instead of the
ordinary inverse. In order to solve the second problem, we can again make use of the left
canonical form of the puMPS. We parametrize the puMPS with the left canonical tensor
Ap, and the tangent tensor B is parametrized with Bo by B = B ™1,

|®,(Be, AL)) Ze_’p”T"ZTr (BEXTHAZ ... AT)|3). (3.47)

Then (3.44) can be rewritten in terms of B¢,

HMV,C(p>B6 = EN;U/,C(p)Bé‘y (348)
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Figure 3.5:  Top: the tensor network for the effective norm matrix N, c(p) for puMPS
tangent states parametrized with A; and B = BA. Bottom: the tensor network for
the effective Hamiltonian H,, «(p) when p, = pg = p, or for the effective H, matrices
H,, jw,c(Pas Pg), where the red tensors in the middle form a matrix product operator rep-
resentation of the Hamiltonian or its Fourier modes, respectively.

where Ny, o(p) and H,, c(p) are obtained by substituting the derivatives in (3.45), (3.46)
by derivatives with respect to B¢ and Be and setting A = Ap,

0 _ ] 2
Nuu,C(p) = <a?q)p(B07AL) @(I)p(BC,AL)> (349)
C
%, _ %,
Hyc(p) = <W¢p(BC,AL) H'WCDP(BC,AL)>. (3.50)
C C

They are depicted as tensor networks in Fig. 3.5. Contraction of each tensor network costs
O(ND®).

The effective norm matrix N, c(p) with respect with B¢ is much better conditioned
than the original effective norm matrix N, (p) with respect to B in a random gauge. As
an example, we fix A = A, and plot the eigenvalues of N,, o(p = 0) and N,,(p = 0) for
the Ising model with N = 64 and puMPS bond dimension D = 24 to show this explicitly
in Fig. 3.6.
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Figure 3.6: Nonzero eigenvalues of the effective norm matrix in momentum zero sector of
the Ising model with N = 64, D = 24, sorted in descending order. Green: N, (p = 0) in
(3.45) where the puMPS tensor A is fixed as the left canonical tensor A;. Red: N, c(p = 0)
in (3.49). The blue vertical line is at 1 = (d — 1) D?*+ 1, the number of nonzero eigenvalues
resulting from the gauge freedom of puMPS tangent state in momentum zero sector.

We then multiply by the pseudoinverse Ng“ (p) of the effective norm matrix on both
sides of (3.48) to obtain the ordinary eigenvalue equation,

NEH(p)Hyw.o(p) B¢ = EBY. (3.51)
Finally we compute a set of low-energy eigenvectors in each momentum sector with (3.51)
using the Lanczos algorithm, and multiply B¢ by A~ to get back to B.

The computation of N, c(p) and H,, c(p) is the most costly part in the algorihm,
which costs O(N D°). However, since we only need to construct the matrices once for each
momentum sector, the actual time cost is usually less than ground state optimization.

3.4.3 Fidelity for the Ising model

In order to check how well the excited states are captured by the above puMPS Bloch state
ansatz, we explicitly compute the fidelity of puMPS tangent vectors obtained above with
eigenstates obtained by exact diagonaliztion for the Ising model Eq. (3.13) with N = 20.
The fidelity is defined as

fo = (Gal3™), (3.52)
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where |¢2*") is the ath eigenstate from exactly diagonalizing the full Hamiltonian, and
|pa) = | Py, (Ba, A)) is the corresponding eigenstate represented approximately as a puMPS
tangent vector. We compute the first 41 eigenstates, each eigenstate corresponding to a
scaling operator with A <44 1/8 (to be explained in section 4.1). The result is shown in

Fig. 3.7.

We can see that although the fidelity decreases as energy increases for a fixed bond
dimension, fidelity increases uniformly for each state as the bond dimension increases,
regardless of energy and conformal tower of the state. Thus we conclude that the puMPS
Bloch state ansatz, Eq. (3.41), can capture all eigenstates in the low-energy subspace with
sufficiently small errors, given large enough bond dimension.

3.4.4 Validlity for generic critical quantum spin chains

We have checked that the puMPS Bloch state can represent all low-energy excited states
of the critical Ising model (N = 20) with high fidelity. Two natural questions arise, the
first being how the puMPS Bloch state works for other models and the second being how
large sizes can be reached.

In order to answer the first question, we will apply puMPS Bloch states to different
models, in particular the non-integrable O’Brien-Fendley (OF) model and the ANNNI
model in Chapter 4. We have also checked the validity for 3-state and 4-state Potts model,
and the XXZ model in Chapter 7. Combining the puMPS techniques with the method
of extracting conformal data from low-energy eigenstates, we find the results in excellent
agreement with analytical results. This highly suggests that the puMPS Bloch state is
a generic method that works for all low-energy eigenstates of a generic critical quantum
spin chain. We also note that in Ref.[] the puMPS Block states are shown to reproduce
accurate energies in the Ising model and XXZ model where the theory is integrable.

In order to answer the second question, we note that the bond dimension D needs to
grow polynomially with the system size N for a critical quantum spin chain. This can
be seen by comparing the entanglement entropy, Eq. (3.17) with Eq. (3.35). It can be
also seen that D grows at worst exponentially on the central charge ¢“**. Given that the
numerical cost grows as O(ND?) for the ground state energy optimization, the maximal
size that we can reach is smaller for models with larger central charge. In practice, we have
reached N < 228 and D < 49 for the Ising model (¢“" = 0.5), which takes several days to
run. For the OF model at the TCI point (¢™" = 0.7), we reached N < 128 and D < 44.
For the 4-state Potts model (¢ = 1), we can reach roughly 50 spins within several days
of runtime.
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Figure 3.7:  Fidelity of the first 41 exactly diagonalized eigenstates of the Ising model
(N = 20) with their variational, puMPS Bloch-state counterparts. Top: fidelity of all 41
states for fixed bond dimension D = 12. Primary states are labeled with diamonds and
descendant states are labeled with dots. Different colors label states in different conformal
towers. Bottom: fidelity of four selected states for bond dimensions 6 < D < 16. All
ground states are converged to n < 1075,
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We remark that it is a priori far from obvious that puMPS Bloch states should be an
appropriate ansatz for all low-energy excited states. After all, in a noncritical spin chain

only single-particle excitations are well captured by this type of ansatz [57], and a different
ansatz [1 18] is needed to capture multiparticle excitations. However, in a critical system
(for sufficiently large bond dimension [91]) correlations in the puMPS are long range so

that the tensor B of Eq. (3.41) is capable of modifying the ground state wavefunction more
globally than in the gapped case, making the ansatz more expressive. Note that the ansatz
can easily be further improved by considering B tensors that encompass two or more lattice
sites, instead of one [58].
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Chapter 4

Conformal data and renormalization
group flow in critical quantum spin
chains

In this chapter we extract conformal data from critical quantum spin chains based on
the low-energy eigenstates. We will first introduce two classic results, Cardy’s relation
of the spectrum of energies and momenta, and Koo-Saleur lattice Virasoro generators.
Combined with the puMPS techniques which allow us to obtain accurate approximations
to low-energy eigenstates with sufficiently large system sizes, we are able to reproduce (i)
highly accurate scaling dimensions, conformal spins, and the central charge and (ii) precise
identification of conformal tower. We will apply our method to the Ising model and the OF
model, In the latter case, we also nonperturbatively compute the RG flow of the low-energy
spectrum between the TCI CFT and the Ising CFT.

4.1 Extraction of conformal data from a critical quan-
tum spin chain

4.1.1 Scaling dimensions and conformal spins
Given a critical quantum spin chain Hamiltonian H with PBC, it is expected that each

low-energy eigenstate [1,) of H is in one-to-one correspondence with an eigenstate [¢S"")
of H®" on the cylinder, and the spectrum of energies and momenta in the low energies
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resembles that of a CF'T, Egs. (2.54)(2.55). This is first pointed out by Cardy and coauthors
in the 80’s. The momenta are quantized, Eq. (3.12), therefore they cannot have any finite-
size correction, then

2
P, = stg”. (4.1)
The energies, on the other hand, have finite-size corrections
2m T
E,=A+B—(AY"— —)+ O(N™%), 4.2

where A, B and x > 1 are non-universal (depending on details of the lattice model). At
sufficiently large sizes, the subleading correction O(N~%) is negligible. The constants A
and B can be numerically estimated by using the fact that scaling dimensions of the ground
state and the stress tensor state are always A" = 0, A7 = 2 in a unitary CFT. A is the
ground state energy density in the thermodynamic limit and

N

B~ 3(ET — Ey). (4.3)
We can then extract the scaling dimensions and conformal spins as
E,— Fy

A, = 2472 — 4.4
B B, (4.4)

N
w = —P,. 4.5
s o (4.5)

CFT

Notice that A, and A differ by finite-size corrections, but s, = so" (up to periodicity
N) is exact. To obtain a more accurate approximation to AJ"™, we can compute A, as a
function of N at finite sizes and extrapolate to N — oo (the thermodynamic limit).
4.1.2 Koo-Saleur lattice Virasoro generators

Eq. (4.4)(4.5) give a spectrum of scaling dimensions and conformal spins of scaling oper-

ators. In order to obtain conformal data, we still need to identify the primary operators.
We can make use of the Koo-Saleur lattice Virasoro generators.

N N
H,= % > by mIN o HOT (4.6)
j=1

where ~ means "acting on the low-energy eigenstates as”, and H " is a linear superpo-
sition of Virasoro generators, Eq. (2.57). We note that there is an ambiguity in defining
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the Fourier mode for multi-site operators. Different choice results in different finite-size
corrections in the matrix elements of H,. This issue is treated carefully in Appendix B.

Denote P, the projector onto the subspace spanned by eigenstates whose energies are
lower than that of |¢,). Then, analogous to Eq. (2.58), primary states can be identified
by the condition [30, 140] that

P, Hy|lpa) =0 (n==£1,%2) (4.7)

in the thermodynamic limit. Other eigenstates can be approximately obtained by acting
with H,, (n # 0) on the primary states, proceeding in analogy with the CFT. An estimate
c of the central charge ¢“*" is obtained from

= 2[(T|H_|0)|%, (4.8)

analogous to Eq. (2.59). Again, a suitable extrapolation to the thermodynamic limit will
be used.

4.1.3 Finite-size corrections

In practice, finite-size corrections are always present. Physical quantities in critical sys-
tems usually exhibit power law finite-size scaling. In general, we can relate the finite-size
conformal data A, (N),c(N) to their thermodynamic values A, ¢ by

Aa(N) = Bt 2 4 o(N ") (4.9
¢(N)=c+ ch + o(N "), (4.10)

where x,, 2., by, b. are non-universal numbers to be fitted.

In order to identify conformal towers in the presence of finite-size corrections, we can
set an empirical small tolerance €, that decreases with N such that |¢,) is identified as a
primary state if

Z > 1wslHaléa) < 6. (4.11)

n=—2 Eg<Eq

Denote the number of primary states as n,. In order to identify conformal towers in
the presence of finite-size corrections, we can proceed as the following. First, we create a
matrix Cy;, where « labels eigenstates and [ = 1,2---n, labels the conformal tower. The
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matrix is initialized to have all zero entries. Then, set Chqy = 1, VI, where «(l) is the
label of the /th primary state. This assigns each primary state to its own conformal tower.
Then, for each non-primary state labelled by «, in order of ascending energy, we update

Cot Z > 1@l Halts)*Ca, (4.12)

n=—2 Eg<Eq

normalizing the vector C,,; after each update,

Cot — Cla / > (4.13)
=1

Finally, for each state labelled by a we determine which conformal tower it belongs to
according to which component in C,; is the largest.

In the ideal case where the system size is taken to infinity, C,; can only pick up con-
tributions from states within the same conformal tower with scaling dimension 1 or 2 less
than that of the state [¢,). Then C,; would only have one nonzero entry normalized to 1
for each «, according to which conformal tower it belongs to. In practice, due to finite size
effects, Cy; has n, — 1 possibly nonzero entries which go to zero with increasing system
size N, so that only one entry remains O(1) for sufficiently large system size N.

4.2 Numerical results

4.2.1 Conformal towers

We first apply the puMPS techniques to the Ising model with N = 64 and bond dimension
D = 24. We then identify primary operators and conformal towers as in the previous
section. The whole procedure takes roughly 10 minutes on a laptop. The result is shown
in Fig. (4.1). The numerically-assigned conformal towers are consistent with the CFT
result up to level 7, where some states are misidentified.

Typically, eigenstates of higher energy suffer from stronger finite-size effects. For the
Ising model, we find that the finite-size effects cause few problems in conformal tower
identification for the low-lying spectrum, as long as the bond dimension of MPS is large
enough to represent eigenstates accurately. We present exemplary results in Fig. 4.1. This
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Figure 4.1:  (a) Exact Ising CFT scaling operator spectrum, with diamonds marking
primary operators. (b) Ising model spectrum, colored according to numerical conformal-
tower identification, for N = 64 sites using Bloch states on top of a puMPS variational
ground state with D = 24, converged to n < 107 (error on ground-state energy density
~ 107'1). The numerically-assigned conformal towers are consistent with the CFT result
up to level 7, where some states are misidentified. Note: We displace data points slightly
along the x-axis to show degeneracies.
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is in accordance with [80], and results from the fact that finite-size perturbation for the
Ising model comes from operators in the identity tower.

A similar result for the OF model at the TCI point is plotted in Fig. 4.2. We also see
that all eigenstates corresponding to the CF'T scaling operators in this range are captured
by the puMPS ansatz, and that the identification of the conformal towers are correct up
to AT < 3.2. Note that the critical point is only approximate for the OF model. This
demonstrates that our approach is stable against slight relevant perturbations.

4.2.2 Conformal data

Following the procedure in the previous section, we first compute A, (N), c¢(N) for a series
of sizes N and extrapolate to the thermodynamic limit. The extrapolation is shown in
Fig. 4.3 for the Ising model and Fig. 4.4 for the OF model. The result is shown in Table
4.1.

Critical Ising model OF model, TCI point

exact puMPS error exact puMPS error
c 0.5 0.4999997 1077 c 0.7 0.6991 1074
A, 0.125 0.1249995 1077 A, 0.075 0.07492 107°
A. 1 0.9999994 1077 A. 02 02001 107*
ANps, 2125 212501 1075 A, 0.875 0.8747  107*
Nps. 3 3.00002 1075 Ao 1.2 1.203 1073
App 4 4.007 1073 Ao 3.0 3.002 1073

Table 4.1: Central charge and selected scaling dimensions from lattice Virasoro matrix
elements [30] and energy gaps derived from puMPS Bloch states. For the Ising model, we
used system sizes N < 228 and bond dimensions 24 < D < 49. For the OF model near
its Tri-Critical Ising (TCI) point, we used N < 128 and 28 < D < 44 (requiring more
computational time than used for the Ising model). Note the good agreement in the latter
case, despite being slightly off-critical.

We see excellence agreement with the exact results in both cases. The extrapolation
produces higher accuracy if finite bond dimension error introduced by puMPS is negligi-
ble compared to finite-size corrections. Thus, we have to go to a sufficiently large bond
dimension D to lower the finite bond dimension errors. On the other hand, finite D effects
become stronger for higher excited states. Thus there is always an eigenstate for which
finite D errors become more significant than finite size effect. For example, in Fig. 4.3,
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Figure 4.2: (Top) Low-energy spectrum of the TCI model with PBC at N = 56, diag-
onalized using puMPS with bond dimension D = 36. Different colors indicate different
conformal towers, with diamonds labeling the primary states. (Bottom) The spectrum of
the TCI CF'T up to A“" < 3.2 for PBC.
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with the chosen bond dimensions for different system sizes, finite D affects the TT state
far more seriously than other lower-energy states.

4.2.3 Comparison with other methods

Here we present a comparison of the conformal data extracted from the critical Ising
model using puMPS; with similar data (from the literature) computed using other tensor-
network methods. We compare our results with finite entanglement scaling (FES) based
on infinite matrix product states [110], the tensor renormalization group (TRG) [73], and
tensor network renormalization (TNR) [36]. These methods derive conformal data from
different quantities: In [116], scaling dimensions are computed from the decay exponents of
two-point correlation functions of scaling operators on the lattice and the central charge is
extracted from the scaling of the entanglement entropy with the bond dimension. In [36],
which presents data for TRG as well as TNR, the central charge and scaling dimensions
are extracted from eigenvalues of a coarse-grained transfer matrix.

Examining the results, shown in Table 4.2, we find that the accuracy of conformal
data extracted from puMPS is consistently better than for the other methods. We also
remark that, in the case of puMPS, a complete set of scaling dimensions (and conformal
spins) can, in principle, be extracted systematically, together with the identity of the
scaling operator corresponding to each scaling dimension. This is not the case in [116],
where extracting scaling dimensions requires knowledge of lattice versions of each scaling
operator of interest, or in TRG/TNR, where the scaling operator corresponding to the
computed scaling dimensions was not identified.

4.3 Spectral renormalization group flow

4.3.1 Setup in quantum field theory

Consider a perturbation of the TCI CFT by the € operator,
L
HOT — g1 / A (z), (4.14)
0

where 0 is the bare coupling constant at a UV cutoff scale A = 1. The € operator has
AT = 1.2 < 2 and it is therefore a relevant operator. Each term in Eq. (4.14) is normalized
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exact puMPS FES TRG TNR

c 0.5 0.4999997  0.496 0.49982  0.50001
A, 0125 0.1249995 0.1246  0.12498  0.1250004

A 1 0.9999994  0.998 1.00055 1.00009

Ap, 1125 1.1249994 1.12485 1.12615*  1.12492*
Az, 1125 1.1249994 1.12635*  1.12510*
Ao 2 1.9999998 1.9985 2.00243*  1.99922*
Ay, 2 1.9999998 2.00579*  1.99986*
Ar 2 2%k — 2.00750*  2.00006*
Ar 2 %% — 2.01061*  2.00168*

Table 4.2: Central charge and selected scaling dimensions extracted from the critical Ising
model, comparing the puMPS techniques we employ to finite entanglement scaling (FES)
with infinite matrix product states [116], the tensor renormalization group (TRG) [73], and
tensor network renormalization (TNR) [36]. Note that, for FES, the scaling dimensions
~ 1.125 correspond to the spatial-derivative operators 0,0 and 0.e (denoted do and de
in [116]), which are mixtures of do, o and Os, Oe, respectively. To indicate this, we
have placed these values between rows. Also, values marked with * were not assigned to
particular CFT operators in [36] so we have simply listed them in ascending order. Finally,
in the puMPS data, the values for Ay and Aj (marked with %) are exact because these

scaling dimensions were used to fix the overall normalization. The bond dimensions used
were 28 < D < 49 for puMPS, 32 < D < 64 for FES, 64 for TRG, and 24 for TNR.

according to the following: H"™ is normalized such that the speed of light is 1 and €'(z) is
normalized such that
o\ 24

(T2 [0) = (f) T (4.15)

Since the perturbation is relevant, H%7 is described by the TCI CFT at short distances.
At long distances, the theory becomes strongly coupled, and it turns out that H®" is
described by the Ising CF'T. Therefore, the energy spectrum of H®%7" goes to that of the
TCI CFT for small L and that of the Ising CFT for large L. The flow of the low-energy
spectrum with L is referred to as a spectral RG flow.

The authors of [(7] express the first energy gap of H¥™" as

21
EY"" — Eg = Te(r), (4.16)
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where

-\ 5/4
r=1 (%) _ (4.17)

The dimensionless quantity e(r) is determined by solving a set of equations, proposed in
[67] based on integrable field theory. The constant x ~ 0.148696 is needed to match the
predictions with those of conformal perturbation theory. The RG flow from TCI CFT to
Ising CFT suggests, for example, that e(07) = AL = 3/40 and e(+o00) = AL = 1/8.

The interpolating flow between the TCI and the Ising CFTs has been studied in inte-
grable field theory [66, 134, 67] and in integrable lattice models [13, 87, 12], as well as using
the truncated CFT Hilbert space approach [70, 53]. In particular, in ref.[67] the authors
conjecture a solution to e(r). Here, we study the spectral RG flow nonperturbatively in
the OF model with the puMPS method.

4.3.2 Spectral RG flow in the OF model
Consider the OF model with A = A* — ¢ in the OF model,

H =) (=X Xj01 = Zj+ (N = 0)(X;Xj 117540 + Z; X511 X40)). (4.18)

J

Comparing Eq. (4.18) with Eq. (4.14) we can identify that ¢ in the lattice model corresponds
to § in the QFT Hamiltonian. The spectral RG flow is studied by the low-energy spectrum
of H at different system sizes V.

Similar to the QFT, at small N the low-energy spectrum will be determined by the
nearby TCI point, while increasing N will eventually reveal the Ising CF'T. We observe this
flow at e.g. A = 0.4, where in Fig. 4.5 we see that the low-energy excitations spectrum at
N = 32 exhibits some striking similarities to the TCI CFT spectrum, while at N = 256 it
looks like the Ising CFT spectrum. Also in Fig. 4.5, we show conformal tower membership
computed using the Koo-Saleur lattice Virasoro generator, Eq. (4.6). At N = 32, despite
strong corrections due to the relevant € perturbation and further irrelevant perturbations,
we nevertheless reproduce the low-lying tower-membership results of the TCI. At large NV,
the state identifications match the Ising CFT.

In Fig. 4.6 we further plot the spectral RG flow at A = 0.4 for a selection of states,
including some that would correspond to primary operators in the TCI CFT. We find we
can easily determine which Ising CF'T operators the TCI CFT primaries are mapped to:
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These results match those found in other studies of different microscopic realizations of
the same CFTs, e.g. [37], and conform with expectations from symmetry considerations.
The identity of &' in the TCI CFT with 77T in the Ising CFT matches their both being
associated with the A term in H.

We can better confirm the TCI operator identities of the low-energy states at A = 0.4
by tracking them as a function of A — A\;. This we do in Fig. 4.7 for fixed N = 32. We
find a very similar pattern to Fig. 4.6, which we would expect if the RG flow of Hamiltonian
couplings sends A to zero for any starting A < A;¢. Using both plots we can connect the
low-energy eigenstates at A = 0.4, N = 256, which we identified with Ising CF'T operators,
with corresponding eigenstates at Ao, N = 32, where they clearly match up with TCI
CFT operators.

4.3.3 Comparsion with integrable field theory

we have to be careful when we compare the spectral RG flow on the lattice with that in the
QFT quantitatively. First, we identify L in Eq. (4.14) with the system size N in Eq. (4.18).
This means that the lattice spacing is chosen to be A=! = 1. Second, at the TCI point
0 = 0, the lattice Hamiltonian H corresponds to H"™'/n* where the normalization is such
that the speed of light is the same. Specifically, n* is such that in the thermodynamic limit

7 X (BH(N) — By(V)) = 2= x 2, (4.19)

where Ej and E} are the energies of the ground state and the stress-tensor state and *
indicates the TCI point. Third, the operator appearing in the ¢ term is related to the CFT
operator €T as
XiXjnZjso + ZjXj Xjpo ~ Cad ™ () + - (4.20)
where - - - represents irrelevant operators. The precise meaning of the above correspondence
is made clear in Chapter 5. The coefficient Cv can then be estimated using
2 AC;FT

XK1 22 + 2 Xl = o (57) (421)
where the states are eigenstates of H at the TCI point with sufficiently large N. We can
then relate the lattice and QFT parameters as

6 = Cn*s. (4.22)
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Using this identification, we can also relate the flow parameters N and r as

<\ —5/4
N=r (%) . (4.23)

Carrying out this procedure, we approximately extract C.r ~ 0.8235 and n* ~ 0.6147 with
the numerical data at N = 128 and D = 44 at the approximate TCI point A\* ~ 0.428. In
the previous subsection, we study the spectral flow of H at A = 0.4, i.e., § = 0.028, which
corresponds to 6 ~ 0.0142.

Finally, since H corresponds to the Ising CFT in the IR, we rescale H such that the
speed of light is 1 as N — oo, using a normalization constant n given by

2w 2
n = lim

NN B (V) = Eo(N)’ (424)

where the limit is taken numerically by a linear extrapolation with 1/N — 0. Note that
the correct normalization constant 7 of the perturbed Hamiltonian is not exactly the same
as 1*, since ¢ is not infinitesimal. We then compute the scaled gap

N

"o

e(N) (Eo(N) = Eo(N))n, (4.25)

which can be compared to the QFT result e(r) via Eq. (4.23).

The comparison is shown in in Fig. 4.8. We find increasingly good agreement for larger
system sizes N — oo, consistent with vanishing finite-size corrections due to lattice effects.
We note that our methods should allow us to study nonperturbatively the RG flow of a
large number of additional energy levels in generic spin chain systems.

4.3.4 Spectral RG flow in the ANNNI model

There are other models that interpolate between the Ising CFT and the TCI CFT. One
example is Anisotropic Next-Nearest-Neighbor Ising (ANNNI) model

N
H==Y [X;Xjn +Z; +7 (X X502 + Z;Z50)], (4.26)
j=1

which includes the critical Ising model at v = 0 and a TCI point at v* ~ 247 |

? Y ] °

20



Note that the scale of the v term in (4.26) at v* is two orders of magnitude larger than
that of the remaining Hamiltonian. Compared to the OF model, this makes the ANNNI
model more difficult to study numerically, as the resulting linear algebra problems involved
in using puMPS techniques are relatively ill-conditioned. Nevertheless, we were able to
extract a spectral RG flow (Fig. 4.9) for the ANNNI model that interpolates between the
two CFTs. The gaps are also plotted as a function of v in Fig. 4.10. Due to very slow
convergence of the puMPS ground state, we had difficulty reaching the TCI point with the
chosen system size and bond dimension.

4.4 Conclusion

We have demonstrated the use of puMPS and puMPS Bloch states for extraction of confor-
mal data from critical spin chains. The ability to compute accurate variational low-energy
eigenstates at large system sizes (far beyond the reach of ED) using these techniques en-
abled us to extract highly accurate conformal data and identify conformal towers precisely.
We have tested our method in the Ising model and the OF model. In the latter case, the
availability of a large range of sizes enable us to study a spectral RG flow and identify
low-energy eigenstates with CF'T operators in both the Ising and TCI CFTs.

Finally we comment on the advantage of extracting conformal data based on operator-
state correspondence. Perhaps most importantly, the momentum directly delivers the
conformal spin via Eq. (4.5), which is therefore known exactly. Furthermore, distinguishing
between degenerate energy eigenstates via momentum makes it easier to isolate states
corresponding to particular CFT operators. This will be crucial in Chpater 5 in which we
variationally determine lattice operators corresponding to CFT primary field operators,
allowing us to compute OPE coefficients for primary fields, thus completing the extraction
of conformal data from a generic critical quantum spin chain Hamiltonian.
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Figure 4.5: Top: Scaling operator spectra of (a) the Ising and (b) the TCI CFTs (with a
selection of operators labeled). Bottom: Approximate scaling dimensions and conformal-
tower identification for the OF model at A = 0.4 with (¢) N = 256, D = 52 and (d)
N = 32,D = 32, corresponding to points of Fig. 4.6. We label a selection of states
according to a numerical identification of the corresponding CFT operators [30]. Note:
We displace data points slightly along the x-axis to show degeneracies.

54



TCI
i 0002

o0 MN=32
=)
< Kz M oc
1 g
]._ 5‘ | < x '.0_/
|
1

X

e L

04T @ 20066 x - ‘(EI

O.E)O O.E)l 0.2)2 0.63 0.2)4 0.65 0.66
1/N
Figure 4.6:  Spectral RG flow (crosses) of the first 5 energy levels (as apparent scaling
dimensions A) at momentum zero, excluding A = 0, extracted from the OF model with
A = 0.4, using puMPS with D < 52. For comparison, we also plot the exact scaling
dimensions of the Ising and TCI CFTs (dots, diamonds). The crossover between the two
highest levels plotted, which we confirm by tracking conformal tower membership using H,
matrix elements, is consistent with these states belonging to different Kramers-Wannier
self-duality sectors.

95



34009 -

CI

)
T

A
o Ising
4
K
K
K
g
K
X
Qim\

—
€
O @ X% D 25
07 ] o
0.00 0.01 0.02 0.40 0.41 0.42 0.43
1/N A

Figure 4.7:  Connection of the spectral RG flow of Fig. 4.6 (left) to the “flow” of OF model
energy levels as a function of A at fixed system size N = 32, computed using puMPS with
D = 28. Note how the apparent scaling dimensions agree with the TCI CFT values at the
TCI point Aper = 0.428.

=¥=field theory, conjectured
= 0124 —*— OF model
80
£ 0.11 1
ol
<
o]
% 0.10 1 —

pht R
0.00 0.02 0.04 0.06 0.08

1/N
Figure 4.8: Flow of the first spectral gap from Fig. 4.6 compared with the integrable field
theory result of [67], conjectured to describe the equivalent flow in the continuum.

o6



10{TT e

=
[
&

3.5 1

3.0 100!

aaeo}::&L
TCI
= 25
%/2.0_850'. > | .858
20
— /
1.0 19 E ¢c
M P
0.5 E
[l X | ‘(ET

0.0 1

0.00000  0.00025  0.00050  0.00075 0.00100  0.00125  0.00150  0.00175
1/N?

Figure 4.9:  Spectral RG flow of the first 5 approximate scaling dimensions (crosses),
excluding A = 0, extracted from the ANNNI model at momentum zero, for v = 10, using
D < 46. For comparison, we also plot the exact scaling dimensions of the Ising and TCI
CFTs. Note the crossover between the two largest scaling dimensions plotted, which we
confirm by also tracking the e-tower membership using H, matrix elements.

0 10740.10 0.08 0.06 0.04 0.02 0.00
1/N? 1/y

Figure 4.10: The first 5 approximate scaling dimensions (crosses), excluding A = 0, as
function of ~, extracted from the ANNNI model at momentum zero, for N = 80, D = 38.
We also plot exact CFT scaling dimensions. Furthermore, we show to the left how the
“flow” with « links up at v = 10 with the spectral RG flow of Fig. 4.9. We confirm
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Chapter 5

Conformal fields and operator
product expansion

In the previous chapter we have developed a method to extract scaling dimensions A{™,
conformal spins s{"" and central charge ¢, as well as identify primary operators and
conformal towers from a generic critical quantum spin chain. However, the OPE coefficients

CFT o i1 oot
afy 18 still missing.

In this chapter we explain how to identify each local lattice operator O, acting on the
spin chain, with a corresponding linear combination of CFT scaling operators,

0~ al = 0, (5.1)

More specifically, we show how to numerically compute the first few dominant terms in
this expansion, corresponding to the CFT operators with the smallest scaling dimensions.
As a main application, we then explain how to extract a lattice estimate Cyp, of the OPE
coefficients Cg, by computing the matrix element analogous to Eq. (2.60),

27

Con = (57)  (@alonl0)lo) 52)

where ¢, is an approximate lattice realization of the CFT primary operator ¢S*" and
|¢g) and |¢,) are a pair of primary states of the critical spin chain. In this way we
successfully complete Cardy’s ambitious program to extract conformal data from a critical
lattice Hamiltonian H by exploiting the operator-state correspondence. We demonstrate
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the approach, valid for any quantum spin chain, by computing the leading terms of the
expansion (5.1) for all one-site and two-site operators of the critical Ising model, see Table
5.4, and its non-trivial OPE coefficient C'¢*T. We also outline other future applications.

oo€”

5.1 Exciting the CFT vacuum with local operators

In order to understand the correspondence between lattice operators and CFT operators,
we first need to understand how CFT operators act on the vacuum state. Consider a 1+ 1
dimensional CFT on the cylinder S x R, where the compactified dimension represents
space, with coordinate z € [0, L), and the other dimension represents Euclidean time,
with coordinate 7 € R. On the 7 = 0 circle we build the Hilbert space, spanned by the
states [S"). Let O (z) denote a local operator acting on this circle, with Fourier mode
decomposition

OCFT(:L,) _ ZOCFT,SefiSQﬂ'I/L’ (53)
SEZL
I :
O = Z/ dZEOCFT(.I‘)GZSQWm/L. (54)
0

Applying Fourier mode O“™* on the vacuum |0“") results in an eigenstate of P“" with
momentum (27/L)s. When O“"(z) is a primary field ¢ (z), we obtain

ACFT
s 2\ 7 s
0= (F) T il 59
m,m>0

where ¢ ) (2) = OmO™ ¢ () denotes a derivative descendant with spin s +m — m,

and
, _ ['(m + 2h$ )0 (1 + 2RGT)
Satmm) = 5’""“*55”’5\/ mIm!T (2h )T (2hGT) (5.6)

More generally, analogous expressions can be obtained when O“" is not a primary operator.

Here we will use the specific case where O“7" is a derivative descendant ¢2F(Tk P of the

primary ¢S", for which one finds
ACFT kot ks
¢CFT,37 |OCFT> _ 2_7T " «
a,(k,k) L
D (A B A YR, () S5 ) (5.7)

m,m>0
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For the stress tensor operator T“*, we have
, . o\ [corT ,
T(,FT,s|0(,FT> _ (fﬂ') 612 8(82 _ 1)|8S—2TCFT> (S > 2) (58)

2 2 CFT
TCF‘T,S|OCFT> _ (%) (—62—45370) ‘OCFT> (3<2). (5.9)

Similar relations hold for T,

TCFT,—S |NCFT 2m ? cr ASs—2CFT

Ty = (4 s(s? = DT (s 2 2) (5.10)
B 9 2 CFT

T8 |0y = <%) (—(/’2—45&0) 097 (s < 2). (5.11)

Similar formula for general descenant operators can be derived, but they are far more
complicated. We outline the procedure in the end of this section. Nevertheless, it turns
out that Eqs. (5.6)-(5.11) are enough in our particular case in this chapter. The proof of
these formula is given below, where the crr superscript is omitted throughout the proof.

5.1.1 Primary operators

A primary field ¢(7,x) can be mapped to the complex plane with coordinates (z, z) by
the conformal transformation Eq. (2.47). Using the transformation rule Eq. (2.23) and

dz/dw = 27z /L we obtain
d h dz h
(r,a) = (ﬁ) (ﬁ) $(z,2) (5.12)

2\ 2 A
_ (f) Mg (2, 2), (5.13)
where h, h are the conformal dimensions of ¢(z, 2), and A = h+ h is its scaling dimension.
On the complex plane, the field can be Laurent expanded around the origin,

$z2)= Y amhEmhe, L (5.14)

meZ—h,meZ—h

¢ m—h,—m—h — %% dz dz —m—lg—fn—1¢(z’§)‘ (515)

o 27

or equivalently



The Laurent expansion becomes a Fourier expansion on the time slice 7 = 0 of the cylinder,
o\ 4 L
o0.0)= () X et (5.16)
m,me”Z
where s4 = h — h is the conformal spin.

Acting with ¢(z, z) on the ground state gives

0(2,2)[0) = €*Fe16(0,0)[0) (5.17)
= Y o LmIne), (5.18)
m,m>0 T

where we have used the fact that L_; generates translation and the operator-state corre-
spondence, Eq. (2.35). Combining Eq. (5.15) and Eq. (5.18) gives

L I g) m,m > 0
_ _ mlm! 7 —=1"-1 ) -
¢—m—h,—’f7‘b—h‘0> - { 0 otherwise

Therefore, acting with ¢(0,z) in Eq. (5.16) on the ground state creates the state |¢) and
all its derivative descendants,

(5.19)

L™ L™ |¢) = Coni| D (m,m)) (5.20)
where | (7)) is a normalized state with conformal dimensions (m + h,m + h) and
r 2h)(m + 2h
Conm = 1 [t 20 20T (m + 2h) (5.21)
’ ['(2h)T'(2h)

is a normalization constant, which can be obtained by successively applying the Virasoro
algebra Eq. (2.14).

Finally, consider the Fourier mode

1 [t .
¢’ = z/o dx ¢(0, z)e~2mise/L (5.22)

which selects all modes ¢_,—p —m—parn i Eq. (5.16) with m —m + s, = s, we then obtain

S 27T Aa S
0= (F) X chmmlononm) (5.23)

m,m>0
where
T(m + 2ho)T(m + 2h,)
. I S _ , 5.24
Ca,(m,m) +5a, \/ m!im!T(2he )T(2h,) ( )
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5.1.2 Derivative descendants

Let us generalize the above equations to derivative descendant operators. The temporal
and spatial derivatives can be obtained by commutator with H and P,

O.o(t,x) = [H,o(r,x)]. (5.25)
i0,0(1,x) = [P, é(r,z)]. (5.26)

Combining them together and using Eqgs. (2.54)(2.55), we obtain

d6(r.z) — %[Lg,(b(ﬂx)]. (5.27)
Bo(r,z) = %[zo,as(T,x)]. (5.28)

Acting Eq. (5.27) on the ground state and setting 7 = 0, we obtain an expression similar
to Eq. (5.23),

97\ Aatl
@010 = (F) T 5 i) (5.29
m,m>0
More generally, we have
k Ak 2 At k 7 \k
(050" po)*|0) = (f) Z (M + ha)" (M + )" ¢ ) | P (mm)) - (5.30)
m,m>0

For later use, let us consider a special case 9,¢q = i(0 — 0)Pa,

s 27.‘. Ao<'|‘1 . B .
m,m>0
ot Ag+1
- (f) i Z Sczv(mvmﬂ glj‘(Tm,ﬁv,)% (532)
m,m>0

where the first equality follows from linear combing the cases of k = 1, E=0and k =
0,k =11in Eq. (5.30) and s, = hs — ha, and the second equality follows from 6,45, s I
Eq. (5.24).
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5.1.3 General descendants

We first consider the case for the stress tensors. Their Fourier modes are Virasoro genera-

tors,
o~ (T 2(L - ) (5.33)
~ \L 9 %0 '
I 2(£ - ) (5.34)
~ \L DY R ‘
Applying the L_,, L_, to the ground state produces
L_,0) = C,|0° 217" (5.35)
L_,0) = C,o° 2T, (5.36)

for s > 2, where

Cs = HES(SQ -1) (5.37)

is the normalization constant. This proves Egs. (5.8)-(5.11).

In order to consider more general descendant operators, we first recall that they are
composite operators of the stress tensors and primary operators,

T(w)p(w',w') = > (w—w')"L_, _2¢(w, @), (5.38)
n=—2
where n = —2 and n = —1 correspond to the primary operator and the derivative de-

scendant, respectively. We can then transform each operator in the LHS of Eq. (5.38) to
the complex plane to derive the transformation rule for descendant operators. The rest is
similar to the derivation for primary operators. We can use Eq. (5.18) (which equally holds
for descendant operators) to compute the state L_,_¢(x)|0), up to a normalization that

follows from Virasoro algebra. Finally we can pick up the contribution from any Fourier
mode of L_,, _s¢(x).

5.2 Lattice operators as CFT scaling operators

5.2.1 Constraining lattice operators without OPE coefficients

Consider now a critical quantum spin chain and a local operator O, acting on a small
number of spins, to which we would like to assign a linear combination of CFT scaling
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operators as in Eq. (5.1). In practice we will produce an approximate, truncated expansion
of the form )
O approx Z aa¢§FT = OFT (539>
acA

using only operators ¢S in a preselected finite set A. By optimizing the coefficients a,

(see below), we hope to obtain a truncated expansion (5.39) such that

~ 1
<w5‘0‘wa> _ <1/JE’FT|OCFT‘,¢2FT> +0 <m) , (5.40)

where the matrix elements are between low energy states |¢,) and |¢g), we have equated
the size N of the spin chain with the size L of the CFT circle, and A, is the lowest scaling
dimension among operators not included in .A. Thus, the accuracy of the expansion should
systematically improve (the subleading finite-size corrections be further reduced) by adding
more scaling operators in A.

On the lattice, we first Fourier expand O,

N
o 1 o
O(j) = O e ™WN 0 = ~ D} O(j)etmN, (5.41)
j=1

S

There is a subtlety involving nonzero s for multi-site operators O(j), and we will treat it
in Appendix B. Given a finite set B of low energy states [3) and a range S of values s,
we can numerically evaluate the matrix elements bs s = (15|O°|0) between the spin chain
ground state |0) and state [i3), for all [¢g) € B and s € S. With the ability to analytically
compute Bg, = (g [y e[0T) (using e.g. Egs. (5.5)-(5.7)), we can also evaluate the
corresponding CFT matrix elements

(5O 10°) = B aalyf ™10, (5.42)
acA

In this way we can search for the coefficients a, such that (g T|OFT#|0°FT) best approxi-

mates (15|O0%|0) for all relevant s and §, by minimizing the cost function

~ 2
fN{a}) = Z (15| O%|0) — (g™ 1OT|0T) (5.43)
B,s ,
= ) |bss— Y aaBs, (5.44)
B,s «@
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Importantly, f$({a.}) depends only on matrix elements involving the vacuum and one ex-
cited state (analogous to a CFT two-point correlator) and not on matrix elements involving
two excited states (analogous to a three-point correlator), so that it does not require any
knowledge of the OPE coefficients C'J5". Below we describe in more detail the algorithm
of computing a,’s.

5.2.2 Algorithm

The algorithm is divided into two parts, involving states and operators, respectively.

Low-energy states

taking the critical Hamiltonian H = Z;V:1 h(j) of a periodic spin chain as the only input,
we compute low energy eigenstates of H, using e.g. exact diagonalization for small N and
puMPS for larger N . We then use the techniques of Chapter 4 to (i) for each low energy
state [t,) ~ [ST), obtain estimates A, and s, for its scaling dimension and conformal
spin; (ii) identify primary states |¢q) ~ [¢S"") and their descendants, thus organizing the
low energy states into conformal towers. The above tasks involve a large-N extrapolation.
At this point we make a judicious choice of sets A, B, and S.

Note that the eigenstates |¢,) from diagonalization have random phases. However, in
order to compute a,’s properly, the phases of eigenstates have to be fixed. This is achieved
by two parts. First we fix relative phases between the states in the same conformal tower,
and second we fix the relative phases between primary states.

First, Fourier modes H, ~ LT + LT (s # 0) of the lattice Hamiltonian density h(3)
are ladder operators in the scaling limit. In a CF'T, raising operators connect eigenstates
with real and postive matrix elements,

(Lontha) TLE|05) > 0, (5.45)

—-n

(L) ™| LTS > 0. (5.46)
Accordingly, we will require that the equivalent lattice matrix elements also satisfy

(Lnta|Halta) > 0, (5.47)
(L-nhal H p|tha) > 0, (5.48)

up to finite-size corrections. In practice, for a given conformal tower, we fix relative phases
between descendant states and the primary state |¢) level by level. Starting with |¢,) =
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|¢), we require the above matrix elements with n = 1 and n = 2 to be real and positive.
Then we continue to |1,) = |L_,¢) and |L_,¢) (n = 1,2) and fix the phases of higher level
descendants. This is done until all the states in B have their phases fixed with respect to
the primary states.

In the remaining we would like to fix relative phases between primary states |¢,). In
the CFT,
(G165 077 > 0, (5.9

On the lattice, we first find an operator O, which has ¢S in its expansion, and then
require

(0al0g7]0) > 0. (5.50)

There is still freedom in choosing O, for each primary states, but any choice suffices.

Operators

For a fixed system size IV, we compute the CFT matrix elements (5™ [¢5"*|0"") for all
Yot € A, |[9g") € B and s € S using the corresponding analytical expressions. However,
here we employ the previously estimated conformal dimensions hq = (Ay + 54)/2, ha =
(A, —54)/2 instead of their unknown exact values h™", hS*”, so that no previous knowledge
of the emergent CFT is required. Then, for each choice of lattice operator O, we compute
(15|O*]0) for all 3 € B and s € S, where the phases of each eigenstates relative to
the ground state is fixed by the previous part, and use linear least-squares regression to
minimize f$({a,}) in Eq. (5.43), resulting in a set of optimal coefficients a,(N). Finally,
we repeat the entire calculation for several values of N and extrapolate to N — oo, which
results in the coefficients a, in Eq. (5.39).

Thus we obtain a correspondence between lattice operators and a linear combination
of CF'T operators. We can invert the relation and find lattice operators that correspond
to a particular CFT operator, (e.g. primary operator ¢, ~ ¢S") and compute the OPE
coefficient via Eq, (5.2).

5.3 Example: critical Ising model

5.3.1 Lattice operators as CFT operators

Consider the critical Ising model Eq. (3.13), we used puMPS with bond dimension in the
range 12 < D < 22 to address systems of size 18 < N < 48, with the largest system
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Figure 5.1: Extrapolation of the coefficients of Eq. (5.39) for the lattice operator O =
XZ + ZX. The extrapolated values are a, = 0.803121, ag., = 0.0000, ag, = 0.820,
a2, = —0.736. See Table 5.4.

size requiring several minutes on a laptop with 4 CPU (2.8 GHz) and 2 GB RAM. We
got all three primary operators and their low-lying descendants. For the set A we choose
operators

(identity) 1,

(stress tensor) T, T (5.51)

in the identity conformal tower (notice that 1, T and T are present in any CFT) and the
primaries and first and second derivative descendants in the other two towers,

0-0, 0,0,
0,€, 0, ¢€,

830, 0,00, 830,
872.6, 0,0;€, 856.

(5.52)
(5.53)

(spin) o,
(energy density) e,

For B we choose all states |15) with scaling dimension A, < 3+1/8, namely the 23 lowest
energy states. Finally, for § we choose —3 < s < 3.

We optimized the truncated expansion (5.39) for each Pauli operator X, Y, Z acting on
a single spin, for pairs of Pauli operators acting on two continuous spins, etc, see Table 5.4
and Fig. 5.1. Some of the coefficients a, reproduce up to 6 significant digits of their exact
value, obtained using the exact solution of the Ising model. Also note that the coefficients
are consistent with the spin flip Zy symmetry and the Kramers-Wannier duality (see below).
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Lattice CFT
X 0.8031210 — 0.0179%0 — 0.033020
Y 0.8031i0, 0
Z 0.6366201 — 0.15915(7 + T') — 0.31831e + 0.0100%¢
XX 0.6366201 — 0.15915(T + T) + 0.31831e — 0.01002¢
YY —0.2122071 + 0.4774(T + T) + 0.31831e — 0.08902¢
77 0.5403801 — 0.5403(T + T') — 0.54038¢ + 0.0670%¢ — 0.05192¢
XY +YX 0.3184i0, ¢
XY -YX 0.6366(7 — T)
XZ+7ZX 0.8031210 — 0.8200%0 — 0.736020
X7 -7X 1.2050,0
YZ+ZY 2.41i0, 0
YZ - ZY —0.4015i0, 0,0
XIX 0.5403801 — 0.5403(T + T') + 0.54038¢ — 0.0679%¢ + 0.05192¢
XZX 0.2122071 — 0.4774(T + T) + 0.31831¢ — 0.08902¢

Table 5.1:  Expansion (5.39) for simple lattice operators in the Ising model. Two-spin
operators A(j)B(j+1) are organized into terms that are even or odd terms under exchange
j <+ j+1, eg XY +£YX. The set A of CFT operators is given in Eqgs.
(5.53). Coefficients smaller than 5 x 1072 are not shown.
digits is determined case by case by requiring that a particular digit does not change under
extrapolation with different sets of system sizes up to N = 96. Note that we omit the

superscript cer on the CFT scaling operators.
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5.3.2 CFT operators as lattice operators

By inverting the relations in Table 5.4, we can build linear combinations of lattice operators
whose leading contribution is a targeted CFT scaling operator $"". For instance, if the
target is the spin primary o, its simplest realization is given in terms of the Pauli matrix

X

o R X A 1.24514, (5.54)

where the approximation can be seen from Table 5.4 to include both §?c“" and 9?0 as
subleading corrections. An improved lattice realization is then given by

ot T WX +v(XZ + ZX), (5.55)

where v ~ —0.026, u/ ~ 1.27 and, importantly, the subleading corrections due to 92"
have been eliminated This is particularly useful below for the computation of C,,., seen
to be insensitive to the correction 920" still present in (5.55). Similarly, for the primary
€T we find

T TR (XX —Z2),  p=1.5708, (5.56)

with 92¢“"" as a subleading correction, and the improved
T TR (XX - 2)+v(YY + XZX), (5.57)

for v & —0.19 and ' =~ 1.76, with no subleading corrections in A. Finally, we can also
obtain the stress tensor

TCFT’ POFT 2PRIox N(XX + Z) + V(XY — YX) -+ V’l, (5.58)

where &= —1.571, v ~ 0.7854, v/ =~ 2.000 and, again, there are no subleading contributions

in A.

Equipped with a lattice realization of the primary operators ¢“" and ¢“", we can
finally use Eq. (5.2) to compute estimates Cyg, for the OPE coefficients C¢5". The non-
zero coefficients are

Ciroe ~ 0.500000, Clyer & 0.50000, (5.59)

obtained by computing (c]|O,(0)|e) and (¢|O(0)|o), with O, and O, the lattice operators
in Egs. (5.55) and (5.57) and extrapolating to the thermodynamic limit. Fig. 5.2 shows a
change in scaling from N~=2 to N~* in the error of C,,. when replacing the lattice realization
(5.54) of ¢“" with the improved lattice realization (5.55).
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Figure 5.2: Error in the OPE coefficient C,,. as a function of system size for the two
lattice realizations (5.54) and (5.55) of ¢°"". Lines correspond to N =2 (red) and N~ (blue)
scaling.

5.3.3 Exact solution
In this subsection we first exactly compute some matrix elements in the low energy spec-
trum of the Ising model using the free fermion representation. We will use these exact

matrix elements to obtain an exact expression for some of the (numerical) coefficients in

Table 5.4.

Free fermion representation

Consider the critical Ising model with periodic boundary conditions,

Ho— Zh(j)’ (5.60)
hj) = —X(GXG+1) - 2Z()), (5.61)

where site j = N 41 is identified with site j = 1. The model has a Z, symmetry generated
by

N
Gs =12 (5.62)
j=1
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It is easy to check that [Gg, H] = 0. Gs and H can be then simultaneously diagonalized,
resulting in the eigenvectors of H divided into parity even (Gg = 1) and parity odd
(Gs = —1) sectors.

The Jordan-Wigner transformation

V2~ 1) = ( 11 Z(k)) 2 (5.63)
v(2)) = ( 11 Z(k)) 2 (5.64)

maps the Ising model with /N spins to a spinless fermion chain with 2N Majorana fermions,
where

UH(5) = ¥ () (5.65)
and

{v(), v(D)} = d;. (5.66)

They are fermionic operators because they anticommute on different sites (as opposed to
spin operators which commute on different sites). Also notice that the Majorana operators
are nonlocal in terms of spin operators. Local spin operators with odd Zs symmetry are
mapped to a string of fermion operators, while those with even Z, symmetry are mapped
to local operators in the fermion picture. We list some examples in table 6.1.

spin operator fermion operator
X)X +1) —2iy(2))¥(2) + 1)

Z(J) —2up(25 — 1)(27)
XGY(G+1) —2up(25)9(25 + 2)
Y()X(G+1) 2i9(2) — D)p(2) +1)
Y)Y +1) 2i9(2) — 1)y(2) +2)
Z2(5)Z(j+1) —4ep(25 — 1)p(25)9(25 + 1)p(2) + 2)

XGOIG+D)XG+2) | —40(25)v(2) + D)Y(2) +2)9(2) +3)
X()ZG+1D)X(+2) —2up(25)(25 + 3)

Table 5.2: Lattice operators with even Z, symmetry and their representation using Ma-
jorana fermion operators
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Let us represent the Ising Hamiltonian with the fermionic variables,

Ho= Y 20025 - 1)(2i) + v(2i)(2 + 1) (567
+ 24U ~ YEN) - GsN)U()]. (569

One has to be careful with the boundary term. In the even Z, sector, the fermionic
chain has the anti-periodic boundary condition, (2N + j) = —(j), which is usually
referred to as the Neveu-Schwarz (NS) sector. On the other hand, in the odd Z, sector,
the fermionic chain has periodic boundary condition, ¢(2N + j) = ¢(j), which is usually
referred to as the Ramond (R) sector. We shall only consider the even Z, sector below.

Assuming the NS boundary condition, the Hamiltonian can be written more compactly
as

H =3 20()(+1) (5.69)

Note that the Hamiltonian is quadratic in fermionic variables. This makes it a free
theory, which can be solved exactly using a Fourier transformation.

Symmetry and duality

In fermionic variables, the generator of the Zy symmetry can be expressed as
2N
Gs = (=20 [[ v (). (5.70)
j=1

It is then easy to see that Gg commutes with fermionic bilinears, of the form (j)y(5),
but anti-commutes with operators linear in ¥ (j).

The Ising model at criticality possesses the famous Kramers-Wannier self-duality. This
becomes a translation in the Majorana fermion picture,

V(2j = 1) = (2)), ¥(2)) = ¥(25 +1). (5.71)

The Hamiltonian Eq. (5.69) is then manifestly invariant under the duality transformation.
Note that applying the duality transformation twice corresponds to a translation by one
site in spin variables.
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Using the fermionic representation of local spin operators (Table 6.1), it is easy to see

how they transform into each other under the duality transformation.

Z(j) — X(XG+1)
Z(j+1),
XY (G +1)

Y(i+ DX +2),
-X()Z(G+1)X(+2)
Y(i+1)Y(§+2),
XGIG+1)X(G+2)
— Z(j+1)Z(j+2).

Y(i)X(G+1)

Y()Y(G+1)

A

Z()Z(G+1)

(5.72)
(5.73)
(5.74)

(5.75)

We can then combine them into duality even operators (e.g., XX + Z) and duality odd
operators (e.g., XX — Z). In the Ising model, operators that are Z, even and duality even
belong to the conformal tower of the identity primary, while operators that are Z, even
and duality odd belong to the € tower. Zs odd operators belongs to the o tower. We see

that Table 5.4 is consistent with the symmetry and the duality.

Ground state correlation functions

Define the Fourier modes of fermion operators as
TRREAl
U(p) = —= D 0™,
)= /5 290
where the boundary conditions impose

~oN 2

2 1
P=pn=n <n+—>, n=-—N,—N+1,--- ,N—1.

The inverse Fourier transform is

Egs (5.65)-(5.66) imply

(5.76)



Then 1)(—p), ¥ (p) can be understood as fermionic creation and annihilation operator of the
mode p. Therefore we shall only include the modes with p > 0 as independent variables.

The Hamiltonian can be rewritten as

N-1

H = Z(—Q sinp,, + 4Sinpn¢T(pn)w(Pn))-

n=0

It follows that the ground state satisfies
The two point correlation function in momentum space is then

<0|¢(Pn)¢(—]9m)!0> = Onm,

for p, > 0 and 0 otherwise. Fourier transforming it back to position space yields

=2

1

OB I0) = 37 3 0.

Il
o

n
In the thermodynamic limit N — oo, the above sum becomes an integral,

1 [ . i L
_ —i(j=lp _ —im(i=0) _q
or ), e G = )
1
— ——_ j—1 odd,
G0 7

and 0 if 7 — [ is even and nonzero.

For later use, we also present how the correlation function at finite N behaves,

OGS0 =~ (14 5l — 02+ OV )

if j — [ is odd.

When j = [, we have

O[9()10) = 5.

We then have all the two point correlation functions in the thermodynamic limit.
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For example,

Jim (0]2(7)]0) = ~26(0[(2) — 1)(27)]0) = - (5.80)
And similarly,
Jim (OIX()XG+ ) = > (5.90)
Jm QYY) = o (5.9)
Jm O1X()ZG+ DXG+2)I0) = —o (5.92)

We can then derive higher point correlation functions by Wick’s theorem. For example,
in the thermodynamic limit,

(019(27)9 (25 + 1) (27 + 2)¥ (27 + 3)[0) (5.93)
= (0]9(2)¥(27 + 1)[0)(0]4(27 + 2)1(25 + 3)[0)

+(0[(2)9(25 + 3)|0)(0[¢(25 + 1)¢(25 + 2)[0)
4

- - (5.94)
Then

Jim OXG)IG+DXG+2)I0) = 5 (5.95)

Jm 01ZG)ZG +Dl0) = o (5.96)

The ground state expectation value of a lattice operator in the thermodynamic limit gives
the coefficient of the identity operator in the corresponding CF'T operator. For example

2
XX ~ =194 ... (5.97)
70
where - - - represents other scaling operators. In this way, we obtain the coefficient in front

of the identity operator for all Z, even operators in Table 5.4, as listed in Table 6.2.
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Excited states

In order to consider other CF'T operators in the expansion, we have to compute low-energy
excited states. Excited states are created by applying creation operators ¥ (p,)(p, > 0)
on the ground state. There are two sets of creation operators at low energy, those with p,
near p = 0 and near p = m, corresponding to chiral and anti-chiral excitations. In the Z,
even sector, there is an even number of fermions. The lowest lying excitations are

&) = "¢ (po)y" (pn-1)10) (5.98)
IT) = € (po) (p1)]0) (5.99)
IT) = Tyl (py_1)1 (pn—2)[0). (5.100)

The above phases will be determined shortly.

Matrix elements of lattice operators involving these excited states can then be computed
by multi-point correlation functions of Majorana operator. For example,

(el X ()X (G + 1)]0)

= —2ie ’95<0|¢(pzv 1) (po)(27)¢ (25 + 1)[0)

= —2ie”"[(01¢(po)¥(27)]0) {01 (pn—1)1(2] + 1)]0)
—(0[4(po) (25 + D]0) (O (pv 1)1 (2)10)]

—iGE[ 1 ePo2j 1 61PN71(2J'+1)

. ezp0(23+1) 1 ele—ﬂj]

V2N V2N

—10c

= —2ie

e : -
— ——(eZpN—l _ elp())
N
2 —10¢
- “fN C0S Po, (5.101)

where the first equality follows from Table 6.1, the second equality follows from the Wick
theorem, the third equality follows from Eq. (5.83) and Eq. (5.78), and the last two equal-
ities follows from pg + py_1 = 7.

At large sizes,

WXGHXG D0 =22 " l1- T L ow]. (5.102)



As stated in section 5.2, we fix the phase 6. = /2 by requiring the above matrix
element to be real and positive.

Comparing to the CF'T result

- . 2
<€C’PT‘€CPT($)|OCPT> — fﬂ- (5103)
and
" . - o\ ®
ECFI azecm T Ocm I e 5.104
T L
(derived from Eq. (5.30)), we can read off
1 CFT 1 2 _CFT
where - -+ may contain 9%¢“"" and higher scaling dimensions in the e tower, as well as
operators in the identity tower.
Similarly, we can compute
N e 0T N .
(TIX ()X ( +1)[0) = ——F—=e /N (e — ), (5.106)
where s = 2 is the conformal spin of 7T'.
Expanding it with respect to 1/N gives
o—i0r '
(T|X ()X +1)|0) = WWG’QWSTJ/N. (5.107)
By requiring it to be negative, we fix 0 = . Then we can compare it to
y req g g ) p
27\ 2 orT
<TCFT|TCFT(:L‘)|OCFT> _ (%) CTG’LQTFSTJ}/L’ (5108)
where ¢“" = 1/2 is the central charge, to obtain
1
XXN_Z_TCFT+... , (5.109)
T
where - - - contains other scaling operators. In the same way,
1 -
XXN—Q—TCFT+--- : (5.110)
T
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Now we can combine Eqgs. (5.97),(5.105),(5.109),(5.110) to obtain

2 1 ‘ — o 1 .. 1 :
XX ~ 2107 _ _(TCPT + TCPT) 4 CFT _aEECl‘T 4 (5.111)
s 2 T 327
where - -- contains other scaling operators with scaling dimension 3 or higher.

Since X X and Z are related by a duality transformation, they have the same coefficients
in front of operators in the identity tower, and opposite coefficients in front of operators
in the € tower. Then

2 1 - 1 1
T o~ ZOFT _ T (7PCFT 4 FPCFTY T CFT —82 CFT . 5112
0 27r( - ) T * 327 7 * ( )

Proceeding as above for other lattice operators as listed in Table 6.1, we reproduce
part of Table 5.4 analytically, as listed in Table 6.2. We note that the subleading term in
Eq. (5.87) is important in deriving the coefficient in front of 92¢“"" for X I X and ZZ, which
are quartic in fermionic variables. The coefficient in front of 92" cannot be computed
by the matrix elements (€|O(5)|0) because (¢“"T|92e“"T|0"T) = 0. Instead, we have to use
matrix elements involving a state in the ¢ tower with non-vanishing conformal spin, such

as |0e).

In Table 6.2, we also show the first 5 digits of each analytically computed coefficient,
to be compared with numerical results in the main text.

Comparing Table 6.2 with Table 5.4 in the main text, we see that in general, the
coefficients in front of CF'T operators with lower scaling dimensions are, as expected, more
accurate.

Finally, we note that in order to reproduce the expansion for Z, odd operators ana-
lytically, we have to work with states in the Ramond sector and string operators in the
fermion language. This is more complicated and we omit it here.

5.4 Source of error

We have found the expansion of lattice operators in terms of CFT operators, i.e., the
coefficients in Eq. (5.39). Reversing the expansion, we found lattice operators for primary
CFT operators, and then we compute the OPE coefficients. In this section we analyze
possible source of error, including finite-size errors and truncation errors. We will first
consider general lattice models and then analyze the example of critical Ising model in
detail.
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Lattice operator CF'T operator
Z (2/m)1 —1/2m)(T +T) — (1/7)e + 1/(327) 0%
XX (2/m)1 —1/@2r)(T +T) + (1/m)e — 1/(32m) %€
YY —2/(3m)1+3/27)(T+T) + (1/m)e — 9/(32m)0%¢
Z7Z 16/(37%)1 — 16/(372)(T + T) — 16/(37?%)e + 2/(37%)0%¢
XZX 2/(3m)1 =3/27)(T+T) + (1/7)e — 9/(32m)0%€
XIX 16/(37%)1 — 16/(37)(T + T) + 16/ (37?)e — 2/(37%)0%€
—i(XY +YX) (1/m)0-€
XY -YX (2/m) (T —T)
Lattice operator CFT operator
A 0.636621 — 0.15915(T + T') — 0.31831¢ + 0.0099592¢
XX 0.636621 — 0.15915(T + T') + 0.31831¢ — 0.0099502¢
YY —0.212211 + 0.47746(T + T') + 0.31831¢ — 0.089520%¢
A 0.540381 — 0.54038(T + T') — 0.54038¢ + 0.067550%¢
XZX 0.212211 — 0.47746(T + T)) + 0.15915¢ — 0.089520%¢
XIX 0.540381 — 0.54038(T + T') + 0.54038¢ — 0.067550%¢
—i(XY +YX) 0.318310; ¢
XY -YX 0.63662(T — T)

Table 5.3:  Correspondence between lattice operators and CFT operators for the Ising
model. The truncated set of CFT operators contains 1,7, T, ¢, O-¢, 9*c. Coefficients are
obtained analytically in the top table. The bottom table is the same as the top table except
that coefficients are shown their approximate values to 5 digits to compare with numerical
results. The subscript 7CFT” is omitted in the column of CFT operators.

5.4.1 General lattice models

In general, there are three sources of errors in our method of finding the correspondence
between lattice operators and CFT operators in Section 5.2.

1. The CFT operator space is truncated to a finite set A. This precludes an exact
correspondence between CF'T operators and lattice operators.

2. The lattice has a finite number N of sites, which leads to errors (due to sublead-
ing finite-size corrections) in the numerical estimates of the scaling dimensions and
central charge used in order to evaluate CFT matrix elements in the cost function.

3. The numerical diagonalization of the Hamiltonian (e.g. using puMPS) produces
approximate eigenstates (e.g. due to the finite bond dimension of the puMPS).
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It will be argued in this section that the first source causes errors in the expansion coef-
ficients that decay as 1/NP, with the power depending on the truncated space A of CFT
operators. The power-law convergence of expansion coefficients is confirmed numerically
by the results obtained with the Ising model, which is detailed in next subsection. We also
briefly comment on the other two sources of error, which are assumed to be subdominant.

Errors due to a truncated set A of CFT operators

Given a truncated set A of CF'T scaling operators {¢S""(x)} and a lattice operator O, we
find the coefficients a,(N) such that

O (x) =Y aa(N)yS™(w) (5.113)
minimizes the cost function
~ 2
fR{aah) = D [@sl0%10) = (g0 0| (5.114)
B,s

The exactly correspondent CFT operator O“", which involves an infinite sum of scaling
operators, satisfies

(10710} = (B0 4]0°77) (5115)

for any 8 and s. The goal is to estimate how far the coefficient a,(N) that minimizes the
cost function is away from the exact value a,.

Denote by A, the set of scaling operators {¢)¢%/(7)} (c means "complementary”) that
together with {¢{"(x)} form a basis that expands O "(z), then we can expand

OCFT Z aoﬂ/}CFT + Z b CFT (5.116)

Denote the difference dan (V) = aq — aq(N). Using Egs. (5.113)-(5.115), we can express
the cost function solely in terms of CF'T matrix elements,

2

fN({aa Z 25% ¢E‘FT|¢CFTSB|OCFT +Zb ngT|w(‘FTSB|OCFT> ‘ (5'117)

For simplicity, we first consider the case where the expansion Eq. (5.116) only involves
operators in one conformal tower. In the limit of large N, the second term scales as N~2¢,
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where A, denotes the smallest scaling dimension of the operators in {1J¢/ ()} that have
nonzero coefficient b,; # 0. Moreover, the leading contribution of the second term cannot
be completely eliminated by fine tuning da,(N), since otherwise Ve (x) would be a linear

combination of {1<*(z)}. Therefore, the minimum of the cost function f{ scales as N~22¢,
and
0o (N) ~ N=(Aem8a) (5.118)

where A, is the scaling dimension of ){"". In practice, we include in A all possible operators
in {Y(x)} up to scaling dimension Ay.y. Then by definition A, > Ay .. Therefore, the
error becomes smaller as we include operators in A with higher scaling dimensions so as to
increase Ap.x. Another way to reduce error is to go to large sizes, whenever other sources
of error are still subdominant.

If the expansion Eq. (5.116) involves operators in different conformal towers, then in
Eq. (5.117) the sum over g splits into different conformal towers. For each conformal tower,
the sum over o and o' are restricted to the same conformal tower. Following the same
arguments, we define A. for each conformal tower as the smallest scaling dimension in
{¥ei(z)} in that conformal tower, and Eq. (5.118) still holds for operators 5" in that

conformal tower.

Other sources of error

Error due to extrapolation of A and ¢ to the thermodynamic limit can be reduced by enlarg-
ing the maximal size Np.y. As shown in Chapter 4, the error usually decays polynomially
with Npyac. We can therefore make this error subleading by using larger Npay.

Error introduced during the diagonalization of the Hamiltonian will result in errors in
a,(N) that grow with both the scaling dimension A, of the operator and the system size
N. This is because, in the cost function Eq. (5.117), the coefficient da,(N) is multiplied
by a matrix element that scales as N~®«. This error is negligible if we do not go to too
large sizes IV or too large scaling dimensions in A. In the example of Ising model we only
go to N < 48, much smaller than the maximal size (N = 228) that our diagonalization
technique (puMPS) can reach. We only keep up to level-2 descendants in .4, while we
could identify conformal towers up to level 6.
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Error in numerical estimates of OPE coefficients

The OPE coefficients are approximately computed by

2\ T s
Cam=<ﬁ7r) (0a]Og [05), (5.119)

where Oy, is a lattice operator that corresponds to ng; "'~ ¢F"". Expanding in terms of
scaling operators,

O = agd5™ + Y agg™, (5.120)

B'>1

where ag ~ 1 and ¥g" represents other scaling operators. Then

Capy — Cay = (a0 — 1)Cg5, (5.121)
27 A 7| 1 CFT,80—$ ,
(N) D ag (¢S by 65T, (5.122)
B>1

We see that the error of Cy,, has two contributions. The first contribution, Eq. (5.121),
contributes to a constant proportional to ag— 1, which is determined by the accuracy of the
expansion coefficients of each lattice operator that are used to construct Oy,. The second

contribution, Eq. (5.122), scales as N ~(Bgy s ), where Ag is the lowest scaling dimension
of ¢E§T that appears in Eq. (5.122).

Therefore, in order to increase the accuracy of Cys,, we can either compute Eq. (5.119)
at larger sizes N, or obtain more significant digits of ag. We shall see that for the Ising
model that both could lead to a significant improvement of accuracy.

5.4.2 Example of critical Ising model
Convergence of expansion coefficients a, (V)

We start with the numerical extrapolation of some of the expansion coefficients a,, presented
in Table 5.4 in the main text. We show that the convergence of a,(N) is as 1/N?, where
p=A.— A, is the predicted power law in Eq. (5.118).

The first example is O = X Z + ZX with

O = a,0"" + a9, 00:0"" + 452,050 + ap2,025™". (5.123)

82



The error due to using a truncated set A of CFT scaling operators is determined by
A. > 2+ 1/8. It turns out that this particular lattice operator O = XZ + ZX does
not have a contribution from the o tower at level 3, and A, = 4 4+ 1/8. According to
Eq. (5.118), we obtain

Say ~ N4 (5.124)
Sap., ~ N2 (5.125)
Sag, ~ N2, (5.126)
dag, ~ N2 (5.127)

The numerical results is shown in Fig. 5.1, consistent with the prediction above.
The second example is O = ZZ and
CF)CFT _ allcFT + aT(TCFT + TCFT)

CFT CFT 2 _CFT 2 _CFT
+ ace™ +ag,0-€7 + a2 07 + age07€

In this case, the leading operator in the complementary set A. has scaling dimension A, = 4
for the identity tower and A, = 5 for the € tower. Then

day ~ N4 (5.128)
Sar ~ N2 (5.129)
Sa. ~ N4 (5.130)
Sas.. ~ N3 (5.131)
dagee ~ N2, (5.132)
dagee ~ N2 (5.133)

The numerical results are shown in Fig. 5.3.

Some additional comments are in order. First, we cannot determine A. a priori in
general. Instead, we have to try extrapolation using different possible A, to make the
best fit. Second, for some coefficient a,(NN), the error in numerical diagonalization may be
important in the extrapolation. For example, this happens for ag, ~ —0.017 for O = X
with Eq. (5.123), see Fig. 5.4. Third, the extrapolation assumes the asymptotic scaling
of da,(N) at large sizes. Numerically, we can determine a, more accurately by using
data from larger sizes, in the situation where other sources of error are negligible. In the
operators that are considered, we find that for O = —i(YZ + ZY') with Eq. (5.123), the
coefficients agz2, and agz, are only obviously below 10~2 when extrapolating with data up
to N = 96, see Fig. 5.5.
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Figure 5.3: Convergence of the coefficients with Eq. (5.128) for O = ZZ. Coeflicients are
obtained by minimizing the cost function for systems sizes 18 < N < 48.
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Figure 5.4: Convergence of the coefficients with Eq. (5.123) for O = X. Coefficients are

ag,o

0.00000 4
—0.00005
© —0.00010 1
—0.00015

0.0000 0.0001
1/N?
(]
& —0.0336 1
&
~0.0338 1
0.000 0.002
1/N?

obtained by minimizing the cost function for systems sizes 18 < N < 48.
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Figure 5.5: Convergence of the coefficients with Eq. (5.123) for O = —i(YZ + ZY).
Coefficients are obtained by minimizing the cost function for systems sizes 36 < N < 96.
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Convergence of OPE coefficients

According to Table 5.4 in the main text, we can have the following three ansatz for O,, all
of which corrspond to a CFT operator of the form Eq. (5.120), with ¢g™ = 0", ag = 1.
They are

Op1 = X, (5.134)
Ops = wa(XZ+7X), (5.135)
Ogg = /Jg(X + 1/3<XZ + ZX)) (5136)

We quote the expansion coefficients that are used here for reader’s convenience (see Table
5.4),

X ~ 0.8031216“" — 0.01702¢"" + - - - (5.137)
XZ+7ZX ~ 08031210 — 0.820020 " + - | (5.138)

where we omit the 920" term because it does not contribute to the OPE coefficient. In the
following, we shall regard the coefficient of 0“*" in the above two expansions numerically
the same, as they coincide with the highest accuracy (6 digits) among all coefficients that
are computed.

In order to have ag ~ 1, we determine
p1 = po = p3/(1+v3) = 1/0.803121 ~ 1.24514. (5.139)
Since ay has 6 significant digits and its error can be negligible to the finite-size errors below,
we shall ignore the difference between ay and 1.

The subleading operator in Eq. (5.120) for O, and O,y is 920", with coefficient
a@2o)1 = —0.017p1 &~ —0.021 and a(p24)2 = —0.820u3 =~ —1.02. Therefore, the correspond-
ing OPE coefficients are, according to Eqs. (5.121)-(5.122),

2 2
Conit €522+ () cimanCift (5.140)
2 2
CUUEQ ~ O§§Z+ (Wﬂ-) Q9202 gggaw (5141)
where we have defined
o\ ~(2HAGT)
S = () (7710207 (0) 7T (5142
49
RERTTE (5.143)

86



and we have used CFT relations

2T

AgFT—i—n
ey = ()7 @-areg e

CFT N [ CFT\Sq—S CFT 27T Ag}“T—’—n - CFT CFT\\N CFT
R (CA N e (i(sg" = s, (5.145)

which follows from Eq. (5.27) and its antiholomorphic analogue.

Substituting numbers into Eqgs. (5.140)-(5.141) gives

0.32

ngd =~ 05—W (5146)
154

000'52 ~ 05_@’ (5147)

Eqgs. (5.146)-(5.147) are confirmed with numerical results, see Fig. 5.6.
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0461 o 194514%
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0.0000 00005 00010 0.0015 0.0020 00025 0.0030
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Figure 5.6: Convergence of the OPE coefficients C,, e with 0" ~ Og1,Og9. Sizes
18 < N < 48 are used. Linear extrapolation with 1/N? is used. The intercept the
the extrapolation are approximately 0.5000003 and 0.49994 respectively. The slope are
approximately —0.315 and —15.34 respectively.

We see that using 0" ~ O, results in much smaller errors, although they scale with

the same power of N as the errors in 0" ~ O,5. This originates from the fact that the
coefficient of 90" in Eq. (5.137) has a much smaller amplitude than that in Eq. (5.138).
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The point of introducing the third lattice realization O,3 is to completely eliminate the
020" contribution. Therefore, v3 ~ —0.017/0.820 ~ —0.021 and it follows that s ~ 1.27.
This results in
Copes = CST+ O(1/NY), (5.148)
which is confirmed in Fig. 5.2.
We will analyze the cases for the other OPE coefficient C,., in the same way. We have
used 4 different lattice realizations that approximately correspond to €7,

Ou = m(XX-2) (5.149)
On = MQ(YY+XZX) (5.150)
Ou = (22— XIX) (5.151)
Ou = m(XX —Z+wu(YY +XZX)), (5.152)

where 1y ~ ps = 1/0.63662 ~ 1.5708 and pus = 1/(—1.0876) ~ —0.92527. The last
operator is to eliminate the 92" contribution. Therefore, v4 = —0.010/0.089 ~ —0.11
and iy & 1 /(1 + vy) = 1.76. However, since

<O'CFT|872_€CFT(O> |0.CFT> — 0’ (5153)

it does not improve the scaling of C,,. The numerical results for C,, using these operators
are shown in Fig. 5.7. We omit the OPE coefficient computed with O, which almost
coincides with that with Q.. We see that only O.3 has significant finite-size error in this
OPE coefficient, which hints that in the expansion of O&™ there is a significant contribution
from (L_4 + [_/,4)€CF *. For the other two operators O, and O , there is no significant
finite-size error in C,,, which suggests that the only subleading CFT operators in the €
tower up to level 4 are derivative descendants that do not contribute to the OPE coefficient.
This may be explained by the fact that O, and O., are quadratic in fermionic variables,
which renormalize into fermion bilinear operators in the Ising CFT, and that only ¢“*" and
derivative descendants are fermion bilinear operaters in the e tower.

5.5 Conclusion

Given a critical quantum spin chain Hamiltonian H as the only input, in this chapter we
have explained how to identify a local lattice operator with a corresponding expansion
(5.39) in terms of scaling operators 5" of the emergent CFT. As demonstrated for the
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Figure 5.7: Convergence of the OPE coefficient C,., with %" ~ O., O, Oc3. Sizes
18 < N < 48 are used. Linear extrapolation with 1/N 4 is used. The intercept of the
extrapolations are approximately 0.4999999, 0.4999999 and 0.4999997 respectively. Only
O3 has significant finite-size error in this OPE coefficient, with a slope approximately 0.61
in the extrapolation.
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critical Ising model, this allows us to build lattice versions of specific CFT scaling oper-
ators. In particular, by targeting primary operators, one can compute OPE coefficients,
thereby completing Cardy’s program to numerically extract the conformal data from low-
energy states of a critical spin chain by exploiting the operator-state correspondence. Our
approach, which can be extended to address non-local scaling operators (explained in Chap-
ter 6), has other useful applications. For instance, in a generic critical quantum spin chain
one can now modify the original Hamiltonian by adding relevant (or irrelevant) scaling op-
erators on demand. Then, using e.g. the techniques demonstrated in Section 4.3, one can
study, fully non-perturbatively, the renormalization group flow away from (respectively,
back to) the initial CF'T, along pre-determined directions. Conversely, given a near-critical
lattice Hamiltonian, one can tune it closer to criticality by removing relevant perturbations
from it.

We conclude this chapter with the following table that summarizes the correspondence
between lattice quantities and CF'T quantities.

| CFT \ Lattice (at low energies) |
Energy /momentum eigenstate |15") Energy/momentum eigenstate [),,)
Primary state |¢S"") Primary state |¢,)
Energy E{™" = 2X (AT — ¢77/12) Energy F, ~ NA+ ZEJ" (Eq. (4.2))
Momentum P = 2% 50T Momentum P, = P{" (Eq. (4.1))
Local operator O%" = 3" a,"" Local operator O
Fourier mode O“™"* (Eq. (5.4)) Fourier mode O* (Eq. (5.41))
H™ = L& 4 LT — ¢ [120,, ¢ H, (Eq. (4.6))
Primarifc(F)gerator ?ﬁf _ Operator (98¢€ :
Sy = (2m /L) {pg gy "7 95) | Capy = (21/N) ™29 (6a| O3 |¢5) =~ Cefy

Table 5.4: Correspondence of lattice objects and CFT objects. The "a” means equal up
to finite-size corrections.
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Chapter 6

Anti-periodic boundary conditions
and supersymmetry

In this chapter, we generalize the method of previous chapters to critical spins chains with
APBC (more general twisted boundary conditions can be addressed in a similar way). We
propose a systematic way of extracting complete conformal data involving scaling operators
in the APBC sector. The efficient diagonalization method of low energy eigenstates is also
generalized to APBC. As an application, we then extract accurate and complete conformal
data for two models with APBC, namely the Ising model and the OF model. For the latter
case the APBC excitations enable us to study the emergent superconformal symmetry.

More specifically, given a critical quantum spin chain with PBC and APBC, we first
diagonalize the low-energy eigenstates and identify each eigenstate on the lattice with a
CFT scaling operator in the continuum. In particular, primary states can their confor-
mal towers are identified for both boundary conditions. Then we find lattice operators
that correspond to CEF'T primary operators in the continuum limit. All OPE coefficients
involving primary operators can then be extracted. Furthermore, in the case where the
conformal symmetry is enhanced by supersymmetry, such as the OF model at the TCI
point, we can identify generators of the extended algebra (supervirasoro algebra) on the
lattice. By studying the action of supervirasoro generators on the low-energy subspace, we
can identify supervirasoro primary states and supervirasoro conformal towers.

In this chapter, we first review the definition of APBC for spin chains and APBC
for CFT and discuss their relations. Then we propose a systematic way of extracting
conformal data based on the low energy spectrum of the spin chain with APBC, as what
we did in previous chapters. In addition, we generalize the efficient diagonalization of low
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energy eigenstates of a critical quantum spin chain from PBC to APBC. Then we extract
conformal data from the Ising model and the OF model at the TCI point. Finally, in the
OF model we construct lattice representations of superconformal generators that connect
eigenstates in PBC sector and APBC sector and verify the superconformal structure of low
energy excitations. This chapter is based on Ref. [142].

6.1 Anti-periodic boundary conditions (APBC)

In this section we review the definition and implications of antiperiodic boundary conditions
(APBC) [18, 23, 61, 15, 1, 60] for spin chains and CFT.

6.1.1 APBC for spin chains

In contrast with PBC, which can be defined for any spin chain, the APBC is only defined
for a spin chain with an on-site Zy symmetry. Denote the Hamiltonian density as h;, the
lattice translation operator as 7, and the Z, generator as || ; Zj, we can define a twisted
translation operator as

T =2T. (6.1)
The Hamiltonian for APBC is
N
e = 3 (62)
j=1

which is invariant under the twisted translation 7. Recall that the Hamiltonian with PBC
is Eq. (3.5). The Hamiltonians with both boundary conditions are invariant under the Z
transformation,

H™ = ZH"™ZT (6.3)
HAPBC — ZHAPBCzT' (64)

Let us illustrate the APBC with two models. The first example is the critical Ising model,
hIsing,j = _X]X]+1 - Z]J (65>
The Hamiltonian with APBC is

Ising

N-1 N
JJAPBC _ _ Z XX — Z Zi + XnX. (6.6)
j=1

j=1
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The other example is the OF model at the TCI point,
hrerg = Pungg + AN (X Xj11 2512 + 2 X 11 Xj12), (6.7)

where \* &~ 0.428 is the tricritical point. It is also Z, invariant under the global spin flip.
The Hamiltonian with APBC is

N—-2
Hyire = HYPO+ N (XX Ze + 23X X 10)
=1
N (XN XN 7 — XnX12s) (6.8)
N (=X N X+ Zn X1 Xo). (6.9)

We stress that the boundary term in the APBC Hamiltonian does not always have opposite
sign to that of the PBC Hamiltonian, as is evident from Egs. (6.8),(6.9). In a spin-1/2
chain with Z; = Z;, the APBC is simply

Xny; = —X; (6.10)
Ynij = - (6.11)

Energy eigenstates can be labelled by eigenvalues of H™ T,Z in the PBC, ie.,
Eq. (3.9)-(3.11). In the APBC, the eigenstates are labelled by eigenvalues of H*™° T Z.

HAPBC ’ wgPBC> — E(/;PBC | wgPBC> (6 13)
o) = ™) (6.14)
Z’wgPBC> — ZgPBC‘wgPBC> . (6 15)
The momenta are quantized in both cases. Denote
27
PPBC — —SPBC (616)
« N «
pae QF”S;*PBC. (6.17)

Since 7V = 1 (a translation by N sites in PBC is trivial) and 7% = ZTN = Z (a
translation by N sites in APBC amounts to a global spin flip),

SZBC c 7 (6.18)

SgPBC c Z (ZQPBC — 1) (619)
1

SgPBC c 7+ 5 (221’130 — _1), (620)

For critical theories, it means that the conformal spin of a Z, even operator in APBC is
integer but that of a Z, odd operator is half integer in APBC.
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6.1.2 APBC for CFT

The PBC and APBC for a conformal field theory on the cylinder are defined as
U (x+ L) = £V (2) (6.21)

for some fundamental field U“"(z), where + is for PBC and — is for APBC. Any field can
be expanded into Fourier modes,

e _ 1 [F -
1/)5FT,3 = E/ dx ngT(I>ezsx27r/L' (622)
0

In the path integral formalism, the choice of boundary condition affects the Fourier mode of
fields that enter into the partition function [23]. Therefore the boundary condition affects
the operator content of the CF'T.

For concretness, we will consider the case where the fundamental field W7 (z) is a
fermionic operator. The boundary conditions + are usually referred to as Ramond (R)
[101] and Neveu-Schwarz (NS) [82], respectively.

If the field ¥ (z) is a fermionic field, then the only nonvanishing Fourier modes have
s € Z + 1/2 in the NS sector, and s € Z in the R sector. If the field ¢ (z) is a bosonic
field (e.g. product of two fermionic fields), then the only nonvanishing Fourier modes have
s € Z in both NS and R sectors. As a result, the conformal spins of the scaling operators
satisfy

‘ 1

st € Z—|—§ (NS, fermion) (6.23)
st € Z (NS, boson) (6.24)
st e Z (R) (6.25)

The similiarity of Egs. (6.18)-(6.20) to Egs. (6.23)-(6.25) may be explained by the Jordan-
Wigner transformation, introduced in Section 5.3. Consider a Majorana fermion chain
with boundary conditions,

Y(2N) = +4(1), (6.26)

which correspond to R (NS) boundary conditions, respectively. Applying Jordan-Wigner
transormation Eqgs. (5.63)(5.64) to Eqgs. (6.10)-(6.12), we see that the R boundary condition
for the fermion chain corresponds to the Zs odd sector of PBC of the spin chain, and the
Zsy even sector of APBC of the spin chain. The NS boundary condition for the fermion
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chain corresponds to the Zs even sector of PBC of the spin chain and the Zy odd sector of
APBC of the spin chain, i.e.,

NS = PBC(Z =1) + APBC(Z = —1) (6.27)
R =PBC(Z = —1) + APBC(Z = 1). (6.28)

The conformal spins of scaling operators in each boundary condition, i.e., Egs. (6.18)-
(6.20) for spin chains and Eqs. (6.23)-(6.25) for fermion chains are consistent with this
assignment.

6.2 Extraction of conformal data from spin chains
with APBC

6.2.1 The Hilbert space

We shall first comment on the Hilbert space of the spin chain with PBC and APBC. It is
clear that low energy states of PBC and APBC reside in the same Hilbert space on the
lattice. However, the low energy states with respect to H"“ are not low energy eigenstates
with respect to H*"° (and vice versa). Indeed the boundary defect costs O(1) energy as
opposed to O(1/N) (Eq. (4.2)). Therefore, the low energy subspaces of PBC and APBC
are orthogonal in the thermodynamic limit. This is to be expected because they correspond
to different primary operators, and states in different conformal towers are orthogonal in
the CFT. Later, we will call a CFT operator a (A)PBC operator if the corresponding state
appears in the low-energy spectrum of the spin chain with (A)PBC.

Fourier modes of local operators can only connect low-energy states within the same
boundary condition. To connect low-energy PBC states and low-energy APBC states,
we need nonlocal string operators (introduced below). As a result, lattice operators that
correspond to APBC scaling operators are string operators, in contrast to local operators
which correspond to PBC scaling operators.

6.2.2 Scaling dimensions and conformal spins

Since Eqs. (2.52),(2.53) is still valid for the CFT [18], we expect that Eqgs. (4.1),(4.2) are
also valid for excitations with APBC. Therefore, scaling dimensions and conformal spins
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can still be extracted by

APBC PBC
Ea — EO

APBC  __
AO& = 2 [PBC _ Eglsc
T
APBC ﬁ pAPBC
«@ - «@ .
2

(6.29)

(6.30)

The only difference from the PBC is that now s4”*“ can be integer or half integer depending

on the Zs sector.

6.2.3 Virasoro generators

Eq. (2.57) is still valid for CFT with both boundary conditions. However, on the lattice,
the boundary term of H,, should be chosen such that it respects the boundary condition.

For PBC, Eq. (4.6) can be rewritten as

N
PBC __ E j—1 j—1_inj2m /N
H =23 T T e :

j=1
H" is covariant under the translation operator of PBC,

THPBCTT — efz‘nzrr/NHPBc.

(6.31)

(6.32)

For the APBC, the translation operator is 7. The definition of Fourier modes is changed

accordingly. We can define

APBC __
H7 =

%)=

N
Z 7-j71h17-Tj71€inj27r/N’
j=1

which is covariant under T,
TH;;PBCTT — e—znZW/NHSPBc.

It is expected that

CFT
C

12

APBC CFT CFT T CFT
HAC o HOFT = [T L [T T o

for low energy states in APBC.
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Note that Eq. (6.33) is a sum of local operators, and therefore it only connects low
energy states within APBC in the thermodynamic limit. This is consistent with the action
of Virasoro generators, since scaling operators in different boundary conditions necessarily
belong to different conformal towers.

Once we have the lattice Virasoro generators, we can proceed as in the case of PBC
(68, 80, 140] to identify primary and descendant states.

6.2.4 Local operators and OPE coefficients

For a general local lattice operator O;, we can define its Fourier modes with respect to the
translation operator 7 for PBC and T for APBC as

which is just a rewritten form of the Eq. (5.41), and
o = L i TI-1O, THi-Letss2m/N, (6.37)
N =
For the latter case (APBC), s is integer if O is Zy even, and s is half integer if O is Z,

odd.

Given a local operator Oy, corresponding to a PBC primary field ¢, OPE coeffi-
cients can be extracted by

_APBC

PPP 2m 7 PBC| )Sa—S~ | PBC

aBfy N <¢a |Oq§5 |¢'y > (638)
_APBC

APA 2m 7 APBC| ")Sa—S~| | APBC

afy — N <¢a ’O% ’¢»y >7 (639)

where we have divided nonzero OPE coefficients into two classes, the first one involving
only PBC primary operators (with superscript rrr), and the second one involving one PBC
primary operator and two APBC primary operators (with superscript ara). The rest of
combinations of operators must have vanishing OPE coefficients.

Note that in Eq. (6.39) momentum conservation automatically forces Z, parity con-
servation. Consider, for example, the case where O is Zj even, then s, — s, € Z. Then
Eqgs. (6.19),(6.20) imply that [¢3™) and [¢5"°) neccessarily have the same parity.
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For Hermitian primary operators, OPE coefficients transform in a simple way when the
indices get permuted. Under an even permutation, the OPE coefficient does not change,
such as Copt"™" = CgL0™" . Under an odd permutation, the OPE coefficient becomes
complex conjugated, such as Ciyr """ = COPT4™ Tt is a nontrivial check of our method if
we can also directly compute C5," (to be defined in Eq. (6.52)) with a lattice representation
of ¢SFHA"P¢ which we demonstrate below.

6.2.5 String operators and OPE coefficients

A lattice representation of scaling operators in the APBC should connect the ground state
(in PBC) with states in APBC. To connect states in different boundary conditions, we

introduce string operators,
j—1
SOJ = (H Zn) Oj> (640)

n=1

where O is a local operator. Its Fourier modes are defined by

N
Sy = T/ o T e/, (6.41)

J=1

where s can either be integer or half integer. Notice that we use both 7 and 7. If @ is a
one-site operator, then it is manifest that

N
Sy = Soe N, (6.42)
j=1

For a multi-site operator O, Eq. (6.42) is no longer valid. However, it is still not hard to
compute all the terms in 8 from the definition Eq. (6.41). For example,

N-1 j—1
S;Z = Z e*l’S]’Qﬂ'/N (H Zl) Y;'Zj—&—l + B;ZJ (643)
Jj=1 =1

where

N-1
s, = e (H Zl> Y. (6.44)

=2
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The covariance of Eq. (6.41) under translations is more involved. Recall that S maps
PBC states to APBC states. First, we can always decompose Sp into Zs even and Zy odd
parts. Therefore we will only consider Sp with definite parity,

280,;2" = 2080, (6.45)

where Zp = =£1 is the parity of both O and Sp. We will show that, when acting with S¢

on a PBC eigenstate [1/"°) with conformal spin s-%¢, the result is a linear combination of

APBC eigenstates |¢)3™) with conformal spin s3"° = s + s if and only if
e 2 = Zy ZEC, (6.46)

Given an operator Sp with definite parity, this constrains whether s should be an integer
or a half integer when acting S¢, on a PBC state.

In order to map |7 to the eigenstate of T, it is enough that the operator S satisfies
TSETE) = 2/ S |15, (6.47)
However, this is not manifestly true for all states |12"?). We can explicitly compute that
TSSTH—e2mINSs = e #2720, — O,. (6.48)

Then Eq. (6.47) is satisfied if and only if
e 20 1) = O1lUg™), (6.49)

which is equivalent to Eq. (6.46).

Similar to the case of PBC, we can relate a lattice string operator Sp to a linear
combination of APBC scaling operators in the CFT,

SO ~ OFFT — Z aangT,APBC (650)

The variational parameters can be obtained by minimizing a similar cost function as

Eq. (5.43),
FO(aa}) = D 1WE™1S5'10) — (502 |0 2. (6.51)
B

Note that Eq. (6.46) is automatically satisfied if we choose all |¢2P B¢ to be in the correct
parity sector, i.e., Z3™° = Zo, since the ground state is always Zy even and oiss Pom _

APBC
Zﬁ .
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Again, Eq. (6.50) allows us to construct a lattice representation of primary fields

(bCFT,APBC

; as a string operator, denoted as Sy,. The OPE coefficients can be extracted

by

_ AAPBC

AAP __ 27T s
afy =\ N

(el ).

(6.52)

We conclude with a table that summarizes the correspondence between lattice objects and

CFT objects for the APBC.

| CFT

Lattice (at low energies)

Energy/momentum eigenstate [¢5"4"5)

Energy /momentum eigenstate |1/25)

Primary state |pJ4"59)

Primary state |pA"°)

Energy ES™ = 2%( ACFT.APBC _ (CFT [19)

Energy EA™ ~ NA+ ZE{T (Eq. (6.29))

2 gCFT,APBC

CFT __
Momentum P = s

Momentum P2"¢ = P (Eq. (6.30))

Fourier mode of a PBC operator O™

Fourier mode O°¢

H’SFT — L7(:;FT + LEF"‘IT _ C(;FT/125n70

H™ (Eq. (6.33))

APA,CFT —aCFT CFT,s0— T
cars — (2m/L) 26 (pGFTAPBC) ,OF T 2e =2 4 CFT. APBC,

—A ASa — ¢ APA,CFT
Céll;’é = (2n/N) B <¢QPBC‘O;<; Sy |¢$PBC> ~ Cu/}'y Ci

APBC Operator OCFT — Za aangT’APBC

String operator Sp (Eq. (6.40))

Fourier mode of an APBC operator O“"*

Fourier mode S (Eq. (6.41))

CFT,APBC

APBC primary operator ¢4 String operator Sy,

CFT
AAP,CFT —-A CFT,sq — Y
c ,CFT _ (2m)L) 25 <¢§FT,APBC‘¢6 Sa =Sy M,g}f?:r,PBC>

AAP —A APBC|cSa—s PBC,\ .. ~AAP,CFT
By C = (27/N)" "B (o \$¢; TlénPY) = CLay

afy

Table 6.1: Correspondence of lattice objects and CFT objects for spin chains with APBC

6.3 puMPS techniques for APBC

In this section we will generalize the puMPS techniques to obtain low-energy eigenstates
with APBC. We note that the generalization is in a sense similar to [138] where MPS is
used to represent spinon excitations on an infinite line, although here we work on the circle.
The generalization allows us to compute all low-energy eigenstates in APBC, as well as
matrix elements of both local operators and string operators, with a computational cost
that scales as O(N DY), as in the case of PBC. However, the extraction of conformal data
is independent of how the low-energy states are diagonalized. Therefore, unless specifically
interested in the use of puMPS, the reader may skip this section.
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6.3.1 Symmetric tensors

To proceed to APBC, we first need the notion of symmetric tensors [111, , |, which
we review below.

For the spin-1/2 chain in this paper, we will use Z, symmetric tensors A of the form

Al 0 0 A2
1_ A1 2 _ 12
S C B P 639

where each block is a D/2 x D /2 matrix (more generally the two blocks can have different
dimensions which add up to D). The tensor is invariant under the on-site Zs symmetry
up to a gauge transformation,

> Z AT = Up(2)AUL(2), (6.54)

where Z.,o = Z,y (that is the ss’ component of the Pauli matrix Z) is the representation
of the Zy generator on one site of the lattice (Z; in Eq. (3.6)), and

Ug(Z) = {[%/2 B [(;/J (6.55)

is a D x D dimensional representation of the Z, generator on the bond, where Ip/, is a
D/2 dimensional identity matrix. Importantly, the use of Z; symmetric tensors forces the
puMPS to be invariant under Z,

Z|U(A)) = |V (A)). (6.56)
This can be seen by
Z|W(A))

d
= ) Tr(AMA% ... AY)Z[3)
5=1

d
= Z Tr(zsw’lAS/lZstéAsz - ZSN%ASN”@

5=1

- i Tr(Up(Z2)AMUL(Z) -+ Up(2)A™NUL(2))|5)

d
= ZTr(ASIASZ--.ASN)m
= [¥(A)),
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where in the third line we change the order of tensor contraction, in the fourth line we
use the definition of symmetric tensors, Eq. (6.54), and in the fifth line we use the cyclic
property of trace and unitarity of Ug(Z).

The excitation ansatz can also be forced to be Zy invariant by requiring that
Y Z.BY = +Up(Z)B°UL(2), (6.57)

where the + represents Zs even or odd excitations,

2], (B: A)) = £[9,(B; A)). (6.59)

The use of symmetric tensors has three advantages. First, it reduces the number of
variational parameters by one half, leading to more efficient algorithms. Second, it enables
us to diagonalize states separately in each symmetry sector, with the symmetry forced
exactly. Third and most importantly, it allows us to write down a simple generalization of
the excitation ansatz to APBC, and more generally, twisted boundary conditions.

6.3.2 puMPS for eigenstates in APBC

We propose that low energy eigenstates of critical quantum spin chains with APBC can
be represented by

=

d
|(I);PBC(B; A)> _ Z e—ipj'f‘j Z TI“(BSlASQ .. .ASN)|§‘>’ (659)

j=1 F=1

where A is the same tensor appearing the ground state ansatz Eq. (3.34) for the spin chain
with periodic boundary conditions, where Eq. (6.54) can be enforced. The tensor B satisfies
Eq. (6.57), where the & determines the Z, sector Z = +1 of the state. The momentum p
is restricted to

p € %”Z (2 =1). (6.60)
p € %”(Z%) (2 =-1). (6.61)

Importantly, the explicit enforcement of Z; symmetry ensures the ansatz to be translation
invariant under 7,

10 (B; A)) = |9 (B; A)). (6.62)
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This can be readily seen by
T|@,™(B; A))

N d
— Z e—ipj'f‘j+1 Z TI“(BSIASQ . ASN)|§’>
j=1 =1
N—+1 d
= ) e PUTUTIN Ty (BT AT - AY)|S)
j=2 5=1
N+1 d
= €7y e TIY Tr(BUAT - A)[5)
j=2 §=1
N d
= €7 | eI Tr(BUAR - AY)|5)
j=2 =1

d
+ 6—ip(N+1)TN—|—1 Z Tl“(BSlASQ . ASN)|§'>]
s=1

= €7|®,(B; A)).

In the last equality we have used

d
e—ip(N+1)7-N+1 Z Tr(Bs1Asg . ASN)|§>

s=1
d
= e T (prz > Tr(BU AT AY) |§>>
5=1
~ d
= e PN (w'PTZ Tr(B* A% - --ASN)|§)>
5=1
~ d
= e PTY Te(B"A” .- A)|3), (6.63)
s=1

where in the third line e~ = 41 depending on which of Eqgs. (6.60),(6.61) is satisfied.

We reiterate that, given the A tensor for the PBC ground state, we use the ansatz
Eq. (6.59) to represent any low-energy eigenstate of APBC with sufficiently low energy,
including the APBC ground state. The tensor B can be determined by requiring the state
to be at a saddle point of the energy functional with respect to H*""“. The algorithm is
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quite similar to the case of PBC and has the same numerical cost O(ND®). For more
details, see Appendix C.

6.4 Ising model with APBC

In this section we apply the techniques in previous sections to the critical Ising model with
APBC. For completeness, we also include the study of Ising model with PBC, which is
already discussed in Chapter 4 and Chapter 5.

6.4.1 Ising CFT

The Ising CFT has 3 primary operators in the PBC sector, as we have already denoted as
1,¢,0, and 3 primary operators in the APBC sector, denoted as u, 1,9 [18]. As we noted
in Chapter 5, the Ising model can be mapped to a free Majorana fermion chain via the
Jordan-Wigner transformation. Primary operators can also be classified by the boundary
condition of the fermion, see Table 6.2. Under the Kramers-Wannier duality, |1), |/) are
even, and |€), |¢) are odd. |o) and |u) are not eigenstates of the duality.

o | AT sSTT | 2, | spin chain B.C. | fermion B.C.
1 0 0 + PBC NS
€ 1 0 + PBC NS
o | 1/8 0 - PBC R
Yo 1/2 | 1/2 | — APBC NS
o 12 | -1/2 | — APBC NS
po| 1/8 0 + APBC R

Table 6.2: Primary fields of the Ising CF'T.

There are 5 nonzero OPE coefficients [11, 52] (up to permutation of indices) that do
not involve the identity operator,

1
ng: — 5 (664)
, 1
Cud = —5. Cin=i (6.65)
1 1
Che = 5(1=1). CL =501+ (6.66)



Notice that other OPE coefficients (such as CS5T CE™) vanish because otherwise they are

incompatible with either Z, symmetry or the Kramers-Wannier duality.

The fact that o and pu“"" have the same scaling dimension can be explained by the

free fermion picture [11]. They are related by
|MCFT> _ bgFT|O_CFT> (667)
|0 T) = BT O, (6.68)
where
1 L
b(():FT x wCFT’SZO — Z/ dr ¢CFT<ZE) (669)
0

is the fermionic zero mode. In the free fermion CFT, the fermionic zero mode com-
mutes with L§"". Therefore the action of bg"" leaves the scaling dimension invariant. The
fermionic zero mode is present only in the R sector of the free fermion CFT as a result
of Egs. (6.23),(6.25). Actually there is a general theorem saying that the double degener-
acy is a robust feature for all Majorana fermion chains (whether free or interacting) with
Kramers-Wannier self duality [64]. Later, we will see another example, namely the TCI
CFT, where similar degeneracy is explained by supersymmetry.

6.4.2 Scaling dimensions, conformal spins and central charge
from the Ising model

We use puMPS with bond dimension 18 < D < 44 to diagonalize the low-energy spectrum
of the Ising model with both PBC and APBC for 32 < N < 160. For example, at N = 64,
we use puMPS with bond dimension D = 28 to compute eigenstates with both boundary
conditions up to A" < 6 + 1/8. The results are shown in Fig. (6.1). Comparing with
the CF'T spectrum, we see that all low energy eigenstates in both boundary conditions
are captured. The difference from Chapter 4 is that here we have employed Z, symmetric
tensors.

Primary states and conformal towers are identified using the matrix elements of H)"¢
and H™° in Eqgs. (6.31),(6.33), with eigenstates in the PBC and APBC sectors, respec-
tively. We found that the identification of conformal towers is correct for all eigenstates in
the figure.

We can compute dimensions and conformal spins using Eqs.(4.4),(4.5),(6.29),(6.30) with
different NV, and then extrapolate the scaling dimensions to the thermodynamic limit. For
example, the extrapolation for A, and A, is shown in Fig. 6.2. Table 6.3 shows the

105



N =64, PBC N =64, APBC

61 L 3 L 2 ® 8 * 61 L) o »
- ° ° ° ° ™
51 e . ® . ) ° L) 5] e ) ) [y
2952 ° ° ° °
44 Ll oaaUQTT ® L] ® 44 L) .8282u » . 1/;
_ ° ° ° o -3
<131 % ® L 600 - ® P { ] Q3] e ° ° N -
= ° ° .szlﬂ ° 821/)
2 T‘ ° ® Do ® 'T 2 ) ° aéu ®
° °
11 ° o€ ° 1 . °
Ve oY
0 i ! 0 "
-3 -2 -1 0 1 2 3 -3 -2 —1 0 1 2 3
S S
CFT, PBC CFT, APBC
61 e 8 . L o ° - 6 L L) ®
™ ° ° ° ° ™
51 % . L ° L ° » 5{ % ® » -
° ° ° °
44 *® * $ ® L2 ® 4 [ ) ° o
o . ° ° ° °
f<] 3{ ® ° L] ° L) ° ® 3<] 3] = ° ° -
° ° ° °
24 $ ' L] ' $ 91 ) ° '
[ ] Y
11 ° * €CFT® 1 ° °
- ,@(w' wm«"r
0 | | Q‘{f,fw'v | | | oL | | * ?w?r | | |
-3 -2 -1 0 1 2 3 -3 -2 —1 0 1 2 3

S(TT 8('1-""

Figure 6.1: (Top two) Low-energy spectrum of the Ising model with the PBC and the
APBC at N = 64, diagonalized using puMPS with bond dimension D = 28. Different
colors indicate different conformal towers, with diamonds labeling the primary states. We
have only shown the states with conformal spins |s| < 3. (Bottom two) The spectrum of
the Ising CFT up to A" <64 1/8 and —3 < s < 3.
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Figure 6.2: Extrapolation of the scaling dimensions A,, (left) and A, (right) for the Ising
model with 32 < N < 160.

comparison between the numerical estimations of scaling dimensions with the exact values
for all primary states and several descendant states. For completeness, we also extract the
central charge with Eq. (4.8).

We see that the accuracy of the scaling dimensions is better for lower-lying excited
states. As explained in Chapter 4 for the case of PBC, the errors come from finite sizes
and finite bond dimension, where only the former one can be reduced by finite-size extrap-
olation. In the above example, the finite-D error is much smaller than the finite-size error
for the |p) and [¢) states, as is evident from Fig. (6.2). However, for higher excited states
such as |[T'T) and |0?0%u), the finite-D error is comparable to the finite-size error, which
makes the extrapolation not as accurate.

6.4.3 OPE coefficients from the Ising model

In order to extract the OPE coefficients, we first associate each lattice operator with
a truncated expansion of scaling operators in the CFT, as Egs. (5.39),(6.50) for local
operators and string operators, respectively. For the purpose of finding the lattice primary
operators for the Ising model, it is sufficient to limit the scaling operators in the expansion
to the primary operators, i.e., 197, 07, ¢“" in the PBC, and p7, " 1" in the APBC.
The coefficients a, can be obtained by minimizing the cost functions Eqgs. (5.43),(6.51) for
local operators and string operators, respectively. The cost function is specified by a set
of low-energy eigenstates |¢)g), which we choose to be the set of primary states |¢g) for
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Exact | puMPS error

c 0.5 0.499996 | 4 x 107°
A, 1 1.000001 106

A, | 0.125 | 0.125005 | 5 x 10~°
Ay 0.5 | 0.500004 | 4 x 1075
A
A

7 0.5 |0.500004 | 4 x 107

. | 0.125 [ 0.125003 | 3 x 107
Apse 3 3.00002 |2 x 10°°
N 4 4.001 1073
Nps, | 2.125 | 2.12501 107°
4125 | 4.126 1073
A2y 2.5 [2.499995 [ 5 x 1076
A, | 25 | 250001 107°
Ap ;| 35 | 350002 |2x107°
Apz, | 2.125 [ 2125003 | 3 x 1075
Apege, | 4125 | 41256 | 6 x 1071

Table 6.3: Scaling dimensions from the Ising model with 32 < N < 160.

simplicity. The CFT matrix elements in the cost function Eq. (5.43) are

CFT
Aa

Fr| CFT,S FT 27
oo = () o

The cost function Eq. (5.43) becomes

2

fo({aoz}> = Z

[0}

2\ A6
oo - () e

Its minimum is achieved by

—ASFT

w= (%) @i,

(6.70)

(6.71)

(6.72)

Similar expressions hold for string operators, with ¢, APBC operators and O° substituted
with S§. We will apply Eq. (6.72) to several lattice operators and extrapolate the a,

coefficients to the thermodynamic limit. The resulting expansions

O~ S 0t
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for several operarors O’s are shown in Table 6.4. We start by considering single site lattice
operators O and add operators with larger support (two-site, etc) if they are needed to
invert the expansion Eq. (6.73) to obtain a lattice representation of the primary operators.
We note that the expansions Egs. (5.1),(6.50) may also involve descendant fields, where
the extra coefficients in the expansion are used to obtain improved lattice representations
of primary fields. This could lead to an improvement of finite-size corrections. However,
in this chapter, we will only consider the leading order in the expansions Eqs. (5.1),(6.50),
which is already enough for extracting OPE coefficients.

For the Ising model, we have computed a,’s for local operators O; = X;,Y;, Z;, X; X1
and string operators Sp ; = 81, Sx,;, Sy;; with 20 < N < 96. Note that the Y operator
does not correspond to any primary field, but to the descendant 9,0" in the CFT. We
can then find lattice operators that correspond to CF'T primary operators, listed in Table
6.4. Notice that the result is consistent with the Z, symmetry and the Kramers-Wannier
duality. For example, the lattice operator corresponding to ¥/ is odd under Z, and even

under the duality.

Lattice CFT
X 0.803120“"
Y 0.00000 "

Z 0.636621°7T — 0.31831e"""
XX | 0.63662177 + 0.318317"T
S 0.80312u°T

Sx 0.39894¢ 7T + 0.398949 "
Sy | —0.39894¢ + 0.39894%"

CFT Lattice

o OFT 1.2451X

€T | 1.5708X X — 1.5708Z
[T 1.24518y

YT [ 1.25338y — 1.2533Sy
07 | 125338y + 1.2533Sy

Table 6.4: Correspondence between lattice operators and CFT operators for the Ising
model. (Top) Lattice operators expressed as a linear combination of a truncated set of
CFT operators. (Bottom) CFT primary operators expressed as a linear combination of
lattice operators by inverting the top table.

We can then use these lattice operators to compute OPE coefficients from Egs. (6.38),(6.39).
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Figure 6.3: Extrapolation of the real (top) and imaginary (bottom) part of the OPE
coefficient Cyp.

Again, an extrapolation to the thermodynamic limit is performed. For complex OPE
coefficients, the real part and the imaginary part are extrapolated independently. The
extrapolation of Cy,, is shown in Fig. (6.3) as an example.

Recall that each OPE coefficient can be computed in different ways by permuting the
indices, where the second index labels the lattice primary operators and the other indices
label the eigenstates. We tried all possible permutation of the indices for each nontrivial
OPE coefficient of the Ising model, and the results are listed in Table 6.5. All numerical
results agree with the exact results in at least 5 digits.

6.5 The O’Brien-Fendley model with APBC

In this section we apply our methods to the OF model at the tricritical point. It has a
well known emergent supersymmetry combined with the conformal symmmetry [17]. In
this section we will proceed as if we did not know about the emergent supersymmetry
and extract complete conformal data. In the next section we will analyze the emergent
supersymmetry in more detail.
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OPE coefficient Exact Numerical
Cooe 0.5 0.500001
Coes 0.5 0.500000
Clue —0.5 —0.500000
Clen —0.5 —0.500000
Cypo 0.5 — 0.5¢ | 0.500000 — 0.5000007
Cyop 0.5+ 0.57 | 0.500000 + 0.5000001
Clpo 0.5+ 0.57 | 0.500003 + 0.500003:
Copo 0.5+ 0.57 | 0.500000 + 0.5000001
Ciop 0.5 — 0.5¢ | 0.500000 — 0.5000007
Cio 0.5 —0.5¢ | 0.500003 — 0.500003:
Cye ) 1.00000:
Cye ) 1.000014
Cpie —1 —1.00001:

Table 6.5: OPE coefficients computed from the Ising model with 20 < N < 96. Numerical

data are kept up to 6 digits.

6.5.1 TCI CFT

The TCI CFT has 6 primary fields in the PBC sector, 1,¢,¢,¢”, 0,0, and 6 primary
fields in the APBC sector, 1,4, Ty, T, i, ' [70]. Similar to the Ising CFT, we can also
classify the above primary fields by the fermionic boundary conditions. The primary fields
are summarized in Table 6.6. Again, operators in the NS sector can be classified with
the eigenvalue under the Kramers-Wannier duality. [1), |€),]¢),|TF) are even under the

duality and |e), [}, ), |Tr) are odd [70)].

As in the Ising CFT, we see a double degeneracy in the R sector. The degenerate
states are related to each other by a supersymmetry transformation, which we will discuss
in detail in the next section.

As in the Ising model, the OPE must be consistent with the Z, symmetry and the
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SFTAST | sSFT | Z, | spin chain B.C. | fermion B.C.
1 0 0 + PBC NS
€ 1/5 0 + PBC NS
€ | 6/5 0 + PBC NS
€’ 3 0 + PBC NS
o |3/40] O - PBC R
o | 7/8 0 - PBC R
Y | 7/10 1/2 | — APBC NS
v | 7/10 ] -1/2 | APBC NS
Tp | 3/2 | 3/2 | — APBC NS
Tr | 3/2 | -3/2] - APBC NS
po|3/40 0 + APBC R
W 7/8 0 + APBC R

Table 6.6: Virasoro primary fields of the TCI CFT.

duality. The nonzero nontrivial ones (up to permutation of indices) are

PBC — PBC — PBC
Cll =c, C&L=a, CLL =3/7

eee’ e'e’e ee’e

COT =3¢, /2, CT, = ¢y /4, CT, =1/56

og€ oo€ O0€

O(JFT — 1/2’ CCF;I/ — 3/4’ C(‘FT, y = 7/8

oo'e oo'e o'o’e

APBC — APBC — PBC, Z=-1,—1,+1

Cie=Cgtu =0
Cor, = —ier, CST, =3i/7
Oifhe = Cfffe = —1V/3/T, CRfo = —i
Sree = Offfpe =3/
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APBC — APBC — PBC, Z=+1,-1,-1
Clteo = Clippe = V/1/56e77/1 (6.81)
Ot gy = O = \/T[8e3m/4 (6.82)
O = COr = \/3/8cie /4 (6.83)

Ciit, = OOt = \/3[8e=%m/4 (6.84)

CIOFT  _ (OFTE \/%e—&w/z; ( )

wpo pwpo!

APBC — APBC — PBC, Z = +1,+1,+1

CoT = 3¢, /2, CL, = ¢y /4, C1, = —1/56 (6.86)
CorT = 12, €T, = 3/4, CIT,, = —7/8, (6.87)
where
2 [T(4/5)03(2/5)
= ~ 0.61030. 6.88
“ 3\/r(1/5)r3(3/5) (6.88)

OPE coefficients involving APBC operators are generally complex. Their phases depend
on the convention of the normalization of scaling operators. Here we have chosen the
convention such that they match the lattice calculations below.

6.5.2 Scaling dimensions, conformal spins and central charge
from the TCI model

We use puMPS with bond dimension 20 < D < 44 to diagonalize the low-energy spectrum
of the TCI model with both boundary conditions for 20 < N < 80. Similar to the Ising
model, we plot the low-energy eigenstates up to scaling dimension A“" < 3.2 for the
PBC and A“T < 2.7 for the APBC. The result is shown in Fig. 6.4. We also see that all
eigenstates corresponding to the CFT scaling operators in this range are captured by the
puMPS ansatz.

Again, scaling dimensions and the central charge can be extracted with an extrapolation
to the thermodynamic limit. The result is shown in Table 6.7. For simplicity we only show
the scaling dimensions of the primary states. We see the error occurs after 3 significant
digits, which roughly agrees with the accuracy of the tricritical point A* in Eq. (6.7).
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(Top two) Low-energy spectrum of the TCI model with PBC and APBC at
N = 56, diagonalized using puMPS with bond dimension D = 36. Different colors indicate
different conformal towers, with diamonds labeling the primary states. The exceptions
are that the o(o’) and u(u') towers are plotted with the same color. (Bottom two) The
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spectrum of the TCI CFT up to A" < 3.2 for PBC and A" < 2.7 for APBC.
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Exact | puMPS error

c 0.7 | 0.6987 | 1.3 x 1073
Ao | 02 [ 02002 | 2x107*
Ay 1.2 1.203 | 3 x1073
Ao 3 3.006 |6.0x107°
A, | 0.075 [ 0.07493 | 7x 107°
Ay | 0.875 | 0.8748 | 2 x 107*
Ay | 0.7 | 06979 | 2.1 x 1073
Ay | 07 | 06979 |2.1x10°°
1.5 1.500 | 1x107*
Ap, | 1.5 | 1.500 | 1x10*
A, | 0.075 [ 0.07493 | 7x 107°

Ay | 0.875 | 0.8748 | 2 x 107*

Table 6.7: Scaling dimensions from the TCI model. All numerical values are extrapolated
using 40 < N < 80, except Ao where we use 20 < N < 56. All numerical values are kept
to 4 significant digits.

6.5.3 OPE coefficients from the TCI model

Following the general prescription in Section II and IV, we first need to construct lattice
operators corresponding to CFT primary fields variationally. Here we choose to com-
pute lattice representations of €, ¢, o, 0’, p, i/, 1,1, T, Tr. These operators correspond to
AT < 1.2 in the PBC sector and A" < 1.5 in the APBC sector. Notice that we will
not construct the lattice operator for €’ with A" = 3 because it is numerically difficult.
The reason is that it requires a linear combination of many lattice operators with fine-
tuned coefficients such that all contributions with lower scaling dimensions vanish. With

an extrapolation of the finite-size a,’s, we obtain the results listed in Table 6.8.

We can then work out all OPE coefficients C,, where ¢g # €’ with Eqs. (6.38),(6.39).
For those OPE coefficients that are related by permuting indices, we will only show one
particular order of indices for simplicity, e.g., we will compute C,,. but not C,.,. With
indices appropriately permuted, only the computation of C.rnor requires a lattice operator
for €, but we know CJ/7, ., vanishes because €’ is odd under Kramers-Wannier duality.

Therefore in this case we can still extract a complete set of nonvanishing OPE coefficients,
see Tables 6.9, 6.10.
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Lattice CFT
X 0.78080"" — 0.18660"""
XZ+7X 0.35510“"" — 0.90600"“""
A 0.58211" — 0.4753€“"" — 0.1760€"“"™
XX 0.58211" + 0.4753e“"" — 0.1760¢"“**
S 0.7808% — 0.18664/T
SXX — Syy 0.3551,MCFT — 0.9060/LICFT
Sy 0.4042(¢7 + 7T + 0.2462(T5 T + T2™)
Sy —0.4042(¢ 7T — ) + 0.2462(T ST — TS
Six 04695 + o) + 0.0829(T 2 + T5)
Sy —0.4695 (4T — 1) + 0.0829(T ST — TST)
CFT Lattice
g 1.413X — 0.2910(XZ + ZX)
o/ 0.5539X — 1.218(X Z + ZX)
et 1.052X X —1.0527
€' 3.3071 —2.841X X — 28417
ILLCFT 14138[ - 02910(8)()( - Syy)
[L/CFT 055398] — 1218(5}(}( — Syy)
DT 20.5072(Sx — Sy) + 1.506(Srx — Syz)
P | —0.5072(Sx + Sy) + 1.506(S;x + Syz)
TIEFT 2860(8){ + Sy) — 2.462(8[)( + 8yz)
TFCFT 2.860(8){ — Sy) — 2.462(8[)( — Syz)

Table 6.8: Correspondence between lattice operators and CEF'T operators for the O’Brien-
Fendley model. (Top) Correspondence between some lattice operators and a linear com-
bination of CFT primary operators. We have neglected the contribution from the "
operator because it has a larger scaling dimension and contributes to higher order in 1/N
in all matrix elements. (Bottom) Lattice operators that correspond to CFT primary oper-
ators (except €’“"), obtained by inverting the top table.
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OPE coefficient | Exact | Numerical || OPE coefficient | Exact Numerical
Coroe 0.9155 0.9154 CyTpe —0.6551 —0.6621
Cope 0.1526 0.1531 Corpe 0.655 0.664
Cormer 0.0179 | 0.0177 Crpper —i | —0.03 - 1.02
Coyive 0.5 0.5007 CiTre 0.655¢ 0.662¢
Corver 0.75 0.752 CyTpe 0.655 0.664
Cyrgren 0.875 0.869 Clyper —0.610 —0.613
Clecer 0.610 0.608 Cpper —0.610 —0.613
Coron 0.429 0.437 Cge 0.610i 0.612i
Ceoee 0.61 0.58 Cpyer 0.43i 0.01 + 0.412

Table 6.9: OPE coefficients of the TCI CFT computed from the TCI model. The organiza-
tion of the table follows the exact results listed before. All numerical results are kept to the
last significant digits, and the exact results are shown with the same number of significant
digit. All OPE coefficients involving ¢” are extrapolated with data from 20 < N < 56,
while those not involving €’ are extrapolated with data from 32 < N < 72.

OPE coefficient Exact Numerical
Curpo 0.094 — 0.0941 0.097 — 0.097:
C o 0.094 + 0.094: 0.097 + 0.0972
Curpor —0.661 + 0.6617 | —0.669 + 0.669¢
Cipo —0.661 — 0.6617 | —0.669 — 0.669:

Cipo 0.265 — 0.2651 0.264 — 0.2641
Cryo’ —0.433 +0.433: | —0.434 + 0.4342
Curpo —0.433 +0.433¢ | —0.434 + 0.434:
Cio 0.264 + 0.264¢ 0.264 + 0.2647
Crio —0.433 — 0.433¢ | —0.434 — 0.4341
Crio —0.433 — 0.4337 | —0.434 — 0.4341
OPE coefficient | Exact | Numerical

Clupe —0.9154 | —0.9153

Clupe 0.1526 0.1532

Cluper —0.0179 | —0.0172

Cl e —0.5 —0.5008

Cype 0.75 0.752

Curen —0.875 —0.86

Table 6.10: OPE coefficients of the TCI CFT computed from the TCI model (continued).
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6.6 Emergence of superconformal symmetry

In this section we study the emergent superconformal symmetry in the TCI model. We first
review the A" = 1 superconformal algebra. We then show how to find the lattice operators
that correspond to supervirasoro generators. We verify the action of the supervirasoro
generators on low energy subspaces of the TCI model with both PBC and APBC. Some
matrix elements are checked quantitatively with analytical results. In particular, a formula
analogous to Eq. (4.8) for the central charge is proposed and checked numerically.

6.6.1 N =1 supersymmetry and the OF model

The N = 1 supersymmetry for 1 + 1 dimensional quantum field theories is defined with
two supercharges Q" and Q%" which satisfy

QU = QU (6.89)
QQFTT — QQFT (690)
Q¥ Q¥ = 0 (6.91)
HQFT — (QQFT)Z_{_(QQFT)Q‘ (692)

The supercharges are fermionic operators. They map bosonic excitations into fermionic
excitations and vice versa.

Each supercharge is associated with a supercurrent, Te™", T#"", which are the density
of the supercharges,

For a lattice model which flows into a supersymmetric quantum field theory, such as
the TCI model Eq. (6.7), the lattice version of Eqgs. (6.91),(6.92) may not be exact. As
pointed out by O’brien and Fendley [$3], the TCI Hamiltonian with density Eq. (6.7) can
be expressed as

Hyer = Q2 + QQ + Eo, (694)
where Fj is an energy shift, and
Q=> Tr; (6.95)
J
Q = ZTF,ja (696)
J
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where

TF X (SX + Sy) — 2)\*(83/2 -+ S[)(), (697)
TF X (SX — Sy) + QA*(SYZ - S[)(>. (698)

It is simple to check that @ and @ are Hermitian but [Q, Q] # 0. Therefore, supersymmetry
is not exact on the lattice. However, it has been shown numerically [33] that, under the
RG flow, not only @ and @ flow to the supercharges, but also T and Tr flow to the
supersymmetry currents. In the previous section, we have variationally found 7% ; and TFJ
(Table 6.8) without exploiting Eq. (6.94),

Ty = 2.86[(Sx + Sy) — 0.861(Syz + Six)], (6.99)
Tp = 2.86[(Sx — Sy ) + 0.861(Syz — Six)].- (6.100)

They agree quantitatively with Eqgs. (6.97),(6.98) up to normalization, with the error in
the third digit.

We also note that in [$3] the lattice operators corresponding to ¢" and 1" were also
proposed,

¢ X (SX — Sy) - 2)\*(81/2 - 8[)(), (6.101)

Y o< (Sx + Sy) + 22X (Syz + Srx). (6.102)

In this paper we obtain a very different coefficient between the two terms (see Table 6.8).
However, the two results do not contradict each other. They both correspond to 17 (1))
as the leading contribution, but our result also eliminates the contribution from TS, TS,
In this sense, we provide an improved lattice operator corresponding to " (as well as

&CFT)'

6.6.2 The superconformal algebra

If conformal symmetry is enhanced by the supersymmetry, the resulting quantum field
theory is a superconformal field theory (SCFT). In a SCFT, the supercurrent T (T5")

are Virasoro primary fields with conformal dimensions (3/2,0) and (0,3/2), respectively.
Expanding 73" in Fourier modes gives supervirasoro generators

CFT 2m e CFT inz2m/L
G, = T dx Ty (z)e . (6.103)
0

119



Together with L', they satisfy the superconformal algebra

n

CFT

[LEFT, LSfT] = (TL — m)Lﬁfm -+ 012 n(n2 - 1>5n+m,0 (6104)
1
[LET GO = (§n — m) G (6.105)
CFT CFT\ __ CFT cr 2 1
GO G 2L 6 1
{ n o m } - n+m + 3 n 4 n+m,0 (6 06)

where the first identity is the Virasoro algebra, the second identity follows from the fact
that TF"" is a primary field with conformal dimensions (3/2,0), and the third identity is the
crucial feature of a supersymmetric theory that the anticommutator of two supersymmetry
generators yields the generator of a spacetime transformation. Analogous to the Virasoro
algebra, there is a copy of the same superconformal algebra for the anti-holomorphic gen-
erators L™ GS'T. Since TS is a fermionic field, it follows from Eqs. (6.23)(6.25) that
m € Z + 1/2 for the NS boundary condition, and m € Z for the R boundary condition.
The corresponding superconformal algebras are called the NS algebra and the R algebra,
respectively.

Let us analyze the action of the supervirasoro generators in more detail. First, let n =0
in Eq. (6.105). We obtain
(L™, Gl = —mGrT, (6.107)

which means that Gf." changes the holomorphic dimension by —m. Therefore, G\;" with
m < 0 is a raising operator, whereas with m > 0 a lowering operator. A superconformal
primary state |®™) is defined by

L ®o™) =0, G| =0, (n,m > 0) (6.108)
LS @™y =0, GET|®T™) =0, (n,m > 0). (6.109)

By virtue of Egs. (6.104),(6.105), the above equalities hold for all n > 0,m > 0 if they
hold for n = 1,2 and m = 1/2,3/2 for the NS algebra (or m =1 for the R algebra).

In the R algebra, G§"" needs more attention. First, Eq. (6.106) implies

CFT

(G§™)? = Lg"™" — 02—4- (6.110)
Then, the Hamiltonian can be written as
HCOFT — 2_7T((GCFT)2 + (G_!CFT)Q) (6 111)
- L 0 0 ) .
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which follows from Eq. (2.52). We see that G5 and G§* are proportional to supercharges,
in accordance with Eqgs. (6.92),(6.103). Second, G§"" commutes with L§"". This means
that Go|®{™"), if non-vanishing, has the same conformal dimensions as |®S""). Eq. (6.110)
implies that Go|®S") is nonvanishing if
- CCFT
ha # ﬂ.
If this is true for some supervirasoro primary state in the R sector, the supervirasoro
primary state is at least double degenerate. As a result, all descendant states will also be
at least double degenerate. In this case the supersymmetry is said to be spontaneously
broken [17]. We have seen that indeed there is a double degeneracy for each state in the
R sector of the T'CI model, one in the PBC of the spin chain and the other in the APBC
of the spin chain.

(6.112)

6.6.3 Supervirasoro primary states in the TCI CFT

As noted in the previous section, there are 12 Virasoro primary states in the TCI CFT,
where 8 of them are in the NS sector and 4 of them are in the R sector. In the R
sector, all Virasoro primary states are also supervirasoro primary states. c“"(o’") is the

superpartner of u“* (/). They are related by the supercharge Q" oc G§',
GS‘FT|O_CFT> — GUWCFT> (6.113)
GgFT'Q_/CFT> — Gy ’u/CPT> (6.114)
where
h CCFT
Y Yl 6.115
a T (6.115)

by virtue of Eq. (6.110), where h{"™ = 3/80, /" = 7/16, ¢ = 7/10.

In the NS sector, only 1" and €“"" are superconformal primary states. The rest of
virasoro primary states are connected to the supervirasoro primary states by the G,
shown in Fig. 6.5. The matrix elements are

<77Z)CFT|GC | CFT>
< /CFT’GC 2‘w0FT>
<TCFT’GC 3/2 |OCFT>
<6//CFT’GC 2 |TCFT>

— FT|GC1/2|6CFT> — ae ( )
GICFT’GCFT2|17DCFT> — a/E ( )

[ET|G,]07T) = aq (6.118)
6//C‘FT‘G(C 2‘TCFT> — al’ ( )

(¥
{
(T
{
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where a. = \/2h&"T =1/ V5 and a; = /2c7/3 = /7/15. These matrix elements indicate
that [T, [T, |€9"T) are supervirasoro descendants of [e“""), and |T™"), |[TE™), |€"T)
are supervirasoro descendants of |[1°7).

Let us derive Eqs. (6.116)-(6.119) with the supervirasoro algebra. Superscript crr is
omitted in the following proof. First, Eq. (6.118)

[(Tp|G_s/2]0) [ (6.120)
= (0|G3/2G-3/2/0) (6.121)
= (0{Gs/2, G_3/2}|0) (6.122)
= % (6.123)

where in the second line we use the fact that G_3/, acting on the ground state only gives
the |Tr) state, in the third line we use the fact that G5/, annihilates the ground state, and
in the last line we use the supervirasoro algebra and that Ly annihilates the ground state.
We can choose the phase of (G,, such that

2
(T|G_32]0) = EC (6.124)

Similar calculation can be performed on other matrix elements. For example, in the
NS sector we can compute

[(Y1G_1y2l€)]? (6.125)
= <€’G1/2G_1/2|€> (6126)
= (el{G1j2, G-1p2}e) (6.127)
= (€|2Lyl€) (6.128)
= A+ s, (6.129)
—0.2 (6.130)
and
[{€1G1 /2] (6.131)
= <¢|G1/2(_;71/2W> (6.132)
= (Y[2Loly) (6.133)
= A¢ — 81/1 (6134)
= 0.2. (6.135)
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Figure 6.5: Spectrum of the TCI CFT in the NS sector. Primary states are labelled
as diamonds. Arrows indicate that the primary states are related by the supervirasoro

CFT
generators G

In the R sector we can compute

[(alGolo)
= (o1G3lo)
= (o1Lo = 57lo)
_e
724

Similarly |(1/|Golo’)|* can be computed.

6.6.4 Lattice supervirasoro generators

In the CF'T, the supervirasoro generators are Fourier modes of the fermionic stress tensors,
Eq. (6.103). Therefore, we expect that on the lattice Fourier modes of the string operator

123



Tr also realize the supervirasoro operators at low energies. Recall the definition Eq. (6.41),
N

Gu=nY T/ Tpy TH /N, (6.140)
j=1

where 7 and T are translation operators for the Hamiltonian with PBC and APBC,
respectively, and 7 is a normalization factor. The equation above applies to both the NS
sector (n € 1/2 + Z) and the R sector (n € Z). To fix the normalization factor n, we
require that

(Tr|G1o|T) = V3. (6.141)
This comes from the CF'T identity
(TE|Gp [T = V3. (6.142)
This can be derived by
(TE™ G TT) (6.143)
- QC?;,T<0(’FT|G§7§ T (6.144)

[ 3
2 — <OCFT|2LCFT|TCFT> (6145)
C(‘FT
=1/ QCCFT (6.146)

(6.147)

where in the second line we use Eq. (6.124), in the third line we use the supervirasoro
algebra and the fact that Gj/, annihilates |T'), and in the fourth line we use Eq. (4.8).
Note that both |[T“") and |T5") necessarily exist in a SCFT, such that the normalization
condition Eq. (6.141) is universally applicable.

Below we compare the matrix elements of G, on the lattice with the CFT matrix
elements Eqgs. (6.113)-(6.119). In particular, Eq. (6.118) provides a way of verifying that
central charge in Eqgs. (6.104) and (6.106) are the same,

3
d = 5y<TF|G_3/2|0>|2, (6.148)

which equals the central charge ¢“" in the thermodynamic limit. This equation can be
viewed as the "superpartner” of Eq. (4.8). The result is shown in Fig. (6.6), where we
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Figure 6.6: The central charge from Eqgs. (4.8),(6.118).

also plot the result of Eq. (4.8) for comparison. We obtain ¢/ = 0.701 and ¢ = 0.699, with
the errors on the same order. The other matrix elements in the NS sector are plotted in
Fig.(6.7). We see that all matrix elements shown in the figure approximately converge to
the nonzero CFT values Egs. (6.116), (6.117), and (6.119) in the thermodynamic limit.
Similarly, we can compute the matrix elements of G,,, which are the Fourier modes of T,
and see that they agree with the CF'T values in the thermodynamic limit. Therefore, we
have verified in the TCI model that [}, [¢)), |¢') are supervirasoro descendants of |¢), and
|Tr), |Tr), |€") are supervirasoro descendants of |1). The only supervirasoro primaries in
the NS sector are |1) and |e).

In the R sector, we can similarly compute the matrix elements of G,, (n € Z). An
important example is G that relates superpartners, as in Eqs. (6.113) and (6.114). The
matrix elements can be computed on the lattice, shown in Fig. (6.8). We also see that the
numerical results agree with the CF'T matrix elements.

To conclude, we have proposed the lattice supervirasoro generators (g, as Fourier modes
of the lattice string operator T, where the latter is found variationally. We have examined
the action of G, in both NS and R sectors and seen that it agrees with the supervirasoro
algebra. The whole construction only relies on the low-energy spectrum of the critical

125



0.70 — —
——0=——0——Q@————9—————— =g

0.651
0.609 o (WG _1ple)]
0.551 o (]Gl
o |(Tr|Gsple”)]

0.501
0.45 = i e S )
—
0.000 0.005 0.010 0.015 0.020 0.025 0.030

1/N

Figure 6.7: Matrix elements of GG, in the NS sector of the TCI model. The dashed lines
represent the corresponding CFT matrix element Egs. (6.116),(6.117),(6.119). The CFT
matrix elements Eqs. (6.116),(6.117) have the same modulus, so we only show one of them
in the figure.
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Figure 6.8: Matrix elements of GG, in the R sector of the TCI model. The dashed lines

represent the corresponding CFT matrix elements in Eqs. (6.113),(6.114).
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quantum spin chain. Therefore we expect that the above lattice construction of G, gives
a generic method to identify supervirasoro primaries and superconformal towers.

6.7 Conclusion

In this chapter, we have generalized the method [110, | of extracting conformal data
from a critical quantum spin chains from PBC to APBC.

Starting with the lattice Hamiltonian density, we first build the Hamiltonians H""¢
and H*""¢ with PBC and APBC. We then diagonalize the low-energy eigenstates with
both boundary conditions and various sizes N. To go beyond exact diagonalization, a
generalized puMPS technique has been used. The scaling dimensions A, and conformal
spins s, of scaling operators can be extracted from the energies £, and momenta P, of the
eigenstates with both boundary conditions. Fourier modes H,, of the Hamiltonian density
with respect to the translation operator 7 (7)) of the (A)PBC Hamiltonian act as a linear
combination of Virasoro generators on the low-energy subspace with (A)PBC. They allow
us to identify each eigenstate with a CF'T scaling operator. In particular, primary states
and their conformal towers are identified. The central charge can be extracted with the

matrix elements of H_,.

We have shown that local operators correspond to PBC operators in the CFT, and
that string operators correspond to APBC operators in the CFT. Given a lattice operator,
we can associate it with a truncated linear combination of CFT scaling operators, whose
coefficients are determined by minimizing a cost function. The lattice operators that
correspond to CFT primary operators can be obtained by inverting the truncated linear
expansion. OPE coeffcients can then be extracted from the matrix elements of the Fourier
modes of the local or string operators that correspond to CFT primary fields. In the case of
emergent superconformal symmetry, the fermionic stress tensor states |Tr), |Tr) are always
present in the low-energy spectrum of H*"*¢. The lattice supervirasoro generators G,,, G,
can be constructed as Fourier modes of the string operators that correspond to T, Tr.
They can be used to identify supervirasoro primary states and supervirasoro conformal
towers. The matrix element of G_3/, gives another estimation of the central charge, which
converges to the central charge of the SCFT in the thermodynamic limit.

As an illustration of the general method, we have extracted complete conformal data
of the Ising CFT and TCI CFT from the Ising spin chain and the OF model at the TCI
point. We have correctly identified all primary states and their conformal towers. Scaling
dimensions, conformal spins, the central charges and all OPE coefficients are obtained with
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high accuracy. For the OF model, we have verified the action of the lattice supervirasoro
generators on the low-energy eigenstates and showed that they agree with the expectation
from the superconformal algebra. We stress that the only input of our method is the
critical lattice Hamiltonian. It is interesting to apply our method to the cases where the
underlying CF'T has not been completely solved.

Apart from a complete set of conformal data, generators of extended symmetries (if
any) can also be constructed on the lattice. In this paper we have investigated the super-
conformal symmetry, but other extended symmetry can be treated in the same way, such
as the Kac-Moody algebra [127].

Our method can be generalized to other twisted boundary conditions that preserve
emergent conformal symmetry. For an on-site symmetry defect, the generalization is
straightforward. It is still an open question how to deal with more general conformal
defects with our method. We would like to point out that for some topological confor-
mal defects other methods such as tensor network renormalization [00] and entanglement
renormalization [35] are available.
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Chapter 7

Conclusion and Future directions

In this thesis, we have proposed a systematic method to extract complete conformal data
from a critical quantum spin chain based on the operator-state correspondence, thus com-
pleting the project initiated by Cardy and others in the 80’s. There are several ingredients
that are of great significance of the method. First, the Koo-Saleur lattice Virasoro gen-
erators allow us to identify primary states and conformal towers within the low-energy
eigenstates of the critical quantum spin chain. Second, it is crucial that we can iden-
tify lattice operators with CFT operators. This not only enables us to compute OPE
coefficients, but also allows us to study the emergence of extended symmetries such as
superconformal symmetry. Finally, the puMPS techniques make it possible to obtain ac-
curate low-energy eigenstates for critical quantum spin chains up to several hundreds of
spins, which significantly reduces finite-size corrections.

There are several potential applications of the present work in the theis. Roughly
speaking, there are two directions. Firstly, one may want to explore CFTs and RG flows
that are less well understood. Secondly, one may consider other extended symmetries and
conformal defects beyond on-site symmetry defect.

Within the first class, there are several proposed quantum critical points that are not
yet completely numerically verfied. One prominent example is the complex CFTs, where
conformal data becomes complex rather than real. It has been proposed that the ()-state
Potts model with () > 4 can realize such complex CFTs with some perturbations [51, 75].
With our identification of lattice operators and CF'T operators, it is possible to find the
perturbation and locate the complex critical point. The trajectory of the RG flow near the
complex fixed points is more complicated than unitary real CFTs. In the example of the
Potts model, it shows a spiral RG flow in the parameter space. It would be very interesting

129



to explore the RG flow near the complex fixed points.

Within the second class, one may consider Kac-Moody algebra or the W algebra, which
can be realized by the XXZ7 quantum spin chain and the 3-state Potts model, respectively.
The presence of more symmetries also means the possibility of general conformal defects.
For example, it is interesting to study the Kramers-Wannier duality defect of the Ising
CFET [60] and defects with respect to the current algebra in the XXZ model [127].
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Appendix A

Matrix product operators

In this appendix we review the matrix product operators (MPOs) that are used in the
main text. The MPOs are used to represent the Hamiltonians or more generally Fourier
modes of local operators. We will split them into a bulk contribution, which is represented

by a MPO with open boundary conditions (OBC) and a boundary term.

A.1 Hamiltonian and H, operator

For the critical Ising model

N—-1 N
H= [— Y XX - Z
j=1 Jj=1

The term in the bracket is represented as a MPO with OBC
N-1 N

RIEEHE 9
=1 j=1

where the tensors are

— XnX;.

= (MM MV (S,

g,s’

(A1)

(A.2)

(A.3)

(A4)



Similarly, the Fourier mode H,, is (up to overall normalization)

N-1 N
H,= |- Z Xij+1€in(j+1/2)27r/N _ ZjeianW/N . XNXlei’mr/N7

j=1 j=1

(A.5)

see Appendix C for an explanation of the extra 1/2 in the phase factor. The H,, operator
can be splited into a bulk contribution and a boundary contribution, where the bulk

contribution can be represented as a MPO with tensors

I 0 0
M, = X 0 0] 2<j<N-1)
_Zeinj27r/N _Xein(j+1/2)27r/N I
I
M, = [_Zein%r/N _Xein?ﬂr/N ]} My = X
—Z

The boundary term can be represented as a trivial MPO with bond dimenson 1.

Next, consider the OF model,

N-1 N N-2
H= Y —X;Xju =) Zi+ XY (X;Xj1Zseo+ Z3 X0 Xj40)
=1 =1 j=1

—XNX + N (XN XN+ Xn X1 2o + Zna X Xy + Zn X0 Xo).

(A.8)

(A.9)

The first line is the bulk part, which can be represented as a MPO with OBC, where

tensors are

I 0 0 0 0 0
Z 0 0 0 0 0

X 0 0 0 0 0

M=o =My = 0 X 0 0 0 0
0 0 X 0 0 0

-Z 0 -X NX XNZ I

.

7

X

My=[-Z 0 =X XNX XZ I My= 0
0

__Z_
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The boundary terms can be represented as a MPO on 4 sites (from site N — 1 to site 2),
where the tensors are

X 0 0 0
My = [MX MZ [[My=]0 X 0 0 (A.12)
0 —X XX XZ

1
X

The H,, operator for the OF model can be represented with a similar MPO (with maximal
bond dimension 6). However, in practice, we can also represent the H, for the OF model
as the sum of the H, for the Ising model and the two simple MPOs, namely the Fourier
modes of XX Z and ZX X, see below.

A.2 Fourier mode of simple local operators

A Fourier mode of a one-site operator A; (A € {I,X,Y,Z}) (up to overall normalization),
N

A=) Ayt N (A.14)
j=1

can be represented with a MPO with bond dimension 2, where tensors are

I 0 .
M; = [Aeisﬂw/N [] 2<j<N-1) (A.15)
, I
M, = [Aew?”/N I] My = [A] ) (A.16)

Similarly, a Fourier mode of a two-site operator AB (A, B € {I,X,Y,Z}) (up to overall
normalization),

N-1
(AB)S = Z AijJrleiszﬂ/N + ANBl (Al?)
j=1
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can be represented as a MPO with OBC plus the boundary term AxB; , where the MPO
has tensors

I 0 0
M,=|B 0 0ol 2<j<N-1) (A.18)
0 Aeisj27r/N T

I
My =1[0 Ae*™N I| My=|B]|. (A19)
0

For 3-site operators ABC' (A, B,C € {I,X,Y, Z}), the Fourier mode with spin s

N-2
(ABC)S = Z Aij_,_le_;_Q@isj%r/N + AN_IBNcle_iS%r/N + ANBng <A20)

J=1

can be represented with a MPO with bond dimension 4 in the bulk, and two boundary
terms, where the MPO for the bulk contributions has tensors

I 0 0 0
w= |00 N e<isN- (A.21)
0 0 Aesi?m/N |
I
My=1[0 0 AN I]  My= (5 (A.22)
0

Fourier modes of complicated operators (e.g., 4-site operators) can be constructed similarly
as a MPO with a larger bond dimension. However, we don’t need them in all the models
in this thesis.
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Appendix B

Fourier modes of multi-site operators

Recall that the Fourier mode of a local operator O is defined by
| N
O° = N Z efisi:z:j271'/N(9]'7 (Bl)
j=1

where z; is the position of the operator O; with support starting at site j. For a one-site
operator, z; = j. (In the main text we have use j instead of x; for simplicity of notation.)
However, this choice of ; is ambiguous for a multi-site operator, since it can be anywhere
inside the support. We have to decide how to assign a specific position z; € (j,j + n)
to it. Different assignments will lead to different expansions in terms of CF'T operators.
However, it is clear that any two such expansions have the same dominant CFT scaling
operator, and the difference between the two expansions is dominated by the derivative of
this dominant CF'T operator.

Let us illustrate the above with an example for the critical Ising model. Consider
01(j) = =X (j)X (7 + 1). We have seen that its CFT expansion O{"" includes both 1"
and € contributions. For this lattice operator, we may assign e.g. z; = j, ; = j + 1/2,
or z; = j + 1. Only the second choice preserves spatial parity, and therefore no 9,e“”"
term is allowed in the expansion of O{"". The other two choices would result in a 0,¢
term in the expansion of Of"", which is in accordance with the fact that our assignment
of position has explicitly broken spatial parity. Nevertheless, the expansion coefficients in
front of 1" and €“" are independent of our assignment of position z;.

CFT

The specific assignment x; = j 4+ 1/2 for O;(j) is important when combining O;(j) =
—X(j)X(j+ 1) with Oa(j) = —Z(j) to form the Hamiltonian density of the Ising model,
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h(j) = O1(4) + O2(7). In order for the Fourier mode h® to correspond to a linear combina-
tion of Virasoro generators LT+ LS it has been shown numerically [30] that the correct
choice is z; = j 4+ 1/2 for O1(j) and x; = j for O4(j). If we have chosen a different x; for
O1(7), the Fourier mode h* (s # 0) would connect states in identity tower and e tower.
This is exactly the consequence of the 9,6 term in the expansion of h. Therefore, the
choice of position z; = j + 1/2 for X(j)X(j + 1) makes the finite-size corrections in the
H,, operator smaller by eliminating the 0,6 contribution. In general, the freedom in the
assignment of positions does not affect the result we obtain for the conformal data in the
thermodynamic limit, while it may change the finite-size scaling.

Similarly, a string operator

S(QJ‘ - (ﬁ Zl) Oj. (BZ)

can be assigned some position x;. Again, the choice of z; affects the corresponding CFT
operator up to a total spatial derivative, which changes the finite-size correction in the
Fourier mode &¢,. Below we list our choice of the positions that are used in the thesis.

For a local operator O;, if it is Zy odd and its support ranges from site j to j 4 n, then
we follow the "middle point rule”, ie., x; = j +n/2.

If the operator is Zs even, we first rewrite it as a local product of Majorana operators.
The Majorana operator 7, is assigned position z;; = j'/241/4. If the product of Majorana
operators has support from 7, to /4., then we follow the "middle point rule” z; =
zy+n'/4=(2j+n" +1)/4. (Notice that two adjacent Majorana modes have a distance
1/2 rather than 1). The above alignment explicitly preserves the Kramers-Wannier duality.

If a string operator is Zs odd, then it can be rewritten as a local product of Majorana
operators. We can then use the "middle point rule”. If the string operator is Zy even, then
we first use a Jordan-Wigner transformation to obtain a Zs odd local operator, then the
position of the string operator is assigned to the position of the local operator minus 1/2.
In summary, we list the result of x; for the operators that have appeared in the main text
in Table B.1.
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O; zj | Soj | %
X J Sty |i—3
Y; J | Sxy |d—g
Z; J Svj |J+1
X; X1 J+ % Syz; | J+ %
X;Zin J+ % Six; | J+ %
ZiXj Jt+3 | Sxxy| J
XiXj1Zjo | j+ 5 | Syvy | d+1
ZiXjn X [ J+7

Table B.1: Position assignment z; of local operators O; and string operators Sp ;.
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Appendix C

Details of the puMPS algorithm for
APBC

In this section we detail the puMPS algorithm for eigenstates with APBC, and how to
compute matrix elements of local or string operators involving them. It is a straightforward
generalization of the algorithm for eigenstates with PBC, which has been described in detail
in [110].

C.1 Computing low-energy eigenstates

Recall the ansatz for APBC eigenstates with momentum p,
N o d
| BA7P(B; A)) = > e Iy Tr(BUA® - AY)|3), (C.1)
j=1 =1

where A is the puMPS tensor for the PBC ground state, satisfying

Y Z AT = Up(2)AUL(2), (C.2)

and B = B}, contains the variational parameters to be computed.

In Chapter 4, a reparametrization of the excitation ansatz has been shown useful for
PBC eigenstates. Here we will use the same trick for APBC eigenstates. The trick consists
of two steps. First, there is a gauge choice of the ground state puMPS tensor A* = A\,
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Figure C.1: (Top) The tensor network for N;/*“(p) in Eq. (C.6). The green tensor Up =
Up(Z) in Eq. (6.55). (Bottom) The tensor network for H; *(p) in Eq. (C.7) if the red
tensors form a matrix product operator (MPO) for the Hamiltonian H and p, = pg = p.
It also represents O, (pa,pg) in Eq. (C.9) if the red tensors form a MPO for Os.

where A%, is a D X D matrix and A is D x D diagonal matrix, such that A5 = A° = AL\ ™!
satisfies the left canonical condition and A% = A~ A¢, satisfies the right canonical condition.
Second, we will reparameterize B® = BEA™'. The new parameterization consists of a
d x D x D tensor B¢ as variational parameters,

N

d
|®2PBC(BC; Ap)) = Z eI Z Tr((Bévl)\71>A22 - ATVS). (C.3)

j=1 F=1

Below we use p = (s, a,b) to denote the combined index of the physical and bond indices.
Our approximation of the eigenstates of the Hamiltonian are obtained as the saddle point
of the energy functional,

(©47°(Be; AL)|H|®p™(Be; AL))

Ep(BC, BC; ALa AL) = <®IA)PBC(BC; AL)’(I)SPBC(Bc; AL))

(C.4)
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The saddle point condition translates into a generalized eigenvalue equation for Bf,,

H,;"(p) B¢, = EN,,"(p) B, (C.5)
where
NAPBC _ 8 @APBC B A a q)APBC B A C6
W(P)—aggp(c,L)@p(c,L) (-)
PB 8 PB D A a PB
H,”(p) = <@qu “(Bes Ar) H‘a—Bész C(BC;AL)>. (C.7)

They are depicted as tensor networks in Fig. C.1. Note that the action of 7 = 2,7 can
be viewed as first acting with the ordinary translation operator and then acting with 2,
where the latter can be lifted to the bond indices by using Eq. (C.2). Contracting the
tensor networks has the same leading cost O(ND®) as the PBC case. The only difference
from the case of PBC is the Up tensors appearing in the contraction. The periodic MPO
for the Hamiltonian with PBC can be further decomposed into a MPO for the Hamiltonian
with OBC and a local boundary term. This further lowers the cost compared to directly
contracting the network with the periodic MPO.

The generalized eigenvalue equation Eq. (C.5) can be translated into an ordinary eigen-
value problem by multiplying the pseudoinverse of N *¢ on both sides,

NAPBC,p;L(p)H’;ngC(p)BE’ _ EB& (C.S)

where N*%¢(p) is the pseudoinverse of N***(p). Then Eq. (C.8) can be solved in each
momentum sector with a sparse eigenvalue solver such as the Arnoldi method.

C.2 Computing matrix elements of local operators

Matrix elements of a Fourier mode of a local operator in the low-energy basis of H*"*¢ are
bilinear functions of the B tensors in Eq. (C.1),

(P (Bea; AL)|O°| @5 (B g; AL)) = Bl O (pas 05) Bé - (C.9)
This expression is nonzero only if momentum is conserved,
2
Do = Nﬂs + pgs. (C.10)

The matrix O, (pa,ps) is plotted at the bottom of Fig. C.1. The contraction also costs
O(NDY).
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C.3 Computing matrix elements of string operators

Matrix elements of a Fourier mode of a string operator are also bilinear functions of the B
tensors.

(@77 (Be.a: AL)ISo| @y (Besi AL)) = B oSo.uw(Pas ) Bé, - (C.11)

Note that the ket is now a PBC low-energy eigenstate, and the bra is a APBC low-energy
eigenstate. The conservation of momentum is necessary for the matrix element to be

nonzero,
2

Pa =48 + ps. (C.12)
Although string operators are nonlocal, they can be represented efficiently with a MPO.
This means that So . (pa,ps) can be represented as the same network as the bottom
network of Fig. C.1, except that the Up tensors in the upper layer are removed. Therefore
the computation of S . (pa,ps) has the same leading cost O(ND®) as the computation
of O,uu(paapﬁ)'

If O is a one-site operator, then S¢, can be encoded in a MPO with bond dimension 2,

1 o]ﬂ[zoj @j?i‘”} m (C.13)

j=1 !

If O is supported on n sites, then an additional boundary term appears. In this case, S¢,
can be decomposed into a MPO with bond dimension n+ 1 with open boundary conditions
and a boundary term. For example, consider

N-1 j-1
S}S,Z = Z e—z’szW/N (H Zl) Yij_H + B;Zv (014)
Jj=1 =1

where the sum can be encoded in a MPO with open boundary conditions and bond dimen-
son 3, and the boundary term is

N-1
By, =e 7 (H Zl) Yy. (C.15)
=2

If we act with B, on a PBC eigenstate with parity Z,, then the action can be further
simplified, |
0 AIER) = € (3 X 21) Zal5). (C.16)
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We see that the net effect of the boundary term of S7 acting on a PBC eigenstate is
equivalent to a local boundary term. Again we decompose S, into a MPO with OBC

and a local boundary term. This lowers the computational cost compared to directly
contracting the tensor network with a periodic MPO.
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