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Effective actions for Regge state-sum
models of quantum gravity

ALEKSANDAR MIKOVIC

We study the semiclassical expansion of the effective action for a
Regge state-sum model and its dependence on the choice of the
path-integral measure and the spectrum of the edge lengths. If the
positivity of the edge lengths is imposed in the effective action
equation, we find that the semiclassical expansion is not possible
for the power-law measures, while the exponential measures al-
low the semiclassical expansion. Furthermore, the exponential mea-
sures can generate the cosmological constant term in the effective
action as a quantum correction, with a naturally small value of the
cosmological constant. We also find that in the case of a discrete-
length spectrum, the semiclassical expansion is allowed only if the
spectrum gap is much smaller than the Planck length.

1. Introduction

A natural way to define the path integral for General Relativity (GR) is to
discretize GR by using a spacetime triangulation and to use Regge calculus,
for a review and references see [1]. The main goal of quantum Regge calculus
(QRC) is to define the GR path integral

1) %= [ Dgexy (zp | Vi) d4x) ,

where ¢ is a metric on a 4-manifold M, R(g) is the scalar curvature and Ip
is the Planck length, as an appropriate limit of a discrete path integral

B F
(2) Zr= | ]dLen(L)exp (lé > Aa(L) 5A(L)> ;

Dp =1 P A=
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where € denotes an edge of a triangulation of M, L. denotes an edge length
and

F
Sr(L) =Y Aa(L)6a(L),
A=1

is the Regge action. Here F' is the number of triangles in the triangulation,
A is the area of a traingle A and 0 is the corresponding deficit angle. The
integration region Dp is a subset of Rf where the triangle inequalities for
the edge lengths hold and E is the number of edges.

The measure p(L) is chosen in quantum Regge calculus as

E N

(3) n(L) = [J(La? T](Va(L))e Vo),

e=1 o=1

where o denotes a 4-simplex of the triangulation, V, is the 4-volume of o
and V(L) is the triangulation 4-volume [1]. The parameters p, A and ¢ are
real numbers, and the convergence of Zp requires that p,q > 0 and A > 0.

In order to define a smooth-manifold limit of Zg, one can adopt the
Wilsonian approach, see [1, 2]. In this approach x = /1% is allowed to vary
and it will play the same role as the temperature in critical phenomena. One
then looks for the critical points of Zr(x), and if the right kind of critical
points exists, then in the vicinity of such a critical point the correlation
length diverges, and the discrete theory would be described by a quantum
field theory which should correspond to quantum GR on a smooth manifold.
Note that in the Wilsonian approach the number of the edges E can remain
finite, although it has to be a large number. Also x is taken to be variable
because it is assumed that the Newton constant G is a running coupling
constant, i.e. depends on a characteristic length scale.

The main problem of the Wilsonian approach is that the critical points
lay in the strong-coupling regime, so that reliable calculations can be done
only by using computers. This has been done in the framework of casual dy-
namical triangulation (CDT) models [2]. In CDT approach Zp is computed
by summing over a special class of folliated triangulations such that all the
spacelike L. have the same length [, while the timelike L. have a different
length ;.

Recently, an alternative approach to the problem of the continuum limit
of a discrete quantum gravity (QG) theory was proposed, in the form of the
effective action (EA) formalism [5-7]. The idea is to apply the EA formalism
from quantum field theory (QFT) to discrete path integrals which appear
in state-sum models of QG. The initial motivation was to investigate the
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semiclassical limit of spin foam models, but it turned out that one can also
address the issue of the continuum limit.

Spin foam (SF) models, for a review and references see [3], represent a
proposal to define Zy by using a triangulation where the basic variables are
the areas Ax which are determined by finite-dimensional SU(2) representa-
tions (spins). The motivation comes from loop quantum gravity (LQG) and
Zgr is given as a sum over spins and intertwiners of amplitudes constructed
from products of weights for triangles, tetrahedrons and 4-simplices. The
weights can be chosen such that Zgp is finite [4], and the corresponding ef-
fective action can be shown to be the area-Regge action plus small quantum
corrections if the spins, or equivalently the triangle areas, are large [5, 6].
For geometric configurations, the area-Regge action becomes the Regge ac-
tion, and as the triangulation is refined, the corresponding Regge action is
very well approximated by the Einstein-Hilbert action. Hence the diffeomor-
phism invariance appears as an approximate symmetry of the SF effective
action when the number of simplices in a triangulation is large [5]. The same
happens in the case of spin-cube models [7], which are generalization of SF
models such that the edge lengths are independent variables [8].

In this paper we are going to study the effective action for the theory
defined by the path integral Zp and the measures of the QRC type (3). We
will assume that the spacetime is fundamentally discrete, so that it will not
be necessary to define the ¥ — oo limit of Zp. However, we will need the
large-F asymptotics of Zg in order to describe the QG effects for smooth
spacetimes. The study of the effective action for Zp started in [7], but there
only the power-law measures, which behave as

for L large and p € R, were considered. Also, the effective action was defined
in [7] by using an equation where the positivity of L. was not imposed.
We will then study the effective action for power-law, exponential and QRC
measures and explore the implications of imposing the edge-length positivity
in the EA equation.

In Section 2 we define a Regge state-sum model and we study the corre-
sponding effective action equation in the one-dimensional case for power-law
and exponential measures when the positivity of the edge lengths is imposed.
In Section 3 we study the same problem in a higher-dimensional case, and
derive the conditions for the validity of the semiclassical approximation. In
Section 4 we show that the exponential measures of the QRC type (3) can
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generate the cosmological constant term in the effective action. In Section 5
we discuss the smooth-manifold approximation of the one-loop effective ac-
tion. In Section 6 we study the EA equation when the edge lengths take a
discrete set of values and in Section 7 we present our conclusions. We also
include two appendicies with relevant formulas for the error function and
Gaussian sums.

2. Regge state-sum models

We will define a Regge state-sum model by fixing a spacetime triangulation
T (M) of a compact 4-manifold M. T'(M) will be a four-dimensional sim-
plicial complex, and we will label the edges € of T'(M) with non-negative
numbers L.. These numbers will be called edge lengths, since we will require
that L. for every triangle A of T'(M) satisfy the triangle inequalities. In or-
der to completely specify a Regge state-sum model, we have to specify the
set of values of L.. The simplest choice is the interval [0,00), but one can
also consider [a,00) and [a, b] intervals, where a,b > 0. We will also consider
the case of a discrete set of values, given by L. =lyn, n € N and [y > 0.

Let L. € [0,00). The corresponding state sum can be defined by the
Regge path integral (2), which we write as

(4) Zn = /D AP L (L) exp (iSp(L)/13) .

where dPL = [[", dL.. The reason that in (4) appears the Planck length
is that the GR action Sgr is given by Sr/Gy, so that Sgr/h = Sg/l%.

The measure i has to be chosen such that Zp is convergent and that the
corresponding effective action allows a semiclassical expansion around the
classical limit given by Sg. We will first study this problem for the measures
which behave for large L. as

E
(5) (L)~ [ [(Le/Layr e e/t

e=1

where Lg,p and « are parameters to be determined. L is an arbitrary
length, introduced only to make p dimensionless. This class of measures is
a simplified version of the QRC class (3), and (5) will serve as a guide for
analyzing the QRC case. We will restrict o to be non-negative number, so
that when a > 0 we will have a finite Z. When o = 0, we will assume that
p is such that Z is finite, see [7].
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The effective action I'(L) can be defined by using an integro-differential
equation from QFT, see [9, 10]. However, in the QG case the “field variable”
L. does not take all the values from R, but L. > 0. In order to see the
difference it is sufficient to consider the case of a single variable L € [a, b].
Let us start from the generating functional

i

Z(J) = /ab dL p(L) exp <;S(L) + iJL) =enW(),

where S(L) is a C'* function. We define the “classical field”, also known as
the background field, as

-1
L=-w
W),

where W (J) = log Z(J).
The corresponding Legandre transformation is given by

(L) =W(J)-hJL,

so that we obtain

(6) eTD/h = / :L dl (L + 1) exp (;[s@ +1)—T'(L) z]) :

where [ = L — L is the “quantum fluctuation”. In the QFT case a = —o0
and b = oo, which gives the equation

(7) eTD/h — / T w(L + 1) exp (;[S(L +1) —T'(L) z]> .

—0o0
In the simplest QG case we have a = 0 and b = oo, so that

(8) T/ /_ OLO dl (L + 1) exp <;[S(L +1) — (L) u) .

Let us look for a perturbative solution of (8) in the form
(9) I'(L) = S(L) + ATy (L) + K*To(L) + - --

when L — oo and with a measure which satisfies (5). The appearence of a
semi-infinite interval of integration in the QG case may change the nature of
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the perturbative solution. Namely, the QF T perturbative expansion is based
on the Gaussian integration formula

> 2 7Th 2 1 5
(10) / e /h—wz dr = e ehw [Az _ m e—glogz-i-hw /427
—00 z

where Rez > 0 or Rew > 0 if Rez = 0. In the QG case it changes to

1 1 z  Vhw
§+§erf (L\/;"i‘ M)]

1 hw?
= Vrhexp _510g2+?

7 —2L%/h B
f e o (I
2\/mzL zL?
where L = L + hw/2z, see the Appendix A.
The key diference between (10) and (11) is the appearence of the non-
analytic term in 4 in (11), which is given by Vhe #L/h Hence, if this non-

analytic term is not supressed for large L, we will not have a semiclassical
solution for large L. Therefore we need

(11) / et gy [T )tz
—L z

)

lim Re(zL*/h) = +o0,
L—oo
where
2L?/h = L%z + Lw + (w?/42)h.
In the QG case we can replace i with l% and
2/l = —iS"(L) /213 + p/L* + aa — 1)(Lo) " “L*2,
while
w=—i(T] + 1305 +--).

Let us assume that o and p have such values that allow a perturbative
solution. In the next section we will show that in the perturbative case

(12) Ty = —ipIn(L/L1) + i(L/Lo)® + %log S"(L),

and
L1 (L) = O(L™2)y
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Hence

Re( I2/13) = 0¥(L/La)" + o)

+ O(La—Q) + O(L2a—4) + O(L3a—6) 4o
If 0 < a < 2, then
Re(z L?/1}) ~ o*(L/Lo)",

when L — oo, since LS"(L)/S"(L) = O(1) due to S(L) = O(L?) in the GR
case, so that the non-perturbative terms will be exponentially supressed. In
this case we can use the QFT equation (7) to obtain I'y,(L) for large L.

If o > 2, we cannot say what is the large L asymptotics of Re(z L?/1%).
However, in the next section we will see that it is possible to answer this
question by studying the structure of the perturbative series (9).

If @ =0, then
N LS/N (L)

To2sm(L)

which is a bounded oscilating function. This implies that the non-
perturbative terms will not be supressed for large L, so that the semiclassi-
cal solution does not exist for any value of p. This is quite surprising given
that the perturbative solution exists for any p in the QFT interval case.

Re(z L?/13%)

3. Higher-dimensional case

Let us now try to generalize the analysis of the previous section to the case
E >1.Let L= (Ly,---,Lg) € Dg, then we obtain the following integro-
differential equation

(13)

. r
T/l — / dPL (L +1) exp | iSp(L+1)/1% — i a—ze/z%g :
DE(L) 6 8LE

where the integration region Dg(L) is a subset of R¥ obtained by translating
Dpg by a vector —L.

The main problem with generalizing the FF = 1 results is that we do not
know how to calculate exactly the integral

Iy = / dPlexp (—<l,zl>/l% + (w,1)),
Dg(L)
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where z is an ' x E symmetric complex matrix and (x,y) = ZkE:1 Tk Yk A
reasonable conjecture is that for large L

Ioz/ d"lexp (—(1, 1) /1p + (w,1))
Cg(L)

where
Cp(L) =[-L1,00) X -+ X [-Lg, ).

From this conjecture it follows that

712 E/2
~ P —1/2 1% (w,z"1w) /4
Io < 1 ) (detz)= e IkI PR, v

1+ erf (Lkm + L )] )

where A\, are the eigenvalues of the matrix z and @w = Uw, where U is the
matrix which puts z in the diagonal form, i.e. z = U~ ! diag (\1,. .., A\g)U.

Then a semiclassical solution of (13) will exist for the measures sat-
isfying (5) when L > Ilp and 0 < o < 2. As in the E =1 case, we cannot
determine what happens for o > 2, so that we have to use a different method.
Let us assume that « and p are such that the perturbative expansion

(14) T(L) = Sp(L) + 1201 (L) + 15T5(L) + - --

is valid. We will try to derive some restrictions on « and p from the require-
ment that

[B|Cnr1(L)]

(15) Tu(L)]

<1
for L/lp > 1 and all n.

The requirement (15) defines the semiclassical expansion, since it implies
that the quantum corrections are much smaller than the classical value. A
weaker version of (15) is

[p T (L))

(16) T.(0)

<1

for L/lp > 1 and all n, and in this case we will consider the solution (14) to
be perturbative. Note that the series (14) is an asymptotic series, so that it
does not have to converge, and therefore (16) is a way to estimate the region
where the perturbative expansion is valid.
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Let a > 0 and if the perturbative expansion (14) is valid we can use the
approximation Dg(L) ~ R¥ to solve the equation (13). We obtain

E

A7) Ta(L) =i Y [(Le/Lo)* — pn(Le/L)] + & Tr log S(L),
e=1

which is of O(L®)!. The higher-order corrections I',, can be determined
by using the diagramatic technique from QFT, see [11]. These corrections
can be evaluated by using the effective action diagrams (EAD), whose k-
valent vertices (k > 3) carry the weights Sj = iS](?)(L)/k! and the edges
carry the propagator G(L) = i(S%)~!. The contributions from a non-trivial
path-integral measure can be taken into account if in the formulas for the
vertex weights and the propagator we replace Sg by

E
Sr="Sr+ilp Y _[(Le/Lo)* —pln(Lc/Ly)] .
e=1

This follows from the EA equation (13), since it can be rewritten as the
EA equation with a trivial measure term and the action S. The perturbative
solution will take the form

D =Sgp+ 30 +1pTo+---,

where T, will be given by the EAD with G propagator and S}, verticies.
Since

fn = Fn,O + Z?Dfn,l + l%fn72 + e,

we obtain

(18) I'= Sg+15(—ilogu+T1)
+1p(To0+T11) + 1T304+ T1o+To1) + - .

"We define f(z1,xa, -+ ,x,) = O(x®) if

FAzy, Azg, -+, Aey) = Ag(x1, 29, -+ ,x,) for A — co.
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For example

Ty = ((S3)°G®) + (S4G?) + Res [I* Trlog G|
s = ((S3)'G®) + (S394G*) + (S6G®)
+ Res [15° (Trlog G + ((S5)?G®) + (54G?))]
and so on. Here (XY ---) denotes the sum of all possible contractions of the

tensors X, Y, ..., which is given by the corresponding EAD, see [11]. The
residum terms are determined by the formula

(n—1)
Res (" f(2) =:f;1__fg)7

where z = [, B
By using that S, = O(L?>™™) and S,, = O(L?>~™) + O(L®™™), we obtain

Tni10=0(L"%"), Tpp1opsr=O(L"?"),
where k = 1,2,...,n. Consequently

2 Tpi10=O((p/L)*™), 1B Tpi1 gk = O((L/Lo)*™(Ip/L)*™).

Hence
B Toia(L) = O ((p/L)™") + O (/D)™ (L/Lo)™)
=0 ((p/L") +0 ((L/Le)y"2)
where
) Lo = (L§/5)7

is a new length scale which together with {p will determine the validity of
the semiclassical expansion.

By using the criterion (15) we obtain that the perturbative expan-
sion (18) will be semiclassical if

(20) 2/ <1, (L/L)*%«1.

The condition (20) will be satisfied if L > Ip and L > L for a < 2, while
for v > 2 we need that Ip < L < L.
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When a = 2, we have
B Tua(L) = 0 ((e/)") + 0 ((tp/L0)™)

so that the series (18) will be semiclassical for Ly > Ip and L > Ip.

Note that the I'; takes imaginary number values, and the higher-order
quantum corrections I',, will in general take complex number values. The
same happens in QFT, and since we want to have a real effective action, we
have to restrict our complex solution to real values. In QFT this is done by
using the Wick rotation. However, the Wick rotation requires a flat back-
ground metric, and introducing a background metric in QG at the funda-
mental level is contrary to the purpose of QG. Fortunatelly, it was observed
in [5] that in QFT the Wick rotation is equvalent to the transformation

(21) ' — ReD(L) + ImT(L).

Since the transformation (21) is metric-independent, it can be used in QG
to define a real effective action. The sign ambiguity can be fixed by an
experimental input, see the next section.

4. Cosmological constant measures

When a > 2 the expansion (18) will be semiclassical if [p < L < L, so that
we need that L > [p, which is satisfied if Ly > [p. The interesting case is
a = 4, because the quantum Regge calculus measures (3) are of this type.
More generally, one can consider the measures which satisfy

(22) log = O(LY),

and log u < 0 for L large .
Let us consider the following PI mesure

N
(23) pre(L) = exp (— > VU<L>/LE%) = exp (—Vi(L)/L§) -
o=1

This measure is a special case of the measure (3), and we have taken p = 0
and ¢ = 0 for the sake of simplicity. Given that V, (L) = O(L*) for large L,
we have

log (L) = O((L/Lo)").
so that we can apply the same reasoning when calculating the perturbative
effective action as in the case of the a = 4 measure (5) with p = 0.
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Namely, if we substitute Dg(L) in (13) by R¥ we obtain

I .
V4(4 ) +1p log S%(L),
L T2

(24) T (L) =i

so that T'1(L) = O((L/Lg)*) and
Sp=Sr+il3V(L)/L}.

Hence the formulas from the previous section give

[ =S8p+ 301 +1pTo+ - =Sp+ 1301 +1pTa+ -+,
where
[$' Tnya (L) = O ((ZP/L)Q") +0 ((L/Ls)2”) ,
and
L2
(25) Ly=-2,
lp

Therefore the effective action will have a semiclassical expansion if

L2
(26) lp < Le < 72,
lp
which is satisfied for Lo > Ip.
If we define the physical effective action as

1
Seff = G7N (ReF:I:ImF),

where the + sign corresponds to a negative/positive cosmological constant,
we then obtain from (24)

SR Z%D l% 1 4

27 Sepp = 22 4
(27) =Gy~ Gy I 2Gy

Hence the second term in (27) can be interpreted as the cosmological con-
stant term with the value of the cosmological constant given by
12 1

28 A=FL =5
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Note that the value (28) will be very small in units of %, since

1/1lp 4
3= (3;)

and (26) gives [p/Lo < 1. Therefore we have a mechanism to generate a
small cosmological constant from the PI measure (23), as a first-order quan-
tum correction. If we define Ly = 1/+/A, then the observed value for A gives
Lx =~ 10%m. Since Ly = Ly /v/2, we get Lo ~ 1 mm so that lp/Lg ~ 10732

Observe that I's(L) = O(L%), so that one can have an O(1%/L8) correc-
tion to the CC value (28). Hence the exact value of the cosmological constant
will be given by

2 0
(29) A=Fyr (1ra ).
2L L

where c3 is a numerical constant of O(1). Since [p/Lo =~ 10732 for the ob-
served value of the cosmological constant, this correction can be neglected.

In the case of a QRC measure with p # 0 or ¢ # 0 we will obtain the same
formulas for the cosmological constant. This is because the corresponding
terms in the log pu term are of subleading order in L with respect to the
Vi(L) term.

5. Smooth-manifold approximation

When the number of the edges F is large, one can obtain a smooth-manifold
approximation of I',(L) terms. Here we will only discuss the the leading
quantum corrections, which are given by I'i(L). We will then look for a
smooth-manifold approximation of

(L) ~ Sg(L) 13y (L),
where
(30) ' (L) = —log (L) + % Trlog SE(L).

For the Regge action it is known that

(31) ‘%Mzﬁﬂ%Jmmm

when F — oo and |g| = |det g|. Therefore the Einsten-Hilbert action is a
good approximation for the Regge action when £ > 1.
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In the case of an exponential measure (5), the terms in log u give

E
RS Ay T
Skt~ [ dte/ldlFalotw)]

e=1

and
E
> tos(t /L) = [ eI Glate)

for E large. However, we do not know whether diffeomorphism-invariant
functionals F,, and G exist and what is their form.

The same problem appears for a QRC measure (3) with p # 0. Also when
q # 0, the log u term contains

N
(0] =~ 4.’17 X
> loxVa(l) /Md Vgl Hlg(@)),

and it is not known wheather a diffeomorphism-invariant functional H exists.
Only in the case when p = ¢ = 0, which corresponds to a CC measure, we
know what is the smooth-manifold approximation of the logu term. It is
proportional to the 4-volume of M, since

(32) Vi(L) ~ /M d'z /lq].

Note that there is a conjecture that p =1 QRC measures are diffeo-
morphism invariant measures, see [1]. If true, this conjecture implies that
diffeomorphism-invariant functionals G and H exist. Also note that a CC
measure (23), which has p = 0, can be considered as a diffeomorphism in-
variant measure.

As far as the trace-log term is concerned, its continuum approximation
can be obtained by using the effective field theory approach, see [12-14]. If
we introduce a cutoff scale L. such that

(33) LEZL3>>ZP,

then for £ > 1 we will have

3 TrlogShI)~ [ atay/Iol[alL) R + LR R
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where the dimensionless functions a(L.) and b(L.) can be determined by
using the one-loop EA diagrams from QFT which have the momentum ultra-
violet cutoff //L.. Note that L. can be chosen to be the minimal distance
for which we know that perturbative QFT is applicable. From the LHC
experiments we know that L. < 10720

In the case of a CC measure, by combining (31),(32) and (34) we obtain

39 T~ [ deIil[R-A+a(Lo BB 0L B R R
M
where L satisfies (33), E > 1 and A is given by (28).

6. Discrete-length Regge models

Let us now analyze the effective action for discrete-length Regge state sum
models. In this case we can write L. = yn.lp where n € N and v > 0. Then

Zp = Z 1(L(n)) exp (iSr(L(n))/13) .

nEN, g

where N, g is a subset of NZ such that ynlp € Dg.
The effective action equation is given by

(386) €T — 37 u(L+1(n))

nGN%E
X exp <ZSR (L+1Un /lP_ZZ /l2>

where [.(n) = ylpne — L. Note that the variable L in (36) is actually a
quantum expectation value of L, which we have denoted as L, see (6). We
will refere to this L as the background L, and it can take any value in R¥.
However, for the sake of simplicity we will consider the backgrounds such
that L/ylp € Z¥, so that [/ylp € Z¥. Otherwise I./vylp = m, + z. where
me € Z and z. € (0,1).

One expects to obtain the same results for the semiclassical solution
of (36) as in the continious case. However, there is an obstruction, due to

the fact that
S fm) £ / 0

m=—k
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In our case this problem appears when computing the one-loop correction,
which is given by the logarithm of

> exp <;<vm,5}é(L)7m>> :

meZE
Since
. T
3 expliam?) # /%
meZ a

we cannot use the Gaussian integral approximation. However, one can show

that
g exp(iam?) ~ 1/2—71-,
a

meZ
for a — 0 (see the Appendix B). Hence

B0 e (GlmtSHEIm)) = (2im) P der( L) 2,
meZE

only if the entries of the Hessian matrix S (L) satisfy
(38) V’|SR(L)] < 1.

Since SH(L) = O(1), we need v* < 1 which implies v < 1.

Therefore the semiclassical approximation will be valid only if the spec-
trum gap is much smaller than [p. This is a surprising result, since it implies
that in the natural case when the spectrum gap is of order [p, which cor-
responds to y & 1, one cannot solve the EA equation (36) perturbatively.
Even if we abandon the positivity of L + I, and replace Dg(L) with R¥, the
result (38) holds.

The requirement (38) can be also applied to the semiclassical approxi-
mation of the effective action for spin foam models. In the spin foam case,
instead of the edge lengths, we have the triangle area variables ji%, such
that j € (N/2)!" and Sr(L)/1% — S(j) where

F
SG)~ Y dr05(),
=1

for j; > 1 and 6(j) = O(1), see [5]. Hence v = 1/2 in the spin foam case.
However, there is no problem for the semiclassical approximation, since the
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Hessian satisfies S”(j) = O(1/j). Therefore |S”(j)| < 1 so that

5 exp (g lm ") m) ) ~ (8im) " (@en(s7 (7).

meZF

Note that the spin foam analog of the Dg(L) integration region is

Dp(j) = [=j1,00) X -+ X [=jF,00).

In order to have a perturbative expansion of the SF effective action for large
Jr we need to modify the standard SF measure

F F
= [ dimj; = ] 25 + 1),
f=1 f=1

by including an exponentially damping term. For example, the measure
F
H (255 + 1) e

where a > 0, will allow a semiclassical solution. In order to have an explicit
LQG interpretation of the modified measure, one can replace (jf)* with
(Gs(js +1))2/% where j;(j; + 1) is an SU(2) Casimir operator eigenvalue.

7. Conclusions

Our analysis implies that the power-law measures which satisfy (5) for a = 0,
do not allow a semiclassical solution of the EA equation when the integra-
tion region is consistent with positivity of the edge lengths. However, the
exponential measures which satisfy (5), or more generally (22), allow the
semiclassical solution provided that L satisfies the conditions (20). In this
case the semiclassical solution can be obtained by replacing the integration
region Dp(L) with RF.

The case a = 4 includes the quantum Regge calculus measure (3) and the
CC measure (23). The condition for validity of the semi-classical expansion
(20) implies that the edge lengths cannot be too small nor too large. The
upper bound is given by L% /lp, and since this length must be much larger
than the Planck length, one obtains that Ly > [p. This is the reason why
the the corresponding cosmological constant, given by (29), is very small in
l;Q units.
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Note that the effective action used for spin-foam and spin-cube models
in [5-7] was defined by using the EA equation where the integration region
was chosen to be Rf. This integration region gives the same one-loop result
as the Dg(L) region for large L. Our results imply that at higher loops a
better approximation would be to use the QFT integration region R¥, since
Dg(L) ~ RF for large L. Also, an exponantial measure should be used in
order to have a perturbative solution when the positivity of areas and lengths
is imposed.

An exciting developement is that the measures (3) and (23) can gen-
erate the cosmological constant term. We have obtained an exact formula
(29) for the value of cosmological constant, which is practically the same
as the first-order approximation (28), since the semiclassical approximation
requires that Lo > [p. This also insures that the corresponding cosmologi-
cal constant will take a very small value in the units of l;Q. Hence we have
a mechanism to generate a very small cosmological constant as a quantum
gravity effect. It remains to be seen what is the contribution of the matter
sector to the cosmological constant value. If the matter contribution is for
some reason small or zero, one would have a theory with a naturally small
cosmological constant. The matter contribution to the cosmological constant
will also resolve the sign ambiguity in (21), since we know that the observed
cosmological constant value is positive.

Another surprising result of our approach is that the validity of the semi-
classical approximation in the case of discrete L requires that the spectrum
gap is much smaller than [p, since the entries of the Hessian matrix satisfy
S%(L) = O(1). Hence the natural case where L, is an integer multiple of [p
requires a nonperturbative solution of the EA equation. In the case of spin
foam models, the triangle area is similarly an integer multiple of 1% for large
spins, but there is no problem with the semiclassical approximation since
the Hessian satisfies S”(j) = O(1/j) for large spins j, so that the Gaussian
sums can be approximated with Gaussian integrals.

It will be interesting to see how our analysis will change for GR with
a classical cosmological constant term. The perturbative analysis will be
similar to the one performed here, with a difference being in the shift in the
order of % where the O(L*) perturbation terms contribute.

The effective action equation can be solved perturbatively for L. > [p,
which is the semiclassical regime. An important problem is how to solve the
EA equation for L. ~ lp, which is the deep quantum regime. In this region
the perturbation theory fails, and one has to find an alternative method. A
promissing approach is to use the fact that the effective action is also the gen-
erating functional for the one-particle-irreducible (1PI) Green’s functions, so
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(39) (L) = ng(e, € )LeLe + Z fg(e, €, VLeLeLew + - -+,

’ ’ "
€,€ €€’ €

where T'j,(€) is the 1PI part of the n-point Green’s function

1 - 2
= / dPL (L) Le, - - L, e/
Zr Jp,

G(e1,. .. €n)
This integral can be calculated numerically, which can be used to obtain the
expansion (39). One can also study the non-perturbative effects by using the
mini-superspace approximation L; =---= Lg = L and the corresponding
EA equation.

Also note that for the exponential mesures with o > 2 there will be a
maximal length Lg for which the semiclassical approximation is valid, so
that in this case there may be non-perturbative quantum effects at large
distances L ~ L.

The fact that there is a minimal (/p) and a maximal (L) length for which
the semiclassical approximation is valid, raises the question of the relation
of [p and Lg to the minimal and the maximal length in the spectrum of L..
Formally, one can choose any interval [a,b] for L. of the state-sum model,
where 0 < a < b. In the case a > [p and b < L, one will have a QG theory
with purely perturbative QG effects. However, a more interesting case is
a <lp and b > Ls, since in such a theory one can have non-perturbative
QG effects for small and large distances.

Note that the knowledge of the effective action is not sufficient for a
complete QG theory. The concept of an effective action only makes sense for
spacetimes whose topology is ¥ x [0, 1], where ¥ is a 3-manifold. We also
need a wavefunction which can be associated to a cup-manifold C(X), where
C(X) is a compact 4-manifold whose boundary is 3. This is essentially the
Hartle-Hawking wavefunction [15], and it would be interesting to develop a
state-sum quantum cosmology theory based on these concepts.
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Appendix A.

Consider the following integro-differential equation
(L) /e _ / > dl 1SL)-T (D)fe.
L

where S(L) is a C'* function, L > 0 and ¢ is a small parameter. We want
to solve it perturbatively in € as

I(L) = S(L)+ Y " Tn(L),
n>0

up to an additive constant.
Since

S(L+1)=8L)+ Y Sa(L)I",

n>0
were Sy,(L) = S (L)/n!, we obtain
(A.l) I'y+els + 82F3 + .-
, >0 i i .
= (—1) log/L dl exp [55212 — iyl + - Z Shnl ] ,
B n>2

where I'y =T + e[y + 2T + - - -.
The integral in (A.1) is of the type

I:/ dl e % exp spl™ ],
. >

n>2
which we rewrite as
o0 2
[:/ dle "t (14> 5,07 ).
-L n>2
Hence we will need the integrals
oo
I, = / dl et
—L

which can be calculated by differentiating Iy wrt w. It is easy to show that

[T w2 w
I()— @642 |:1+€I‘f<L\/g+ 2\/2):|7
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er(a) = — /

The domain of the error function can be extended to any complex number
z by using the Taylor expansion

erf(z) = 2 Z (=™
—0

where

For large  we can use

2 N-1
- —-1)"(2n — 1!
(A.2) erf(z) =1+ ¢ (1 + Z T ) + RN(x)) ,
where Ry (z) = O(x=2V). If x takes complex values, we can use (A.2) for
large |z| and |arg(x)| < 3w /4 [17]. For |arg(z)| < 7/2

—1)\N _

where
e:/ et +/22)"NV2 gy
0

For |arg(x)| < m/4 one has |0| < 1, see [17].
Appendix B.
Let
n=0

where a > 0. It was shown in [16] that as a — 0

S(a) - \/;—i_Q - [Slnh \f Z Tl+1/2 H2n+1(\/5/2) +O(CLN+3/2)7

where
(221 — 1) Bop 4o
22n(2n 4+ 2)1 7

B,, are Bernoulli numbers and H, (z) are Hermite polynomials.

Cp —
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If a < 1, then in the limit N — oo we obtain

_a/4 | sinh/a nt1/2
S(a) = \/4a+* /[ Ta Zna /2 Hops1(Va/2)| .
Let R(a 1/ , then
:Zrna”/Q,
n=0

for a < 1. We can now define a complex function

o0

R(z) = Zrn PRER

n=0

for |z| < 1. Consequently we can define

S(z) = \/;JrR()

for 0 < |2| < 1, so that

T
S(—ia) ~ ] —
(—ia) 1
as a — 0.
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