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Abstract

Over a long period of time, there exists the notorious or deserved-to-attack problem in quan-
tizing the (3 4 1)-dimensional gravity, uncontrollable ultraviolet divergences. Against this open
problem, a brand-new breakthrough has been proposed by P. Horava, which we call the Lifshitz-
type gravity because it is closely related to the so-called Lifshitz point in the condensed matter
physics. The most amazing thing is its power-counting renormalizability in 3 + 1 dimensions.
What is paid in return is the requirement of the strong anisotropy between space and time
in high energies. However this theory is expected to flow naturally to the relativistic general
relativity in low energies, which is not confirmed (up to January 2010).

In this thesis, we review the Lifshitz-type gravity, and try to uncover some aspects embedded
in this profound theory. Further we would like to discuss the possibility that this Lifshitz-type
gravity in 3 + 1 dimensions may be the continuum limit of the (3 4 1)-dimensional causal
dynamical triangulation of the Lorentzian space-time manifold, which has been pointed out
by P. Horava. To carry it out, we model on the discrete-vs.-continuum structure in the 2-
dimensional quantum gravity. In this line of thought, we review the 2-dimensional dynamical
triangulation and its matrix model dual, and we would like to see how its continuum limit
becomes the bosonic Liouville field theory with ¢ = 0. Then we discuss the (1 4 1)-dimensional
causal dynamical triangulation which poses the causality on the dynamical triangulation, and
discuss its continuum limit. Taking advantage of the intriguing structure of the 2-dimensional
quantum gravity, we investigate the relation between the Lifshitz-type gravity in 3+1 dimensions
and the causal dynamical triangulation in 3 + 1 dimensions via the spectral dimension.
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fThis review article is based on author’s master thesis submitted to Nagoya University in January 2010, and
revised in November 2018.



Omnibus ex nihil ducendis sufficit unum. — J. A. Wheeler



Contents

1 Introduction 7
I Lifshitz-type gravity 11
2 Theories at Lifshitz point 11
2.1 Lifshitz point . . . . . . . . . . e 11
2.2 Space-time anisotropy . . . . . . . ... L e e 13

3 Detailed balance condition 14
3.1 Lifshitz scalar . . . . . . . . . oL e 15
3.2 Stochastic quantization . . . . . .. .. L L 17
3.2.1 Langevin formulation . . . . .. .. ... ... 17

3.2.2  Application to scalar field . . . . . ... ... L L 19

4 Gravity at Lifshitz point 21
4.1 Z = 2 Lifshitz-type gravity in D dimensions . . . . . . . . . .. ... ... ...... 22
4.1.1 Foliation-preserving diffeomorphism . . . . . . . .. .. ... ... 23

4.1.2 Hamiltonian formalism . . . . . . . . .. .. . 25

4.1.3 Linear approximation . . . . . . . . . . .. .o 26

4.1.4 Relevant deformation . . . . ... ... .. .. ... ... e 30

4.2 Z = 3 Lifshitz-type gravity in 3 + 1 dimensions . . . . . . . . .. ... ... .. ... 32
4.2.1 Linear approximation . . . . . . . . . . ..o 34

4.2.2 Relevant deformation . . . . . . .. .. Lo 35

5 Discussions 36
IT 2 dimensions 38
6 Liouville field theory 38
6.1 Emergence of Liouville action . . . . . . . . .. .. .. 38
6.2 Renormalized Liouville action . . . . . . . . . . . . .. .. ... ... ... ... 41
6.3 String susceptibility . . . . . .. L 44

7 2-dimensional dynamical triangulation 45
7.1 Continuum theory . . . . . . . . . L 45
7.2 Discretized theory . . . . . . . . 47
7.3 Loop equation as recursion relation . . . . . . ... Lo oo 50
7.4 Loop equation via matrix model . . . . . . .. ... ... ... 52
7.5 Loop insertion operator . . . . . . . ... Lo 57
7.6 Solving the loop equation . . . . . . . . . . . 59
7.6.1 No-interaction case -branched polymer- . . . . . . . .. ... 64

7.6.2 Surface induced by quartic vertices . . . . . . . .. ... oL 66



7.6.3 Even-sided-multi-boundary case . . . . .. .. .. ... ...
7.7 Structure of singularity . . . . ... ..
7.8 Continuum limit . . . . . . . ...

8 (1+1)-dimensional causal dynamical triangulation
8.1 What is causality? . . . . . . . . e
8.2 Constructing discretized universe with causal structures . . . . . . . . ... .. ...
8.3 Continuum limit . . . . . . . ..

9 Generalized causal dynamical triangulation
9.1 “Mild” causality violation . . . . . . . . .. .. L
9.2 String field theory . . . . . . . . e

10 Discussions

IIT 4 dimensions

11 Causal dynamical triangulation in 3 + 1 dimensions
11.1 Regge action . . . . . . . . . . e

12 Spectral dimension
12.1 Effective dimensions . . . . . . . . . ..
12.2 Spectral dimension in causal dynamical triangulation . . . . . . . ... ... ... ..
12.3 Spectral dimension in Lifshitz-type gravity . . . . . . . . . . . ... ... ... ....

13 Discussions

IV Concluding remarks

V Appendices

A ADM formalism
A.1 Extrinsic curvature . . . . . . . . . ...
A.2 Lapse function and shift vector . . . . . . . . .. ...
A3 Gauss-Codazzi equations . . . . . . . . . . ...
A.4 Hamiltonian formalism . . . . . . . . . . . . . e
A5 Constraint algebra . . . . . . . L

B Regge action

C Matrix model
C.1 Large-N limit and "tHooft coupling . . . . . . . ... ... ... ... .. ... ..
C.2 Matrix-model calculations . . . . . . . . . .

75
75
76
80

83
83
87

89

90

90
90

93
93
95
96

98

99

100

100
100
102
103
105
108

112



1 Introduction

Every theory in physics has its applicable range. Extending its range stands for constructing the
more fundamental theory. In the case of gravity, the corresponding fundamental theory is Einstein’s
general relativity. General relativity can predict the gravitational dynamics at the astronomical
scale such as Mercury’s precession rate of 43 seconds of arc per century. Up to the present date, there
is no discrepancy between general relativity and experiments. Although general relativity is very
strict, it is supposed to be broken down at “short” range. In the present accelerator experiments,
the shortest scale which we can probe is about 10~ 7cm, so that the “short” range means the range
shorter than 10~ '7cm. Once general relativity goes over its applicable range, we need to find out
the more fundamental theory of gravity which covers the shorter range. That is quantum gravity.
The word “quantum” is named after the theory which can describe the microscopic range, that is
quantum mechanics. Is general relativity really affected by the quantum fluctuations at “short”
range? We can answer this question by remembering Einstein’s equation:

1
R, — igWR + Aguy = 8nGNT ),

where G is Newton’s gravitational coupling constant. The left-hand side is the beautiful purely
geometric part. On the other hand, the right-hand side is the matter part. The matter part must
be quantized by quantum mechanics. Thus the metric in the left-hand side must be affected by the
quantum fluctuations via the right-hand side of the equation. This is the reason why we need to
construct quantum gravity.

However, when we try to construct quantum gravity there exists the difficult problem, uncon-
trollable ultraviolet divergences. The high momentum (ultraviolet) region is equivalent to the short
region because of Heisenberg’s uncertainty relation. Thus this problem means that the quantum
fluctuation can be too large to handle in the short region. When we consider the small fluctuation
of the metric from the flat background, this problem occurs. We call such a small fluctuation the
graviton denoted by h,,,. If we expand the Einstein-Hilbert action,

1
167G N

SeH =

/ dhry"g(R - 20),

with respect to the graviton A, the uncontrollable or in other words nonrenormalizable ultraviolet
divergences emerge. This fact can be also understood via the negative mass dimension of G, that
is [G N] = —2.

To overcome this situation it is natural that by considering the Einstein-Hilbert action as
the low-energy effective action we insert the higher-derivative terms such as R?, R, R* into the
Einstein-Hilbert action. Further expressing the graviton in terms of the momentum p, we can derive
the quantum fluctuation of the gravitational field as

1 « I5} 2%

B (p)]2) = -2 .
([P (P)[7) ap + 622 + (PP + ... p? +p2+m2 +p2+m2 +

At first sight, this seems to cure the ultraviolet divergences because in the high momentum region
the quantum fluctuation converges more quickly than p~2. However, the other problem shows up.

Taking a look at the second equality, we notice that letting the fluctuations converge more quickly
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than p~*, at least one of coefficients («, 3, v, ... ) must be negative. In fact the coefficient expresses



the transition probability to some state with the mass (m, m, ...), and the negative coefficient
means the negative probability '. This is not good news.

In the present, physicists are struggling to find out the true consistent quantum gravity both
theoretically and phenomenologically. The most well-known candidate is superstring theory. This
sophisticated theory avoids ultraviolet divergences by considering the fundamental element is the
1-dimensional string. In this case, the loop in the Feynmann diagram does not crumple, that is
no ultraviolet divergence. Another candidate for quantum gravity is loop quantum gravity. This
theory is based on the idea that the perturbative method is not suitable for the gravity so that
quantum gravity must be formulated nonperturbatively. Thus loop quantum gravity is constructed
in terms of not the path-integral formalism but the Hamiltonian formalism. Contrary to that, there
exists the approach by using the path-integral method, and in this line the most prosperous one
is the so-called causal dynamical triangulation which we focus on in this thesis. We can list lots
of other possibilities. The existence of various models implies the difficulty of testing the quantum
effects of gravity by exprements. Unfortunately, more or less every-existing theory has problems. It
seems that getting the true quantum theory of gravity we need to overcome some barrier by some
acrobatic point of view.

In the situation like above, the intriguing model has been proposed by P. Horava [2, 3]. In this
thesis, we call it the Lifshitz-type gravity because it is closely related to the Lifshitz point in the
condensed matter physics. The Lifshitz type gravity requires the different scaling between space
and time at high-energy region, which makes the theory being power-counting renormalizable.
Anisotropic scaling means the violation of the Lorentz symmetry which is the symmetry of the
background space-time. Can this model be a consistent quantum gravity? We can say yes in the
sense that if the space-time is an emergent object from some mechanism at high-energy scale, then
the symmetry of the space-time, the Lorentz symmetry, is not fundamental but effective. The
validity of this statement must be discussed seriously. In this thesis we would like to follow up the
possibility that the Lorentz symmetry is the low-energy effective symmetry.

Furthermore, P. Horava also has proposed the possibility that the Lifshitz-type gravity may be
the continuum limit of the causal dynamical triangulation [4]. The causal dynamical triangulation
is the lattice-regularized gravity constructed by the Lorentzian path-integral. If we can verify this
possibility, it must be meaningful for both theories. Further we may understand something about
quantum theory of gravity. Even the tiny information is tremendously important if it is true. Our
goal in this thesis is approaching this possibility as possible. Our tactics toward this purpose is
modeling on the discrete-vs.-continuum structure of the 2-diemnsional pure quantum gravity.

This thesis consists of five parts:

e Lifshitz-type gravity (Detailed balance condition)

2 dimensions (String susceptibility)

4 dimensions (Spectral dimension)
e Concluding remarks

e Appendices

!This argument is based on [1].



We listed the title of each part, and add the keyword in the bracket. The first three are the main
parts of this thesis. The each part has several sections.

—Lifshitz-type gravity—

In section 2, we introduce the basic idea of a Lifshitz point and its field theory. Through this
section, one can understand the space-time anisotropy in the Lifshitz-type theory. In section 3,
which is the key section in this part, we focus on the concept, the detailed balance condition. This
is the guiding principle when we construct the action of Lifshitz-type theories. In section 4, we
explain the Lifshitz-type gravity models, and then we try to find out some intriguing aspects of
these models. This section is the one of main sections in this thesis. Section 5 is the discussion of
this part.

—2 dimensions—

In section 6, based on the concept that the Liouville field theory with ¢ = 0 is equivalent to
the Euclidean 2-dimensional pure gravity, at first we see how the Liouville action emerges as a
consequence of the Weyl anomaly. Then we construct the renormalized Liouville action, and using
it we calculate the critical exponent, the string susceptibility. This is the indicative quantity when
we discuss about the equivalence between the lattice-regularized theory and the continuum theory.
In section 7, we review the Euclidean dynamical triangulation in detail. The goal of this section is
understanding the concepts in the dynamical triangulation of the space-time and the matrix model
dual. The important point here is the string susceptibility derived by the dynamical triangulation
(or the matrix model). In section 8, we introduce the causal dynamical triangulation, and focus
on how to impose the causality on the dynamical triangulation. In section 9, we generalize the
causal dynamical triangulation by allowing the configurations which violates the causality “mildly”.
Section 10 is the discussion of this part.

—4 dimensions—

In section 11, we extend the causal dynamical triangulation in 1 + 1 dimensions to in 3 + 1
dimensions. The important point here is the building block in the regularization, that is the
4-simplex. In section 12, we discuss about the one of main points in this thesis, the spectral
dimension. We compare the spectral dimensions derived by the causal dynamical triangulation and
the Lifshitz-type gravity. Section 13 is the discussion of this part.

—Concluding remarks—

In this part, we discuss the possibility that the continuum limit of the causal dynamical trian-
gulation is the Lifshitz-type gravity, and comment other possibilities.

—Appendices—

In appendix A, we review the fundamental ideas of the ADM decomposition of general relativity.
This helps when one reads the section of the Lifshitz-type gravity. In appendix B, we introduce
the derivation of the so-called Regge action. This action becomes the basic concept in the lattice
gravity. In appendix C, we explain about the matrix model. In this appendix, one can understand
the large-N limit, the 'tHooft coupling, and the Vandermonde determinant. We calculate the free
energy in the spherical limit.



Part 1
Lifshitz-type gravity

2 Theories at Lifshitz point

First of all, we explain about the Lifshitz point [5] and its property based on the Landau theory in
the condensed matter physics?. Then we will define the precise meaning of placing the theory at a
Lifshitz point, which is the central idea of this section. As a consequence, the theory at a Lifshitz
point is Lorentz violating one in general, which also can be seen at the end of this section.

2.1 Lifshitz point

Before discussions, we would like to review some terminologies and concepts in phase transitions.
To begin, we define the phase as the region of a thermodynamic system where its physical properties
are uniform, and call its variation the phase transition. More precisely, the phase transition is some
drastic change of the medium in the system. The phase transition occurs at the characteristic point
called the critical point, and the temperature at this point is called the critical temperature, T,.. For
instance, the water has three phases, the solid, the liquid, and the vapor. Of course the medium
is H2O. In this case, the evaporation is one of the phase transition, and its critical temperature
is about 100°C. Often but not always the phase transition occurs among phases with different
symmetry. If we focus on one symmetry and consider two phases with and without the symmetry,
then we call the phase with the symmetry the ordered phase and do the disordered phase for others.
As for the liquid/solid transition in the water, the liquid phase corresponds to the disordered phase,
and on the other hand the solid phase does the ordered phase. In such a case, the symmetry is the
translational symmetry.

In the following, we concentrate only on this class of phase transitions. Now we would like to
know how we can distinguish different phases. It can be done by introducing the order parameter.
We call the thermodynamic average of some operator an order parameter ¢ if it can distinguish the
ordered phase from the disordered phase. Again for the water, the density is the order parameter.
By using the order parameter, we can also classify the two types of phase transitions. The transition
is called the second order if the order parameter rises continuously from zero in the variation of
the temperature. Meanwhile the transition is called the first order if the order parameter jumps
discontinuously to nonzero. Now let us step into the Landau theory. The basic concept of the
Landau theory is expanding the free energy in terms of the order parameter in the sense that
the order parameter is small, and according to the required symmetry of the phase we vary the
coefficients of the order parameter. Nature is known to choose the lowest value of the free energy
so that if we can know the value of the order parameter which gives the lowest free energy in each
phase, then we can identify the different phases. This type of the free energy is called Landau
phenomenological free energy because it can be determined phenomenologically.

The general form of this free energy (density) can be written as follows:

F=ap? +bp* 4+ co® + -+ a(Vp)? 4+ B(VZP)2 + - | (2.1)

*Discussion is based on [6].
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Figure 1: (A): The second order phase transition, (B): The first order phase transition

where ¢ is the order parameter and V¢ is its derivative. All coefficients are the function of the
temperature. As for the second order phase transition, corresponding free energy can be written
up to irrelevant terms such as

F ~ a¢? + bo?, (2.2)

where b is greater than zero. In this case, the coefficient a can classify the phases. If we take ¢
as the magnetization, the region a < 0 shows the spontaneous magnetization whose free energy is
the well know wine-bottle type. a = 0 region stands for the critical point (criticality). Explaining

F

T=Tc T>Tc T{TC
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Figure 2: The spontenious magnetization

by words alone, in the first order case, the coefficient b plays a role of a in the second order case.
We would like to introduce the Lifshitz point as the second example [5]. The Lifshitz point is the
tricritical (end) point as to the vector-like (scalar-like) order parameter. The critical end point
means that a line of the second order phase transition terminates by the first order line. In the
Lifshitz type tricritical endpoint, the corresponding free energy is written by

F ~a¢? +bp" + a(V)* + B(V?¢)*. (2:3)

where b > 0 and 5 > 0. This type of the tricritical endpoint is obviously different from the standard
tricritical endpoint. At the Lifshitz point, coefficients, a and «, become zero so that the free energy
at the Lifshitz point is

Frs ~ bo* + B(V2¢)>. (2.4)

In high energies, the leading term of the above is 3(V2¢)?, and if we construct the action containing
this term as the potential, then we will call such a manipulation placing the theory at a Lifshitz



point as a definition. For example, such a theory is written by the following action [6, 7]:

S = —;/dedt[<8t¢(:c,t)>2—<;3i8i¢($7t)>2],

where the space-time dimension is D + 1. The scalar obeying the above action is often called the
Lifshitz scalar.

2.2 Space-time anisotropy

In this subsection, we would like to see that the theory at the Lifshitz point is anisotropic between
space and time. We can carry it out easily by considering about the conformal dimension of the
Lifshitz scalar. If we pick up the kinetic part of the Lifshitz scalar action:

1
§=-3 /dDmdt(8t¢(x,t))2,
and assuming the scalings of x' and t like:
b= bt t— b7, (2.5)

where b is some constant, and we call the constant Z the dynamical critical exponent, and then we
can calculate the conformal dimension, or mass dimension of ¢ by its kinetic term:

0 = [dt] + [dPz] + 2[04) + 2[¢] = —Z — D + 2Z + 2[4).

Thus we get

Futhermore, if we add the potential term

S = —% / dD:cht[<8t¢(x,t)>2—(;@3@@,&)1, (2.7)

then we also calculate the conformal dimension of the adove action like this:

D-Z
0 = [dt] + [dPz] + 4]93] + 2[¢] = —Z—D—I—4+2< 5 ) .
Thus we determine the dynamical critical exponent Z:

Z=2. (2.8)

This expresses the strong anisotropy between space and time. We can also understand that this
anisotropy is originated from the Lifshitz type potential term as we mentioned before. It is also
possible that we construct the more general Lifshitz type action by using the following potential:

(V)Z9)%. (2.9)

In this thesis, the action having the above potential is called the Z Lifshitz-type action. Of course,
7Z=1 means Lorentzian theory. It is meaningful to mention about something intriguing at this point,

10



namely we can get the general Z Lifshitz-type action by using the different way which is called
detailed balance condition. Such a condition is closely related to the stochastic quantization, and
this lets us understand that theories at a Lifshitz point are strongly disturbed by some “quantum”
fluctuations as we will see in the later sections.

As the conclusion of this subsection, let us consider about the mechanism of the Lorentz sym-
metry breaking. One can remember the free energy at the Lifshitz point is

Fs ~ bp" + B(V?¢)?,

where b > 0 and 8 > 0 as before. If the Lorentz symmetry breaking were possible, it would turn
into reality only at high energy, maybe at Planck scale. On the other hand, what about the low
energy region? We can consider about this question from various points of view. One of them is
the assumption that the system is getting away from a Lifshitz point as coming to the IR. This can
be realized by restoring the terms vanishing at a Lifshitz point. Namely

F ~ a¢® + bt + a(Ve)? + B(V39)2.

If we assume all the coefficients except for 3 are large enough to neglect the Lorentz-violating
terms, then it seems to recover the Lorentz symmetry in the low energy region in the sense that
the dynamical critical exponent is not two but one. But we do not have any tool to answer how
and when coeflicients are away from zero.

3 Detailed balance condition

What we would like to handle in this section is the detailed balance condition, which is closely
related to the stochastic quantization®. At first, just by using the detailed balance condition
without explaining its origin we try to relate the partition function in D flat dimensions with the
density of the ground state wave functional in D + 1 dimensions. In the free scalar case, one can
notice that the (D +1)-dimensional action is precisely the Z=2 Lifshitz-type action. This procedure
helps us to uncover the secrets of theories at a Lifshitz point. Then we would like to get all messy

components together with the help of the stochastic quantization.

3.1 Lifshitz scalar

We take the D -flat-dimensional Euclidean free scalar action as our setting:

W= % / dPx(8:00:0), (3.1)
where x = (z1, 9, - ,zp). The partition function of the above is
2 = [ Dolx) expl(-Wiolx). (32)

Now we assume that the configuration space in some (D + 1)-dimensional theory coincides with
the above all ¢(x). Or in other words, by the above statement, we define the (D + 1)-dimensional

3This section is based on [2, 8, 9, 10]
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theory. The wavefunctional of (D+1)-dimensional theory is denoted by W[¢p(x, ¢)]. In this situation,
we would like to assume that the ground state wave functional Wy[¢(x,t)] reproduces the weight
of the partition function at some fixed time, that is

exp(=Wlp(x)]) = Wolo(x, )] Wo[p(x, 1)]- (3-3)

What is the (D + 1)-dimensional theory which satisfies the above relation? We can answer this
question by taking the (D + 1)-dimensional action as

S— % / dtdPx {(45)2 _ i(Agﬁ)?} (3.4)

where A = 0;0;. This action is the Lifshitz-type action as we have seen. In addition, this action
must satisfy the important condition

(720) = (35009)

This condition is called detailed balance condition which causes the strong anisotropy between

(3.5)

6(x)=p(x,)

space and time. The rest of our work is that its ground state wave functional really reproduces
the partition function in D dimensions. To make our work complete, we construct the (D + 1)-
dimensional Hamiltonian as:

H= % / dPx {PQ + i(AW} (3.6)
where we take the representation of P as
Plx,t) = —i— (3.7)
6¢(x, t)
in an agreement with the equal-time canonical comutation relation:
[6(x. ), Py, 1)] = i6'") (x — ). (3-8)
We take the somewhat mandatry procedure, that is that we set the operators like:
O(x, 1) = iP(x1) —~ 5 AG(x.1), (39)
and its complex conjugate
O(x,t) = —iP(x,t) — %Aqﬁ(x, ). (3.10)

Then calculating the anticommutator of these leads
> 1 2 1 2
{Q6x,1),0x, )} =4 |5 ( P+ {(A0)
=4H,

where H denotes the Hamiltonian density up to the UV divergent zero-point energy. Thus the
Hamiltonian is

H= i/de{Q(x,t), A(x, 1)} (3.11)

12



We introduce the ground state wavefunctional Wo[¢(x, )] in the following sense:
HWo[o(x,t)] = {Q(x, 1), Q(x, 1) FWo[¢(x, t)] = 0. (3.12)

We can choose QWg[¢] = 0 or QW([¢] = 0 as the answer. If we choose the former one, then we can
derive the ground state as follows:

5 A0 0) Vool 1)

Q(X, t)\IIO[Qb(X?t)] = (5¢(
e (3.13)
Thus
Wolp(x,t)] 1
W = 5A0(x, 1) ¥o[o(x, 1))
1 0W
25000 ¢(x):¢(xyt)\llo[gb(x,t)]. (3.14)

In the last line, we have just used the detailed balance condition. The ambiguity of the sign is
originated with the choice: QWq[¢] = 0 or Q¥g[p] = 0. If we choose the minus sign, then we get

Wolo(x,t)] = exp(—i / deamaiqs), (3.15)

up to some constant. This is exactly what we want, that is that this ground state wave functional
can reproduce the weight of the partition function in D dimensions. The most important thing in
this subsection is that the Lifshitz-type action can be constructed by the detailed balance condition,
which relates the D-dimensional Euclidean theory with the (D+1)-dimensional Lifshitz-type theory.
In the following subsection, we will see more precisely this profound relation.

3.2 Stochastic quantization

In this subsection, we would like to see the detailed balance condition from the different point
of view, that is the stochastic quantization. The interesting concept of this theory helps us to
understand what the origin of the detailed dalance condition is, and gives us a reason why the
detailed balance condition is related to the strong anisotropy between space and time to some
extent.

The stochastic quantization was proposed by Parisi and Wu in 1981 [?]. The key idea of this
theory is to take the Euclidean quantum field theory as the equilibrium limit of a statistical system
coupled to a thermal reservoir. Namely, the dynamical motion of the Euclidean fields are disturbed
by some random force originated from the heat reservoir. In the equilibrium limit, the stochastic
averages over these fields are identified with the Euclidean vacuum expectation values. Namely,
what we get in this process is equivalent to the one derived from the path-integral procedure. In
the stochastic quantization, there are two types of formulations: the Langevin formulation and the
Fokker-Plank formulation. In the following, we will concentrate on the former one, the Langevin
formulation.

13



3.2.1 Langevin formulation

First of all though, we have to introduce three technical terms:
e Stochastic variable
e Stochastic process
e Markov process

First, the stochastic variable X' is defined by its possible values x and the probability distribution
over these values is written by P(x), which often expresses the random fluctuation. The second
one, the stochastic process is the process that depends on the stochastic variables and the time
which is often called fictitious time. The third one, the Markov process is the stochastic process
that the probability for the system to some state at some time depends not on the whole history
but only on the most recent time.

One of interesting examples of the Markov process is the Brownian motion, which can be
described by the Langevin equation:

m%ﬁ(t) — ei(t) +i(8), (3.16)

which expresses the particle of the mass m moves in a liquid with the friction coefficient ¢ disturbed
by the stochastic vector 77 originated from the effect of the collision with other molecules. 7 is just
the stochastic variable which is called white Gaussian noise because of the assumption that n has
the Gaussian distribution.

Next, let us try to apply the above Langevin equation to the Euclidean field theory. The
procedure is as follows. First, we prepare the field ¢(x) described by the classical D-dimensional
Euclidean action W, and supplement them with an extra time ¢, the fictitious time, like:

d(x) = ¢(x,t). (3.17)
Then we assume that the field ¢(x,t) obeys the Langevin equation:
Op(x,t) <1 (5W) ’
—— =\ = +n(z,t). (3.18)
ot 200 Jls@)=o(a)

The first term in the right hand side is just the seed of the detailed balance condition. The
correlations of the white Gaussian noise 7 are given by

(n(z, 1))y = 0,

(1, t1) (w2, t2))y = 20(t1 — t2)6P) (21 — o). (3.19)

In general, the correlations of the odd numbers of n vanish while those of the even numbers do
not. Given some initial value ¢y, we can get the 7-dependent solution ¢, (x,t). We notice that the
¢n(x,t) is also the stochastic variable. Then we can write down its correlation functions as follows:

1
[ Dnexp(—1 [ dPxdt n2(x,t))

<¢77($17 tl) T Qbfi(l‘mv tm)>7)

14



1
X /Dngbn(xl,tl) o (T tm) exp(—z/dedt nZ(:c,t)>. (3.20)
The main idea of the stochastic quantization is

(p(z1) - d(wm)) = tli)r&<¢n(mla t) - dp(Tm,t))n- (3.21)

The left hand side is the correlation function of the D-dimensional Euclidean field theory. Applying
this procedure to the Euclidean scalar field theory gives us the clear understanding of the relation
between the stochastic quantization and the detailed balance condition so that in the following
subsection we will discuss about the scalar field case.

3.2.2 Application to scalar field

The purpose of this subsection is to see that in the context of the stochastic quantization the
Lifshitz-type theory is strongly disturbed by random forces, and in the equilibrium limit this be-
comes a lower dimensional Euclidean theory at the level of correlation functions. Consider the
action of the free scalar field in D flat dimensions with the Euclidean signature,

1

/dDa:[ai(]ﬁ(a;)(‘)id)(x)] (3.22)

wigl = 5

where ¢ runs from 1 to D. Then what we need to do is supplementing the extra time t:
o(x) = o(,1).
We require this new field ¢(x,t) evolves in the fictious time direction, in other words, obeys the

1oW
Orp(x,t) = — (2 5¢> ‘qb(x):d)(mvt)

_ %&-8@(1‘,75) 4, 1). (3.23)

Langevin equation:

+n(z,t)

The scalar field which satisfies the above equation is 7-dependent-stochastic variable ¢,(x,t). In
this line of arguments, we can describe the correlation function:

(Dn(x1,t1) - Op(Tm, tm))ny = ;/Dﬁgbn(l‘l,h) o Op(Tm, tm) €XP [—; /dDz:dt 772(;U,t)], (3.24)

where the partition function Z is

Z = /Dnexp(—;/dedt 772(9;,75)). (3.25)

This means that ¢ is disturbed by the white Gaussian noise 7. In the equilibrium limit, the Langevin
equation is
1
0= at¢($7 t) = iazaz(b(xa t) + 77('%'7 t)' (326)
Since 7n(z,t) = 0 in the equilibrium limit, the equation of motion of the Euclidean D-dimensional
theory (the free scalar) holds:
ow
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Next, we consider the equal time correlator satisfying the following relation:

T (0 (21,) g, )y = (@(a1) -+ Gl (3.28)

which is the central idea of the stochastic quantization. For simplicity, we will just consider the
partition function (3.25):

1
Z= /Dn exp [—QdDazdt 772(33,15)].

If we change the variable from 7 to ¢, then we get

1 1 2
Z = [ D¢ det <ol —= | dPzdt [6 ;1) — <8¢8¢ ,t> ])
/ ¢ [ ¢] n= 8t¢xt)_7aa¢(xt)e p< 2/ r t¢(x ) 2 (b(:v )
_ on
N / Do det [5@5] N (3.29)

n=0(x,t)— 50 i (x,
where the Jacobian is just the constant so that we can neglect it, and S is the (D + 1)-dimensional

action. We can read off the explicit form of S:
1 [ p 1 2
S = ~3 d7zdt | Op(x,t) — 5&»8@(3:,15)
1 [ p s (1 2
= —5 d” xdt (8t¢(x, t)) + 5818@(:5, t) =5z, (330)

where we have used the fact that the cross-term, (9;¢)0;0;¢, becomes the total derivative so that
we have neglected it. We notice that the last form of the (D + 1)-dimensinal action obeys just
7Z=2 Lifshitz-type action! One can check this exactly by rotating the fictitious time coordinate
into Lorentzian one because the action derived by the stochastic quantization is just the (D + 1)-
dimensional Euclidean action. Summing up all the calculations, we get

wmma%»mm/mmp&wmhw¢m%m (3.31)

where we redefine the partition function as

Z = /ngexp(—S’L). (3.32)

Consequently, we can understand that the random force causes the strong anisotropy between space
and (fictitious) time. Namely, the stochastic field ¢, (z,t) is disturbed by some “quantum” effects,
and in the end, it reaches the equilibrium. In this situation, what the stochastic field obeys is the
detailed balance condition. As we have seen before, the point where the field governed by this
condition is the Lifshitz point.

Alternatively, we can put the fermion into the (D + 1)-dimensional action Sy,. It is achieved by
using the Gaussian integration. Remembering the determinat emerged by changing the variable,
and introducing two types of fermions, we get

on
“LA

_ / DU exp( / At (. 1)(0, — L0, D). (3.3)

n:at (b(z?t) - %8261¢(Z‘,t)
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In this case, we get the action below:

Sy = / dP zdt [—;(8t¢(a:,t))2 - %(&Biqb(x,t))Q +(a,t) <at - ;aiai) w(x,t)] . (3.34)

Although adding fermions into the action is very interesting to argue, we do not treat it in this
thesis.

4 Gravity at Lifshitz point

In this section, we place the gravity at a Lifshitz point [3]*. To do that, it is good for us to remember
the ADM-decomposed action in the general relativity:

2
Spn = = / dtd3x [N\/c}(trK2 — (trK)? + R®)) + (surface terms) |,

where k is the Einstein’s gravitational constant. In the following discussions, we obey the conven-
tions appeared in Appendix A. Just for simplicity, we would like to rewrite the above action by
using the De Witt metric given by

g%]kl = 5(qqu]l + qzlq]k) . ngqkl‘ (41)
We can write down the action as follows:
2 .
Seu = [ dtds [N VAK5GM Ky + R9) + (swrface terms)|. (4:2)
K

If we focus on the only compact topologies, we can omit the surface terms, and hereafter we will
consider only on such compact topologies in this thesis. We call the first term in the action kinetic
term, and potentail term for the second one because the first one has time derivatives and the
second one does not. We are ready to place the gravity at a Lifshitz point. As in the case of
ADM decomposition in the general relativity, we fix the space-time topology to the one which is
diffeomorphic to S (space) x R (time). We try to construct the D-dimensional Lifshits-type gravity
action. The procedure is leaving the kinetic term as in the general relativity, and then replacing
the potential term with the one which satisfies the detailed balance condition by using the lower
dimensional action, that is

2 . K2 ow oW
= [ dtdPzN \/q| S KGO Ky — ~— ( —— ) Gijut | —— 4.
Sur, / x \/21[/{2 " 17 g (\/65qz'j)g”kl<\/§5%z>]’ (4.3)

where W is some (D — 1)-dimensional Euclidean action. In fact, the kinetic term is not exactly the
same as in the general relativity, namely the coupling constant X is put into the De Witt metric

such as
Gkl = %(qikzq]’l +glg?®) — Agigh. (4.4)
The position of X is arbitrary. Its inverse is defined by
Gijkl = %(Qik(h’l + quajr) — #Qiﬂkh (4.5)

4This section is based on [3].
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in the following sense:
3 1
G Gk = 5(5ki5lj + 6167 5). (4.6)

Our desire in this section is taking the Lifshitz type gravity as a candidate for the quantum gravity.
In the following subsections, we would like to see the interesting properties of the Lifshitz type
gravity theory.

4.1 7 = 2 Lifshitz-type gravity in D dimensions

To begin with, we concentrate on the Z = 2 Lifshitz-type gravity that is expected to have the 4th
order derivative terms at most. If we remember the part of the potential term, (%)gﬁkl(%),
we notice that the action W that has 2nd order derivative terms is the candidate. Remembering the
interesting notion of the stochastic quantization, that is that the theory disturbed by random forces
is related to the lower dimensional theory in the equilibrium, we can guess that the Lifshitz-type
gravity is related to the Euclidean gravity in the equilibrium. This is very attractive and reasonable
to some extent although it is merely an assumption. Thus we take W as D-dimensional Euclidean
Einstein-Hilbert action:

1
W=— / dPx\/qRP). (4.7)
Rw

where ry? is some coupling constant. The Ricci scalar really has the 2nd order derivative terms
as we desire. We can calculate the functional derivative of W as to the spacial metric:
ow 1

PP | i
i Y NG (4.8
ij

The quadratic term of this can be written by

oW oW 1 | g 1 |
L — (D)ij _ ~ p(D) ,ij . (D)ij _ — p(D) ki
(\/?15%) Gisw (x/@qm) [HW2 <R TR ﬂ G [HW2 (R Rt )]
1

- RODWRD),
AT DT DD+ (0

= KleLR(D)in(D)iJ' + /-;V1V4 [1 _D);\_—lf/4] R(D)2

- /~:1w4 [R(D)in(D)ij + “R(D)Q]‘ (4.9)

In the later discussion, we omit the label, (D). The total action is

I€2

8HW4

Shr = / dtLyy, = / dthxN\/a{;Kijgijlem — (RY Ry —|—aR2)]. (4.10)
Next we try to find the symmetry of this theory. In the case of the general relativity, the corre-
sponding symmetry is the four dimensional diffeomorphism. However the Lifshitz-type action has
only the spacial diffeomorphism at first sight. In fact, we can find the symmetry in D dimensions
which extends the spacial diffeomorphism and narrows (D + 1)-dimensional diffeomorphism. That
is the foliation-preserving deffeomorphism.
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4.1.1 Foliation-preserving diffeomorphism

In the general relativity, the speed of light is a constant. Contraly to that, the Lifshitz-type theory
has no support for it to be constant, that is that the speed of light may excess or diminish the value
determined by the relativity. Thus it is interesting to restore the speed of light in the space-time
metric in the general relativity and consider the diffeomorphism transformation of it where the light
speed is close to infinity. The finite terms in this limit have the possibility to be the symmetry of
the Lifshitz-type theory. At first, we restore the light speed ¢ in the metric. If we relate the time ¢
with the zero component of x#

2% = ct, (4.11)

then we get

9(80,00) = g(c ™8y, ¢ 8y)
= g(c" N(cn) 4+ ¢ IN™p,, ¢ N (en) 4+ ¢ IN'y)

1
= _N24 C—szNm,
and

9(807 61) = g(c_lah az)
=g(c"'N(cn) + ¢ IN™0,,, 0))

1
= —N;.
C

Thus the space-time metric is

o = (‘N2 Mol qN> (412

Next, let us consider the space-time diffeomorphism
t—t+cf(t,x)+0O(1/c), (4.13)
=t () + O/, (4.14)

where f and ( are the generators along the time and the spacial directions respectively. Then the
Lie derivative of the space-time metric can be written as follows:

Ef,(g;w = g,utayf + gmauéi + guta,uf + guiauci + atg,uuf + @'QuuCi' (4'15)
We try to write down the components explicitly:

Lyc9ij = 0qi;
= (cf + O(1/))(1/cdy) + (¢" + O(1/¢*))Dugij + giod;(cf + O(1/c))
+ 905 (¢ + O/ + gjon, (cf +O(1/)) + gudi(¢' + O(1/c?)),
(4.16)

Lyscgoi = 6(1/cN;)

19



= (ef +O(1/))(1/cd)(1/cdy) + (¢ + O(L/A)D(1/eNy)
+ (=N? 4 1NNy )di(cf + O(L/¢)) + (1/eN)ai(¢ + O(1/c)
T+ Nie(1/edy)(ef + O(1/e)) + ga(1/ca) (' + O1/)),
(4.17)

Lscgoo=6(—N?+1/c*>N"™N,,)
= (cf +O(1/e))(1/cdy)(—=N? +1/c*N™N,,)
(=N%24+1/N™N,,)(1/cdy)(cf + O(1/c))
(1/eNi)(1/c0r) (¢ + O(1/c?))
(=N? +1/cEN™N,,)(1/cdy)(cf + O(1/c))
+ Ni/e(1/edr)(¢" + O(1/¢*)) + (¢" + O(1/*)0i(=N? + 1/ N™ Ny,).

+
_|_
+

(4.18)
If the generator along the time direction depends only on the time
t—t+cf(t)+O0(1/c), (4.19)

then these transformations converge in ¢ — oco. In this situation, by summing up all results we can
define the restricted diffeomorphism which is finite in ¢ — oo:

0g;; = Um 07.¢qij = fOrqij + ¢'Ogij + 4u0; ¢t + 40, (4.20)
ON; = lim 05cNi = fONi + ('ON; + Nidi¢' + Nidef + qudi’, (4.21)
ON = lim 07N = fON + C'ON + No.f. (4.22)

These restricted diffeomorphisms are called foliation-preserving diffeomorphisms. We can show
that the Lifshitz-type gravity action is invariant under the foliation-preserving diffeomorphism up
to total derivatives. Additionally, we pose the projectability condition on the lapse function, that
is that we take the lapse function that depends only on the time, N = N(¢). This is because we
would like to avoid lots of problems which are caused in the case of N = N(¢,z). The projectability
condition is equivalent to taking the gauge condition 9; N = 0 in some (unknown) theory that is
invariant under the diffeomorphism. Thus the projectability condition is merely the gauge fixing
condition so that it is reasonable for us to impose this condition on the Lifshitz-type gravity.

4.1.2 Hamiltonian formalism

The Hamiltonian formalism breaks the covariance of space and time explicitly so that we can
assume that the Lifshitz-type gravity with anisotropic scaling between space and time is suitable
for the Hamiltonian formalism. Under this thought, we try to investigate the Hamiltonian and the
structure of constraints which is very different from that of the Einstein’s general relativity. What
we need to do first is constructing the conjugate momentum of the spacial metric.

OLHL _ 2V4 ijwi
3(Dugis) 2 G K- (423)

p"
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The momenta conjugate to N(t) and N'(t,x) are zero because the time derivative as to these
variables do not exist in the Lagrangian. Thus these momenta are the primary constraints:

PN = 50,V)

=0, Py = = =0. (4.24)

Then what we need to do is imposing the consistency condition of above constraints as to the time
evolution. To do that, we define the Hamiltonian density Hp by the Legendre transformation of
the Lagrangian density Ly :

Hir = powgu — Lur

- - - Nk? S 1
— ONDIK; 4+ 207VN, — NpU Ky + Y4 (R” - 2Rq”> Gijn (R’“l - Qq’“)

8/%1/[/4
KJ2 .. \/a .. 1 . 1
=N ij ” kl ij = iJ L kKl — Kkl
[2\/?11) Gijrip” + Y (R 2Rq )gjkl (R 54
+ N; [—2V¢p’7} +(a total derivative)
= NC + N;C' + (a total derivative). (4.25)

In the third equality, we used the fact that the momentum p;; had the determinant ,/q, that is
that we got the total derivative term, and we also used the relation K;; = %pklgw. We set the
Poisson brackets as follows:

{aij(x), 1" (y)}pB = %(5f5§' + 85500 (z — y), (4.26)
{N,pn}pB =1, (4.27)
{Ni(@), P (W)} pp = 616D (z — ). (4.28)

Now let us impose the consistency conditions of the primary constraints as to the time evolution:

d
PN = {pNa/dDCUHHL}PB = /deC ~ 0, (4.29)

and p
@) = (o' @), [ Patins) = ~Ci o (4.30)

We notice the interesting thing that the constraint C' is non-local, which is caused by the pro-
jectability condition, N = N(t). The constraint C? takes the same form in the general relativity so
that we can get the constraint algebras by using the analogy in the general relativity:

{/deC(x),/dDyC(y)}PB =0, (4.31)

{ / P2 CiNy(), / dDyC(y)}PB o, (4.32)
{ / P2 N (), / dDyC’ij(y)}PB _ / AP (NOMI — MIONI)Cy(a).  (4.33)
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Thus the secondary constraints form the closed Lie algebras. Additionally, we can understand that
these constraints are consistent with the time evolution like

C;lt/aleC’(a:) = {/deC(m),HHL}PB% 0, (4.34)

d . .
— [ dPzCN;(z) = { / deC’NZ-(x),HHL} ~ 0. (4.35)
dt B

The above equations mean that there is no extra constraint. Thus we get the all constraints in the
7=2 Lifshitz-type gravity.

4.1.3 Linear approximation

We try to understand the physical degrees of freedom in the Z=2 Lifshitz-type gravity. It can be
assumed that there exists extra physical degrees of freedom compared to that of the general rela-
tivity because the symmetry in the Lifshitz-type gravity is the foliation-preserving diffeomorphism
which is smaller than in the general relativity. For preparation to check the degrees of freedom, we
expand the theory around the Minkowski bacground with perturbations like:

Gij = 6ij + kwhij, N=1, N;y=0, (4.36)

where the perturbation h;; is small. As a convention, we define the ratio of two coupling constants,
k and Ky as

= —. 4.37
V= (4.37)

In this situation, if we take the linear terms as to h;j, then the kinetic term in the action is

1

where h = h;;. Under the linear approximation, we use the equality, =, up to the higher order terms
of hj;. We need to fix the residual guage, that is the time-independent spacial diffeomorphism. At
some fixed time surface, we impose the following constraint:

Oihi; — AOjh = 0. (4.39)
This gauge choice must be consistent with the time evolution so that we also require:
0;0thij — \0;0¢h = 0, (4.40)

which can be given by the N/s equation of motion of the full Lifshitz-type gravity action with
N; = 0. We can check this easily:

0Sur, _ 1 p 1 (5L s(D+1) L de(D41)
SNi(y) 2 /dtd xvz {2 {_31(5]'5 (x—y)) —0;(5;0 (z — y))}

X (athij — &-Nj — 8]Nl) — 2)\8[(8h — 282N2)]

— 32 [ai(athﬂ — O;Ny — O;N;) — Ay (0h — 281-]\”')} =0.
gl
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For N; = 0 gauge, we get
0;0th;j — A0;0th = 0.

In A = 1 case, we cannot impose the gauge fixing condition, d;h;; — A0;h = 0, because the linearized
Ricci scalar can be written as follows.

—mwﬁi(ﬁjh@j — alh) = R. (4.41)
It is impossible to take R = 0 by the gauge transformation. We can check the above equation as
follows:
Rij = Ry,
= O — Okl + T3, T — T, Tt
K
= =5 (0:0;h — 0:dchy; — 0;0khyi + O Dihiy). (4.42)

where F;.k is the spacial Christoffel symbol. In the last equality, we used
ék = ﬁlékl(aihlj + 0jhy; — Orhyj).
2
Thus we get the relation (4.41). We introduce the new variable as:
H;; = hi; — Adjjh. (4.43)
By using H;;, we can rewrite the residual gauge fixing condition as follows.
8;H,; = 0. (4.44)

This condition is consistent with the time evolution as we mentioned. Thus we can understand
that H;; is transverse. Next, let us decompose H;; into the traceless mode H;; and the trace mode
H:

~ 1 0;0;
Hz'j = Hij + D_1 <5U — 9 )H (445)
Under this decomposition, we get
~ H
H;: =0, = 4.46
0;H;; =0, h 1D ( )

where H = H;;. What we can understand from the above expressions is that fIij is the transverse
traceless mode so that the physical degrees of freedom of H;; is
- (D+1)(D - 2)

DOF[HU] = DCQ —1= 9 . (447)

This is exactly the same with the degrees of freedom of the graviton in the general relativity. In
addition to that, there exists the spinless particle H in the Lifshitz-type gravity originated from
the restricted deffeomorphism. By combining above results, we can write down the graviton h;;:

- 1 0;0; H
hlj - Hz] + ﬁ <(Szj - 82 >H + )\mdz]
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1A
p_1e T D-na- D)

0i; H. (4.48)
In the limit, A — 1, which can be the case of the general relativity, the scalar graviton H takes the

form of the pure gauge. Of course, we can not take A = 0 in this gauge as we mentioned. Next let
us rewrite the kinetic term in terms of ﬁij and H:

. ]
Surk) = 5 / dtdPz | (9,H;j + \6ij0:h)? — A(ath)ﬂ
1 [ - (OH)?
=57 dtdPz _(atHijﬁ + Dt_ 20O, H)(0ch) + (DA — 1)A(0;h)?
_ L [Pl — 2L (o (4.49)
T 292 TN D T oA — 1)\ ‘

We can notice that the coefficient of (9;.H)? has the possibility to be negative. The negative sign
in front of the kinetic term means the negative energy, and the particle with negative energy is
the ghost. It is worthwhile to investigate the physical region of the scalar graviton in terms of the
parameter region of A. Assuming D > 1, H is physical in the regions, A > 1 and A < 1/D. On the
other hand, in the region, 1/D < A < 1, H is the ghost (See Figure 3).

1/D 1

£\ £
A4 o

physical ghost physical

Figure 3: The range of A

Next we would like to know the dispersion relations. To get them, we introduce the potential
part in the linearized Lifshitz-type gravity without showing explicit calculation:

2

7 - D—22()\=1)3
Surp) = % / dtd"x [a2HZ~j32HZ.j+ (D—2)"(A—1)

(D—1)(Dx—1)3

(82H)2] . (4.50)

We can write down the action of the transverse traceless mode ﬁij

1 D T2 ’Y4 27 A2 F
Suui,) = W/dtd x[(atHij) - Ea H;;0°Hij|, (4.51)
and its equation of motion is
4 ~
[(0t)2 + ;YG(GQ)Q] H;; = 0. (4.52)

We introduce the spacial momentum k and the the angular velocity w, and take lEIij as the Fourier-
transformed one:

- dwdPk  m o 5
Hij(t,x):/we (=) [ (w, k). (4.53)

If we put them into the equation of motion, then we get
4

~
2 — TG(k2)2' (4.54)

w
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This is the dispersion relation for the transverse traceless graviton. Similar to the above procedure,
we can get the dispersion relation for the scalar graviton, that is
o Th a0
w* = 1—6(16 ), (4.55)
where
(D -2\ —1)% ,
(DX —1)2

= (4.56)

4.1.4 Relevant deformation

We would like to construct the theory which is nonrelativistic in the ultraviolet region and would-be
relativistic in the infrared region. Without breaking the detailed balance condition, we can carry
it out by adding the cosmological constant to the D-dimensional-Euclidean action W that is lifted
by the detailed balance condition. The explicit form of W is

W= HJVQ / daP Ja(R — 2Aw), (4.57)

where Ay is the cosmological constant in D dimension. Let us calculate a part of the potential
term as follows.

SW sW 1 o y
B _ ij T pij ij
(x/flfsqz'j) Gishi (x/515q1sl> LWQ (R o1 ) +Awe ]

1 o1
X gijkl {’WVQ (R” - qukl + AWQ“) ]

1 L
=— [R”Rij + aR?

HW4
R DR ) D
+AW<_2D)\—1+D)\—1>+AW <_DA—1>]
I D(1— D))
- = i .. 2 2 A PN a4
= [R Rij + ! = MR+ 75— M], (4.58)

where M is some scale defined by M? = 1’2 _DQA Aw which is a scale of this theory, and a is same as

before. The total Z=2 Lifshitz-type action is

K2 D(1 — D))

9 g g
Sy = / dthxNﬂ[#Kijgwlekl v <RZ]Rij —aR? = M*R+ R 4)] (4.59)

At a glance, the action above seems to be the Einstein-Hilbert action in the low energy limit as
we desired. However if we try to identify the above as the Einstein-Hilbert action, we are forced
to vary the God-given units. We can see such a deformation of constants by restoring the speed of

light ¢ and the Newton constant Gp in the Einstein-Hilbert action with the cosmological constant
A:

1 1 -~
Sp = el /CdthxN\/a[CQKijgwlekl +R— 2A].

By comparing the above one and the Z=2 Lifshitz-type gravity action with the relevant deformation,
we can get the three effective constants:

c=—M, (4.60)
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2

Ky
_ 4.61
GN = geal’ (4.61)
1 D
— = Ay, 4.62
5D 3t W (4.62)

Putting aside the consideration of the above deformed constants, let us count the mass dimension
of those couplings. In the Z=2 Lifshitz-type gravity, there exists three coupling constants, x, Ky,
and A. To get the mass dimension of the three, we need to check the mass dimension of fields:

lg;j] =0, [N;]=1, [N]=0. (4.63)

This is because the mass dimension of the D 4 1-dimensional metric is zero. By using the above
and the fact that the action must be dimensionless, we can get the mass dimension of couplings:
W=7 =257 =0 (4.64)

In D = 2, all coupling constants become marginal so that the Z=2 Lifshitz-type gravity in 2 + 1
dimensions is renormalizable. However, unfortunately this theory cannot be a candidate of the
(2 + 1)-dimensional Einstein gravity in the infrared region. One can understand this by noticing
that a scale of this theory M is zero at D = 2 so that there exists no relevant potential term. If
this theory had the general-relativity-like terms, we do not know whether or not A naturally flows
to 1 at the low energy fixed point for now. But the Z=2 Lifshitz-type gravity with Lifshitz scalers
in 24 1 dimensions has very interesting features in the context of quantizing membranes[2], which
we do not consider in this thesis. In dimensions greater than two, coupling constants have negative
mass dimensions, that is that it is hard to consider the Z = 2-type theory as a candidate of the
quantum gravity.

The discussion above is based on the relevant deformation with preserving the detailed balance.
If we break this condition “softly”, we can get the non-vanishing Einstein gravity like terms, which
preserves the scaling dimension of the time. We use the word, softly, in the sense that the theory
breaking the detailed balance softly does not satisfy the detailed balance at the infrared region but
satisfies at the ultraviolet region. Such a theory can be written by

H2

8/€W4

2 . .
SuL = / dth:cN\/a[#Kijgwlekl — (RYR;j — aR?)
4 / dtdPxN \/G(—MP 1 P R), (4.65)

where M and p are couplings with unit mass dimension. The former part of the action is the one de-
rived by the detailed balance condition of the D dimensional Einstein-Hilbert action. Additionally,

if we take ) 5
D_ K -2 D+2 K 4
= — M =—M 4.66
f 8&%4/(M)’ 8*6%( ) (4.66)
then the action can be rewritten by
2 iy 2 . ~ ~
Sy = / dtha:N\/é[EQKijg”lekl — 8:W4 (RYR;j — aR* — iR+ M*)|. (4.67)
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The speed of light, the Newton constant and the cosmological constant are

2 2 74
¥ K2, M
- Gy = =, 4.68
& A H, N 877'/1’ 2/12 ( )
The mass dimension of the coupling constants are [k] = #, k] = % and [A] = 0 so that in

D = 2 we can get the renormalizable theory.
We can consider the other possibility, breaking the detailed balance. It actually runs off the
concept of this thesis so that we do not follow this possibility any longer.

4.2 7 = 3 Lifshitz-type gravity in 3 + 1 dimensions

As we have seen above, the (2 + 1)-dimensional Z = 2 Lifshitz-type gravity with the softly broken
detailed balance condition is a candidate to the quantum gravity in the sense that it is power-
counting renormalizable. What we would like to seek next is a (3 + 1)-dimensional candidate. To
derive such a theory, it is natural to consider about the critical exponent Z greater than two because
the higher spacial derivative terms may lead to the good convergence of the graviton propergator.
Thus we will construct the theory with the next higher value of Z, that is 3. Now let us place the
gravity at aZ = 3 Lifshitz point, which can be done by lifting the 3-dimensional Euclidean action:
1 3, 15k m l 2 nl m

W = e /d xe [Fu 01y, + grz‘lem o (4.69)
where w? is the dimensionless positive coupling constant, and ng is the Christoffel symbol com-
patible with V;q;r = 0. This action is known as the gravitational Chern-Simons action. This has
the third order derivative terms so that we can construct the Z=3 Lifshitz-type gravity by lifting
up W. Varying W in terms of the Christoffel symbol, we get

1 ..
SW = = /dgxe”kZﬂ_‘Z <8jrém + Pé'm 231)
1

_ 3,. 15k sTn pl
= Q)Q/d xTe€E 5Filekn7

If we consider the variation 6I" in terms of the variation of the metric dq, then we get
1 3. 15k pl 1 nm
oW = 2 | T R | 54 (Vibgmi + Vidgmi — Vindgir) |-

Before evaluating the above variation, we need to know an interesting property of the Riemann
tensor in 3 dimensions. The Riemann tensor can be decomposed into its symmetric Ricci trace
R;; = Rfkj and its traceless Weyl tensor C’fkj. In 3 dimensions, the Weyl tensor vanishes identically
because the Riemann tensor and the Ricci tensor have the same degrees of freedom, 6, and these
two are equivalent like below:

Rijn = qixRji + ¢ Rix — quRjk — qjrRa, (4.70)

where

~ 1
Rij = Rij — Zqin. (4.71)
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By using this property, we can evaluate the variation of W:
1 . ~ ~ . B 1
oW = E /d3$el]k(5llgRjn + anRfk — 5711R]k — qijil) |:2qnm(vi5qml + Vﬁqmi — vm&h’l)

1 .
= — [ @z’ (R]'V6qms)

=
1 3 ijk pm 1 3. ijk Hm
=3 d°zV (" Ry 0qm;) — 2 d?ze?" (Vi R}")dqmi
1 y -
== dPze7*(V ;RIS qm;.
Thus we get

1 W 1 < 1 ke A > 1
——=— | —=€""V,;R}} | = =C"". 4.72
\/a 5Qim w2 \/a Itk w2 ( )
C™ is called Cotton-York tensor. This tensor has the pretty interesting features. It is symmetric
and traceless:
OV =7 ;0 =0, (4.73)
and it is covariantly conserved:

V,CY = 0. (4.74)
Now we can write down the Z=3 Lifshitz-type gravity action explicitly:

5 - 12 SW oW
i = [ | g 6= (o) Gon (s )|

2 ..
cijcw].

K

2 .
_ 3 gkl
= /dtd mN\/a[[{;QKZ]gJ Kkl - ﬁ

We can write C’Z-]Cij more explicitly:

T S 1
Ci;CY = [elklvk (R{ — 4Rag> ] [eimnvm (R;? — 4R6§L> }

1 ; 1
_ (sk sl k <l m n n
= (6" oL — s*5l ) [vk <R{ - 4Rag> \Y <Rj - 4R5j> ]

= =3 (VmR) (V" R) + (ViRji) (V' R™) = (VR ) (V" RIT)
1 m n 1 n
+ §V RV, (R, 2(5mR)
1 o ,
= —g(VmR)(VmR) + (ViRj1) (V' RI®) — (VR ) (VT RI™).
In the last line, we used the fact that V,(R?, — 16" R) = 0. Thus the total action is

2 -
Spr = / dtd%Nﬁ[ﬂZKijQ”lekl

/ﬁ?2

- 27w4 <—8vaV R+ VszkV Rk — VanJV R’ ) :| (4_75)

One can notice that the potential terms have the sixth order spacial derivatives, which means that

this action is exactly at a Z=3 type Lifshitz point. The symmetry of the above action is again the
foliation-preserving diffeomorphism.
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4.2.1 Linear approximation

We can investigate the linear approximation of the Z = 3 Lifshitz-type theory by almost the same
way as in Z = 2. To begin with, expanding the field around the Minkowski background with
perturbations

Qij = 5¢j + whij, N=1, N;=0. (4.76)

If we take the same gauge fixing conditions as in the case of the Z=2, then we get the kinetic term
of the Z=3 Lifshitz-type gravity as:

1 ~ A—1
SHL(K) = 2’}/Q/dtd3$ |:(atHij)2 + m(atﬂ)2 ; (477)

where v = 2. This is exactly the same form as the Z = 2 case because the form of the kinetic term
is universal. Thus we can do the same argument in the Z = 2 case about the physical degrees of
freedom of the graviton so that we do not follow the same discussion in this thesis. The different
thing is the potential term, which implies the different dispersion relation. Without showing the
explicit calculation, we shall write down the potential term in the linear approximation:

2 ~ ~
SHip) = _% / dtd3x [Hij(aQ)?’Hij]. (4.78)

The scalar graviton vanishes in the above potential part because of the conformal properties of the
Cotton-York tensor. The action of H;; is as follows:

1, - A2 _
Swri,) = / dtd®z [W(atHij)Q + 8Hi<(a2)3Hij} (4.79)

The equation of motion is

2 ~
[,;(@)2 — 1(32)3] Hij = 0. (4.80)

Putting the Fourier transformed field I:Iij (w, k) into the equation of motion as before, we get the
dispersion relation:

w? = 14(/@2)3. (4.81)

4.2.2 Relevant deformation

As in the case of Z = 2, we would like to construct the theory that is expected to flow to the
Einstein gravity at low energy region and be a candidate to the quantum gravity in the sense of
ultraviolet complete theory. At first, we try to construct such an action with preserving the detailed
balance condition. It is natural to add the Einstein-Hilbert action with the cosmological constant
to the Chern-Simons action:

W=~ / w3(T) + p / d3x/q(R — 2Aw), (4.82)

where

. 2
w3(T) = d3ze* <p;v;ajr§m + grgrgm %) : (4.83)
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w1 is the coupling constant with the unit mass dimension, and Ay is the cosmological constant
whose mass dimension is 2. The potential term can be calculated like:

K2 174 oW
— = —= ) Gijur | —=—
2 f(SqZ‘j O
A D LR+ Aywqi
2 w? 2 2
% G 7Ckl K RM _ }qklR T Aquz
TR w2 2 2

K> n2u2 . A+1/4 1 3
=gy RYR;; R? AwR — A}
24 8 < s S W e LS s | W>
ﬁ 1 .. y
+ 50 /;(R” qZ]R—FAWq”)gijlekl-

The last term can be evaluated by using the antisymmetric property of €/, that is

KM i _ 1ij Aviratd Kl /ilu’zmn ]_1 j
2w2 <R q R+ Awq gzjklc ~ 9% 5¢€ Vm R 4va5n

1
X (Rij — i+ AWQij>

2
= ﬁezmnva%Rw

Summing up all the results, we get the Z=3 Lifshitz-type gravity action with relevant deformation:
2
SHL = /dtdgl'N\[[ Kz]g”lekl 740”07;1'

_K‘:U‘ ¥ )\+1/4 2
8 <R R+  0F 3)\—1

To match the terms relevant in the low energy with those of the general relativity, we need to redefine

. 2 :U’ imn J ..
AwR 3)\_1A ) 5 VR Ry | (4.84)

three constants as before. First, the effective Newton constant is derived by the comparison among

kinetic terms, that is
2

K
Gy = . 4.85
N7 397 ( )
If we compare among R terms, we get the effective speed of light:
& [ Aw
= — ) 4.86
“TaVioaa (4.86)
From the no derivative terms, we get the effective cosmological constant:
3
A= §AW' (4.87)

If the coupling A\ flows to 1 at low energy fixed point, then this action seems to be the Einstein-
Hilbert action in the infrared region. What we need to do next is counting the dimensions of
the couplings. From the dimensional analysis as to the kinetic term, we can calculate the mass
dimension of k:

[k] = 0. (4.88)
Thus this theory is power-counting renormalizable so that the Z=3 Lifshitz-type gravity with rele-
vant deformation is a candidate to the quantum gravity.
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5 Discussions

Let us sum up key ideas in the Lifshitz-type theory. There are three prominent features, those are

e Detailed balance condition
— Explain the origin of the anisotropy

e Foliation-preserving diffeomorphism (only for gravity)
— Extra scalar DoF

e Projectability condition (only for gravity)
— Closed constraint algebra

In the following, we coment on the above three. To begin, we box up ideas of the detailed
balance condition. As we have seen, the detailed balance condition is some kind of duality in
the sense that it connects the D-dimensional theory and the (D + 1)-dimensional theory. Namely,
imposing the detailed balance condition, the (D + 1)-dimensional theory with anisotropic scaling
can be naturally derived by the stochastic quantization of the D-dimensional theory. Thus with
the help of the detailed balance condition, we can understand that the origin of the anisotropy
between space and time is some “quantum” fluctuations induced by the white Gaussian noise.
Although one can construct the Lifshit-type theory without the detailed balance condition, in that
case we can say nothing about the origin of the anisotropy. Noting that this anisotropy is quite
important especially for the Lifshitz-type gravity. This is because the most fruitful outcome of
putting the gravity at a Lifshitz point is the power-counting renormalizability, which is originated
with the anisotropic scaling labeled by the critical exponent Z. In the present stage, we can not
make a decision on the importance of the detailed balance condition in the context of the Lifshitz-
type gravity, though. The next one is the foliation-preserving diffeomorphism. This is the
symmetry of the Lifshitz-type gravity. Compared to the general relativity, the total diffeomorphism
is clearly restricted in the Lifshitz-type gravity, and this fact causes an extra degree of freedom, the
scalar graviton. The last one is the projectability condition. Unless we impose this condition
on the Lifshitz-type gravity, the Poisson bracket of constraints does not form a closed algebra and
further it creates the extra second-class constraints. In such a situation, iterating the calculus until
we derive the closed algebra, all the derived second-class constraints become over-constraints, 0
physical degree of freedom (See [11] and for the simplified model [12]). Thus for the consistent
Lifshitz-type gravity we must pose the projectability condition on it. Then what is the physical
meaning of the projectability condition? In fact we can consider it as the gauge fixing condition as
we have mentioned before. Namely speaking, the Lifshitz-type gravity is supposed to be the theory
with the fixed gauge as N(z,t) = N(t) against some bigger theory.

The Lifshitz-type theory has tremendously interesting concepts. However considering it as the
true quantum gravity we need to check lots of facts such as

e Does the coupling constant A really flows to 1 in the low-energy region? — closely related to
the unitarity of the scalar graviton.

e Does the speed of light and some other fundamental “constants” truly shift those values?

e Does the “power-counting renormalizability” valid in the theory with the anisotropic scaling?
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There exists some more jobs to be done. At this stage, the Lifshtz-type gravity is still the developing
model.
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Part 11
2 dimensions

6 Liouville field theory

In this section, we will discuss about the Liouville field theory somewhat briefly>. Our goal is the
derivation of the string susceptibility in the context of the Liouville field theory. Right from the
start, we would like to show how the Liouville action can emerge in the bosonic string theory. What
we would like to make a point here is that the dimension of the target space in the string theory can
be taken as the number of matters in the 2-dimensional gravity. In this sense, the so-called string
susceptibility has been calculated in the conformal gauge by Distler and Kawai [13] (independently
by David [14]), which we will follow in this section.

6.1 Emergence of Liouville action

At first, we introduce the Euclidean bosonic string action in d dimensions:
1
Sx(Xi9) = / d*€\/99" 0. X" 0y X, (6.1)
0

where the small letter runs 1 to 2, and the capital one does 1 to d. Here X' are the coordinates of
the bosonic string as usual. This theory is the conformal field theory so that the action is invariant
under the world-sheet diffeomorphism and the Weyl transformation. The corresponding partition

function is 1

7= g [ PalD XIS, (6.2)

where V(G) is the volume of the symmetry group. The integral measure [DyX] is defined by the
Gaussian integration of its fluctuation:

/[D95X]e_”6X”§ =1, (6.3)

where

16X 12 = / d?e/go XTo X7 (6.4)

Similarly the integration measure [Dg] can be defined by using the norm:

169112 = / d°¢\/g(9°° 9" + ug® g6 gab6 geds (6.5)

where u is a non-negative constant. The action is invariant under the diffeomorphism and the Weyl
scaling as we have mentioned. Thus if we change the metric g by using the Weyl rescaling,

Gab — gab = e¢gabv (66)

where ¢ is some field with an argument £, then the action (6.1) is invariant. However, the integration
measure [DyX]| is not invariat under the Weyl rescaling, which is known as the Weyl anomaly. To

®This section is based on [13, 14, 15, 16, 17].
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see how it occurs, we use the well-known trick, and its procedure is as follows. At first, we define
the function, W:

W= / [D,X]e 5x(X59), (6.7)
Then we implement the Weyl rescaling;:
W= W= / [Dy X e 5x(X:9)
— [yxjesxexw
= ¢ F(#:9) /[DQX]e_SX (Xs9)
='W (6.8)

For preparation we introduce the expectation value of the energy-momentum tensor and something
important around that:

dr 6
(Tan)g = —EWF (6.9)
The only possible form of the trace part of the energy-momentum tensor is
a d
(Ta)s = — 5 RE) +a (6.10)

where }?(5) is the Ricci scalar defined by g, d is the dimension of the target space and a is some
constant. This is known as the trace anomaly relation. The last one we need is the Weyl-transformed
form of the Einstein-Hilbert term:

R\G = 4(R - V?¢). (6.11)
Let us consider the variation of F' under the fluctuation of ¢:
SW
—0F = —. (6.12)
w
The left hand side is
oF
—6F =— [ d? g
/ f(&é‘“’) !
1
= — [ d®6\/305 (T
- / f\/§ 9 (Tav)g

o [ PeVaT0 (g =)
1 — d =~

= —47T/d2§\/§(—12R+a>5¢
1

= d2§[

L VAR = 20350+ a/5e%0]

d
12
C[d [ 1, 12a
_5|:487r/d€\/§<2g 8a¢ab¢+(z)R—7€ ):|
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Thus we get
12a é d

_ d ab
F=—- 18 ff( 0aPO0pd + PR — 76 >— ——5. (6.13)

The reason we denote F' as Sy, daringly is that the above action is called Liouville action. Letting
the discussion go, we parametrize the metric g by a diffeomorphism f and a Weyl scaling w:

ffg=¢e"g, (6.14)

where f* is an action of a diffeomorphism, and § is the fiducial metric parametrized by the moduli.
This gauge is the so-called conformal gauge. We introduce the ghost fields, b and ¢, as the Jacobian
J(b,c) when we trade the integration over the metric g, for the integration over the infinitesimal
generator of a diffeomorphism ¢, and a Weyl scaling w:

[Dg] = [Dyw][Dye] J (b, ) = [Dyw][Dye] ([Dyh][Dygefe 5o 9)), (6.15)

where Sy, is the ghost action. As in the case of the matter field X, the ghost action is invariant
under a Weyl rescaling, g — § = e®g. However, the measure does not, that is

[Dsb][Dycle 5o 0:e8) = e~ 157 SL D b)[D,c]eSonbi9). (6.16)
As a consequence, we find:
[D3)[D;X] = ¢35 *4[D, X][Dgb] [Dyc][Dyo] [Dyele 0059, (6.17)

This is pretty interesting. We can divide the diffeomorphism group corresponding to [Dze] because
no term depends on €. If the dimension of the target space is 26, which is the critical string, then
no term shows up under Weyl rescalings so that we can also devide the Weyl symmetry group
corresponding to [Djw]. However if d is not equivalent to 26, then we can not divide the Weyl
symmetry group. Namely, we must integrate over w. Thus when the dimension of the target space
is not 26 (,which is the so-called noncritical string), the partition function is

Z = / [Dyw][Dyb][Dyc][Dy X |~ San(b:eig)=5x (Xi9) (6.18)

At first sight, it seems that in d # 26 there exists no Weyl symmetry at the level of the quantum
mechanics. But in fact, the Weyl anomaly is cancelled by the miraculous way. We will see this fact
in the next subsection. As a conclusion of this subsection, we add some comments. In the above
discussions we have neglected the integration of the moduli parameter 7. But this treatment does
not hurt the discussion because the measure of 7 is independent of w.

6.2 Renormalized Liouville action

In this subsection, we focus on the noncritical string (d # 26) with the conformal gauge (g = €“g).
For the later discussion, let us introduce an extra term breaking the Weyl symmetry explicitly, that
is the bulk cosmological constant term. The partition function is

z= [Dul DX exp| - (5x0Xi0) + vy + 2 [@eva)]. a9)
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where p is the cosmological constant, and again we have omitted the integration over the moduli.
The biggest problem is the measure [Dyw]. To see this, it is good to write down the norm for dw:

6wl = [ devaton)? = [ /e o) (6.20)

The measure defined above is very hard to handle because the dependence of w is complex, not
Gaussian. To save this situation, we introduce the new field ® given by

012 = [ ey (6.21)

This form is good to use. Additionally we change the all g, in the measure into g4, and pick up
the Jacobian:

[Dgw][Dgb][Dyc][Dy X] = [Dy®][Dyb][Dyc][Dy X]J (P, 9)- (6.22)
We assume that the Jacobian may be written by the action with the properties, the locality and

the general coordinate invariance:

1

S(®:9) = / ?6\/§(§ 0,29, — QRP + 4Xe™?), (6.23)

where ), A\, and « are some constants. This action is the same form as the Liouville action up to
coefficients. Now we relate the two metrics:

Gab = €a¢§}ab- (624)

Under this setting, what we would like to do is determining the coefficients, @, A, and « satisfying
that the total central charge is zero! First, we adjust A to cancel u. Then we can notice that the
original theory is invariant under the shift:

Jab — 6cfgab , ¢ ¢ - J/a- (625)

This shift must be taken simultaneously because such a combination can let g, be invariant. In
the following, we use a kind of magic. This simultaneous shift leads to the equality:

[Deo§®][Deo ) [Deo 3] [Deo g X e 5 E0/2579) — D, ®)[Dyb][Dyc][Dy X e~ 5(Fi0). (6.26)

The variable of integration ® — o/« is a dummy one so that we can rename it ®*, and furthermore
we can call it ®. This means very surprising result that the total conformal anomaly is vanished!
In other words, the total central charge is vanished. We already know the central charge as to the
matter + the ghost, that is

C(X+gh) =d — 26. (6.27)

Thus the central charge of ®-system c(g) has the following relation:
0= ¢(x4gn) T @) = d— 26+ C(@)s (6.28)

We can also calculate ¢(g) using the OPE among the two energy-momentum tensors. For deriving
it, we try to calculate the energy-momentum tensor with respect to the action:
1

S(#:9) = o / 2E\/3(5™0,50,8 — QR®D). (6.29)
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We use the convenient expressions:
. . 1 ., .
G = R® — 5gabR, (6.30)

and
Wa = GV abGea — VO8§ap- (6.31)

The variation of S(®;g) with respect to g is as follows:
1 1
=& / d2§\/§5gcd<—acq>adq> + 2gcdaaq>aa¢>>
T
1 r “e 1 L an
b [ PEVEIQGED + o [ de/GaT i)

= 8i7r / d°6\/§0gea [—8C<I>8d<1> + %g“laa(l)@aq) + QGD + Q(§10* D — acadq))] . (6.32)

6S(®;9)

This leads the classical the energy-momentum tensor like:
_4m )
B \/5 5gcd

— % <_acq>ad<1> + %gcdaaqwa@ + QGD 4 Q(§10* D — acadcp)) . (6.33)

T(¢)

To compute the OPE, we introduce the complex coordinates:
2= 42 | z=¢b —qgd (6.34)
Adopting this coordinate, we can get the holomorphic part of the energy-momentum tensor:

T..(2) = — (;8@9@ + Q@@(IJ), (6.35)

where 0 = 0,. For simplicity, we write T,,(z) as T'(z). Of course, we can also get the antiholomor-
phic part. Now we take the normal ordering and the OPE given by

1 ) 0
FuJ = —— [ d*zxd*21 — 2z|? : : 6.36
FaJ exp< 2/ 21d° 23 log |21 — 29| (5<I>L(zl,21)(5<1>3(22,22)> FJ ., ( )
for some operators F and 7. Wilﬁ) acts on the left hand side of the operator, and m
does on the right. In this manner, we can calculate the OPE among energy-momentum tensors:
1 1 Q
: T =T t~ (1 2 — - : 09 :
(z1) = T(22) s ~ 5(143Q )(Zl e v P 0P (22)
Q 2
- 0D . .
= ) 0*P(z2) (6.37)
Thus we can read off the central charge c(g):
@) = 1+3Q% (6.38)

Comparing with the one derived above, we get
Q=+/(25-4d)/3. (6.39)
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It does not matter if we take @ = /(25 —d)/3 or Q@ = —+/(25 — d)/3 because we can absorb it

into the field redefinition. The last thing to be determined is «. To do this, we set the conformal
weight of e®® is (1,1). Let us derive the conformal weight of e*® in a different manner, and set it
one. This can be done by evaluating the OPE:

1

1
. .. ad . . ad .
Now we take the conformal weight as one, 1 = —%a(a + @) which leads
o +Qa+2=0. (6.41)

This can be easily calculated, and the solutions are

b
2v/3

We would like to understand « is real or pure imaginary because we think of e*® as the Weyl

ay = <\/25 —dFV1- d). (6.42)
scaling. The allowed region under this restriction is

d>25 , d<1. (6.43)

Especially for the range d > 25, () and « both become pure imaginary, and to make « real we need
to shift & — ¢®. This redefinition causes the negative sign of the kinetic term which means the
breaking down of the unitarity. We therefore restrict the dimension of the target-space as d < 1.

6.3 String susceptibility

In this subsection, we try to derive the string susceptibility in the context of the Liouville field
theory. To do this, we restrict the Riemann surface to the one with the area A, and this prescription
can be done by introducing the partial partition function:

Z(A) = / [D3®)[Dy X][Dyb][Dycle 56 < / e®\/gd*¢ — A>. (6.44)

The string susceptibility 7y is defined by
Z(A) ~ Z(1)AVstr=3, (6.45)
In the following, we evaluate g, by the scaling discussion. Considering the shift of the field like:
®— D+ p/a, (6.46)

where p is some constant. The part being affected by this shift in the action is just one, and its
change is

Qp = A
S—>S—87m</d2£\/§R>

B Qp
=5 - %(X)
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=5 - gQ(l —h), (6.47)

where x is the Euler character, and h is the number of genus. In the second line, we used the
Gauss-Bonnet’s theorem:

/ d?6\/gR = 4y = 4w (2 — 2h). (6.48)

The d-function is also shifted:
(5(/ e® \/§d2§ — A) —e Pd (/ e® \/§d2§ — e”A> (6.49)

As for the measures, if we redefine ® + p/a = ® as before, then the measures are invariant. Thus
we get

Z(A) = (e7r)~1RQU=R/a=1] 7(,=r 4) (6.50)
Adjusting p to satisfy e A =1, Z(A) can be written as
Z(A) = AlQRU-M/a+2)=3] 7(1) (6.51)

By comparing the definition, finally we can find the string susceptibility:

1—-h
ﬁystr:M+2
(67

=(1—-h)[d=25—+/(25—d)(1 —d)]/12+2 (6.52)
7 2-dimensional dynamical triangulation

Now we would like to see how the discretized 2-dimensional quantum gravity can be constructed,
and furthermore we do uncover a variety of meaningful traits ©.

7.1 Continuum theory

To carry out our plan, at first we introduce the Euclidean continuum 2-dimensional gravitational
action, and especially, we restrict our attention to the compact, connected and orientable surface
with b boundaries. We denote such a manifold M. The action is

S = —4W2N (/M d*¢\/gR + Z; 7{)1\4 ds(§)2k9> +A /M d*€\/g + z; Z; éM ds(&). (7.1)

There are three coupling constants in the above action, Gy, A, and Z;. Those are the gravitational

coupling constant, the cosmological constant, and the cosmological constant of the ith boundary,
respectively. We denote R is the Ricci scalar based on the metric g, k,; is the geodesic curvature.
The explicit form of the geodesic curvature is given by ky = (T VY T?)ny where T¢ is the vector
field along the closed boundaries, and n’ is the vector field being nomal to the geodesic. The last
portion of the action is introduced because we fix the boundary lengths. Noting that boundary
loops must be contractible. This is because unless the boundary loop is contractible, such a loop
breaks up the genus of the surface (See Figure 4 and 5).

5This section is based on [18, 19, 20, 21, 22, 23, 24, 25, 26]. In particular, dynamical triangulations have been
introduced in [28].
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Figure 4: The surface with contractible boundary Figure 5: The surface with uncontractible bound-
loops ary loops

What a great remarkable thing in 2-dimensional gravity is its topological feature. Although the
curvature is locally flat, globally it is not because of the Gauss-Bonnet’s theorem:

b
2 _
/M d*¢\/gR + z; 721\4 ds(€)2k, = 4mx, (7.2)

where Yy is the Euler character defined by the genus h and the number of boundaries b; xy = 2—2h—b.
The action can be rewritten in the following form:

sz—G—JrAV +;ZL (7.3)
where
V= [ e (7.4)
My,
and

Lj(g) is the length of the ¢ th boundary. The quantization of the 2-dimensional surface can be done
by path-integral over all the metric fluctuations and all the genus contributions. Thus the partition
function is

Z(Gn,A) =Y etx (7.6)
h=0
where D
Zy(A) = /[V(gd(;ﬁ‘X))] exp [—AVg] . (7.7)

Ty is a set of the moduli parameters of the surface with the Euler character x, and V(diff) is the
gauge volume with respect to the diffeomorphism. The generating functional for boundary loops is

W(Gn, A 21, Z ZeGN/ﬁ,))]exp[ AV, - ZZL ] (7.8)

Of course the length of the boundary L, is the dynamical variable, and there exists the diffeo-
morphism equivalence class with respect to L;(4). In short, we need to fix this gauge. To conduct
this, it is good for us to introduce the so-called Hartle-Hawking wave functional [19]:

b

) [Dg(

W(Gn,A; Ly, , Ly Z GN/ gTX ) ex p[—AVg]H(S(Li—Li(g)), (7.9)
=1
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where V(diﬁl) is the volume of the residual gauge. The Laplace transformation of this Hartle-
Hawking wave functional leads

o b
W(GN,N; Zy, -+, Zy) —/ HdLie*ZiLiW(GN,A;Ll, o Ly). (7.10)
0 =1

As a result, we can get the generating functional of the 2-dimensional gravity.

7.2 Discretized theory

Let us try to construct the discretized theory of Euclidean gravity in 2 dimensions. At first, we
would like to approximate the 2-dimensional surface by equilateral piecewise linear triangles. A
piecewise linear triangle is not a curved but a flat triangle. By such a treatment, we can construct
the gravity theory without coordinates. Namely, the dynamical variable is the number of ways that
we connect triangles, which is called triangulation. Such a theory is called dynamical triangulation.
Contrary to that, if we fix the triangulation, then the length of the edge (or in other words, the
link) of triangles becomes the dynamical variable. Such a formalism is called Regge calculus [18].
In this thesis, we focus not on the Regge calculus but on the dynamical triangulation.

Dynamical Fixed Classes of lattice gravities ‘
Links Triangulations The Regge calculus
Triangulations Links The dynamical triangulation

Table 1: The classification of the lattice gravity

How can we get the triangulated gravitational action? A good way to know it is taking advantage
of the continuum action, that is

b
X

We define the triangulation as T. Let us try to investigate terms in the above action one by one.
First, the curvature term, —&, already reduces to the topological quantity. But we would like to
see how this quantity can be realized in the dynamical triangulation. To do that, we rewrite the
Euler character y. For preparation, we introduce the number of vertices V', the number of edges F,
and the number of faces F'. Additionally, we also introduce the number of triangles at ith vertex

N;. We can notice the two ralations:
2E = N;, (7.11)
i

3F = 2E. (7.12)

Adding to that, we introduce the Euler’s theorem x = V — E + F. Using these relations, we can
rewrite the Euler character:

x=V-E+F
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This equation shows
- = 1——. 7.13
=) 713)

We can understand that a curvature term is really a curvature. If N; = 6, the curvature at the ith
vertex is zero (Figure 6). Similarly, N; < 6 is the positive curvature (Figure 8), and N; > 6 is the
negative curvature (Figure 7). Next, we need to find out the counter part of the volume element

| Figure 7: N; > 6 Figure 8: N; <6
Figure 6: N; =6

Vg in the discretized context. It can be done easily by setting that each triangle has the unit area.
In this situation, the number of triangles in T, N; = ). N;, becomes the total area of the surface.
The last one is also easily found if we set the i*" length of the boundary to the number of links
lined along the boundary which is denoted by /;. Summing up all the results, we can write down
the action of the dynamically triangulated surface:

b
1 N;
ST(GN, s A1, 3 Ap) = Z(l - ) +uNy + Z)\ili

Gy i 6 i—1
X °
= — =+ uN;+ ) Ails, 7.14
Gn pa = ( )

where p and \; are the bare cosmological constant of the bulk and the ¢th bare cosmological constant
of the boundary component. In fact, we can always adjust the area and the length of edges per
triangle by changing the value of couplings. In the following discussion, just for simplicity, we fix
the topology of the surface as S? with b boundaries which we denote Sg. Under this situation, the
Euler character is just the number, so that we neglect it and rewrite the action as

b
Sr(p, Ay o) = pNe+ ) Al (7.15)
i=1
Let us introduce the partition function as

R S

C
Ter =T rer =T k=0 TeT No=k L
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= i e "k Z(k), (7.16)
k=0

where Crp is the symmetry factor of T'in T whose continuum analog is the volume of the isometry
group. In the discretized theory, of course there exists no diffeomorphism invariance. However, the
discrete symmetries which keep triangulation invariant exist, and its duplication (or order) is C7p.
Additionally, we can change the length of the boundary so that we also have to fix its degrees of
freedom. In the statistical-mechanical point of view, Z(u) looks like the ground canonical partition
function, and on the other hand, Z(k) is the canonical partition function because k£ means the
number of triangles so that p seems to be the chemical potential for creating one triangle. We
introduce the generating function by summing up all the triangulations:

1 _

wlp, Ay, -, \y) = Z Z e ST (A1, ) (7.17)
o dy TET (e ) L

We call this function loop function because this has the same form of the loop function in the

matrix model as we will see. Of couse, in the above loop function, there exists the degrees of

freedom changing the length of boundaries. Analogous to the continuum case, we can introduce

the regularized Hartle-Hawking wave function to fix this gauge:

1 _
w(p,ly, - ) = Z — e ) = Z e “kwk,ll,m,lb, (7.18)

C
TeT (I, ) r k

where wy, j, ... , is the number of triangulations in 7'(l1,--- 1) with k triangles. Thus the Laplace

b
transformation of the above leads

w(:ua /\1a e 7)‘1)) = Z w(:u’ lla t 7lb)e_ l;:l Aili (719)
l

1l
b 1
= E: w’ﬁhw'vlbe_uke_ZizlAle

ki, Llp
-1 -l
= Z wk7117...7lbgkzl R A
ki, lp
where
g=et  z=eM (7.20)
If there is no ith boundary component, [; = 0, then ith boundary shrinks to a point. Letting the
shrinked boundary have the weight Z%, we add such factors into w(p, A1, -+, Ap), and we redefine
it by
—l— —Iy—1
w(g, 21, ,2p) = Z wk’ll7...7lbgkzl h 1...zb b7, (7.21)
ki,

We take this expression of the loop function as our starting point.

"The redefinition is done because we would like to construct the same loop function derived by the matrix model.
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7.3 Loop equation as recursion relation

If we can calculate the value w(u, A1, -+, Ap), we can get much information about this regularized
theory of gravity. There exists a pretty good way to do that, that is the loop equation. To let
our discussion go, we need to mention about something more about the discretized surface. We
can think about the two types of triangulations, the regular triangulation and the unrestricted
triangulation (see Figure 9). The regular triangulation means the surface is constructed only by
triangles. On the other hand, the unrestricted triangulation has the infinitesimally narrow double
links® in addition to triangles as the building blocks. These two classes of the triangulation in fact
are in the same universality class at the continuum limit. As for the unrestricted triangulation,
we can also obtain from the matrix model so that in the following discussions we will focus on the
unrestricted triangulation and compare the two.

Figure 9: Randomly triangulated surfaces: The left is the regular triangulation, and the right is
the unrestricted triangulation.

Now we think about the one boundary case?. The generating function is

oo o0

o0
— wi\g
w(g,z) = wy g%z~ = E zlil)' (7.22)
k=0 =0 1=0

We normalize the loop function with respect to one point as %, or in other words:

wo(g) = 1. (7.23)

Now we would like to find the recursion relation as for the coefficients of w(g,z). This can be
done by considering all possible triangulations of the surface with one marked point. Marked point
makes us avoid over-counting the graphs. If we do not mark a point, then we need to product 1/I
to the surface graph.

We focus on the one link marked by a point. This marked link may belong to two possible
origins, those are the triangle and the double link. We can read off by the graphical representation
of the recursion relation. The possible number of triangulations corresponds to the coefficient of the

8The double link is the 2-gon gluing no triangle so that the double link can only be the boundary.

9Since the recursion formula with one boundary can be derived somewhat easily, we take a look at the one boundary
case. However, more general multi-boundary case can also be derived by digging holes by the loop insertion operator,
as we will see in the later discussion.
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/?/j/\%

</

Figure 10: All possible triangulations with one boundary: one of boundary links is marked by a
point.

Figure 11: The graphical recursion relation

loop function which is denoted by [w(g, 2)]x,;. In this notation, we can get the recursion equation
explicitly in the following form.

[w(g, z) — woz(g)} k’lz [gz (w(g, z) — wolg) _ 1111(29)” k’l+ EwQ(g, z)} . (7.24)

z z

The left hand side can be understood by noticing that if there exists no link, only one point, then
this line of thought breaks down so that we remove one point in advance. As for the first one in the
right hand side, one can notice that if we remove one triangle from the surface, which is equivalent

to removing the two links, then the surface need to have the two links at least. Thus we remove a

wo(g) _ wi(g)
z 22

must have one less triangle and one more link, which can be expressed by multiplying gz. More

point and a link, that is w(g, z) — . After getting rid of a triangle, the residual surface

precisely,

gzw(g, z Zwkl (+1)=

!/

k

= E :wk'—l z’+1g/7-
— U
Kl

The second term in the right hand side is from the notion that the residual surface has the two less
links, which can be checked like:

!
k k
= Zwkl‘gf Z’wk/l/g/i
P (I+1)+1 b4
k,l K

/

k+k

=2 D wenwy (?H N+l

Kkl ' J”
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In the last case, we need not to remove any object from the surface because w?(g, z) has Z% term
at least. From the recursion relation, we can get the so-called loop equation for the generating
function:

w?(g,2) — (z — g2*)w(g, z) + [1 — g(wi(g) + 2)] = 0. (7.25)

7.4 Loop equation via matrix model

In fact, the loop equation for the generating function in 2-dimensional discretized gravity has the
same form with the one for the resolvent in the matrix model. This coincidence is nontrivial, and
furthermore it would be the one of evidence about the duality between the 2-dimensional discretized
gravity and the matrix model. We would like to see how the loop equation can emerge in the matrix
model at least spherical topology with one boundary, and whether it has really the same form with
the one we have derived above. What we need to do is constructing the closed (compact and
no-boundary) and connected surface from the matrix model. Then we would like to find out the
way of digging holes. This process leads us to get the discrete Hartle-Hawking wave-function in the
matrix model context. Taking the correct t’'Hooft coupling, we can make the discussion clear (See
Appendix C). Thus we take the matrix model action in terms of the N x N Hermitian matrix M
and the t’Hooft couplings g, like:

Su=-Y #tr(M") = V(M) (7.26)
n=1

where g < 0, and for other couplings g, > 0. In this form, the diagram has the same factor NX at
any perturbative order. To factor out N as the overall one, we redefine the matrix as

M — V' NM. (7.27)
The action can be
Sy = Ntr[V(M)]. (7.28)
We denote the partition function like:
Z(gb g2, ) = /szMe_Ntr[V(M)]- (729)

This partition function has actually disconnected components. For picking up the only connected
components, what we need to do is taking the logarithm of Z.
Getting off the point a little bit, we would like to see how the matrix model corresponds to the 2-

dimensional discretized gravity. If we take the matrix model potential like V(M) = %M 2 _9_M3

3vVN
with a positive coupling constant g, then from the perturbative expansion of Z, we can lead

1 1 g k
dN’ Me étr(M>2[trM3] . 7.30
/ k' 3V N (7:30)

Remember the following Gaussian integral:

, o — ek
/dNQMe—ét“M)QMi IMy b= 0l6] =1 ——i, (7.31)
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By using this as Wick contraction, we can write the (connected or disconnected) vacuum diagrams.
% cancels the number of where to put vertices, and % cancels the number of contraction patterns.
If we take the one of connected diagrams, then it can be

1 k
dN2 —tr(M)2 tr M3
/ k! 3\F

where Cr is the symmetry factor of the diagram. Once we describe the Feynman diagram, we notice

~ g"NXCr. (7.32)

conn.

Figure 12: The dual graph

that there is a one-to-one correspondense among the triangulated surface and the Feynman diagram
in the double line notation (See Figure 12). More precisely, the number of loops Z, propagators
P, and vertices V in the matrix model correspond to the number of vertices V', edges F, and faces
F in the 2-dimensional dynamical triangulation, respectively. The Feynman diagrams written by
the matrix model picture have the originated from the fact that the matrix M is hermite so that
propagators have an orientation. Thus in the dual picture, this orientation must be taken over,
which does not conflict with our setting that in the continuum limit the surface must be orientable.
Cr corresponds to the symmetry factor of a triangulation 7. As we have seen, the duality of the
matrix model and the 2-dimensional discretized gravity seems to be true at the graphical level.
In fact, by the following discussion, we will see the duality also seems to be true as to the loop
equation.

Now, turning our attention to the primary discussion. We define the expectation value of
arbitrary observable as

(O(M)) = % / AN Me NV o). (7.33)

The merit of considering the general potential tr[V (M)] is that we can take the coupling g, as the
source of trM"™. That is

d N n
@logZ(gl,gg, ) = ;(trM ). (7.34)

Of course (trM™) has only connected graphs. The reason why we consider such an expectation
value is that (%trM ™) creates the all possible surfaces with one boundary which consists of n
edges (or links). For instance, taking a look at the graph of ¥V = 10 (F' = 10) with one boundary
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(corresponds to removing the 8-sided polygons from the discretized surface). For simplicity, we
take the potential as V(M) = N(3M? — $M?). That is

1 N2 3 r —L1Ntr(M)? gN 3 r 8

The graphical expression can be seen in Figure 13. Similarly, we can add one more boundary:

Figure 13: The triangulated surface with one boundary

1
But this has disconnected parts. The connected parts can be derived by
1 1 1
2 (trM™rM™) conn. = W(trM”“ch") - W<trMm><trM"). (7.36)

In fact, this is just the discrete analogue of the Hartle-Hawking wave functional with 2 boundaries.
In general, we can define the generating function for the b-boundary correlators:

o0
trM™ . tr M
w(zy, - 2) = N2 Z {br ! Jeonn.

my,,mp=0

1 1
= N*"2(¢ ot . 7.37
< er_M er_M>conn. ( )

We introduce the complex z; because it is good for us to take the analytic continuation when we

calculate the generating function. The above one is the general form of the discrete analogue of
the Laplace-transformed Hartle-Hawking wave functional. Now we try to get the loop equation for
one boundary case. The generating function for one-boundary correlator is

v = ()= ;Vlil@_g), (739

where \; is the eigenvalue of M. This is often called resolvent of the matrix M. We also introduce
the density of the eigenvalue \; of M:

N
b = ]1V<Z 5\ Ai>>, (7.39)
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where

1E/deQ) (7.40)

—0o0

By using this density, the resolvent can be written by

w(z) = / APV (7.41)

R Y

In the following discussion, we take the potential as

V(M) =N BMQ - fLM”} . (7.42)
For convenience, we factor out the tHooft coupling, and the correct shift is
M — g7 M. (7.43)
This leads
Sy = ]\é [1tr(M2) — 1tr(M")] (7.44)
= 2 n
- N [tV (M), (7.45)
gn-

The partition function is then
Z(g) = / dN? Me=Sm

:/HdAi [H(M—AJ’)Q]GXP[‘ ]itrV(M)]

i<j gn—2
N
:/Hd)\iexp[ . trV(M)+Zlog|)\i)\j|}
i g2 itj

= / [ axiesr. (7.46)

Our interest is about the spherical topology (genus 0), and such a condition is equivalent to the
planar limit in the matrix model. Thus we take the large-N limit, and the leading contribution
can be evaluated by the saddle point method, that is dg%fif

matrix model corresponds to h expansion in the quantum mechanics so that this saddle point

= 0. 1/N expansion in the large-N

approximation can be called WKB approximation. This leads

1 / 2 1
LV()\i):Nzi)\-—)\-’ (7.47)
gn72 i 1 ¥l

where V' ()\;) is the derivative of V ();) with respect to \;. We try to rewrite this equation of motion
into the more useful form. To do that, multiplying the equation of motion by %ﬁ, and summing
up with respect to i, we get

1 V'(\) 2 1 1
= N2 . 4
Ngnzzzi:)\i—z NQXZ»:;)\’L'_Z)\@'—)\]' (7.48)
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The left hand side is
1 Vi) 1 <V'()\i) B V’(z)> 1 V'(2)

Ng% i )\i—Z Ngn32 Z_)\’i Z_)\’i _Ngﬁ i Z_)\’i
1 VN =V (z 1 ,
=TT 2 Y ()_ ——w(2)V (2)
]\]g"*2 i z 1 gn72

The right hand side is
2 1 1 1 1 1 1 1
WZZ)\Z‘—ZAZ'—)\]‘ _WZ:;(A@_ZAz_AJ _)\j_Z)\i_Aj)

i j#i
1 1
SN2 a3

i g
1 1 1
“wEemanma Zae
1
= —w?(z) + ~Y (2).
Combining the above results, we get the loop equation for the resolvent in the matrix model:
1 1 : 1 Vi(z) = V' (\
w2(2) — —w (2) — ——w()V'(2) + —— (2) =V ) _ (7.49)
N gr2 Ngn—= 7 z= A
If we use the density of eigenvalues, then we also have
1 1 : 1 V'(z) = V(A
w(2) — L' (2) — () () + — / )L EH =V (7.50)
N gm gm Z— A

For instance, let us calculate n = 3 case, V(M) = %MQ — %Mg, in the large-N limit. Under the
shift, z — gz and A — g\, the loop equation becomes

w2(2) — (2 — g22)w(2) + {1 - g</ (V) + z))]: 0. (7.51)

We can also notice
1 N

1
dAp(MA = — Ai) = —(trM). .52
ey N 00 = e (75)
We have already known that %(trM ) shows the all possible connected and discretized surfaces
with one boundary. Remember the loop equation for the generating function in the 2-dimensional

discretized gravity (7.25):

w?(g,2) = (2 = gz°)w(g, z) + [1 = g(wi(g) + 2)] = 0.
Comparing the two, if

wi(g) = (),

then the two loop equations are exactly the same. Of course we can understand that the above
equality is true. Thus at last we can see the two loop equations derived by different roots are just
the same form at the level of genus 0 and one boundary. This is the strong evidence of the duality
between the 2-dimensional discretized gravity and the matrix model.
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7.5 Loop insertion operator

Once we can solve the generating function for one-boundary correlator, we can derive the generating
function for any boundary correlators via the loop insertion operator. In other words, we can punch

any number of holes on the surface as we desire. Such a great operator can be defined by

1 _y b d (7.53)

W = 2 g
The resolvent can be written down as follows:
1 < (trikr)
w(zl) - N Z Zk1+1
ki=0 ~1
1 1 T dNM iy = (1 l 1 /g I
- @ M3 S (VNgied) 3 3 = (Leen?)
N 7o) 2o | S B S et g ()
k1=0 1 l1,l2,
SE LS (gimtrMm)lm 5 e (trMFY | (7.54)
lm‘ mNm/Qfl
Then we act the loop insertion operator to w(z):
d 1 1 [ dN M
w(z) = w7— [/ e
dV(z2) N Z(g1,92,-+) f= L) 2y
=
— [ 1 1
— (ly gL Wl = . k
< 3 { g Eeant b L+

l17l2’...

N

1 1 N dVM 1y &
B T DU et L DS

(g17 g2, k1=0 I do e

1 In—1 1 2\ m k
X {lm!(lmgm )(m]\fmﬂltrM > }Zén X oo (trM™)

o0
1 NtrM  trM? trM™
S ([ et
k1=0 Nzl 72 ) N Z9 conn.
> tr MFErr Mk2
- Z 141 _ko+1 : (7.55)
k1,k’2=0 21 22 conn.

k1
In the last line, we have shifted, M — v NM and z; — N*1t1z;. We derive the surface with two
boundaries from the connected surface with one boundary so that derived surface is also connected.
By the same discussion, we can get the generating function for any numbers of loops:

o A
T AV(z) dV(m_1)  dV(z) VY

(7.56)

w(z1, -, 2p)

We would like to dwell on the relation between w(z) in the matrix model and w(g, z) in the

2-dimensional discretized gravity. For now we know

k

1 1 > g
wle) = {2 )= 3w = ue,2) (7.57)
k=0
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where the potential of the matrix model is %M 2 LNM 3. How about the case with arbitrary
boundary? To check this, operating the loop insertion operator to w(g, z), we would like to consider
about the outcome. However if we try to construct the multi-boundary case w(g, z1,--- , 2) via
the loop insertion operator, then we are forced to extend our unrestricted triangulation to the
more general form. Namely, we discretize the surface with not only triangles and the double links
but also multi-polygons. To make this procedure go, we redefine the generating function in the
2-dimensional discretized gravity like:

00 Hoo gkj
19
’U)(g,Z) = Z w{kj},l%a (758)

Lk, kn=0

where g; means the coupling constant of i-gon. In this case, we find

d w(g, z1) = Liw( 1)
dV(ZQ) g,z1 pi Z%'Jrl dgj 9,71

=> Z T l-+;1 [Hgﬂg?_lw{kj},z. (7.59)

Lk 5 72 F1 0 Lig

This can be lead as follows. Acting the loop insertion operator corresponds to removing the j-
gon from the kj; possible j-gons and choosing the marked link from the j possible links. Thus
Ww(g, z1) is really deserved to w(g, z1, 22). By the recursive procedure, we get that the gen-
erating function of the multi-boundaries can be derived by the loop insertion operator. From this
consequence, it is valid to suppose that

1 1

b—2

w(z1,  ,2p) =N tr——— ... tr >

( ) < 72— M =M/ oon

- Z [ﬁ ok +1] [H 9m ]w{z Viky = w(g, 21,7, 2)- (7.60)

i Aky} =l

7.6 Solving the loop equation

We would like to uncover the secrets embedded in the structure of the loop equation. At first,
we focus on the spherical topology with one boundary. As we have seen, the loop equation of
the 2-dimensional dynamical triangulation has the same form as that of the matrix model with the
potential V(M) = 3 M?— EVa
does not depend on what types of polygons we use in the regularized theory, the universality.

M3. In fact, in the continuum limit, the solution of the loop equation

Although one may feel a kind of uneasy, we try to solve the loop equation for the 2-dimensional
gravity regularized by m-gons (22 M™) and the double links (3A/?) by using the matrix model. As
the conclusion, we will get to know the continuum limit is truely universal. This time, we explicitly
distinguish the propagator %M 2 and the 2-point interaction LM 2. As our starting action we take

BV EYERR Y Iy i
Sy = N[QtrM ; e ]_ Ntr[V (M)).

In this setting, the loop equation in the large N-limit is
w?(z) = V' (2)w(z) + Q(z) = 0, (7.61)
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where

!

N /
L &V -V ()

= — _— 7.62
Q(2) N; p—" (7.62)
Sinse in the large-NN limit we can ignore the differential of w(z), the abstract solution is easily

derived by

1/ .
w(z) = 3 (V (z) £ a(z)), (7.63)
where

o(2) = /V'2(2) - 4Q(2). (7.64)

There are three points when we get the explicit form of the above solution:
e o2%(z) is the polynomial of degree 2(n — 1).
e w(z) is analytic in the complex z-plane except for the vicinities of cuts and infinity.
e w(z) ~ L1 in the large 2.

Above three items are the key ideas for the determination of the solution.
Let us see the first one. We can notice that V'2(z) is the polynomial of degree 2(n — 1), and
Q(z) is also polynomial of degree n — 2. Thus we get

o*(2) = V(2) — 4Q(2)
= 4122007 4 42D oy o2 g o (7.65)

where A;s and f;s are the coefficients. This tells us the very interesting feature:

n—1
oz)=C H(z —ciy)(z— o) (7.66)
i=1
n—2
= D(z) H(Z —cit)(z —¢in) (7.67)
=1

(7.68)

= M(2)\/(z—cy)(z — c_).

where C' is some constant, D(z) is the polynomial of degree one, and M(z) is the polynomial of
degree n — 2. That is to say, we can adjust the number of branch points(z = ¢4, ¢—) by hand. In
the following discussion, we treat only with the one-cut solutions.

Next, if the support of p(A) is confined to a finite interval [c_,cy], then w(z) is the analytic
function in the complex z-plane except the vicinity of cuts and infinity. This can be checked as
follows. We introduce the formula of the §-function:

SO\ = Aj) = — ( L ! > (7.69)

2mi\ N —A—i0 A\ — A +i0

53



Using this formula, the density can be rewritten by

m»=§<§¥M—M§

1 o p(\) p(\)
T 2mi dA(XAiO_X)mLiO)
L {w(h +10) — w(A — i0)]. (7.70)

= o

Thus w(z) really has the discontinuity near the eigenvalues.
The last, if we expand w(z) around |z| > |c4|, then we get

we) = [ a2

o z—A
—1/00 w(1-2) a
oz _OO’O z
1 11 1
= S+ Sl + O<z3> (7.71)

In fact, this condition restricts sign in front of o(z) to minus one, and the structure of it as we will
see.

4

Imfz]

Re[z]

Figure 14: The one-cut graphical relation for n = 4

In this thesis, we focus on the 1-cut solution as we mentioned before. As a starter, we try to
find out the structure of M (z), which is the great useful tool when we take the continuum limit.
First, we would like to introduce three types of paths in the complex w-plane. Those are c1, c9, and
c3, which are the contour along the cut, the one around z, and the one to infinity, respectively.

Going off a tangent a little bit, by using the contour argument, we rewrite the loop equation.
Remembering the loop equation in the large-INV limit:

w?(z) = V' (2)w(z) + Q(z) = 0,

and its solution:




Figure 15: Three paths in the complex w-plane

where we take the minus sign in front of M (z), in short we shift the ambiguity of the sign to M (z),

then we can notice that

74 de V/(w)w(w) = w?(2). (7.72)

L 2Tz —w

This is because

dw V'(w) B dw V' (w)

D gmi—w W)= f amiz— o
dw V' (w)

mia—w"®
dw V' (w) [Q(w)]

o 2mi 2 —w [V (W)

= V' (z)w(z) - Q(2).

=V (2)w(z) +7{

C

~ V' (2)w(z) +
(7.73)

The above equation is the another form of the loop equation in the large-N limit.
Now let us find out the more detailed form of M(z) [20]. If we transpose the solution of w(z)
in |z| > |cyx|, we get
—2w(z) + V'(2)
Ve—enG—c)
N V'(2)
Ve—c-c)

M(z) =

Using this, we find

wo- f M f 2 (L) o

In the following, we treat above ~ as =. It is good for us to introduce two new functions:
Mifercog) = § 2 V) (7.75)
R eI = 1, 2mi (w0 — )72 (w — e )1/ ‘
dw V'(w)
Ji(c—,cq,9) = — ) 7.76
k(c C+ g) él 27TZ (W—C+)1/2(W—C_)k+1/2 ( )
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where g; = gt; with some variable t;. These functions are called moments. By using M} and Jg,

we can write down w(z):

’

:z::_iMk(Z —c )l = jéq % N _‘;(;EL — ) rz_:l w _10+ <z:z¢>k_l]

k=1
w "(w z—c \"!
N 74 jmv(w —:()(L—c_) L;(l - (w—ci) )]
B dw V'(w) 1
e 2miv—z\lw—c)w—c)
= M(2), (7.77)
and o
> Ji(z =)= M(2). (7.78)
k=1

Finally, we get

n—1

w(z) = ;(v%z) Y Mz — e )N e c_>) (7.79)
k=1
n—1

_ ;(V/(z) -2 Te(z — e )G =)z = c)>. (7.80)

Further we can combine the two:

1 , n—1
w(z) = B <V (2) — Z Viz—cp)(z—c) [Mk(z —ce ) 4 (2 - c)k_l} ) (7.81)
k=1

We need to determine M}, and Ji to scale % at z > |cy|. To carry it out, we need to rewrite w(z)

in the different form. First, we notice

o - f i ()
-f st (e

In the second line, we changed the contour from c3 to ¢; and ¢z, and V/(z) is the residue at z.
Putting this into the solution of w(z), we get

w) =3 f gl (vEeo), (75

We can also notice

VEZeEZe) oy o e -] v0(S) (7.53)

zZ— W
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Using this, we get

1 1 /M, J_ 1
w@)ZQM@+Z<41+;>+O<%>. (7.84)

Letting w(z) be asymptotically L in z > |y |, for example we should take

My=0, M_1=J_1=2 (7.85)
In the subsequent discussions, we would like to see three interesting solutions, and figure out its
physics.
7.6.1 No-interaction case -branched polymer-

What is the universe with no surface? Such a universe is often called branched polymer. This can
be generated by the following action:

1
5¢[:zv[QUﬂ4ﬂ. (7.86)
The corresponding loop equation in the spherical limit is
w?(z) — zw(z) +1=0. (7.87)

This expression may be somewhat confusing because the generating function is just the same
expression w(z) in the matrix model and the 2-dimensional discretized gravity. Thus we emphasize
that w(z) means the generating function with no interaction in the matrix model. The solution is

1

w@):2<z— (z—2x2+20, (7.88)

where we choose the minus sign in front of /(z — 2)(z + 2) because of the asymptotic behavior,
2z ~1/zin z > 1. If we change the variable x = 1/22, then we get

1 1-Vi-4s
“’(z)‘ﬁ[ 2 }

RO o P

_ﬁgq, (7.89)
where |

a}ﬂL (7.90)

I+

() is called Catalan number. The number [ now represents the number of links. Let us consider
the meaning of C;. For example we can take the Catalan number as the number of possible ways
to go from A to B in the lower-triangular region (see Figure 16). By using the combinations of U
and R in Figure 17, we can generate the all possible branched polymers based on the double links
if we assign R with going down the dotted line by one in Figure 18, similarly U with going up.
Thus we can understand C; = wy; where wo; means the possible ways of branched polymers. We
again rewrite w(x) in the z coordinate, then we get

oo
1
=0
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A
A A
A A A » =R
A A A A A=
A > > > >

Figure 16: The graphical interpretation of the Catalan number with [ = 4

Figure 17: UURRURUR-type branched polymer with 2/ = 8

Figure 18: URURURUR-type branched polymer with 2I = 8
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From the discussion of the Catalan number, we can notice that in advance we need to choose the
one link so that the graphical representation of the branched polymer must have the one marked
link (see Figure 18). The double links in the branched polymer must be infinitesimaly narrow

Figure 19: The general branched polymer
because the branched polymer is just the boundary so that all the links must be connected.

7.6.2 Surface induced by quartic vertices

This time, by using the quartic potential we would like to see how we can solve the loop equation
as to the one-boundary case. Furthermore, we try to investigate what happens at the critical point
through this example. We take our action as:

1 g
Sy = N|=M? — ZM*|.
=g o]

The general solution derived before is

n—1
1(. . 3
w) = 5 (V) = X Mule - e Ve ).
k=1
We introduce the finite size eigenvalue distribution like ¢ = ¢y = —c_ > 0. Using this information

and expanding around the large |z| region, we have

1 c2
w(z) ~ 5 [z3(—g — M3) + 2*(— My + 2¢M3) + z(l — My + Msc — 2M3>

c? 1/c? 3 5ct
— My — Msc® |+=( =My — =My + M ) |. 7.92
+<2 2 3C>+z<2 1= 2-1-8 3)} (7.92)
What we need to impose on this solution is w(z) ~ 1 in |z| > |c+|. From the vanishment of cubic
terms,
Mz = —g. (7.93)
From quadratic terms
My = —2cg. (7.94)

This does not contradict with the vanishment of zero-th terms. From linear terms
3
M, = —5029 + 1. (7.95)
Plugging these values, we get

w(z) = [Z gt <1c2g gt - 1) m] (7.96)

1
2 2
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The last requirement that the coefficient of 1/z is one restricts the above solution by
3gc* —4¢® +16 = 0. (7.97)

We can solve this with respect to ¢?, and the solution is
2—2y/1—-12
= 3—9 (7.98)
g

In the above, we have taken the signature of the singular part of c? to be analytic at g = 0 (Thr
branched polymer) where the branched polymer phase exists. From this result, we can understand

that the resolvent w(z) is analytic in the vicinity of g = 0, and this becomes singular at

1

- =. (7.99)

ge

This is the coupling constant at the critical point. Such a singularity is originated with ¢?(g). We
know that the value +¢(g.) means the branch point, the end of the cut, and the value is

ce = c(ge) = 4 /326 = 2V/2. (7.100)

Let us clarify what happens at this critical point more precisely. At the critical point, M7 becomes
Mi(g.) = 0. (7.101)

This implies that the analytic structure of w(z) changes at the critical point:

1
w(z(ge)) = 5 |2 = 902 + ge(2* = €2)*? . (7.102)

For any potential, this does take place. Namely, at the critical point M; becomes zero, which means
that the variation of the fractional power in w(z). If we go over the critical value g., then the end
of the cut ¢(g) turns to be imaginary, that is that eigenvalues have no more real support.

7.6.3 Even-sided-multi-boundary case

The last example is about the surface discretized by the even-sided polygons. First we derive the
one-boundary case, and then by using the loop insertion operator we find out the multi-boundary
case. We choose the one cut as ¢y = —c_ = ¢. In this case, we find

w(z) = % (v’(z) - M(z)m), (7.103)

where

M(z) = do 1 (V’(w)2>

3 2MIW — 2 w2 —c
!
dw V (w) w
g 2miw? — 22 /w2 — 2
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Again, we take ~ as = in the following discussion. If we notice

1 (22— 2 K 1
w2—022<w2—02> T w2 _ p2°
k=0

then we get
d dw _ wV' (w)
M(Z): f 7.(Z2_02)k | R S A
Z ., 2mi (W2 — 2)k+1/2
=Y My(c, 9)(z* = ), (7.104)

where

~ do WV (w)
2 = S —
My (¢, g) = ji omi (0 — )12 (7.105)

We must determine some value of M}, for w(z) to be 1/z in z > |¢| as before. By using the similar
way as before, we get

1 dw WV'(w) [22—¢2
== — . 7.106
w(z) 2 ]éq 2mi 22 — w? V w? — 2 ( )
If we notice
| 1
=_ - .1
22 (2 Z+O<22>7 (7 07)
then we find -
1 MO(C 79) 1
This must be equivalent to 1/z + O(1/z?). Thus we can find
Mo(c?, g) = 2. (7.109)

Next we would like to construct the multi-boundary case by using the loop insertion operator.
To begin with, we rewrite the loop insertion operator into the more useful form:

d = 2 d 0 de®> 9
= : = — A1
dV(z) Jz:; 22t dgy; OV (z) + dV (z) 0c?’ (7.110)
where
G, =2 9
= — A11
v (2) ; 22 9gy,; (7.111)

For preparation, we derive some quantities for a while. Now we take the potential as %M 2 _
> %sz, which leads

- (7.112)



In the similar manner, we get

OMj, 0 {(22 —z ]

— 2)kt1/2

From the definition of M}, we get
o -~ do WV (W)
— M= (k+1 _—
oV (z) b=kt )71 271 (w2 — ¢2)k+3/2
This leads the recursion relation:
9
oV (z)

By using the above equations, we get

($3=(?f>Y§%J

Mk = (k + I)Mk+1.

20 —z
_M%Qﬁﬂ)
2 c?
Thus the loop insertion operator can be expressed by
d 0 2 c? 0
AV(z) V(=) I (2= 2pRoE

(7.113)

(7.114)

(7.115)

(7.116)

Now we are ready to calculate the multi-boundary case. First, we try to get the 2-boundary case:

w(z1, 22) = Lw(zl)

dV(ZQ)

1 22— 2 22 2
_ 2 A 2 [#
= 72(2:2 — 22)2 22122 + 22 72 — C2 + Zl 72’2 — 02 .
1 2 2 i

In the above calculation, we took a kind of technical deformation:

kZ:l [(k‘ + %)Mkﬂ(z% - 02)1@_% — (k- %)Mk(z% _ CQ)k_z]
= [(k - %)Mk(m - c2)k7% — (k- %)Mk(zl _ 02)k§] +1(zf B 02)*%
k=1
1

Similarly we get the 3-boundary case:

o 1 3/2
lern) = g e )

By the induction, we can find the b-boundary case [20]:

2 4\ 1 ’ 2
w(z1, ,2) = | == = .
(21 b) (Ml(CZ) ch) 262 M (c2) kl;[l (zg — 2)3/2
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7.7 Structure of singularity

As we have seen in the case of the surface discretized by the even-sided polygons, the singularity
of the generating function is originated from M; = 0, or equivalently from the non-analyticity
of eigenvales +c. This is because the derivative of ¢? with respect to V(z) diverge for M, =0,
which implies that there exists the first order phase transition with respect to eigenvalues. Since
M, = M(g,c3(g)), there must be some critical coupling g. satisfying M (ge, ¢(ge)) = 0. To figure
out the singularity structure of the generating function (of the surface discretized by the even-sided
polygons) at the critical point mentioned above, we define

Ag=g.—g, A= cz - 02(9), M2c = Mg(gc, ci) (7.121)

First, we expand M (g, ¢?) around the critical values:

N _ Y 2 - 2
Wh(g,2) = My (g, 2) — PO g2 QM. C) )y
Oc —co dg J=ge
= —%MgAé + 0O(Ag). (7.122)

In the last line, we used the recursion relation 8‘}(9(2) My, = (k + 1)Myy1, and M (ge, c(ge)) = 0.
Subsequently, expanding My(g., ct), we get

Mo(ge, c2) = Mo(g + Ag, & + Ac?)
OMoy(g + Ag, ¢ + Ac?)
dg

aMo(g + Ag, c? + Ac?)
Oc?

= My(g,c?) + Ag

Ag=0

A+ .. ..
Ac2=0

Noticing My =2 at any argument, we get

My (g, CZ)Ag N OMo(g,c?)

2
5 g At~ 0. (7.123)

Now let us evaluate the above relation. As for the second term on the left-hand side, by using the
recursion relation and the value of M (g, ¢?), we can rewrite:

OMy(g, 2 -
g(ch ) = ]\41(g,02)Ac2

_ %M;(A&)Q + O(AgAR). (7.124)

Additionally, the explicit form of My(ge,c?) can be

2= Mo(g& Cg)

n

dw w 1
- 7{ 27 (w2 — 2)1/2 [‘*’ -2 oty ]

j=1

63



Or equivalently,

dw w? - dw  getjw?
- @ _9 = __Jey=
?{1 2mi (w2 — ¢2)1/2 * ; il 27 (w2 — c2)1/2
The left-hand side is

dw w?

7{ do W fdw @
oy 2mi (W2 — c2)1/2 [, 2mi (w2 — c2)1/2

fam(e+35)
~ —llw+ -—
g 2700 2w
ce

5"

N
&

Thus we get

Using this, we have

8M0(97 62) aMO(gCa 02) 2
Ag = ‘ oA
S ng = I 4 0((Ag))
S 7{ dw _ tju)
(02 — o2)1/2
e 2mi (w2 — )Y/
Lo
=——/cZ —4). 7.125
o= (7.125)
Putting all the results into %{@Ag + %ACQ ~ 0, we get
2 Ag
A?) = ——— (2 -4 <>+(’)A : 7.126
T Rl o Y (7.126)
This leads
Y 2 3\ el 2 Ag
Mi(g,c”) = i\Mz\(Cc—‘l) ?+O(v Ag). (7.127)
Next we would like to find out the singular part of w(zy,--- , 2p) in the limit, ¢ — ¢g.. Remembering

2 d\"? 1 b 2
w(zy, -, 2) = (M1(02)dc2> 2¢2 M (2) kl_Il (22 — 2)3/2

the most singular part is

1 d\"’1 (A 1\ %on,
M1 dC2 Ml g Ml 862
1\32
~ | — . 12
<A9> (7.128)
More precisely,
1\"2 S-b > g k 5—b > k
<Ag> = 9c Z[(b—;+k)ck:| <c) =9c Zg Dy,
k=0 k=0



where we have used (_,)C; = (=1)" (4y—1)C; for n > 0. If we take some diagram with fixed links
l; and with the limit k — oo, then by using the Stirling’s formula, N! ~ NV for N > 1, we get

(1\F
Dy ~ kb2 () . (7.129)
e
In the context of the 2-dimensional gravity, the asymptotic value of Dy is supposed to be the

which represents the number of polygonizations, that is

b 7 1 k b 7 1 A
Wi 1y, 1y ™ Kk’ 2 <> =A"2 <> , (7.130)
9e Ge

where we have used the fact that the value k is the total area A if the each polygon has the unit

asymptotic value of wyy, ... 1,

area. In fact, letting g close to g. with taking the limit & — oo corresponds to taking the continuum
limit of the discretized theory as we will see more detail. Even at this stage, we can read off the
string susceptibility s

Ab=3 = Aver—3, (7.131)
In the zero-boundary case, we have
1
Vstr = 3 (7.132)

This result does agree with the one derived by the Liouville field theory ((6.52) with A~ = 0 and
d = 0)! By this striking coincidence, we can confirm that the matrix model is a non-perturbative

formulation of the 2-dimensional quantum gravity.

7.8 Continuum limit

We would like to take the continuum limit. To perform this conduct, we need to know the critical
hyper surface. In fact the continuum limit is the lattice-spacing-zero limit, a — 0, in the fixed
volume, which is equal to the coarse graining of the lattice spacing corresponding to the expansion of
the volume. In the renormalization group theory, the one-step coarse graining means the one-time-
renormalization-group transformation. To make the infinite coarse graining possible, we must move
the coupling constants closer to their critical values. Now let us find out the critical hyper surface.
For simplicity, we consider the surface regularized by tetragons with one boundary. However the
choice of building blocks is independent of quantities in the continuum limit so that our choice
does not loss of generality. First, we define the average of the volume in 2-dimensional discretized

surface:
1 d

(N;) = e [gdgw(z)} (7.133)

where w(z) is the resolvent, and ¢ is the coupling constant. This is because the power of the
coupling constant is the number of tetragons which is just the volume of the surface. At the critical
point, (N;) must go to the infinity. We have already derived w(z) before so that we can read off
such a point satisfying

1—-12¢g =0. (7.134)

In the above calculation, the singular part is from % in the root if that helps. We can check that

the critical coupling g. is 1—12 as we have said before. The critical value of z must be the edge of the

branch point:
ze = ¢(ge) = 2V2. (7.135)
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We assume the canonical scaling:
1
g=gee 2 = 51— Ad®), (7.136)

and
2=z 5 2V2 <1 + ;X> (7.137)

where A is the renormalized bulk cosmological constant and X is the renormalized boundary cos-
mological constant. The arrow means the redefinition of cosmological constants. Remembering

1 1
w(z) = 5 [z — g2 + (cQg +g2% — 1) V22— 02:| ,

2 2

and putting the canonical scalings into w(z), we get

w(z) = % [z —g2° + gai”/QWA + (’)(a5/2)] : (7.138)
where
Wy = (X — VA X + VA. (7.139)
This is because
V22— =224\ X + VA + Ofa), (7.140)
and . 5
3¢9+ 92" = 1= 2a(X = VA) + O(a?). (7.141)

The leading non-analytic contribution comes from a3/2

. Differentiating w(z) two times with respect
to a, we find a divergence in the limit, ¢ — 0. Therefore, the continuum generating function is
really Wa(X). The Hartle-Hawking wave function W (L) can also be derived by the inverse Laplace
transformation:

W(L) = — /ioo eXEWA(X) = L7 WA (X)]. (7.142)

—3/2
L1 [\/X +VA|= —?)F(L_?)/Z)e—\me(fz), (7.143)

—5/2
£t [(X + VAV X +VA|= F(L_?)/Q)G‘VMH(L)' (7.144)

where 0(L) is the Heaviside step function. Using the above, we get

Calculating by parts:

and

Wa(L) = L7 [Wa(X)]

=L [(X + VAW X +VA —gx/Kﬁ‘l {\/X + VA

o(L 1 _
= <F(_(3}2)> T+ VAL)e VAL, (7.145)

This is the Hartle-Hawking wave function for the spherical topology with one boundary.
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8 (141)-dimensional causal dynamical triangulation

The dynamical triangulation in 2 dimensions has been succeeded in the sense that its continuum
limit is coincident with the ¢ = 0 Liouville field theory. In this thesis, we have confirmed the
coincidence of the string susceptibility. However it is known that the dynamical triangulation gets
into the trouble in the dimension larger than 2. One of possible reasons to this problem is that the
summation over configurations in the path-integral is not correct. Namely we may adopt the too
much configurations. If it is true, we need to restrict configurations. As such a restriction, we pose
the causality on the dynamical triangulation, which is called causal dynamical triangulation. I n

the following, we will review this causal dynamical triangulation in 1 + 1 dimensions '°.

8.1 What is causality?

We first define the causal structure. The space-time manifold has the causal structure if it has the
global proper time structure. How can we construct the global proper time structure in the lattice-
regularized gravity? To do that, we define the two flat simplices as building blocks (see Figure 20).
We assign the time direction to the time-like link. Noting that the length of the time-like links

The space-like link

The time-like link

Figure 20: Simplices in the causal dynamical triangulation

in each triangle is same by definition. If we take the different lengths of the time-like links (not
isosceles triangles), then the time has the nonuniform flow, which must not be the proper time.
The space-time manifold is intrinsically Lorentzian so that we also define that these two building
blocks (isosceles triangles) are Lorentzian. This can be done by defining the lengths of the time-like
link a; and of the space-like link a4 as follows:

a? = —ad®, d®=d (8.1)

where a is the lattice spacing of the space-like link, and « is the anisotropic factor between space
and time. In the lattice gravity, each triangle stands for each space-time point in the continuum
theory, which means that each space-time point has the uniform time. In other words, we can
construct the discretized surface with the local proper time structure (the light-cone structure) if
we use the above two isosceles triangles as building blocks.

The next question we would like to handle is how we can construct the global proper time
structure by using these two triangles. This can be done by gluing these two triangles in agreement
with (1) aligning the time-like directions and (2) gluing the time-like link to the time-like link and
for the space-like link to the space-like link. With this prescription, the (14-1)-dimensional surface
has the equal time foliations, that is that the space-time simplicial manifold has the global time
structure (see Figure 21).

10This section is based on [21, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45].
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WM time

Figure 21: The time foliation

In the following discussion, we will consider the universe that the 1-dimensional space-like loop
S1 propagates along the time R. Due to the causality, we can only consider the cylindrical universe,
S x R. If we violate this assignment, for example taking the trouser topology, then the light-cone
structure degenerates, which leads the violation of the causality.

- >
i /
/)
/

/

the exit loop

/ \
N ‘
Lo \\ time
the entrance loop

Figure 22: The (1 + 1)-dimensional universe: we call the initial loop the entrance loop which is
labeled by one point, and we call the final loop the exit loop

8.2 Constructing discretized universe with causal structures

In the pure general relativity in 1 + 1 dimensions, the gravitational action with 2 boundaries is
given by

S = 4ng ( /M d*¢/—gR + 22; }é " ds(§)2k:g> +A /M d*¢y/=y, (8.2)

where M denotes the space-time manifold, G is the Newton’s gravitational coupling constant,

R is the curvature, ky is the geodesic curvature, and A is the bulk cosmological constant. As
we have mentioned before, the curvature term is just the constant in 1 + 1 dimensions (Gauss-
Bonnet’s theorem). Further, now we take the cylindrical topology, and its Euler character is zero.
This implies that in the 2-dimensional causal dynamical triangulation the curvature term is always
absent. The corresponding lattice action can be defined as follows:

Sr = \a*Ny, (8.3)

where ) is the bare bulk cosmological constant, a is the lattice spacing of the space-like link, and
N is the total number of triangles in the triangulation 7. Our target universe is that the space-like
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loop propagates along the time with no interaction so that what we need to know is the cylinder
amplitude. By definition, we call the initial loop the entrance loop, and call the final loop the exit
loop. Let us introduce the cylinder amplitude:

ll)l2 ZGA l17l27 ) (84)

where

Al I t) Z e ST = Z e NN, (8.5)

T denotes the triangulation, I is the length of the entrance loop, 2 is the length of the exit loop,
and C7p is the volume of global discrete symmetries. Now a height of a triangle corresponds to (the
discrete-analog of)) the “lapse function” N (a, ), and we set it 1:

E

N(a,a) =ay/a+ - =1. (8.6)

By this treatment, each time step is normalized to 1. Further, we set the lattice spacing of the
space-like link, a, to 1. This assignment implies that {; counts the number of links in the entrance
loop, and I does the number of links in the exit loop. In the following discussions, we mark a
point on the entrance loop to get the simple expression. We define the propagator marked on the
entrance loop Gf\l)(ll, la;t) as

GV (1, ly;t) = LGy, Ia; ). (8.7)

If we also would like to mark on the exit loop, then the corresponding propagator Gf\l’m(ll, lg;t) is
G\ (1, 1oy t) = LGSV (11, 153 £) = s G (I, i ). (8:8)
Next we assume the significant relation:

Gg\l)(llyl2;t1+t2 ZGl (I, ;)G ()(l,lz;h)- (8.9)
]

This decomposition law plays an important role when we determine the scaling of the propagator
as we will see. For the convenience for the calculation, we introduce the generating function for the
propagator:
GV (@, yst) = 3 aly2G8) (1, 1as 1), (8.10)
l1,l2
where
=My =it (8.11)

A1 is the boundary cosmological constant for the entrance loop, and Ar is the boundary cosmological
constant for the exit loop. Let us introduce the decomposition law in terms of the generating
function:

G()\l)(xa Y tla t2) = % 7G()\1)(x7 z_l; tl)G()\l) (Z, Y; t2)a (812)

where the contour is encircling around the pole of Gg\l)(x, z71;t1). We also introduce the intriguing

function, that is the one-step-causal propagator Gs\l)(ll, l2;1). By using the decomposition law, we
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Figure 23: The graphical expression for the one-step-causal propagator Gg\l)(ll, l2;1)

can get the general propagator in terms of the one-step-causal propagators:

GV () = > GV (1 s DG (1, dast — 1)

l11

Z G(Al)(ll, la; 1)G(A1)(l1.17 l1.2; 1)GE\1)(11.27 la;t —2)

l11,l1.2

= > GE\I)(h, hoasl)-- Gg\l)(ll.t—% -1 1)Gg\1)(l1.t717 l2; 1). (8.13)

l1.1,+l14—1

Thus if we can get the explicit form of the one-step-causal propagator, then we can derive the
general propagator. In the following, we would like to construct this one-step-causal propagator by
combinatorics. As a preparation, it is good to introduce the weight g:

g = e’ (8.14)

Using g, the generating function can be written as

=T Y g

l1,l2

= > wk,zl,zgxllybg (8.15)
li,l2,k

where £ is the number of triangles, and wy, 1, is the number of triangulations. This implies that

712
we can get Gg\l)(m, y;t) by summing up all triangulations with the proper weights; g, =, and y (see
Figure 24). As for the generating function for the one-step-causal propagator, we can implement

A ~gx v ~gy

Figure 24: The weights of the up-type triangle and the down-type triangle

its caluculus exactly, that is that it is easy to find out wy, ;, (see Figure 25). We can read off the
exact form of the generating function for the one-step-causal propagator from the combinatrics:

0o 0o . i 00 . 2.%'
6 1) =3 (90 o)) - o) = B (sa0)

i=0 =0 i—0 z)(1 - gz — gy)
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Figure 25: The combinatric calculus of the generating function for the one-step-propagator

In the above expression, we do subtract the situation that the finite entrance loop shrinks to a
point or a one point evolves to the finite exit loop. This is because the point becomes the singular
point in the continuum limit. The above generating function is asymmetric as to x and y, which
is originated with the mark on the entrance loop. If one would like to get the symmetric one
GE\LQ) (z,y;1), what we need to do is differentiating it with respect to y:

d g’ry
G(I’Q)(x,y; 1) = y—G( ) z,y;l) = ————. 8.17
Putting (8.16) into eq.(8.12), we get
dz g gzt (1)
o ‘t:]{ a 41
A (x7y7 ) 27TZ 1_gx1_g$_gz_1 A (Z7y7 )
gx (1) g
= G it—1). 8.18
e () (818)
In the last line, we have used the fact that the countor is around z = ﬁ. In a similar manner,

we can easily construct the generating function in terms only of Gf\l)(x, y; 1):

2.’,13'
G\ (@, y;t) = F(2)Fi(x) - F{ () T (wm’; _yg O (8.19)
where
me:Tjﬁ%Eg,FM@:x. (8.20)

One can derive the fixed point, F; = F;_1, which we call F:

1—+/1—4g?
F=——"" (8.21)
29
where we have chosen the minus sign because Fy must converge at g = 0. After some computations,

we get
1—2F +F* 1z -F)
F, = . 8.22
tz) 1 —zF + F2+1(z — F) (8.22)
By inserting (8.22) into (8.19), we get
F2t 1— F2 2
GV, it) = L (8.23)

(1= 2F) = FPF(F — 2)][(1 - aF)(1 - yF) — F(F —2)(F — )]

Now we consider the convergence region of Gg\l)(m, y;t). For letting it converge for any ¢, we need
to take |F'| < 1, or equivalently |g| < 1/2. In addition, remembering (8.15), we get the convergence
region:

1
|g’ < 57 ‘.Z'| < 17 ’y‘ <1 (824)
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8.3 Continuum limit

In order to take the continuum limit, we need to find out the critical hyper-surface as a first step.
To do this, we introduce the average volume of the (1+1)-dimensional universe, (Ny):

L0 @, y:1) (8.25)

(V1) Egdfg

This expression can be understood by noticing that the power of g is the number of triangles.
This average volume diverges, (IV;) — oo, on the critical hyper-surface. In such a place, we get a
relation:

l9(z +y)| = 1. (8.26)

Under the convergence region, the couplings satifying this relation are called the critical couplings,
and those are

1
Jec = 9 ze=1, yc=1. (8.27)
We assume the canonical scalings:
g= pira® = 161'Aa2’ = e = ez'Xa’ y = A Fa — ez’Ya’ (8.28)

where A, X, and Y are the renormalized bulk cosmological constant, the renormalized boundary

cosmological constant for the entrance loop, and the renormalized boundary cosmological constant

for the exit loop, respectively. Taking the convergence of Gg\l)(x, y;t) into account, it is natural to

implement the analytic continuations!'! :

A=iA, X =iX, Y =iY. (8.29)

With this treatment the scaling of coupling constants yields

1 1 1
g==(1-Ad%) +0(a*) == <1 — Aa2>, (8.30)

2 2 2
r=1-Xa+0(?®) =1- Xa, (8.31)
y=1-Ya+0O(* =1-Ya. (8.32)

The last step in each equation means the redefinition of the coupling constant. Just for reference,
if we take the set of critical coupling constants as (gc, Zc, yc) = (—1/2, —1, —1), the continuum limit
has the same form with our choice.

Next, we would like to find out the scaling of the generating function. Before doing that, we
need to define the finite variables in the continuum limit. When the lattice spacing of the space-like
link a goes to zero, the time ¢ and the boundary lengths l;, I3 must diverge. We define the finite
variables in this situation:

T=at, Ly=aly, Lo=als. (8.33)

11t we take those cosmological constants as really the cosmological constants appeared in the action, in that
case there exists the problem by considering this analytic continuation as the Wick rotation, ¢ — —it. Namely,

—Ara —Ara

constructing the consistent theory it seems that we have two choices: (1) considering the weights e and e

as just the Boltzmann weights or (2) extending the notion of the Wick rotation.
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In the above expressions, we defined the canonical scaling so as to exist no anomalous dimension
in both space and time. The validity of our setting will be checked later. Now turn our attention
to the scaling of the generating function. What we need to do in the concrete is finding out the
critical exponent 7 in the following relation:

GE&)(X,Y; T) = lir% a"Gf\l)(x,y;t), (8.34)
a—

where Gg)(X ,Y; T) is the generating function for the propagator G%)(Ll, L9;T) in the continuum
limit. We determine it by requiring that the decomposition law (8.9) works out in the continuum
limit, that is
o0
G\V(Ly, Ly Ty + ) :/ dLG\) (L1, Ly )G\ (L, Ly; T). (8.35)
0
As a first step, we determine the critical exponent & as follows:

GV (L, Lo ) = lim a* G (1, 13 ). (8.36)
a—

Putting this into the decomposition law in the continuum limit (8.35), we get

lim a$G{) (11, s 1 + 12) = lim [ Z} [afG&”ul, z;m] [aﬁei”a, Iy t2>], (8.37)
l

where we use lim,_,ga)_; = [ dL. We can read off the fact that { = —1. Thus we get
G\V(Ly, Ly; T) = lim a GV (14, I3 1), (8.38)
a—0
To derive the critical exponent 1, we implement the inverse Laplace transformation:

GW(Ly, Ly; T) = / Cdx [ dyeXhe G (X, YT, (8.39)
Putting (8.34) and (8.38) into the above, we get
lim o~ G\ (11, o ) = lim [—al f d } [—al f dy} g hy [a"Gf\l)(%?J;t)]a (8.40)

a—0 a—0 2mix 27m'y

a a

where we used the fact that z = e *X and y = e~*, and the contour was chosen for GE\I)(:B, y;t)

to be analytic. This tells us that n = 1, that is
V(X v;T) = lim G\ (z, y; 1). (8.41)
a—0
For a convenience in the later discussion, we also introduce the following relation:
G (X, Ly; T) = lim GV (z, 1o; t 8.42
A s L2, _ali;l%) A (.’E, 2, ) ( . )

This can be checked by a similar manner.
Now we are ready to take the continuum limit. By tuning the coupling constants to their critical
values, (g,z,y) — (1/2,1,1), we get the continuum generating function for the propagator:

4Ae—2\/KT

(1) T =
Gy (X,)Y;T) = (VA + X) + e=2VAT (K — X)]

73



1

X . (8.43)
[(VA+X)(VA+Y) — e 2VAT (A — X)(VA - V)]
By carrying out the inverse Laplace transformation of the above solution, we get
() . B ef[coth VAT|VA(L1+Ls) /ALlLQ 2 /ALILQ
Gy (L, Ly T) = L , (8.44)
sinh VAT Loy sinh VAT

where I is a modified Bessel function of the first kind. The quite remarkable thing is that this
continuum propagator coincides with the one derived by the Liouville field theory with ¢ = 0 in
the proper-time gauge [34].

9 Generalized causal dynamical triangulation

9.1 “Mild” causality violation

Let us consider the violation of the causality. In the Euclidean gravity, it seems that too much con-
figurations are taken into account in the path-integral, which may be the reason why the Fuclidean
discretized geometry comes into the trouble in the dimension greater than 2 2. However, the causal
dynamical triangulation seems to have less configurations. This is because in the path-integral it
is reasonable that the geometries which violate the causality at least “mildly”. We use the word,
“mildly”, in the sense that the universe can branch into several universes under the requirement
that all universes except for the main channel vanish into the vacuum. We tune these branches by
introducing the coupling constant gs. If we take this coupling constant as small in the continuum
context, then we can suppress the birth of universes to the minimum.

To make our setup possible, we define the generalized-one-step-causal propagator up to leading
contributions of gs:

h—1
GV (1,12 1) = G (1, 12 1) + 205 Y il — 1, g) GV (1, 125 1) (9-1)
=1

where éf\l)(ll, l2;1) is the bare one-step-causal propagator we have used in the causal dynamical
triangulation, and w(l; — [, g) is the disc amplitude. The second term in the right-hand side has [;
because the pinching may occur at [ vertices. The disc amplitude plays a role of the Euclidean cap
on the baby universe. For graphical interpretation, see Figure 26. The new propagator G(Al) (I1,12;t)

s - ) [TRED]

Figure 26: The generalized-one-step-causal propagator

12More precisely, in the dimension greater than 2, only two phases can exist, the crumpled phase and the branched-
polymer phase. Those phases are separated by a first-order phase transition line. Taking the continuum limit, we
need to find out the critical point where the first-order line becomes the second-order. However, in the dynamical
triangulation with the dimension greater than 2, there did not exist such a point.
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satisfies the decomposition laws:

GV sty + 1) = Y GV (1, 1) GV (1 Lo ), (9.2)
l

Doty = GV, )GV (1 1t - 1), (9.3)
l
The Laplace transformation of (9.3) leads

wyit) = § o [Z 221GV (0, 1y Gl )(l,lz;t—l)}

2miz
l1,l2,1
=l la 0 ) .
S
l1,l2,l
-1
+2g, > hw(l — 1, 9) GV ,z,1)] GV (1,1t — 1)
'=1
dz | A, -1
= '1
7{27m'z [GA (@275 1)
h-1 / ’
#2050 Y ha it~ 1) | 60 it - )
b '=1
dz_| &) ~1
= 1
%QWiZ[GA (2,275 1)
0 ) Ao
1 _ 1
+295;;x8x< 2wl — 1, g) GV 2 1;1)$l>]GA (z,y;t = 1).
1 '=1
Thus we get
G(l)(x y; t) :f dz é(l)(x 1)+ 29 mg w(z g)@(l)(m 271 G(l)(z y;t—1), (9.4)
A I 27’["i2’ A ’ ) S aJI I A ) I I
where -
= Z zw(ly, g). (9.5)
11=0

Alternatively, putting (8.16) into the above expression, we can get the following straightforwardly:

@, ow(z,g) 9] gz o g L
G\ (z,y;t) = 1+Qgsx78x —i—Qgsxw(:):,g)aw 1_ng>\ 1—ga:’y’t 1]. (9.6)

Now let us find out the nontrivial scaling of the coupling constant gs; so as to realize the branch
which violates the causality mildly under the same scaling relations with (not the generalized but)

the causal dynamical triangulation:
T=at, Li=ual;, Ls=als. (9.7)

In addition to the above, we impose that the scaling of the generating function for the disc amplitude
w(x, g) has also the same scaling one in the causal dynamical triangulation @w(x, g). To do this, we

75



need to know the scaling of w(x, g) in advance. The generating function for the bare disc amplitude
is defined in an alternative way:

B(e,g) =3 GV (o = 1;1) = GV (2,1 = 13 g). (9.8)
t

In the continuum limit, the disc amplitude Wx(L1) and its generating function Wy (X) can be
defined by

WA(X)E/ dLle_XLIWA(Ll)

0

z/ dLie X1 [/ dTG\) (L1, Ly = 0;T)
0 0

= / dTG\(X, Ly = 0; 7). (9.9)
0

What we need to do is determining the critical exponent 3:

lim a’w(z, g) = Wa(X). (9.10)

a—0

We have already derived the scaling of CNJE\I)(:U, [;t), that is (8.42). Putting (8.42) with Iy = 1 and
(9.10) into (9.9), we get

. B T (1) 1.

ilg(l)a w(zx, g) —ilg(l)[az;] G\ (x, 1l = 15t), (9.11)

where we used the fact that fooo dT' = lim,0a),. By comparing with (9.8), we get § = 1, that is
lim a(z, g) = Wa(X). (9.12)
a—0

Now we are ready to get the nontrivial scaling of the coupling constant gs. In fact, the scaling
of GE\I)(az,l;t) has been already known. Because the decomposition law has just the same form
between the generalized and (the bare) causal dynamical triangulation. Namely we have

GV(X, Ly T) = lim G (x, 1y 1). (9.13)
a—
Let us find out the continuum form of (9.6). Using the scalings, z =1 —aX and g = %(1 — %Aa2),
we get
1 g - 1 —aX — Aa® +a’X% + 0(a®) = 2 — Aa® + a* X% + O(a?), (9.14)
— gz
and
9T —1—aX - Aa® +2a2X2 + O(d®). (9.15)
1—gx
Additionally, we get
9 ~Wix vy = 1im a2-0® (p. 0 ) X% _ 29 AW .
8XGA (XaY7T) - il_r%aaxG,\ (x’y,t)dX - il_%(_a’ )8$G’\ ($7y7t) (916)
In a similar manner, we get
9 D ix v.T = 1im LW (s 4
87GA (X’Y7T) - ig% aG)\ (‘rvya t)v (917)
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and

o
-3 0
X

Summing up all the results, we can take the continuum limit of (9.6):

GG YD) =t (e 0)68 )| (9.18)

limGg\l)(gL‘, y;t)

a—0
: gz ) 9 9 gz [ g
-] it —1)+2g.0— : syt —1
alg%)[l—ga:G’\ <1—gaz’y’ >—|—gm8x{w(x g)l—ga:G’\ (1—gm Y )}]
~im e W (x2_ A28 a0 9.0 9
_ig%[G)\ 20XG, 4+ (X —A)a axGA atG/\ —|—2g58$ {w(z, g)GA} |-
Thus we get
9 O,y T) = — lim -2 (X% = A) 429,07 Wa(X) |GV (X, V;T) (9.19)
or—A a0 0X ° ATl '
From this expression, we can read off the nontrivial scaling of the coupling constant gs:
. -3 _
il_)n%a gs = Gs. (9.20)
Introducing the above G, we get the complete form of the differential equation:
0 0
a—TG(A”(X, YiT) = —5+ [(XQ - A)+2GSWA(X)] ¢V (x,v;1). (9.21)

Of course, G5 — 0 limit reproduces the differential equation of the (bare) causal dynamical trian-
gulation.

Next, we try to derive the Hamiltonian of the generalized causal dynamical triangulation by
considering the propagator as the transfer matrix:

G (L1, Ly T) = (Lale ™| Ly). (9.22)

where (L1| and |Ls) are the boundary states as to the entrance loop and the exit loop, respectively,
and 7 is the Hamiltonian operator. If we take the shift 7' — 7' + AT and the limit AT — 0, then
we get

0

ﬁaf)(Ll, Lo;T) = —(L1|He "T|Ly). (9.23)
Taking the inverse Laplace transformation of (9.21), we get
a%G(A”(Ll, Ly:T) = / Z dx Z dXeXlieYlip, [(X2 — A) + 26, WA (X) | GU(X, Y3 T)
o2 (1)
= I Ka/;% - A) n QGSWA(Ll)} G(Ly, Ly; T).
Thus we find
H(L1) = Ho(L1) — 2Gs LW (Ly), (9.24)
where ) o2
Ho(Ly) = —Lla—L% + LiA. (9.25)

In fact, this Hamiltonian can be understood via the string field theory of noncritical strings as we
will see.
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9.2 String field theory

In the generalized causal dynamical triangulation, there exists the annihilation of the spacial bound-
ary loop. If we consider this process seriously, the string field theory of noncritical strings may be
a good help. This is based on the two reasons. First, a noncritical string theory can be seen as the
2-dimensional pure gravity, and the (1 + 1)-dimensional pure gravity with the causality is supposed
to be realized by the noncritical string theory under a certain condition. Second if the noncritical
string theory with a certain condition duplicates the causal dynamical triangulation in the contin-
uum limit, then its generalization, the generalized causal dynamical triangulation, which includes
the annihilation of the boundary loop needs the noncritical string theory including the annihilation
process of the string, that is the string field theory of noncritical strings. This statement can be
checked by comparing the Hamiltonians.

The closed string states in the noncritical string field theory correspond to the boundary loops
in the continuum limit of the (generalized) causal dynamical triangulation. Thus at first we would
like to define the creation and annihilation operators of the closed string in the following sense:

W), v (LY = Ls(L - L"), w(L)o)=(0efL)=o0, (9.26)

where |0) is the vacuum state, the creation operator W1(L) and the annihilation operator ¥(L) are
both dimension-less. The boundary state of the closed string with the length L is defined by

|L) = Ui(L)|0). (9.27)

Considering the scaling dimension, we can almost determine the second-quantized Hamiltonian

[40]:

H(L) = /OOO de\IIT(L)K(L)\II(L)

—Gs/ dLl/ dLo Wt (L)W (Ly)W(Ly + Ly)
0 0

_ aGS/O dL1/0 ALy W (Ly + Lo)W(L1) ¥ (L) — /0 CpL)w (L), (9.28)
where K (L) is the kernel, G is the string coupling, « is some constant, and p(L) is the tadpole term.
The tadpole term means the amplitude that the closed string with length L disappears into the
vacuum. In the case of K (L) = 0, this second-quantized Hamiltionian reproduces the 2-dimensional
Euclidean pure gravity up to the over-all factor. Let us restrict the above second-quantized Hamil-
tonian so as to match it to the one in the generalized causal dynamical triangulation. First, we
take the kernel as )

K(L) =Ho(L) = —L;Lg + LA. (9.29)
Then our universe can not merge but branch in the time evolution so that we need to take o = 0.

Further one of universes in the branching process must disappear into the vacuum, which leads
(L)W (Lo) = Wa(L1) W (Ly) + WT(L1)Wa (L), (9.30)

where Wi (L1) and Wy (L2) are the disc amplitudes that the closed strings with the length L; and
Lo disappear into the vacuum. By these restrictions, the second-quantized Hamiltonian becomes

Ho = [ TV ML) 26, [Ty [T ALWAL) L)L+ L. (03)
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We call this second-quantized Hamiltonian the inclusive Hamiltonian (See Figure 27). By the

L
O Lo L+
S D,
Disc Disc

(D 77)

L Li+L> Li+L2
(A) (B)

Figure 27: The graphical expression of the inclusive Hamiltonian: (A) The free part, (B) The
interaction part

inclusive Hamiltonian, we can read off the first-quantized Hamiltonian:

2

- 0
H(Ly) = -1y

opz A - 2G L1 W (Ly). (9.32)
1

This is exactly the same form with the one derived in the context of the generalized causal dynamical
triangulation. We can write the propagator in terms of the inclusive Hamiltonian:

GU(Ly, Ly; T) = (0|W(Ly)e THine Wt (Ly)|0). (9.33)

By differentiating the above equation with respect to 1" and using ﬁincl|0> = 0, we can reproduce
the differential equation (9.21).

10 Discussions

As we have seen, the 2-dimensional gravity has the well discrete-vs.-continuum structure. In the
Euclidean case, the dynamical triangulation of the 2-dimensional surface has the matrix model
dual. This duality has been checked at the level of the loop equation at least spherical topology.
It is known that this duality is also true for the higher-genus case. The continuum limit of those
theories is the Liouville field theory with ¢ = 0. We have comfirmed this statement by deriving the
-1

In the last half of this part, we have discussed the dynamical triangulation with the causality. In

same string susceptibility, vt =

fact, we can also calculate the string susceptibility of the causal dynamical tiangulation via the disc
amplitude, and its valus is % [29], which is different from the Euclidean case. This implies that the
causal dynamical triangulation is really different from the Euclidean theory. The continuum theory
of the causal dynamical triangulation is unclear although we have gotten the same propagator
with the one in [34]. Further we have defined the generalized causal dynamical triangulation by
allowing some kind of baby universes, and derived its Hamiltonian via the string field theory. It is
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difficult to give the physical meaning to this generalized theory. However we can understand the
relation between the causal dynamical triangulation and its generalization to some extent via the
stochastic quantization. The introduction of the generalized theory is somewhat handmade. But
if we assume the time variable in the generalized theory as the fictitious time in the context of the
stochastic quantization, the differential equation (9.21) can be seen as the Fokker-Planck equation
[45]. In this line of thought, we can treat the causal dynamical triangulation as the classical limit
where no stochastic processe is present. Also in a different point of view, the generalized theory is
interesting, that is that we can think of the generalized theory as the grand-unified thoery between
the Euclidean dynamical triangulation and the causal dynamical triangulation. This is because
in the limit Gg3 — 0 the differential equation (9.21) becomes the one in the causal dynamical
triangulation as we have mentioned, and further in the large-G; region the differential equation is
being the one derived in the Euclidean dynamical triangulation (good derivation can be seen in
[20)).
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Part 111
4 dimensions

11 Causal dynamical triangulation in 3 + 1 dimensions

In this section, we review the basic construction of the causal dynamical triangulation in 3 + 1

3

dimensions somewhat briefly . Our goal is understanding the restriction of the asymmetric

parameter «, which is the characteristic feature in the dimension higher than 2.

11.1 Regge action

In the lattice regularized gravity, the Einstein-Hilbert action goes over its range of application.
Fortunately, the discrete-analog of the Einstein-Hilbert action has been introduced by Regge in
1960 [18]. His great idea still be the powerful tool in the recent lattice gravity. For the derivation
of the Regge action, see the apppendix B. In the following, we will construct the Regge action in
the (3+1)-dimensional causal dynamical triangulation. First, we need to define the building blocks
in 3 4 1 dimensions. In the Euclidean dynamical triangulation, the building block is the 4-simplex
(the pentatope). In the causal dynamical triangulation, the 4-simplex is also the building block
but this statement is not exactly true. This is because the causal structure requires the Lorentzian
signature in the sense that:

2=a% P?=—ad, 11.1
s t

where [; and [; are the lengths of the space-like link and the time-like link, and « stands for the
anisotropy between space and time satisfying o > 0. Namely there exists two different 4-simplices
depending on which links we take as the time-like links (see Figure 28). We call those simplices as

3d /I\ - t+1

E

[ N/

(4,1) (3.2)

Figure 28: The 4-simplices, (4,1) and (3,2): The red line means the time-like link, and the black
one is the space-like link.

(4,1) and (3,2), which is defined by the following requirement:
(a,b) = (#[vertices at time t], # [vertices at time t+1]).

Of course there also exists (1,4) and (2,3). Let us calculate the volume of (4,1) and (3,2). What
we need to pay attention to is that the volume is Lorentzian. As a practice, we calculate the volume

13This section is based on [21, 18, 46, 47).
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of the lower-dimensional simplices. First, we set that the volume of 0-simplex (node) is equal to
zero. The 1-simplices are the time-like link and the space-like link. Those volumes are

Vol(time-like link) = |iv/a| = v/,  Vol(space-like link) = 1, (11.2)

where we set that the lattice spacing of the space-like link is 1 by definition. Noting that we
implement the calculation under the assignment that l; = i\/a, and then for taking the volume as
real and positive we define all the volumes in the absolute values. As for the 2-simplices, we have

1 3
Vol(time-like triangle) = 1V 4o+ 1, Vol(space-like triangle) = \4[ (11.3)

The 3-simplices are (3, 1) and (2, 2) given by Figure 29. In fact, there is a useful formula to calculate

4 t+1
o

|

N

(3.1) (2.2)

Figure 29: The 3-simplices, (3,1) and (2,2): The red line means the time-like link, and the black
one is the space-like link.

the volume of the n-simplex recursively, that is
1

Vol(n-simplex) = —h,, Vol((n-1)-simplex), (11.4)
n

where h,, is a height of a n-simplex. Thus finding the value h,,, we can calculate the volume of the
n-simplex via the volume of the (n — 1)-simplex. Returning to the discussion, and taking a look at
(3,1), we can find the relation:

h3 = h3 + s3. (11.5)
where so = %hg. Taking the Lorentzian signature into account, we can calculate the height of (3, 1)
as ) VA2
. 1 9 13
Thus we find

hg =

i\/a—i—;‘z \/a—i-;. (11.6)

Noting that hg is not the height of (2,2) but (3,1). Using the formula (11.4), we get

1
Vol(3,1) = ﬁ\/?)a + 1 (11.7)

In a similar manner, we can derive the volume for (2,2). Now we terminate the lower-dimensional
calculus because we can find out the height of any simplex by extending the equation (11.5) as

h: | =h% 4 s> (11.8)

n—1»
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a median point of
the 2-simplex

(3.7)

Figure 30: The height-relation of (3,1)

where s, = %—‘rlhn' Using the equation (11.8), we can calculate hy:
[ 1\? 1 [3\?
j =) =0} \[ :
<’L o+ 3> 4 + <6 2>
Thus we get

hy =

Consequently, from (11.4) we find

1
Vol(4,1) = %\/Sa +3

In a similar manner, it is known that the volume of (3,2) is

a median point
of the 3-simplex

Figure 31: The height-relation of (4,1)

1
Vol(3,2) = %\/Ha +7

(11.9)

(11.10)

(11.11)

(11.12)

Summing up all the results, we can write down the Regge action for the causal dynamical triangu-

lation in 341 dimensions:

ST:khZ[ﬁg]i(Zw—Z@)JrkZ[i\/m] (2r—>_©)

Qhg ht

83



1 1
=) [96\/80[4—3} =3 [96\/1204—1—7], (11.13)
(2,3),(3,2)

where », and }_, are the summation over space-like hinges (triangles) and time-like hinges
respectively, (2 — > q;,. ©) and (27 — ) _q;, ©) are the total deficit angles at space-like hinges and
time-like hinges each, and k and X are the gravitational coupling constant and the bulk cosmological
constant. Now we would like to consider the rotation from the Lorentzian signature to the Fuclidean
signature:

ST 75T (11.14)

where S{; is the Fuclideanized action. This can be done by the following shift:
a— —a. (11.15)

From Vol(4, 1) and Vol(3,2), we can notice that « has the lower bound if we implement the above
rotation:

7
—. 11.16
o> 12 ( )

This constraint is originated with the fact that the Euclideanized action must still be real. The
restriction of the asymmetry factor « is the characteristic feature in the dimension higher than 2.
(for 3 dimensions, o > 1 [46].)

12 Spectral dimension

This section is based on [4, 21, 47, 48, 49, 50, 51, 52].

12.1 Effective dimensions

In general, the notion of the dimension depends on what aspects of the geometry we observe. We
call such dimensions defined by some geometrical aspects effective dimensions. A good example of
effective dimensions is the so-called Hausdorff dimension dj. This is defined by the thickness of an
annulus at a geodesic distance R:

dV ~ R"1Y4R, (12.1)

where V' denotes the d-dimensional volume.

The other way of defining the effective dimension is known as the spectral dimension, which
we will focus on in the following discussion. The spectral dimension can be applied to general
manifolds such as not only smooth manifolds but also fractals. Thus in this sense, the spectral
dimension is a good tool to investigate an a priori unknown geometry. Let us define the spectral
dimension of a d-dimensional Euclidean geometry by the dimension which describes a random walk
of a trial particle induced by the diffusion equation:

0
%Kg(fa&)aa) = AgKg(€7£0a0')a (122)

where o is the diffusion time (which is not the time equipped with the manifold), K4(&,&o,0) is
the heat kernel (or the probability density of diffusion from & to &) with fixed metric g, and A is
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the Laplace operator compatible with the metric g. This expresses the diffusion process of a trial
particle from (§p,0 = 0) to (§,0 = o). The initial condition of the above equation is
5D (¢ = &)

Kg(§: 60,0 =0) = T (12.3)

The solution of the equation (12.2) is given by

Kg(&fO»U) = <§’60—A9‘§0>7 (124)

where (] and |§y) are the final state and the initial state, respectively. For the necessity to define
the diffeomorphism-invariant function, we introduce the heat trace (or in other words the average

return probability): X
Py(o) = V/ddfx/ﬁKg(&f,U), (12.5)
g

where V, = [ ddg\/g is the space-time volume. This means the average probability density of a
particle’s diffusion for returning to the starting point £ in the diffusion time o. Taking a look at
the flat-space example, we would like to derive the spectral dimension. In the flat space (g = 9),

the heat kernel is
e—(0—€)? /40

K R — 12.6
5(§,€0,0) (dm0) /2 (12.6)
The corresponding average return probability is
1 1
Thus we can extract the dimension d:
dlog Ps(0)
—2—————= =d. 12.8
dlogo ( )
In the curved case, the heat trace can be written as the heat-trace expansion:
1 o0
P,(0) = a7 > Cro™, (12.9)
n=0

where C), is a series of curvature invariants [49, 50]. For example, we have

Co = /dd§\/§, (12.10)

1
“1=5% /ddf\@R’ (12.11)
1
02 - % ddfﬁ(5R2 - 2RabRab + 2RabcdRabcd)a (1212)

where Rgped, Rap, and R are the Riemann tensor, the Ricci tensor, and the Ricci scalar respectively.
In general, we define the spectral dimension ds(o) as

_leong(a) _ d—QmeCma

dy(o) = Tops SNoxT (12.13)
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This means that the spectral dimension has the possibility to deviate from its topological dimension
d. Further in the limit ¢ — 0, the spectral dimension is coincident with the topological dimension,
that is
lim d =d. 12.14
lim (o) (12.14)

This makes us understand the relation between the energy scale and the value of 0. Namely, the
small value of o implies that we probe the short range of the geometry, and on the other hand,
by the large value of ¢ we can know the global information about the geometry. Thus ¢ — 0
corresponds to the high-energy limit, and o — oo does the low-energy limit.

12.2 Spectral dimension in causal dynamical triangulation

In 3 4+ 1 dimensions, there exists no analytic method for the causal dynamical triangulation up to
January 2010. Thus the investigation is implemented by the computer simulation, the Monte Carlo
simulation. As the setting, the Euclideanized action (11.13) is taken, and the topology is chosen
as not R x S3 but S! x S3 for convenience. Furthermore, the space-time volume N (the number
of 4-simplices) is fixed in the simulation. Following [51], we define the spectral dimension of the
causal dynamical triangulation, and quote the consequence. The partition function is written as

1 _
In=> o St (12.15)
Tn N

where C7r, is the volume of the discrete symmetry group in the triangulation T with fixed N, and
St is the Euclideanized action of the causal dynamical triangulation. The expectation value of the
observable O is

1 1
O)y=—Y —e°T0. 12.16
O =53 e (12.16)
Tn
Labeling the 4-simplex as x, we can write down the discretized diffusion equation:
Kp(z,zg,0+1) = (1 — x)Kr(x,x0,0) + % Z Kp(z', x0,0), (12.17)
' €G(x)

where K is the discretized heat kernel, x is the diffusion constant with the range 0 < x <1, and
G(x) is the set of 4-simplices glued to z. The discrete-analog of the heat trace is

Pr(o) = % > Kr(x,z,0). (12.18)
zeT

We define the spectral dimension D4(o) as the ensemble average of ds(o) introduced before:
Dy(0) = (ds(0))N- (12.19)

Among the range o € [40,400], the data agrees with
b
o+c’

where a, b, and c are free parameters. Superimposing the data, three parameters are determined

Dg(o) =a—

(12.20)

from the entire range o € [40, 400]:

(12.21)




Considering the various cuts [0pmin, Omax) as well as different weights of errors, the asymptotic value
can be derived by
Dgy(o0 = o0) =4.02£0.1, (12.22)

and
Dgs(oc =0) =1.80 £ 0.25. (12.23)

These values show that the dynamical dimensional reduction occurs in the causal dynamical trian-
gulation in 4 dimensions. Namely, at the low-energy region Dg ~ 4, and at the high-energy region
Dy ~ 2.

12.3 Spectral dimension in Lifshitz-type gravity

In the Lifshitz-type gravity, there exists the anisotropy between space and time as we have seen.
This is expressed by the critical exponent Z in the anisotropic scaling:

' = bx', = b,

where 2 and t denote space and time, respectively, and b is some constant. If Z # 1, the Lorentz
symmetry is broken. Remembering the Lifshitz scalar in d dimensions, the action is given by

S= —% / ddxdt<(at¢)2 _ ;[(vi)%]?), (12.24)

where V; = 0;0;. The important point here is the derivative with respect to ¢ is independent of
the critical exponent Z. Contrary to that, the spacial derivative can vary according to Z. Just the
same thing happens in the Lifshitz-type gravity. In this line of thought, we can extend the diffusion
equation in d dimensions to the one with the anisotropic scaling [4]:

9 K _ ﬁ C\ZHIAZ _ A

o o 70 0) = <(9¢2 +(-1) A9>Kg(x,mo,0) = A K, (z,30,0). (12.25)
where A, is the spacial Laplace operator A, = 0;0;, and its power Z has been determined by the
dimensional analysis. In the above equation, we have implemented the Wick rotation, t = —ir,
and set = (2;,7). The sign (—1)%*!
that we have taken the proper-time gauge in the flat space:

ensures the ellipticity of the diffusion operator Ag. Noting

gij = 5’ij7 N = 1, Ni = O, (12.26)

where N and N; are the lapse function and the shift vector, respectively. The anisotropic diffusion
equation (12.25) can be solved, and the solution is

dwdl (i ;
Ky(x,x0,0) Z/(;Wewﬁ—m)“k(w —wp) o (W HKP) (12.27)

The corresponding heat trace is

dwdk o i C
Pg(a) = Kg($,$70') = /(27-‘-)d+16 ( +| | ) = W’ (1228)
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where C' is some constant. Using (12.13), we can derive the spectral dimension of the theory with
an anisotropic scaling:

d
ds =1+ 7 (12.29)
Thus in the case of the Z=3 Lifshitz-type gravity, the spectral dimension can be lead for the
ultraviolet region:

dsluv =2, (12.30)

and for the infrared region:
dslir = 4. (12.31)

This result behaves in the similar way as that of the causal dynamical triangulation.

13 Discussions

In 4 dimensions, we have confirmed the similar behaviour of the spectral dimensions in the causal
dynamical triangulation and the Lifshitz-type gravity. The spectral dimension is the reliable ob-
servable in the lattice simulation so that at least even the asymptotic coincidence is seemingly-
meaningful. However we have to say that this coincidence has lots of ambiguities. In the Lifshitz-
type gravity, we have calculated the spectral dimension with the proper-time gauge at the classical
level, and on the other hand in the causal dynamical triangulation the spacial foliations have not
been flat and its spectral dimension has been evaluated by summing over the geometries so that
the quantum fluctuations have been taken into account. In [4], P. Horava has pointed out that the
spectral dimension in the Z = 4 Lifshitz-type gravity might have the more closer value with that
of the causal dynamical triangulation, which needs to be reconsidered for the reasons mentioned
above.

At this stage, the calculation of the causal dynamical triangulation in 34 1 dimensions depends
only on the numerical simulation. This is because the construction of the analytic method is hard,
as we have seen, and its difficulty may be originated with the fact that the 4-dimensional gravity
is no more topological.
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Part IV
Concluding remarks

Now we discuss the question as mentioned in the openning, “Is the continuum limit of the causal
dynamical triangulation the Lifshitz-type gravity?” In the case of the Z = 3 Lifshitz-type gravity
in 3+ 1 dimensions and the causal dynamical triangulation in 3 + 1 dimensions (if we implement
the inverse Wick rotation), this seems to be the case from the behaviour of spectral dimensions.
However, we can come up with the different possibility from the lessons in 2 dimensions. In the
generalized causal dynamical triangulation in 2 dimensions, the proper “time” can be considered to
be the fictitious time in the stochastic quantization. On the other hand, in the Lifshitz-type gravity
with the detailed balance condition, the “time” can be also the fictitious time in the stochastic
quantization. This implies that it is natural that if we can construct the (3 + 1)-dimensional
generalized causal dynamical triangulation, its continuum limit may be the Lifshitz-type gravity.
In any case, from the numerical method we can only read off quantitative aspects of theories,
which is of course meaningful, though. Thus if we would like to know qualitative aspects of theories,
we need to construct the corresponding analytic method. Taking over the virtue in the 2 dimensions,
such an analytic method may be the matrix model. On present showing, in the dimension greater
than 2, there exists the matrix model of 3-dimensional causal dynamical triangulation [52]. The
4-dimensional candidate does not exist. If we can find out the matrix model corresponding to
the causal dynamical triangulation or the generalized theory, it is possible that we can derive lots
of qualitative aspects embedded in those, and further we may understand what those continuum
limits are. We hope it does the Lifshitz-type gravity. This may lead to the possibility to judge what
the true quantum gravity is from lots of candidates. However, the matrix model describing the
4-dimensional causal dynamical triangulation is obviously hard, but it does not mean “impossible.
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Part V
Appendices

A  ADM formalism

We would like to review the Arnowitt-Deser-Misner, or ADM decomposition of the pure general
relativity'®. The central idea of this decomposition is that by slicing the space-time manifold into
the space-like hyper-plane and describing how the sliced hyper-plane propagates along the time
direction, we can understand the evolution of the space-time geometry. Another way of saying the
former idea, slicing the space-time manifold, is designating how the hyper-plane sits in the space-
time manifold, which can be described by the extrinsic curvature. As for the latter one, expressing
the way of propagation of the hyper-plane, we can carry it out by using the lapse function and the
shift vector. In the following subsections, we will see the above ideas precisely, and then we will
construct its Hamiltonian, and investigate the structure of constraints in general relativity.

A.1 Extrinsic curvature

To begin with, we let our space-time manifold be paracompact one denoted by M. In addition to
that, we assume M is diffeomorphic to Sx R where S denotes the space, and R stands for the time.
We can take the diffeomorphism

¢p: M —SxR. (A1)

This gives us the time coordinate 7 on M, that is that we get 7 by the pullback of t on § x R
T = ¢@"t. (A.2)

Especially, we are interested in the 3+1 dimension so that we let M be a space-time manifold in
four dimensions, and let ¥; be the slice of S x R which is the spacial hyper-plane equipped with
the 3-metric, ¢©® defined by

g(v,w) = ggj’)viwj, (1=1,2,3), (A.3)

where vectors v and w sit in T),3;, the tangent space of ¥; at p € M. We also restrict the 3-metric
to Riemannian one as usual in a following sense:

g(v,v) >0, (A.4)

for all nonzero v € T),3;. In this line of the discussion, we can introduce the timelike unite vector,
n, normal to X;:
g(n)n) = —1, g(v,n) = O> (A5)

for any v € T,%;. Now we can think of the decomposition of vectors in T),M into the normal and
tangential direction of ¥;:
v=—g(v,n)n+ (v+g(v,n)n). (A.6)

For graphical expression, see Figure 32.

4This appendix is based on [53, 54, 55, 56]
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Figure 32: The decomposition of the vector v € T, M

We are ready to construct the very meaningful tool, the extrinsic curvature. Given any vectors
v,u in X, it can be derived by projecting the covariant derivative of v in the direction u onto the
normal and tangential direction of ¥;:

Vv = —g(Vyv,n)n+ |Vyv + g(Vyv,n)n|. (A.7)

We define the first term as
—g(Vyv,n)n = K(u,v)n, (A.8)

where K (u,v) is just the extrinsic curvature. It tells us how the tangent vector v goes off the
tangent by parallel translation. In other words, we can see the way of embedding of 3; in M by
the extrinsic curvature. As for the second term, we can write as follows:

V& = Vv + g(Vyv, n)n, (A.9)

where V) is the Levi-Civita connection on %, associated to the metric ¢(3). We show that this
definition of V) becomes really a connection by checking the nontrivial three properties: the
Leibnitz law, the metric preserving, and the torsion free. At first, we think about the Leibnitz law,

VA (fw) =v(flw+ [VSw, (Yw,weT,%, felC®), (A.10)

This can be checked by using the definition of V(3), (A.9), and its propaty, g®) (v,n) = 0. Secondly,
what we need to check is the metric preserving

uQ(an) = g(VS’)v,w) —|—g(’U,V1(L3)’LU), (All)

where Yu,v,w € T,%;. This can be shown similarly by using the definition of Vv®) and g(v,n) =
g(w,n) = 0. The final task to check is the torsion free:
V(u?’)v — Vg’)u =V, —Vyu
= [u,v], (A.12)
(A.13)

where we have used the two facts that V is torsion free, and the extrinsic curvature is the symmetric
which should be checked, though. Thus we understand that the V() is really the Levi-Civita
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connection on Y associated to the metric ¢®). Thus our final task to be checked is the symmetry
of the extrinsic curvature. If the extrinsic curvature eats the local coordinates, then we get

K(0;,0;) = Kjj. (A.14)
By using this expression, we can get
Kij — Kji = K(95,05) — K(05, 0;)
= —9([0:.9;).n) (A.15)
=0.

This means that our discussion is consistent. In addition, it is worthwhile to rewrite the extrinsic

curvature in the following form:

g(Vyn,v) = K(u,v). (A.16)
This expression can be derived by the metric preserving of V. In this expression we can understand
the extrinsic curvature in a different point of view, that is that K (u,v) measures how the normal
vector, n, rotates in the v-direction by parallel translating in the direction wu.

A.2 Lapse function and shift vector

In this subsection, we would like to see how the hyper-plane can flow along the time direction. To
achieve this, it is good for us to think of the time-like vector 0; on M which can be derived by the
push forward of 9y on 3 x R:

Or = o710y = —g(dr,n)n + (0 + g(0r,n)n). (A.17)
We denote the above expression as follows:
- =Nn+N, (A.18)
where N is the lapse function, and N is the shift vector. By using this, we get the normal vector:
1 -
= —(0 — N). A.19
n=—(0 - N) (A.19)

Before getting the explicit Hamiltonian form, we can get some constraints on the general relativity

Figure 33: The ADM decomposition

in the ADM decomposition. In the following discussions, we will see the constraint equations, called
the Gauss-Codazzi equations.
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A.3 Gauss-Codazzi equations

Einstein equation has 10 independent equations, and in ADM formalism it is well known that 4 of
10 are constraints and 6 of 10 are the evolutionary equations. In this section, we concentrate on
the constraints, and get them all. For simplicity, at first we take the local coordinates on Xy such
that we take 20 and 2% (i denotes the spacial direction) as 2° = 7, 9y = 9,, and 8;-8 are tangent to
0. In terms of these coordinates, we get the constraints, and then we extend them to the general
forms. To accomplish our work, we need to calculate the following quantity:

R(0;,0;)0, = V;V ;0 — V;V;0k, (A.20)
We can conduct this calculation just by using two relations. The first one is

VZ(S)(?j = Kijn + VE?’)@j
m(3
= Kin+ TPy, (A.21)
The second one is
Vin = K" 0Op,. (A.22)
This can be derived as follows:
Kij = g(Vin, ;)
9((Vin)* oy, 05)
= (Vin);.

By using the two, we get

Vivj‘ak = Vi(Kjkn + Fﬂ(?’)@m)

= (0K + T Ko )n + K K0 + (015 + TOTT )0,
And then interchanging the indices ¢ and j, we can derive
R(0;, ;)0 = (VO Ky, — V§3)Kik)n + (RZ?,§3’ + K K" — Kip Kj™")Om. (A.23)
The equations above are Gauss-Codazzi equations. To see the role of these equations, we impose
a little more restriction, that is 9y = 0, = n. In this situation, we act the 1-form dz° on the
Gauss-Codazzi equations:
(LHS) = R’ da°(9,,)

= Rfjkég

= R?jk:
where the Greek letters range from 0 to 3.

RHS) = (VI K1 — VI Ky )da (n) + (R + KK, — K Jd,)a (9)

= VP K~ VK.
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Comparing the two sides, we get

RY = VYK, — VP Ky, (A.24)

This is called Gauss equation. Similarly, if we let the 1-form dz™ eat the Gauss-Codazzi equation,
then we get
3
o= RO 4 KK — Ky KD (A.25)

This is called Codazzi equation. We find the fact that the intrinsic curvature R?;,gs) is equivalent to
ik
Now let us calculate the 4 of Einstein equations. Our starting equation is Go = RM“,, —

the spacial component of the Riemann curvature, R!",, when the extrinsic curvature vanishes.

%55 R8 o We put the zero in the two indices of G4, and we get

1 o o o o
G8:§(RO Oa_Rl 1 - R? 2 - R? 3a)

67 o

12 23 31
=R —R" 93— R 3.
Then we apply the Codazzi equation

3)12 3)23 3)31
Go = — (RS + V5 + RG] — (K3 K} — K3KY) — (K3K3 — K3K3) — (KPK} — K{K3)
1
= —§(R(3) + (trK)? — tr(K?)). (A.26)

This equation shows that the Einstein equation G§ = 87xT means the constraint equation given
above. The rest of 3 constraints are derived by GY. If we take GY, then we have

2 3

G) = R(3)021 + R(3)031
=vWK{ - vV Kl

Similarly, we also get the rest directions, 1 and 2, that is
3) 14 3) 15
G = v K] - vIKI. (A.27)

This equation shows that the Einstein equations G? = 87mTZ~0 are constraints.

Till now we restricted our discussion as dy = n. However we can generalize the above derivation
of constraints. Although we skip the details of calculation, it is well know that the general forms
of the constraints are given by

Gt = %(R“) + (trK)? — tr(K2)), (A.28)

and

)

Gunt = VK] — VK. (A.29)

The remaining 6 equations G;; = 8nkT;; are dynamical equations which describe the time evolution
of g@®.
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A.4 Hamiltonian formalism

We have already had enough tools to write down the Hamiltonian. In this subsection, we see that
the Hamiltoniam is given by the lapse function and the shift vector. It is very natural because the
Hamiltonian itself is just the generator of the time translation.

For preparation, we need to rewrite the Einstein-Hilbert action in terms of the extrinsic curva-
ture, the lapse function, and the shift vector. Again for simplicity, we choose the local coordinate
as 2 = 7, 0y = O-, and 8;8 are tangent to Xg. At first, we would like to rewrite the extrinsic

curvature in the following expression:
11, .
Kij =N gy — VIN; - VN, (A.30)

where ¢;; = gg’), and the dot denotes the time derivative. By using the two relations
Kij = —g(Vi0;,n),

and 1
= (8, — N'o;
n N(ao 81),

K;; is computed explicitly as follows:
Kij = —g(V;0;,n)

- [gmaj, 0 Nmﬁmb}

1
— 90 Vi - N"0,) | an0) =0
1
— S 90057000 N0, + (0, 95100 - 50,
= gy — 8ilgmN™ + TTON,, — 8i{gimN™] + TN,
= oN Gij — Oilgjm ]+ ij m = Oj|Gim ]+ Ji m

1
= 5N g~ VON; - VPN,

Next, we try to write the 4-spacetime metric expricitely for our later discussions. Those components

are
9(00,90) = g(Nn + N™,,, Nn + N'9y)
= —N2 4+ N™N,,,
9(00,0;) = g(Nn+ N™0y,, 0;)
= Ni7
and

= Qij-
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By combining the above, we get

_N?2 4 N™N,, N;
L, = m ’ A.31

We can get the volume element y/—g, s.t. ¢ is the determinant of the 4-metric, by using the above
matrix and the identity:

A B _
det (c D) = det(D)det(A — BD™'C), (A.32)

where A, B, C, and D are the invertible matrices. The volume element can be rewritten like:

v—g=Nq. (A.33)
To rewrite the Einstein-Hilbert action, we need two more tools. The first one is
K(0,,0,) = Vyn,. (A.34)
This can be checked as:
(LHS) = g(Vun, 0,)
= 811(9(”7 8#)) - g(na vuau)
= 9,(n*gxu) — 9(n*0x, T7,0r)

=Vyn,
= (RHS).

The next one is

R =2(Gunt'n” — Ryntn"), (A.35)

where G, Ry, R shows the Einstein tensor, the Ricci tensor, and the Ricci scalar, respectively.
This is obviously trivial from the definition. Thus we get

R, ntn” = Rz/\yn“n”
= —n"(V,Vy — VaV,)n*
= (trK)? — trK? — V,(n*Vn?) + VA(n"V ,n?)
= (trK)? — trK? — 2V, (n"trK) + V, Vi (n'n?).

By above results and eq. (A.28), we find

R =2(Gyn''n” — Ryntn)

= R®) 4 trK? — (trK)? + (surface terms). (A.36)
Now we can write down the Einstein-Hilbert action, or its Lagrangian density explicitly:

Lpy =vV—gR
= N\/Q(R(?’) +trK? — (trK)?) + (surface terms). (A.37)
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Finally, we construct the Hamiltonian. As usual, we start with the momentum, p*/, defined by

i = Oken _ VI(KY — ¢itrK). (A.38)
8%’;’
This is because 1
tr(K%) = 55 (dij — Vi N = O N) K,
and 1
(trK)* = (a4 - vON - v N (0 E).

The Hamiltonian density can be derived by Legendre transformation:

H(p",qij) = pijq" — Len- (A.39)
The calculation is straightforward, and by using the relation, tr(K) = \lftr( ), which is checked
easily, we get
H = /q(NC + N'C;), (A.40)
where )
C=-R® 447! (tr(p2) - 2tr(p)2> , (A.41)
and
. 1
C; = —av®)i (q_§pij> . (A.42)

The above expression shows that the Hamiltonian is really proportional to the lapse function and
the shift vector. Additionally, we can find the surprising result, that is that C' and C; are the
constraints derived in the previous subsection. We introduce this fact without showing as follows:

C = —2Gnt'n”, (A.43)

and
Ci = =2G;nt. (A.44)

This is the puzzling result that if we have the vacuum Einstein equation, then the corresponding
Hamiltonian is equal to zero! In the next subsection, we would like to show C and C; are the first
class constraints that are expected to be the generators of diffeomorphism.

A.5 Constraint algebra

We would like to see the structure of constraints in the context of ADM decomposition of the
general relativity in this subsection. What we need to do at first is setting the Poisson brackets:

{aij(@), "' (v) } P = %(5% +6760)6@ (z — ), (A.45)
{N(@),pn(¥)}pp =0 (z —y), (A.46)
{Ni(x)ap]N(y)}PB = 6160 (x —y). (A.47)
where Dwn | Lmn
PN =~ Py = N, (A.48)
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In this situation, to derive constraints, we need to remember the Lagrangian density
Lrr = Nq(R® +trK? — (trK)?),

up to total derivatives. We notice that both momenta conjugate to the lapse function and the shift
vector are the primary constraints, those are

OLE
= L =0, A.49
PN = (A.49)
and or
i EH
v, — “ . A.50
Py ON; ( )

Those are true for some fixed time slice. We can understand the above two because the Lagrangian
has no time derivative as to the lapse function and the shift vector. We also need to check the
consistency of the above constraints with time evolution, which can be done by calculating the
Poisson brackets with Hamiltonian:

Son(@) = {px (@), Hypp = —/iC (@), (A.51)
and p
%pkf@:) = {pjv(x)vH}PB = _\/601(1'% (A'52)
where
H= / PBaH(z) = / da® AN (2)C(x) + Ni(z)Cy(x). (A.53)

For the consistency with time evolution, we should impose the following weak equalities:
C(z) ~ 0, C'(x) ~ 0. (A.54)

These are secondary constraints. Next, we need to calculate the Poisson brackets among these
constraints and Hamiltonian because we have to impose the consistency of secondary constraints
under the time evolution. For simplicity, we introduce the constraint functions:

C(N) = /d3x\/§N(x)C(x), (A.55)

and

C(N) = / B /AN (2)Ci(), (A.56)

where
C(N) = -2 / e N;(z)V;(p)
_ / Ba(N(2)V; + N (2)V:) (07) = — / 4L () (A57)

— [ @a(9Na) + VN @)0?) = [ da®Lglas)o (A.58)
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L ; denotes the Lie derivative along the N ¢ direction. Equivalently we can write the above equations

as follows: .
5?;]\7 ) _ —L 59", (A.59)
ij
6C(N
5];.]. ) = ﬁﬁqij. (A.GO)

At this point, it is worthwhile that C (N ) is just the generator of the spacial translation along the
hyper-plane, which is same with the gauge theory. We can easily check this by calculating the
Poisson brackets:

{aij C(N)}pp = L 54ij (A.61)
{p"7,C(N)}pp = Lgp". (A.62)

The next one that we would like to know is about C(N):
g 1
C(N) = /d%N [—\/QR(?’) +q 12 <p”pij - 2p2>} :
where p = pi. Let us consider the variation of C(N) as to the 3-metric:
3 12 ( p@)ii _ L ij p(3) L 12 ij (K L o
0,C(N) = | dwdgyyN q/= ( BV = 5q" R ) = 544" { p"pw — 5p
+2¢71/2 ( o — pp”) ]+/d3xN [—\/éqij5R(3)ij].

As for the last term, we can calculate by using

v = =V (¢Moqu) + V(¢ Sqm), (A.63)
That is
/d?’a:N[ Vaq?sR® ] :/dx?’N[ va]
= /d3:r
/ d%[ (VFVeN) /g — (vjle)\/aq“] 5qij-
Thus we get
5,C(N) = / d*wéq;; [N q'/? (R(?’W - %qij R(3)> - %N g g7 <p’“lpkz - ;p2>
+2¢7 12 (p““pkj - %pp’j > — Va(V'VIN - ¢"V*V.N )]- (A.64)

Alternatively we have:

C(N) _ NgV/? ( R®i iinG3)\ _ Lar 12 0 (K 1,
Say R 2qR 2Nq ¢\ PPk~ P
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+2¢7 1/ <Plkpkj - 2Pp”) — VA(V'VIN — ¢"V*VN). (A.65)

Similarly we can derive the variation as to p¥ easily, and the consequence is

i 2Nq Pij = 5%;P

where L denotes the Lie derivative along the time direction (£;g;; = ¢i;j). If we take the gauge,
Nt =0, then we get
{45, C(N)}pB = L14ij. (A.67)

By using the secondary constraint, C'(z) ~ 0, we get
{pij C(N)}pp =~ Lipij. (A.68)

We notice that C'(N) becomes the generator of the time translation only in the gauge, N = 0,
which means that the time is perpendicular to the hyper-surface.
For the evaluation of the constraint algebra, it is good for us to introduce the real-valued

function:

(M) = / BPrM> . 4 f g, p), (A.69)

where M@, 4 is a tensor field on the hyper-surface, and independent of ¢ and pij- Then we
consider about the following bracket:

(C).s00ten = [ dof-g (P00 )~ gan (S50

= _/d%M“"‘bc...dﬁNfiﬁffz‘f(q,P)

= Ly [ / dz® M@, 4 25:::ff<q,p>} + / dBPrLl (M@ e.q) foi (g, p)

_ / Pl g(Me.q) < Hq.p)
e (A.70)

By using the above expression, we get

{C(N),C(M)}pp = C(LgM) = C(IN, M]). (A.72)
Let us calculate the last Poisson bracket:
[ 1
{C(N),C(M)}pp = / 3z | —2M(VOVPN — ¢®*V°V.N) <pab — 2qabp) — (N < M)]

- / P |2M(—pVeVN — VOV N)pay + (VV.N)p — (N M)]

— / 3z —2M(V“VbN)pab+2N(V“VbM)pab}
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=2 / dx {(NabM — M3"N) eV ap™

= C(NO°M — MO°N). (A.73)
At last, we can calculate the consistency of secondary constraints in terms of the constraint algebra,
those are p
%C(N) ={C(N),H}pp =0, (A.74)
d . - -
%C(N) :{C(N),H}pB%O, (A75)

This means that there is no extra constraint. We should pay attention to the Poisson bracket,
{C(N),C(M)}pp, because it depends on the field, g;;. Namely, the Poisson bracket among C(N)'s
is not the Lie algebra in the exact sense. Contrary to that, other two, {C(N),C(M)}pp and
{C(N),C(M)}pp, are the Lie algebras precisely. Such a field dependence of the bracket causes
the notorious problems when we quantize the theory. In addition, it is worthwhile to mention that
secondary constraints, C(x) ~ 0 and C?(x) ~ 0 are both local. Namely, these constraints should
be imposed at each time and space.

B Regge action

In 1960, the Euclidean Einstein’s gravity has been reformulated without coordinate by T. Regge
[18]. In this theory, the Reimannian manifold is discretized by the flat-space simplices, and such a
manifold is often called simplicial manifold or Regge manifold. The dynamical variable alternative
to the metric in the Regge’s formulation is the number of ways of gluing simplices, or the lengths
of links. In this appendix, we try to derive the discretized action which we call the Regge action in
d dimensions®®.

First, we define the simplex in each dimension. The 0-dimensional simplex is a point (node),
the 1-dimensional one is a line (link), the 2-dimensional one is a triangle, the 3-dimensional one is
a tetrahedron, the 4-dimensional one is a 4-simplex, ---, and the d-dimensional one is a d-simplex

(Figure 34). Noting that the 4-simplex consists of the tetrahedra whose one of faces is replaced by

AR

d=0 d=1  d=2 d=3 =

Figure 34: Simplices in several dimensions

the (boundary) tetrahedra. Similarly the 5-simplex consists of the tetrahedra whose one of faces is
replaced by the (boundary) 4-simplex, and so on. In d dimensions, by gluing d-simplices as building
blocks we can construct the Regge manifold.

'5This appendix is based on [18, 27].
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Where is the information as to the curvature embedded? To understand this, we take a look
at the 2-dimensional case for simplicity. In 2 dimensions, the simplex is a flat triangle. It is
obvious that the curvature singularity is localized at each node. In a similar manner, we can notice
that in d dimensions the curvature singularity is localized at (d — 2)-simplices. The curvature is
originally determined by probing the infinitesimal variation of a vector under the rotation around
the curvature, and the rotation is the concept pertained to the plane, the 2-dimensional surface.
Thus the information of the curvature may exist in the (d — 2)-dimensional object. We call such a
(d — 2)-simplex a hinge. Summing up above, we understand that the curvature is localized at the
hinges.

Next, we would like to find out the quantity analogous to the Riemann tensor in the continuum
theory. To do this, again we focus on the 2 dimensions, and introduce the deficit angle:

Sp=2m—> 0 (B.1)

where ) . 6; is the sum of inner angles at some hinge. If we cut one link of the triangles attached to
the hinge (the node), and push onto the flat plane, then we find the deficit of the angle, that is the
deficit angle. For the schematical interpretation of the deficit angle, see Figure 35. We can extend

U

The deficit angle

Figure 35: The deficit angle at 2 dimensions

this concept into the general case. In d dimensions, the deficit angle is defined by d§, = 27 — >
(inner hyper-dihedral angles). What we need to do is defining the rotation around the hinge. The
rotation is defined by designating the rotational axis so that the generator of the rotation in d
dimensions can be defined by

! z (B.2)

Sap = mfabnl...nd_zlm s tng o

where €gpn,...n, , is the antisymmetric tensor with indices running from 1 to d, [,,, is the link vector
(the link having the direction), and Aj, is the volume of the hinge. We have used the Einstein’s
convention of summation. For instance, in 2 dimensions, Sy, = €45 We also introduce the density
of the hinge in the rotational plane as the 2-dimensional d-function at the hinge:

pn = 63 (hinge). (B.3)
Considering the infinitesimal closed path C' and its inner area I', we can find the number of hinges
inI:

1
Nr = gphrabsab, (B.4)

where 'y, is the area element. In this region we can take the continuum limit satisfying that py,
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hinges

AL

C

Figure 36: The path C' around hinges

goes to infinity and &, goes to zero under the fixed ppdn. By this treatment the surface becomes
smooth locally. Thus we can treat the rotation of the vector 7, along the closed path C'. The
variation of 7, under the infinitesimal rotation is

61a = (NT0R)Sapmb- (B.5)
In general this quantity can be derived by using the Riemann tensor R,p.q such that
0ne = %chRcdabnb- (B.6)
Comparing the two, we can identify the Riemann tensor:
Rapea = (pn0n) SapSea = 6% (hinge)dpSap Sca- (B.7)
Contracting indices, we get the Ricci scalar:
R = 26 (hinge)d. (B.8)

Remembering the Euclideanized Einstein-Hilbert action without boundary in d dimensions:

1
Sen =g~ [ devar+A [ deys, (B.9)

where Gy is the Newton’s gravitational coupling constant, A is the bulk cosmological constant.
Inserting (B.8) into (B.9) naively, we can assume the discretized action:

SRegge = _’@Z Apdn + AZ Vi, (B.10)
h i

where Ay, is the (d — 2)-dimensional volume of the hinge h, & is the gravitational coupling constant,
A is the bulk cosmological constant, and V; is the volume of the d-simplex labeled by i. We call
this dicretized action the Regge action.

C Matrix model

G. 'tHooft pointed out the U (V) gauge theory, especially for Yang-Mills theory, in N — oo limit had
the possibility to solve the quantum chromodynamics in the strong-coupled region [57]. Nowadays,
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contrary to the first motivation, the large-N gauge theory is used in different contexts, such as
AdS/CFT correspondence in string theory. In this appendix, we would like to take advantage of
the large-IN theory in the 0-dimensional matrix model, which is closely related to the discretized
2-dimensional gravity. We will see that the vacuum amplitude with genus 0 (corresponding to the
leading contribution in the large-V limit) can be calculated completely at all perturbative orders,
that is nontrivial and surprising. Although we do not handle the higher genus contributions in this
thesis, it is well known that 1/N-expansion in the matrix model can be calculated to all orders by
using the double scaling limit!S.

C.1 Large-N limit and ’tHooft coupling

At first, we would like to see what happens to the d-dimensional field theory in the large-N limit.
To do that, we try to construct a good way to count the diagrams’ orders with respect to the
coupling constant. As our starting Lagrangian density, we take:

L =tr(0;MOrM) + tr(M?) + > gntr(M™), (C.1)

where the index I runs from 1 to d. M is the N x N hermitian matrix, and g, is the coupling
constant of the n-point vertex. We can write down the propagator in the momentum space:

(Mij My (p)) = A(p)dirdijs (C.2)

where p denotes the momentum, and A(p) is the propagator. This propagator can be expressed by
the double line, and each line has the different orientation because the low and the column of the
matrix are related by hermiticity. For the index loop, we get

5 = N. (C.3)

Now we can estimate the contribution of the coupling constants and the factor N of the amplitude,
that is
Vs Vi F
93°94" - N7, (C.4)

where V), is the number of n-point vertices, and F' means the number of index loop. It is convenient
to introduce the total number of vertices V' =" V,,, the number of propagators E, and the Euler
character y. In the following discussion, we restrict the diagram to the connected vacuum diagram,
and in such connected diagrams we can apply the Euler’s theorem:

V-E+F=x=2-2h, (C.5)

where h is the number of the holes of the surface or in other words, the genus'”. We can also find
the relation:

2F =) nV,. (C.6)

'8 This appendix is based on [25, 57]

"In this case, we have omitted the contribution of the boundaries and the cross caps. If we consider such contri-
butions, the Euler character is changed. In general, we have x = 2 — 2h — b — ¢ where b and ¢ are the number of
boundaries and cross caps, respectively.
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This is because there are n propagators at each n-point vertex, and each propagator has two
vertices. Using this relation, the Euler’s theorem can be rewritten by

V—E+F:Z<1—Z>Vn+F:X. (C.7)

Applying this relation to the amplitude, we get
g:‘fg)f NP = (gsNB/2=D) Vs (g, N@/2— 1)) . NX. (C.8)

If the coupling constant g, is proportianal to N'=™/2 we can factor out the N dependence up to
the over all factor NX. To see the N dependence clearly, we take

gn = Nli%ga (Cg)

where ¢ is the new coupling constant, and we call it the tHooft coupling. If we take the large-IN
limit under this coupling constant fixed, the most leading contribution of the diagram is from h = 0.
We call such a genus-zero diagram the planar diagram. Considering the planar diagrams only, the
d-dimensional vacuum energy E(%V) divided by N2 is finite under the large-N limit:

d
A}gnooﬁE( N) = E@(y). (C.10)

In the following discussion, we will calculate E(@) (g) including all diagrammatic contributions.

C.2 Matrix-model calculations

If we set each diagram is equivalent to unity except for the over all factor, the theory becomes
0-dimensional field theory which is called the matriz model. We take the partition function of the
matrix model under the large-N limit as follows:

1
Z=exp(—=N2E®) = lim [ d" Mexp|—( ztrM? + Lerrt) |, (C.11)
N—o0 2 N
where
d™* M = T dMy [ d(Re[M;;))d(Im[M;)). (C.12)
% 1<J

Introducing the eigenvalue of M;;, \;, we can get

sz\}i_r}noo/Hd)\ KJ)\ —))) exp[ ( Z)\Q NZX‘)} (C.13)

To derive this relation, it is good to insert the unity [24]:

_ / [ ardvs™ (UMUT — A)A%(N), (C.14)

where U is the unitary matrix which can diagonalize M, that is A = diag(\1,--- , Ay), and A%())
is the Faddeev-Popov determinant. In addition to that, we set

/dU =1, (C.15)
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and
M = U AUL. (C.16)

Thus we get

1
Z=lim [dV'M / H dNdUSN (UMUT — A)A2(N) exp [— <2trM2 + ]%trM‘l)]

N—o0

:]\;jgloo/Hd)\dUA exp[ ( ZV QZA;*)}
- A}i_rgo/nd)\iAQ()\) exp [— <2ZA?+NZA§>} (C.17)

Next, we need to determine A?()). Considering U = (1 + T)Up for small T, we get

UMUY = (1 + TYUy(UIAU)US (1 = T)
=A+TA - AT +O(T?).

This implies
N (UMUT — A) = 6N <5U(X - )\)Z-> s N <Tij(Xj - Xi)>. (C.18)
Using this equation, we get

1= / Hd/\idUéNz(UMUT — A)A%(N)
_ / [T andrs® (@(X _ )\)i> NN <Tij(Xj _ A})> A2())

= [ (1,03, - A})) A2(3)

_AQ /HdT 25N2 N(ﬂj)

7>

Finally, we get
AN =[Oy =202 (C.19)
7>t
In fact, the 1/N-expansion means h-expansion so that in the large-N limit, we can use the saddle-
point method to solve E(©) (g9). To carry out our plan, we rewrite the partition function [25]:

2= o [T TI0 e (G200 53|
:A}Enoo/Hd)\ exp[Zlog)\ =Ml 4D log i = A “( Z/\Q NZ)\4>]

<] 7<i
I _ o 2 4
_]\}gnoo/Hd)\ exp[Zlog)\ Al ( Z)\ Z)\ﬂ
1#£j )
= Ii ; -5). 2
Jim. / HdAZexp( s) (C.20)
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If we take the leading one configuration of A; in the large-N limit, we get
1
EO(g) = lim —5. (C.21)
Considering the saddle-point equation, 2 d/\ = 0, the equation of motion can be derived as follows:

f)\+

(C.22)
J#i Ai )\

One can notice the quite interesting thing, that is that because of the Coulomb like potential, the
eigenvalues repel each other. We put this aside for now. To calculate E(©)(g), we define \; as

Ai = VNA(i/N). (C.23)

In the large-N limit, it is natural to take

Jim_ Z &A(}C) = /01 dz(z). (C.24)

By this expression, E()(g) can be rewritten by

E(O)(g)—/old:c<;)\( 12 4 gA(e ) / dx/ dylog |\(z) — A(1)|. (C.25)

Similarly, the equation of motion obeys

%)\( ) — 20\(z P/ (C.26)

where P f means the principal part of the integral. Now we introduce the density of the eigenvalues,

u(A) given by
dz

J.
Letting u(A) be the density, we should impose that u(\) is positive, even, and normalized in the

u(A) = (C.27)

following form:
2a
/ d\u()) = 1. (C.28)
—2a
Taking A as the variable, the equation of motion is given by

1 2 g
SN - 290 = P/ duulp) (C.29)
2 —2a A— 2
where of course u(A) vanishes outside the support (—2a, 2a). To evaluate this equation, we introduce

an analytic function:

2a U
F(X) :/_2 df_%), (C.30)

where ) is complex outside the support. F'(\) given by this form satisfies the good properties which
we have discussed in this thesis . In particular, the value of A near the interval, for small € we can
get

: u(p)
F(\+tie —/ dp~—F——"
( ) c. ATie—p
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2a U
—p [ W) < iRes{F (1))l

—2a A— K
1
= oA+ 2903 F imu(N), (C.31)
where the path C'; is the upper half semi circle, and C_ is the lower half one. The solution can be
given by
1 1
F(A) = 5A+ 293 — (2 + 4ga® + 29)\2> VA2 — 4a2, (C.32)
with
12ga* +a> —1=0. (C.33)

In the region |\| < 2a, we find
1/1
u(\) = = <2 + 4ga® + Qg)\Q) Vda? — N2, (C.34)
™

This expression must satisfy [d\ u =1 so that

2a 1 1
1= / d\— (2 + 4ga® + 2g)\2> Va2 — X2
m

—2a
O 1/1 9 9 9 . .
= [ d\— 5 +4ga” + 8a*g cos”(8) ) (2asin(f))(—2asin(8))
. T
= a® + 8ga* + 4ga*. (C.35)

This implies 12ga* + a? — 1 = 0 which must be satisfied so that u()\) is well-defined in |\| < 2a as
the density. Rewriting E(O)( ) again in terms of the integration of A, we get

E<0>(g)_/_2a dAu(A)( /\2+g/\4> / d/\/ dpu(N)u(p) log |A — pl (C.36)

Remembering the equation of motion (C.29), and integrating over it from 0 to A with respect to A,

that is \ \ )
(1~ - . a

/ d)\<)\+2g)\3>:/ d)\P/ dp

0 2 0 24 A—p

This integral can be evaluated as follows:

A 9 4
(LHS) = T 5)\,

2a
(RHS) = P / dyu(u)(log |~ |~ log] ).

Multiplying u(\) and then integrating over the both sides with respect to A from —2a to 2a, we get

P/O2ad)\u()\)< )\2+g)\4) / d)\P/ dpu(N)u(p)(log [N — p| — log |p)). (C.37)

Using this relation, we get

2a
EO)(g) = / () <;)\2 + oA —2log m). (C.38)
0
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