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Abstract

In sufficiently low energies, that is, at the infrared (IR) fixed point, quantum field theories
are expected to be scale invariant. Such a scale-invariant theory would be described by a
conformal field theory (CFT). If a quantum field theory gives rise to a nontrivial CFT at
the IR fixed point, the original theory is called the Landau-Ginzburg (LG) description of
the CFT, or the LG model. In particular, as an example of the supersymmetric LG model,
it is believed that the two-dimensional N' = (2,2) Wess—Zumino (2D N = 2 WZ) model
corresponds to the 2D A = 2 superconformal field theory (SCFT). This conjecture of the LG
description has been theoretically analyzed from various aspects. It is, however, difficult to
prove this theoretical conjecture directly, since the coupling constant becomes strong at the
IR region. Moreover, because this is the lower-dimensional massless system, the perturbation
theory possesses severe IR divergences. For these reasons, the LG description is a remarkable
non-perturbative phenomenon.

This issue is closely related to superstring theory. Superstring theory is expected to de-
scribe quantum gravity, and provide a candidate for a theory of everything, which unifies all
fundamental forces. In superstring theory, we observe a four-dimensional spacetime, while
there exists an extra six-dimensional space, which is compactified into the Calabi-Yau (CY)
manifold. Then, scattering amplitudes in a superstring theory with the CY compactifica-
tion can be computed from an N' = 2 SCFT, by which the world sheet theory is described.
However to pursue this strategy is quite difficult because such a SCFT is in general not a
solvable minimal model. Thus, it is hard to carry out any computation for a general CY
manifold and to treat phenomena relating to the dynamics of spacetime. The LG description,
on the other hand, realizes a strongly-interacting Lagrangian with the superpotential corre-
sponding to the geometry of the CY manifold; we can deform the geometry of the superstring
compactification by manipulating the superpotential. Therefore, if we can analyze such a
strongly-interacting field theory directly, the study of the LG model would be a new approach
to look into superstring theory.

An useful approach to this issue may be provided by a non-perturbative calculational
method such as the lattice field theory. A quantum field theory is defined as a discretized
theory on a spacetime lattice. Implementation of such a lattice formulation on the computer
enables us to calculate physical quantities from first principles. As is well recognized, how-
ever, the spacetime lattice is generally incompatible with spacetime symmetries such as the
supersymmetry (SUSY). Although those symmetries are expected to restore in the continuum
limit, this is an obstacle to the lattice study on supersymmetric field theories. Despite this
difficulty, there are some recent numerical studies for the WZ model with the cubic superpo-
tential; the scaling dimension and the central charge in the corresponding As minimal model
were measured. These numerical studies achieved a triumph of the lattice field theory, and
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provides a non-perturbative evidence of the WZ/minimal-model correspondence.

In this thesis, we numerically study the 2D N = 2 WZ model, by using the formulation
by Kamata and Suzuki. This formulation is based on the Nicolai map and the momentum
cutoff regularization; allowing the action to be non-local, the theory preserves the full set
of SUSY even with a finite cutoff, as well as the translational invariance. We focus on the
following three numerical studies: (A) the numerical simulation of the ADE-type theories
and verification of the theoretical conjecture; (B) the continuum limit analysis of the scaling
dimension based on the finite-size scaling; (C) the application to the torus compactification
of superstring theory.

(A) We apply the SUSY-preserving formulation to the following various AD E-type the-
ories: the Ag, Az, D3, D4, Eg (2 Ay ® As), and E7 models. In some aspects, we extend
and improve the theoretical and numerical analyses in the preceding works. First, to study
the DFE minimal models and further applications, the method is generalized to one with mul-
tiple superfields and more complicated superpotentials. Second, for the Ao minimal model,
numerical accuracy is quite improved. Third, we numerically measure the scaling dimen-
sion, by using the two-point function of the scalar field in the momentum space. Also we
numerically measure the central charge, by using the two-point function of the supercurrent
and that of the energy-momentum tensor. Our results are consistent with the conjectured
WZ/minimal-model correspondence.

(B) We develop an extrapolation method to take the continuum and infinite-volume limit,
while any extrapolation has been not done in the preceding numerical studies. Then, we
perform a precision measurement of the scaling dimension in the As-type theory. This result
implies the restoration of the locality in the continuum limit.

(C) We apply the above method to non-minimal SCFTs. For simplicity we consider the
complex one-dimensional torus compactification. This theory may be simply described by
the Ao ® As ® Ao minimal model. To deform the geometry of the compactification, we add a
would-be marginal operator to the superpotential; then, the central charge is believed not to
depend on this deformation. We numerically observe the central charge being constant under
this deformation, which provides the non-perturbative evidence of the conjecture.

These studies show a coherence picture which is consistent with the conjecture of the LG
description of SCFT, and support the validity of our formulation. This kind of numerical
approach, when further developed, will come in useful to study superstring theory.

This thesis is based on the following papers:

e O. Morikawa and H. Suzuki,
“Numerical study of the N/ = 2 Landau—Ginzburg model,”
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“Numerical study of the A/ = 2 Landau-Ginzburg model with two superfields,”
JHEP 12 (2018) 045, arXiv:1810.02519 [hep-lat].

e O. Morikawa,
“Continuum limit in numerical simulations of the A/ = 2 Landau—Ginzburg model,”
PTEP 2019 no.10, (2019) 103B03, arXiv:1906.00653 [hep-lat].
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Chapter 1

Introduction

1.1 Landau—Ginzburg description of the conformal field
theory

The dynamics of elementary particles is described by a theoretical framework, quantum field
theory. Its microscopic structure at short distances or in high energies effects long-distance or
low-energy physics in a complicated way because of quantum radiations. An effective way to
analyze this has been developed by renormalization group (RG) transformation |1]. The flow
of RG transformations, which is called the RG flow, governs the behavior of a quantum field
theory under some rigid scale transformations, which act as the “coarse-graining” between
different scales.

In an extremely low-energy scale, that is, at the infrared (IR) fixed point of the RG flow,
any quantum field theory is expected to possess the scale invariance, while all massive modes
are decoupled. Such a scale-invariant theory would be described by a conformal field theory
(CFT) |2]. If a quantum field theory gives rise to a nontrivial CFT at the IR fixed point, the
original field theory is called the Landau-Ginzburg (LG) description of the CFT [3], or the
LG model. The LG description thus provides a Lagrangian-level realization of CFT, and is
characterized by a nontrivial critical behavior under the RG flow. Originally, this idea of the
LG model was introduced as a phenomenological model to describe superconductivity [4]; in
this context, we use the free energy instead of the Lagrangian. Such critical phenomena are
of great interest in a wide range of physics.

Although the existence of such a Lagrangian is not always obvious, if we know it, tech-
niques developed in quantum field theory provide a quite important tool to clarify conformally
invariant systems. As another famous example, the Feigin—Fuks (integral) representation [5,6]
gives a free-field Lagrangian on curved spacetime. Feigin and Fuks employed this to explore
the unitary representation of the Virasoro algebra, and proved the Kac determinant formula
in an elegant way (see Chap. . Analyses of the Lagrangian such as their technique have come
in useful [7,8] for performing many computations explicitly and understanding the systems
intuitively.

It is also important to consider the fermionic extension of the conformal symmetry by the
supersymmetry (SUSY) [9-11], which is a symmetry under swapping bosons and fermions.
This extended symmetry, superconformal symmetry, is realized in the two-dimensional (2D)
world sheet theory of superstring theory, which is expected to describe quantum gravity [12-

1



2 CHAPTER 1. INTRODUCTION

14], and provide a candidate for a theory of everything unifying all fundamental forcesE] In
superstring theory, because of the consistency of the theory, we observe a four-dimensional
spacetime, while there exists an extra six-dimensional space [17-23]. Requiring the SUSY
on the four-dimensional spacetime, the extra dimensions are considered to be compactified
into the Calabi-Yau (CY) manifold [24,[25]. Then, we have a 2D N = 2 superconformal field
theory (SCFT) on the world sheetE] Scattering amplitudes in a superstring theory with the CY
compactification can be computed from this SCFT. We can pursue this strategy if such a SCFT
is a solvable minimal model or a tensor product of minimal models (Gepner model [26,127]),
but it is in general not the case. Thus, it is hard to carry out any computation for a general
CY manifold, and treat phenomena which relate to the dynamics of the compactification.

Now, an alternative approach may be provided by the LG description of SCF'T, while a
2D N = 2 LG model becomes a N' = 2 SCFT at infrared criticality. It is believed [26/37]
that an example of this is given by the 2D N = 2 massless Wess—Zumino (WZ) model with a
quasi-homogeneous superpotential, which can be obtained by the dimensional reduction of the
four-dimensional WZ model [3§]. It is known that the structure of the superpotential is closely
related to the geometry of the CY manifold [39-42]. One can easily change the superpotential,
which causes the deformation of the geometry of the superstring compactification.

The above theoretical conjecture of the LG description has been studied from various
aspects, which support this correspondence [39,43-52]. For example, Refs. [43],46,/48] argue
the RG flow for the WZ model with the monomial superpotential, W (®) oc ®"*! which
corresponds to the A,, minimal model of the A" = 2 SCFT; the correspondence between the
superpotential and the ADE minimal model is classified in Ref. [44]. See Refs. [53}/54] for
reviews. It is, however, difficult to prove this theoretical conjecture directly, since the 2D
N = 2 massless WZ model is strongly coupled at low energies. Moreover, because this is the
lower-dimensional massless system, the perturbation theory suffers from IR divergences. The
LG description is thus truly a non-perturbative phenomenon.

1.2 Lattice field theory and the numerical approaches

A non-perturbative calculational method may be provided by the lattice field theory [55].
The lattice field theory is the most well-developed framework to study non-perturbative phe-
nomena in quantum field theories; it provides the lattice regularization that the continuum
spacetime is discretized as the set of points called the lattice. Then, a quantum field theory is
defined as a discretized theory on the spacetime lattice with finite degrees of freedom. Imple-
mentation of such a formulation on the lattice (lattice formulation) on a computer enables us
to calculate physical quantities of interest from first principles. As is well recognized, however,
the lattice formulation is in general not compatible with the SUSY, because the SUSY is one
of spacetime symmetries; schematically

{Q,Q} ~0, (1.1)

where @ (Q) is the charge associated with the SUSY (supercharge), and the derivative 0
denotes the translation. (We will discuss this anti-commutation relation in Chap. [3]) While

!The original string theory was considered as a theory of hadrons mainly from 1968 to 1975. For these
studies, see Ref. |15| for a review. For developments in 1980s, Ref. |16] gives a detailed review.
*Here, we consider the 2D A = (2,2) supersymmetry, and not N = (2,0). For more details, see Chap.



1.3. NUMERICAL STUDY OF THE 2D N =2 WZ MODEL 3

the SUSY must be a crucial element to study the above LG description, as a usual way,
lattice parameters should be fine-tuned so that the lattice formulation yields the target SUSY-
invariant theory in the continuum limit; this fact complicates actual numerical studies [56-
il

Despite this difficulty, recently, the authors of Ref. [61] studied the case of a cubic superpo-
tential W = ®3, which is considered to correspond the A, minimal model; they measured the
scaling dimension of the scalar field in the IR limit by using a lattice formulation of Ref. [62]@
In Ref. [61], one can observe good agreement of the scaling dimension with that of the Ao
minimal model. The formulation of Ref. [62] exactly preserves one nilpotent SUSY at finite
lattice spacing (not full SUSY)E], and the vacuum energy is canceled even on the lattice thanks
to the existence of the so-called Nicolai or Nicolai-Parisi-Sourlas map [69-72]. Because of
this preserved SUSY, and since this lower-dimensional theory is super-renormalizable, it can
be argued, to all orders of perturbation theory, that the full set of the SUSY is automatically
restored in the continuum limit [73,/74]. The study of Ref. [61] thus achieved a triumph of the
lattice field theory, and paved the way for the numerical investigation of the LG model.

Somewhat later, the authors of Ref. [75] examined the same As-type WZ model with a
cubic superpotential by using the formulation from Ref. [76]; they measured not only the
scaling dimension but also the central charge. The formulation in Ref. [76] is based on
the Nicolai map and a momentum cutoff regularization. A remarkable feature is that the
formulation preserves the full SUSY as well as the translational invariance even with a finite
cutoff. Owing to this fact, it is straightforward to construct the Noether current associated
with spacetime symmetries, for instance the supercurrent for the SUSYE] Then, from the
numerical simulation of the two-point function of the supercurrent, the central charge was
observed, which is fairly consistent with the Ao minimal model.

The latter formulation is (almost) identical to the dimensional reduction of the lattice
formulation [77] of the 4D N = 1 WZ model on the basis of the SLAC derivative [78,[79].
Although this formulation exactly preserves SUSY, it is well recognized that it breaks the
locality because of the SLAC derivative. For the 2D massive N' = 2 WZ model, because
of the exactly preserved SUSY and because this theory is super-renormalizable, it can be
argued [76], to all orders of perturbation theory, that the locality is automatically restored
in the continuum limit. Although, strictly speaking, the theoretical basis of the formulation
for the massless WZ model is not obvious, the above numerical results support the validity
of the formulation, and the restoration of the locality. This is an interesting observation left
as a future problem.

1.3 Numerical study of the 2D N =2 WZ model

In this thesis, following on from the study of Ref. |75, we numerical study the 2D N =2 WZ
model by employing the SUSY-invariant formulation of Ref. [76]. We extend and improve the

3Ref. [60] is a recent review of the SUSY on the lattice, which refers to lattice formulations of the 2D N = 2
WZ model.

“References [631/67] are preceding studies on the 2D massive N = 2 WZ model.

®This feature is common to the lattice formulation studied in Ref. [68].

5Tn a lattice formulation such as that in Ref. [61)62], the explicit expression of the Noether current associated
with spacetime symmetries is quite nontrivial because the regularization breaks such symmetries and the
Noether’s theorem cannot work well.
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theoretical and numerical analyses in Ref. [75] in several aspects.

To obtain further support for the conjectured LG correspondence and the validity of the
formulation, we study the following higher critical models: the As, D3, D4, Fg & Ao ® A3, Ex
models, as well as the A2 model [80,[81]. First, the method in Ref. [75] is then generalized to
the WZ model with multiple superfields and more complicated superpotentials. Second, the
numerical accuracy and the effective number of configurations in the Monte Carlo simulation
are quite improved. Third, for the scaling dimension, we use the two-point function of the
scalar field in the momentum space instead of the susceptibility of Ref. [75]. We also measure
the central charge by using the two-point function not only of the supercurrent but also of the
energy-momentum tensor (EMT). In Ref. |75], it was found that the EMT correlation function
was t00 noisy to extract the central charge; in this thesis, we settle this problem by using SUSY
Ward—-Takahashi relations. It turns out that our prescription for the correlation function of
the EMT is rather useful to measure the central charge. We also calculate the “effective
central charge” as in Ref. [75] that is an analogue of the Zamolodchikov C-function [82,83].
All these results for typical ADE-type theories show a coherence picture, which is consistent
with the conjectured WZ/minimal-model correspondence.

In this thesis, we also consider an extrapolation method to take the continuum limit [84].
Although the SCFT is defined as the continuum theory with the infinite volume, the results
of the preceding works and ours above are not extrapolated to the continuum/infinite-volume
limits. Moreover, one can find that the computation of the scaling dimension in Ref. [75] is
quite sensitive to a ultraviolet (UV) ambiguity because of the locality breaking. To justify
numerical studies based on the formulation, it should be observed that such a UV ambiguity
disappear in the continuum/infinite-volume limit. We develop the finite-size scaling analysis
in Refs. [61,/75] into a continuum-limit extrapolation method. The extrapolation also carries
out the infinite volume limit. We then apply this extrapolation method to the above numerical
approach. We study the As-type WZ model with the cubic superpotential, and perform a
precision measurement of the scaling dimension by using this extrapolation method. This is
a more reliable result, and is rather consistent with the conjectured As-type correspondence.

Finally, we apply the present numerical approach to the SCFT which is not a minimal
model. For simplicity the complex one-dimensional torus compactification is studied. In a
simple way, this theory is described by the Gepner model, A2 ® Ay ® As, which corresponds
to the superpotential of the form 3 + y3 + 23. If we add a term zyz to the superpotential,
which does not correspond a Gepner model but is still quasi-homogeneous, the geometry of
the compactification is deformed. This term zyz is believed to be a marginal operator, and
so the central charge would not depend on this deformation. As mentioned above, however it
is difficult to treat such deformations in the compactification in usual analyses of superstring
theory; this is an interesting non-perturbative problem. We numerically simulate the WZ
model with this superpotential, while the deformation parameter is varied; the central charge
is directly measured. From our result we see the central charge being constant under this
deformation, which provides the non-perturbative evidence of the conjecture.

All these studies are consistent with the theoretical conjecture of the LG/SCFT corre-
spondence, and support the validity of the formulation of Ref. [76]. In view of the LG/CY
correspondence [39-42], we hope that this kind of numerical method, when further developed,
will eventually provide a computation method for scattering amplitudes in a superstring the-
ory, whose world sheet theory is not necessarily a Gepner model.
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1.4 Organization of the thesis

This thesis is organized as follows: In Chap. 2 we give a review of 2D CFT to introduce
the necessary ideas we will use later. We also review the SUSY and the superconformal
symmetry in Chap. by using explicit computations in the 2D WZ model. Especially,
we derive the explicit form of the important Noether currents: the supercurrent, the EMT,
and the U(1) current; we show that those currents form the superconformal multiplet in
the massless free WZ model. In Chap. @] we discuss the RG, and the LG description of
CFT together with the LG/CY correspondence. We then introduce the Zamolodchikov’s c-
theorem and its SUSY-analogue. In Chap. [f] we examine the SUSY-invariant formulation
studied in Ref. [76]. To provide consistency checks of the simulation based on this, we show
that the Witten index and some SUSY WT relations are reproduced. Chapter [0]is the main
part of this thesis; we investigate the WZ model at IR criticality and give our numerical
results. In the first two sections, we focus on the AD FE-type WZ model, which corresponds to
the minimal model of SCFT. We measure the scaling dimension from the scalar correlator and
the central charge from the two-point functions of the above Noether currents. In Sect.
we develop the continuum-limit analysis, and perform precision measurement of the scaling
dimension. Finally, in Sect. we measure the central charge under the deformation of the
torus compactification. Chapter [7]is devoted to the conclusions. In Appendix [A] we present
a fast algorithm for the practical numerical computation.






Chapter 2

Conformal field theory

2.1 Conformal transformation

Let us briefly introduce basic ideas of the conformal field theory (CFT) [2]. The most part
in this chapter is based on the discussion in Ref. [53,85]. In what follows, in d-dimensions,
Green indices, u, v, ...run over 0, 1, ..., d — 1; repeated indices are not summed over.

If for manifolds M and M’ a differentiable mapping ¢ : M — M’ is a one-to-one mapping
and the inverse ¢! is differentiable, then ¢ is called a diffeomorphism. Given a Riemann
metric ds? = > v 9w (T)dztdz” on the manifold M, a diffeomorphism from M to M

G (%) = g (@) = €Dy () (2.1)

is known as a conformal transformation, where w(z) is an arbitrary real function. The set
of all conformal transformations forms the conformal group. As usual, a Killing vector v* is
given as an infinitesimal generator of the isometry group, such that the metric is invariant

dguv(x) =0 (2.2)

under an infinitesimal transformation z# — z# + da# = z# + ev”(z). Now, from Eq. (2.1)),
let us consider an infinitesimal coordinate transformation, under which the mapped Riemann
metric is conformally equivalent to the original one:

9y () o< g (). (2.3)

In other words, the metric is invariant under a coordinate transformation z# — x* + ev*(x)
and a local rescaling of the metric known as the Weyl transformation [86,87]

(%) = gl (2) = g (). (2.4)

Then, v* is called a conformal Killing vector, and is an infinitesimal generator of the conformal
group.

If a field theory has the conformal symmetry, which is a invariance under conformal trans-
formations, the theory is called a conformal field theory. Since any conformal transformation
induces the Weyl transformation, conformal field theories on curved spacetime is invariant
under Weyl transformations; this is the Weyl symmetry.

7
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e
translation at
rotation Yoy wtat (W = —wu)
scaling transformation (dilatation) Az#
special conformal transformation  |z|?b* — 2(b - z)z*

Table 2.1: Infinitesimal conformal transformation in d-dimensional Euclidean space (d > 2)

In the d-dimensional Euclidean space, we obtain the conformal Killing equation as
2
Oy (%) + Oy (2) =~ > 0p0” (2) 8y (2.5)
p

Table shows the set of the Killing vectors in the d-dimensional Euclidean spacetime
with d > 2. We note that, for d > 2, there exists a finite number of generators. On the
other hand, if we set d = 2, the conformal Killing equation reduces to

dv* =0, (2.6)

where we have introduced the complex coordinate z = z° + iz!, and

v =09 + i, v? =00 — v, (2.7)
0 1 . = 0 1 .
8:5—5(80—181), aZ%- 2(60+281)~ (2'8)

Therefore v* is a holomorphic function, and v* is an anti-holomorphic function; the number
of generators is infinite. From the infinitesimal transformations for d = 2, a finite conformal
transformation is given by

z— 2 = f(2), (2.9)
where f(z) is holomorphic. In what follows, mainly, we will consider a CFT on the 2D Euclid
space.

2.2 Primary fields and correlation functions

It is convenient to introduce a conformal weight, which characterize under conformal trans-
formations the behavior of local operators, and to define an important class of local operators
called a primary field. The conformal weight is defined as follows: There exists a local oper-
ator O such that, under the rigid transformation

27 =(z, ¢ eC, (2.10)
it behaves as

O'(,7) = ¢ "oz, ). (2.11)
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Then, (h,h) are called the conformal weights of O. Local operators like O ([2.11)) are the
eigenstates under Eq. (2.10]), and form a basis of local operators. Especially, for a rotation
¢ =e" with 6 € R,

0'(,7) = e =Mz, 7), (2.12)

and for a scaling transformation { = A € R,

O'(Z,2) = A"z, 7). (2.13)

Thus, h — h is known as a spin, and h+ h is a scaling dimension. A local operator O is known
as a primary field if it transforms as

O0'(,7) = (8)"(dz") " O(z, 2) (2.14)

under a general conformal transformation z — 2’ = 2/(2).
Next, let us consider an N-point function of basis vectors O; in the vector space spanned
by local operators:

<Oi1(2’1,21)...OiN(ZN,ZN». (215)

When (z1, z1) gets close to (z2, z2) rather than (z,, z,) with n > 3, the product, O;, O;,,
is approximately given as a local operator; O;, and O;, “fuse” together. The fused operator
can be expanded by an arbitrary basis of local operators. Then, schematically, we have the
so-called fusion rule as

03] x [0;] =Y N*;[0%), (2.16)
B

where N kij = 0 or 1. This rule implies that, if N kij = 0, O cannot contribute the fusion of
O; and O;. More concretely, one may expand this product as

(’)i(zl, Zl)Oj(ZQ, 22) = Z ckij(zl — 29,21 — Eg)ok(ZQ, 22). (2.17)
k

This expansion is termed the operator product expansion (OPE). Of course, if N kij =0, then
ckij = 0. It is now simple to take the basis of local operators (2.11)). Straightforwardly, we
can obtain

ckij(z, 2) = th_hi_hj Zﬁk_ﬁi_ﬁj Ckzj (2.18)

Here Ckij is a constant. We will often focus on a dominant part in OPE at short distance,
that is, singular terms with hy — h; —h; <0 or hy — h; — h; < 0. We then use “~” in place

W__»

of “=,” which implies “=" up to non-singular terms.

2.3 Energy—momentum tensor

In what follows, let us focus on the energy—momentum tensor (EMT), which is a Noether
current associated with the translation. On a curved spacetime, one define the EMT by the
variation of the metric dg,,,

50(0) = = 4= [ EyVa0) Y 89,0) T )O(@), (219)
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where g(x) = det g, (x); the Weyl transformation 6g,, = 20wg,, gives rise to

5(0) = 5= [ Py Vo0 8(0) Y (T )O@). (2:20)

o

Thus the Weyl invariance implies that the EMT should be traceless,

> T, =0. (2.21)
n

In the complex coordinates, we note that

T..= {(Ti ~ T — i ~ ), (2.22)
Tz = i(Tn + T2 — iT21 + Th2), (2.23)
Tz, = i(Tn — iTh9 + iTo1 + Th2), (2.24)
T.. — i(T11 + Ty + iTo — Tho). (2.25)

From the fact that the EMT is a traceless symmetric tensor, 7, = T,, and Eq. (2.21), we
have the traceless condition in the complex coordinates,

Thus, the conservation law, > L 0,1, = 0, is rewritten by
oT,, =0, OT:s = 0. (2.27)

These imply that we have the holomorphic part 7>, = T'(z), and anti-holomorphic one T%; =
T(z).

Naively, since T}, is a tensor field, one may consider 7' (T) is a primary field, which is a
generalization of tensor. On a curved background, however, because of the scalar curvature R,
the conformal symmetry (or the traceless condition) is broken by quantum effects,

C
> Ty = BTl (2.28)
o

This is called the trace anomaly or Weyl anomaly, and c is the central charge [88| 89]E| This
anomalous effect lead to the fact that the EMT is not a primary field. To see this, let us
examine the OPE between the local operator and T

First, given a continuum symmetry and its associated Noether current j,, we have the
Ward-Takahashi (WT) relation [91,92] as

3 5 ln(@)0W) = 2308~ 1)), (2.29)
I

'For a historical review, see Ref. [90].
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where 6O is the variation of O under the corres_ponding infinitesimal transformation, and ¢
is a small parameter. The EMT with T and T generates the infinitesimal transformation
x, — Ty + €vy; then
S s 1
Res, 0 1v*(2)T(2)O(0,0) + Resz—o(—i)v*(2)T(2)O(0,0) = —50(0,0). (2.30)
i€
This is the integral representation of the conformal WT relation [93]. Here Res and Res mean
residues, which is the coefficients of 1/z and 1/z, respectively. For a local operator O with

the conformal weights (h, h), from the behavior under the global transformation (2.11]) and
the translation 60 = — 3 €v,0,0, the OPE between O and T is given by

h 1
Especially, when O is a primary field, from Eq. (2.14)), we have
h 1
T(2)0(0,0) ~ 2—2(’)(0, 0) + ;8(’)(0, 0). (2.32)

The OPE between O and T is clear by now.
Similarly, the OPE of T itself is given by

T(2)T(0) ~ é + %T(O) + %8T(0), (2.33)
and for T
T(2)T(0) ~ é v ;T(O) + ééT(O). (2.34)

T(2)T(0) is non-singular. Usually, we assume ¢ = cE| Equation is not identical
to Eq. , and hence, we find that 7 and T with ¢ # 0 are not primary fields. The
first term proportional to the central charge ¢ comes from the trace anomaly . This can
be seen roughly as follows: From the conservation law,

OT.. + 0T,z = 0, (2.35)
we have the OPE of 975 as

OT,z(21,21)0T 5 (29, Z2) = 0T (21, 21)0Tz(22, 22)

Cc

- 0505, | — 2.36
1 2 2(21 _ 22)4 + ( )
- %6318226225(21 B —E) ..., (2.37)
where we have used
= =1
201n |z|* = 0= = 216%(2, 2), (2.38)
z

2If ¢ # ¢, the gravitation anomaly exists. Thus, by quantum effects, the invariance under coordinate
transformations is broken.
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and 02(z,2) = 16(x0)d(21). Therefore we estimate

CcT

6
Inserting the operator }_ T}, into Eq. (2.20), we have

ng(zl, El)ng(ZQ, 22) ~ 8316225(@ — 29,21 — 52) + ... (2.39)

S 0@ = =5 [ Py vo0)8u0) Y L) T () (240)

v

B % /dzy VoY) dw(y) Y 306 (yo — x0)8(y1 — z1) (2.41)

“w
- g 3" 0,8,60(). (2.42)
“w

In the conformal gauge g,, = eQw(SW, on the other hand, the scalar curvature is give by

R=-2c"Y"0,0,w. (2.43)
o
Then, we finally obtain
N 8(Ty(z)) = —%m. (2.44)
nw

This is identical to the trace anomaly (2.28)).

2.4 Virasoro algebra

In this section, we consider the holomorphic part 7'(z) only, while one can discuss the anti-
holomorphic part in the same way. Our goal here is to obtain the minimal series of CF'T. Let
us consider the Laurent expansion for T'(z) about z = 0,

T(z)=> Z’;jjz. (2.45)
nez

The coefficient L,, is termed the Virasoro generator. Inversely, the Virasoro generator can be
written in terms of T'(z) by
1
Ly=5— ¢dz 2T (2). (2.46)
From the OPE of T itself (2.33]), the Virasoro generator satisfies the following commutation
relation:
c
[Lm, Ln] = (m - n)Lm+n + ﬁm(mQ — 1)5m+n,0- (247)
This is the Virasoro algebra [94], which is the central extension of the Witt algebra with

¢ = 0. The expansion of T'(2)T'(0) gives a representation of the Virasoro algebra in terms of
the OPE.
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Because of the invariance of (0|0) under coordinate transformations, the vacuum expecta-
tion value of T'(z) should vanish,

(01T (2)]0) = 0, (2.48)
that is, for "n € Z,
(0|L,|0) = 0. (2.49)

It is, however, inconsistent with the Virasoro algebra that we assume L,|0) = 0 for all n when
¢ # 0. Now, noting that the Hermiticity of the EMT (or unitarity of the theory) leads to

LI =L_,, (2.50)
it is sufficient to impose that
L,|0) =0 (n>0) (2.51)

It is important to consider the behavior of the Virasoro generator acting on the primary state,
which is defined by

le,h) = lim O(2)]0), (2.52)

where O is a primary field with (h, 0). By using the OPE between the primary field and
T (2.32)), the Virasoro generator acts on the primary state as

Lyle,h) =0 (n>1), (2.53)
Lo|c,h) = hlc, h). (2.54)

Such a state is also called the highest weight state.

From the above relation, L, (n > 0) is a lowering (annihilation) operator, and L_, = L},
is a raising (creation) operator. n in L_,, is the level of the excitation. An eigenstate of L
that Virasoro raising operators act on the primary state

L Lp,...L_pn|c,h) (2.55)

is called the descendant with the level N =) . n; and the weight h + N. The Verma module
Ve, h) [95,096] is then defined by a vector space spanned by the primary state |c, h) and its
descendants. All states with the level V in V' (¢, h) span the subspace Vn (¢, h). The dimension
of Vi(e, h), p(IN) = dim Viy (¢, h), is the number of integer partitions of N, and hence,

(o] [o.¢] 1
N __
PN =[] = 7 (2.56)
N=0 k=1
=14+q+2¢°+33+... (2.57)

We now take the basis of Viy(c, h) as Eq. (2.55) with n; > ng > --- > n, > 0. Let us define
the p(N) x p(N) Gram matrix, My (c, h)

(e, h|L{Y

(¢, h|[LY 2Ly

My (e, h) = (LN|e,h) LoLN[2|e,h) ... L_nlc,h)). (2.58)

<Cah’LN
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det My (c, h) is called the Kac determinant. If the Verma module is unitary, Mny(c, h) is
positive definite.
A descendant |x) € Vi (c, h) (N > 0), such that

Lax) =0  (n>0), (2.59)

is the null vector. This state is orthogonal to any state |v) € V(e, h), that is, (x|v) = 0.
Especially, (x|x) = 0. When a null vector in Viy(c, h) exists, a raw/column vector in My (c, h)
vanishes identically; then det My(c,h) = 0. Generally, if det My (c,h) = 0, there exists a
null vector with the level N in the Verma module. Since a physical state i) vanishes by
acting with the Virasoro lowering operator, ((¢| + (x|)(|¢) + |x)) = (¥[¢)). We identify these
two states as

[10) = 1) + [x)- (2.60)

The Hilbert space obtained from physical states, Hpnys, includes the extra degrees of free-
dom H,,n because of the existence of null vectors. H, indicates the gauge symmetry, and
the identification corresponds to the gauge transformation.

The explicit form of the Kac determinant is given in Refs. [5/6,/97], by

det My(e,h) =Ky [] (= hes)?™779, (2.61)
1<rs<N
Ky= [ l@r)sppt=re-p=rlsrl), (2.62)
1<rs<N
c—1 1 9
s — = -] 2.
hy., o +4(ra++50') (2.63)
1
ar = —(V1—c£tV25—¢). 2.64
Using the central charge ¢ € C in terms of the parameter u € C,
6
c=1— ——m—, 2.65
p(p+1) (2.65)
we can rewrite as
2(p+1) 21
=4/ —7, ==y —, 2.66
a 1 o Ll ( )
[(u+1)r — ps]® =1

hr s = . 2.67
’ dp(p+1) (2.67)

If the conformal weight h is identical to h, g, there exists a null vector with the level N = rs.
When 0 < ¢ < 1, let us take ¢ and h as

6(p—p')?
c=cpy =1- = (2.68)
2p/ 2
oy = i, a = — —ZI), (2.69)
p p
lon 2 _ (] _ )2
By = hpppy—s = (p'r — ps) ,(p P) : (2.70)
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where the integers p and p’ are coprime, and 1 <r <p—1,1<s <p’ — 1. In this case, the
Kac determinant has zero points. The OPEs between the set of primary fields with {h, s} are
closed; the number of the primary fields is given by the finite number (p — 1)(p’ — 1). This
theory with the finite number of the primary fields is called the minimal model.

Unitary representations of CFT can exists for ¢ > 1 and A > 0, or in the minimal model
with p = m, p = m+1 (p) —p = 1); the central charge and the conformal weights in the
unitary minimal model is given by

6

=1—-— =2,3, ... 2.71

& m(m + 1)7 m y Iy 9 ( )
[(m+1)r —ms]? -1

By = , 2.72

’ 4m(m + 1) (2.72)

where 1 <r <m —1,1 < s <m. Note that h, s = hy—rm4+1—s. There are many statistical
systems, which provide the minimal model at criticality:

e m =3, c=1/2: Ising model,
e m =4, ¢ =7/10: Tricritical Ising model,
e m =05, c=4/5: 3-state Potts model.

Such statistical systems exist for all unitary minimal models [98}|99].






Chapter 3

Supersymmetry and
superconformal multiplet

3.1 Supersymmetry and the WZ model

As already mentioned, it is believed that the LG description of 2D N = 2 SCFT is provided
by the 2D N = 2 WZ model [38]. This model is invariant under supersymmetry (SUSY),
which is a symmetry under swapping bosons and fermions. Supersymmetric theories possess
a fermionic extension of Poincaré symmetry (and internal symmetries); SUSY is a type of
spacetime symmetries. Superconforml symmetry is a SUSY-extension of the conformal sym-
metry. In this chapter, utilizing the WZ model we will give a review of the SUSY and the
superconformal symmetry.

3.1.1 4D N =1 supersymmetry

To obtain the 2D A = 2 WZ action, it is convenient to consider the dimensional reduction of
the 4D N =1 WZ model. Let A be a complex scalar, 1, a left-handed Weyl spinor, and F
an auxiliary field. The term “A = 1”7 means that there exists a single supercharge Q. (Qs),
which swaps A, ¥ and F' as

(A, A*) & (P, Ya) & (F, F*). (3.1)
We note that the 2-component Weyl spinor is an irreducible representation of the Lorentz

group in four dimensions. By introducing Grassmann coordinates ¢ and 0%, we can define
the WZ model in the so-called superspace (x,,6), whose action is given by

S = /d% d*0 od — /d4x 2O W (@) — /d4a: d?0W (®). (3.2)
Here @ is the chiral superfield
~ 2 2
O(x,60,0) = A(y) + V2 ) 0Yaly) + > 0*0aF(y), (3.3)
a=1 a=1

17
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and the coordinate y is given by

YM =Ty + i Z Z 0“0 17004 for M =0, 1, 2, 3, (3.4)

a=lg=]

where o is the unit matrix and o3 the Pauli matrices; W(®) or W(®) in Eq. ( is the
superpotential assumed to be a polynomial of the superfield ® or ®.
The above action (3.2)) is invariant under the SUSY transformation

2 2
0D =) €%Qa® — Y E4Qu0, (3.5)
a=1 a=1

where ¢ (€) is a Grassmann parameter, and

Qo 69“+ZZZU# ééﬁu, d:—@_zzw Uga . (3.6)

Bog=i ro B=1

For the component fields (A, ¢, F'), the transformation is rewritten by

2
0¢A = Ziﬁﬂ% (37)

et = Zgﬂf gl — Zgﬁz —z’ﬁ)agﬂ.auA, (3.8)

B=1 j
SeF = Zgﬂ Zzzfa Wl (3.9)
poy=1
where €19 = —€91 = 1 and €17 = €99 = 0. These SUSY transformations fulfill the following
anti-commutation relations:
{Qa: Qs} =) (~20)0" 0, (3.10)
o

In the first line, two SUSY transformations lead to the translation. We can see that the
supercharge and the generators of the Poincare group fulfill the simplest SUSY-extension of
the Poincare algebra. From the second line, the supercharge @ (Q) is nilpotent.

One of the most important quantities in supersymmetric field theories is the Witten in-
dex [100,[101], which is a topological invariant relating to the vacuum structure of the theory.
The Witten index is defined by the difference between the numbers of bosonic states n; and
fermionic states n:

A =ny—ny. (3.12)
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In supersymmetric theories, the number of non-zero energy bosonic states is identical to that
of non-zero energy fermionic states. Thus, the Witten index is the difference between the
numbers of bosonic and fermionic vacua. By using the fermion number operator F, which act
on a bosonic state as F = 0 and on a fermionic state as F = 1, we can formally define the
Witten index as

A=Tr(-1)Te P (3.13)
where H is the Hamiltonian, and 3 is the inverse temperature; in terms of the path integral,
A= / [d®] e~ 5], (3.14)
where we impose periodic boundary conditions for bosons and fermions. It is known that the
Witten index has the following properties:
1. A>0.
2. A =1 in a massive free theory.
3. If A # 0 the SUSY cannot be broken.

4. If A does not depend on 8 and the physical box size, it can be computed in the limit
that configurations are constant, where 5 and the box can vanish (ultralocal limit).

5. In general A is not an integer, but still remains as the topological index.

6. If not mass gap exist, A can be ill-defined or infinite.

3.1.2 2D N =2 WZ model

Let us consider the dimensional reduction of the above 4D WZ action. We then identify the
two coordinates xg and x; with the 2D ones, and eliminate the dependence on x5 and x3.
In two dimensions, a minimal spinor representation is a 1-component Majorana—Weyl spinor.
The 4D Weyl representation 1, consists of two 2D Weyl spinors, 11 (¢;) and 12 (1), each
of which can decompose two Majorana—Weyl spinors. Then, there are two supercharges, Q1
and in and two ones, ()2 and QQ, respectively. This is called the N' = (2, 2) supersymmetry;
we will abbreviate it as the A/ = 2 SUSY.
We define a 2D Dirac fermion by

2

and the 2D Dirac matrices by

Yo = <(1) (1)) ; "= (OZ. 6) . (3.16)

In terms of the complex coordinates, these are written by

b= (8 é) - (2 8) (3.17)
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The Euclidean action of the 2D N = 2 WZ model is given byE|

5 WA L W(A)
_ 2 * B nt nEE ntd _
S_/da;48A8A F'F — P — P2
p 20 G 3.18

As we will see later, we need to construct the WZ model with multiple superfields. Let the
WZ model contain Ng superfields, {®;}7=1 . n,. The 4D action in the superspace (3.2)) is
generalized to

S = /d%d“@%j(i)[(b[ - /d% 0 W ({®}) —/d% 20 W ({®}), (3.19)

and the 2D WZ action ({3.18) to

S:/d%z

104504, — iy — Y AADT p WHAY

DA% DA;
2
) 25,0 LwdAb
+ (01 Y <62W({A}) 8;‘518% bl (3.20)
J 0A[0A, LJ

The superpotential W ({®}) (W ({®})) is a multi-variable polynomial of {®;} ({®;}).
The SUSY transformation in the 2D A/ = 2 WZ model in Eq. (3.18]) or (3.20) is given by

Sepla Zﬁ“Qacp Z«s“@aw (3.21)

where ¢ stands for A, 1, or F' (or a generic field). Here, omitting the factor of root-two

in Egs. (3.7)-(3.9), Qa (o =1, 2) is defined by

Qi (z) = —204%(2), Q1A% (z) =0, (3.22)
Q1F*(x) = 20s(x), Qs(x) =0, (3.23)
Q1 A(z) = ¢i(z), Q11(z) = 0, (3.24)
Quip2(x) = F(x), Q1F(z) =0, (3.25)
and
Qa9p5(z) = —20A4"(2), Q2A*(z) =0, (3.26)
Qo F*(z) = =200 (), Qa2i(z) =0, (3.27)
Q2A(x) = 1a(x), Qav2(x) =0, (3.28)
Qa1 (z) = —F(z), Q2F(x) =0 (3.29)

!The Euclidean action of the auxiliary field in the WZ model has the “wrong sign”, that is, the sign
is opposite to the Gaussian one. In this sense, the functional integral containing the Euclidean action of the
auxiliary field is merely a formal expression. We understand that the auxiliary field is always expressed by using
the equation of motion. The functional integral then becomes perfectly well defined under this understanding.
Our computation below is based on such a well-defined functional integral.
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On the other hand, Q4 (& = 1, 2) is defined by
Qi (x) = —20A(), Qi A(x) = 0, (3.30)
Qi F(x) = —20¢s(x), Qitha(z) =0, (3.31)
Qi A™(z) = ¥j(2), Qivi(x) =0, (3.32)
Qivs(x) = —F*(2), QiF"(z) =0, (3.33)
and
QQwQ(x) —20A(z), QsA(z) =0, (3.34)
() = 200 (), Qi (x) = 0, (3.35)
QQA*(%') = ¥y(x), Qsthy(x) =0, (3.36)
Q2¢1(x) = F*(x), QQF*(x) =0 (3.37)
These transformations obey anti-commutation relations,
[@1,Qi} =20, (3.39)
{Q2,Q5} = —20 (3.39)
{Q1,Qs} = {Q2,Q;} =0, (3.40)
{Qa, Qp} = {Qa, Q) = 0. (3.41)

The WZ model above is also invariant under two U(1) transformations. The first one is
the following transformation (y € R),

o, Az) =0, 0 F(z) =0, (3.42)

) =5, (5) @ =i () @0, @@ =6 () 0= (1) @) Gy

We assign the U(1) charge +1 to 1, and —1 to 1. It will turn out that the associated U(1)
current together with the supercurrent and the EMT forms the superconformal multiplet.
The other one is the so-called R-symmetry. In the case of N = 1 and W (®) = A®"/n, the
U(1)g transformation is given by

Alz) — explin/n] Alz). (3.44)
Yal) = exp [—ir(n — 2)/20] fa(2) (3.45)
Ya(x) = exp[iy(n — 2)/2n] Ya(2), (3.46)

F(z) = exp[—iv(n —1)/n] F(x). (3.47)

Note that, even in the free-field limit A — 0, the U(1)g current can be neither holomorphic
nor anti-holomorphic; it is not a member of the expected superconformal multiplet.

3.2 Spacetime symmetries and the Noether currents

We consider the basic spacetime symmetries of the 2D A = 2 WZ model: SUSY, the transla-
tion, and the U(1) symmetry. Our goal in this section is to derive the associated Noether cur-
rents: the supercurrent, the EMT, and the U(1) current. In general, a Noether current is ob-
tained as follows: Suppose that there exists a symmetry transformation p(z) — ¢(z)+dp(z).
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Then under the localized transformation

p(z) = p(z) + p(x)dp(z), (3.48)

the action changes as
55 = o /d xzu:ju(x)aup(x). (3.49)
Here j,(z) is the expected Noether current, which satisfies the conservation law

> Oujulx) = 0. (3.50)

From this derivation, we can obtain the Noether currents associated with the SUSY trans-
formation é¢ (3.21)), the translation

Sup(x) = = > vuuep(), (3.51)

o

and the U(1) transformation d, (3.43). It is convenient to define
—i (6157 (@) + €28, (@) + £, () + €251 (@)
Julx) = 1) T (), (3.52)

nyH(a:).

Here Slf and Sff denote the supercurrents, T),, is the EMT, and J, is the U(1) current. The
superscripts £ of the supercurrent denote the U(1) charge +1.

Now we can derive the explicit form of the Noether currents. That of the supercurrent and
the EMT, however, is ambiguous. This is because we have freedom to add a term X, which
is divergence-free > u 0, X, and/or is proportional to the equation of motion. To remove this
ambiguity it is natural to consider the N' = 2 superconformal multiplet in the massless free
WZ model, which is an N = 2 SCFT with ¢ = 3. The multiplet formed by the above Noether
currents fulfills the AV = 2 super-Virasoro algebra, as we will see in the next section. We then
impose that the EMT is traceless,

> T =0, (3.53)
n
that is,

ng — 1z = O, (354)

and the supercurrent is gamma-traceless,

> () o (3.55)
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that is,
S =5F =0, (3.56)

for the massless free case, W = 0.

It is, however, still ambiguous to obtain the explicit form of EMT. Because of this, it is
difficult to find the desired EMT, starting from the canonical EMT obtained by the varia-
tion 9, . A better strategy is the following: We note that the Noether current obtained
under the infinitesimal conformal transformation z — z + v,(z) (2 — Z 4 vz(Z)) must be
related to the traceless EMT. This transformation is an exact symmetry of the massless free
WZ model. We now consider the infinitesimal transformation

=— Z 0,0, A(), (3.57)

Syipr (= Zvu (@ < =)t (2), (3.58)
Sy (x ZUM i (@ f< ve) i (), (3.59)
Syipa(w) = — ZN: vuOputha () — 5(8%)@&2(:1:), (3.60)
Suble) = = S i) ~ 5 (00)33(), (3.61)

== 00, F(x). (3.62)
“w

If v, = v,(2) and vz = vz(2) in the massless free WZ model, these transformations coincide
with the conformal transformation, where the conformal weights are (0, 0) for A and F, (0,
1/2) for 11 and 94, and (1/2, 0) for 19 and 9),; this gives rise to the traceless EMT for the free
field case. When v, is constant, this is just the translation d;, = J, . When v, o< €2y,
this is the infinitesimal Lorentz transformation. Since these transformation is a symmetry
of the WZ model, the variation of the action with the localized parameter v,(x) gives rise
to a conserved Noether current, which is a combination of the canonical EMT, the Lorentz
current, and the equation of motion. In this way, we can obtain the EMT which fulfills the
above requirements.
Following the above definition, we have the supercurrent |75

St =8F = 4wy 04, St = Z 2y amggA} , (3.63)
I

ST =87 =) (—4m)hy 047, Sy = Z 2wy, awa%l} A : (3.64)
I

§=Xmhy, M ST ES = N, 66)

S = ij(%)wzzawa(jf}), 5= 5 = Y adi o (3.66)
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and the EMT

le = Z{—QW@;LAF&,AI — 271'8,/14?8#14]

oW ({Ap* oW ({A})
oA “Hay,

+ 78 [2 > 0,A70,Ar — 2F} Fy — 2F}
P

W({AD" - - O*W({A})
+Z< aA*aA* ¢i[¢2J‘|‘WI¢21¢1J>]
— (b0 — 161,.) (Bo — 1610) (Yi,0011 — OUi ¥rr)

— (S + 61,,) (Sow + i01,) (Vardibsy — Obarids; ) } (3.67)

The explicit form of the U(1) current is given by

J=J, = 2271"9[_12[1/12[, (3.68)
I

J=J: = mezi 5. (3.69)
I

The EMT can be written in the complex coordinates as

T=T,, = Z (—47‘(8147814[ — szja”(zgl + Walﬁgjl/;ﬂ) , (3.70)
I
T= Tss = Z (—471‘5/175147 — 7”/7}1[5@&1[ + ngz)ill/q[) , (3.71)
I
oW ({A})” oW ({A})

—nF[Fr — nFy

oA oA

7 O*W 7 O2W
* ZJ: <2W¢11¢2J 5 86A gj})lﬁﬂwu) ] : (3.72)

Noting that F; = —0W*/0A} under the equation of motion, when W = 0, the (gamma-)
traceless condition is satisfied clearly.

It can be confirmed that the above expressions of the supercurrent, the EMT, and the
U(1) current are related by the SUSY transformation. For instance, ST, T, and .J, satisfies

= Qs J, S =QaJ (3.74)

This fact also provides support for the above Noether currents.
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3.3 N =2 super-Virasoro algebra

3.3.1 OPEs of the superconformal multiplet
We focus on the massless free WZ model with W (®) = 0,

S = /d2:z [4814*3/1 + 2&181&1 + 21/1251/;2] . (3.75)

Here we have eliminated the auxiliary field F'. This would be a free N' = 2 SCFT. In this
section, let us confirm that the above Noether currents satisfy the N = 2 super-Virasoro
algebra as expected.

We immediately find that from equations of motion,

00A =0, (3.76)
oYy =0, i =0, (3.77)
Oy =0, s = 0, (3.78)

A should be a sum of holomorphic and anti-holomorphic functions, (1, zﬁl) is anti-holomorphic,
and (12, 15) holomorphic. Under the conformal transformation z — 2/, we have

A2, 7)) = Az, 2), (3.79)
Vi(2) = (02) 721 (2), Wi(2) = (92)7204(2), (3.80)
Wh(2) = (02) 724 (2), D) = (02) 712y (2). (3.81)

The SUSY transformation given in Egs. (3.22)—(3.37) is now called the superconformal trans-

formation. Since the conformal (superconformal) transformation does not mix holomorphic

and anti-holomorphic functions, transformations by Q1 (8.22)-(3.25) and Q; (3.26)—(3.29) are

holomorphic, those by Q2 (3.30)-([3-33) and Q. (3.34)—(3.37) are anti-holomorphic. Noting
that

201n |z|> = w6 (x0)d(z1), (3.82)

The OPEs between the component fields are given byP]

A(z, ) A*(0,0) ~ —ﬁ In|2p2, (3.83)
_ 11
Y1 (2)1i(0) ~ Pyt (3.84)
_ 11
V5 (2)1h2(0) ~ Py (3.85)
(otherwise) ~ 0. (3.86)

2In string theory, the following normalization is conventional: ¢ — (1/v/27)p. Then we see the overall

factor 1/27 in the action (3.75)), while coefficients of the OPEs (3.83)—(3.85)) are simplified.



26 CHAPTER 3. SUPERSYMMETRY AND SUPERCONFORMAL MULTIPLET

We summarize explicit expressions for the Noether currents in the massless free limit. In
the holomorphic sector the supercurrent, the EMT and the U(1) current are

St (z) = dmipy(2)0A(2), (3.87)
S7(z) = —4mipe(2)0A™(2), (3.88)
T(z) = —4mdA*(2)0A(2) — mha(2)00hy(2) + T2 (2)1hs(2), (3.89)
J(2) = 2mis (2)1ha(2), (3.90)
and in the anti-holomorphic sector,
ST(z) = —4mp1(2)0A* (%), (3.91)
S7(2) = 4y (2)0A(2), (3.92)
T(2) = —4m0A™(2)0A(Z) — m1(2)0¢1(2) + 70y (2)1 (%) (3.93)
J(2) = 270 ()8 (2). (3.94)

Using these, we find that the holomorphic Noether currents fulfill the OPEs of the N' =
super-Virasoro algebra,

T(2)T(0) ~ 2; +270)+ %aT(O), (3.95)
()5 (0) %S 0) + éasi(O), (3.96)
T(2)J(0) ~ Zl—QJ(O) + %é?J(O), (3.97)
S5%(2)8%(0) ~ 0, (3.98)
o 2% 2 2 1
SH()S(0) ~ o + 5 7(0) + 2 T(0) + 07 (0), (3.99)
J(2)S(0) ~ %Sim), (3.100)
J()I(0) ~ 25, (3.101)

where the central charge is ¢ = 3 corresponding to a free NV =2 SCFT.

3.3.2 AN =2 minimal model

Finally, the minimal series of the SCFT is discussed. We should remark that there are two
chooses of boundary conditions for the fermion [17-19]; for instance,

Neveu—Schwarz (NS) sector : ¥(e 2”2’) = +1)9(2), (3.102)
Ramond (R) sector : 1o (e*™2) = —1hy(2). (3.103)

Noting that ¢ has the conformal weight h = 1/2, its Laurent expansion is given by

=Y %”; : (3.104)

23
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where r € Z + % in the NS sector, and r € Z in the R sector. There exist minimal models of
N =2 SCFT at ¢ < 3, while non-SUSY minimal models at ¢ < 1. Unitary representations
can exist for ¢ > 3, or in unitary minimal models [102]

c k

(= — = —— f =1,2, ... 1
é=g Pt or k , 2, (3.105)

In the NS sector, the conformal weights and U(1) charges are

(0 +2) —m?
hom = —————, 3.106
b A(k + 2) (3-106)
m
m — I 1
Qo ) (3.107)
and in the R sector, on the other hand,
(0+2)—(m+1)?2 1
hem = =, 3.108
‘ ik+2) 8 (3-108)
m=El 1
m=-—"F =. 3.109
Qun =375 %5 (3.109)

Here ¢ and m are integers, such that

0<(<k, —<m<L. (3.110)






Chapter 4

Renormalization group and
Landau—(Ginzburg description

4.1 Renormalization group

So far, we have took into account (S)CFTs, which includes the invariance under scale trans-
formations. In this section, we discuss the scaling behavior of more general quantum field
theories, which is governed by the renormalization group (RG). The most part of this chapter
is based on Ref. [53].

To see the behavior under scaling transformations of a d-dimensional quantum field theory,
suppose that a complete set of local operators O;(x) behaves as

60i(x) = = 3 AJ0;(x) (4.1)

under an infinitesimal scale transformation. Then, the scaling transformation for a correlation
function is given by

1) <H Om($m)> = —% d'z <ZTMN(‘T) HOM(xm)>
m I m
— ZAkj <Oj($k) H (’)m(:vm)> . (4.2)
7.k

m#£k

The first term on the right hand side comes from the variation of the action under the scaling.
The trace of the EMT can be expanded in terms of the complete set {O;},

/ de S T, = —27{:’ / 4z Bi(9)Oi(x). (4.3)

Here z; is the summation over operators with dimension less than or equal to d. Writing a
general renormalizable action

S = Z’gi / iz O;(), (4.4)

29
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where ¢* is a coupling constant, we obtain the RG equation as

- Z Akj <Oj(xk:) H Om(xm)> : (4'5)
7,k

m#k

It can be absorbed into the definition of A;7 that contact terms between the trace of the EMT
and other local operators, and g'-derivatives acting on local operators. We find that the RG
equation states

Scaling transformation = Running of couplings + Mixing of local operators. (4.6)

Even if the classical action is scale invariant, the total quantum system can possess non-
trivial dependence on the scale. We mean by the “scale invariance” that the theory is invariant
under RG transformations. This scale invariance may be realized in the quantum field the-
ory with a fixed parameter of the coupling, g* = g¢i; it is a fixed point under the RG flow,
where the coupling is truly constant. Sufficiently low-energy physics is expected to be at
the IR fixed point, while all massive modes are decoupled. The similarity between the scale
invariance and conformal symmetry appears to imply that such a scale-invariant theory would
be described by a CFT. Especially, any 2D unitary scale-invariant theory has the conformal
symmetry [82,[103]. It is, however, not the case for all field theories [104].

4.2 Zamolodchikov’s c-theorem

In a 2D theory without conformal symmetry, the traceless condition is not satisfied; 7.5 does
not vanish, and T, (T3z) is not (anti-) holomorphic. We cannot define the central charge in
the Virasoro algebra. However, we can generalize the idea of the central charge in such a field
theory. First, noting that the two-point function of 7, in a CFT is given by

Cc

(T:2(2)T3(0)) = 94

(4.7)

because of rotational invariance, we can define a function F(7) with 7 = In 2z such that [103,
105]

(Ton (2 2)T22(0,0)) = 217, (4.8)

-4

At the fixed point of RG transformations, where the theory has the conformal invariance,
2F is identical to the central charge c itself. The discussion in the previous section leads to
the fact that 2F(7) — ¢ in an extremely low-energy region, 7 — oco. Second, we also define
G and H by

<TZZ(Z,5)T25(O,O)> = ¢ > (4.9)

(Tee(.2)Tc(0,0)) = ) (4.10)
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where G and H are the functions of 7 because of rotational invariance [103,[105]. From the
conservation law 07T,, + 0T,z = 0, one obtains

dFf  dG
4—+ —-3G =0 4.11
dr + dr ’ ( )

dG dH
4— —4G+ — —2H = 0. 4.12
dr + dr ( )

Then we can find
d 3 3

dT(QF—G—BH> __ZH' (4.13)

The form in the parentheses of the left hand side is called the Zamolodchikov C-function [82]:

C=2F—G- gH (4.14)

The unitarity (or the reflection positivity) indicates that H is non-negative |106}/107]. Thus
C(7) is a monotonically decreasing function of 7. At 7 — oo, C(7) is stationary and identical
to ¢ because T,z = 0.

There also exists the supersymmetric version of the Zamolodchikov C-function in terms
of the supercurrent, instead of the EMT [83]. We discuss this in the 2D A = 2 WZ model.

The supercurrent (3.63))—(3.66]),

St = 4m;0A, ST = 2mp W' (A), (4.15)
S, = —4mipdA*, S =2mp; W' (A)*, (4.16)

satisfies the conservation law
dSE + 08 =o. (4.17)

For a superconformal system, Sgc =0 and

(57(2)57(0)) =0, (4.18)
(5F(2)87(0)) = % (4.19)

Now, introducing w and g by
w(z,2) = SH(z2) + 87(2.2), o(2) = —SF(2,2) - 57(2.2), (420)

we define general forms as

fw(z, 20, 0) = 17, (1.21)
(w(z 2)4(0,0)) = {a(=, 2w(0,0)) = 47 (4.22)
(q(2,2)q(0,0)) = ) (4.23)
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Here owing to rotational invariance, f, g, and h are functions of 7 only. From Eq. (4.17)), we
can obtain

af  dg
— — = +2¢= 4.24
dr dr +29=0, ( )
dg dh
_dh 4.2
ar dr 9 + ’ (4.25)
and
4 (f +9—2h) = —2h (4.26)
dr g n ) )

Thus we again see that the SUSY-analogue of the Zamolodchikov C-function,
3
x=7(f+g-2h), (4.27)

is a monotonically decreasing function of 7 because h(7) is non-negative. As 7 — oo, we
observe ST =0 and y = c.

4.3 Landau—Ginzburg description

In this section, we introduce the Landau-Ginzburg (LG) model. Originally, the so-called
Ginzburg-Landau theory is considered to describe superconductivity [4]. This is realized
by introducing a complex order parameter, on the basis of the mean field approximation to
second-order phase transitions. We first consider an order parameter 7 € R, such that n =0
for the ordered phase, and 1 # 0 for the disordered phase. Suppose that the free energy,
F(T,n) at a temperature 7' can be expanded by the order parameter 7, and is symmetric
under 7 — —n. Then we obtain

F(T,n) = F(T,0) + Co(T)n* + Ca(T)n* + -+ . (4.28)

Now we regard 7 as a type of “wave function,” v € C. and replace 1 with v, and n? with
|90|?; then the free energy is rewritten by

F(T,) = F(T,0) + Co(T) |9 + Ca(T)|p|* + - - - . (4.29)
When the wave function 1) depends on positions in the space, the kinetic term
h? 9
L 4.30
vyl (430)
is supposed to add to the free energy. To minimize F' under variations of 1 leads to the
Ginzburg-Landau equation.

In the context of field theory, we consider the (Euclidean) Lagrangian, instead of the free
energy. For example,

L= %(aqb)? + A% 4 Aot (4.31)
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In the IR limit, tuning A\; to zero (massless), this model becomes the critical theory that is
the m = 3 minimal model in Chap [2| (That is, this model belongs to the same universality
class as the Ising model.) Similarly, the model with ¢?™~2, instead of ¢*, corresponds to the
mth minimal model [3]. Such a (strongly-interacting) Lagrangian realization of CFT is the
LG description of CFT and the LG model. This provides a intuitive picture of its operator
content; a primary field O, s with the conformal weight h,. s given in Chap. [2]is identified with

¢n = On+1,n+17 (0 S n S m — 2) (432)

Let us take into account the 2D N = 2 SUSY. Especially, the 2D A/ = 2 WZ model ([3.18])

S—/dzx

40A*0A — F*F — F*W'(A)* — FW'(A)

" 20 W"(A)*\ (1
with the superpotential
W(®) = kizqﬂf” fork=1,2,..., (4.34)

is believed to provide the LG description of the kth A" = 2 unitary minimal model in Chap. [3}
For example, in Ref. [52], an evidence is provided by the analysis of a generalization of the
Witten index,

Z(q,@,vL,vr) = Tr(=1)F g™ % exp (i1 Jo,, + ivrJo.R) , (4.35)

where H is the Hamiltonian, and Jy is the U(1) charge, the subscript L denote the left-mover
part, and R does the right-mover part; ¢, ¢, and 7z, g are arbitrary constants. Although this
can be computed in the N’ = 2 minimal model, it is difficult in the WZ model. Now, for the
case of ygp = 0, we define the elliptic genus by

Z(q,q,71,0) = tr(—1)Fq"rq" R exp (ivr.Jo,r) - (4.36)

In the WZ model, this partition function implies that the boundary condition along time is
twisted by exp(iyrJo,r). The most salient feature is that the elliptic genus is invariant under
W(®) — eW(®) with € > 0, so it is a topological number; in the free-field limit € — 0, this
becomes computable. It turns out [52] that the elliptic genus in the minimal model is identical
to that in the WZ model.

For the WZ model with multiple superfields (3.20), the superpotential W ({®;}) should
be quasi-homogeneous,

WHA@,}) = AW({@1)). (4.37)

We can see this as follows: Suppose that W = ®™ + ®" (m < n) for simplicity. Rescaling the
metric induces | d>zd?0 — A J d?z d?6, and hence, we have

/d2z oW (®) = A/d22d29 (@™ + o). (4.38)
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We can absorb the overall factor \ into the redefinition of the superfield as ® — \~1/™®, and
consider the IR limit, which indicates the strong-coupling limit A — oco. Then we see

/ &2z d29 W (D) = / &2z 42 (@m + x"/m@") (4.39)
Azpe /d2z d?0 o™, (m < n) (4.40)
The IR behavior thus is governed by the quasi-homogeneous part of the superpotential with

the lowest Weightf'_-] The explicit WZ /minimal-model correspondence is tabulated in Table.
where the quasi-homogeneous superpotential is classified [44].

Algebra  Superpotential Central charge
A, " n>1 3—6/(n+1)
D, 2"t +ay?,n=23 3-6/2(n—1)
FEg 23 4y 3—-6/12

E; T 3—6/18

Fy x3 4 9P 3 —6/30

Table 4.1: ADE classification

4.4 Gepner model and Calabi—Yau compactification

A low-energy effective theory of the heterotic superstring theory is given by a ten-dimensional
N = 1 supergravity, which includes the graviton together with its superpartner, gravitino. We
now assume that the AV =1 SUSY remains in the flat four-dimensional spacetime, while the
extra six-dimensions are compactified. Then, the compactified space should be a Calabi—Yau
(CY) manifold. In this last section, let us consider the relation between the LG model and
the CY compactification of the superstring theory.

In superstring theory, the compactification into a complex d-dimensional CY manifold
can be described by an N/ = 2 SCFT with ¢ = ¢/3 = d. Such a theory may be a product of

minimal models, MQ{ZQ withm=4k; (i=1,2,..., N),
Nk
N=2 . i

=2 = =3. 4.41

QM ¢ Z P (4.41)

This is called the Gepner modelE] For simplicity, we consider the Gepner model with k; = k
for Vi,
Nk

—— =3. 4.42
k+2 5 ( )

!Thanks to the non-renormalization theorem [108}110], the superpotential is expected to receive no modifi-
cations under quantum radiations. It is, however, not clear that the perturbative non-renormalization theorem
can apply to the present model, because the perturbation theory suffers from the IR divergences.

2This definition is not yet a superstring theory itself, but consistent with the type II or heterotic superstring.
The consistency with the spacetime SUSY requires that the U(1) charge takes only integers.
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and then we have

(k,N) = (1,9), (2,6), (3,5), (6,4). (4.43)
For example, if (k, N) = (3,5), the CY manifold is the quintic in CP*,

G(z) =20 + 25 + 25 + 25 + 22 = 0. (4.44)

On the other hand, the LG description of the k£ = 3 minimal is provided by the WZ model
with W = ®°. The LG model corresponding to (4.44]) has the superpotential

W({®}) = &7 + &5 + &F + ®F + 2. (4.45)

Note that the forms of Egs. (4.44) and (4.45) are identical.
A simple way to see this correspondence is as follows: At the IR fixed point, the critical

theory is determined by the form of the superpotential; then we consider the partition function
as

Z= / [T 1d@,] ef @z oW +he. (4.46)
I

Because W is quasi-homogeneous as in Eq. (4.37), we can change the variables from {®} to
{X}, such that W(®q,Pg,...,ox) = XiW (1, X2,..., Xn). Integrating over X1, we have

ZN/H [dX[]) 6(W (1, Xa,...,XN)). (4.47)
I>1

Possible configurations are thus constrained to be on the hypersurface defined by W = 0,
which forms the CY manifold.

As another example of the LG/CY correspondence, we show that the non-linear sigma
model on the CY manifold and the LG model are related each other through a phase tran-
sition [42/53]. By the dimensional reduction of a four-dimensional N' = 1 supersymmetric
theory, we construct a 2D N = 2 theory. Let V be a U(1) vector superfield, P and ®; (I =1,
2, ..., 5) chiral superfields with the superpotential

W = PG(®). (4.48)

Here G is identical to the form of Eq. (4.45). We assign the U(1) charge g3 = 1 to ®; and
gp = —5 to P. Especially, we can add the Fayet—Iliopoulos term [111]

—r / d*x / d*ev, (4.49)

to the action, where r is the Fayet—Iliopoulos parameter. The dimensional reduction of the
above setup induces the potential

2
G |* ¢ ) )
90, +2(T+5|P\ ZI:’¢I|

+2(A3 + A3) (Z or]* + 25|p|2> , (4.50)
I

U=IGe) + )
1
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where e denote the gauge coupling, Ao and As are the scalar fields coming from the gauge
field in four dimensions. The scalar component of each superfield is written as its lower case
letter. For a smoothness condition, we impose that the five equations,

oG
— =0, 4.51
Oor (4.51)
have only one simultaneous solution, ¢; = 0 for ¥i.

Let us consider configurations of the fields, which minimize the potential. First, when
r > 0, the second term in the potential (4.50)) vanishes if p = 0 or ¢; = 0. The cancellation
condition of the third term is

p=0, > loi*=r. (4.52)
I

From the fourth term, we have 0 = 0. As a consequence, we obtain
G(¢) =0. (4.53)

The fields {¢;} are regarded as the coordinates on the manifold defined by Eq. , which
is called the target space. When we consider a curved target space, the theory is a non-linear
sigma model.

Second, we focus on the case of r < 0. From the second and third terms, we see

,

=z er=0, (4.54)
and from the fourth term ¢ = 0. Fluctuations of p are massive, while those of ¢ leads to the
LG model with the massless superpotential

W = (p)G(®). (4.55)

We find that, for a same theory, there exist the CY phase for r > 0, and the LG phase for
r < 0p

As mentioned in Introduction, if the world sheet theory is described by a Gepner model,
scattering amplitudes in the superstring theory can be computed from the the SCF'T, but it
is in general not the case. Thus, it is quite difficult to carry out computations for a general
CY manifold, and treat the deformation of the compactification. On the other hand, the
superpotential W (®) of the LG model can be arbitrary changed, while the CY manifold is
deformed in the same way as we discussed in this section. Recall again, however, that the LG
description is a strongly-interacting field theory (and perturbation techniques is hindered by
the IR divergences).

3 Although 7 = 0 is a singular point, we can perform analytical continuation through r = 0 by adding
. 0 H v
o Fuodz" Adz”, (4.56)

if 6 is non-zero at r = 0.



Chapter 5

Numerical approach based on the
Nicolai map

5.1 Formulation

5.1.1 Momentum cutoff regularization

In this and next chapters, as an alternative approach to study the LG model, we attempt
studying a non-perturbative numerical method on the basis of the lattice field theory. To
quantize the 2D N = 2 WZ action in Eq. (3.20)), we employ the formulation studied in Ref. [76],
which is based on a momentum cutoff regularization and the Nicolai mapping. First of all,
suppose that the system we consider is defined in a 2D Euclidean box of physical size Ly x L.
The Fourier mode of a generic field ¢(z) is then defined by

o) =1 D) el - [ #ae o), (5.1

where the momentum is discretized as

2
Pu = Ll”u’ for n, € Z. (5.2)
I
Note that
©"(p) = p(—p)" (5.3)

The WZ action in the momentum space is given by

1

S = Ap, A7 (—p)pzAr(p) — F (—p)Fi(p)

o) - Fi-n )

PW ({A})*
( 201p: Tgaan
W ({A})

0A[0A, * 251Jp2

— Fr(-p)

+ (¥0)1(—=p) Z

J

) I/JJ(p)] ’ (54)

37
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where
1 ) 1
p. = 5(190 —ip1), Pz = §(p° +ip1), (5.5)
and “*” denotes the convolution
(1% ¢2)(p) = - zq: e1(@)e2(p — q), (5.6)

It is understood that the field products in OW ({A})/0A; and OW ({A})/0A[0A are defined
by this convolution. After eliminating F' by the equation of motion, the action yields

Z Z 2i5[Jp %*
S =Sp+ VY0)1 )( 2 : 1% )%(p)’ (5.7)
LOLI b T 78@%(5{;44}) 2101 Pz

where Sp is the bosonic part of the total action

LOLl ZZNI (5.8)

and the new variables { N (p)} is defined by

SB

oW ({A})”

Ni(p) = 2ip. Ar(p) + DA (p)-

(5.9)

This new variables N;(p) specify the so-called Nicolai map [69-72]; the change of variables
from {A} to {IN} simplifies the weight of the functional integral drastically, as we will see
soon.
To define the functional integral of this system, we now introduce the momentum cutoff A
as
Ipul <A for p =0 and 1, (5.10)

and the “lattice spacing” a as

A

e

(5.11)

All dimensionful quantities are then measured in units of a. Although an underlying “lattice
space” is not always assumed here, we will use the parameter a to take the “continuum limit”
a — 0, which removes the UV cutoff, A — oco. If L,/a is an even integer, the discretized
momentum is given by

9 L
Py = L—ﬂ-nu for ny, =0, +1, ..., £2". (5.12)

I

Then we define the partition function by

5
IT II|dArp)dAie Hd%l p) [] dar(p)| e (5.13)
a=1

lpul<m/a I
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When the integers L,/a are odd, the spacetime lattice is imposed by periodic boundary
conditions; then, this formulation is nothing but the dimensional reduction of the lattice
formulation of the 4D A =1 WZ model [77], which is based on the SLAC derivative |78.[79].

The original classical action in the coordinate space is invariant under SUSY transforma-
tions, translations, U(1) transformations. These transformations, §¢ (8.21), 4, (3.-57)(3.62),
and 0, , act on field variables linearly and do not mix different momenta. Hence, the
restriction on the Fourier modes in Eq. is preserved. As the consequence, the above
formulation in Eq. manifestly preserves these spacetime symmetries [76]. This fact
enables us to use the explicit form of the supercurrent given in Eqgs. 73.66, the EMT
in Eq. (3.67)), the U(1) current in Egs. (3.68) and (3.69) in numerical simulations.

We note that this regularization sacrifices the locality of the theory. Unfortunately, it is
well recognized that the SLAC derivative in general plagued by some pathology [112-114];
the locality is not automatically restored in the continuum limit in four dimensions. See
Ref. [115] for an analysis of the issue of the exactly preserved SUSY and the locality. For
the massive 2D N = 2 WZ model, on the other hand, the authors of Ref. [76] argue, thanks
to the preserved SUSY, that the locality is automatically restored in the continuum limit
to all orders of perturbation theory. For the massless case, however, because perturbation
techniques are hindered by the IR divergences, it is not clear whether the restoration of the
locality is automatically accomplished. Strictly speaking, the theoretical basis of the numerical
simulation below is not quite obvious. Nevertheless, the numerical results of Ref. [75] and ours
below suggest the validity of the formulation. We leave understanding this observed validity
as a future problem.

5.1.2 Nicolai map

The above definition of the regularized partition function of the 2D N = 2 WZ model allows
the Nicolai or Nicolai—Parisi-Sourlas map [69-72], which renders the path-integral weight
Gaussian [76]E| The point is that the Dirac determinant in Eq. coincides with the
Jacobian of the transformation (A7, A}) — (N, Nj) defined in Eq. (5.9), up to the sign:

. PW ({AV)* .
Al 2i01ps I({A}{A%})

Hence, integrating over the fermion fields, the partition function is represented as

. - O{N} {N"})
z=[ I TllArwajm) e e det 5 ns
Ipul<n/a 1 ' o({A}, {A*})

_ o 55 5 sgndeg 2N AND)
_/pug/all[sz(p)dNI(p)] Ek: gndet 5 S i (5.15)

where {A}r (k=1,2,...) is a set of solutions of the equations

W ({A})* o L,

2ip. Ar(p) + DA (p) — Ni(p) =0, Py =" ‘nu‘ < DX (5.16)

!This is the common feature to the lattice formulation in Refs. [61,/62].
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Note that e~°7 (5.8) is Gaussian in terms of the variables (N7, N7).
From the representation in Eq. (5.15)), we can carry out the following simulation algo-
rithm [63] (see also Ref. [116]):

1. Generate complex random numbers Ny(p) for each p, and I, whose real and imaginary
parts obey the Gaussian distribution.

2. Solve numerically the multi-variable algebraic equations (5.16|) with respect to {A} and
(ideally) find all the solutions {A} (k =1, 2, ...).

3. Calculate the following sums over k:

o dot JUNHANTY)

E signdet ———————= AT {A]) {A}:{A}k, (5.17)
L OUNLAND o

g gndet ———=———=~ AT (A7) O(A, AY) {A}:{A}k7 (5.18)

where O is an observable of interest. In Appendix [A] we present a fast algorithm for
the computation of the Jacobian.

4. Repeat steps (1)—(3) and compute the averages over { Ny(p)}:

o AV ()
<Z B DAy, (A {A}={A}k>’ (5.19)

I({A}, {A4*})
(0) = ~ <Z sign det ZANEANTD 4 4oy > . (5.20)
i {A}={A}s

A ({4}, {A*})

Here, A is the correctly normalized partition function, that is, the Witten index, tr(—1)7,
discussed in Chap. [3“| The Witten index counts the number of vacua; for instance, if W ({A})
is a polynomial of degree n+ 1, we should have A = n; we see A = n for A, D,, and E,-type
theories. We find that, in practical numerical simulations, the statistical error of A is much
smaller than that of the numerator in Eq. . Hence, one can estimate the statistical error
of the average (O) by a simple error-propagation rule in the ratio.

One can generate Gaussian random numbers easily without any undesired autocorrelation.
A remarkable feature is that this algorithm is completely free from any notable autocorrelation
and the critical slowing down. Also, although sign det % + 1, this signs do not cause

any sign problem, at least for A > 0. This is because the distribution of sign det W

is well-biased to a positive number to reproduce A > 0; we will see this behavior in the
numerical simulation below.

2If there exists the inverse of the Nicolai map locally, then the Witten index is nothing but the winding
number of the Nicolai map, that is, the (almost) number of distinct configurations of A for a fixed N [72]. Also
for the WZ model with multiple superfield, if the condition
62
det 0 5.21
dArdA; 7 (5:21)

satisfies almost everywhere, the Nicolai map is surjective and the Witten index is well-defined.
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Unfortunately, in step (2), for a given Ny, we do not know a priori how many solutions Ay j
of Eq. exist. Therefore, it is quit difficult to judge whether all the solutions are found
or not. The best thing we can do is to increase the possible number of initial trial solutions in
the solver algorithm; the stability of the number of solutions under the increase of trial ones
provides a consistency check. Other consistency checks can be provided by the observation
of A and SUSY WT relations. Any physical quantities we compute cannot be free from
the systematic error coming from “undiscovered solutions.” It is difficult to estimate this
systematic error at this time, and the quoted values of the numerical results should be taken
with this reservation.

5.2 Simulation setup and classification of configurations

Let us consider the ADE-type WZ model of Eq. (5.7) with the quasi-homogeneous superpo-
tential given in Table

A
W(®) = 5@" for A, with n =2, 3, (5.22)

which sometimes be written in the abbreviated forms as W = ®3 and W = ®*, respectively,
and

W({®}) = ﬁ@f + %@@3 for D, with n =3, 4, (5.23)
n
A A
W ({®}) = Elcbi’ + ?2<I>1<1>§ for E. (5.24)
We set the coupling constants
a\ = a1 = aly = 0.3, (5.25)

which is identical to those in Refs. [61}/75]. For any forms of the superpotential, for simplicity,
the box size

L=Ly=L, (5.26)

is supposed to be even integers. We generate 640 configurations of { N} obeying the Gaussian
distribution e 8. The size of L is taken as even integers from 8 to 36 for Ay, from 8 to 30
for As [80]; 8, 16, 24, 32, 40, and 44 for Ds; 8, 16, 24, 32, 36, 40 and 42 for Dy; 8, 16, and 24
for Er [81].

Given a configuration of Ny, we numerically solve the algebraic equation with
respect to Ar by employing the Newton—Raphson (NR) methodE] We then generate the
initial value of the real and imaginary parts of A;(p) by the Gaussian random number with
unit variance as in Ref. [75]. We set the convergence threshold as

>, [2ip-Ar(p) + (OW ({A})*/0.43)(p) — Ni(p)|*

> INi(a)®

3For the generation of the configurations of N; and A; and signdet

<1071 (5.27)

O(N,N*)
(A, A%)

we used a C++ library
Eigen [117]. In particular, we extensively used the class PartialPivLU.



42 CHAPTER 5. NUMERICAL APPROACH BASED ON THE NICOLAI MAP

for all obtained configurations, while the authors in Ref. [75] set this upper bound 1013, By
this norm of the residue, we estimate the quality of the obtained configuration Aj.

For a fixed configuration of Ny, we increase the number of initial trial configurations of A;
until we obtain convergent 100 solutions for A; allowing repetition of identical solutions. A
initial configuration, which is generated randomly, does not necessarily converge to a solution
along iterations in the NR method, so sometimes it diverges and does not provide any solution.
In Ref. [75], the number of initial trial configurations is kept fixed to 100 but this choice
sometimes misses some solutions, especially for As, D,, and FE,. This setup is another
improvement compared to the setup of Ref. [75]. Two solutions A7 and Aj s are regarded
as identical if the norm of the difference of those satisfies

Y lAni(p) = Ars(P)l? (1073 for A,
>, A (@) 1071 for Dy, By,

(5.28)

while the upper bound is equal to 107! in Ref. [75].

We tabulate the classification of configurations we obtained in Tables for Ay
(W = ®3); in Tables for A3 (W = ®%); in Tables and for Ds; in Tables
and for Dy; in Table @ for E7. The symbol (n4,n_),, —,_ implies the following: For
a configuration {N(p)}, we find (ny + n_) solutions, {A(p)}x (K =1, ..., np +n_); the ny

solutions take sign det g((lX’Z:))? = +1 and the n_ solutions take —1. The subscript ny —n_
) J

stands for the contribution of that configuration of Ny to A in Eq. (5.19)). In these tables,
the number of obtained configurations for each setup is shown. Table for example, shows
that for L = 36 we had 13 configurations of N with (3,1)2 out of 640 configurations.

In the tables, to indicate the quality of the obtained configurations, we list the numerical
results of A defined in Eq. , which should reproduce the Witten index: A = n for
Ao, Dy, E,. For Ay and D3, our simulation gives A = 2 and 3 exactly for all box sizes,
respectively. For the other models, A deviates from the expected Witten index but only
slightly; from this, one might roughly estimate that the systematic error from the solution
search, that is, the possibility that some solutions are missed, is less than 1% even for Ex.

For the same purpose, we also list the numerical results of the one-point function,

_ (SB)

"= Tofat D(Lijatl) - (5.29)
where Sp is the bosonic part of the action defined in Eq. . The one-point function §
should identically vanish if the SUSY is preserved |64} 75]E|

We also show the computation time in core - hour on an Intel Xeon E5 2.0 GHz for As,
As, D3 and Dy with L/a =38, ..., 32, 40; an Intel Xeon Gold 3.0 GHz for D4 with L/a = 36,
42 and F7.

The hot spot in our computation is the LU decomposition carried out in the NR iteration,
whose computational time scales as o< N3 for a matrix of size N. Thus, we expect that
the computational time scales as o« (L/a)% as a function of the lattice size L/a. The actual
computational time for As and As is depicted in Fig. this is fairly well explained by this
theoretical expectation.

“For the calculation of § and succeeding numerical analyses, we used the programming language Julia [118-
120].



5.2. SIMULATION SETUP AND CLASSIFICATION OF CONFIGURATIONS 43

Table 5.1: Classification of configurations for Ay (W = ®3).

L/a 8 10 12 14 16
(2,0, 640 640 640 639 639
(3,1); 0 0 0 1 1
A 2 2 2 2 2
5 0.0070(44) —0.0046(36) 0.0019(30) —0.0020(25) —0.0003(23)
core - hour [h] 0.77 2.23 5.5 12.37 25.62

Table 5.2: Classification of configurations for Ay (W = ®3) (continued).

L/a 18 20 22 24 26
(2,0), 634 636 634 637 635
(3,1)2 6 4 6 3 5
A 2 2 2 2 2
5 —0.0000(20) —0.0015(19) —0.0006(17) 0.0001(16) —0.0026(15)
core - hour [h] 48.97 87.03 143.83 236.62 405.28

Table 5.3: Classification of configurations for Ay (W = ®3) (continued).

L/a 28 30 32 34 36
(2,0)s 634 626 633 628 627
(3,1)2 6 14 7 12 13
A 2 2 2 2 2
5 —0.0002(13) 0.0000(13) 0.0014(12) 0.0008(11) 0.0007(11)
core - hour [h] 649.78 963.93  1382.07 193652  2699.42

Table 5.4: Classification of configurations for Az (W = ®*%).

L/a 8 10 12 14
(3,0)3 638 638 638 638
(51 2)3 0 0 0 0
(5a 1)4 0 0 0 0
A 3 3 3 3
5 0.0003(45) 0.0035(36) 0.0001(30) —0.0015(26)

core - hour [h] 3.73 12.8 36.1 89.55
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Table 5.5: Classification of configurations for Az (W = ®%) (continued).

L/a 16 18 20 22
(3,0)3 634 635 632 627
(4,1)3 6 5 6 13
(57 2)3 0 0 2 0
(5’ 1)4 0 0 0 0
A 3 3 3 3
5 0.0006(25) 0.0014(20) 0.0024(20) 0.0023(18)
core - hour [h] 202.65 425.23 872.03 1661.22

Table 5.6: Classification of configurations for Az (W = ®*) (continued).

L/a 24 26 28 30
(3,0)3 625 616 614 615
(4,1)3 15 23 20 29
(5,2)s 0 0 2 0
(4,0)4 0 1 3 9
(5,1)4 0 0 1 0
(2,0)2 0 0 0 1
A 3 3.002(2)  3.006(3) 3.002(3)
) 0.0000(16)  0.0004(16) 0.0023(17) —0.0010(15)

core - hour [h] 2917.48 5004.37 8273.47 12905.13

Table 5.7: Classification of configurations for Ds.

L/a 8 16 24
(3,0)3 640 640 638
(4,1)3 0 0 2
(57 2)3 0 0 0
A 3 3 3
1) 0.0016(30) 0.0015(16) —0.0007(11)

core-hour [h] 1.60 63.78 649.73
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Table 5.8: Classification of configurations for D3 (continued).

Lla 32 40 44
(3,0)3 639 633 632
(47 1)3 1 7 7
(57 2)3 0 0 1
A 3 3 3
5 0.00019(85)  —0.00078(69) —0.00092(63)
core-hour [h] 3440.33 13426.08 25623.00

Table 5.9: Classification of configurations for Dy.

L/a 8 16 24 32
(4,0)4 640 638 629 626
(5,1)4 0 2 9 13
(6,2)4 0 0 2 1
(7,3)4 0 0 0 0
A 4 4 4 4
5 —0.0028(31)  0.0018(17) —0.0020(11) —0.00095(84)
core-hour [h] 1.73 72.28 847.83 5220.60

Table 5.10: Classification of configurations for D4 (continued).

L/a 36 40 42
(4,0)4 604 606 603
(5,1)4 23 24 35
(6,2)4 12 8 9
(7,3)4 1 0 0
(4,1)3 0 1 0
(5,0)s 0 1 0
(10, 6)4 0 0 1
A 4 4.000(2) 4
5 —0.00008(73) —0.00025(87) 0.00019(64)

core-hour [h] 4328.58 22264.12 12272.93
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Table 5.11: Classification of configurations for Fy.

L/a 8 16 24
(7,0)7 639 628 582
(8,1)7 1 10 20
(6,0)s 0 2 27
(7,1)6 0 0 5
(8,0)s 0 0 3
(8,2)6 0 0 2
(9,2)7 0 0 1
A 7 6.997(2)  6.952(9)
5 —0.0013(32) —0.0004(16) 0.0009(17)
core-hour [h] 1.30 60.28 750.92
3000 ',:2 14000 tg
2500 /l 12000 F A
2000 | 10000 |
= = 8000
o 1500 | @
E E 6000 |
1000 | V4 ] 4000 |
500 ,/ 1 2000 | /W//
0 = : 0 e
10 15 20 25 30 35 10 15 20 25 30
L/a L/a
(a) Az (b) Az

Figure 5.1: Computational time as a function of the lattice size.
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5.3 SUSY Ward—Takahashi relation

As mentioned above, our formulation exactly preserves SUSY even with a finite cutoff. Thus,
barring the statistical error and the systematic error associated with the solution search,
SUSY WT relations should hold exactly for any parameter. The observation of these relations
thus provides a useful check of our simulation and gives a rough idea of the magnitude of the
statistical and systematic errors.

The simplest SUSY WT relation is § = 0 for § in Eq. , and in Tables we
have observed that this relation is reproduced quite well in our simulation. In this section, we
present results on two further SUSY W'T relations on two-point correlation functions which
follow from the identities [75]]

(Q1(AP)Yi(=p))) =0, (5.30)
(Q2(F"(p)¥1(—p))) =0, (5.31)
where the explicit form of the SUSY transformation is given in Chapter

First, Eq. (5.30]) yields

2ipz (A(p)A*(=p)) = — (¥1(p)¥i(-p)), (5.32)
whose real and imaginary parts are

p1 (A(p)A*(=p)) = Re (¢1(p)¢i(-p)) (5.33)

po (A(p)A™(=p)) = —Im (P1(p)¥i (~p)) - (5.34)

In Figs. 5.5| we plot correlation functions in these relations as functions of —7 < apg < 7.
The box size is the maximal one, that is, L/a = 36 for Ay and L/a = 30 for As. The spatial
momentum p; is fixed to be p; = m/a (the largest positive value) or p; = 27/ L (the smallest
positive value). In the figures, the left panel corresponds to the real part relation of Eq.
and the right one to the imaginary part of Eq. . In the plots, “bosonic” implies the
correlation function on the left-hand side of the WT relation and “fermionic” implies the
correlation function on the right-hand side. Errors are statistical only.

Next, Eq. (5.31]) gives the relation

(F(p)F*(=p)) = —2ip: (b1 (p)¥i(=p)) , (5.35)

and the real and imaginary parts are given by
(F(p)F*(=p)) = —p1 Re (1 (p)i (=p)) + po Im (1(p)i (—p)) , (5.36)
0= —po Re (y1(p)v;(—p)) — p1Im (¢1(p) ¥4 (—p)) - (5.37)

In Figs. we plot correlation functions in the real part relation of Eq. (5.36)); the other
conditions and conventions are the same as above. For the computation of the left-hand side
of Eq. (5.36)) we have used the representationlﬂ

(F(p)F*(=p)) = (W'(A)" (0)W'(A)(=p)) — LoLs
= (IN() = (ipo + P)A®)) = LoL1. (5.41)

5In the present system, SUSY cannot be spontaneously broken because of the non-zero Witten index.
5A way to derive this relation is to introduce the source term for the auxiliary field:

Si = S (-p)J0) + T (D) Fr). (5.35)
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Figure 5.2: SUSY WT relation of Eq. (5.32)) for Ay, L/a = 36, and ap; = 7.
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Figure 5.3: SUSY WT relation of Eq. (5.32)) for Ay, L/a = 36, and ap; = 7/18.

If the WT relations hold exactly, the “bosonic” points and the “fermionic” points in the
plots should coincide with each other. Overall, we observe good agreements within 1o, as

Then, after a (formal) Gaussian integration over the auxiliary field, this term changes to

Sy — L01L1 S [=WIA(=p)I(p) = T (=p)W'(A)"(p) + J* (—p)J (p)] - (5.39)
Therefore, p
(F*(=p)F(p)
= (o) 5
1

X <exp

o 2o WA (=0T (@) + T (W' (4) (@) = I (-0)T"(9)] }>
= (W'(A)" (p)W'(A)(=p)) — LoLx. (5.40)



5.3. SUSY WARD-TAKAHASHI RELATION
-120 : 200
128 . 11 150 1 LI
qg0| i [l ] 100 ¢
-200 | 3 2t ] 50 .
-220 | ii . ] o}
240 | 1“ | [yl 1 50 |
-260 | ] "
280 | %Hﬁ ] o0y it
-300 [ fbosfonic 150 | ErET fbos:on!c
ermionic ermionic
s 2 4 0 1 2 5 4 TS 2 4 o0 1 2 5 4
apg apo
(a) Real part (5.33). (b) Imaginary part (5.34)).

Figure 5.4: SUSY WT relation of Eq. (5.32)) for A3, L/a = 30, and ap; = 7.

0 . o 1500 ‘
B -
-500 . . 1000 ¥;
500 -
-1000 | ]
i3 0l
4500 | e
-500 "
-2000 | ] %
-1000
i bosonic * . bosonic
-2500 s ‘ w \ fermionic — 1500 ‘ ‘ R fermionic —
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
apg apg
(a) Real part (5.33). (b) Imaginary part (5.34)).

Figure 5.5: SUSY WT relation of Eq. (5.32)) for A3, L/a = 30, and ap; = 7/15.

expected. However, there still exist some deviations of order 20, especially in the real-part
WT relations at the largest spatial momentum ap; = w. To argue that these deviations are a
result of statistical fluctuations and not due to the omission of some solutions in our solution
search, we carried out the measurements corresponding to the left panels of Figs. and
respectively but for L/a = 8, by changing the number of configurations by four times, that
is, 640 and 2560. The results are shown in Figs. and We see that although for 640
configurations there exist some discrepancies between the “bosonic” and “fermionic” ones of
order 20, when we increase the number of configurations by four times, the statistical error is
halved and the discrepancies of the central values actually decrease. From this behavior, we
think that the observed discrepancies in the WT relations are due to statistical fluctuations
and they eventually disappear as the number of configurations is increased sufficiently.
Finally, we mention a general tendency of the statistical error in the correlation functions
we found through the numerical simulation. Particularly in the high momentum region, the
correlation functions of the scalar field suffer from larger statistical fluctuations than those of
the fermion field (as seen in the left panel of Fig. . Actually, because of this problem we
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could not directly examine four-point SUSY WT relations including a four-point correlation
function of A and A*. On the other hand, if we assume the validity of SUSY WT relations, we
can use them to rewrite some noisy correlation functions into less noisy ones. This technique
will be employed frequently in the following sections.
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Chapter 6

Numerical simulation of correlation
functions

6.1 Scaling dimension

In this section, we measure the scaling dimension of the scalar field in the IR limit from the
two-point correlation function [80]. If the expected LG correspondence for the WZ model
with W = @™ holds, the chiral superfield is identified with the chiral primary field in the
A, _1 minimal model with the conformal dimension

- 1
h=h=—. 1
57y (6.1)
Thus the two-point function of the scalar field is expected to behave as
. 1
(A(z)A™(0)) o 2h52h (6.2)

for large |z|. To obtain the value of the scaling dimension h + h, in Ref. [75], the authors
computed the susceptibility

1 *
X = 5 d?z (A(z)A*(0)). (6.3)
a® Jrola
To avoid the UV ambiguity at the contact point z ~ 0, a small region around = = 0 was
excised [61]. Then, for the scaling dimension, they obtained

1—h—h=0.616(25)(13). (6.4)

The expected value is 1 — h — h = 2/3 = 0.666... for the Ay minimal model. It turns
out, however, that the susceptibility in Eq. is quite sensitive to the size of the excised
region with the formulation of Ref. [75]; Section addresses this issue in the context of the
continuum limit.

Here, we instead directly study the correlation function in the momentum space (A(p)A*(—p)).
The Fourier transformation of Eq. reads (assuming h = h)

1

(APA" () > i

(6.5)

93
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Figure 6.1: In{A(p)A*(—p)) as a function of In(ap)? for A and As. The broken and solid
lines are linear fits in the UV and IR regions, respectively.

Table 6.1: Scaling dimensions obtained for Ay and As from the linear fit in the IR region 2% <
p| < -

Algebra L/a x?/dof. 1—h—h Expected value
Ay 36 0.506 0.682(10)(7)  0.666. ..
As 30 0358 0.747(11)(12) 0.75

for |p| small.
Also since the SUSY WT relation of Eq. (5.32)) shows that

(Y1(p)hi(—p)) = —2ip:z (A(p)A*(—p)) (6.6)

instead of the two-point function of the scalar field, we may use the two-point function of the
fermion field, which is less noisy, as already mentioned.

Figure shows In(A(p)A*(—p)) as a function of In(ap)? in the case of the maximal box
size, that is, L/a = 36 for Ay and L/a = 30 for As, respectively. We also show the fitting lines
in the UV region % < alp| < 7 and in the IR region 2F < |p| < 4T. Table summarizes
the scaling dimension obtained from the linear fit in the IR region, which is one of our main
results in this section. Recall, however, that those numbers may contain the systematic error
associated with the solutions undiscovered by the NR method.

It may be of some interest to see how the values are changed if we do not include a few
percent of “strange solutions” in Tables such as (3,1)2 in Table Thus, we have
computed the scaling dimension 1 — h — h by using only the (2,0)2-type solutions for As
(L/a = 36) and the (3,0)s-type solutions for As (L/a = 30). The result is:

0.6716(82)  for As, (6.7)
1—h—h=0.7364(83)  for As. (6.8)
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We also plotted in Fig. the scaling dimension obtained by the above method but with
different box sizes L/a. Two horizontal lines show the expected values of 1 — h — h from the
LG correspondence: 1 —h —h = 0.666... for Ay and 1 — h — h = 0.75 for A3. We clearly
see the tendency that the measured scaling dimension approaches the expected value as L/a
increases. The approach appears not quite smooth, however, so we do not try any fitting of
this plot to extract the L — oo value; we suspect that this non-smoothness is due to statistical
fluctuations as we observed for the SUSY WT relation in the previous section.

From the 1 —h — h case presented in Fig. we estimated the systematic error associated
with the finite-volume effect. We estimate it by the maximum deviation of the central values
at the three largest volumes; the values obtained in this way are presented in the second
parentheses of 1 — h — h in Table

It is also interesting to see the “effective scaling dimension” that is obtained from the
fitting in some restricted intermediate region of the momentum norm |p|. This is shown
in Fig. In both panels, the “effective scaling dimension” smoothly changes from that in
the IR region (which is summarized in Table and approaches 1 —h —h — 1 in the UV
limit. This behavior is consistent with the expectation that the 2D A/ = 2 WZ models become
the free ' = 2 SCFT in the UV limit, in which the chiral multiplet should have the scaling
dimension 1 —h — h = 1.

6.2 Central charge

In this section we consider the measurement of the central charge ¢, an important quantity
that characterizes CF'T. This appears, in the first place, in the operator product expansion
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(OPE) of the energy-momentum tensor (EMT) in Egs. (2.33) and 1'

c 2

T()T(0) ~ 5o7 + 5 T(0) + %GT(O), (6.9)

w_»

where “~” implies up to non-singular terms. The central charge of the A,, minimal model

1S

3(n—2
=30 =2 g ysas (6.10)
n
forn=3,4,5,....
From Eq. , assuming rotational invariance,
c
(T(2)T(0)) = 24" (6.11)

Similarly, in A" = 2 SCFT, the two-point functions of the supercurrent S* (3.99) and the U(1)
current J (3.101)) are given by

(S(2)57(0)) =+ 5. (6.12)
(J(2)7(0)) = 5. (6.13)

Thus, the central charge may also be obtained by computing these two-point functions.

To find the appropriate expression for the supercurrent, the EMT , and the U(1) current
such that they form the superconformal multiplet in N' = 2 SCFT is itself an intriguing
problem, because in our system the N’ = 2 superconformal symmetry is expected to emerge
only in the IR limit. As explained in Chapter [3] we adopt the expressions of the former two
which become (gamma-) traceless for the free massless WZ model, W = 0. It appears that
those expressions work as expected (see also Ref. [75]).

Tn this chapter we follow the convention of Refs. [53|85]; this convention is different from that of Ref. |75].
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As in the previous section, we numerically compute the correlation function in the momen-
tum space. We consider the two-point functions of the supercurrent, the EMT, and the U(1)
current. As we explained in Chapter [3] these Noether currents are related to each other by
SUSY, which is an exact symmetry of our formulation. Using this fact, the computation of
the whole correlation function can be reduced to that for the supercurrent correlator.

6.2.1 Central charge in A-type theories

Central charge from the supercurrent correlator

We first focus on the As and As-type WZ model, and measure the central charge from the
supercurrent, the EMT, the U(1) current in turn [80]. The argument in Chapter |3 gives the
supercurrent in the momentum space,

S*) = SH) = 1 > ilp - 0):Alp - 3(0) (6.14)
S7(0) = S (p) =~ D ilp ~ ):A'(p — a)a(a). (6.15)

We thus compute the two-point function (S (p)S~(—p)). The Fourier transformation of Eq. (6.12))
is, on the other hand,

(S+(p)S™(~p)) = Lol /L o (5H@)S(0)

: 2¢z3
= Loln / d’*z e_pri
LoLn 3(x? +02)3

—imc 03 <|p[

= 1o02 0 2 () st (6.16)

where we have introduced a regulator § to tame the singularity at x = 0; K3 is the modified
Bessel function of the second kind. Since we are interested in the IR limit, taking the limit
Ip|d — 0, we have
imep?
3 p:
We fit the measured two-point function (S*(p)S~(—p)) in the IR region by this function.
We plot the two-point function (S*(p)S~(—p)) in Figs. and for the maximal box
size, that is, L/a = 36 for Ay and L/a = 30 for As. In each figure, the left panel is the
real part of the correlation function and the right one is the imaginary part. The spatial
momentum p; is fixed to the positive minimal value, p; = 27 /L. In these figures we also show
the function on the right-hand side of Eq. with the central charge ¢ obtained from the
fit in the IR region 2% < Ip| < 4%; the central charges obtained in this way are tabulated

in Table [6.21
Compared to the result of Ref. [75] for As,

(ST(p)S™(—=p)) = LoL1—- (6.17)

¢ =1.09(14)(31), (6.18)

the central charge we obtained is somewhat closer to the expected value with the smaller
statistical error.
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from Eq. (6.17)) are also depicted.

In Fig. we have plotted how the fitted central charge changes as a function of the
box size L/a. From the central charge ¢ presented in Fig. we estimated the systematic
error associated with the finite-volume effect. We estimate it by the maximum deviation of

central values at the largest three volumes; the values obtained in this way are presented in
the second parentheses for ¢ in Table

As for Fig. [6.3] in the previous section, it is interesting to see how the central charge
obtained by the fit changes as a function of the fitted momentum region [75]. The result
is shown in Fig. [6.7. This “effective central charge” depending on the momentum region is
analogous to the supersymmetric version of the Zamolodchikov C-function given in Eq. .
As expected, the “effective central charge” changes from the IR value to ¢ = 3 in the UV limit
in which the system is expected to become a free N' = 2 SCFT.
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Table 6.2: The central charges for Ay and As obtained from the fit of the supercurrent

correlator. The fitting momentum region is 2% < [p| < 2%,

1.4

Algebra L/a x?/d.of. ¢ Expected value
Ay 36 0.928 1.087(68)(56) 1
As 30 4.606 1.413(65)(31) 1.5
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Figure 6.6: Central charges obtained by the fit for Ay (W = ®3) and A3 (W = &%) as a
function of the box size L/a = 8-36.

Central charge from the EMT correlator

As discussed in Chapter [3 the EMT T = T,,, which is expected to be consistent with the
conformal symmetry, is given in the momentum space by

T(p) >[40 - 9):0:47(0 — ) Alg)
q

. v
- Lol

— g2 (p — )¥3(q) +i(p — q)2102(p — Q)lﬁg(Q)} : (6.19)

It turns out that this expression as it stands leads to a very noisy two-point correlation
function. Fortunately, as discussed in Chapter |3 noting the fact that the EMT of Eq. (6.19)
is the SUSY transformation of the supercurrent in Eqgs. (6.14) and (6.15)),

T(p) = @57 () — 235~ (0) (620

where the SUSY transformation is given in Chapter [3| we can express the two-point function
of the EMT by a linear combination of two-point functions of the supercurrent which are less
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Table 6.3: The central charges for As and As obtained from the fit of the EMT correlator.
The fitting momentum region is %’T <|p|l < 4%.

Algebra L x%/d.of. ¢ Expected value
As 36 1.017 1.061(36)(34) 1
As 30 0.916 1.415(36)(36) 1.5
noisy:
_ 2ip;

(T(p)T(—p)) =

Note that this relation holds exactly in our formulation that preserves SUSY.
The Fourier transformation of Eq. (6.11)) is, by the same procedure as Eqs. (6.16[) and (6.17)),

6 (ST )S (=) + 5 (P)ST(-p)). (6.21)

_ mc o' (Ip]\’
({TP)T(=p)) = Lol15— o (5 ) K3(|plo)
3
mC D,
— LOL1 12 pg‘ (622)

We plot the two-point function (T'(p)T(—p)) of Eq. in Figs. and for the
maximal box size, that is, L/a = 36 for Ay and L/a = 30 for As. In each figure, the left
panel is the real part of the correlation function and the right one is the imaginary part. The
spatial momentum ap; is fixed to the positive minimal value, p; = 27/L. In these figures we
also show the function in Eq. with the central charge ¢ obtained from the fit in the IR
region 2% < |p| < 4%. The central charges obtained in this way are tabulated in Table
this is one of the main results of this section.

We repeated the computation of the central charge ¢ by using only the (2, 0)o-type solutions
for As (L/a = 36) and the (3, 0)s-type solutions for Az (L/a = 30), to see how the values are
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is also depicted.

changed if we do not include a few percent “strange solutions.” The results are:

c=1.057(34)  for A, (6.23)
c=1.288(28) for As. (6.24)

One may note that the fit in Table [6.3]is better than that in Table [6.2] in the sense that
x?/d.o.f. is very close to 1 in the former. This is due to the fact that the real and imagi-
nary parts of the two-point correlation function of Eq. are exactly (anti-)symmetric
under p — —p, while the numerical data of (ST (p)S~(—p)) itself does not possess this prop-
ertyE| The number of data points is thus effectively doubled.

2This (anti-)symmetry under p — —p is fulfilled within the margin of the statistical error; one may also
(anti-)symmetrize the two-point function (S (p)S~(—p)) by hand.
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Figure 6.10: Central charges obtained by the fit for Ay (W = ®3) and A3 (W = ®%) as a
function of the box size L/a = 8-36.

In Fig. [6.10, we plotted how the fitted central charge changes as a function of the box
size L. From c presented in Fig. [6.10], we again estimated the systematic error associated
with the finite-volume effect. The values obtained in this way are presented in the second
parentheses for ¢ in Table

Also, in Fig. [6.1T]the “effective central charge” obtained from the fit in various momentum
regions is depicted; from IR to UV, it again shows the expected behavior analogously to the
Zamolodchikov C-function .

Central charge from the U(1) current correlator

Finally, we consider the U(1) current correlator. As discussed in Chapter (3| the U(1) current
is given by

J(p) = L L1 5 ¥s(p — a)2(q). (6.25)
The two-point function of this current is expected to behave in the IR limit as
—mc & |p|
J(p)J(—p)) = LoL1 — — =K1 (|p|o
{J(p)J(~=p)) = LoL1— 07 5 1(Ip|6)
—mCcp,
— Lol —=. 6.26
oli—= - (6.26)

We note that the supercurrent S* can be rewritten as the SUSY transformation of .J,

ST(p) = Qs J(p),  S™(p) =Q2J(p). (6.27)
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Figure 6.11: “Effective central charge” obtained by the fit for Ay and A3 in various momentum
regions, ZZn < [p| < Z(n+1) (n € Zy).

Therefore,
(ST(p)S™(=p) + S~ (p)ST(=p)) = —2ip. (J(p)J(—p)) - (6.28)

This shows that the computation of the U(1) current correlator is identical to the EMT
correlator of Eq. up to a proportionality factor. We expect that we would obtain
almost the same results as the previous subsection, so we do not carry out the analysis on
this correlator.

6.2.2 Central charge in DFE-type theories

Let us show the result of the numerical determination of the central charge for the D3, Dy,
and E7 models [81]. We plot the correlation function (T'(p)T(—p)) in Figs. for the
maximal box size with the fitting curve ; the central charge c is obtained from the fit in
the IR region 2% <lp| < 4%. The left panel in each figure is devoted to the real part of the
two-point function and the right one is the imaginary part. The horizontal axis indicates the
momentum app, and the momentum ap; is fixed to the positive minimal value p; = 27/L.
In Table we tabulate the numerical results of the central charge for all box sizes in the D3,
Dy, and E7 models.
The central charge for the maximal box size in Table reads

c=1.505(31)(41)  for Ds, (6.29)
c=2.172(48)(39)  for Dy, (6.30)
¢ = 2.638(47)(59) for Fr. (6.31)

This is the last main result in this section. Here, a number in the second parentheses indicates
the systematic error associated with the finite-volume effect. In Egs. and , we
estimate this as follows: We pick out the largest three volumes for each minimal model;
from the central values at two smaller ones, we extrapolate to the larger L/a regime as a
linear function of the inverse volume 1/(L/a)?, and then, obtain an extrapolated value at the
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Figure 6.12: (T'(p)T(—p)) for D3, L/a = 44, and ap; = 7/22. The fitting curve (6.22) is
depicted at once.
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Figure 6.13: (T'(p)T(—p)) for D4, L/a = 42, and ap; = w/21. The fitting curve (6.22) is
depicted at once.

maximal volume (see Fig. ; the systematic error is identified with the deviation between
this and the central value in Egs. (6.29)) and (]6.31|)E| In Eq. (6.30), since we have more than
two would-be convergent results at large L, the systematic error is estimated by the maximum
deviation of the central values at the three largest volumes. Egs. f are consistent
with the expected values, 1.5 for D3 within ~ 1.30, 2 for D4 within 20, and 2.666 ... for Er
within the numerical errors; the standard deviations are evaluated by the sum of the statistical
and systematic errors.

As mentioned already, it is interesting to plot the “effective central charge,” which is

3The fit function o< 1/L? is a possible choice, but there would be no theoretical evidence to support this
choice. Because the behavior of the L — oo limit appears not quite smooth as in Fig. [6.15] we do not attempt
to extrapolate to the infinite volume limit.
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Figure 6.14: (T'(p)T(—p)) for E7, L/a = 24, and ap; = ©/12. The fitting curve (6.22) is
depicted at once.

Table 6.4: The central charge for D3, D4 and E7 obtained from the fit of the EMT correlator.
The fitted momentum range is 2& < |p| < 4.

Algebra L/a x2?/d.of. c Expected value
D3 8 6.056 2.786(34) 1.5
16 5496  2.141(31)
24 3.122 1.867(28)
32 2.682 1.711(29)
40 0476  1.591(32)
44 3598 1.595(31)
Dy 8 3216  2.907(36) 2
16 3738  2.509(34)
24 1.946  2.466(42)
32 2.832 2.202(40)
36 1109 2.211(70)
40 2276 2.175(48)
42 1177 2.172(48)
Er 8 2.220 2.964(36) 2.666. ..
16 1.800  2.639(35)
24 1364  2.638(47)

analogous to the Zamolodchikov’s C-function . This is obtained from the fit in a variety
of momentum regions from IR to UV; we take the fitted momentum regions as QT”n < Ip| <
2%(11 +1) for n € Z;. Then Fig. shows that the “effective central charge” connects the
IR central charge to an UV value ¢ =~ 6. This number is consistent with the central charge ¢ =
3Ng in the expected free N' = 2 SCFT. Recall that Ng is the number of supermultiplets in
the free N' = 2 WZ model, and we have set Ny = 2 here.
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6.3 Continuum limit analysis for the scaling dimension

In this section the finite-size scaling analysis given in Refs. [61}75] is developed into an anal-
ysis method with continuum-limit extrapolation [84]. The extrapolation also carries out the
thermodynamic limit. Then, we numerically simulate the IR behavior of a scalar correlator
for the Ao-type WZ model, extrapolate it to the continuum limit, and perform a precision
measurement of the scaling dimension [84].
For simplicity, we study a single superfield with the superpotential
A

— = —pntl (6.32)

we) = n+1

which corresponds to the A, minimal model, and the system is defined in the box Lo x L1,
Here, the coupling constant A is a dimensionful parameter and characterizes the mass scale
in this theory.

6.3.1 Continuum limit of the susceptibility of the scalar field

To numerically determine the scaling dimension, we first explain the finite-size scaling analysis
in Refs. [61,75], which is compatible with the continuum limit as we will develop later. Recall
that the susceptibility of the scalar field A is defined by

W)=z [ e (A@AO) = o (A= 0F). (6.3

© a?LoLy
In the IR limit, the scalar field is expected to behave as a chiral primary field with the
conformal dimensions (h, h); the two-point function of A behaves as

1
(A(z)A™(0)) = Zhoah (6.34)
for large |z| = v/22. Note that the field A is spinless, h = h. Then, we observe the finite-
volume scaling of the scalar susceptibility for large L, as

X & (LoLy)' ", (6.35)

Numerically simulating the scalar correlator for some different volumes but the same value
of the coupling, one can read the exponent, 1 — h — h, from the slope of In X(L,) as a linear
function of In(LgL1). In what follows, for simplicity, we take into account the case of the
physical box size L = Ly = L.

As already announced, we consider the thermodynamic and continuum limits, a/L — 0.
No extrapolation has been done in the preceding numerical studies. In Sect. and
(and Refs. [61,/75]), the grid size L/a is expected to be taken as sufficiently large values, while
the coupling A in the superpotential is fixed by aA = 0.3; good agreement of the scaling
dimension with those of the As and A3 minimal models was observed. Unlike in the case of
QCD, however, the present model does not possess any dynamical scale, so the “sufficiently
small” scale of a is not obvious. In fact, we will find that the susceptibility, x(L), takes a
slow approach to a/L = 0. To obtain precise and reliable results, we should extend the above
finite-size scaling analysis in order to treat the thermodynamic and continuum limits.
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We have also recognized the pathology of the locality in the lattice formulation that is
based on the SLAC derivative; the computation of In x(L) with finite L/a is quite sensitive to
this problem [75,80] (see also Sect. . A proposal given in Sect. is to directly study the
correlation function in the momentum space, (A(p)A*(—p)). Although the measured scaling
dimension with the fixed coupling tends to approach expected values as the grid size L/a
increases, the approach to the L/a — oo limit appears not quite smoothﬂ We would need
a more systematic method for the infinite-volume and continuum limits, while the locality
should be restored in the limits.

Our strategy for the continuum limit is very similar to that in Ref. [121]. We regard In x(L)
as the same kind of running coupling §?(L) defined on a lattice. To take the continuum
limit, various sizes of the lattice spacing {a;} (i = 1, 2, ...) are required; we first prepare
various momentum-grid sizes {L/a;}, while the lattice parameter a;\ is tuned so that In x(L)
(or g%(L)) is kept fixed; we denote u = In x(L). A system with a different grid size L' /a’ # L/a;
and the same parameter a’\' = a;\ possesses the physical box size L' x L’ with a’ = a;. Then,
we compute Inx(L') (g%(L')) for L'/a; and a;\; we observe the a-dependence of In x(L')|,
(g%(L")]a), and attempt to extrapolate this in the continuum limit, limg 0 In x(L')|q.

To be more specific, we introduce the scaling function ¥ as

Y(s,u,a/L) =Inx(sL)|q- (6.36)

The statistical error of ¥ would be given by the square root of the sum of squared errors
of In x(L) and In x(sL), owing to the long-distance behavior in Eq. (6.35). As a consequence of
the continuum limit with a to-be-determined fit function, we can obtain the scaling dimension

1—h—h= ﬁ Clbi_%E(s,u,a/L)—u]. (6.37)
The cutoff dependence will be determined from numerical results. Note that the unique
mass scale A in this model should be sufficiently larger than 1/L to study the conformal
behavior [61], hence AL — oo as the continuum limit. This indicates that the extrapolation
carries out the thermodynamic limit at the same time. We can apply our extrapolation
method to the continuum limit to other non-perturbative formulations, for example the lattice
formulation in Ref. [61].

6.3.2 Precision measurement of the scaling dimension

In this subsection, we perform precision measurement of the scaling dimension for the As-
type theory with the cubic superpotential ®3 by using the above continuum-limit analysis.
We first summarize the numerical setup we use in this section; the most part of our setup is
identical in Chapter [5} L/a is taken as even integers in the interval [10,52]. We employ the
Newton—Raphson method with the convergence threshold as

> 12ip: A(p) + W/(A)*(p) — N(p)|? B 10~ for L < 52a
Z |N(Q)| 10713 for L = 52a.

(6.38)

“In Sect. . 6.2 the central charge appears to possess a higher convergence speed than the scaling dimension,
though the approach to L/a — oo is also not quite smooth.
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Table 6.5: Classification of the configurations obtained for the As-type theory with tuned .

L/a aX Neont (270) (37 1) (47 2) (170) (2> 1) (372) (3a0) (47 1)
10 0.1780 7680 7680 0 0 0 0 0 0 0
12 0.2135 5120 5119 1 0 0 0 0 0 0
14 0.2538 5120 5119 1 0 0 0 0 0 0
16 0.3000 5120 5112 8 0 0 0 0 0 0
18 0.3420 5120 5093 27 0 0 0 0 0 0
20 0.3888 5120 5070 50 0 0 0 0 0 0
22 0.4500 5120 5023 97 0 0 0 0 0 0
24 0.5100 5120 4961 156 3 0 0 0 0 0
26 0.5705 5120 4909 204 6 0 0 0 1 0
20 0.1780 5120 5117 3 0 0 0 0 0 0
24 0.2135 5120 5104 16 0 0 0 0 0 0
28 0.2538 5120 5075 44 1 0 0 0 0 0
32 0.3000 4320 4236 83 1 0 0 0 0 0
36 0.3420 2592 2514 77 1 0 0 0 0 0
40 0.3888 2592 2472 118 0 0 1 1 0 0
44 04500 2592 2458 131 2 0 0 0 0 1
48 0.5100 2592 2433 157 2 0 0 0 0 0
52 0.5705 1512 1392 107 4 1 1 1 6 0

In the case of L = 52a, which is the most numerically demanding one in this section, the
threshold is less accurate (and also the number of obtained configurations is not relatively
high). For a fixed configuration N(p), we randomly generate initial trial configurations of A(p)
so that we obtain 200 solutions for L < 52a, allowing repetition of identical solutions, and
120 solutions for L = 52a. Two solutions A; and As are regarded as identical if

6.39
Zq |A1(q)|? 10719 for L = 52a. ( )

Zp |A1(p) — Aa(p)[? {10_11 for L < 52a

We tabulate the classification of the configurations obtained in Table where the cou-
pling a) has already been tuned in accordance with the above strategy. MNons denotes the
total number of configurations for each setup. In the upper half of the table, the number of
configurations for L is shown; in the lower half, that for L’ = 2L is shown. In Table
we list the numerical results of A in Eq. , which should be identical the Witten index
2; the one-point SUSY Ward—Takahashi identity in Eq. , which should vanish in the
SUSY-invariant system. Whether A and ¢ are correctly reproduced indicates the quality of
our configurations. Note that, for L' = 52a, the quality of the configurations obtained is
poorer due to the computational cost.

We tabulate the numerical results of the scalar susceptibility with the various box sizes of L
and L' = 2L in Table The third column is devoted to the tuned values of the coupling,
aX, so that Inx(L) in the fourth column is kept almost fixed. The results of X(u,a/L) are
shown in the last column, where we have omitted the first argument s = 2 of (s, u,a/L),
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Table 6.6: Quality of the configurations obtained for the As-type theory with tuned .

L/a L'Ja a) A(L) A(L") d(L) o(L)
10 20 0.1780 2 2 —0.00099(104) —0.00005(67)
12 24 02135 2 2 —0.00063(107) 40.00046(56)
14 28 0.2538 2 2 —0.00019(94)  —0.00030(48)
16 32 0.3000 2 2 —0.00024(81)  —0.00004(46)
18 36 0.3420 2 2 —0.00109(74)  40.00020(52)
20 40 0.3888 2 1.9992(5) —0.00078(67)  40.00053(55)
22 44 0.4500 2 2.0004(4) —0.00005(62)  +0.00031(48)
24 48 0.5100 2 2 +0.00041(56)  +0.00000(41)
26 52 0.5705 2.0002(2) 2.002(2) —0.00058(52)  +0.00073(110)
Table 6.7: Scalar susceptibility with u = 3.9175.
L/a L'Ja a\ In x(L) In x(L) Y(u,a/L)
10 20 0.1780 3.9174(59) 4.6338(72) 4.6338(93)
12 24 0.2135 3.9175(73) 4.6642(69) 4.6642(100)
14 28 0.2538 3.9193(70) 4.6844(66) 4.6844(97)
16 32 0.3000 3.9171(69) 4.6913(68) 4.6913(97)
18 36 0.3420 3.9166(68) 4.7223(83) 4.7223(107)
20 40 0.3888 3.9215(65) 4.7251(81) 4.7251(104)
22 44 0.4500 3.9162(62) 4.7400(76) 4.7400(97)
24 48 0.5100 3.9186(60) 4.7610(70) 4.7610(93)
26 52 0.5705 3.9175(56) 4.7823(91) 4.7823(107)

Table 6.8: Scaling dimension measured at finite volumes.
are obtained by reading the slope of Iny for (L/a, L’ /a)

in Table

Fit range of L

a\

—h—h

Kamata—Suzuki [75]

From 24 to 36
From 26 to 36

0.3000
0.3000

0.603(19)
0.609(25)

From 24 to 48
From 26 to 52

0.5100
0.5705

0.6076(66)
0.6238(77)

The results in the last two rows
= (24,48) or (L/a,L’'/a)

= (26,52)

while we set u = In x(L) as 3.9175. The error of ¥(u,a/L) is given by the square root of the
sum of the squared errors of In x(L) and In x(L').

In Ref. [75] the scaling dimension was obtained from the slope of the susceptibility in the
formulation by using data for 24 < L/a < 36 or 26 < L/a < 36 with a fixed coupling; we

have a similar slope of Iny for (L/a,L'/a) =

(24, 48), though we have used different values

of aX (see Table [6.8). We will find a significant difference between such numerical results at
a finite cutoff and our result below at a/L = 0.
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Figure 6.17: X(u,a/L)-(a/L) plot with v = 3.9175. The fitting line of Eq. (6.40)) is also
depicted.

Now we have enough data to clarify the (a/L)-dependence of ¥(u,a/L). Figure
shows ¥(u,a/L) as a function of a/L given in Table From the plot, we simply apply a
linear function of a/L in order to take the continuum limit; then we have

26
%(3.9175,a/L) = —0.0850(64) x Ta + 4.8461(107), (6.40)

with x?/d.o.f. = 1.417. From Eq. (6.37)), the scaling dimension is given by
1 —h—h=0.6699(77). (6.41)

This result is consistent with the expected exact value 1 —h — h = 2/3 = 0.6666 ... within
the statistical error.

Because the quality of configurations with L/a = 52 is poorer due to the computational
cost, the computation of Inx could be less accurate. In fact, the above result in Fig. [6.1
implies that there is a discrepancy between the central values of In x(L) and the fit function
at L/a = 52. To make sure that this discrepancy comes from statistical fluctuations, we show
the behavior of In x(L) for L/a = 52 when the number of configurations varies in Table
the deviation of the central values decreases.

To estimate the systematic error, we may omit the configurations for L/a = 52; that is,

26
5(3.9175,0/L)|},jqe50 = —0.0791(69) x Ta + 4.8341(120), (6.42)

with x2/d.o.f. = 0.807; we obtain
1—h—h=0.6612(86). (6.43)



6.3. CONTINUUM LIMIT ANALYSIS FOR THE SCALING DIMENSION 73

Table 6.9: In x(L') with u = 3.9175 and L/a = 52 when the number of configurations, Neopf,
varies.

Nconf h’lX(L/)

1512 4.7823(91)
756 4.7950(133)
378 4.8087(193)

The main result of the scaling dimension in this section is given by
1—h—h=0.6699(77)(87). (6.44)

Here, the number in the second parentheses indicates the systematic error defined by the
deviation between the central values of Eq. and Eq. . This result of the scaling
dimension is rather consistent with the conjectured WZ/SCFT correspondence.

As shown in Table and Fig. [6.17, we observed a significant difference between our
net result and the ones at any finite L/a. The scalar susceptibility takes a slow approach to
the a/L = 0 limit, at least in the present formulation. By using our extrapolation analysis,
we can get down to the target SUSY continuum theory with the infinite volume; from a
numerical simulation based on the formulation by Kadoh and Suzuki, we obtained the limiting
value for the simplest As theory. This result not only has a smaller margin of error in the
numerical value, but also would be much more reliable than those of preceding studies, which
were computed at finite L/a; it shows a coherence picture being quite consistent with the
theoretical conjecture.

6.3.3 Discussion on the fit function

We found that a linear fit of X(s, u, a/L) with respect to a/L would be good within the numer-
ical error. To convince ourselves of this fact, let us introduce a slightly modified extrapolation
method, by which we obtain another result for the scaling dimension from same data. If the
two results are similar, our extrapolation method (or fit function) to the continuum limit
works well.

The new method is based on the excision of a small region around the contact point of
the integrand (A(z)A(0)) in Inx(L) in Eq. [61]. The modified scalar susceptibility x is
defined by

D) =~ / e (A(z)A*(0)) . (6.45)
|z|>A—1

a2

The coupling A is the unique mass scale in the WZ model with the superpotential in Eq. ,
and the correlations at short lengths ~ A\™! would not affect the scaling in Eq. of x(L)
in low-energy regions. Note that the shape of the excised space is slightly different from
those in Refs. [61,75], but the susceptibility should not be sensitive to such UV details in the
continuum limit; if the grid size L/a is not sufficiently large (i.e. L/a is finite), we suffer from
sensitivity to the excised space size; this is the problem that the susceptibility in Ref. |[75] is
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quite sensitive to the UV ambiguity. In terms of the Fourier modes of A, we have

3 1 5 1 2rA~t 5
X(L) = 55 (A =0)P) = 75 > o pl) (|A(D)1?) (6.46)

where |p| = \/p? and J is the Bessel function of the first kind.

The parameter tuning above indicates that the dimensionless coupling aA becomes large as
L/a — oo, while In x(L) is kept fixed. That is, in the small-a limit, the volume of the excised
space becomes smaller and smaller; we must have completely the same result of the scaling
dimension as in the method of Eq. , at least analytically. In numerical simulations,
however, it is not known a priori what function we should apply to take the continuum limit.
Thus, attempting to extrapolate results of In x(L) and to determine the fit function, one
can justify the numerical determination of the scaling dimension from ¥. In the same way
as In (L), we define the new scaling function ¥ by

Y(s,u,a/L) =Inx(sL). (6.47)

Here, u is given by the fixed number Inx (L), which is identical to the value of Inx(L) in
the continuum limit, that is, A= — 0. Similarly, one can measure the scaling dimension
by Eq. with 3 and another to-be-determined fit function.

From the Y(u,a/L)-(a/L) plot in Fig. we obtain the fitted quadratic curves

- 260\ 2 2
$(3.9175, a/L) = —0.091(14) (?“) +0.031(52) x % L 48062(425)  (6.48)
with x2/d.o.f. = 1.600, or
- 26a\
£(3.9175,a/L) = —0.0823(19) x ( == | +4.8317(62) (6.49)

with x?/d.o.f. = 1.423. These fitting results give the scaling dimension as
1 —h—h=0.0641(31), 1 —h —h=0.6594(45), (6.50)

respectively. These two results are consistent with our previous result in Eq. . We have
obtained the precise and reliable result in Eq. through the finite-size scaling with the
continuum-limit extrapolation.

Our result seems to support the restoration of the locality in the continuum limit. The
UV ambiguity in x(L) with finite L/a, that is, the sensitivity to the excised space size ~ A~}
around the contact point, has disappeared because A~! — 0 in the limit. We indeed found
that the results in Eq. based on the excision prescription are consistent with Eq.
without the excision. Also, in addition to the earlier numerical simulations based on the
present formulation, it would be exemplified by good agreement between Eq. and the
expected value that the momentum-cutoff regularization in the 2D theory works quite well.
However, the theoretical background of our computational approach is still not clear, so we
should observe the locality restoration more carefully; this is a future problem.
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Figure 6.18: X(u,a/L)-(a/L) plot with u = 3.9175. The fitting curve of Eq. (6.48) is also
depicted.

6.4 Torus compactification of superstring theory

Finally, we attempt to apply our numerical approach to the superstring compactification in a
simple way. The most simplest case would be given by the compactification into the complex
one-dimensional torus. Such a theory can be described by the Gepner model, As @ Ay ® A,
with the central charge ¢ = 3. We now consider the Ng = 3 WZ model with the superpotential,

W({e}) = ( Z‘I) 5@)1@2@3) ; (6.51)

where the cubic terms correspond to the Ao minimal model, and the last term is the defor-
mation of the torus, which is not included in the ADE classification in Table [£.I] Such a
operator bringing about the deformation is believed to be marginal; the central charge would
be unchanged under this deformation.

To see this, we numerically simulate the WZ model with the superpotential , while
the deformation parameter § is varied. We set the coupling a\ to 0.3, and generate 320
configurations of {N} for § = 0.1, 1280 ones for 5 = 1, and 160 ones for § = 10. L/a is
taken as 16, 24, 32, and 40 for g = 0.1; 16, 24, 32, and 36 for 8 = 1; 16 for § = 10. The
other simulation setup is identical to that for the D FE-type theories in Sect. [5} We tabulate
the classification of obtained configurations in Tables Note that the Witten index
is given by A = 8 = (23).

As one of the main result of this section, Tables summarize the scaling dimension
we obtained in the same way in Sect. [6.1] for each superfield. Also, in the same way in Sect.[6.2]
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Table 6.10: Classification of configurations for Eq. (6.51)) with g = 0.1

L/a 16 24 32 40
(8,0)s 319 305 286 276
(9,1)s 0 6 12 12
(10,2)s 1 5 11 13
(11,3)s 0 2 5 7
(12,4)s 0 0 1 9
(16,8)s 0 0 0 1
(9,0)9 0 0 1 0
(10,1)g 0 0 2 1
(11,2)g 0 1 0 0
(12,3)o 0 1 0 1
(14,5)q 0 0 1 0
(10,0)10 0 0 1 0
A 8  8.006(4) 8.019(9) 8.006(4)
5 0.0026(19) 0.0032(14) —0.0002(14) 0.00039(90)

Table 6.11: Classification of configurations for Eq. (6.51)) with =1

L/a 16 24 32 36
(8,0)s 1247 1155 1056 497
(9,1)s 27 102 158 102
(10,2)s 6 18 49 23
(11,3)s 0 4 9 5
(12,4)s 0 1 2 5
(13,5)s 0 0 0 1
(15,7)s 0 0 1 0
(8,1)7 0 0 0 1
(9,0)9 0 0 3 2
(13,4)g 0 0 1 2
(11,2)g 0 0 1 1
(10,1)g 0 0 0 1
A 8 8 8.004(2) 8.008(4)
5 0.00158(94) —0.00020(64) 0.00043(55) 0.00047(80)

the central charge obtained is tabulated in Table this is another main result here.
Recall again that these numbers in the tables could contain the systematic error from missed
solutions, especially for § = 10. For any cases of 3, we see the tendency that the measured
scaling dimension approaches the expected value 0.666 ... as L/a becomes large, and also the
measured central charge does 3. Therefore, we end up with the conclusion that ®;9,®3 is a
marginal operator in a non-perturbative sense.
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Table 6.12: Classification of configurations for Eq. (6.51) with 5 = 10

16

A O 4 AN O - AN
O A N MmO e~ N <
0 S 00O O~ 0 S — O A A
N AGINI NI NI G RGNS INGNEN NENENENE NE NE NENENEN

L/a

8.13(8)
0.002(10)
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Table 6.13: The scaling dimension obtained from the fit of (4;A;) for Eq. (6.51) with various

values of 3. The fitted momentum range is 2% < [p| < 4T.

A; L/a B x%?/dof. 1—h—h Expected value
Ay 16 0.1 0.043 0.8006(66) 0.666. . .

24 0.1 0178  0.7270(89)

32 0.1 0.851 0.703(12)

40 0.1 0.165 0.663(13)

16 1 0134  0.7615(21)

24 1 1.125 0.7096(30)

32 1 0423 0.6678(37)

36 1 0.319 0.6566(66)

16 10 0.728  0.666(33)

Table 6.14: The scaling dimension obtained from the fit of (43A9) for Eq. (6.51) with various

values of 3. The fitted momentum range is 22 < [p| < 4Z.

A;r L/a B x%?/dof. 1—h—h Expected value
As 16 0.1 0.060 0.7963(63) 0.666. . .

24 0.1 0.052 0.7422(88)

32 0.1 0.308 0.696(11)

40 0.1 0.725 0.663(12)

16 1 0062  0.7612(21)

24 1 0.705 0.7100(29)

32 1 0273 0.6719(35)

36 1 0.338 0.6616(62)

16 10 0.755 0.618(32)

Table 6.15: The scaling dimension obtained from the fit of (43Ag) for Eq. (6.51)) with various

values of 3. The fitted momentum range is 22 < [p| < 4Z.

Ar Lja B x?/dof. 1—h—h Expected value
Az 16 0.1 0.086 0.7979(63) 0.666. ..

24 0.1 0.094  0.7460(89)

32 0.1 0.299 0.706(14)

40 0.1 0.269 0.665(13)

16 1 0201  0.7620(23)

24 1 0.941 0.7087(28)

32 1 0.269 0.6691(36)

36 1 0.403 0.6545(57)

16 10 0.531 0.618(23)
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Table 6.16: The central charge obtained from the fit of the EMT correlator for Eq. (6.51)
with various values of 3. The fitted momentum range is 2% < |p| < 7.

L/a B x?/dof. c Expected value
16 0.1 2.176 3.725(62) 3

24 0.1 1437  3.503(65)

32 0.1 0.753 3.391(80)

40 0.1 0.630 2.860(76)

16 1 7.789 3.642(33)

24 1 1514 3.439(35)

32 1 0741 3.238(37)

36 1 0.668 3.203(59)

16 10 1.068 2.84(23)







Chapter 7

Conclusions

In this thesis, we numerically studied the 2D N = 2 Wess—Zumino (WZ) model, which is
believed to provide the Landau—-Ginzburg (LG) description of an N' = 2 superconformal field
theory (SCFT). We employed the exactly supersymmetric formulation |75] on the basis of the
momentum cutoff regularization and the Nicolai map. This formulation allows a straightfor-
ward construction of the Noether currents, that is, the supercurrent, the energy-momentum
tensor, and the U(1) current.

First, the ADE-type WZ model with one or two superfields was focused [80,[81], which
corresponds to the minimal model at the IR fixed point. Then, we observed that the Witten
index is reproduced and some SUSY WT relations hold non-perturbatively. From the IR
behavior of the two-point functions in the momentum space, we numerically measured the
scaling dimension h+h and the central charge ¢ (Table ; for the measurement of the central
charge, we directly computed the energy-momentum tensor 7.,. These results, together with
the flow of the “effective central charges,” are consistent with the theoretical conjecture of the
WZ/minimal-model correspondence. We have the numerical evidences for the various typical
minimal models: the Ay, A3, D3, Dy, Eg (=2 Az ® A3), and E7 models.

Table 7.1: The scaling dimensions and the central charges obtained.

Algebra 1—h—h Expected value ¢ Expected value
A 0.682(10)(7)  0.666... 1.061(36)(34) 1

As 0.747(11)(12) 0.75 1.415(36)(36) 1.5

D3 1.595(31)(41) 1.5

Dy 2.172(48)(39) 2

Er 2.638(47)(59) 2.666. ..

Second, we considered the continuum limit analysis for the scaling dimension [84]. We
developed the extrapolation method to take the continuum/infinite-volume limit, a/L — 0,
based on the finite-size scaling. Then, we performed precision measurement of h + h in
the As-type theory, and obtained

1—h—h=0.6699(77)(87). (7.1)
This result is quit consistent with the expected value of the Ao minimal model. Our discussion

there supports the restoration of the locality in the continuum limit.
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Third, we apply the above method to the non-minimal SCFT associated with the torus
compactification of superstring theory. We deformed the geometry of the torus compactifi-
cation that from the As ® Ao ® Ay Gepner model. To do this, we added the operator xyz
to the superpotential z® + 43 4+ 23. It is believed that this operator is marginal, and so, the
central charge c is identically equal to 3 under this deformation. We numerically observed
this fact, and provided the non-perturbative evidence of the conjecture that the operator xyz
is marginal.

All these studies show a coherence picture which is consistent with the conjectured LG
description of SCFT. Although the theoretical basis of this numerical approach is not obvious
because of the non-locality, our investigations support the validity of the formulation. Of
course, it is important to confirm further the theoretical validity of the formulation, that is,
the restoration of the locality of the theory. We hope that the numerical approaches, when
further developed, will be useful to study dynamics of the superstring compactification via
the LG/CY correspondence.

For a possible application to the CY compactification, a simulation of the A4-type theory
with the superpotential W = ®° will be an important starting point. This is because a CY
manifold is given by the tensor product of the five A4 minimal models. A related issue with
the continuum-limit analysis is to consider the continuum limit for the central charge. It is
also interesting to compute the Zamolodchikov’s C-function directly. These could be analyzed
by the gradient-flow method [116,(122] in a lattice formulation such as that in Ref. |61,62]E

!By employing the gradient-flow method, one can construct a regularization-independent form of the
Noether current associated spacetime symmetries [123-127]. There also are various analyses for the relation
between the gradient flow and the renormalization group flow [128H138|



Appendix A

A fast algorithm for the Jacobian
computation

A.1 Jacobian in the Ny =1 WZ model

We can accelerate the computation of signdet % by effectively halving the size of the
matrix,
O(N,N*) 2ip. W"(A)*x* (A1)
O(A, A*) — \W"(A)x 2ips ’ '

[3(1\7, N*)] _ < 2ip=0p,q W (A)(g p)*>
9(A, A¥) P LolLl W"(A)(p—q) 2ipz0p,q
_ < Qipzép,q L01L1 W//(A) (p - q)T> ] (AQ)
W (A)(p - q) 2ipz0pq

Note that Eq. (A.2) is a [2(No+1)(N1+1)] X [2(No+1)(N1 +1)] matrix when the momentum
takes the values

27 N
=— =0,+1,..., £~ A3
Pu Lu Ny, ny ) ) "9 ( )
where we have assumed that both integers Ny and N7 are even,
We write the matrix in Eq. (A.2)) as
(N,N*) _ (iP Wi (A4)
(A, A — \W iPT)" '

It should be noted that the diagonal matrix P, whose p, ¢ element is 2p.d, 4, does not have
an inverse because it has zero at p = 0; what we want to do is to remove this zero.
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Considering the case that P and W are 3 x 3 matrices for simplicity, we can confirm that
the determinant of the matrix in Eq. (A.4) can be deformed as

A1 —
0 Wi A1 Wi Wa
)\2 2 >‘2 W1*3 WZ;((S
det = —|Wyldet | ~ = , (A5
Flwn W Wi A Wzl de Wi Wiz As (45)
War Wiy Wag 0 Wi Was A4
W31 Wia Wss A
where
—~ 1 Wi Wi
Wi = —— det Y . A6
T Wy <W2j W22> (A.6)
In an analogous way, we can write, for the general case,
P Wt ., [iP W
det <W iPT) = —|Wo,0|" det (W pt ] (A7)

where Wy is the component at (p,q) = (0,0), det’ is the determinant in the subspace in
which the components with p = 0 or ¢ = 0 are omitted, and

—~ 1
W,y = — det <va‘1 pr) . (A.8)

Note that this is simply the determinant of a 2 x 2 matrix.
Since the right-hand side of Eq. (A.7)) refers to the subspace in which P has an inverse,
the Jacobian can be expressed as

ip Wt o, (iP O\ . ,[I (—i)PiWT
WY L ) — A.
det <W zPT> [Wool” det (W I) o Pt W ()P (A.9)
= — W0l det’ (-PPT - Pf/IV/P_le) . (A.10)

Here, the inverse of P is given by

_ 1 Pz
P =45, =-—"20,.. A1l
( )p7q 2pz p,q 2|pz‘2 b,q ( )

Thus, substituting the matrix elements in Eq. (A.2]), we have

2

P Wt - / 1 I
det <W iPT) = —det'(—1) ‘LOL1W (A)(0)

1 \V—p —
/ 2 Pzyrn _ " At
x det” | 4[| 5p,q+(LOL1) l§¢0: CW A=W (A=),

(A.12)
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where for p # 0,

W”(A)(p —)= W"(A)(p—1) W' (A)p- 0))

1 det < " i
W”(A)(0) W"(A)(0—1) W”(A)(0-0)
1

= WA [W”(A)(p — YW (A)(0) — W"(A)(W"(A)(-1)] . (A.13)

Here, the factor det’(—1) is
det’(—1) = (—1)NoFDWNiHD)=1 — 19 (A.14)

for Ny and Nj are even.
Thus, finally, the sign of the Jacobian is given by the sign of the determinant of a matrix
with smaller dimensions [(No + 1)(N1 + 1) — 1] x [(No + 1)(N1 + 1) — 1], as

: iP Wi
sign det <W z'PT>

1 V' —p —
= —det’(—1) signdet’ |4|p,|*0pq + | — Z p—W”(A)(p —OW"(A)(g—1)*|. (A.15)
LoLy = I,

Since the computational cost required for the matrix determinant is O(N?) for a matrix of
size N, this representation reduces the cost by ~ 1/8.

It turns out that the above sign is mainly negative for most of configurations of A(p).
Since the overall sign of sign det % is irrelevant in the expectation value of Eq. ,

9(A,A%)
we regard Eq. (A.15)) asE|

, O(N,N*)
— sign det (A A (A.16)

A.2 Jacobian in the Ng = 2, 3 WZ model

For the WZ model with multiple superfields, we write the Jacobian as
O{N}ANT}) ( 2i017P=0p.q 010 W (A)(p — Q)T>
det ——————= = det ' o1 A7
({A}, {47} L 0,0,W(A)(p — g) 2611050 (A17)
P W0 Wi,
Wi Pt Wi 0

=det| 0O W, P W : (A.18)
War 0 Was iPt
where I, J run over 1, 2, ..., Ng, and 9y = 9/0A; This Jacobian is the determinant of a

[2Ng(No + 1)(N1 + 1)] X [2Ng(No + 1)(N7 + 1)] matrix and the momentum takes the values
given in (A.3))

1Or we may simply say that the partition function (5.15) is defined with another negative sign.
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Note the for the determinant of invertible block matrices M;;,

det <M11 Mo

= _ -2
Moy Mm) = det Moo det (M1 — Myo M5y Moy) (A.19)

and

My Mio Mz
det | Ma1 Moy Mos
Ms1 Mss Mss

= det M33 det (MQQ — M23M3_31M32)
x det |:(M11 — M13M3_31M31)

— (Mg — MysM33' Mso) (Mas — M23M3_31M32)_1 (Myy — M23M3},1M31)] (A.20)

Thus, we have the Jacobian as the determinant of a matrix with smaller dimensions [2(Ng —
1)(No + 1)(N1 +1)] x [2(Ne — 1)(No + 1)(Ny + 1)] for Ng = 2,

got 20N ANTY)

o({A}, {A*})
Wi Pt Wi 0
P W0 W,

_(_1)\2
= (=1)%det W O Wi ibt (A.21)
0 Wi, iP W,
Wa 0 Wy Pt
B 0 Wi, P W
= det Wll ’LPT W12 O (A22)

Wao1 ) <W22 iPT> <(W12)_1 ) (WU Z'PT>]
x det —( . _ X , A.23
(™ ) - (7w wiy ) Vie wi)| B2
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and for Ng = 3,

O{N}A{N"})
o({A},{A*})
Wor 0 W PP Wi 0
0 Wi P Wi, 0 Wi
Wi Pt Wi 0 Wiz 0

det

= (—1)3det P owhoo wh oo wh (A.24)
Wi 0 Wi 0 Wiz iPf
o Wi, o wi, P Wi
= (—1)3’ det W21|2
0o W, 0 W
<det |y 00 Wy Pl
0 Wi, iP Wi
Wy Pt
P W | (W)t Wy iPT Wy 0 A25
Wi 0 < (ng)_1><ip W2Tz 0 W2T3> . (A.25)

0 Wi
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