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Chapter 1

Introduction

Quantum gravity is a subject of great interest in its own right. Construction of a

successful quantized theory can in principle help us to understand [1]

¢ the dynamics of gravity during the expansion of the universe at the immedi-
ate post big bang era, the Planck time, 10%s. Typically it may be responsible
for triggering the inflationary evolution that many feel it is a necessary stage
for the very early expanding universe [2, 3, 4]. Some difficulties hinged in
the standard hot big bang model, such as the homogeneity problem, the hori-
zon problem, the flatness problem, the monopole problem may find natural

solutions in the context of inflationary model.

e spacetime regions with intense gravity force. Examples of these spacetime
regions are: the surroundings of black holes, cosmic strings, domain walls,
etc. [5]. The singularity nature of these objects can be possibly avoided with
a correct theory of quantum gravity. A theory of quantum gravity will also
provide accurate descriptions of black hole radiation [6], thermodynamics

inside black holes [7, 8,9, 10], and formulation of quantum cosmology [11, 12].

¢ how gravity can possibly provide a fundamental cut-off at the Planck energy
10?8V for quantum field theory. Quantum gravity in this context is regarded

as a necessary ingredient of an unifying theory of all known forces.
1
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Different approaches to quantize gravity based on our understandings and/or
assumptions of gravity have been proposed since the advent of quantum mechanics

discovered at the early century. Current popular theories are

e Lagrangian formation of quantum gravity. Gravity is quantized like other
known forces: electromagnetic, weak (electroweak), and strong force. One
starts with a Lagrangian describing the interactions of the field particles; the
theory is then quantized by putting the constructed Lagrangian in the Feyn-
man path integral. The lack of analytical methods in solving the path integral
in general leaves the perturbation method as the predominent method used
in analyzing the theory. In perturbative quantum gravity, the genuine metric
is separated into two parts, a fixed background Minkowski spacetime metric
Nw, and a perturbation metric h,, representing the fluctuation of the space-
time geometry due to quantum gravity interaction. The action S is expanded
in series in terms of the perturbation metric, hy,. Corresponding Feynman
rules to each order of the h, are subsequently developed, such as the prop-
agator of the field particles (gravitons), and the interaction vertices among
gravitons and material particles. The biggest obstacle presented in this ap-
proach is the problem of the renormalizability of the theory. A simple power
counting method shows that gravity in this approach is non-renormalizable
to all loop orders. Explicit calculations to two loops have also verified that

the theory is non-renormalizable in perturbation theory.

o Regge simplicial formulation. The spacetime is divided into many tiny blocks,
simplexes. The interior of each block is flat, and the curvature of the con-
tinuum spacetime is concentrated on the vertices, hinges. The fluctuation
of the metric is represented by the changing in the volume of the simplex,
edge lengths, and the angles at the hinges. The continuum Lagrangian is

rewritten in the simplicial form. There are essentially two ways to study the
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simplicial gravity: the lattice perturbative method, and the computer simula-
tion method. The lattice perturbative method is very similar to the continuum
perturbative method. Starting with the lattice Lagrangian, one series expands
the lattice Lagrangian in terms of the dynamical variables, edge lengths. Lat-
tice Feynman rules are subsequently enumerated (see detailed discussions in
chapter 3.) Once the Feynman rules are developed, analytical results can be
obtained by performing loop calculations. The computer simulation method
employs a quite different approach. In this method, one relies on fast comput-
ers to simulate the sum of all possible metrics and spacetime points through

a Monte-Carlo algorithm. This method is essentially non-perturbative.

e Supergravity and superstrings. Quantum gravity in these theories are better
behaved with improved renormalizability due to the added supersymmetry
between bosonic and fermionic degrees of freedom. They are also hoped to
provide the necessary mechanisms to unify all the known forces as quantum
gravity is needed in these theories (superstring) to cancel the gauge anomaly.
String objects as the fundamental building blocks of matter also remove the
point, local notion of the spacetime, an “unpleasant" feature of point particle

quantum field theory.

e new canonical quantization of gravity proposed by Abhay Ashtekar, 1986.
A new set of canonical variables are found to tremendously simplify the
structure of constraints in gravity. This work supports the idea of quantum

gravity being non-perturbative [13, 14].

In this thesis, the first two methods will be used to study quantum gravity. It
is a general assumption that a quantum theory of gravity cannot lead to testable
predictions, due to a lack of perturbative renormalizability of the Einstein-Hilbert

action. Chapter 2 starts with a brief review of the fundamentals of quantum gravity
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in the Lagrangian path integral approach. The action is simply taken as the Hilbert-

Einstein action (without the higher derivative curvature terms of the form R?). A
weak field expansion of the theory is developed by writing the metric composed of
a static flat Minkowski metric plus a weak perturbation metric. Derivation of the
Feynman rules to the first loop order for pure gravity and also gravity coupled to
massive scalar field is presented. Using the Feynman rules developed, we calculate
the interaction potential of two massive scalar particles generated by an exchange
of gravitons in a fixed four dimensional flat background. By evaluating the twelve
relevant one-loop Feynman diagrams, we show that our results for the classical
relativistic corrections to the potential agrees exactly with those obtained earlier by
Y. Iwasaki. More interestingly we obtain a finite leading quantum correction to the

potential that increases slowly with distance.

One disadvantage of the weak field expansion of quantum gravity developed
in chapter 2 is that all calculated results are necessarily perturbative. However,
many may argue that quantum gravity is essentially non-perturbative in nature.
The only non-perturbative way to deal with quantum gravity we know so far
is the simplicial formulation. This leads to the next topic of my study, simplicial
gravity. In chapter 3we develop the general formalism for performing perturbative
diagrammatic expansions in the lattice theory of quantum gravity. We obtain the
lattice Feynman rules for pure gravity and scalar matter field coupled to gravity to
one loop order. The exact correspondence between the lattice Feynman rules and
continuum Feynman rules is established. As an application, the two-dimensional
conformal anomaly due to a D-component scalar field is explicitly computed in
perturbation theory. The result in the small momentum limit is found to agree

with those obtained by the continuum weak field theory.

While analytical results of high loop orders of quantum gravity are usually dif-

ficult to obtain in both the weak field expansion method and the diagrammatic ex-
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pansion method of the lattice theory, it is much “easier" to obtain non-perturbative
results by performing Monte Carlo simulations of simplicial gravity. Chapter 4
presents our studies of the properties of random Ising spins coupled to two dimen-
sional gravity. Ising spins are placed at the vertices of a flat triangulated lattice.
The background lattice is allowed to fluctuate by varying the local coordination
numbers through a “link flip" operation. The resulting model exhibits a tricriti-
cal behavior, with the first order and the second order phase lines meeting at a
tricritical point. The critical exponents are found to agree with those obtained by
KPZ and in the matrix model solution. This suggests that the values of the critical
exponents are directly related to the randomness of the spin system, and are not

affected by gravity.



Chapter 2

On the Quantum Corrections to the
Newtonian Potential

2.1 Introduction

It is generally assumed that a quantum theory of gravity cannot lead to testable
predictions, due to a lack of perturbative renormalizability of the Einstein-Hilbert
action [16, 17, 18, 19, 20]. Recently an interesting possibility has been raised [21]
that quantitative results can be obtained in the low energy limit of quantum gravity
without concerning details of the short distance behavior (renormalizability) of
gravity. In this chapter we will examine this possibility by explicitly calculating
the leading long distance quantum corrections to the Newtonian potential for two

massive spinless particles to the order of O(Gh/ ¢3r3).

The existence of a universal long distance quantum correction to the Newto-
nian potential should be applicable to a wide class of gravity theories. A more
general class of gravity is to have higher derivative curvature terms in the form
of aRWR,, + BR? added to the pure Einstein-Hilbert theory[22]. This modification
of the Lagrangian has been shown to improve the renormalizability of the theory
significantly at the short distance scale, e.g. Planck scale, [, = (Gh/ c®)¥2. However,

these terms do not contribute to the gravity potential at the large distance scale,

and will not be considered for the present purpose. Another modification of the
6
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theory is to have a cosmological constant added to the pure Einstein-Hilbert action.
The addition of a cosmological constant would in principle complicate the pertur-
bative treatment significantly due to the need to expand the metric in a non-flat
spacetime background. In the following treatment of the quantum corrections to
the Newtonian potential, we will simply assume it is zero. This assumption may
be partially justified by the fact that the physical cosmological constant is measured
experimentally to be vanishingly small at a large distance scale (macroscopic), and
thus bears no effect on our potential calculations. It is thus sufficient to consider
the action as the pure Einstein-Hilbert theory only as long as we restrict ourselves
to the low energy limit (long distance scale) of the theory.

In this chapter we will explicitly show how the leading classical and quantum
corrections to the static potential is obtained by evaluating a complete set of dia-
grams contributing to the scattering amplitude for heavy spinless particles in the
low momentum transfer limit. Our results for the static potential indicate a slow

increase of gravitational interactions with distance due to the quantum corrections.

2.2 One Loop Amplitudes

Before describing the calculation, it will be useful to first clarify out conventions
and notation. We shall expand around the flat Minkowski space-time metric, with

signature given by n,, = diag(1,-1,-1,-1). The Einstein-Hilbert action is given by

Sp = +ﬁ / dx /=g (x) R(x), 2.2.1)

with g(x) = det(gu) and R the scalar curvature. The presence of a non-vanishing
cosmological constant will in general introduce additional momentum indepen-
dent vertices. For a simplified treatment of the potential calculation, we shall
assume the cosmological term is zero since it may have little effect on the quantum

corrections to the gravity potential at a very large scale, as argued in the previous



section.

The quantized theory of gravity is obtained by performing the path integral
integrations of all possible spacetime metric and coordinates. The path integral is
given by

7181 = [ Dig(0]e. (222)

While no analytical method is found to solved the theory exactly, perturbation
theory is the method we will use in the following calculations.
In perturbation theory the metric g, (x) is expanded around the flat metric 1,y

[19],

Suw(X) = N +K hyy(x) (2.2.3)

with the expansion parameter k2 = 327G. The inverse of the g,,(x) is given by
g (x) = N —k W (x) + k2 By BV (x) + O(H®). (2.2.4)

We shall only keep the expansion to the orders of k? for the one loop calculations
followed. Once the action is expanded out in the graviton field h,(x), the space-
time indices are then raised and lowered using the flat metric (in the following
I will not make the distinction between upper and lower indices in most cases
even thought they are actually raised and lowered by the background Minkowski
spacetime.)

The expansion of metric determinant g,,(x) in terms of h,, is given by

vV gw(x) = o3 Tr (K )

1+ %(Tr(h) - %Tr(hz) )+ g(Tr(h) - %Tr(hz) )2+ O(k%)

1+ e - e e+ iy ok 225
Ea?ﬁag(a) (K) ()
The expansion of the Ricci curvature R, can be determined by first noting that

Ry =0Ty =AM}, +T5 T, =T9, T (2.2.6)

Ao
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where the Levi-Civita connection written in terms of the full metric g, is given by

1
rﬁv -5 8 (0uguo + 080 ~ Oogyuv)
= %(I’]AU - K W7 + K2 hghw) - K (Ouhye + 0vhye — 0shyy )
K

K2
Y WY (Ouhve + Ovhye — Oghyy) + O(H). (2.2.7)
Collecting the Lagrangian in powers of hy,, we have

1
L(hz) = é (hp)\,ahp)\,a -2 ha)\ ,phap,)\ +2 h)\)\ ,phap,a - h)\)\ ,phaa,p), (2-2-8)

K 1 1
L(h3) = _E [ hrr{ha)\ ,phap,)\ - E hp)\,ahp)\,a - h)\)\ ,phap,a + Eh)\)\ ,phaa,p}
+ ho{hor phor v = 2 by phvpr +2 By phua o + 2 o phyp,w = 2 g ol

+ 2 hA“’A hppyv - 2 hAA ’“hpp’\/ + 2 hAp’A huvyp - 4 hA“’phApyv} ] (2.2.9)

The theory of pure gravity describes the interactions among the graviton gauge
particles. We are also interested in gravity coupled to material particles through
the exchange of gravitons. The Lagrangian for scalar fields coupled to gravity is
given by

L = 50/7F " a0 0= 1°0?) (22.10)

In terms of perturbed metric hyy, Lsca.r can be written as:

L) = 50,0~ 120D), @211)

L(hquz) = %[ - huvau CWVCD + %hpp(a)\ qﬂ)\ CD - m2¢2)] ) (2212)

K? 1
L(hZQUz) = ?[hupthduwvgo_éhpphuvduwvgo

1 1
+ (ghpphM - th)\ her)(Op @0 — m?¢P)]. (2.2.13)
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The Feynman rules can be determined quite straightforwardly. The graviton

propagator is given by

i r’uar]vﬁ + r]uﬁrlva - d_%Z nuvr]aﬁ

Duw,ap(p) = 5 ot (2.2.14)

It is clear from the above expression that the graviton propagator diverges in two
dimensions. It simply reflects the fact that gravity does not exist in exactly two

dimensions. The propagator for the scalar particle is

The interaction among scalar particles and gravitons is described by the Feynman

vertices. For the scalar-scalar-graviton, we have
iK
for scalar-scalar-graviton-graviton vertex, we have

iK?

Vaguw(ki, k2,q1,q2) = 7{('7013'7uv — NapNpy = NavNpu) (ke - k2 — m?)
+ Nap(kagkay + k1vkop) + Nav(kipkay + kapkap)
+ rlﬁu (klak2u + klkaG) + nﬁv(klak2u + klukZO()

= Nap(keukay +kavkoy) — Nuv(kiakop + kipkaq) }.(2.2.17)

The Feynman rules developed above are well suited for many kinds of gravity
perturbation calculation. (These Feynman rules will be used to compare with
the lattice Feynman rules developed in chapter 3 in the lowest momentum limit.)
However, in the following we shall adopt a different metric expansion method [27].
This expansion method of the metric has the advantage of having simpler Feynman
rules for the tripled graviton vertex and for the two-scalar and two-graviton vertex.

Let’s define the small fluctuation graviton field /,,(x) via the expansion

g (x)\/g(x) = n* +k W (x). (2.2.18)
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The expansion of the determinant in d-dimension is

/_g(x) — ed%ZTrln(r[aB+K hag)

K
+——h% -
1 d—2h°’

K2 2

a K
2(d - 2)hl3 Mo * 5o 2(d - 2)2 (hg)? + O(r®).  (22.19)

The expansion of the scalar curvature can be performed similary. Collecting the

Lagrangian in powers of 1, we have

1

= 5@ —2) Wt ulteo = il el (2.2.20)

K
L(h®) = Ehgp(dphu,(dghw( - (9phw o, hw)

d-2

+ K hye(0thueOohar = Ophyux Ophok + ——5 dphmdphw) (2.2.21)

d-2

The Lagrangian describing the coupling of gravity to scalar particles with mass m
is the same as before, eq. (2.2.10). Its series expansion in terms of the perturbed

metric hy, via. the new expansion method is

L(¢Ph) = g( 1 3,0 0y - ———m? It ¢P), (2.2.22)

d- 2

L(¢?h?) = —K;nguz (- h hl + (k). (2.2.23)

2(d 2) 2(d 2)?

One can again extract the Feynman rules in a similar fashion. It is convenient to
keep the Feynman rule expressions in d dimensions. This becomes necessary when
dimensional regularization is used in 4 — € dimensions. The graviton propagator
is simply given by

1naun/3v+rlavr]/3u r]aﬁrluv
p? '

Dogw(p) = (2.2.24)

Note that the graviton propagator is well defined in any dimensions in this ex-
pansion method. However, the interaction vertices of gravitons will involve with

coefficients of 1/ (d — 2) , which become divergent in two dimensions.
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The scalar particle propagator is the same as before

i

The two scalar-one graviton vertex is given by
iK 2
Viw(p1,p2) = > PiuPav + Prvpou — . me Ny | - (2.2.26)
The two scalar-two graviton vertex is given by
iK?*m? 2
VIJV,Pg = m (r]u)\ Nve + r]yar’v)\ - ﬁ r’yvr’)\a) y (2227)

where one pair of indices (4, V) is associated with one graviton line, and the other

pair (A, 0) is associated with the second graviton line. The three-graviton vertex

VoiBraspoasps( 9% %) is given by

V(gha*q°) = -%K[ﬁl(zalﬁlﬁl) (2 NayasNpop, = d% Natx(By Nats)Bs)
+ Gadhy 2 NasasNpa)s = d—fz Nay(B, Nas)Bs)
+ a9 (2 NN = d% Ny Nay)Bz)
*+ 2 G, Mo o) as Ts) * 2 Qs Mo Mo Ty
+ 2 G0, NeasNBoe ) + 47 4 (d% Nay(az 11881 Narsps

2
+ m Nay(asNBs)By Moz ~ 2 '701(02'7132)(03'7133)/31)

+

1 3 2 2
q-q (d——z Moo B)pe Nass + 77 NaasTope Menspy
2
= 2 Ny NBoasNee) +4° - 4 (—d —5 NosteTpoaNexp
2
T 25 Naatea B Nasps = 2 Nas(ay e NBo)Bs) 1- (2.2.28)

A gauge fixing term [28, 29] has to be introduced to give raise to the Feddev-

Popov ghost fields, and it has the form

= (0n/s™)” (2229)
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The ghost Lagrangian is

Lghost = fv[rlv)\ aa 0% - K(huv,)\u - huprlv)\ du dp - hup,u Nva ap + huv,u (3)\) ] 5)\ . (2-2-30)
The propagator for the ghost is

Ny
Dyu(p) = ';‘2‘ | (2.2.31)

The ghost-ghost-graviton vertex is
Vi wag = K[ = Ma@kapykay + Nakaakap]. (2.2.32)

To lowest order in G, the contribution to the potential from the single graviton
exchange diagram can be computed easily. In momentum space the static potential
is obtained as

4
—G my 1 q_;T (2.2.33)

where § is the momentum transfer (see also [30]). It is simply the familiar Newto-
nian gravity potential, as expected.

Higher order corrections in G are computed by evaluating contributions to the
interaction coming from the complete set of one-loop diagrams, Figs. 2.1,2.2. One
notices that the relevant length scale appearing with the Einstein-Hilbert action
for pure gravity is the Planck length I, = (Gh/ ¢®)2. On the other hand the action
for the scalar particle involves only the combination mc/ h, the inverse Compton
wavelength associated with the heavy sources. This is also clearly seen from the

path integral phase contribution for a single particle, which is given by

2

imc® [10) v

— [ dTy/gu(x(T) L, 2234
i L AT s (2234)

When one considers the lowest order contribution to the gravitational interaction

due to single graviton exchange one obtains a contribution to the static gravitational

potential proportional to (i/ c)(mc?/ h)*(Gh/ ¢3) = m?G. At order G? one finds
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contributions both of order (h/ ¢)(mc?/ h)>(Gh/ c3)? = m?hG?/ ¢ and of order

(h/ c)(mc?/ h)*(Gh/ ¢3)?> = m3G?/ c. The first one represents a genuine quantum
correction proportional to /i, while in the second type of contribution the i’s have
canceled, and the resulting correction represents a classical relativistic correction.

The latter involves the Schwarzschild radius of the massive particle, 2Gm/ ¢2.

These considerations lead us to believe that Feynman diagram perturbation
theory should be able to reproduce the classical relativistic corrections, which are
independent of i. And indeed itis shown by the authors of Ref. [31,32] that classical
relativistic corrections can be obtained by considering the tree graphs connected
to an arbitrarily high number of external classical sources. Calculation of these
classical relativistic corrections is performed in Ref. [33] using the diagrammatic
method. In the paper, by explicitly evaluating the scattering amplitude of two
massive scalar particles, Iwasaki is able to show that the corrections of order G2
correctly and completely reproduce the leading classical relativistic corrections

appearing in the Einstein-Hoffmann-Infeld effective post-Newtonian Hamiltonian.

The remaining of this chapter will be focused on the computation of the one
loop scattering amplitude. By including a complete set of one loop diagrams, we
will be able to calculate all first-order corrections in G, which will include both the
classical relativistic O(G?m?% ¢?) and the quantum mechanical O(iG? ¢3) corrections
to the classical Newtonian potential energy. The classical relativistic in potential
will be identical to those obtained by Iwasaki. The relevant topologically distinct

Feynman diagrams are shown in Figs. 2.1 and 2.2.

In the following we will first compute the relevant amplitudes in momentum
space as a function of the total momentum transfer squared 2. They are then
evaluated using dimensional regularization in 4-& dimensions, using the Feynman
parametric representation for combining propagator denominators. For small 3

the contributions arising from each diagram can be separated into two types of
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1a) 1b)

1c) ) -1d)
Figure 2.1: Some one loop graviton exchange diagrams.

terms, one describing the classical relativistic correction proportional to 1/ \/72,
and the other describing the leading quantum correction proportional to log j°.
The final answer to the Newtonian potential is then obtained by performing the
necessary momentum and parametric integrations. In our calculations, due to the
vast amount of algebraic manipulations involved in doing the index contractions,
computer algebra was employed throughout the calculation in order to ensure the
correctness of the results.

Transformation from the momentum space to the usual coordinate space can be

done with the help of the following equations

Pf a5zl 1
2" q 7 am (2.2.35)
e .. 1 1
—14-X
2 \/? 5703 (2.2.36)
3~
4 e 1 og 5% - —i. (2.2.37)
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A nontrivial check of the calculation is provided by the expected equality, for each
diagram involving massless particles only, of the coefficient of the 2/ € ultraviolet
divergence and of the coefficient of the —log §? contribution, which would appear
as one single logarithmic term log (A?/ %) in the presence of an explicit ultraviolet

cutoff A.

2.3 Results and Discussion

After converting the expressions for the individual diagrams to coordinate space,
one obtains the following results. One has the Newtonian potential correction from

Figs. 2.1, diagram la

+§ G2 mamao(my + my) +2G2 matip

i p —cl (2.3.38)
from diagram 1b
3 5 mlmz(ml +1”l’12) > MMy
*2 G 2 +2G 3 (2.3.39)
from diagram 1c
_ g2 et ma) g o MMz (2.3.40)
r2 T3
from diagram 1d
o M1y
-10G —cl (2.3.41)
from Figs. 2.2, diagram 2b
16 mqmo
+= G : 2.3.42
3 — (2.3.42)
and from diagram 2d
23 mqmo
+— G : 2343
3 3 (2.3.43)

From diagrams 2e and 2g one obtains the graviton and ghost vacuum polarization

contribution
_206 o M3
30 w3

(2.3.44)



2b)

2d)

[ AVaV )

2e)

29)

Figure 2.2: Additional one loop graviton exchange diagrams.
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This last contribution was also computed in Ref. [27]. We have verified that the

Slavnov-Taylor identity for the vacuum polarization Mgg,s(q),

qudv Dinap(q) Mapys(q) Dyave(q) =0 (2.3.45)

is indeed satisfied to this order. In Ref. [19] the vacuum polarization was com-
puted using a somewhat different expansion for the metric field, and a coordinate
invariant expression for the one-loop counterterms was given in terms of operators
quadratic in the curvature.

Diagram 2h represents the contribution to the vacuum polarization due to one

massless scalar particle,
1 o MMy
20 w3

Its contribution to the vacuum polarization satisfies separately the Slavnov-Taylor

(2.3.46)

identity, as one would expect from the covariant conservation law for the energy-
momentum tensor associated with matter. Explicit calculations of diagrams 2a and
2c show that they do not give any correction terms in the form of 1/ \/? and log 32,
and thus give no rise to any classical relativistic or quantum correction. Diagram
2f vanishes identically in dimensional regularization. Diagrams 2b, 2d, 2e, 2g and
2h give only quantum mechanical corrections, involving closed graviton loops in
all cases, except 2b.

The sum of all contributions from diagrams 1a to 2g is therefore

+} G2 mlmz(ml +1”l’12) + 122 G2 m1m2.

3.47
2 r? 15 3 (2.347)

The contribution of 1 species of massless scalar particles to the vacuum polarization

(arising from diagram 2h) changes the quantum correction to the potential to
1 mqmio
+= (488 - 2 172 3.
60( 88-3n) G —cl (2.3.48)
which represents a relatively small modification to the result for pure gravity if n

is small. Massless particles of higher spin will contribute additional terms to the

vacuum polarization.
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Putting back in the appropriate powers of ¢ and /, one obtains the following

final answer for the corrected potential in pure gravity, valid to order G?

mqmo [1 _ G(Tl’ll + ﬂ’lz) _ 122Gh

V() = -G :
) r 2c2r 1571c3r?

(2.3.49)

Two very different length scales enter in the correction to the static Newtonian
potential, namely the Schwarzschild radii of the heavy sources, 2Gm;/ c?, and the
Planck length (Ghi/ c®)¥2 As a consequence there are two independent dimen-
sionless parameters that appear in the correction term, involving the ratio of these
two scales with respect to the distance r. Presumably the above calculation is
meaningful only if these two length scales are much smaller than the distance 7.

Similar calculations have been performed in the work of Ref. [21]. There
the starting point is to calculate the scattering amplitude in the limit of small
momentum transfer. The potential is defined as the non-relativistic limit of the
one particle reducible graphs in the crossed channel, which represents therefore
a subset of the graphs considered here. We should point out that the results we
obtain are in complete agreement with the expected classical relativistic correction,
as derived for example from the expansion of the Schwarzschild metric [35]. The
sign of the quantum correction of our result is found to be the same as in Ref.
[21], and the magnitude of the correction is comparable. The sign of the quantum
correction we obtain indicate that gravitational interactions increase (slowly) with
distance, which shows similarities with the evolution of the coupling constant in
pure Yang-Mills theories, but differs in sign from the QED radiative corrections to
the static Coulomb potential. This result is also in agreement with the intuitive
expectation that gravity couples universally to all forms of energy, and cannot be
easily screened by quantum fluctuations.

Recently the authors of Ref. [25] have computed the corrections to the static
Newtonian potential following the method of Ref. [49], thus extending to the next

order in G the calculation of Ref. [50]. In their work the radiative corrections to the
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potential are obtained by considering correlations between the action contributions
from two heavy particle world lines, separated by a fixed geodesic distance. The
results they obtain appear to correctly reproduce the classical relativistic correction,
but arise from only a subset of two diagrams among the four which lead to the
classical correction in Ref. [33]. In this last reference the ladder and crossed ladder
diagrams give, using the same metric expansion, additional contributions which
appear to be necessary in order to obtain the correct classical relativistic correction.
These diagrams involve recoil of the massive particles, and have been neglected
in the calculation of Ref. [25]. In our calculation we find that ladder and crossed
ladder diagrams (la and 1b), when carefully treated, contribute to the quantum
correction. This probably explains why our results and the results of Ref. [25]
differ in both sign and magnitude for the quantum correction.

It is unclear at present if higher loop order corrections in G can still lead to
finite corrections in the long distance limit. Whether higher derivative terms or
string theory is needed to control the ultraviolet divergences appearing at higher
loops remains an open question [38]. There is also an issue of the non-perturbative
definition of the Euclidean path integral for quantum gravity, which suffers from
the problem of the unbounded fluctuations in the conformal mode, and for which
an integration over complex conformal factors has been suggested, followed by
an integration over conformal equivalence classes of metrics. In the framework of

perturbation theory we did not have to deal with these difficult problems.



Chapter 3

Feynman Rules in Simplicial
Quantum Gravity

3.1 Introduction

In the quantization of gravitational interactions one expects non-perturbative
effects to play an important role. One formulation available for studying such
effects is Regge’s simplicial lattice theory of gravity [39]. Itis the only lattice model
with a local gauge invariance [40], and the only model known to contain gravitons
in four dimensions [41]. A number of fundamental issues in quantum gravity, such
as the existence of non-trivial ultraviolet fixed points of the renormalization group
in four dimensions and the recovery of general relativity at large distances, can in
principle be addressed in such a model. The presence of a local gauge invariance,
which is analogous to the diffeomorphism group in the continuum, makes the
model attractive as a regulated theory of gravity [42], while the existence of a
phase transition in three and four dimensions [43, 44, 45, 46] (but not in two
[47, 48]) suggests the existence of a (somewhat unusual) lattice continuum limit.
A detailed discussion of the properties of the two phases characterizing four-
dimensional gravity, and of the associated critical exponents, can be found in [45].

Recently calculations have progressed to the point that a first calculation of the
21
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Newtonian potential from the correlation of heavy particle world lines, following
the proposal of [49], has become feasible [50]. These results indicate that in the
lattice quantum theory the potential is indeed attractive, and has the correct heavy
mass dependence. In the same work a general scaling theory for gravitational

correlations, valid in the vicinity of the fixed point, was put forward.

In view of this recent progress it would appear desirable to further elucidate the
correspondence between continuum and lattice theories. The weak field expansion
is available to systematically develop this correspondence, and it is well known
that such an expansion can be carried out in both formulations. Not unexpectedly,
it is technically somewhat more complex in the lattice theory due to the presence of
additional vertices, as happens in ordinary lattice gauge theories. In the past most
perturbative studies of lattice gravity have focused on the lowest order terms, and
in particular the lattice graviton propagators [41, 47, 51]. As such, these did not
probe directly important, genuinely quantum-mechanical, aspects of the theory. A
systematic weak field expansion is generally useful, since it allows one in principle
to determine subleading lattice corrections to the continuum results, which can be

relevant in the analysis of the numerical non-perturbative results in the full theory.

More importantly, the weak field expansion can be used to compare with known
results in the continuum, and some are known in two dimensions [94,53]. A related
motivation comes from trying to understand the recently discovered discrepancy
between the critical exponents for matter coupled to gravity in two dimensions
as computed in the lattice regularized model for gravity [83, 55], and the corre-
sponding conformal field theory predictions [82, 57]. Particularly significant in
this respect appears to be the recent realization that the conformal field theory
exponents describe two-dimensional random systems in flat space, and do not

correspond to “gravitational” dressing of correlators [59, 60].

The plan of this chapter is as follows. We shall first introduce our notation and
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describe the gravitational action, including matter fields. We will limit our discus-
sion mostly to the two-dimensional case, although it can be easily generalized to
higher dimensions. The subsequent sections will then be devoted to the systematic
development of the lattice weak field expansion. The results presented here will
help elucidate the correspondence between the lattice and continuum theories, and
bring out the role of local gauge invariance in the lattice theory. We will develop the
Feynman rules for gravity coupled to a scalar field, and as an application compute

the conformal anomaly in two dimensions.

3.2 The Discretized Theory

In this section we shall briefly review the construction of the action describing
the gravitational field on the lattice, and use the occasion to define the notation
used later in the chapter. In concrete examples we will often refer, because of its
simplicity, to the two-dimensional case, where a number of results can be derived
easily and transparently. In a number of instances though important aspects of
the discussion will be quite general, and not restricted to specific aspects of the
two-dimensional case.

It is well known that in two dimensions quantum gravity can be defined on
a two-dimensional surface consisting of a network of flat triangles. The underly-
ing lattice may be constructed in a number of ways. Points may be distributed
randomly on the surface and then joined to form triangles according to some algo-
rithm. An alternative procedure is to start with a regular lattice, like a tessellation
of the two sphere or a lattice of squares divided into triangles by drawing in parallel
sets of diagonals, and then allow the edge lengths to vary, which will introduce
curvature localized on the vertices. For arbitrary assignments of edge lengths, con-

sistent with the imposition of the triangle inequalities constraints, such a lattice is
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in general far from regular, and resembles more a random lattice. In the following
though we will narrow down the discussion, and think of the “regular” lattice as
consisting of a network of triangles with a fixed coordination number of six, al-
though many of the results in this work are expected to be quite general and should
not depend significantly on the specific choice of local coordination numbers.

The elementary degrees of freedom on the lattice are the edge lengths, with the
correspondence between continuum and lattice degrees of freedom given locally
by

{8 ea ~ {F}y (3.21)
where the index i ranges over all N; edges in the lattice. From the well known

relationship between the induced metric in a simplex and its squared edge lengths,
i) =315+ 15-1] . (32.2)
one then has the essentially unique functional measure contribution

/ l;[dguv(X) - /0 ml:[dl? , (3.2.3)

supplemented by the additional constraint that the triangle inequalities be satisfied
for all quantum fluctuations of the edge lengths [40]. Both the continuum metric
and the lattice edge lengths imply some redundancy due to local gauge invariance
of the action, which therefore requires gauge-fixing when performing perturbation
theory due to the presence of the exact gauge zero modes [41] (the triangle inequal-
ities, which violate gauge invariance by imposing a cutoff on the gauge orbits, are
in fact not seen to any order in the weak field expansion). * A gauge fixing term
is not required in non-perturbative studies, since the contributions from the gauge
zero modes are expected to cancel exactly between numerator and denominator in

the functional integral for observables, as discussed for example in [42].

1A small breaking of gauge invariance causes well known problems in perturbation theory.
There are rather convincing arguments that this is not necessarily the case non-perturbatively, if the
breaking can be considered small [62, 63], as in the present case
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For a given action, the dynamics of the lattice will give rise to some average
lattice spacing aq = [(I?)] %, which in turn will supply the ultraviolet cutoff needed
to define the quantum theory. It should be stressed that in the following we
shall restrict our attention to the lattice theory, which is defined in terms of its
lattice degrees of freedom only. Since it is our purpose to describe an ultraviolet
regulated theory of quantum gravity, we shall follow the usual procedure adopted
when discussing lattice field theories, and describe, in the spirit of Regge’s original
idea, the model exclusively in terms of its primary, lattice degrees of freedom: the
squared edge lengths. As such, the theory does not require any additional ad-hoc

regulators for defining conical singularities, for example.

3.2.1 Curvature and Discretized Action

In simplicial gravity the curvature is concentrated on the hinges, which are
subspaces of dimensions d — 2, and is entirely determined from the assignment of
the edge lengths. In two dimensions the hinges correspond to the vertices, and 9,

the deficit angle at a hinge, is defined by

d=2n- >, 6, (3.2.4)

triangles t
meeting at h

where 6, is the dihedral angle associated with the triangle ¢ at the vertex & (see Figs.
3.1). Ind dimensions several d-simplexes meet on a (d — 2)-dimensional hinge, with
the deficit angle defined by

W) =2m- > (P . (3.2.5)

d-simplexes
meeting onh

Useful formulas for the cosine of the dihedral angles can be found in [43]. In two

dimensions the dihedral angle is obtained from

2 .12 _2
Io1+ 150 — I3,

cosB; = Dotlos

(3.2.6)
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Figure 3.1: Dual area A, associated with vertex 0, and the corresponding dihedral
angle 6;.
(for the labeling see Figs. 3.1).

Itis useful to introduce a dual lattice following, for example, the Dirichlet-Voronoi
cell construction (see [64, 65] and references therein), which consists in introduc-
ing perpendicular bisectors in each triangle and joining the resulting vertices. It
provides for a natural subdivision of the original lattice in a set of non-overlapping
exhaustive cells (see Figs. 3.2), and furthermore has a natural generalization to
higher dimensions.

The vertices of the original lattice then reside on circumscribed circles, centered
on the vertices of the dual lattice. For the vertex O the dihedral dual volume

contribution is given by

1

Aq(lP) = 164

Bl +15) ~ U5~ 122)7] - (3.2.7)

It should be pointed out that the above subdivision is not unique. Alternatively, one
can introduce a baricenter for each triangle, defined as the point equidistant from
all three vertices, and again join the resulting vertices. The baricentric dihedral
volume is given simply by

AlP)=A/3 . (3.2.8)
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Figure 3.2: Original simplicial lattice (continuous lines) and dual lattice (dotted
lines) in two dimensions. The shaded region corresponds to the dual area associated
with vertex 0.

For the baricentric subdivision one then has simply

-1
A=Y AL (3.2.9)
triangles t
meeting at h

Ay, can also be taken to be the area of the cell surrounding / in the dual lattice, with

Ap = Z Ay, (3.2.10)

triangles t
meeting at h

with the dual area contribution for each triangle A, given in Eq. (3.2.7). In general,
if the original lattice has local coordination number g; at the site i, then the dual
cell centered on i will have g; faces. A fairly complete set of formulae for dual
volumes relevant for lattice gravity and their derivation can be found in [43]. In
the following we shall refer to the Voronoi cell construction as the “dual subdivision”,
while we will call the baricentric cell construction the “baricentric subdivision”.

It is well known that two-dimensional Einstein gravity is trivial because the

Einstein action is constant and the Ricci tensor vanishes identically. When a cos-
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mological constant term and a curvature-squared term are included in the action,
I= / #x 3 A kR +aR?] | (3.2.11)

the classical solutions have constant curvature with R = +\/A/ a (there being no
real solutions for A < 0). The theory with the Einstein action and a cosmological
constant is metrically trivial, having neither dynamical degrees of freedom nor field
equations, although non-trivial interactions can arise from the functional measure.

The lattice action corresponding to pure gravity is
(%) =" Aw[A - 2kRy +aR?] |, (3.2.12)
h

with local volume element A;, and the local curvature given by R, = 28,/ Aj.
In the limit of small fluctuations around a smooth background, I(/?) corresponds
to the above continuum action [47]. For a manifold of fixed topology the term
proportional to k can be dropped, since >, &, = 21K, where X is the Euler charac-
teristic. The curvature-squared leads to non-trivial interactions in two dimensions,
although the resulting theory is not unitary.

A number of results have been obtained from the above pure gravitational ac-
tion. Arguments based on perturbation theory about two dimensions (where the
gravitational coupling is dimensionless and the Finstein theory becomes renorma-
lizable) suggest that there should be no non-trivial ultraviolet fixed point of the
renormalization group in two dimensions. Explicit calculations in the lattice the-
ory have shown conclusively that this is indeed the case in the absence of matter
[47,83,48], as well as in the presence of scalar matter for a sufficiently small number

of components [66].

3.2.2 Scalar Field
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o,

Figure 3.3: Labeling of edges and scalar fields used in the construction of the scalar
field action.

A scalar field can be introduced, as the simplest type of dynamical matter that

can be coupled to the gravitational degrees of freedom. The continuum action is

Ilg.01 =} [ #x VR 1" 0,000+ (n° + NG 3213

The dimensionless coupling ¢ is arbitrary. Two special cases are the minimal (¢ = 0)
and the conformal (¢ = g) coupling case; in the following we will mostly consider
the case & = 0.

On the lattice consider a scalar @ and define this field at the vertices of the
simplexes. The corresponding lattice action can be obtained through the usual
procedure which replaces the original continuum metric with the induced metric
on the lattice, written in terms of the edge lengths [41, 51]. Here we shall consider
only the two-dimensional case; the generalization to higher dimensions is straight-
forward. It is convenient to use the notation of Figs. 3.3, which will bring out
more readily the symmetries of the resulting lattice action. Here coordinates will

be picked in each triangle along the (1,2) and (1,3) directions.

To construct the scalar lattice action, one performs in two dimensions the re-
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placement
12 (-B+15+13)
g — gi®=| : o R (3.2.14)
s(-l+5+15) 5
which then gives
det gu(x) —— det g;(8) = %{2(lfl§ + B2+ 123 - 14 - 14 - zg} = 4A2 (3.2.15)
and also
) 1 HE-15-13)
g — &) = —— (3.2.16)
detg@® \ 12-2- B

For the scalar field derivatives one writes [67, 68]

- 2 _ _
8,00,0 — Digh (= (®-@) (- o)(®:— @) | (3217)
(@- @) (- @) (s — @)?

which corresponds to introducing finite lattice differences defined in the usual way
by

0P — Bu®)i =@~ @ . (3.2.18)
Here the index  labels the possible directions in which one can move from a point

in a given triangle. The discrete scalar field action then takes the form

1% = & Ai B~ @) (@~ @)+ B(@ - @)@ - @)+ Bo - @) (@ - @)
A
(3.2.19)
Using the identity
@-9@-@)=1[@-9*+@-a)’-(9-a)] . (3.2.20)

one obtains after some re-arrangements the simpler expression [67]

I(%,9) = 33" Aj (& z_] AR (32.21)
<ij> b
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Figure 3.4: Dual area associated with the edge I; (shaded area), and the correspond-
ing dual link h;.

where A;; is the dual (Voronoi) area associated with the edge ij. In terms of the
edge length [;; and the dual edge length hj;, connecting neighboring vertices in
the dual lattice, one has A;; = %hi]-li]- (see Figs. 3.4). Other choices for the lattice
subdivision will lead to a similar formula for the lattice action, but with the Voronoi
dual volumes replaced by their appropriate counterparts in the new lattice.

For the edge of length 1 the dihedral dual volume contribution is given by

_B@G+E-F) B+

A 16A123 16A134

= %llhl , (3222)

with h; is the length of the edge dual to ;. The baricentric dihedral volume for the

same edge would be simply
Al = (A1 + A1za)/ 3 . (3.2.23)

It is well known that one of the disadvantages of the Voronoi construction is the
lack of positivity of the dual volumes, as already pointed out in [43]. Thus some
of the weights appearing in Eq. (3.2.21) can be negative for such an action. On
the other hand, for the baricentric subdivision this problem does not arise, as the

areas Aj; are always positive due to the enforcement of the triangle inequalities. It
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is immediate to generalize the action of Eq. (3.2.21) to higher dimensions, with the
two-dimensional Voronoi volumes replaced by their higher dimensional analogs.
Mass and curvature terms can be added to the action, so that the total scalar

action contribution becomes

<ij> Li
The term containing the discrete analog of the scalar curvature involves the quantity
ARi=> 5 08R . (3.2.25)
hoi
In the above expression for the scalar action, A;; is the area associated with the edge
li, while A; is associated with the site i. Again there is more than one way to define
the volume element A;, [43], but under reasonable assumptions, such as positivity,
one expects to get equivalent results in the lattice continuum limit. In the following

we shall only consider the simplest form for the scalar action, with m? = & = 0.

3.3 Lattice Weak field Expansion

One of the simplest problems which can be studied analytically in the con-
tinuum as well as on the lattice is the analysis of small fluctuations about some
classical background solution. In the continuum, the weak field expansion is often

performed by expanding the metric and the action about flat Euclidean space
v = 5uv + Khuv . (3326)

In four dimensions K = v/3271G, which shows that the weak field expansion there
corresponds to an expansion in powers of G. In two dimensions this is no longer
the case and the relation between k and G is lost; instead one should regard K

as a dimensionless expansion parameter which is eventually set to one, Kk = 1,
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at the end of the calculation. The procedure will be sensible as long as wildly
fluctuating geometries are not important in two dimensions (on the lattice or in
the continuum). The influence of the latter configurations can only be studied by
numerical simulations of the full path integral [47, 83].

In the lattice case the weak field calculations can be carried out in three [51] and
four [41] dimensional flat background space with the Regge-Einstein action. One
finds that the Regge gravity propagator indeed agrees exactly with the continuum
result [69] in the weak-field limit. As a result, the existence of gravitational waves
and gravitons in the discrete lattice theory has been established (indeed it is the
only lattice theory of gravity for which such a result has been obtained).

In the following we shall consider in detail only the two-dimensional case,
although similar calculations can in principle be performed in higher dimensions,
with considerable more algebraic effort. In pure gravity case the Einstein-Regge
action is a topological invariant in two dimensions, and one has to consider the
next non-trivial invariant contribution to the action. We shall therefore consider a

two-dimensional lattice with the higher derivative action of Eq. (3.2.12) and A =0,

(®)=4a % : (3.3.27)

hingesh An
The weak field expansion for such a term has largely been done in [47], and we
will first recall here the main results. Since flat space is a classical solution for such
an R?>-type action, one can take as a background space a network of unit squares
divided into triangles by drawing in parallel sets of diagonals (see Figs. 3.5).
This is one of an infinite number of possible choices for the background lattice,
and a rather convenient one. Physical results should in the end be insensitive to
the choice of the background lattice used as a starting point for the weak field
expansion.

Itis also convenient to use the binary notation for vertices described in references

[41]. Asdiscussed in the previous section, the edge lengths on the lattice correspond
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Figure 3.5: Notation for the weak-field expansion about the rigid square lattice.

to the metric degrees of freedom in the continuum. The edge lengths are thus

allowed to fluctuate around their flat space values,
L=01+¢) , (3.3.28)

with 1§ = 1§ = 1 and I = v/2 for our choice of lattice. The second variation of the
action is then expressed as a quadratic form in the €’s,
I=4a)" Mg . (3.3.29)
i
The properties of M;; are best studied by going to momentum space. One assumes
that the fluctuation &; at the point i, j steps in one coordinate direction and k steps
in the other coordinate direction from the origin, is related to the corresponding &;

at the origin by
eI = of o © | (3.3.30)

where @ = ¢ and k; is the momentum in the direction i. The matrix M then

reduces to a 3 x 3 matrix M, with components given by [47]

2+ W — 20 — 2wy + Wy WS + C.C.

(Mw) 11

M)z = 2=~ G~ W — W16 — W = &5 + W, + (05 + 20010
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(M) 13 2(-1+2w — @ + Wy — Wy — Wy + 20010 + W2 — WL W5 — Wy ()

(Mg)s3 A2-20 - 20, + WGy + W wy +c.c.)

(3.3.31)
with the other components easily obtained by symmetry. The change of variables
E1=€ §=6& &= +&) e . (3.3.32)

leads for small momenta to the matrix M, given by

k3 k2ks  —2kik3
M, =1 &2 K -2k | +OF) . (3.3.33)
—2kik3 —2k3ky  Ak3k3
This expression is identical to what one obtains from the corresponding weak-field

limit in the continuum theory. To see this, one defines as usual the small fluctuation

tield h,, about flat space, which then gives
VZ R? = (1100 + hgp 11 — 2h1210)? + O(H%) . (3.3.34)
In momentum space, each derivative d, produces a factor of k,, and one has
VER? = hp Viwpo oo (3.3.35)

where V,, 5o coincides with M’ above (when the metric components are re-labeled
according to 11 - 1, 22 - 2, 12 - 3).
It is easy to see the reason for the change of variables in Eq. (3.3.32). Given the

three edges in Figure 5, one can write for the metric at the origin

12 1 12 _ 12 _ 12
8 = : =il (3.3.36)
;(G-1E-1) 5
Inserting I; = 9 (1 + ¢), with [? = 1 for the body principals (i = 1,2) and [? = /2 for

the diagonal (i = 3), one then obtains

l%:(1+£’1)2 = 1+hy
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lg = (1 + 82)2 1+hy

8= (1+g) 1+ 2(huy +ha) +hip |

(3.3.37)
which can be inverted to give
& = 3hu - 35 +0O(h3)
& = gha—gh3,+0()
& = %(hn +hao + 2h1p) = 3—12(h11 +hgo + 2h15)% + O(h®)
(3.3.38)

which was used in Eq. (3.3.32). Thus the matrix M, was brought in the continuum
form after performing a suitable local rotation from the local edge lengths to the
local metric components.

A similar weak field expansion can be performed for the cosmological constant
term, although strictly speaking flat space is no longer a classical solution in the
presence of such a term [47]. One then obtains a contribution to the second variation

of the action of the form

Ly = 0 1 1+a | - (3.3.39)

In the weak field limit, and with the same change of variables as described for the

matrix M, this leads to

1 -1 0
A
L,=-5|-1 1 0| +0® . (3.3.40)
0 0 4

The local gauge invariance of the R?-action is reflected in the presence of two

exact zero modes in M, of Eq. (3.3.31). As discussed in Ref. [70], the eigenvalues
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of the matrix M,, are given by

)\1 =0
)\2 =0
Az = 24-9(w + W+ Wy + ) + 4wl + W)

+WL W5 + Wi, + W 6% + WG,
(3.3.41)

It should be noted that the exact zero modes appear for arbitrary w;, and not just
for small momenta.

It is clear that if one were interested in doing lattice perturbation theory with
such an R? action, one would have to add a lattice gauge fixing term to remove the

zero modes, such as the lattice analog of

and then add the necessary Fadeev-Popov nonlocal ghost determinant. A similar
term would have to be included as well if one were to pick the lattice analog of
the conformal gauge [94]. If one is not doing perturbation theory, then of course
the contribution of the zero modes will cancel out between the numerator and
denominator in the Feynman path integral representation for operator averages,
and such a term is not needed, as in ordinary lattice formulations of gauge theories.

The above zero modes correspond to the lattice analogs of diffeomorphisms. It

is easy to see that the eigenvectors corresponding to the two zero modes can be

written as
&1(w) 1-w 0
ew) | = 0 1- al@ (3.3.43)
X2(w)
&3(w) 1-may) F(1-wowy)

where X:(w) and X>(w) are arbitrary functions (the above result is not restricted to

two dimensions; completely analogous zero modes are found for the Regge action
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in three [51] and four [41] dimensions, leading to expressions rather similar to Eq.
(3.3.43), with d gauge zero modes in d dimensions; their explicit form can be found

in the quoted references). In position space one then has

am) = xun) = xu(n+fn)
&(n) = Xao(n) = Xao(n + f2)
e3(n) = 3xa(n) +3x2(1) = 3x2(n + [y + 1) = SX2(n + [l + o)

(3.3.44)

Using the correct relation between induced metric perturbations and edge length

variations,

o3 1815 - 015 - ol5
5gi = ' A0 =0l ) (3.3.45)
1015~ 815 - 315) I3
one can easily show that the above corresponds to the discrete analog of the familiar

expression

5guv = _duXv - deu ) (3346)

which indeed describes the correct gauge variation in the weak field limit. In the
discrete case it reflects the invariance of the lattice action under local deformations
of the simplicial manifold which leave the local curvatures unchanged [40]. The
above relationships express in the continuum the well-known fact that metrics re-
lated by a coordinate transformation describe the same physical manifold. Since
the continuum metric degrees of freedom correspond on the lattice to the values
of edge lengths squared, one expects to find analogous deformations of the edge
lengths that leave the lattice geometry invariant, the latter being specified by the
local Iattice areas and curvatures, in accordance with the principle of discussing the
geometric properties of the lattice theory in terms of lattice quantities only. This
invariance is spoiled by the presence of the triangle inequalities, which places a

constraint on how far the individual edge lengths can be deformed. In the per-
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turbative, weak field expansion about a fixed background the triangle inequalities
are not seen to any order in perturbation theory, they represent non-perturbative
constraints.

The above invariance of the lattice action is a less trivial realization of the exact

local gauge invariance found already in one dimension
Ol = Xn+1— Xn > (3.3.47)

where the X,’s represent continuous gauge transformations defined on the lattice
vertices [71]. The invariance of the quantum theory is again broken by the triangle
inequalities, which in one dimension reduces to the requirement that the edge
lengths be positive. Such a breaking is unavoidable in any lattice regularization
as it cannot preserve the invariance under scale transformations, which are just
special cases of diffeomorphisms.

The weak field expansion for the purely gravitational part can be carried out to
higher order, and the Feynman rules for the vertices of order 3, h?, ... in the R*
action of Eq. (3.2.12) can be derived. Since their expressions are rather complicated,

they will not be recorded here.

3.3.1 Feynman Rules

Let us consider next the scalar action of Eq. (3.2.21),

v @~ 9\2
L / Px 38" 0,000 0 1Y Ay (1—7‘”) | (3.3.48)
<ij> b
In the continuum, the Feynman rules are obtained by first expanding out the action

in the weak fields h,(x),
2 / d?x /38" dupovp = 3 / d°x (09)* + / d?x hyy { $8,(09)° - 0,00, 0}
1 1
*5 / dx {TyohvoOu @I = > hophuw 0 90,

1 1
= Npphtay — th hor ) Oa @y @} + O(H3¢?) . (3.3.49)

+(8
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and then by transforming the resulting expressions to momentum space.

On the lattice the action is again expanded in the small fluctuation fields &,
which depend on the specific choice of parameterization for the flat background
lattice. We will first discuss the lattice of Figure 2. 6(a), with the choice of labeling
according to Figure 2.5. Figures 2. 6(a) and 2. 6(b) correspond to two different gauge
choices for the background metric which are physically equivalent; there are many
others. The fluctuations in the edge lengths &; (see Eq. (3.3.28)) and the scalar fields
@at the point i, j steps in one coordinate direction and k steps in the other coordinate

direction from the origin, are related to the corresponding &; and @ at the origin by

e = o ki e® | (3.3.50)

where w = ¢ and k; is the momentum in the direction i.
¢ = o W @) (3.351)

where w/; = ¢™. In practice it is actually more convenient to redefine the edge
variables at the midpoints of the links, since this choice neatly removes later a
set of complex phase factors from the Feynman rules. For the edge lengths we

therefore define the lattice Fourier transforms as

&n) = / / ok €1(k)

(2m?
o) = / /n (;lrgz —ik-n—iky 2 &(k)
53(71) _ / /n (gnl;z o ikn=iky 2-iky/ 2 Sg(k) ’

(3.3.52)

while we still define the scalar field on the vertices, and therefore the Fourier

transform in the usual way,

m 2 )
o= [ [ o o) (3353)
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(a) (b)

Figure 3.6: Two equivalent triangulation of flat space, based on different subdivi-
sions of the square lattice.
These formulae are easy to generalize to higher dimensions when a simplicial
subdivision of a hypercubic lattice is employed, as first suggested in [41].

The kinetic energy term for the scalar field can naturally be decomposed as a

sum of three terms

1= oy a® %V
<1]>
_ 1 (h)(ﬁ (Hz_ O Ay
B 2hor§1tul ( )+ verztl;alA (1+£)
1 w)@ %z
+2mg%d M) (3.3.54)

where < ij > labels an edge connecting sites i and j. We have separated the sum
over all edges into sums over horizontal, vertical, and diagonal edges. The series
expansion of each term in the sums with respect to an edge length fluctuation in a

particular direction is given by the following expressions

AP 1.1, ,1,
(1+e)2 4 27+ 2%
1 1 3
+§£12+Z£§+Z£§
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§ €

Figure 3.7: Labeling of momenta for the scalar-graviton vertices.

1
5618~ E18s = EEs + O(d) ; (3.3.55)

A©
gl
(1 + 82)2

1.1 .1
4 277727

1 1 3
+Z£12+§£§+Z£§

1
tS 88 - a6t O(ed) ; (3.3.56)

Al(;l) = 1e+ s—ls

(1+e)? 4+ 472 27

1, 1, 1
‘égf‘§5§‘ZS§

1 1 1
TSagtSagt S gEt o) . (3.3.57)

The O-th order term in € gives the scalar field propagator
_r
45, sin2(3)’

which is the usual scalar propagator for the square lattice, and coincides with the

(3.3.58)

continuum one for small momenta.
The higher order terms give, after transforming to momentum space, the Feyn-

man rules for the vertices. For the trilinear vertex associated with &; (k) @(p) ¢(g) one
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finds

2 sm(p ) sm(ql) +cos(2 )sm(p 1;” 2) sin(ﬂz”’z) : (3.3.59)

for the vertex &(k)@(p) ¢(g) one obtains
. P2y . g2 ki, . pitpa, . q1tq2
-2sin(*= =)+ — —r= —) ; 3.
sm(z)sm(z) cos(z)sm( > ) sin( > ) ; (3.3.60)
and for the vertex &;(k)@(p) ¢(7) one has
2cos(%2) sin(2) sin(2) + 2cos(&) sin(£) sin(2)
- 2sin(PF2) sin(15%) . (3.3.61)
In order to compare the lattice Feynman rules with the usual continuum ones, one
needs to perform a transformation from the &; variables to the metric fluctuation
hy. The correspondence between the two is given in Eqs. (3.2.13), (3.3.37) and
(3.3.38). However, one must be careful in doing the transformation since &3 contains

contributions to all hi11, hyp, and hip. The exact correspondence is given by the

following relation. After writing

ag +bey +ce3 + Ael + Bes + Ces

+ D& + E€1&3 + FEré&s, (3362)
one can use the relationships between &; and hy,, of Eq. (3.3.37) to obtain

(%+%)h11+(g+%)h22+%h12+§h21

+(-§-— 32+A CHbyp2 +(-L-L+B+ CuDyp3,
+(- + + + st )h11h22+( C+ s+ )hllh12
t(—H+ S+ D) huha+ (- 5+S+5) haohe
H(— St S+ D hnha+(—5+2) i+ (% +5) hoha . (3.3.63)

With the aid of the above equation, one can then easily rewrite the Feynman rules

in terms of hy,@°. For the vertex hi1(k) @(p) @(g) one has

—4(1 - 1cos®2)sin() sin(£) + 2 cos(&) sin(22) sin(%)



-2(1- Cos%) sin(%) sin(%) :
When expanded out for small momenta it gives
1 1
5(mpiaitpeq) =5 (p-q9-2p1q1) -
For the vertex ha(k) @(p) @(q) one obtains
2cos(%2) sin(2) sin(2) - 4 (1 - Zcos) sin(22) sin(2)
—2(1-cos) sin(22) sin(232) |
and its leading continuum approximation is given by
1 1
5(~p2g2*piq) =5 (p-q-2p202) -
For the vertex h12(k)@(p)@(q) ( = h21(k) @(p)@(g) ) one has
2cos(%2) sin(2) sin(2) + 2 cos(&) sin(2) sin(2)
~2sin () sin(52) |
and its leading continuum approximation is given by

1
5 (p1g2 +p291) -
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(3.3.64)

(3.3.65)

(3.3.66)

(3.3.67)

(3.3.68)

(3.3.69)

Written in Lorentz covariant form, the leading continuum approximations for the

vertices h, (k) @(p) ¢(q) can be grouped together as

1
5(5uvp-v7-pu qv = Pvqu)

(3.3.70)

which is now identical to the usual continuum Feynman rule, derived from the

original continuum action (see eq.(2.2.16), chapter 2.)

One can proceed in a similar way for the higher order vertices. The Feynman

rules for the 2-scalar 2-graviton vertex written in the component forms are:

for the vertex & (k)e1(K") p(p) ©(q),
2sin(2) sin(%) + cos(4¥285%2) gin (12) sin(%2)

kot . .
- % COS( 22 2) Sm(PlZPa) Sm(‘h‘;ﬂz) :

(3.3.71)
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for the vertex &(k)&2(k")o(p) o(q),

cos(2H2K42) sin(22) sin(%) + 2sin(%2) sin(%2)

— Lcos(B755) sin(2322) sin(13%2) | (33.72)

for the vertex &s(k)&s(k") p(p) ¥(q),
3COS(%) sin(&) sin(%) + 3COS(¥) sin(22) sin(%2)
- sin(Z22) sin(13%2) ; (3.3.73)
for the vertex & (k)&(K') p(p) @(q),
2COS(@) sin(%) sin(2) + 2 cos(3%) sin(£2) sin(%)

— 2 cos(%1) sin(2222) sin(152) (3.3.74)

for the vertex &;(k)&s(k") p(p)o(q) ,
~4.c0s(2) sin(%2) sin(%2) - 4 cos(22%1) sin(12) sin(%2)
+2cos(2) sin(#32) sin(32) ; (3.3.75)
for the vertex &(k)&s(k") p(p) ©(q),
k1+k2+k/2 . Pl . ql k?l . pz . qz
—4 cos(———2) sin(5) sin(5) —4cos(3) sin(Z) sin(%)
+2cos(%) sin(222) sin(L52). (3.3.76)

After writing again the & fields in terms of the h, fields (see Eq. (3.3.37)), one
obtains the Feynman rules for the vertex h11(k)h11 (k") (p) (),

k ket Koy .
(6 -1 cos’2 + 3 cos=52 —4cos2) sin(2) sin(%Z)
+(3 Cosklzkl1 - 4cosk—/1+k21+k2 +2cos kiﬁkik“% ~ Lcosk) sin(22) sin(%)
+ (COS% - Cos%) sin(@) sin(%) : (3.3.77)

The above expression should be symmetrized in k and k' to reflect the fact that an

edge is shared between two neighboring triangles. For small momenta its leading
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continuum approximation is given by
1
r (-p-q+4p1q1) . (3.3.78)

For the vertex hao(k)hao(K') @(p) 9(q),

ko+k; key kot keytho+k) k., . .
(3 cos™2 — 4cos 22 % +2co 0s 2172 — 1c0s/2) sin(2) sin(%)

kqy+k! k . .
L1 — 200s%) sin(2) sin(%2)

+ (Cos% - COS#) sin(%) sin(%) : (3.3.79)
and its leading continuum approximation for small momenta is given by
1
B (—p-q+4p2q2) . (3.3.80)

For the vertex hi1(k)haa(K') @(p) 9(q),

2(- Cosk2 + cosfithz k2 +2 COSk e cos% — 1 cos®2) sin(2) sin(Z2)
+2(- cosk1 +2 COSk kl + costtlz — cos% 1 cos&) sin(2)sin(2)
K,k . .
+ (COSk—Zl —2cos57 + Cosk—zz) sm(@) sm(%) : (3.3.81)

and its leading continuum approximation for small momenta is
1
2P (3.3.82)

For the vertex h11(k)hi2(k")@(p) 9(q) ( = haa(K)haa(K) 0(p) 9(q) ),

I(-cos2 - 4cos% + 3cosk2;kl2) sin(&) sin(%)

ky+k!

+1(-coslt +3cos1 - 4cos%) sin(2) sin(%)

+ cos(%2) sin(£2) sin(23%) (3.3.83)
and its leading continuum approximation for small momenta is

1
Z (P1Q2 + pqu) . (3384-)
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For the vertex h(k)hi2(k")@(p) 9(q) ( = hoo(k)haa(K) 0(p) 9(q) ),

I(-cosk+ BCOS% - 4cosk—1+k22+k/2) sin(&) sin(%)

+1(-cosl - 4cos% + 3cosk1;k/1) sin(2) sin(%2)

+cos(%2) sin(#22) sin(32) | (3.3.85)
and its leading continuum approximation for small momenta is
1
Z (pqu + pzﬁ]l) . (3386)

For the vertex hip(k)ha2(k') @(p) 9(9) ( = haa(K)ha (k) @p) 9(q) = 3 [Ha2(k)za(K)
o) P(q) + haa(k)h12(K) @(p) P(9)]),

1(— cos’z + 3cosk2—;k/2) sin(&) sin(%)

+ %( - cos% + 3cos¥) sin(2) sin(%) , (3.3.87)

and its leading continuum approximation for small momenta is

1
2P (3.3.88)

The above lattice Feynman rules for the 2-graviton 2-scalar vertex in terms of /1,y can
be compared to the continuum Feynman rules, which are given by the following

expression

Vivag = (/48[ dua (pvas *+ppqv) + Ous (Pvda + padv)
+ Ova (Pugp + ppau) + Ovg (Pufa + Padu) = Ouw (Padp + Ppda)
= Oap (Puqv + pvu) + (Ouwdap = Quadvp = Ousdva ) p - q] - (3.3.89)

Again one sees that the 2-graviton 2-scalar vertex in the leading continuum ap-
proximation reduces completely to the continuum Feynman rules (see eq.(2.2.17),
chapter 2.)

In order to see how much the lattice Feynman rules depend on a particular

lattice triangulation, one can derive the Feynman rules for the lattice obtained by
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a reflection with respect to the vertical axis (see Figure 6b). It turns out that these
Feynman rules can simply be obtained by performing the following substitutions

in all the above formulae for the vertices,
p1 - —P1,q1 - —qu.k1 - ki, ky - =K, (3.3.90)

which indeed corresponds to a reflection about the vertical axis. In this case the
leading continuum approximation of the lattice Feynman rules are again identical
to the continuum Feynman rules. One therefore concludes that the two inequiva-
lent lattice triangulations give the same physical results, at least to the first leading
continuum order (for momenta which are small compared to the ultraviolet cut-
off). This should not come as a surprise, since the two lattices correspond to two
equivalent parameterizations of flat space, with an action that is parameterization

invariant, at least for small deformations.

3.3.2 Conformal Anomaly

As an application, we will compute the graviton self-energy using the lattice
Feynman rules developed above. There are two diagrams contributing to the
lattice graviton self-energy, namely the vacuum polarization loop and the tadpole
diagram shown in Figs. 3.8.

The evaluation of the above diagrams corresponds to a functional integration
over the scalar field, performed to lowest order in the weak field expansion, and
with a scalar field measure deriving from the functional measure

/OOO [1 42 Fll) x /Oo 1 Ide (33.91)

edges ij T sitesi a

the specific form of the gravitational measure will not matter in the following

calculation since only the scalar field is integrated over. The relevant expressions
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Figure 3.8: Lowest order diagrams contributing to the conformal anomaly.

for the vacuum polarization loop diagram, written in component form, are then

g2
Vea(q = 2// “p {28111—Sinpl+q1

(2m? 2
+cos@smpl+p2 Smpl"‘lh"';?z"'lh}z
2 2
1
TBL s, ()] 5, ()| (3392)
_ ™ dp P2 . P2tqe
V£2,£2(q) - 2/ / (2 7_[)2{ 28111— SINN—— 2
+cosﬂsmpl+p2 Smpl"‘lh"';?z"'lh}z
2 2
1
6L 5, sin(@)][ 5, sin?(TEE) | (3399)
v _ ™ d%p 5 Pr_. Pit
sell) = 2/ / 2 n)z{ cos’y sin’ysint 7
q1 Pz. p2tqz . p1tp2.. P1+I11+P2+I12}2
+2cos-— > sin‘= 2 72 2sin > sin >
1
6L 5, sin(2)][ 5, sin?(EEE) | (3359
T d%p + ) +
Veneo(q) = 2/ / @27 {( ZSmpzs P12Q1+C085122 szz
><sinpl+ql-2|-p2+q2) X (—25in%sinpiz-’z-q2 +
i . prtpa . P1+I11+P2+I12}
cos sin~=—"—sin > )
L (3.3.95)

160 7, sin2(B)11 7, sin2(ZE) ]
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_ n d2 pr . p1tqa qz . P1+P2
Vas(d) = 2/ [, (271)2{( 2sin’y SN~y reosp sinTo
><sinpl+ql-2|-p2+q2) X (2cosq—22 sin% sinpil;q1 +
qi . p2 . P2+I12_zsmpl"‘}?zsmpl"‘lh"'}?z"‘lh)}

2 cos = sin2 sin

2 2 2 2 2
1
—. 3.3.96
1605, s 5, v ) (3356
T d%p ) + ) +
Vel = 5 [ ] @2m? e {(-2sinZ sinP2 8 co T sinl
><sinp1 +Q1;p2 +IJ2) X (2cosq—22 sin% sinplT-'-q1 +
qu . P2 . P2tqge . P1¥tp2 . prtqitpatap }
2cos > sin— 5 sin——— 2sin 5 sin > )
1 (3.3.97)

161 7, sin2(B)[ 7, sin2(ZE) ]

For zero external momentum g all the quantities Ve, 's are infrared finite, and one

finds
o0 = (1)
=0 = 2(1-)
Vees(q=0) = % (1 - 7—2_[)
Vee@=0) = 0
Vaolg=0) = - (—1 + 711)
Vee(q=0) = —% (—1 " 711)

(3.3.98)

The g°-dependent terms are the ones that are of physical importance. Expanding

the lattice integrals for small external momentum one obtains for example

2

1 1
Vea(ql=92=9)= 7o (1_71) nq2+O(q4), (3.3.99)
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which can be compared with the continuum result for the metric vacuum polariza-
tion

1
Mua = gema” + 0 - (3.3.100)

The expressions relevant for the tadpole diagram, written in component form,

are

T 2 ) . 1
Tere(q) = /-n/—n @ 7_32 {281112(%) + sz(%) -5 sz(Pl‘z*Pz)}

AT (3.3.101)
Toed = [ [0 a2 asine(22) - S sin?(P 20
well) = | Sy sin“(5 sin“(7) = 5 sin“(—
1
) (3.3.102)
s d2
Teel) = [ [ (zmz{ssinz(%)+3sin2(%)—sin2(%”2)}
o sz an (3.3.103)
@
Tee)(q) = // (;lﬂ)z ql;qz {Zsz(pl)+25m2(pzz)
. 2, P11t P2 1
26in?(P )} < AT (33.104)

Tee(q) = / /n (;l;)Z COS— { 4si112(%) —4si112(%) + 25inz(p1 ;Pz)}

Iy, sz ik (3.3.105)

Te,e5(9)

/ /n (gj_ozcos {4sm2(%)—4sin2(%)+2sin2(#)}

i sz Gk (3.3.106)
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The first three integrals are g-independent, while in the last three the g-dependence

factorizes. One finds

Teeld = o= 2

Teeld) = o= 2

Teoeld) = 3= o

Tan) = cos® 3% (5-7)
Tees(q) = COS(%) (—1+7—1_[)
Te,e.(q) = cos(%) (—1+7—1_[)

(3.3.107)

The terms in Ty, £ (q) are required to cancel some of the unwanted, including non-
covariant, terms in Vi, ¢, (9)- Also, a number of contributions to the lattice vacuum
polarization can be shown to contribute to a renormalization of the cosmological
constant. It should be noted here that the lattice form of the cosmological constant
term (which just corresponds to the total area of the triangulated manifold) con-
tains, in contrast to the continuum, momentum dependent terms [47]. The reason
for this is that the lattice area terms couple neighboring edges, and lead therefore
to some residual local interactions between the edges variables, as shown in Eq.

(3.3.39).

Eventually one needs to rotate the final answer for the vacuum polarization

from the ¢; to the hy,, variables, which is achieved to linear order (and for small g)

by the matrix
100
V=fo1lo (3.3.108)
111
4 2
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with &(g) = V - h(q) (see Eq. (3.3.38)). Since the integration over the scalar gives

2 2
Ly = =4 [ gy 0) - 100 o) = 4 [ ]

(2m)

> &(q)-N(e) - &(q) (3.3.109)

one obtains the correspondence between the two polarization quantities,
Nk = vi-ne)- v, (3.3.110)

correct to lowest order in the weak field expansion.

Analytical evaluations of the remaining integrals in terms of Bessel functions
will be presented elsewhere [72]. In the following we will calculate the graviton
self-energy using the lattice Feynman rules in the leading continuum order, by
doing a continuum approximation to the integrands valid for small momenta. The
procedure is justified for integrands that are sharply peaked in the low momentum
region, and neglects the effects due to presence of a high momentum cutoff.

The calculation is most easily done by using the Feynman rules in terms of h,,
in the Lorentz covariant form, which were given before. The vacuum polarization

loop contributing to the graviton self-energy then reduces to

1 d2 tw(p,q) ta )
Vivas® = 5 | G (5 (2+Z§p :

%[5uvp'(P+‘1)_Pu (pv*+aqv) =pv(putgn)l . (33.111)

tuw(p.q)

The calculation of the integral is easily done using dimensional regularization. One

obtains
1

Viwap(q) = 4871

1
(@°3us = quqv) 7 (7°ap — qaqp) - (3.3.112)

As expected, the tadpole contribution T}, q5(q) to the graviton self-energy is 0. The

remaining graviton self-energy contribution is given by

Mw,ap@ = Viwap(@) + Tu,ap(q)
1 1
2g 0w = 9utv) 5 (0 00p = ao) - (3.3.113)
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The above result is valid for one real massless scalar field. For a D-component scalar
tield, the above result would get multiplied by a factor of D. Then the effective
action, obtained from integrating out the scalar degrees of freedom, and to lowest

order in the weak field expansion, is given by
_ 1 [ 94
L = =3 W hyw(q) Mo (q) oo( = q) (3.3.114)

with the scalar vacuum polarization given by
Mopo(@) = o (Gutlo = Spi?) = (oo = Spot) (3.3.115)
uvpa\q) = 4877 Guqv ~ Ou 7 Godo =~ Opaq ") - 0.
In the lattice analog of the continuum conformal gauge,
gu(x) = 8 e?™ | (3.3.116)
one can write for the scalar curvature
(Guqv = Owg)hw(q) = R(9) = 4°9(q) (3.3.117)

and therefore re-write the effective action in the form

D d%q

Ly(9) = —56 2 P(@)°9(-q) (3.3.118)

which in real space becomes the well-known Liouville action

L() = —%T / dx [(9,0)* + (A = A e?] . (3.3.119)

One therefore completely recovers the result derived perturbatively from the con-
tinuum Feynman rules, as given for example in [53]).
In the continuum, the effective action term of Eq. (3.3.119) arising from the

conformal anomaly can be written in covariant form as

[ xdyR RO (=) RVRG) (3:3.120)

where 97 is the continuum covariant Laplacian, 0% = d,(,/3g""d,), and m? - 0. In

two dimensions and for flat space, (x| 5|y) O 3= log |x~y|. Using the correspondence
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between lattice and continuum curvature operators derived in [43], its lattice form

gives rise to an effective long-range interaction between deficit angles of the type

1
%méziﬁ’&ZL;§17Eﬂhﬁl&ﬂ, (3.3.121)
where A is the nearest-neighbor covariant lattice Laplacian, as obtained from the
discrete scalar action, and m® - Oan infrared mass regulator. This result was given
in [47]; see also the recent discussion in [73].

In general one cannot expect the lattice expression for the vacuum polarization
to match completely the continuum expression already at the lowest order of
perturbation theory. Since there is 70 small parameter controlling the weak field
expansion in two dimensions, it is difficult to see why the first few orders on the
lattice should suffice. Indeed in the weak field expansion the background lattice
is usually taken to be regular, which leads to a set of somewhat preferred lattice
directions for high momenta, which are close to the momentum cutoff at 7. It
would seem though that this is an artifact of the choice of background lattice
(which is necessarily rigid), and whose effects are eventually washed out when the
fluctuations is the edge lengths are properly accounted for in higher order in the
weak field expansion. The fact that the conformal mode in fact remains massless
in two dimensions in the full numerical, non-perturbative treatment of the lattice
theory was shown in [83, 66], without the necessity of any sort of fine-tuning of
bare parameters.

The gravitational contribution to the effective action in the lattice conformal
gauge can, at least in principle, be computed in a similar way. Let us sketch here
how the analogous lattice calculation would proceed; a more detailed discussion of
the relevant calculations will be presented elsewhere. In the continuum the metric

perturbations are naturally decomposed into conformal and diffeomorphism parts,

O (%) = guv(x) 0 (x) + Vuxu(x) + Vixu(x) . (3.3.122)
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where V), denotes the covariant derivative. A similar decomposition can be done
for the lattice degrees of freedom, by separating out the lattice gauge transforma-
tions [40] (which act on the vertices and change the edge lengths without changing
the local curvatures) from the conformal transformations (which change the local
volumes and curvatures) in Eq. (3.3.45). The explicit form for the lattice diffeomor-
phisms, to lowest order in the lattice weak field expansion, is given in Eq. (3.3.43),
which makes it obvious that such a decomposition can indeed be performed on the
lattice. After rewriting the gravitational functional measure in terms of conformal

and diffeomorphism degrees of freedom,

1
2

[dg] = [d@][dx] [det (L'L)]2 , (3.3.123)

which involves the Jacobian of the operator L, which in the continuum is deter-
mined from

(L'L X)u =V (VX + VoXu = 8w VPX0) (3.3.124)

one has for the effective action contribution in the conformal gauge, and to lowest

order in the weak field expansion,

[det (L+L)]‘% O exp {~Ly(9)} . (3.3.125)

The lattice form of L depends on the specific form of the lattice gauge fixing term.
On the lattice the functional integration is performed over the edge lengths, see
Eq. (3.2.3). The lattice conformal gauge choice corresponds to an assignment of

edge lengths such that

13 -B+B+13)

8i(n) = ~ & e (3.3.126)

(-BeBB B
The lattice fields ¢(n) are defined on the lattice vertices. So are the gauge degrees

of freedom X,(n), as can be seen from Eq. (3.3.44). It should therefore be clear

that the choice of lattice conformal gauge corresponds to a re-assignment of edge
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lengths about each vertex which leaves the local curvature unchanged but brings
the induced metric into diagonal form; it corresponds to a choice of approximately
right-angle triangles at each vertex [70].

A diagrammatic calculation, similar to the one for the scalar field contribution,

gives in the continuum the celebrated result [53]

13 1
Muvps (9) = 4871 (Guqv = Owi’) ? (@p90 = S0 - (3.3.127)

As a consequence the total Liouville action for the field ¢ = 3R becomes

Lr(9) = ZZT_: / dx [(au¢)2+()\ -A) eﬂ : (3.3.128)

Thus to lowest order in the weak field expansion the critical value of D for which
the action vanishes is D. = 26, but this number is expected to get modified by
higher order quantum corrections. In any case, for sufficiently large D one expects
an instability to develop. Numerical nonperturbative studies of two-dimensional
gravity suggest that in the lattice theory the correction is large, and one finds that
the threshold of instability moves to D, ~ 13 [66]. It is unclear if this critical value
can be regarded as truly universal, and independent for example on the detailed

choice of gravitational measure.

3.4 Conclusions

In the previous section we have presented results relevant for the weak field
expansion of lattice gravity. We have shown the precise correspondence between
continuum and lattice degrees of freedom within the context of such an expansion.
To avoid unnecessary technical complications, most of our discussion has focused
on the two-dimensional case, but the methods presented here can be applied to any

dimension. In the purely gravitational case, we have shown that the presence of
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zero modes is tied to the existence of a local invariance of the gravitational action.
This invariance corresponds precisely to the diffeomorphisms in the continuum,
with appropriate deformations in the edge lengths playing the role of local gauge
variations of the metric in the continuum.

We have then derived the Feynman rules for gravity coupled to a massless
scalar field, to lowest order in the weak field expansion. Although the lattice
Feynman rules for the edge length vertices appear to be rather unwieldy, they
actually reduce to the familiar continuum form when re-expressed in terms of the
weak field metric field, and we have presented this important result in detailed
form. Asanapplication, the two-dimensional conformal anomaly due to a massless
scalar field was computed by diagrammatic methods. We have given explicitly the
relevant lattice integrals, which involve among other things a new diagram, the
tadpole term, which vanishes in the continuum but is necessary on the lattice for
canceling unwanted terms. Finally we have shown that in the leading continuum
approximation the expected continuum form for the anomaly is obtained, with the
correct coefficient.

The procedure followed here in deriving the Feynman rules for lattice gravity
works in any dimension, including therefore the physical case of four dimensions.
The lack of perturbative renormalizability in four dimensions is not ameliorated
though by the presence of an explicit lattice cutoff, and non-perturbative searches

for an ultraviolet fixed point and a lattice continuum limit are still required.



Chapter 4

Random Ising Spins in Two
Dimensions - A Flat Space
Realization of the KPZ Exponents

41 Introduction

In this chapter we will discuss the computer simulation aspect of quantum gravity.
More specifically we will consider the dynamics of random Ising spins coupled to
gravity in two dimensions. The continuum space is divided into a random lattice.
Ising spins with spin either up or down are placed at the vertices of the lattice, and
are allowed to move randomly on a discretized version of a fluid surface. The lattice
geometry is allowed to fluctuate by varying the local coordination number through
a “link flip” operation which varies the local connectivity [77]. The transformation
from the continuum spacetime to lattice (after a Wick rotation) essentially turns
the field theory into a statistical mechanics theory. Our study of this “statistical"
system consists of several steps. The first step is to determine if this system has
a phase transition. Whether a phase transition has taken placed is manifested by
the singular (or vanishing) nature of some thermodynamic functions at the phase
transition point. The phase diagram can be mapped out by a carefully study of
these thermodynamic functions. After the phase transition has taken place, the

initial symmetry of the system may no longer be preserved by the new ground
59
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state. In this case, the system is said to have undergone a spontaneous symmetry
breaking. This breaking of the symmetry has a great relevance in quantum field
theory as the masses of gauge field particles are generated in this manner, known
as the Higgs mechanism. In the regular (Onsagar) Ising model, magnetization
can be spontaneously generated even in the absence of an external magnetic field.
Another interesting thing happened at the critical point is that the correlation length
of the system becomes infinite. The details of the underlying lattice is no longer
revalent, and the continuous spacetime symmetries of the field theory are restored.
In this chapter, we will be interested in measuring thermodynamical quantities,
such as spontaneous magnetization per spin, zero field susceptibility, latent heat,
average energy per spin, and specific heat, in our dynamically triangulated random
Ising model. The phase transition diagram will be constructed by examining the

behavior of these quantities.

After the phase diagram of the theory has been established, we are next to
determine the order of the phase transition, as well as the critical exponents char-
acterizing the universality class of the system. One of the most interesting aspect
of critical phenomena is that many systems with different lattice structures have

the exact critical exponents which allow us to classify them by their universality
property.

Before we actually go into the Ising model on random surface, it is useful to
give a brief review of the exactly solvable Onsager Ising model on two dimensions

[78, 79, 80]. Consider a two dimensional flat surface divided into square lattice.

Each site of the lattice is labeled by a vector of a pair integers,

n = (ny,ny). 4.1.1)

A spin variable s(n) with spin value +1 (up) or —1 (down) is placed at the site n.
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The action describing the model is

S==]> s(n)s(n+p), (4.1.2)
i

where [ is an unit vector connecting the two neighboring spins. The Ising spin
interaction is local; it only interacts with its four nearest neighbors. We further
choose the coupling parameter | positive such that the system results in a lower
energy state when the neighboring two spins have both +1 or both -1 spins. The
system is called ferromagnetic (as contrast to anti-ferromagnetic when | < 0.) The
system posses a global symmetry. When all spins flip their values, the action S
remains unchanged. This global symmetry can be explicitly broken by introducing

an external magnetic field B to the action

S=-]> sm)s(n+v)-B>_ sn). (4.1.3)
nv n
The partition function of the statistical system is given by
Z=> P, (4.1.4)
configs
where the sum runs over all possible spin configurations. On a lattice of N sites,

there are 2N possible configurations. 8 = 1/ kT is the inversed Ising temperature.

Some interesting thermodynamic quantities are: free energy

F=-BTInZ; (4.1.5)
magnetization per site
1 0F
M=——; 41.6
magnetic susceptibility per site
_ oM,
X 9B B0
1
= [ < (St~ <t >)*> 1 (4.1.7)

NkT
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and the specific heat

2
C= —T%. (4.1.8)

The system can undergo a spontaneous magnetization even in the absence of
external magnetic field B when the temperature T is below the critical value T..
Above T, the system is completely random, and exhibits no magnetization. The
magnetization M is thus served as a local order parameter characterizing the phase
transition of the Ising system. At the phase transition region, many thermodynamic

quantities obey some scaling laws: for the magnetization,
M O(T. - T)P, (4.1.9)

where (3 is called the magnetization critical exponent; for the spin-spin correlation

function,

Fn) = <s(n)s(0)>

O |n| @2 T=T,; (4.1.10)
for the correlation length,
(M) (T -To)™; (4.1.11)
for the susceptibility,
xO(T-T)7; (4.1.12)
for the specific heat,
CO(T-T)™; (4.1.13)

and for the magnetization when a small external magnetic field B is applied,
mOBY® , T=T,. (4.1.14)

The critical exponents are solved exactly in the two dimensional Ising model (On-

saga). Theyare 3=1/8,n=1/4,v=1y=7/4,a =0,and d = 15. Furthermore,
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these critical indices are related as follows

B = Fud-2+n)

y = v(2-n),
a = 2-vd,
d = (d+2-n)/(d-2+n). (4.1.15)

There are thus essentially only two independent critical exponents in the regular
Ising model in two dimensions. A very important property of these critical expo-
nents is that these values are shared by many physical systems with different lattice
structures. Anisotropic lattices of the Ising model having the same critical indices
are said to belong to the same universality class.

Exact solution of the Ising model on a random surface is solved in matrix model
methods [74]. In this model, in addition to all 2" spin configurations summed over,
all planar graphs with the topology of sphere and N vertices are summed over in
the action. The phase transition of this model is found to be third order instead
of second order in regular Ising model. This work has been extented to study
the properties of random Ising spins coupled to two-dimensional gravity. More
recently, work based on both series expansions [75, 76] and numerical simulations
[77, 81] has verified and extended the original results. Remarkably, the same
critical exponents have been found using consistency conditions derived from
conformal field theory for central charge ¢ = 3 [82], which should again apply
to Ising spins. It is generally believed that the new values for the Ising critical
exponents are due to the random fluctuations of the surface in which the spins
are embedded, and therefore intimately tied to the intrinsic fractal properties of
fluctuating geometries. It comes therefore as a surprise that in our study of non-
random Ising spins, placed on a randomly fluctuating geometry but with fixed spin

coordination number, exhibits the same critical behavior as in flat space, without
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any observed “gravitational” shift of the exponents [83].

The natural question to ask is to what extent the values of the critical Ising
exponents found by KPZ for ¢ =  and in the matrix model solution (a = -1,
B=1/2y=2,n=2/3,v=23/2][74, 82]) are due to the annealed randomness of
the lattice, and to what extent they are due to the physical presence of a fluctuating
background metric. The most straightforward way to answer this question is to
investigate the critical properties of annealed random Ising spins, with interactions
designed to mimic as closely as possible the dynamical triangulation model, but
placed in flat two-dimensional space. It is well known that for a quenched random
lattice the critical exponents are the same as on a regular lattice [84], as expected
on the basis of universality, even though in two dimensions the Harris criterion

(which applies to quenched impurities only) does not give a clear prediction, since

the specific heat exponent vanishes, a = 0, for Onsager’s solution.

4.2 Formulation of the Model

In a square d-dimensional box of sides L with periodic boundary conditions we
introduce a set of N = L¢ Ising spins S; = 1 with coordinates x{,i =1...N,a=1...4d,
and average density p = N/ L? = 1. Both the spins and the coordinates will be
considered as dynamical variables in this model. Interactions between the spins
are determined by
I[x,S] = =Y Jii(xix;) Wy SiS; —hzi: W:S;i (4.2.16)
i<j

with ferromagnetic coupling

0 if |x1- - x]-| >R
]i]-(xl-, x]-) = , (4217)
J ifr<|x-x|<R
and infinite energy for |x; — xj| < r, giving therefore a hard core repulsion radius

equal to 7/ 2. As will be discussed further below, the hard core repulsive interaction
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is necessary for obtaining a non-trivial phase diagram, and mimics the interaction
found in the dynamical triangulation model, where the minimum distance between
any two spins s restricted to be one lattice spacing. Forr — 0,]; = J[1-6(|x;i—x;|-R)].

The weights W;; and W; appearing in Eq. (4.2.16) could in principle contain
geometric factors associated with the random lattice subtended by the points, and
involve quantities such as the areas of the triangles associated with the vertices,
as well as the lengths of the edges connecting the sites. In the following we will
consider only the simplest case of unit weights, W; = W; = 1. On the basis of
universality of critical behavior one would expect that the results should not be
too sensitive to such a specific choice, which only alters the short distance details
of the model, and should not affect the exponents.

The full partition function for coordinates and spins is then written as

N d L
Z=1[ (1 /0 dx’) exp(~1I[x,S]) . (4.2.18)

i=1 S;=%1 a=1

In the following we will only consider the two-dimensional case, d = 2, for which
specific predictions are available from the work of KPZ and the matrix model
solution.

It should be clear that if the interaction range R is of order one, then, for
sufficiently large hard core repulsion, r — \/5/ 2 < R, the spins will tend to lock
in into an almost regular triangular lattice. As will be shown below, in practice
this crossover happens already for quite small values of r. The critical behavior
is then the one expected for the regular Ising model in two dimensions, namely a
continuous second order phase transition with the Onsager exponents. Indeed for
the Ising model on a triangular lattice it is known that J. = %\/§h13 =0.9514.... On
the other hand if the hard core repulsion is very small, then for sufficiently low
temperatures the spins will tend to form tight ordered clusters, in which each spin
interacts with a large number of neighbors. As will be shown below, this clustering

transition is rather sudden and strongly first order. Furthermore, where the two
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transition lines meet inside the phase diagram one would expect to find a tricritical

point.

In order to investigate these issues further, we have chosen to study the above
system by numerical simulation, with both the spins and the coordinates updated
by a standard Monte Carlo method. We choose any spin on the lattice, flip its
spin, and increment its (x,y) coordinates by a random amount (between 0 and 1.)
The motion of the spin particles results in new neighbors within the interaction
range. The probability for both of these occurring is computed, and compared to
a random number. If the probability is larger than the random number, both spin
flip and change in coordinates are accepted, otherwise both are ejected. This pro-
cedure is repeated for every spin in the lattice to give a new configuration. Before
any thermodynamic quantities can be computed, many sweeps of the spin config-
uration must be done to bring the system to the thermal equilibrium state. The
computation of thermodynamic averages is quite time consuming in this model,
since any spin can in principle interact with any other spin as long as they get
sufficiently close together. As a consequence, a sweep through the lattice requires
a number of order N? operations, which makes it increasingly difficult to study
larger and larger lattices. In order to extend our study to even larger lattices, we
have applied a binning procedure in such a way that the time for the updating of
a given configuration grows as zN, where z is the average coordination number of
the lattice, instead of N2 This binning procedure consists of dividing the system in
cells of unit length, and keeping track of the spins in each cell. Since all the moves
are local, and spins can only move from a given cell to the neighboring ones, we
only need to consider the spins in a given cell and its neighbors at each updating
step. This procedure is very effective when the average coordination number is
relatively small (J < J. and r large), however, if z LIN the updating time grows again

as N2.
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There are a number of local averages and fluctuations which can be determined
and used to compute the critical exponents. The spontaneous magnetization per

spin can be determined as

M=

QJ|Q,

InZ|se0 = < < |Z S| > (4.2.19)

le—‘

was measured (here the averages involve both the x and S variables, < >=< >,5),

and the zero field susceptibility

1 02

X=Nonw

1
SN Zli=0 = 55 < >SS > 5 < NS> (4.2.20)
ij i

It is customary to use the absolute value on the r.h.s., since on a finite lattice the
spontaneous magnetization, defined without the absolute value, vanishes identi-
cally even at low temperatures. In addition, the latent heat and the specific heat

exponent can be determined from computing the average Ising energy per spin

defined as
10
k= _ﬁd_]mzhzo ]N %:L](xl,x]) Wi; 55>, (4.2.21)
and its fluctuation,
192
C = Ndjzlnzhz—o - (4.2.22)

4.3 Results and Analysis

In the simulations we have investigated lattice sizes varying from 5° = 25 sites
to 30 = 900 sites. The length of our runs varies in the critical region (J O J.)
between 2M sweeps on the smaller lattices and 200k sweeps on the largest lattices.
A standard binning procedure then leads to the errors reported in the figures.

As it stands, the model contains three coupling parameters, the ferromagnetic
coupling J, the interaction range R and the hard core repulsion parameter r. We
have fixed R = 1; comparable choices should not change the universality class. As

we alluded previously, for small r we find that the system undergoes a sharp first
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Figure 4.1: A system configuration with N = 400 spins and r = 0.4 for | = 0.35.
Spins *1 are represented by empty and solid circles, respectively.

order transition, between the disordered phase and a phase in which all spins form
a few very tight magnetized clusters, in which the number of neighbors is of the
order N. These clusters persist even for larger values of the hard core repulsion, r,

but the number of interacting neighbors does not become as large as N in this case.

In Figs. 4.1 and 4.2 we show the existence of these clusters when the hard core
repulsion is as large as v = 0.4. In Fig. 4.1 we observe ferromagnetic order in small
domains even though we are below J.. On the other hand, in Fig. 4.2, where we are
above J., the system has practically clustered into a single ferromagnetic domain.
For sufficiently large r, the transition is Ising-like, between ordered and disordered,
almost regular, Ising lattices (for our choice of range R, the transition appears to be

very close to regular Ising-like for » ~ 0.6 and larger, see below).

In Fig. 4.3 we show a particular configuration for r = 0.98 where the regular,
almost triangular, lattice is clearly visible. In this case the average coordination

number z is very close to 3, as expected for a regular triangular lattice.

In Fig. 4.4 we show the average number of neighbors z for several values of r
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Figure 4.2: A system configuration with N = 400 spins and r = 0.4 for | = 0.65.
Spins *1 are represented by empty and solid circles, respectively.
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Figure 4.3: A system configuration with N = 400 spins and r = 0.98 for ] = 0. 25.
The hard core repulsion radius is shown as a circle around the spin.
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Figure 4.4: The average number of neighbors as a function of ] on a lattice with
N = 144 spins for several choices of the hard core repulsion r.

on a system with N = 144 spins. We find that for small values of r the coordination
number increases very rapidly as we approach the critical point. On the other
hand, for intermediate choices of r, z saturates to a smaller value. When r = 0.6,
the coordination number saturates to a value of z = 3. 1, which is already very close

to the value on a regular triangular lattice (z = 3).

In Fig. 4.5 we plot the average energy per bond E; as a function of | for several
choices of the hard core repulsion r. The jump discontinuity, which is visible
for small hard core repulsion r, indicates the existence of a first order transition.
For larger values of r, the discontinuity is reduced and eventually vanishes. A
determination of the discontinuity in the average energy of Fig. 4.5 at the critical

coupling J. shows that it gradually decreases as r is increased from zero.

Fig. 4.6 showsa plot of the latent heat per bond A, versus r at the transition point
Je. In general we do not expect the latent heat to vanish linearly at the endpoint,
but our results seem to indicate a behavior quite close to linear. From the data we

estimate that the latent heat vanishes at r = 0. 344(7), thus signaling the presence of
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Figure 4.5: The average energy per bond E; as a function of ] for several choices of
the hard core repulsion r for a system with N = 100 sites.
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Figure 4.6: The latent heat per bond A, along the first order transition line, plotted
against the hard core repulsion parameter r. The tricritical point is located where
the latent heat vanishes.
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Figure 4.7: The phase diagram for the dynamical random Ising model on a two
dimensional flat space. The critical point (denoted by the solid circle) separates
the first order from the second order transition lines. The paramagnetic (PM) and
ferromagnetic (FM) phases are also shown.

a tricritical point at the end of the first order transition line. Beyond this point, the
transition stays second order, as will be discussed further below.

The phase transition line is shown in Fig. 4.7; for r = 0 we found on the largest
lattices J. = 0.19(2), while for r = 0.98 we found . = 0.93(3).

In Fig. 4.8 we plot the spin susceptibility as a function of | for several system
sizes near the tricritical point, showing a growth of the peak with system size. To
determine the critical exponents, we will resort to a finite-size scaling analysis. In
the following we will be mostly concerned with the values for the critical exponents

in the vicinity of the tricritical point. In the case of the spin susceptibility, from

finite-size scaling, we expect a scaling form of the type
XN J) = N2 x(N*?[T =) . (4.3.23)

To recover the correct infinite volume result one needs X(x) U x™ for large argu-
ments. Thus, in particular the peak in X should scale like N¥?" for sufficiently large

N.
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Figure 4.8: The magnetic susceptibility X versus | for fixed hard core repulsion
parameter r = 0.35 and different system sizes.
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Figure 4.9: The peak in the magnetic susceptibility X..x versus the number of Ising
spins N for choices of the hard core repulsion parameter corresponding to r = 0.35
and r =0.6.
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Figure 4.10: The magnetization M versus J, for fixed hard core repulsion parameter
r = 0.35 and different system sizes. The solid line is a spline through the data for
n =144,

Despite the fact that the lattices are quite small, as can be seen from the graph,
a linear fit to the data at the tricritical point is rather good, with relatively small
deviations from linearity, X2/ d.o.f.[0 10*. Using least-squares one can estimate
y/ v. For r = 0.35 we find y/ v = 1.32(3), which is much smaller than the exact
regular Ising result y/ v = 1.75. From scaling one then obtains the anomalous
dimension exponent N =2-y/ v = 0.68(3). To further gauge our errors, we have
computed the same exponent for the regular Ising limit, for » = 0.6. In this case we
indeed recover the Onsager value: we find on the same size lattices and using the
same analysis method y/ v = 1. 72(4). We also note that the shift in the critical point
on a finite lattice is expected to be determined by the correlation length exponent
v, namely J.(N) = J(co) ON7¥?". This relationship can be used to estimate v, but it
is not very accurate. From a fit to the known values of J.(N) we obtain a first rough

estimate v = 1. 3(2). A more precise determination of v will be given later.

A similar finite-size scaling analysis can be performed for the magnetization,

which is shown in Fig. 4.10 for several system sizes. Close to and above J. we



75

-0.4 .

-0.5

-0.6

InMins

B/v
= 0.35 0.31(4)
4 0.60 0.13(7)

-0.8 '
1.5 2.0 2.5
InN1/?

Fig.10

Figure 4.11: Finite size scaling of the magnetization at the inflection point M
versus the total number of Ising spins N for choices of the hard core repulsion
parameter corresponding to »r = 0.35and r = 0.6.

expect M O(J] - J.)P. At the critical point on a finite lattice, as determined from the
peak in the susceptibility (which incidentally is very close to the inflection point in
the magnetization versus J), M should scale to zero as My(J.) ONF?.

In Fig. 4.11 we show the magnetization M computed in this way for different
size lattices At the tricritical point we find 8/ v = 0.31(4), which again clearly
excludes the pure Ising exponent, B/ v = 0.125. For the pure Ising limit (r = 0.6)
we obtain 3/ v = 0.13(7), which is close to the expected Onsager value.

The results for the Ising specific heat C at the tricritical point as a function of
lattice size N are shown in Fig. 4.12. One expects the peak to grow as C ON*?", but
the absence of any growth for the larger values of N implies that a/ v <0 (a weak
cusp in the specific heat). In general close to a critical point, the free energy can be
decomposed into a regular and a singular part. In our case the singular part does
not seem to be singular enough to emerge above the regular background, leading
to an intrinsic uncertainty in the determination of an a < 0, and which can only be

overcome by determining still higher derivatives of the free energy with respect
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Figure 4.12: Plot of the specific heat C versus ferromagnetic coupling ] at » = 0. 35,
showing the absence of a growth in the peak with increasing lattice size (for the
larger systems), in contrast to the behavior of the magnetic susceptibility. The
errors (not shown) are smaller than the size of the symbols.

to the coupling J. In order to isolate the singular part of the specific heat we have

therefore calculated dC/ dJ from the expression

iz_(]j = N2 [3(E)(E?) - (E%) - 2(E)?] . (4.3.24)
In the infinite system dC/ d] should diverge according to
dac
—= O] = Je[7D, 3.
el (43.25)

In particular, if o = -1, dC/ d] should diverge logarithmically. In Fig. 4.13 we
show the scaling of dC/ dJ on a lattice with N = 256 spins according to Eq. (4.3.25).
From the slope of the curve we determine the critical exponent to be o ~ —0.98(4).

We have also tried to assume a logarithmic scaling behavior as shown in Fig.
4.14. It is clear that from the linear behavior of dC/ d] we can conclude that our
results are completely consistent with an exponent of a = —1. We attribute the
small discrepancy between the results of Figs. 4.13 and 4.14 to the fact that we are

not sufficiently close to J. and that we are on a finite lattice with N sites. We have
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Figure 4.13: The derivative of the specific heat dC/ dJ as a function of J. — ] on
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Figure 4.14: The derivative of the specific heat dC/ dJ as a function of J. -] on
semi-logarithmic axes for N = 256.
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also performed a similar analysis for the fluctuation in the energy per bond (as
opposed to the energy per site as defined previously). In this case we find close to
the tricritical point o ~ —0.96(2).

In the reqular Ising case one has in a finite volume a logarithmic divergence
C OInN (and a/ 2v = 0), and we indeed see such a divergence clearly for r = 0.6,
which corresponds to the almost regular triangular Ising case.

Another approach to obtaining o is to determine the correlation length exponent
v directly instead, and use scaling to relate it to @ = 2 —2v. The exponent v can
be obtained in the following way. First one can improve on the estimate for J. by

considering the fourth-order cumulant [88]

<m*>

Un(J)=1- F<s? (4.3.26)

wherem =3, S;/ N. It has the scaling form expected of a dimensionless quantity
Un() = UN*[] = o)) (4.3.27)

The curves Uy(J), for different and sufficiently large values of N, should then
intersect at a common point J., where the theory exhibits scale invariance, and U
takes on the fixed point value U*. In Fig. 4.15 we show the fourth-order cumulant
as a function of | for r = 0.35 and for several lattice sizes. We have found that
indeed the curves meet very close to a common point, and from the intersection of
the curves for N = 25 to 400 we estimate |, = 0.472(9), which is consistent with the
estimate of the critical point derived from the location of the peak in the magnetic
susceptibility. We also determine U* = 0.47(4), which should be compared to the
pure Ising model estimate for the invariant charge U* ~ 0.613 [89].

One can then estimate the correlation length exponent v from the scaling of the

slope of the cumulant at J.. For two lattice sizes N, N’ one computes the estimator

Vg(N,N') = In[N'/ N] (4.3.28)

- 2n[Ug. () U]
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Figure 4.15: The Binder fourth-order cumulant U as a function of | for fixed hard
core repulsion r = 0.35 and on several lattices with N spins. The solid line is a
spline through the data for N = 144.

with Uy, = dUy/ J] defined by

(m*(E) + (m*E) - M) | (4.3.29)

Using values of N from systems with 256, 400, and 900 spins we estimate v from
Eq. (4.3.29) to be 1.46(8). Using the scaling relationship a = 2 - 2v, we obtain an
estimate for o which is again quite consistent with our previous estimate derived

from dC/ dJ.

In Table 4.1 we summarize our results, together with the exponents obtained
for the two-matrix model [74] (and which are the same as the KPZ values [82]), for
the Onsager solution of the square lattice Ising model, and for the tricritical Ising
model in two dimensions [86]. As can be seen, the exponents are quite close to
the matrix model values (the pure Ising exponents seem to be excluded by several

standard deviations).
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Table 4.1: Estimates of the critical exponents for the random two-dimensional Ising
model, as obtained from finite-size scaling at the tricritical point.

y/v |B/v ja/v a %

This work  [1.32(3)0.31(4)-0.65(4)-0.98(4)1.46(8)

Matrix model [1.333../0.333..}-0.666..,-1.0 1.5

Onsager 1.75 [0.125 0.0 0.0 1.0

Tricritical Ising[1.85 0.075 [1.60  0.888...0.555...

4.4 Conclusions

In the previous sections we have presented some results for the exponents of a
random Ising model in flat two-dimensional space. The model reproduces some of
the features of a model for dynamically triangulated Ising spins, and in particular
its random nature, but does not incorporate any effects due to curvature. Due to
the non-local nature of the interactions of the spins, only relatively small systems
have been considered so far, which is reflected in the still rather large uncertainties
associated with the exponents. Still a rich phase diagram has emerged, with a
tricritical point separating first from second order transition lines. The phase
diagram we obtain is shown in Fig. 4.7. We have localized the tricritical point at
Jc = 0.471(5) and r = 0.344(7). The thermal and magnetic exponents determined
in the vicinity of the tricritical point (presented in Table 4.1) have been found to
be consistent, within errors, with the matrix model solution of the random Ising
model and the KPZ values. Our results would therefore suggest that matrix model
solutions can also be used to describe a class of annealed random systems in flat

space.

One might wonder at this point if the spin system discussed in this chapter

can be found among the models in the FQS classification scheme [90] of two-
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dimensional conformally invariant field theories 1. Since the model is apparently
not unitary (it contains short range repulsion and long range attraction terms),
it should fall into the wider class of degenerate theories considered by BPZ [91].
The allowed scaling dimensions in these theories are given by the well-known Kac
formula,

Dy = % (pa +ga)? = (a. + a7 (4.4.30)
with p,q positive integers, and a. = dp + (1 + ag)¥?. o is related to the conformal
anomaly ¢ of the theory by ¢ = 1 - 24a§. Often the central charge is then written
as ¢ =1-6/ m(m+1). One of the difficulties in this approach is the identification
of a given realization of conformal symmetry with a particular universality class.
The simplest possibility appears to be m = 4/ 5, corresponding to m =1/ (s —r) with
s =9and r = 4. One then obtains for this choice the central charge c = -19/ 6, and
0o =5/ 12, a, =3/ 2 and a- = -2/ 3. The matching scaling dimensions are then
Mg = D35 =1/ 6 (which gives N =2/ 3), and A5 = Az4 = 2/ 3 (which gives v =3/ 2).
Negative values of ¢ are allowed in non-unitary theories. It would be of interest
to compute the central charge directly in the random spin model and verify this
assignment, using the methods described in Ref. [93].

We should mention that the above values for s and r appear to be rather close
to the ones associated with the Yang-Lee edge singularity, which describes the
behavior of the magnetization in the Ising model in the presence of an imaginary
external field, and for which Cardy [92] has suggested the identification s = 5 and
r = 2, which yields m = 2/ 3 and c = -22/ 5. It is known that the Yang-Lee edge

singularity also describes the critical properties of large branched dilute polymers

and of the Ising model in a quenched random external field in d + 2 dimension [94].

1We thank Giorgio Parisi for suggesting to look into this aspect.



Chapter 5

Conclusion

In this thesis we have presented results for 1) the quantum corrections to the
Newtonian potential in the long distance scale; 2) Feynman rules for simplicial
gravity in two dimensions; 3) critical exponents for the dynamically triangulated
random Ising model in flat two dimensional space. For the Newtonian potential

correction to the order of G2, we obtain

mamy

V() = -G p

1
[ 2c%r 1571372

The first correction term at the scale of 2Gm;/ ¢? represents the classical relativistic
correction, and the second term at the Planck scale (Gl ¢3)¥? represents the genuine
quantum mechanical correction. The relativistic correction we obtained are in
complete agreement with the result obtained by using classical relativistic method
(Einstein-Hoffmann-Infeld.) The quantum correction to the potential to the one
loop order is finite, despite the theory is non-renormalizable in perturbation theory.
The sign of the quantum correction we obtained indicates an increase (slowly) of
gravitational potential with distance. This result is in agreement with the intuitive
expectation that gravity couples universally to all forms of energy, and cannot be
easily screened by quantum fluctuations. Further investigation in this study will
be to see if higher loop order corrections in G can still lead to finite corrections in

the long distance limit. In case they are not finite, should one need to add higher

derivative terms in the Hilbert-Einstein action to control the ultraviolet divergences.
82
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In the chapter of “Feynman Rules for Simplicial Gravity", We derived the lattice

Feynman rules for gravity coupled to a D-component massless scalar field. Even
though the lattice Feynman rules derived are necessary more complicated than
their corresponding continuum Feynman rules (involved sine of the momentum,)
in the lowest order in momentum expansion, they completely reduce to the familiar
continuum form. As an application, the conformal anomaly due to a massless
scalar field was computed by diagrammatic methods. In the continuum theory, it
has been shown (Polyakov) the conformal anomaly is canceled when D = 26. It is
interesting to see if the anomaly can also be canceled in the lattice theory.

In the last chapter we presented the results for the exponents of a dynamically
triangulated random Ising model in flat two-dimensional space using computer
simulation method. The model describes Ising spins moving randomly on a two
dimensional surface with no curvature (gravity.) The obtained phase diagram
shows a tricritical point separating first from second order transition lines at |, =
0.471(5) and r = 0.344(7). The thermal and magnetic exponents determined in
the vicinity of the tricritical point (presented in Table 4.1) have been found to
be consistent, within errors, with the matrix model solution of the random Ising
model and the KPZ values. Our results would therefore suggest that matrix model
solutions can also be used to describe a class of annealed random systems in flat

space (without gravity.)
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