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We investigate a solution of the exactly renormalized Liouville action to foresee the fate of the two-
dimensional de Sitter space. We work in the semiclassical region with a large matter central charge c.
Instead of de Sitter expansion, it performs a slow-roll inflation with the parameters ¢ = (1/2)y = 6/c.
An inflaton field is induced in the effective theory to describe quantum effects of the Liouville theory. The
geometric entropy increases logarithmically with the Hubble radius. We propose that de Sitter entropy is
carried by superhorizon modes of the metric. It can be directly estimated from the partition function as
S =logZ in Liouville gravity. We formulate a gravitational Fokker-Planck equation to elucidate the
Brownian process at the horizon: the superhorizon modes are constantly jolted by newcomers. We show
that such a built-in entropy-generating process diffuses the cosmological constant. We evaluate von
Neumann entropy associated with the distribution function of superhorizon modes. It always increases
under the Fokker-Planck equation in a consistent way with semiclassical estimates. The maximum entropy
principle operates in quantum gravity. An analogous entropy production mechanism at the horizon might

have increased the Hubble radius much beyond the microscopic physics scale in the Universe.
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I. INTRODUCTION

It is often suspected that the cosmological constant
problem is an infrared problem. De Sitter space is unstable
due to some shielding effects or particle productions [1].
In particular, the importance of IR logarithmic effects is
stressed to break de Sitter symmetry [2]. A stochastic
approach is proposed to sum up leading IR logarithms
[3.4]. In order to understand physics in four-dimensional
de Sitter space, two-dimensional exactly solvable models
may be instructive. In this paper, we investigate two-
dimensional de Sitter space in Liouville quantum gravity.
It is realized as a classical solution in the semiclassical
regime with a large matter central charge. By examining
the exact solution, we note that the negative anomalous
dimension of the cosmological constant operator makes
the Hubble parameter time dependent, and it fades away.
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The shielding effect of the cosmological constant arises due
to the negative sign of the kinetic term of the conformal
mode. IR logarithmic effects are important to make the
Hubble parameter time dependent. We estimate semiclass-
ical geometric entropy of the two-dimensional de Sitter
space. It grows logarithmically with the inverse Hubble
parameter H like S ~log(1/H). We propose that it is
carried by the superhorizon mode of the conformal degrees
of the metric. We investigate its distribution function by
Fokker-Planck equations. We offer evidences that the
von Neumann entropy of the distribution function can
be identified with the geometric entropy of the space.
The presence of event horizons leads us to the thermody-
namics of black holes [5]. Gibbons and Hawking showed
that analogous relations hold in de Sitter space with cosmo-
logical horizons [6]. The area of the cosmological horizon is

(1.1)

where the surface gravity is k = 1/1. A short summary of de
Sitter—space thermodynamics is given in the Appendix A.
The metric of de Sitter space in global coordinates is

AO = 477.'12,

ds?

7= —dr? + cosh?(7)dQ3,

(1.2)
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while it becomes conformally flat in the local Poincaré
patch:

1 \2
ds? = —di* + 11 (dr? + r2dQ2) = <—H ) (=dt* +dx*).
T
(1.3)

The metric is periodic under the shift of time into the
imaginary direction by 2zl. The Green’s functions must
have the identical periodicity. This implies that the temper-
ature of the cosmological horizon is

1
TdS - .

7l (1.4)

We may rotate the de Sitter space in the global coordinates
(1.2) into Euclidean S* with the metric

d 2
E— a4y + sin?(y)dQ2.

> (1.5)

The Euclidean action on $* with the radius 1/H is
1 1 3H?

d* — | =R-3H?| = / d*
/ WVIgGy (2 ) V982G

B 87% 3H?
 3H*87Gy

(1.6)

The classical action gives us the entropy of de Sitter space
once we put the solutions in it. In quantum gravity, the size
of the space is a dynamical variable to be integrated over. In
general, the partition function Z must be stationary with
respect to the change of size [ or the inverse temperature
p = 2zl of the manifold:

0 d
—logZ = =(1-p—)logZ =1logZ. 1.
6‘ﬂog 0=S < ﬂ@ﬂ) og og (1.7)

At the semiclassical level, the entropy of de Sitter space is
given by

A
=20 -7 (1.8)
4Gy HGy

So

The Euclidean quantum gravity represents a possible
equilibrium state with the temperature set by the scale of
the event horizon. It may have instability, since the Einstein
action is not bounded below. The kinetic term of the scale
factor of the metric (conformal mode) is of the wrong sign.
There is no fundamental remedy for this problem, and
we mostly work with Lorentz signature. The situation is
better with respect to the superhorizon modes, as the
potential term dominates over the kinetic term. The
thermodynamics of superhorizon modes may be studied
in Euclidean gravity.

Let us start our investigation on 2D quantum gravity
which has de Sitter space as a classical solution at the tree
level. We focus on the dynamics of the conformal degrees
of the metric ¢ by choosing the conformal gauge as
follows:

Guv = 3¢§ﬂu' (19)
In this expression, g,, denotes the classical background of
the metric. In 2D quantum gravity, we work with the
Liouville action, which is the gift of the conformal
anomalyl:

2 1 1.
Q—/sz\/g — 50,0, + = pR — H?e? ). (1.10)
4z 4 2
The equation of motion with respect to constant ¢ is

R =2H%. (1.11)
The two-dimensional symmetric space S? is the solution,
with the scale e? = 1/H?. By rotating two-dimensional de
Sitter space into S, we obtain a semiclassical estimate of
the geometric entropy,

Q—z/dzxf(gbie—ie) = Q%lo 1
8 g g H?)

This should be contrasted with Eq. (1.8) in four dimen-
sions. We note that the inverse Newton’s coupling constant
is replaced by Q% = (¢ —25)/6 in two dimensions.” The
matter central charge ¢ must be larger than 25 to correspond
with a positive Newton’s coupling. It implies that the sign
of the kinetic term of the conformal mode is negative.
We work in this semiclassical region. It also depends on
the Hubble parameter H>. Although the entropy increases
if H? decreases in both cases, its dependence is weak in
two dimensions, log(1/H?), while much stronger in four
dimensions, 1/H?.

Nevertheless, this toy model may reveal to us what
carries the entropy of de Sitter space [7,8]. Furthermore, we
identify a mechanism to create entropy as more and more
degrees of freedom (d.o.f.) are going out of the horizon.
Simultaneously, the cosmological constant is diffused
away. Since we find the common prerequisite between
two- and four-dimensional de Sitter spaces for such a
mechanism to work, the cosmological constant A may have
decreased far beyond the scale of the microscopic physics
in an analogous mechanism. Certainly, explaining why the

(1.12)

'A short summary of the derivation of the Liouville action is
given in Appendix A.

There is a quantum correction to this estimate due to the
anomalous dimension of the cosmological constant operator.
Q? should be replaced by Q?/7.
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dimensionless ratio H>Gy ~ 10720 is so small is a difficult
problem. However, the most important step in solving the
problem is to correctly formulate it. It may be a more
appropriate question to ask why the current Universe has
such a huge entropy. As the above equation (1.8) shows, the
entropy of four-dimensional de Sitter space is inversely
proportional to the Hubble parameter 1/H?. Since the
entropy always increases, the Hubble parameter must
decrease, especially when there are huge entropy creations
in the Universe [9]. Such a simple trend seems to capture
the essence of the history of the Universe.

This concludes our introductory section to this paper. In
Sec. II, we investigate a solution of exactly renormalized
Liouville action. Two-dimensional de Sitter space appears
as a solution of nonrenormalized Liouville action.
Fortunately, the effects of short-distance divergences are
known exactly. In two dimensions, UV and IR divergences
are closely related, since the propagators do not change,
unlike in four dimensions. We can thus predict IR behavior
from the UV behavior. In the semiclassical region with a
large matter central charge c, the scaling dimension y of the
cosmological constant operator is less than the canonical
y < 1. In such a case, we show that de Sitter expansion
becomes slow-roll inflation with the slow-roll parameters
inversely proportional to c. In Sec. III, we propose that de
Sitter entropy is the von Neumann entropy of superhorizon
modes. We show that the entropy is generated at the rate
S =2H by the stochastic equations, which diffuses the
cosmological constant. We conclude in Sec. IV. Basic
information is summarized in three Appendixes for self-
containedness: Appendix A on de Sitter thermodynamics,
Appendix B on operator renormalization in Liouville
theory, and Appendix D on stochastic equations. In
Appendix C, we point out a dual description for a class
of two-dimensional quantum gravity models.

I1I. SOLUTIONS OF 2D DE SITTER
QUANTUM GRAVITY

In this section, we investigate the quantum IR effects
in an exactly solvable model: two-dimensional quantum
gravity. We adopt a conformal gauge and parametrize the
metric as

9 = e(pgpw (21)
where g, is a background metric. The metric is Lorenzian,

corresponding to real spacetime. The effective action for
the conformal mode ¢ is the Liouville action:

— c—25
/V gdx{ 967

Here ¢ denotes the central charge of the matter minimally
coupled to two-dimensional quantum gravity. In the free-
field case, ¢ counts massless scalars and fermionic fields as

(50,40,¢ + 2¢R) — Aem}. (2.2)

c=N;+N;/2. We consider the semiclassical regime:
¢ > 25, where the sign of the kinetic term for the conformal
mode is negative and hence timelike. The identical feature
occurs with four-dimensional Einstein gravity. In the above
expression, A is the cosmological constant, e’? is a
renormalized cosmological constant operator, and y — 1
denotes the anomalous dimension.
The equation of motion with respect to ¢ is given by

QZ

= V% + Ae? =0,
8

(2.3)

where we set the background scalar curvature R =0,
anticipating to adopt conformally flat coordinates. Q2 is
the effective inverse Newton’s coupling in two dimensions,
and we also set y — 1. This is allowed in the large-c limit,
and the classical geometry holds. In contrast, geometry is
quantized when y < 1.

Furthermore, there is another equation of motion with
respect to the traceless mode of the metric /#":

’ 1
8% {(vﬂ¢vy¢ =2VVut) =5 5 (V, 0V’ — 2v2¢)}

I,
=VuV,y- Eg,va)(v’))(, (2.4)

where y denotes a free scalar field, and the presence of the
@R term in the Liouville action results in the linear term in
¢ on the left-hand side.

For the conformally flat metric g,, = e‘/’nm,, the action
(2.2) is simplified as

/ dzx{Q—2 (0,90, — 4AH?e?) } (2.5)
167

The effective Newton’s coupling constant G, becomes
small when ¢ becomes large like 1/Q? ~ 6/c. We confine
our investigation of this model to the semiclassical region
¢ > 25. The kinetic term of the conformal made, ¢, is
negative, as we can see in Eq. (2.5). This feature is shared
with four-dimensional Einstein gravity. The expansion of
the Universe occurs due to such an instability. For theorists,
the wrong sign of the kinetic term of ¢ looks like a curse
against going beyond semiclassical investigations. On the
contrary, it could be a blessing, as we demonstrate by
investigating a two-dimensional toy model in this paper. It
provides a mechanism to grow the Universe to be vast in
comparison to the microscopic physics scale. Namely, the
cosmological constant is shielded by quantum fluctuations
of the conformal mode ¢. The shielding occurs as more
entropy is generated at the cosmological horizon, as the
conformal zero mode ¢, accumulates at the horizon. The
fluctuations perform Brownian motion, as the superhorizon
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modes are constantly jolted by newcomers. The negative
kinetic term of ¢ is crucial for shielding the cosmological
constant. Note that the Hubble parameter H? is reduced by
Q? when we fix the cosmological constant A:

V¥4

H?> = GyA = o (2.6)

With large c, matter fields reduce H> by a large factor
24
as H? ~ 22\
The classical solution of this action (2.5) is two-
dimensional de Sitter (dS) space with the metric

¢. = —2log(—Hz) = log a*(1),

1 \2
et = = ¢2H1
—Hr

By adopting the Poincaré coordinate, we obtain the
following metric as a solution of the classical Liouville
theory:

(2.7)

1 \2
ds? = < 7 > (=dt® + dx*) = —di* + M'dx*.  (2.8)
—Hz

It covers the upper half-triangle of the Penrose diagram of
the global de Sitter manifold. The volume operator is of the
identical form with the metric in accordance with classical
geometry. We identify cosmic time with the classical
solution of the conformal mode, ¢ (t) = 2Ht. The distance
of the cosmic horizon from the observer is 1/H. She or he
is situated at the center of the line segment. On the other
hand, if the cosmological constant can be neglected, we
also have a solution with a nontrivial free matter field y:

Q2

¢, = Ar, Xe = A\ =,
8

(2.9)

where A is an arbitrary constant. This is a two-dimensional
Friedmann spacetime. This solution should go over to the
two-dimensional dS-space solution when the cosmological
constant becomes dominant. Another solution is obtained
by adding the gas of massless scalar particles with temper-
ature 7 to empty de Sitter space. We may solve Eq. (2.4) to
linear order in perturbation ¢. + ¢ as

2
& (Vop Vo~ Vooh) =2V Var). (210)
Specifically,
Q2 B 5 B ”2 T2
4ﬂ< Vo - Vovod)) ——T = ¢ = TS PR
(2.11)

Since their energy density decays like T%/a?(t) with the
expansion of the Universe, the contribution of the massless
scalar particles fades away in comparison to the cosmo-
logical constant at a late time. However, their contribution
to entropy remains constant, as can be seen from
Eq. (1.12).3 They contribute ¢ = 1 to the coefficient of
the Liouville Lagrangian. In this way, the massless fields
leave their legacy in reducing the Hubble parameter.

We expand the action around the classical background

b+ ¢:

2 2
/ dzxg—ﬂ{—%(l +h°°)2¢6§¢c+h008—2¢c—2H2e¢v}

/aﬂx— {2 6”(;5 ¢+(l+¢)R 2H2e¢}
(2.12)
where
.07
V=g=ets ViR =g de =205 (213)

Note that we have recovered the Liouville action on the
de Sitter space [Eq. (2.2)] for quantum fluctuations. We
then renormalize the cosmological constant operator as
we review it briefly in Appendix B. The results of the
investigations from various viewpoints agree that the
cosmological constant operator is renormalized as

e? — er?.

(2.14)

At the short-distance limit, the volume operator is of the
original form e?. It is renormalized to become e”? in the IR
limit under the renormalization group equation (B18). Itisa
diffusion equation which plays a crucial role in this work.
Both the conformal invariance and renormalization group
arguments show that the scaling dimension satisfies the
following relation:

@=L (2.15)

By solving this equation, the scaling dimension of the
cosmological constant operator is determined to all orders:

2 - 1+2<1>2+
. _
1+,/1+4 @ \@

2

(2.16)

This is essentially the entangled entropy. There are important
quantum corrections to this classical formula, which is the subject
of this work.
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The important feature is that y < 1; namely, it is smaller
than the canonical dimension in the semiclassical region.

Since the cosmological constant operator changes after
the renormalization, we may look for a new classical
solution of the following type of action:

/de{Q_2 (nfwa ¢0, (/J)_ﬁew/))}
167 y

It is apparent from the above action in comparison to
nonrenormalized one [Eq. (2.5)] that a reinterpretation
of ¢ as y¢p may give us a solution of the renormalized
action [Eq. (2.17)].

However, such a candidate cannot satisfy the equation of
motion with respect to 2% [Eq. (2.4)], since it is nonlinear
and does not allow a simple scaling transformation. In order
to circumvent this problem, we introduce an inflaton field f
in such a way that Eq. (2.4) is satisfied. We argue that itis a
standard strategy to enlarge field spaces in order to solve
the highly nonlinear problems.

Let us postulate the following Lagrangian:

(2.17)

\/_{_ —gﬂyayfabf

. L 2H?
(90,00, + 2Rp) ——— /(=115 (2.18)
v

N[ =

The equations of motion with respect to the inflaton f and
the conformal mode ¢ are

V2yf = 2HPeh (1),

Viygp = 2H?e-0-1) (2.19)
where we assume R =0 in a conformally flat gauge.
We can identify f = ¢, and the inflaton field f adds the
following term on the right-hand side of Eq. (2.4):

[ )

’r (] - 7/) ufvuf guzz /)fv/f (220)
Then both sides of Eq. (2.4) coincide as a result of the
introduction of the inflaton. Furthermore, the cosmological
constant operator becomes

2
e¢_<1_7)f —_ e}’d’ — 1 .
—Ht

This is a (1, 1)-type operator, which is consistent with
conformal invariance. In this way, we obtain a solution
which satisfies all equations of motion and required
symmetries.

After putting the inflaton field under the rug with the
identification f = ¢, we obtain the following action:

(2.21)

\/7 { 770,40, + Rep — % 67¢} (2.22)

We regard this theory as an effective field theory equivalent
to the fully quantized Liouville theory. A solution of 2D
quantum gravity is given by a slow-roll inflation. We
should be careful to avoid double counting when we
elucidate the predictions of this theory. For example, the
quantum effects of ¢ on the Hubble parameter are taken
into account by the classical motion of the inflaton f
[Eq. (2.47)] at the weak-coupling or slow-roll limit:

1
H*(1) = H?e~ (=010 ~ H? exp (—@zm>. (2.23)

After rescaling the fields y¢p — ¢, our action takes the
following form:

Q% 10
2 § 2,9, 4
/d x8 < 2 T¢C gbc 2H<e (2.2 )

(e¢—1)}.

(2.25)

0 (1.0
2. 2L [ A) a7
TxggV 9{29 !

This is nothing but the nonrenormalized action, and its
solution is the original one [Eq. (2.7)]. The important
difference is that Q? = Q?/y appears in the effective
inverse Newton’s coupling Gy. In the end, the solution
of the renormalized action can be obtained from the
nonrenormalized one by a simple scaling ¢. — y¢.. The
geometric objects are defined by new solutions after ¢,. is
reinterpreted as y¢.. We confirm that this action explains
the scaling relations between the Newton’s coupling Gy
and the Hubble parameter H> correctly:

. 07
V=g=et, =iR = rde=2H /=0,

It is important to recognize that the effective inverse
Newton’s coupling Q2 is replaced by Q2/y. This fact
implies that the physical scale has changed by the factor
y. We thus believe that this recycling of an old solution as a
new one is not vacuous, but a scale transformation.

We can read off the scaling relations between the Hubble
parameter and the topological coupling G7 in front of

(2.26)

the scalar curvature ¢R term, as we explain below. It is
identical to Newton’s coupling, Gy = Gy. It has been
useful to consider the response of the action under
¢, —> ¢, —@ and ¢ - ¢ + ¢. Of course, the action is
invariant if ¢ is a local conformal transformation, since we
start with Eq. (2.5). In fact, conformal invariance has been
an effective tool to determine the renormalized Liouville
action [10,11].
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The action (2.25) implies that the semiclassical entropy
of two-dimensional de Sitter space is

Q* ©Q* H} 1 H}
Se=—¢p="—1 = _—log—>2,
T PTG T Gy RH(r)

(2.27)

where H denotes an initial value of the Hubble parameter.
The renormalization of the cosmological constant operator
has introduced y dependence. It depends not only on the
gravitational coupling but also on the Hubble parameter.
We can predict the relative scaling relation between the
Hubble parameter H* and the effective Newton’s coupling
from Eq. (2.25). Let us assume that the Hubble parameter
changes slowly over cosmic time evolution. We may
postulate

H*(t) = H3e™. (2.28)
We consider a constant shift of the quantum field
P(x) = ¢(x) + 0. (2.29)
0’ 2 Y 2(4) ot
— [ d°x\/=3(¢R — 2H*(1)e?)
8y
Q2 2 ~ R 2,9
— 817 d*x/-3{(¢ + @)R —2Hze?}.  (2.30)

The action changes as

0? L 0° L 07
i— [ d*x\/—0pR — —/ &Px\/goR = =¢.
8ry Js v

8my Jas
(231)

In the last step, we have compactified dS? into S2.

The coefficient Q%/y in front of the ¢R term can be
regarded as an effective inverse topological coupling 1/G7.
It is equal to Newton’s coupling, Gy = G7. This coupling
plays an important role in our estimation of the semi-
classical entropy of two-dimensional de Sitter space.

As is well known, quantum gravity has conformal
invariance due to the ambiguity in how to separate fields
between the background and fluctuations. Since scale
invariance is a part of the symmetry, it may not be very
surprising to construct a new solution by a scale trans-
formation. To be precise, we have solved the model with an
inflaton at the classical level, which reproduces many
features of the solution of exactly renormalized 2D quan-
tum gravity on de Sitter—type space. The introduction of an
inflaton is necessary to satisfy the equation of motion with
respect to the traceless tensor #*¥. We suspect nature also
adopts a similar trick. In fact, the classical motion of an
inflaton reproduces the quantum effects of ¢ in the weak-
coupling limit.

Since the rescaled field y¢,. obeys the same equation of
motion, the cosmological constant operator keeps the
identical expression in the Poincaré coordinate:

2
elte — 1 .
—Hrt

It is the solution of Eq. (2.19) and the classical part of
Eq. (2.22). It also satisfies the stationary condition—
namely, the coefficient of the linear ¢ term vanishes when
the background satisfies R = 2H?. Although there may
remain subtle issues in constructing the exact solution of
two-dimensional de Sitter quantum gravity, the physical
picture is robust.

The most remarkable quantum effect in our solution is
that the metric is modified and no longer agrees with the
volume operator

(2.32)

(2.33)

while

1- =
ds* = dr* + a*(1)dx?, a(t) = <1 —4——7/Ht)l .

The Hubble parameter is

H 1

= 2.35
Y 1+%Ht (235)

H( =1

Note that it is no longer constant but it decreases with
time. The renormalization of the cosmological constant
operator with the scaling dimension y < 1 gives rise to a
remarkable result. The contribution of matter to the coef-
ficient of the kinetic term of the Liouville field reduces the
Hubble parameter by a substantial amount. Nevertheless,
the cosmological constant remains with a definite value.
The anomalous dimension of the cosmological constant
operator has produced a more profound effect. The Hubble
parameter is no longer constant but decreases with time.
Let us estimate the acceleration speed of the Universe:

=) 2 (2o

Here, —H (¢) must be smaller than H?(¢) when the expansion
of the Universe is accelerating, @ > 0. From Eq. (2.35), these
quantities are

(2.36)
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i) = - +;m>2’
o9 k)

We thus find

(2.37)

—H(r) = (1 - y)H*(1).

Since y < 1 in the semiclassical region where ¢ > 25, the
expansion of this class of universes is accelerating. The
acceleration speed is kept well for weak coupling:

(2.38)

. 1
—H(1) = @H 2(1).
Such a universe performs a slow-roll inflation with the
following slow-roll parameters:

(2.39)

(ZHO 1L AW 2

() 0 sHWAD o 40

On the other hand, the acceleration vanishes at the critical
point like

—H(1) = (1 - Q)H*(1).

Note that the classical equation of motion still holds,
R = 2H?. This equation appears in the coefficient of the
linear term of @R in Eq. (2.25). The action for the classical
field ¢. in Eq. (2.24) also admits such a solution.

More precisely speaking, we have separated the classical
and quantum parts of this action as follows:

o*( yo 2H?

.= _ P

/dXSﬂ{ 281456814)0 14 ¢ }
e set;

Note that the potential term for the quantum field ¢ is

(2.41)

(2.42)

(j) 2H?er? (e —gp— 1)}

(2.43)

V(p) = ert2H? (g—g (ef —p—1). (2.44)

The linear term in ¢ vanishes due to the equation of motion
for ¢,.:

2
/d%@%(ia —2HY)¢ - R=2H>.  (2.45)

We emphasize that the potential has no flat direction, as it
increases when ¢ — +oo. The lifting of the flat direction
for negatively large ¢ has been achieved by demanding

that the action be stationary with respect to the de Sitter
solution. It originates from the \/—j¢R term in the action.
Being topological, there is no renormalization of this term,
while the cosmological constant operator /=g is renor-
malized. We have to pay special attention to keep the
balance of these two terms unless classical solutions are no
longer valid.

We have shown that the anomalous dimension y < 1
of the renormalized cosmological constant operator
reduces the Hubble parameter H> = 4zAy/Q? with the
fixed cosmological constant A. This is a short-distance
effect of two-dimensional Liouville quantum gravity.
Furthermore, it makes the Hubble parameter d/a time
dependent. In fact, a negative anomalous dimension implies
that it vanishes at a late time. The weak-coupling behavior
to the leading order of 1/Q? is

1 1
=H .
1+ > Ht 1+ ylog a(r)

H(t) ~

(2.46)

In the perturbation theory, time dependence of the Hubble
parameter occurs through the IR logarithm log a(z):

H?(t) ~ H?(e?)

~H2<1 - éHt)
= H2<1 —szloga(t)>.

It arises because the momentum integral is logarithmically
divergent. In the case of exponential expansion of the
Universe, the one-loop momentum integral behaves as
log a(t) as the infrared cutoff goes like L/a(t) for a fixed
UV cutoff L. The negative sign of the one-loop correction
is due to the negative sign of the kinetic term of ¢. The
shielding effect of the cosmological constant does not occur
if the metric is positive. The exact solution is in accord with
the perturbation theory in important issues whose signifi-
cance is still to be explored.

The Hubble parameter H(z) decays inversely propor-
tional to log a(t)—namely, the e-folding number at a late
time. It decays faster when the effective coupling 1/Q? is
stronger. We show that there are no other pure IR effects
which diffuse H(¢). This important conclusion is obtained
from the investigation of the exactly renormalized
Lagrangian. Since it is a conclusive result on the fate of
the Hubble parameter H(z) in two-dimensional Liouville
quantum gravity, we briefly recall its renormalization
procedure in Appendix B.

We have suspected that the inflaton may be a dual
description of quantum effects in gravity. It is encouraging
that this two-dimensional toy model provides us a concrete
example of such an idea. Let us go back to the original action
before eliminating the inflaton by the equation of motion:

(2.47)
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o i .
dzxg V —9{7 4"0,90,¢ + 2R

- % 90, f0.f — 2H2Q2e‘/"("7)f}, (2.48)

where we took the weak-coupling limit. The effective
Hubble parameter is induced by putting the classical solution
of the inflaton into the potential:

HA(f) = He o = o2, (2.49)

The slow-roll parameters agree with the estimate of the exact
solution (2.40):

o) -iH-

H*(r) Q'
202V _ (VN _ 2
n=2027 =2 +2Q (V) =5 (250

At weak coupling, our solution is a slow-roll inflation model
where the inflaton f rolls down the exponential potential

2H?Q? exp(—éf). (2.51)
We find it remarkable that this toy model underwrites a
long-suspected scenario that an inflaton is to provide a dual
description of quantum effects in gravity.

There exist a class of slow-roll inflation models and
Liouville gravity which are connected by a rotation of the
conformal mode and the inflaton [12]. Our proposal is a
duality between Liouville gravity and semiclassical infla-
tion models. In fact, we point out that these formally
identical models are dual to a unique inflation model in
Appendix C. We have introduced an inflaton to solve the
equation of motion with respect to the traceless mode of the
metric /#** in Liouville gravity. Remarkably, the classical
behavior of the inflaton reproduces known quantum effects
in Liouville gravity in the weak-coupling region. In view of
the proliferation of inflation models, it is a very attractive
possibility that a unique inflaton model appears out of
quantum effects of Liouville gravity or even Einstein
gravity.

We regard Eq. (2.48) as a low-energy effective theory
just like pions in QCD. In other words, we investigate this
theory at tree level to avoid double counting of quantum
effects. As an example, we may examine the density
perturbation in this model following the standard prescrip-
tion. The inflaton field may fluctuate around the classical
solution as
We pick a comoving gauge to eliminate the fluctuation of
the inflaton,

(1)
It then generates density perturbation,
—di? + e dx?, {=-Hét= -l (2.54)
fe(t)
The spectrum of the density perturbation is
- o 1 (H\?2
Gatr) = wapai+ D (7). 259

In our case f. = H, so there seems to be no enhancement:

N |
(Clo) = (4m)?8(k + &) % (2.56)
However, it is enhanced in comparison to the conformal
mode:

-1
(brdp) = —(4n)*6(k + k) 5.

%0 (2.57)

So the enhancement of the density perturbation over the
gravitational modes by a slow-roll parameter ¢ appears to
hold also in two-dimensional de Sitter space.

The conclusion in this section is that the renormalized
volume operator e’? is obtained after integrating short-
distance d.o.f. It is the relevant operator to investigate long-
distance physics. The scaling dimension y is less than
canonical y < 1 in the semiclassical region where ¢ > 25.
We have examined a de Sitter—type solution of the
renormalized Liouville action. It shows that the Hubble
parameter becomes not only time dependent but vanishes at
a late time. This effect clearly breaks de Sitter invariance
and is caused by the renormalization of the cosmological
constant operator.

III. ENTROPY PRODUCTION AT THE HORIZON
DIFFUSES THE COSMOLOGICAL CONSTANT

We recall that the semiclassical entropy in four-
dimensional de Sitter space is given by

AO T
Sp=—L =~ 3.1
"7 4Gy H’Gy (3-1)

It can be compared with our estimate (2.27) in two-
dimensional de Sitter space:

S ! I H(z)
=—Io .
"Gy CH)

(3.2)

The semiclassical entropy of the system is given by
Q?/y ~ ¢/6, which plays the role of the inverse Newton’s
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coupling 1/Gy. So the increase of entropy by adding
more matter reduces the Hubble parameter. Entropy also
increases if the Hubble parameter decreases. The trend is
in the same direction with four-dimensional de Sitter
space, although the speed of the increase is much slower:
logarithmic, log(1/H?(t)), versus power law, 1/H?(¢). In
this section, we investigate IR effects on the Hubble
parameter from an entropic point of view.

Due to the existence of the cosmological horizon, plain
waves constantly accumulate at it. They are called super-
horizon modes and are constant in space. They do change
with time over the cosmic scale. For a static observer
inside, more and more constant modes are accumulating at
the horizon. As they evolve in a stochastic process, it is
expected that entropy is continuously generated there.
Simultaneously, the Hubble parameter is diffused with
the evolution of the Universe. We show that such a dramatic
process takes place in two-dimensional Liouville quantum
gravity. This conclusion follows from the entropy gener-
ation effects associated with the evolution of superhori-
zon modes.

The precursor of the effect is the quantum fluctuation of
the conformal mode

(e?) = (ePet1D) ~ b (1207 (3.3)
Here ¢.(¢) denotes a classical solution, while
- 4 mx dP 4
P = |G =~ ploraln.  (4)

In this integral with respect to physical momentum, we
fix the UV cutoff P, ~ L. We identify the IR cutoff as
Puin = L/a(t). Here a(t) =exp(¢.(1)/2) is the scale
factor of the Universe, and 1/L is the initial size of the
Universe. Since we consider the conformal zero mode ¢, it
can only depend on time. Its characteristic timescale is the
Hubble scale.
In this way, the quantum IR fluctuation grows:

2
<e¢> - e(l—g)‘/’r(f)'

(@*) ~——¢c( ) = (3:5)

This effect may diminish the effective cosmological con-
stant as the Universe expands [13]:

H%, ~ H?e S0 g (<. (3.6)
The important point here is that the quantum IR effect is
time dependent and hence cannot be subtracted by a dS-
invariant counterterm. We introduce counterterms in accor-
dance with the general coordinate invariance of the action.
If the background de Sitter space is stable, the general
coordinate invariance reduces to the dS invariance.

On the contrary, a nontrivial anomalous dimension of

the cosmological constant operator spoils the dS
invariance. The scale-invariant de Sitter solution in
Egs. (2.7)-(2.8) is replaced by the inflation-type solution
in Egs. (2.33)—(2.34). Furthermore, an inflaton field has
emerged out of the necessity to satisfy the equation of
motion (2.4).

In Eq. (3.6), we have only considered the leading-order
IR effect in H?. Note that this one-loop IR effect (3.6) is
consistent to the leading order with the prediction (2.35)
based on the exact scaling dimension y of the cosmological

constant operator:
H? 1- -2
(1 Ll Ht)
4 4

1—
~H2<1—2—yHt>
Y
5 1

So, it would be a double counting to take into account both
the scaling due to the anomalous dimension and the IR
logarithm.

Let us examine what creates the entropy to reduce the
Hubble parameter as above. We conjecture that de Sitter
entropy is carried by a conformal zero mode. It performs
a Brownian motion due to the constant disturbance by
newcomers that have just joined it. Such a process can be
investigated by a Fokker-Planck-type equation which
governs the evolution of the distribution function of the
conformal zero mode p(¢y). To be more precise, de Sitter
entropy is the von Neumann entropy of p(¢y).

We may put this formula (3.7) into the semiclassical
estimate of the de Sitter entropy:

H2(t) =

(3.7)

0? 1 Q? ( 1—y )
—lo ——21 1+—Ht
R E0) o8 y
2
1-—
Q——yth_th (3.8)
r v

The speed of entropy generation is given by taking the time
derivative of the above:

— 27H(1). (3.9)

It is given by the Hubble parameter, and thus it also slows
down with cosmic evolution. This semiclassical estimate
can be compared with that of the von Neumann entropy of
the distribution function p(¢).

The distribution functions of Fokker-Planck equations
are well approximated by the Gaussian for weak coupling.
Equation (3.40) shows that there is a —(1/2)logw term
in the von Neumann entropy. 1/ is the standard deviation

085015-9



HIROYUKI KITAMOTO and YOSHIHISA KITAZAWA

PHYS. REV. D 99, 085015 (2019)

of the Gaussian, and the entropy grows as @ decreases.
Equation (3.9) implies

10
———logw ~2H,

5 (3.10)

which is in qualitative agreement with Eq. (3.41), which is
the increasing speed of the von Neumann entropy of p(¢)
under the Fokker-Planck equation.

We believe that carrying out the renormalization and
summing IR logarithms by Fokker-Planck equations is
double counting; we should not do them both. We should
only perform the renormalization that is necessary anyway.
We thus conclude that Eq. (3.8) is the correct semiclassical
estimate. The new entropy is generated by the accumu-
lation of conformal zero modes. They manifest as IR
logarithms in perturbation theory, which grows with time.
Fortunately, in two dimensions, we can decipher their
physical effects through renormalization procedures, since
UV and IR effects are closely related.

Geometric entropy of de Sitter space arises since there is
a much wider world outside the cosmological horizon. It is
analogous to the entangled entropy in the sense that both
arise after integrating out the Hilbert space of the outer
world. From the viewpoint of observers inside the cosmo-
logical horizon, they see nothing going out of the horizon.
For them, only conformal zero modes are piling up. So they
must carry the entire de Sitter entropy, and this inves-
tigation supports such a point of view. We are able to verify
that conformal zero modes contribute to shield the Hubble
parameter due to its negative sign for the kinetic energy.
Simultaneously, we can offer various evidences that they
generate de Sitter entropy at a rate in accord with semi-
classical estimates.

We recall here

%2<¢2> = —7/2éloga~—éyHt— —%Hz. (3.11)
This is because of the relations in Eq. (2.15),
% - é, (3.12)
and Eq. (2.34),
loga(r) = ! log(l +ﬂHz>. (3.13)
I—y Y

The expectation value of any function of y¢ must be a
function of %H t, as the following relation holds:

- -7
((rg)*) = 4log<1+ g Ht>. (3.14)

The time dependence of the Hubble parameter H (¢) implies
that the lower cutoff of the momentum integral is the
inverse of the size of the Universe for the fixed UV cutoff. It
clearly originates from the IR effects. Since this factor

% Ht is the leading log, we need to sum all powers of this

variable. The solutions of the renormalized action are such
functions. In this respect, we believe that the leading IR
logs are already contained in them.

The anomalous dimensions are the short-distance effect.
However, it also predicts a long-distance cutoff dependence
of the operator since the short-distance and long-distance
cutoffs must appear together as the ratio on dimensional
grounds. This is because the propagators of the minimally
coupled scalars are the same in both the UV and IR regions
in two dimensions. We have thus confirmed that the time
dependence of the cosmological constant operator is related
to the anomalous dimension :e? := e’?c to the leading
order in 1/Q?%, where :e?: denotes the renormalization.
It is reasonable to believe that they also contain all leading
log effects. The exact expression shows that the anomalous
dimension y — 1 is negative in the semiclassical regime
¢ > 25. Surprisingly, the short-distance effect alone makes
the Hubble parameter time dependent. Equation (2.35)
further shows that two-dimensional de Sitter space is
doomed, as the Hubble parameter H(r) fades away with
y < 1. In the weak-coupling limit, H(z) decays as Q?%/t
with cosmic time. Nevertheless, it is important to inves-
tigate if there are other sources of IR logarithms in the
entire Liouville theory.

The loop integral is logarithmically divergent with
respect to the IR cutoff. It is also known that the nth
powers of IR logarithms may appear if the diagram contains
n propagators [14]. Leu us recall that each logarithm
behaves as

éloga(t)rvéHt. (3.15)
So it becomes O(1) if the e-folding number of the Universe
becomes O(Q?). We thus need to sum up all of them at
late times. The leading IR logarithms of these origins
can be summed up by the Langevin and Fokker-Planck
equations. In two dimensions, the effective gravitational
coupling is 1/Q?. It is very large in comparison to four
dimensions, where 1/Q?% is replaced by the notorious
ratio (H/Mp)? ~107'20 where M is the Planck mass.
Nevertheless, such effects may have a significant impact on
the evolution of the Universe. Fortunately, this problem
turns out to be solvable by renormalizing the cosmological
constant operator exactly.

In order to understand the geometric entropy of the two-
dimensional de Sitter space from superhorizon d.o.f., it is
useful to investigate them in Liouville gravity. Let us recall
the definition of entropy:
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pF = —logZ, (3.16)

s==(1-sgp )0

where f§ = 1/T. The two-dimensional de Sitter space may
be rotated into S?, and f3 corresponds to the radius [ of S? as
p = 2zl. If we assume scale invariance, fF cannot depend
on f, since it is dimensionless. Therefore, the conformal
anomaly and Liouville action are the source of the non-
trivial geometric entropy. Since the size of the Universe is
dynamically determined in quantum gravity, —fgF = logZ
gives us nothing but entropy. It is stationary with respect to
a change of the geometry of the manifold such as f.

Note that Eq. (2.27) is reminiscent of the entangled
entropy with the central charge ¢ [15,16]:

b
Sen :Elog—,
a

. (3.17)

where a and b denote the short-distance and long-distance
cutoffs of the subsystem, respectively. We may identify
Hy/H(t) = b/a. In conformal field theory, we cannot
associate any dimensionful parameters with H, or b, since
there are none.

The geometric entropy may be the quantized version of
the entangled entropy. Entangled entropy is obtained from
the density matrix of the subsystem. It is the entropy of
the mixed state after integrating local d.o.f. belonging to
the outer system. The geometric entropy of de Sitter space
is expected to be constructed in an analogous way. The
density matrix may be obtained by integrating out the
states outside the horizon. The expectation value of
the operators inside the horizon can be evaluated by
the density matrix. In field theory, this may be accom-
plished by evaluating correlation functions in the
Liouville gravity. In the case of conformal zero modes,
their correlators are calculable from the Fokker-Planck-
type distribution function p(¢,). Understanding the rela-
tions of these various approaches will shed light on
elucidating this problem.

Let us recall how to estimate the entangled entropy. We
may divide the real line into two sectors: positive and
negative half-lines. We may change coordinates from the
plane to a cylinder, z = ¢". The lower half-plane is mapped
to a rectangular region where the lower line segment
corresponds to our section and the upper line section
corresponds to the outer section. We may impose periodic
boundary conditions on the remaining sections. The density
matrix is obtained by integrating out the fields on the outer
segment after we glue two cylinders together.

In this case, the problem is effectively compactified
onto a torus, while geometric entropy of dS? is often
studied by compactifying it onto S2. After integrating out
the localized states outside the cosmological horizon, we
are left with a half-line of the length 2/. It becomes a
circle if we adopt periodic boundary condition on this

strip. It is natural and may be even the right choice to
compactify dS? to S? with the identification of this circle
and the circumference. The density matrix p(¢,¢’) may
be obtained by performing the path integral of the fields
like the conformal mode on S? with a specified field ¢, ¢’
at both sides of the equator. The expectation value of the
fields may be evaluated by inserting them on the equator
and performing the path integral on the whole S? with a
suitable action like Liouville quantum gravity. The geo-
metric entropy S can be evaluated by simply evaluating
the partition function Z, since it gives the geometric
entropy S =1logZ right away in quantum gravity.
Suppose the Hubble parameter changes slowly with
cosmic time. In this case, it may be a good strategy to
change the radius of the corresponding dS> and S§? as
1/H(t). As far as conformal zero mode is concerned,
there is no problem in Euclidean rotation, since the
potential term dominates the kinetic term.

So far we have assumed that the matter system is at the
critical point—i.e., conformally invariant. In a more generic
situation, the central charge c is known to be a decreasing
function with respect to the IR cutoff and hence time, ¢..(7).
For example, a nonlinear sigma model may develop a mass
gap. In such a situation, the number of massless scalar
fields decreases. This effect may enhance the magnitude of
the anomalous dimension and the screening effect of the
cosmological constant.

The conformal zero mode performs a Brownian motion
with the scale set by 1/Q?. As the Universe expands, plane
waves constantly come out of the horizon to join the
superhorizon mode. They collide with the main body just
like a Brownian process of the strength 1/Q?. It is note-
worthy that the metric of the conformal mode is negative
like Einstein theory in four dimensions, although there
could be an equilibrium distribution for the conformal zero
mode if there is a countereffect to diffusion. However, there
is no such possibility here, since we have no drift force due
to the uniqueness of the classical solution. See Appendix D
for its explanation.

We focus on the dynamics of the superhorizon mode of
the conformal factor of the metric. Its cosmic evolution
in real spacetime can be investigated by a Langevin-type
equation. The ensemble average of a function of f(¢(¢)) is
a natural observable in the system governed by a Langevin
equation. The Langevin equation is equivalent to the
Fokker-Planck equation. We define the ensemble average
of a function of f(¢(r)) as

(F(#(1))) = lim an (3.18)

where i denotes the observation of the ith member. In this
context, it is natural to introduce a distribution function
p:(¢) in the following way:
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(1)) = / dbp (D)@, (3.19)

The probability distribution function p,(¢) obeys the
Fokker-Planck equation. This formalism is close to the
field theory approach, especially with respect to investigat-
ing the superhorizon mode. The system may approach an
equilibrium state at a late time. In that case, p(¢) describes
an equilibrium state whose temperature 7 is determined by
the strength of the random force. We thus conclude that

1
p§) = P (3.20)
where log Z = —pF. From this formula, we can verify that

the von Neumann entropy of p gives us the entropy of this
equilibrium state:

[ avt-piogp) = [ appE-prip=s. (320

Although our strategy is to investigate IR effects in real
spacetime with Langevin equation, Fokker-Plank equations
relate the problem with thermodynamics. The equilibrium
state is studied very well by Euclidean field theory. We can
estimate the von Neumann entropy of p, even if it is not
equilibrated. It is the measure of the entropy of the system
which evolves according to the Fokker-Planck or Langevin
equation.

In order to connect the shielding mechanism of the
cosmological constant with entropy generation at the hori-
zon, we employ a stochastic approach [3,4]. The Langevin
equation for the conformal zero mode ¢, with respect to the
cosmic time ¢ is derived in Appendix D. The superhorizon
mode of the conformal degree of metric is given by

X (a;, o e 4 a; NG e"f"}> . (3.22)

where [a3, a;,] = —278(p — p'). Since plane waves become
constant in time, the time dependence is caused by the
step function, which restricts physical momenta P < H.
The Langevin equation is given by

b = dolx). (ot D)do(r. 7)) = —éH&(r — ).

(3.23)

We have dropped the drift term but kept the quantum
fluctuation effect. Our purpose in this investigation is not
to do double counting, as the renormalization of the
cosmological constant operator occurs by identical quantum

fluctuations. It is rather to see to what extent we can
reproduce the features of the exact solutions. By doing
so, we shall be able to examine the consistency of our
understanding on this issue.

If ¢ () obeys the Langevin equation, the Fokker-Planck
equation for the distribution function p,(¢) follows

2 0

We notice that the right-hand side is of the opposite sign
in comparison to those appearing in the study of unitary
matter systems. Of course, this is due to the negative
metric of the conformal mode. So this equation is
obtained by the time reversal of the former. It appears
that our equation listed so far in this section runs the show
backward in comparison to the standard evolution in the
matter system.

However, there is an important issue we have to address
in quantum gravity. The distribution of conformal zero
modes ¢ must change under the evolution. For this reason,
we may include the renormalization factor @ for the
cosmological constant operator. Note that the linear term
in ¢ cancels in the potential which ensures that the equation

of motion R = 2H? holds:

2
VeV L (e —wp—1). (3.5
w
We assume under Euclidean rotation
L/ d*x\/—gH? Q—2 (e”? —wpp— 1)
¥ 4 0]
Q2 wd
> = (e —wp—1) (3.26)
0]

when we compactify dS? into S? with the radius of 1/H. As
we emphasized in the preceding section, the renormaliza-
tion properties of the operators /=g and /—j¢R are
different, while the de Sitter background is realized by
balancing them. In fact, the e®? and ¢ terms in the potential
[Eq. (3.26)] come from the former and latter operators,
respectively.4 It is required to keep the balance of the two
different operators. We need a formalism which lets the
renormalization of operators cancel the effect of the
evolution by the Fokker-Planck equation.

We thus assume the following distribution containing @:

2 2w
Pu = Nope 500D~y —Qzﬂ oW (3.27)

where N, is the normalization factor.

4, . . . . . .
The identity is our normalization convention.
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The readjustment of the background under time evolu-
tion is realized by requiring time independence for the
distribution function:

. o
Pow = —2H zpw

Y 0. (3.28)

ol
8a)pm -

In this way, the background adjusts itself automatically
to cancel the evolution brought by the Fokker-Planck
equation.

The gravitational Fokker-Planck equation is

.0 1 o

After the dust settles, the sign of the right-hand side turns
back to normal. The time derivative of the distribution
function is specified through its @ dependence.

From this modified Fokker-Planck equation (3.29),
we obtain the following evolution equation for the
background w:

& = —4Hw?. (3.30)

The solution is

1

(1) = 271 (3.31)

The initial probability distribution p; is
po = Noexp{=0Q*(e? — ¢~ 1)}

—Noexp{—%A(e’/’—qﬁ—l)}. (3.32)

This formula suggests a Euclidean system on $? with a
radius 1/H. This solution coincides with our original
potential before the effects of IR logarithms become
important—namely, at the beginning of the de Sitter
expansion. In the semiclassical region where Q2 is large,
this potential is well approximated by a Gaussian:

No/d¢exp{—Q2(e¢—¢— 1)}

dp exp <——¢2> (3.33)

\/_

We have shown that there is an effect to reduce the
effective cosmological constant [Eq. (3.6)]. As long as this
effect is concerned, we believe that the UV investigation
[Eq. (2.35)] has shown that the Hubble parameter acquires
time dependence, and it eventually vanishes. Since the
propagators are identical in both the UV and IR regions, the
two birds can be dealt with by a single stone. We argue

there are no drift force effects, since the solution of the
theory is unique. There are unstable deformations if they
increase the entropy of the system. As we emphasized, the
system evolves toward the state with maximum entropy in
quantum gravity.

What is the geometric entropy of de Sitter space? We
propose that it is the entropy of the superhorizon conformal
mode which accumulates with cosmic expansion. There are
no other massless modes in two-dimensional Liouville
gravity. Furthermore, the entropy could increase in a
stochastic process. Let us evaluate the von Neumann
entropy of the conformal zero mode with Eq. (3.32):

So = —trpg log py
1
= /d¢Po{Q2(€¢ —¢—1)—logQ+ Elog(Zﬂ)}

1 1
~§—logQ+§log(2ﬂ). (3.34)

In our view, the von Neumann entropy of the superhorizon
mode is the identity of the geometric entropy of de Sitter
space. A characteristic feature of this expression is its Q2
dependence. The von Neumann entropy becomes larger
if the effective gravitational coupling 1/Q” becomes
stronger.”

Let us investigate its Q° dependence from the two-
dimensional Liouville quantum gravity point of view:

logZ =—{(e? —p—1)) = — (3.35)

00? 20%
Here Z is the partition function of the superhorizon sector
of two-dimensional Liouville gravity on S°:

Z:/d¢e_Q2(e¢_[/)_l)‘

Note that the potential is bounded below, and the expect-
ation value of the n-point function of the superhorizon
mode is calculable. The potential dominates the kinetic
energy for the superhorizon conformal mode. We can safely
ignore the wrong-signed kinetic term in comparison to the
potential term. The wrong sign problem of the conformal
mode may turn out be a blessing with respect to the
cosmological constant problem. As is explained, logZ
gives us the entropy itself in quantum gravity. So a Q?
dependence of von Neumann entropy is consistent with a
geometric entropy of the superhorizon conformal modes of
Liouville gravity [Eq. (3.35)]. The expectation value of any
function f(¢) is well defined unless f(¢) grows too rapidly

(3.36)

>We do not exclude the possibility that a constant term like Q>
is missing since it becomes negative for large Q.
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as ¢p — £ oo to spoil the convergence of the integral. The
expectation value of f(¢) is real if f is a real function.

We consider the change of von Neumann entropy
in the stochastic process by introducing one parameter
deformation of an initial distribution function by w. This
factor allows us to renormalize the cosmological constant
operator as

~2 (e —wp-1)

Po = Nye o ) (3.37)
In a Gaussian approximation,
N, = 2Ve (3.38)
V2

We rotate the Minkowski space-time potential of dS? into
Euclidean S

L/dzx\/jéHZQ—z(e“”}S —wp-1) —>Q—2(e‘”¢ —wp—1)
47 0] o '

(3.39)
The corresponding von Neumann entropy is
Sy = —trp, 1ngm

— Q2 wp
= | ddpyq_- (" —wh—1)~logQ

Llogw + L1og(27)

5logw + S log(27

1

This expression shows that entropy increases if @
decreases from the initial point @ = 1. So there might
be an unstable deformation of this configuration. If w
decreases, the distribution of the superhorizon mode
spreads out. Let us examine a possible instability of this
configuration in the vicinity of @ ~ 1 under the Fokker-
Planck equation:

a)2 S, = —tra')i lo
80) @ aa)p(l) gpﬂ)
2 O
= —tr@H Wp'" log p,,
1
~2Ho = ——a. 341
@ 2w @ ( )

From the inspection of Eq. (3.41), it is clear that the von
Neumann entropy of p,, always increases. In particular, its
growth AS = 2H!t as the system evolves away from the
initial distribution with @ = 1.

This result is consistent with semiclassical estimates
of the geometric entropy [Eq. (3.8)] when @ ~ 1. The exact

solution in the weak-coupling region shows that the entropy
increases as

1 2 1-
—Elogw:2Q—log<1+—yHt> ~2Ht (3.42)
/4 4

for the weak-coupling or short-time limit. We can verify
that von Neumann entropy increases logarithmically in the
evolution under the Fokker-Planck equation by using the
explicit solution (3.31):

s, = %log(l + 4H1) ~ 2HL. (3.43)
All approaches agree that entropy grows as 2Ht¢ away
from the initial distribution function. They also agree that
H(t) eventually vanishes. The eventual fate of 2D de Sitter
space is not agreed upon. The exact solution predicts
it is Q? dependent. The slow-roll parameter is given by
€ = 1/Q% = 5/2. It also predicts that the acceleration stops
at the critical point Q*> = 0. The Fokker-Planck equation
predicts a more rapid slowdown of the acceleration.

The existence of configurations of higher von Neumann
entropy implies that the potential for the superhorizon
modes of two-dimensional Liouville gravity is modified
also as in a process of evolution:

2
Vig) =L (e ~wp-1).

- (3.44)

The partition function for the superhorizon sector of
conformal mode evolves as

Z(l) = / d¢e_%‘2(ew¢_w¢_1)' (3.45)

This is because the ¢ field obeys the identical Langevin
equation in two-dimensional gravity. So the potential for
the conformal mode must change according to the Fokker-
Planck equation; it must be identical to that of the
distribution function [Eq. (3.37)]. With this potential, we
can reproduce the @ dependence of von Neumann entropy
from Liouville gravity:

logZ, ~—1logQ — %log w. (3.46)
So geometric entropy in Liouville gravity in de Sitter space
is consistent with the von Neumann entropy [Eq. (3.40)] of
superhorizon modes. From these considerations, we are
able to obtain consistent pictures of these IR effects on the
Hubble parameter. The Hubble parameter is generically
suppressed by the e-folding number. The inhabitants of
two-dimensional de Sitter space may always wonder why
the Hubble scale is always the size of the Universe.

Let us check universes like those given by Eq. (3.31). w
is just like the scaling dimension of the cosmological
constant y. This Universe starts with a slow-roll inflation,
while the slow-roll parameter grows as y = 1/(4H¢t)
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decreases. Finally, the accelerated expansion stops as
y = 0, like arriving at the critical point. This is an
interesting scenario encompassing the exact solutions
altogether. It is remarkable in the first place that UV effects
predict the IR behavior of the theory. This is specific to two
dimensions, as the propagators of the minimally coupled
scalars are scale invariant. The UV and IR divergences are
closely related, since 10g(P oy / Pmin )-type large logarithms
are expected in two dimensions. It is very interesting to find
out whether IR effects diminish the scaling dimension
altogether down to nil.

The situation is different in four dimensions, where only
log (H/Ppi)-type IR logarithms appear. The solutions of
Fokker-Planck equations do not depend on Q2 or contain
all of them. It is a characteristic feature of the one-loop
approximation which takes account of the leading IR
logarithms. On the other hand, the exact solution of the
renormalized action shows explicit Q> dependence indicat-
ing all loop contributions. The picture we obtain from the
exact solutions is not only more sophisticated but also very
convincing.

Apparently the effective field theory for the exactly
renormalized action contains inflatonlike freedom. Such
freedom seems necessary to describe the solution of
quantum gravity in terms of the effective theory at the
tree level. It is in some sense a dual description of quantum
gravity. Remarkably, its classical behavior reproduces
quantum effects. We wonder whether the inflaton in our
Universe may be such a dual description of quantum
effects.

IV. CONCLUSIONS

We have investigated IR quantum effects in the two-
dimensional de Sitter space from a solution of the exactly
renormalized Liouville action. We work in the semiclass-
ical region where the matter central charge ¢ > 25. In such
aregion, the exact scaling dimension y of the cosmological
constant operator is less than y < 1. This is due to the
screening effect of the conformal mode with a negative
metric. The two-dimensional de Sitter space is obtained
as a solution of the Liouville action. The solution of the
renormalized action shows that two-dimensional de Sitter
space is doomed. The Hubble parameter is no longer
constant and decreases with time. It does so slowly at
the weak coupling with large ¢ and even stops acceleration
at the critical point ¢ = 25.

In conclusion, we have made a strong case for the
instability of two-dimensional de Sitter space. The exact
solutions show that the negative anomalous dimension of
the cosmological constant operator makes the Hubble
parameter time dependent and vanishes at a late time.
They underscore the importance of IR logarithms which
become shielding effects due to the negative sign of the
kinetic term of the conformal mode. We estimate the
semiclassical entropy of two-dimensional de Sitter space.

It increases logarithmically with the Hubble radius as
log(1/H?(t)) versus 1/H*(t) in four dimensions. The
cosmological constant is diffused by entropy production
at the horizon. The conformal zero mode generates entropy
in a Brownian diffusion process. We formulate the Fokker-
Planck equation in two-dimensional quantum gravity. We
take account of the change of the conformal zero mode
distribution by the renormalization of the cosmological
constant operator. In this way we can obtain very analogous
equations with unitary matter systems despite the negative
metric of the conformal mode. Nevertheless, we argue
that the drift term is absent due to the uniqueness of the
classical solution.

We propose that the de Sitter entropy is carried by the
conformal zero modes. In order to verify our proposal, we
have evaluated the von Neumann entropy of the distribution
functions for them. Their characteristics are in agreement
with semiclassical estimates. In matter systems, it is known
that the equilibrium state is stable. Since we have only the
quantum fluctuation term, the system is diffused away with
the Hubble parameter to vanish at a late time. In the matter
systems, the free energy F' = E — T'S is minimized. At low
temperatures, minimizing the energy is important. In a
standard model, we look for the ground state with the
smallest energy. On the other hand, we maximize the
entropy, as there is no energy in de Sitter space. It should be
interesting to understand such an evolution which takes
place in quantum gravity. This perspective may shed new
light on the fine-tuning problem, since the maximum
entropy principle operates in quantum gravity [17,18]. In
fact, the cosmological constant may turn out be such an
example. There are many common features between two-
dimensional and four-dimensional gravity, such as the
negative sign of the kinetic term of the conformal mode.
We hope to investigate the relation between the cosmo-
logical constant and the generation of entropy of the
superhorizon mode in four-dimensional Einstein gravity.
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APPENDIX A: DE SITTER THERMODYNAMICS
Globally, de Sitter space is a hyperboloid,

ds® 2 2 2
7= —dt* + cosh*(7)dQs3. (A1)

The characteristic length / is set by the Hubble parameter H
as [ = 1/H. It is related to the cosmological constant A as
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[ = +/3/A. Locally in the Poincaré coordinate, it corre-
sponds to an expanding flat universe,

ds* = —di* + 2 (dr? + r2dQ3)

1 2
= (_HT) (_d'l'z + d.ia),

where we can obtain conformally flat parametrization. We
often work in this coordinate, where 7 runs from —oo to 0.
Let us draw an S? with the radius a(¢)r in this space where
a(t) = €. The expansion velocity of this space is Ha(t)r.
Since it coincides with the velocity of light at the apparent
horizon, its radius is p, = 1/H. In the static coordinate
system,

(A2)

ds?
l_2

= =-V(r)dr* + dr? + r2dQ3, (A3)

V(r)

where V(r) = 1 — r?. It becomes manifest that an observer
at r = 0 is surrounded by a cosmological horizon at r = 1.
The radius of the horizon is p, = 1/H in agreement with
that in the Poincaré coordinate.

The presence of event horizons leads to thermo-
dynamics [5]. According to Bekenstein and Hawking,
black holes possess finite temperature:

K

Thor = Z (A4)

For a Schwarzschild black hole of mass M, x = 1/4M.

The first law of thermodynamics is

1_os
Thor OM’

(AS)

The entropy is given by the area of the event horizon,

A

==, A
Shor 4 ( 6)

We list here the relationship among different coordinates
on two-dimensional de Sitter space or its Euclidean
version S2. The metric on S? is

1

ds? = e

(dO* + sin®(0)dg?). (A7)

It can be embedded into three Euclidean dimensions:

1\2
Z(2)+Z%+Z%: <H> .

We rotate it into real spacetime: zy — iz,

(A8)

1\2
-Z+2+B=(=]. A9
5+ +25 < H) (A9)
We then consider the following coordinate:
Z0 = lsinh(Ht) + lHe”’x2
°"H 2 ’
= icosh(Ht) - lHeH’x2
‘T H 2 ’
71 = eflix, (A10)

with the line element

1 2
dS2 = —d[2 —+ 62H[d_x2 = <7> (—dT2 + dxz)a (All)
T

which covers the upper half-triangle of the Penrose diagram
of the global de Sitter manifold. The metric on S? can be
continued to the global de Sitter metric more directly,
0=7%+ir

1
ds* = — (—di* + cosh?(t)d¢?).

5 (A12)

Although we mostly work in the Poincaré coordinate, we
may rotate it into S? by using these relations if appropriate.
The coordinate transformation can be done by inspection.
For example, we claim the following term is topologically
quantized after Euclidean rotation into S%:

1 1
— / drdx ————2H?
8x (—H7)
1 1
= E/ d*x\/—gR — —iﬁ/dﬁdw sinf = —i.
(A13)
The two-dimensional Liouville gravity may be thought

of a little Einstein gravity descending from four dimensions
to D = 2 + ¢ dimensions:

QZ/ 1
= [ a’x/g(-R - H?
A V9 €
N
= — —_ — ez —_
4z TWTIC ¢ ’

where we explicitly show the constant conformal mode
dependence,

(Al14)

9 = e¢§/4u' (AIS)

The first term with the 1/e pole is
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10? 2 1.
—Q—/sz\@R:?—ﬂ/dzx\/é(z

cdr
0? (14
E/sz\/‘;<g

The leading term with the 1/¢ pole acts as the counterterm.
We thus obtain

0’ o il [P 2
4—”/61 x\/§<zg“ 0 b0up + S bR — H ) (A17)

This is the Liouville action, which is the gift of conformal
anomaly.

APPENDIX B: RENORMALIZATION OF THE
COSMOLOGICAL CONSTANT OPERATOR

To renormalize the cosmological constant operator to the
leading order in 1/Q?, we need to consider the quantum
fluctuation of the cosmological constant operator:

(e?) = (ePtP) ~ P37 (B1)
Here ¢, (t) denotes a classical solution, while
~ 4 Pmax dP
N = —. B2
O (B2)

The scalar propagator is both UV and IR divergent in two
dimensions. We recall here that the physical momenta P
depend on the metric

pmax

Pmax:%'

(B3)

We first consider the UV contribution in a dimensional
regularization. We consider D = 2 — ¢ dimensions, since
the 1/¢ pole can be identified with the logarithmic UV
divergence. The cosmological constant operator is

e3P — o159 (B4)
We evaluate the two-point function as
1 72 2 € 1 e
§<¢>=—@/dppl T Sue
1
2 /1 w1 -
~——|—+log——=¢ |, B5
= (B)

4>|~ 4>|~

B4 5PV 09.0 5 0R)

A AV s : ¢R> (A16)

2

|
where yp is the renormalization scale. We set u = m for
simplicity. One of the difficulties of renormalizing the
operators in quantum gravity is that both the propagators
and the interaction vertices depend on the metric.

To carry over this renormalization process to all orders,
we employ a renormalization group [19,20]. Let us recall
our dimensional regularized Lagrangian,

[ _ey O
D HY o sp_—_
/d 87 {2’7 D"

It is always a good idea to canonically normalize the kinetic
term by the change of field variable ¢= = 1 — v

e<1-5>f/’}. (B6)

p O

dPx
/ 8

o 0
” _o2(1 - € -d1-9)
{277 pan dewd 2H*(1 41//) }

(B7)

Now the two-point function is just Eq. (BS) without y field

dependence:
L, 2 /1
% A 1
5 W) e ( + gm)

The advantage of this approach is that we need not worry
about the interaction vertices in the kinetic term. Let us
investigate the quantum correction to the cosmological
constant operator next:

(B8)

)
:exp{<l—§)(w+§%y/ +42;w +- } (BY)

The one-loop quantum corrections start with the e¥ part of
the operator
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(ew{ (16-)w by~ 1+ (1-5)p 430 -0 +5 (1-5) v

:{1—(1—6)

There are additional contributions,

€12+€13_11 31 _
427 2" ) T 20 22"

By a multiplicative renormalization by Z, we obtain the
renormalized operator at the one-loop level:

fromag-tat (-3) (-3
fig) (-l (-) (-}

(B12)

(B11)

Let us introduce a trick to determine the UV divergence
of a generic operator. We consider the following integral

weight:
2
VE [ ayetr,
87

such that the average of the two-point function produces its
1/e pole in 2 + ¢ dimensions:

€Q2 €02 o 4
\—— [ dyge 5V y? =—.
8 / ve ® v €Q2

We split the field such that w — w,. + y and take the
average over the y field with this measure first. We can
determine its UV divergences this way.

A generic proof is

<211,(w¢+w) >_—<22Lnﬂl,,gm2%!wzn>_
_szv nv<—W2>-)n, (B15)

2n>

(B13)

(B14)

where the average denoted by (y*")_ is with respect to the
weight [Eq. (B13)]. It is also clear that

2 0?
exp (— @a—wg> F(y)

is the finite operator. This is because

(B16)

2
[
exp (- s ) (v + )
— exp <—£;—;g> Zﬁw?’”% G <w2>_>n
-y L (-é)mnﬂ G <w2>_>n
ST

Let us introduce the renormalization scale ¢ according to
its canonical dimension. In doing so, we have introduced an
arbitrary scale y in the bare inverse coupling 0% = Q*u~*.
Since the bare coupling cannot depend on how to decom-
pose it, we conclude that Q* ~u¢. By demanding u
independence on the bare operator (B16), we can derive
a renormalization group equation for the renormalized
operator

0 2 9
—F=-——F. B18

This equation does not depend on the sign of e. The
operator F diffuses at long distances.

In fact, the solution of this diffusion equation coincides
with the finite cosmological constant operator constructed
by the integral measure [Eq. (B13)]. It is the diffusion
kernel where diffusion time is identified with 1/e ~ —log u
in 2 + € dimensions. In the two-dimensional limit, it can be
exactly calculated as follows:

2
\/ €0 /dl//e_iwze4 14+5) log{1+5(wc+y)}
€Q2 e0? 2 4 91 ¢
= S / dl//e_T<‘/’_‘/’c) ee(1+5) log(1+4y)
Vs
2
= \/eQ4/dpe‘ﬁ(/"f‘/’v)zeé(l%)10g(1+p)
87 ¢

~ eQPove

(B19)

In the € — O limit, p, is determined by the saddle-point
approximation which leads Eq. (2.15), and the scaling
dimension is determined as

Q%po =7 (B20)
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The renormalized cosmological constant operator is deter-
mined to be e’?, in agreement with the conformal invari-
ance approach [Eq. (2.16)]. The advantage of this approach
is that it demonstrates how the original cosmological
constant operator at short distances evolves toward the
renormalized form at long distances due to quantum
effects [20].

The Fokker-Planck equation is also a diffusion equation,

1 2

) =2H ——=p, B21
P QZ a¢2 P ( )
with the identification Ht = u~¢/e ~ —log u to relate it to
Eq. (B18). Let us construct the diffusion kernel in the

conjugate variables to ¢:

1 —tZHLpz (‘3‘ 1
K=— 0" — K =-2H— p’K. B22
The solution in the dual variables is given by
p(t.p) = K(t. p)p(p). (B23)
After the Fourier transformation, we obtain
o= [ dvK(d-#)0@)
0 w0 Q .
= dp) —=—— e~ sm  —=_¢~2¢
/ ¢ V8Htrn 2w
Q2 - 0? 4)2
— - = (I+4HN) " B24
\ 22(1 + 4H1)° (B24)

There is an alternative method to impose the conformal
invariance on the bare operator, as was mentioned before.
In this approach, we construct the bare operator which is
invariant under ¢, — ¢, — @, ¢ — ¢ + ¢ [10,11].

The one-loop short-distance divergence is evaluated in a
dimensional regularization [Eq. (B5)]:

() —exp (S0 ) —eno{ -2 (1-00) b @29

The bare operator is constructed by subtracting the UV-
cutoff-dependent part,

2771
ebeer?Z, Z = exp( ’ )

Under the above transformation,
changes as

the bare operator

}/2
e?Z(p) — "7 (B27)

We find the condition

J/2

Y+ o =1. (B28)
One-loop computation is sufficient to perform the exact
renormalization as the self-consistent solution is obtained.
By solving this equation, the scaling dimension of the
cosmological constant operator is determined to all orders.
It matches with the leading-order renormalization process
we carried out here:

2 o] +2<1)2+
7/:7: —_—— —_— P
L+, /1+4 0’ Q?

(B29)

APPENDIX C: UNIQUENESS OF THE DUALITY

Martinec and Moore considered the following action,
which contains not only timelike but also spacelike
Liouville fields ¢ and ¢, respectively [12]:

- 0 (.. 5 AH?
/ \/jgdzx{l&t <gﬂ auqba,,qﬁ + 2¢R - 7/2€J/4>
2

- % (gﬂyaﬂ(pay(p + 2(pk) } ’

(C1)
where the total central charge must vanish: 60 — 6g>—
Cmaw +24 = 0. This is the Liouville gravity with the
cosmological constant for the ¢ field, while the ¢ field
is free in the conformal gauge. The scaling dimension
of the cosmological constant operator y is determined
by Q>
The equations of motion with respect to ¢ and ¢ are

1
V%qﬁ = —H?er?, V%(p =0, (C2)
Y
whose solutions are given by
2
e = ——10g(—HT>, ¢p.=0. (C3)
14

The timelike and spacelike Liouville fields can be mixed
by a hyperbolic rotation:
(C4)

Op = Odc —qis,  qp = qfc — Os.

0 = Qc +gs, g = qc+ QOs, (C5)
where ¢ = cosh(4), s = sinh(4). This process produces a
class of formally equivalent inflaton models which are
interesting testing grounds for our understanding about

inflation:
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/fdzx{ <ﬂva¢0y¢+2gq§k—4f r(fe= é>)

1
~Ten —(7"0,00,9 +2G ¢ )},

(Co)
where ¢ is normalized as ¢¢ — @ and can be identified as
an inflaton.

The equations of motion with respect to the conformal
mode and the inflaton are

Viyd = 2H2ce’ PP V2yg = 2H2Qse! P00,

(C7)
These equations are solved as
~ 2¢ S -
¢c - _710g(_H1)’ = Q;¢c (CS)

We still need to satisfy the equation of motion with
respect to the traceless mode of the metric /#”:

[ Q
o (nav.d-25v.7.4)

1
= g (Vugbvu(ﬁ - zqvuvu(z’) + vy)(vu)(’

(€9)
where y denotes a free scalar field.® In terms of the
old unrotated variables ¢ and ¢, this equation can be
simplified as

Q2
e (V. ¢V, -2V, V,¢) =0, (C10)
where we have substituted the trivial solutions ¢, = y. = 0

on the right-hand side. It should be noted that if y < 1,
the left-hand side no longer vanishes for the solution
¢. = —%log(—Hr). We need to identify something to fill
this gap.

Our proposal is to interpret an inflaton as a quantum
d.o.f. and assign this role to it. Specifically, we introduce a
minimally coupled inflaton f into the action as follows:

2@ (-

(90,90, ¢+2R¢)—2%e‘/’ (1 7>f}, (C11)

I\Jl'—‘

where f has no Rf term, in contrast to ¢ in Eq. (C6).

6Stn'ctly speaking, both sides of Eq. (C9) should be made
traceless as in Eq. (2.4). However, such a process is not necessary if
we are concerned only with homogeneous background fields.

The equations of motion with respect to the inflaton f
and the conformal mode ¢ are

v%yf:sze{/)_(l_Y)f’ V(Z)y(pzzHZeqﬁ—(l—y)f, (C12)
whose solutions are given by
2

f=¢=——log(—Hr). (C13)
Y

These solutions satisfy the equation of motion with respect
to hH:

0 0’

g <Vﬂ¢vl/¢ - 2vl4vv¢> = g (1 - y)vﬂfvuf (C14)

We can identify f as ¢ by the use of the equations of
motion. We regard this semiclassical theory as a dual
description of quantum Liouville gravity. We do not touch a
spacelike Liouville term even if it is present in the
Lagrangian. The presence of such a term can be felt only
through Q2.

The physical properties of this inflationary universe are
studied in Sec. II. A class of two-dimensional quantum
gravity models which are related by the change of variables
represents a unique model in our effective Lagrangian
approach. We believe this fact supports our interpretation
that an inflaton emerges as a quantum effect in quantum
gravity.

APPENDIX D: NO DRIFT FORCE FOR
CONFORMAL MODE

In de Sitter spaces for superhorizon modes, the effective
viscosity might become large and the ¢ field moves with a
velocity proportional to the potential force:

- V(¢)loga= ¢ +2(e? —1)Ht. (DI)

N 0

Q2 op
There is no suppression factor by 1/Q? here, since it is a
tree effect. They cancel between the propagator and the
vertex. We thus obtain an analogous equation to that of the
inflaton in inflation theory:

$=2H(e? - 1). (D2)

This equation is obtained diagrammatically, but it must
follow from the equation of motion of the conformal
field ¢.

The equation of motion for the quantum field ¢ is

9? 0
ﬁﬁb

2
24’) 2H?e%c(e? — 1) = 0. (D3)
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Let us consider cZI =y¢. + ¢, where ¢, is the classical

solution which describes de Sitter space. We find that ¢
satisfies the identical equation with y¢.,.,

. 0r . .

82
z (D4)
Both y¢,. and 47) are the solution of the Liouville theory.
As pointed out before, we have separated the original
field ¢pg = y¢p. + ¢p. We can consider the transformation
Yp. = vdh. + ¢ and ¢ — ¢ — @, which leaves the theory
invariant as long as ¢ represents local fluctuations.
However, it is doubtful that there are two different
solutions. In fact, 4;5 is the solution only when the second
derivative with respect to time can be neglected, namely
near the origin of the field space (;’) ~ (. From the equations

of ¢. and ¢,

yo. = 2H1, ¢d=2H(e? - 1), (D5)
we obtain
HUH G = DHP e 2H1 = D2 e, (D6)
while
iy = (2H)2eh*2Hi(e? — 1) = 2H2eP(e? —1). (D7)

In other words, c?) is not the solution in other regions. We
conclude that there is a unique de Sitter solution y¢,. in this
model. The free-field solution without the potential is

e—tpr+lp-x_

2p

We focus on the superhorizon mode,

holx) = \/g [ SZottat) -
x (a ! e'P¥

(D8)

—__elP¥ L g

\V2p Z’«/2p

P

where [a;, a},] =-278(p—p’). Since plane waves become
constant in time, the time dependence is caused by the
step function, which restricts physical momenta P < H.

The Yang-Feldman-type solution is

$(x) = o () + i / &7 / 47 G (x, 22 et (e — 1)(x).
(D10)

The retarded propagator may be approximated for the
superhorizon mode:

-

d o
Gr(x, x') ~0(t = 1) / 2—” —i(r = 7)eP )

T

_ _%H(t— t’)5()7—’7){ 1 _L}'
(D11)

We thus obtain

d(x) = ¢o(x) +2H / tdﬂ(efl’@”f) -1). (D12

By differentiating Eq. (D12), we obtain the Langevin
equation:

$(x) = ¢o(x) +2H (e — 1),

(o(t. D)o(#. 3)) = —éfw(r _1). (D13)

However, we believe there are no drift force effects in
Liouville gravity, since there is no acceptable solution
except y¢.. So we are left with random noise effects only:

$) = dol).  (do(tD)do(r.T)) = —ém(r— ).

(D14)

[1] A. M. Polyakov, Nucl. Phys. B797, 199 (2008); B834, 316
(2010).

[2] N.C. Tsamis and R.P. Woodard, Nucl. Phys. B474, 235
(1996); Ann. Phys. (N.Y.) 253, 1 (1997).

[3] A. A. Starobinsky, Lect. Notes Phys. 246, 107 (1986); A. A.
Starobinsky and J. Yokoyama, Phys. Rev. D 50, 6357 (1994).

[4] N. C.Tsamisand R. P. Woodard, Nucl. Phys. B724, 295 (2005).

[5] R. Bousso, arXiv:hep-th/0205177.

[6] G. W. Gibbons and S. W. Hawking, Phys. Rev. D 15, 2752
(1977).

[7] T. Inami, Y. Koyama, Y. Nakayama, and M. Suzuki, Prog.
Theor. Exp. Phys. 2015, 053B05 (2015).

085015-21


https://doi.org/10.1016/j.nuclphysb.2008.01.002
https://doi.org/10.1016/j.nuclphysb.2010.03.021
https://doi.org/10.1016/j.nuclphysb.2010.03.021
https://doi.org/10.1016/0550-3213(96)00246-5
https://doi.org/10.1016/0550-3213(96)00246-5
https://doi.org/10.1006/aphy.1997.5613
https://doi.org/10.1007/3-540-16452-9
https://doi.org/10.1103/PhysRevD.50.6357
https://doi.org/10.1016/j.nuclphysb.2005.06.031
http://arXiv.org/abs/hep-th/0205177
https://doi.org/10.1103/PhysRevD.15.2752
https://doi.org/10.1103/PhysRevD.15.2752
https://doi.org/10.1093/ptep/ptv062
https://doi.org/10.1093/ptep/ptv062

HIROYUKI KITAMOTO and YOSHIHISA KITAZAWA

PHYS. REV. D 99, 085015 (2019)

[8] C.S. Chu and Y. Koyama, J. High Energy Phys. 09 (2015)
024.
[9] A. V. Frolov and L. Kofman, J. Cosmol. Astropart. Phys. 05
(2003) 009.
[10] J. Distler and H. Kawai, Nucl. Phys. B321, 509 (1989).
[11] F. David, Mod. Phys. Lett. A 03, 1651 (1988).
[12] E.J. Martinec and W. E. Moore, J. High Energy Phys. 07
(2014) 053.
[13] H. Kitamoto and Y. Kitazawa, Int. J. Mod. Phys. A 29,
1430016 (2014).
[14] S. Weinberg, Phys. Rev. D 72, 043514 (2005); 74, 023508
(2006).

[15] C. Holzhey, F. Larsen, and F. Wilczek, Nucl. Phys. B424,
443 (1994).

[16] P. Caputa, N. Kundu, M. Miyaji, T. Takayanagi, and K.
Watanabe, J. High Energy Phys. 11 (2017) 097.

[17] C.D. Froggatt and H.B. Nielsen, Phys. Lett. B 368, 96
(1996).

[18] Y. Hamada, H. Kawai, and K. Kawana, Int. J. Mod. Phys. A
29, 1450099 (2014).

[19] H. Kawai, Y. Kitazawa, and M. Ninomiya, Nucl. Phys.
B393, 280 (1993).

[20] H. Kawai, Y. Kitazawa, and M. Ninomiya, Nucl. Phys.
B404, 684 (1993).

085015-22


https://doi.org/10.1007/JHEP09(2015)024
https://doi.org/10.1007/JHEP09(2015)024
https://doi.org/10.1088/1475-7516/2003/05/009
https://doi.org/10.1088/1475-7516/2003/05/009
https://doi.org/10.1016/0550-3213(89)90354-4
https://doi.org/10.1142/S0217732388001975
https://doi.org/10.1007/JHEP07(2014)053
https://doi.org/10.1007/JHEP07(2014)053
https://doi.org/10.1142/S0217751X14300166
https://doi.org/10.1142/S0217751X14300166
https://doi.org/10.1103/PhysRevD.72.043514
https://doi.org/10.1103/PhysRevD.74.023508
https://doi.org/10.1103/PhysRevD.74.023508
https://doi.org/10.1016/0550-3213(94)90402-2
https://doi.org/10.1016/0550-3213(94)90402-2
https://doi.org/10.1007/JHEP11(2017)097
https://doi.org/10.1016/0370-2693(95)01480-2
https://doi.org/10.1016/0370-2693(95)01480-2
https://doi.org/10.1142/S0217751X14500997
https://doi.org/10.1142/S0217751X14500997
https://doi.org/10.1016/0550-3213(93)90246-L
https://doi.org/10.1016/0550-3213(93)90246-L
https://doi.org/10.1016/0550-3213(93)90594-F
https://doi.org/10.1016/0550-3213(93)90594-F

