PHYSICAL REVIEW D 101, 023504 (2020)

de Sitter duality and logarithmic decay of dark energy

Hiroyuki Kitamoto®,"" Yoshihisa Kitazawa®,**" and Takahiko Matsubara®***
lPhysics Division, National Center for Theoretical Sciences, National Tsing-Hua University,
Hsinchu 30013, Taiwan
’KEK Theory Center, Tsukuba, Ibaraki 305-0801, Japan
3Department of Particle and Nuclear Physics, The Graduate University for Advanced Studies (Sokendai),
Tsukuba, Ibaraki 305-0801, Japan

® (Received 24 August 2019; published 8 January 2020)

We investigate infrared dynamics of four-dimensional Einstein gravity in de Sitter space. We set up a
general framework to investigate dynamical scaling relations in quantum/classical gravitational theories.
The conformal mode dependence of Einstein gravity is renormalized to the extent that general covariance is
not manifest. We point out that the introduction of an inflaton is necessary as a counterterm. We observe
and postulate a duality between quantum effects in Einstein gravity and classical evolutions in an inflation
(or quintessence) model. The effective action of Einstein gravity can be constructed as an inflation model
with manifest general covariance. We show that g = GyH?/z: the only dimensionless coupling of the
Hubble parameter H?> and the Newton’s coupling Gy in Einstein gravity is screened by the infrared
fluctuations of the conformal mode. We evaluate the one-loop $ function of g with respect to the cosmic
time log Ht as f(g) = —(1/2)¢?, i.e., g is asymptotically free toward the future. The exact § function with
the backreaction of g reveals the existence of the ultraviolet fixed point. It indicates that the de Sitter
expansion stared at the Planck scale with a minimal entropy S = 2. We have identified the de Sitter entropy
1/g with the von Neumann entropy of the conformal zero mode. The former evolves according to the
screening of g and the Gibbons-Hawking formula. The latter is found to increase by diffusion in the
stochastic process at the horizon in a consistent way. Our Universe is located very close to the fixed point
g = 0 with a large entropy. We discuss possible physical implications of our results such as logarithmic

decay of dark energy.
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I. INTRODUCTION

In de Sitter-type spaces, nontrivial scaling phenomena
have been observed. de Sitter space is scale invariant
while more nontrivial scaling laws hold in the temperature
fluctuations of the cosmic microwave background (CMB).
It is very desirable to determine the equation of state w for
dark energy. de Sitter space is the solution of the Einstein
equation with a positive cosmological constant or the
Hubble parameter H. It may exhibit a nontrivial dynamical
scaling behavior at quantum level. The infrared (IR)
behavior of Einstein gravity in de Sitter space is likely
to be highly nontrivial as it has an event horizon.
The smallness of H? in comparison with the Newton’s
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coupling Gy, i.e., the smallness of the dimensionless
coupling g = GyH?/x, is a quintessential problem. The
other side of the coin is to explain the hugeness of the
de Sitter entropy S = 1/g. It is very desirable to find out
what carries such huge entropy.

Nontrivial scaling laws are easy to implement in slow-
roll inflation theories with various inflaton potentials. The
problem here is the embarrassment of riches. There are too
many inflation models as we lack a principle to constrain
them. We have formulated a duality between quantum
and classical gravitational theories in two dimensions as
Liouville gravity/inflation theory duality [1]. In this paper,
we argue that such a concept of duality works equally well
in four dimensions. It may be regarded as constructing an
effective action of Einstein gravity by an inflation theory.
We are concerned with quantum IR effects due to the
presence of the horizon.

The history of seeking a mechanism to screen the
cosmological constant is long [2-4]. The essential feature
of our mechanism is the diffusion of the conformal zero
mode and the creation of entropy. The negative metric
of the conformal mode is crucial for screening (negative
anomalous dimension) of the cosmological constant

Published by the American Physical Society
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operator [5,6]. In our mechanism, the IR logarithmic effects
play an essential role [7,8]. We evaluate the one-loop
dynamical f function of g with respect to the cosmological
time log Hr to confirm the screening effects: f(g) =
—(1/2)g*. The negative sign implies that g is asymptoti-
cally free toward the future [9,10]. Our interpretation of the
de Sitter entropy as a von Neumann entropy is consistent
with the f(g) function in four-dimensional de Sitter space.
We have built on the stochastic picture of IR fluctuations
[11,12]. We show that the de Sitter entropy is created at the
horizon by a diffusion and it reduces the cosmological
constant in a consistent way with (g). The dual picture to
account for the increase of the de Sitter entropy in inflation
theory is the incoming inflaton energy flux [13].

We also derive the exact f function within the Gaussian
approximation by taking into account the backreaction of g.
The exact f function is negative in the whole region of time
flow. Furthermore, it possesses the ultraviolet (UV) fixed
point in the past g = 1/2. This fact indicates that our
Universe started the de Sitter expansion with a minimal
entropy S = 2 while it has § = 10'° now.

We believe that our results are universal, i.e., indepen-
dent of the microscopic theory of quantum gravity. Of
course, the construction of de Sitter space in string theory is
a challenging task [14,15]. Nevertheless, the investigation
of quantum IR effects in de Sitter-type spaces is necessary
to unlock the secrets of the Universe.

We focus on quantum IR effects which are characteristic
to de Sitter space. Due to the scale invariant spectrum, the
two-point function of the massless minimally coupled
modes exhibits the logarithmic growth with time: log a,,
a, = eM". We sum up these IR logarithmic effects by using
the technique of the renormalization group. Since g is very
small even at the inflation epoch, the Gaussian approxi-
mation should be very good. In this sense, we have done the
most important work. We sum up all leading IR effects
log" a, = (Ht)" to the one-loop order. It is essential to
understand global (long term) evolution of the Universe.
Our IR cutoff is the size of the Universe which acts as the
low momentum cutoff. We are interested in the large a,
limit which corresponds to the removal of IR cutoff.
The determination of the f function and the existence of
a future fixed point at ¢ = 0 implies that the existence of the
a, — oo limit. Fortunately, it turns out to be flat spacetime
rather than de Sitter space.

This paper consists of the following sections and
appendices. This first section is devoted to the introduction.
In Sec. II, we investigate dynamical scaling laws in 4D
de Sitter-type spaces. We argue that a duality is the key to
reconcile quantum effects and general covariance. In
Sec. III, we investigate quantum IR effects in 4D de
Sitter spaces. We argue that an inflaton is necessary as a
covariant counterterm. We show that the Hubble parameter
is screened by IR logarithmic effects of the conformal
mode. In Sec. IV, we investigate the de Sitter entropy. We

confirm that it increases in a consistent manner with the
Gibbons-Hawking formula S = z/(GyH?). We sum up
leading IR logarithms by a Fokker-Planck equation. We
derive the f function for g = 1/S and find that g decays
logarithmically toward the future. This is the most impor-
tant result of the paper and may have deep implications. We
discuss some of them such as logarithmic decay of dark
energy in Sec. V. We compare the predictions of our theory
and the standard ACDM model with the recent observa-
tions of dark energy. Our theory has characteristic features
and it fares well with the ACDM model. We are convinced
that the difference is observable in the near future. We
conclude with discussions in Sec. VI. In Appendix A, we
recall our propagators in a Becchi-Rouet-Stora-Tyutin
gauge fixing for self-containedness. In Appendix B, we
explain a duality between quantum effects in Einstein
gravity and inflation theory in detail.

II. DUALITY AND SCALING
IN 4D DE SITTER SPACE

In this section, we study dynamical scaling laws in 4D de
Sitter-type gravity. The quantum gravity is such an example
while an inflation theory is another [16-19]. We seek a
generic framework to encompass them. Our working
assumption is that there is a duality between a quantum
gravity and an inflation theory. For example, the quantum
effects of Einstein gravity can be reproduced as a classical
solution by an inflation theory. We may call it quantum
gravity/inflation theory duality.

Our duality is based on the fact that Einstein gravity is
likely to be renormalized beyond recognition by quantum
IR effects. We show that manifest general covariance is lost
at the one-loop level. It is because the tree action does not
admit nontrivial scaling laws. We thus need a practical
method to ensure general covariance on the effective action.
In two-dimensional gravity, the conformal invariance
provides such a tool. We claim that manifest general
covariance can be kept in a dual inflation theory. On the
other hand, the duality puts discipline on the inflation
theory. Einstein gravity possesses the shift symmetry in
the weak coupling limit since de Sitter space has a flat
potential, i.e., the cosmological constant. Inflation theory
may be regarded as a low energy effective theory of
Einstein gravity. Such a duality may hold only at the
beginning of the inflation. Afterward, the inflation theory
may evolve by its own logic such as QED or QCD. As
Einstein gravity is a very good description of the current
Universe, this duality may be applicable to dark energy and
quintessence theory [20,21]. In this context, we may call it
quantum gravity/quintessence duality.

As for the principle driving force of the quantum IR
corrections in Finstein gravity, we focus on the scale
invariant fluctuations of the metric, especially the conformal
mode. It causes logarithmic growth of quantum gravitational
corrections. In a stochastic picture, zero modes perform a
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Brownian motion by the collisions with newcomers in field
space (real line) since the two-point function at the coinci-
dent point grows linearly with cosmic time.

In dealing with the quantum fluctuations whose back-
ground is de Sitter space, we adopt the following para-
metrization:

G = LX), Qx) = a(@)p(x),  Px) = e,
(2.1)
detg}w =-1, g}w = nﬂp(eh(x))pv = (eh(X))ppnplw
(2.2)
The inverse metric matrix is
gv = (e = (e ), (23)
To satisty (2.2), hy, is traceless
n"hy,, = 0. (2.4)

By using this parametrization, the components of the
Einstein-Hilbert action are written as follows. We keep a
parameter D to specify the dimension for generality:

/=g =QP, (2.5)

R=Q7ZR-2(D-1)Q35"V,0,Q
—(D-1)(D-4)Q*50,00,Q, (2.6

where R is the Ricci scalar constructed from >
. ~uv 1. vrpo=afl ) % ~
R = _8ﬂaygﬂ - Zgﬂ 7’7 aﬂgpaaygaﬁ
1. G ~ ~

+ ng/gp g ﬁaugnaapgzz/)" (27)

From (2.5) and (2.6), the Lagrangian of Einstein
gravity is

Klz/de\/—_g[R — (D= 1)(D-2)H’]
= % / d*x[Q*R — 6Q0,(770,Q) — 6H* Q']

= % / d*x[Q’R + 650,00,Q — 6H>QY), (2.8)
where « is defined by the Newton’s coupling Gy as
k*> = 162Gy. In the last equality, we dropped a total
derivative term. However, this operation changes the value
of the action from 6H? to —12H? when D = 4. The former
has the geometric expression with the correct semiclassical
de Sitter entropy.

In the conformally flat coordinate, i.e., Poincaré patch,
the equations of motion are

ds* = a*(—=dz* + dx?), (2.9)
a: dka =2Ha’, (2.10)
h%: d%a* = 60yadya. (2.11)

Four-dimensional de Sitter space is the solution of both
equations:

= e, (2.12)

1 \2
ds? — ( " > (=d7® +dx?) = —di* + Mdx?.  (2.13)
—Ht

It is a maximally symmetric space R = 12H? with the
action,

1 1
s=L / dx/G(R — 6H2) = - / dxJGOH?.  (2.14)
K K
From the action, the potential term is obtained for slowly
varying ¢,
i
1 67TGN

/d4x\/__96H2(¢4 -2¢%) = G ﬂHz (9" —2¢7),

(2.15)

where we have compactified four-dimensional de Sitter
space into $* of radius 1/H. The first term and the second
term corresponds to /g and ,/gR respectively. The semi-

classical formula for the geometric entropy for dS* is
obtained at the minimum of the potential with ¢ =1,

T

——. 2.16
GyH? ( )

Suppose the cosmological constant evolves with time
while the Newton’s coupling is held constant:

H2(7) « H? (—1111> -

According to (2.10), the scale of the Universe evolves as

(2.17)

BLED H H. (218
= \CHe - —H(t)r’ aH(r) = a. (2.18)
We introduce the cosmic time f,
1 1 \7
Hr=— < > . (2.19)
y \—Ht
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The scale factor is

I+y

a= (yHt)7. (2.20)

The Hubble parameter decays inverse-proportionally with
the cosmic time:

+v

1
loga = log(1 +yHt) ~ (1 +y)H?t. (2.21)

The O denotes the derivative with respect to the cosmic
time ¢ such as @ = da/0t. Note that this solution does not
satisfy the other equation of motion with respect to 7%
(2.11) unless y = 0 just like 2D gravity.

This is a serious problem which needs to be addressed in
order to investigate possible time dependence of the
cosmological constant in Einstein gravity. Of course, such
a nontrivial solution extremizes the effective action not the
tree action. However, the Einstein-Hilbert action is likely to
be renormalized by quantum IR effects beyond recognition.
It may even contain new degrees of freedom. In two
dimensions, an analogous problem led us to introduce
an inflaton as a dual description of Liouville gravity [1].
A dual model is constructed in such a way that the classical
evolution of an inflaton accounts for the quantum effects of
Liouville gravity. We adopt the analogous strategy here and
introduce an inflaton to satisfy the equation of motion with
respect to A%, Furthermore, its role is to provide a dual
description of four-dimensional Einstein gravity. Namely,
we adopt the inflaton potential in such a way that the
classical evolution of the inflaton reproduces the quantum
IR effects of Finstein gravity.

As a concrete ansatz, we postulate the following
Lagrangian of a single-field inflation model as a dual to
Einstein gravity in four-dimensional de Sitter space:

K_12 / d*x\/=4[R — 6H(7) exp(=20'(7)f)

= 2I(y)g"0,f0.f). (2.22)
It is clear from this Lagrangian that the inflaton f rolls
down an exponential potential. The Hubble parameter
decreases as the Universe evolves and it eventually vani-
shes. So our proposal is a de Sitter duality between
quantum and classical gravitational theories. This action
looks as follows if we make the conformal mode a
dependence explicit:

1 -
=2 / d*x[a’R + 630,a0,a — 6H*(y)a* exp(-2I'(y)f)

—20(y)a*g*0,f0,f). (2.23)

where H?(y) = H*(1 + -
expanded in y.
The equations of motion are

) and I'(y) =y(1+---) are

a: —633a+ 12H*(y)a® exp(—2I(y)f) = 2I(y)adof o f,

(2.24)
£ —48y(a28f) + 12H2(y)a* exp(—20f) =0, (2.25)
where we put 3 = " and then R = 0.
The equation of motion with respect to h% is
60padoa — d%a® = 2T (y)a?dy fO f- (2.26)
The solution is postulated to be
a=el =a'. (2.27)

The Eq. (2.26) is not independent as it follows from the
other two equations. It implies

27(1 +y)ad™ =2(1 +y)Tas™. (2.28)

The contribution from the inflaton fills the right-hand side

of the equation. In fact, the two coefficients, i.e., the Hubble

parameter H*(y) and the anomalous dimension I'(y) can be

adjusted in a simple way as follows to establish the validity
of the solution (2.27) to all orders in y:

H?(y)=H? (1 —|—2y> (1+y), T(y) - (2.29)

3 I+y

We may sweep the inflaton under the rug by using
its identity with the conformal mode (2.27) in the
action (2.23),

1 ) )
K—z/ d*x[a*R + (6 — 2I)§#"0,,a0,a — 6H?(y)a*-2)].

(2.30)

The solution a = aiﬂ also extremizes this restricted action
as it does so in an extended field space with an inflaton.
In this Lagrangian, the nontrivial scaling dimension of the
Hubble parameter H>(t) ~exp(—2I'f) = exp(—2yw,) is
manifest. The equation of motion with respect to h% is
satisfied by the construction. It requires us to introduce a
new counterterm. It is a finite renormalization of the kinetic
term of the conformal mode. Although it is no longer
manifest here, general covariance is kept intact in its dual
inflation theory.

Our earlier investigation indicated that the one-loop
IR logarithmic corrections in Einstein gravity are of the
form [6]:
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H?*(t) H? 1 1
5 = (=4yl . 8——=—(=2yloga,),
Kz(t> 2 ( /4 Ogac) K2<t) K2( vloga )
3 k2H?
=——. 2.31
Y (2:31)

As is explained in the next section, a further rescaling is
necessary to fix the gravitational coupling x?.
To the leading order, the quantum correction to the
Hubble parameter is
H?(t) = H*(1 —2ylogay,). (2.32)

It depends on the scale of the Universe loga, = Ht = w,
due to IR logarithmic effects. This behavior (2.32) is
consistent with our power law working hypothesis H>(t) ~
az ™" to the one-loop order. This screening effect takes place
due to the accumulation of scale invariant fluctuations
of the conformal degrees of metric. The screening occurs
due to the negative sign of the conformal mode propagator.
These features are in common with two-dimensional
Liouville gravity in the semiclassical regime.

Our prescription to construct the dual model is to
describe the quantum effects of Einstein gravity by the
classical evolution of an inflaton:

exp(—2yw,.) = exp(=2If). (2.33)
We have introduced an exponential potential exp(—2I'f) of
the inflaton for this purpose. In order to cancel the IR
logarithmic corrections to the Newton’s coupling (2.31), we
rescale a — ae’®e,

%2/ d*xe??[a®R + (6 — 2I")§"*0,,a0,a — 6H*(y)a").
(2.34)

We note that the action acquires an overall factor e« after
this procedure which can be associated with the Newton’s
coupling. It serves as the counterterm to the Newton’s
coupling such that the physical Newton’s coupling

k2(t)/al is constant. We have thus constructed a frame-
work to accommodate a nontrivial scaling dimension of the
cosmological constant operator 1 —I'/2 = a in Einstein
gravity by invoking its dual inflation theory.

In conclusion, we have constructed an inflation theory
with the following scaling law:

H2(f) ~ az a2 = a%(lﬂ)

K2 = k2(1)/ag’ = const. (2.35)
By this approach, we are ready to explore the dynamical
scaling relations (2.35) in Einstein gravity and the dual
inflation theory.

III. QUANTUM IR EFFECTS
IN 4D DE SITTER SPACE

As is well known, the gravitational theory has a
conformal invariance for its consistency. In fact, the
Einstein-Hilbert action can be expressed in a manifestly
conformally invariant manner,

% / dxy =GR + 640,30, — 6H2¢).  (3.1)

The metric g, is assumed to be conformally flat as in (2.13)
representing de Sitter space in the Poincaré patch. The
conformal invariance allows us to pick a flat coordinate in
which R only depends on §,,,

1 g
=2 / d*x[Q*R + 6770,00,Q - 6H*Q*.  (3.2)

The scalar curvature transforms as follows in the
conformal transformation:

R=a"R-6a7%0,(30,a) = 12H*, (3.3)
where the last equality holds for the de Sitter solution (2.13)
with a = a,, 3 =n". The ¢ field corresponds to the
conformal mode of the metric. The equation of motion for
¢ is readable from (3.1),

(V=99"0,¢) + V'(#) = 0. (3.4)

1
Ve

Since the signature of the kinetic term of the conformal
mode is negative, the potential is effectively turned upside
down. The extremum of the potential for the conformal
mode is a metastable hilltop point. Recall that the back-
ground a, itself is the classical solution. So the homo-
geneous solution for ¢ must be trivial ¢ = 1. As we show
later that there is a flat direction on-shell in the extended
(¢p, h%) space along X field direction. See Appendix A for
the definition of X field. However, such a direction is lifted
in the off-shell effective action.

Needless to say, we extremize the off-shell effective action
to find a quantum solution. In contrast, no potential is
generated in the nonlinear sigma models due to the repar-
ametrization invariance. The IR logarithmic correction to the
cosmological constant is highly suppressed in nonlinear
sigma models due to the absence of the potential [22,23]. On
the other hand, a nontrivial potential is generated in the
off-shell effective action in Einstein gravity. In this sense,
they are totally different. The flatness of the potential is lifted
by IR logarithmic effects at the one-loop level in four-
dimensional Einstein gravity in de Sitter space.
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Here we explain in some detail how to evaluate the
effective action with IR effects in a background gauge [24].
The relevant propagators are listed in Appendix A for
self-containedness. The essential point is that there are two
types of fields. The massless minimally coupled modes and
conformally coupled modes with the effective mass
m? = 2H?. Since we are interested in IR logarithmic
corrections, we ignore the massive modes of m? =
O(H?) and work in the subspace. Let us consider the
homogeneous and isotropic background:

(3.5)
|

gul/ = az(T)nuw

1 1 (1 )
p/d4x~/—g[R—6H2]‘2 :?/d“x\/—g{—zg” AN

/ d4x£GF

F,=V,n,

where the time dependence of the scale factor is not
specified except being close to de Sitter space with small
but arbitrary perturbations. The Ricci tensor as shown
below becomes proportional to the metric tensor on-shell
which is conformally flat

CZZ]A?OO —308%61 -+ 380&8061,
aZIA?ij = (ad}a + dyadya)sd

a*R = 6adla. (3.6)

ijo

On the general background, the quadratic action for each
field is given by

1 AUV g 1 Y o
+§g" v, N, h, +§R" oo’ hey

- 24"V, 1’ ,0,0 — 2R* )1 .0 + 630,00, + 2Rw® — 48H2w2}, (3.7)
/d“x\/ {——g’“’F F]

- 20,0 —2a"'9ya(h’, — 28°,w), (3.8)

(3.9)

1 L - -
/d4x£Fp|2 = p/ d*x[-a?0,b'0" b + a*0,b°0"b° + (—2adfa + 69yadya)b’bP].

The Lorentz indices are raised and lowered by #* and 7, respectively when the scale factor a is explicitly expressed.
Our task to evaluate the one-loop IR effects in the effective action is accomplished just by contracting the quadratic terms.
The Einstein-Hilbert action induces the IR logarithms as follows

1 1
K—z/ d*x\/=g[R = 6H?]| | 100 = —2/ d*x[2adya(h™d,h* ) — 8adya(h™d,w) + 30yadya(h™h))

+ (4ad3a — 80yadya)(hPw) +

= —/ d*x[24ad3a — 48H?a* + (8adia — 160yadya)]{w?).

+ (12ad3a — 48a*) (w?)]

(3.10)

In the first line, we neglected the terms with twice-differentiated propagators which do not induce the IR logarithms. In the
second line, we made use of the following identities which hold true in the subspace of massless fields:

o0 ~ 2,

ho ~ 0. (3.11)

We also performed partial integrations. In a similar way, the IR effect from the gauge fixing term is evaluated as

1
4 ~
/d xcGF'l—loop _K2

- 28008061(}10”]’10 >
~0.

(4adia — 40yadya)(h®w) +

/d4x[—2a80a(h0”8,,h”ﬂ> + 8adya(h®d,w)

(4ad3a + 120yadya)(w?)]
(3.12)

We confirm that the gauge fixing term does not induce the IR logarithms. The Faddeev-Popov ghost term also does not

induce the IR logarithms
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1 _
/ d*xLrp| 1 100p = —2/ d*x(—2ad3a + 60yadya) (b°b°)
K
~ 0. (3.13)
It is because »° is a massive mode,

b0 ~0. (3.14)

The merit of the background gauge is that we only need
to make contractions of pairs of fields in the Einstein-
Hilbert action to derive the one-loop effective action. The
gauge fixing term just determines the gravitational propa-
gators, and the Faddeev-Popov ghost term does not
contribute to the one-loop effect.

The one-loop effective action is obtained by simply
taking the local average,

% / d*x\/=3[(R — 12H?)(4a?) = 2R (W, @)].  (3.15)

Note that the effective action vanishes on-shell. It is
because we have focused on IR logarithms and hence
massless minimally coupled modes. Since they become
exactly massless on-shell, this is what is expected. We
notice a Lorentz symmetry breaking term (traceless sym-
metric tensor) due to the nonvanishing expectation value in
our gauge:

K> H? 3 1
<h"”a)> =~ —4—71_210g ac{g 5”05’/0 + g (7]”1, + 5’1051/0)}’

(3.16)

Clziélwhm/ ~ CZZ(ROO —+ Rll)]’loo = (-2&8(2)61 + 460&8061)]’100,
(3.17)

azkﬂy<hww> = az(koo + R11)<h00w>

~2(w?)(-2ad%a + 40yadya).  (3.18)
This noncovariant term also vanishes on-shell, as it is the
equation of motion with respect to 4%,

5500 d*x\/=gR = 60yadya — J}a*

= 40yadya — 2ad3a. (3.19)
It imposes a strong constraint on the time dependence of
the conformal mode a. The scale factor is determined as
a. « 1/(—Hr) and no other scaling is allowed.
Nevertheless, we explore the off-shell effective action
as we seek a nontrivial solution with an anomalous
dimension y. We refrain from the shift of the Lorentz
tensor h% to cancel this term (3.18) as it is problematic with
respect to the Lorentz symmetry. We need to preserve it as a

fundamental principle in general relativity. With an ansatz

a = a7 of a nontrivial dynamical scaling exponent y, we
find that the coefficient (3.19) no longer vanishes as follows

40yadya — 2adia = 2y(1 +y)H2al™ . (3.20)

We need to add a counterterm to subtract the right-hand
side of (3.20) which is O(y). Although the IR logarithm
comes from the two-point function (Aw) = —yloga,, it
is necessary to cancel the h%°-tadpole first. Specifically, we
introduce an inflaton f,

—or / d*x\/=G9"0,f0,f. (3.21)

We interpret this term as the T, component of the inflaton
energy-momentum tensor in our construction of dual
inflation theory. For the cancellation of the h%-tadpole,

we arrange e/ = ar'?, namely make it coincides with the
conformal mode by postulating an exponential potential

to f,

—/d4x[\/—_g6H2V(f) = 6H?a* exp(-2Tf)

= 6H%a*a; ™). (3.22)

It should be noted that the noncovariant term is canceled

simultaneously as (3.21) includes the ehoo¢2 operator.
We observe that this inflaton potential contains the IR

renormalization factor a;> for H2(¢) identified in our
previous work (2.32). We thus argue that an inflaton is
necessary as a covariant counterterm to renormalize IR
logarithms of Einstein gravity. In this sense, the introduc-
tion of an inflaton field is analogous to an anomaly.
As explained in (2.30), it is equivalent to a finite modi-
fication of the kinetic term of the conformal mode and the
cosmological constant operator if we eliminate the inflaton
by the conformal mode using their equality as they satisfy
the identical equations of motion. Although it spoils
manifest general covariance, the general covariance holds
due to the presence of the dual inflation theory.

After establishing the renormalization procedure of the
traceless tensor part, we move on to the analysis of the trace
part. The effective action up to the one-loop level is

1 [ . . 3x2H?
F/d4x\/—g[(R—6H2)+(R—12H2)(—— logaL,)}

4 472

(3.23)

Let us consider the equation of motion with respect to the
conformal mode:
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)

—g @W{ /—3(R — 6H?)} = \/=3(R — 12H?), (3.24)
b . 3k*H?
— g V=0(R-12H?*)( -= 1
g 5@;11/ { g( )< 4 471.2 0g aC) }
~ . 3K*H?
=+/—9(R —24H?) (—Zﬁlogac) (3.25)

The tree action is stationary with respect to the conformal
mode when R = 12H?. However, the one-loop contribution
is not so, indicating an instability of de Sitter solution
in Einstein gravity due to IR logarithmic effects. In the
Schwinger-Keldysh formalism, the effective action van-
ishes unless we introduce different fields (i.e., sources) on
the closed path. The quantum equation is free from this
problem. Our conclusion is well defined and has a physical
significance.

What we can do is to change the scale of the metric in the
classical action (3.24) to restore the balance in quantum
equation,

a — ad.. (3.26)

This conformal transformation changes the tree action as
follows'

1 N
P/ d*xal [a*R — 6a*H?aZ V(f)). (3.27)

As far as a. (IR logarithm) is concerned, it comes out as the
overall factor,
a*

2

d*x[a*R — 6a*H?),
K

(3.28)
where we used (3.22).

Our remaining task is to combine it with the one-loop
correction in (3.23). The result is

1 A
—2/ d*x[a*R — 6a*a; " H?]
K

1 o 3k*H?
:p/d“x[a“R—Ga“Hz(l —{47105;%)}

(3.29)

We have succeeded in constructing a new solution of
quantum equation to the leading order of IR logarithms. It
exhibits a nontrivial dynamical scaling law. It is certainly
different from de Sitter space. In this Universe, a nontrivial

"Here the transformation is not exact as the scalar curvature is
not covariant under the conformal transformation. We will
explain in Appendix B that the duality is a powerful tool to
obtain an exact solution.

dynamical scaling law holds with an exponent y. The
Newton’s coupling remains constant as the conformal trans-
formation (3.26) cancels its time evolution. The Hubble
parameter and conformal factor of the metric scales as

a 1
K*(t) &’

3k*H?
H?(1) = H? <1 - ZK47bg ac> ~a:”,

242
log ac) ~ag 7,

a* = a? <1 += (3.30)

4 47°
in agreement with the scaling arguments, (2.17) and (2.18).
At the one-loop level, the potential is linear rather than the
exponential as we can determine the O(y) corrections. It is
an inflationary universe with the slow-roll parameter € = y
and 7 = 0. A further finite renormalization of the Einstein-
Hilbert action to make (3.30) fully satisfy the quantum
equation will be explained in Appendix B in connection with
the dual inflation theory. We also investigate the physical
property of this Universe in more detail in Sec. V.

After a heuristic exposition, we have shown that the
following dynamical scaling relation holds in Einstein
gravity at the one-loop level:

3k*H? =
H?(t) = H2<1 —Klogac> ~az”.

3.31
4 An? ( )

It is consistent with an investigation on the dynamical scaling
law (2.35) in Einstein gravity with y = %’;—ff The difficulty
of revealing a nontrivial dynamical scaling relations in
Einstein gravity stems from the fact that the Einstein-
Hilbert action does not allow a modification of the tree level
de Sitter solution with respect to the time dependence.
Nevertheless, we believe that the nontrivial dynamical scaling
relation can be realized in quantum Einstein gravity as the
one-loop IR logarithmic corrections imply. The construction
of such a solution is complicated as we have explained. It is
because the effective action must be renormalized such
that \/=gR term loses its original geometric form. The same
is true for the cosmological constant term. This IR renorm-
alization feature of Einstein gravity is analogous to that of
two-dimensional Liouville gravity [1]. The analogous feature
is pointed on UV renormalization of quantum gravity in
(2 4 €) dimensions [25].

The solution of the effective action captures the quantum
effects. We postulate that it can be constructed as an
inflation (or quintessence) model. The duality in anti—de
Sitter (AdS) space has been very successful. The quantum
effects in conformal field theory (CFT) has been given by a
geometric description in AdS space. A possible duality in
de Sitter space is an outstanding problem. We hope that
our proposal will provide a new stimulation to this subject
[26-29]. We mention some analogies between our de Sitter
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duality and AdS/CFT in Sec. V. Our strategy is to construct
the classical dual inflation model which incorporates
quantum IR effects of Einstein gravity in de Sitter space.
We do not assume the exact de Sitter symmetry. It is shown
to be logarithmically broken in the next section.

IV. DE SITTER ENTROPY AND ASYMPTOTIC
FREEDOM

de Sitter space has a cosmological horizon. Gibbons and
Hawking pointed out that it has a geometric entropy
proportional to the area of the horizon [30]. As we have
found that the Hubble parameter decreases due to quantum
IR effects, the entropy must increase simultaneously. In this
section, we investigate four-dimensional gravity on de Sitter
space from an entropic point of view. In particular, we focus
on our conjecture concerning the identity of the de Sitter
entropy. In our postulate, it is the von Neumann entropy of
the conformal zero mode. As the Universe expands at an
accelerated rate, zero modes accumulate at the horizon. In
this sense, it is a natural idea. Why we focus on the
conformal mode? That is because it is the only mode which
couples to the cosmological constant operator. In other
words, it is a Lorentz scalar and does not need to be
contracted with derivatives. In fact, the other modes are
suppressed in the IR region, though the tensor mode A%
includes a scale invariant spectrum. We believe that the
Lorentz symmetry is consistent only with the conformal
mode condensation. In other words, the other modes are
excluded to contribute to the de Sitter entropy. We have gone
so far to introduce an inflaton field to subtract the non-
covariant quantum correction in the preceding section.
Needless to say, the Lorentz symmetry is one of the
fundamental principles on which general relativity is built.

As is well known, the geometric entropy is equal to the
effective action in quantum gravity as there is no energy in de
Sitter space. A detailed investigation of the de Sitter entropy
by a resummation method enables us to determine the
counterterm. The bare action with the counterterm in turn
enables us to determine the £ function of the dimensionless
coupling of Einstein gravity g = GyH?/x. Since the S
function with respect to time is negative, Einstein gravity
is asymptotically free toward the future. It is the most
exciting discovery of this paper. The irony is that the scaling
picture in the preceding section is superseded by the
asymptotic freedom picture immediately after in this section.

We consider the conformal zero mode dependence of
the action:

1
R 2w_6H2 4w
16nGN/*/§( ¢ e*)

1
6H22 20 _ L4w
167rGN/\/§ (2% = ™)

- /4
-~ GyH?

T
GyH?

(2e%¢ — €*”) (1 -4?). (4.1)

We omit the gauge fixing sector as it does not produce IR
logarithms in the background gauge.

The semiclassical de Sitter entropy z/(GyH?) is
obtained by rotating dS* into $*. Since H2(f) ~az* in
our scheme, the de Sitter entropy increases as

;z 3, 3 3
———~ —d¢ N—l 21 c = 3Ht.
GyH (1)~ 2" 5y (1 2rlogac) =20+

(4.2)
This result can be reproduced in a simple estimate as

T (1-4a?))

4.
GyH? (43)

~2%(1 +2yloga,) :23}/+3Ht.

In the dual inflation theory picture, the de Sitter entropy
increases due to the incoming energy flux of the inflaton.
The increase of the entropy is estimated by the first law
TAS = AE where AE is the incoming energy flux of the
inflaton. After translating the change of the entropy into
that of the Hubble parameter by the Gibbons-Hawking
formula, one of the Einstein equation is obtained [13],

H(t) = —47Gyf>. (4.4)
This relation implies S = 2z¢/(GyH) =3H which is
consistent with (4.2) and (4.3). This classical picture is
dual to our picture, the quantum evolution of the Hubble
parameter.

It is a fundamental question to inquire the identity of
the de Sitter entropy. We have proposed that it is the
von Neumann entropy of the conformal zero mode. The
distribution function of the zero mode is well approximated
by Gaussian,

1 4 1 6
P& w) = VP <—§w2> = P <—7{§w2>, (4.5)

S 2
Ry

where g = GyH?/n = 2y/3 denotes the inverse de Sitter
entropy. The Gaussian approximation must be excellent
since g is very small. We have introduced a new parameter &
to control the diffusion process of the distribution. The
distribution is diffused as & gets smaller. The von Neumann
entropy of the distribution grows at the same time:

(4.6)

§ = —tr(plogp)

= tr{p(%a)2 + log /\/') }

(1 +logmg —log4¢).

(4.7)

N[ =
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Our hypothesis is that the von Neumann entropy accounts
for the time dependent part of the de Sitter entropy. It
cannot explain the initial value. We fix the parameter g as
the initial de Sitter entropy and let £ evolve according to a
Fokker-Planck equation. To the leading order in the
log a. = Ht expansion, its growing speed is expected as

follows
A A
= — —_— :H
> 2( :) .

to be consistent with semiclassical result (4.2).

Although we have analyzed the one-loop quantum
effects in the preceding section, there is a resummation
method of the leading IR logarithms by a Fokker-Planck
equation. The solution of the Fokker-Planck equation
shows that the leading IR logarithms are power series in
Ht not yHt in the Gaussian approximation. We thus obtain
the one-loop exact result by resummation.

The Fokker-Planck equation of the conformal zero mode
is given by

(4.8)

N\E

. 0 0?
58*&;0 = 87 (4.9)

N\‘<

The left-hand side can be identified as p. The distribution
function p defines the correlation functions as follows

(" (1)) = / dop(&. w)a” (4.10)

where 7 is a positive integer.

The factor y/2 represents the residue of the conformal
mode propagator in the IR region. This is the conversion
factor from @ to X field. The point is how to treat the
negative sign of the kinetic term of the conformal mode. We
might imagine that the sign of the right-hand side is flipped
into the negative. However, the direction of time flow is
not prefixed in quantum gravity. The sensible choice is to
let it coincide with that of entropy. We see later that (4.9)
leads to entropy generation.

We also drop the drift term. As explained in the
preceding section, the potential is flat in X field direction
at the tree level. At the one-loop level, we have eliminated
the drift force by solving the quantum equation. In the dual
picture, the inflaton moves according to the classical drift
force. The conformal mode diffuses due to quantum IR
effects. We should not double count quantum diffusion and
classical drift as they are the same, i.e., dual effects.

The distribution with & =1 represents de Sitter
space (4.5),
24H?
plw) xexp{-V(w)}, V(o) =——0’0, (4.11)
K

where © = 87?/(3H*) is the volume of S$* It may
represent an initial state of the Universe when the inflation
began. Our following solution (4.12) is a one-parameter
extension of the de Sitter solution in (4.11),

24H 2

ple.0) xexp{-V(Ew)}.  V(Ew) =2 6.

(4.12)

In fact, there is an instability of the de Sitter solution against
diffusion. Namely, a broader distribution with decreasing &
has a larger von Neumann entropy.

First, we obtain an equation for £ from the Fokker-Planck
equation. In the Gaussian approximation, the Fokker-
Planck equation becomes

‘fag” §<2§p—2 2,0), (4.13)
7’f 88 Z_p=—3Hé + 3H§2 wp.  (4.14)
We obtain the equation of our target:
&= —6HE. (4.15)
The solution is
&= L (4.16)
1+ 6Ht

The von Neumann entropy is in agreement with (4.7) to
the leading order in the Ht expansion,

1
S:—Elogf. (4.17)
The entropy generation speed is
S = —tr(plogp) = 3HE. (4.18)

We have accomplished the resummation of (Ht)" to all
orders. The von Neumann entropy always increases under
the evolution of the Fokker-Planck equation,

§ = —tr(plogp)

3 RH [P
= S v L

16" 822 r(aaﬂp ng)
3 HKZHztr 0 \21
16 8x? B’ p

= 3HE. (4.19)

We have reproduced the time dependent part of the de Sitter
entropy (4.2) from the Fokker-Planck equation. Since
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&=1/(1 4 6Ht) is positive, this solution is entropically
more favored than the de Sitter solution. The Fokker-
Planck equation has been reduced to a diffusion equation in
the Gaussian approximation. Our results correspond to the
fact that the standard deviation of the distribution increases
with time as (1 + 6H?).

It is also possible to estimate the entropy directly from
the partition function of Einstein gravity. The partition
function of the conformal zero mode sector may be rotated
into $* by assuming the system is quasiequilibrium,

Z(1) = /da)ei(l_%mwz)

= e / dwe £
L [7g
= @Y —_—.
4&(1)

We obtain the de Sitter entropy S(7) = log Z(t) as there is
no energy in de Sitter space,

(4.20)

S(1) zé—f—%(log ng —log4&(r)). (4.21)

It is manifest that the conformal zero mode integration
gives rise to —(1/2)log & by exponentiating the one-loop
determinant. The correlation functions of this theory are
defined as

1 1 2
(0" (1)) = %/ dwes =0 gy (4.22)
With the choice of £(7) as (4.16), they satisfy the identical
Fokker-Planck equation. This argument proves that the von
Neumann entropy (4.8) reproduces the time dependence of
the de Sitter entropy (4.21) in the conformal zero mode
sector. Here we have completed a large circle to the original
Euclidean gravity approach by Gibbons and Hawking.

The Fokker-Planck equation enables us to exactly
determine the one-loop IR logarithmic correction to the
entropy, i.e., the action. In what follows, we use a
renormalization group technique to keep track of IR
logarithmic corrections. We define a bare action with a
counterterm to cancel the time dependent IR correction at
the one-loop level. We minimally remove the time depen-
dent part as follows

S5 = ——+ log (1), (4.23)

g(t) 2

Since Sp is the bare action, we derive the £ functions in a
standard way, i.e., by requiring Sp to be time independent,

1 0

p(9) 7 (4.24)

= Olog(1 4+ 6Ht

Since the f(g) function is negative, the coupling g =
GyH?*/x is asymptotically free toward the future. It is
also remarkable that this equation to determine g has no
small parameter. It indicates that we may obtain observable
effects. On the other hand, our Universe sits very near the
fixed point f =g =0 with a large entropy [31,32]. In
quantum gravity, the maximal entropy principle operates
since the entropy is directly obtained as S =logZ. It is
because quantum gravity integrates over the geometry and
the temperature is related to the periodicity of the metric in
Euclidean time direction.
The solutions of (4.24) is

1 (1+6Ht)+1
o6) 2 % +6H) g,

= Slog(1 + 6H1), (4.25)
where g = GyH?/n = k*H?/(162?) is the dimensionless
combination of the Hubble parameter H? and the Newton’s
coupling Gy. The dimensionless coupling ¢(¢) increases
toward the past. Its initial value is given by the time #; when
the de Sitter expansion started,

1 1
—= Elog(l + 6H1;). (4.26)

1

The ratio of the couplings has the simple expression:

g(t;)  log(1 + 6H1)
g(t) log(1+6Ht,)"

(4.27)

We can introduce an analog of the QCD A parameter ¢, as
follows

2

t) = .
9(1) log(1 + 6Ht) —log(1 + 6H1,)

(4.28)

In our formula (4.25), we have adopted the convention
tn = 0. Just like QCD, the coupling g becomes large at
t =t,. These solutions are globally defined from the
beginning of the de Sitter expansion until the end of
the accelerating expansion. We discuss the property of
the solutions of the renormalization group f function in
comparison to the de Sitter expansion in the next section.

We have evaluated the geometric entropy at the one-loop
level exactly by the Fokker-Planck equation. In quantum
gravity in de Sitter space, the geometric entropy is equal
to the effective action. Therefore, we can determine the
counterterms from entropy. Einstein gravity in de Sitter
space turns out to be asymptotically free toward the
future as implied by the inverse relationship S = 1/g.
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The p function (4.24) controls the time evolution of the
spacetime. It could have many implications on fundamental
issues in physics. First of all, four-dimensional de Sitter
space is doomed and dark energy decays logarithmically
with cosmic time.

Here we mention the previous work which discusses the
cosmological constant problem from an analogy between
the conformal sector in Einstein gravity and the ¢* theory
in the flat spacetime [2]. The flat spacetime setup focuses
on the subhorizon dynamics which respects the de Sitter
symmetry. Therefore, the cosmological constant does not
acquire time dependence. In contrast, our work focuses
on the superhorizon dynamics which is expressed as the
stochastic procedure with the de Sitter symmetry breaking.
The geometric entropy increases with time, and the
cosmological constant decreases simultaneously.

Let us check to what extent our estimate of the screening
of g in the preceding section can be trusted in comparison
to the one-loop exact result in this section. The one-loop
evaluation of the IR logarithmic effects (3.30) is a local
estimate of the 8 function. It obeys a scaling law as follows

1 1 1 1
—~—e30Ht ~ — (1 4 3goHt) = — + 3Ht.
9 9o 90 90

(4.29)
On the other hand, the exact one-loop $ function gives the
following time evolution:

11 11
f~§10g(1+6Ht)+—~—+3Ht. (4.30)
g

90 Y0

Their local behaviors are identical while they behave in
different ways globally, i.e., Ht > 1. The g in (4.29) decays
exponentially and the resummed ¢ in (4.30) decays
logarithmically. In evaluating the effective action, we just
exponentiated the linear deformation. On the other hand,
the Fokker-Planck equation sums up all leading powers of
Ht to form a globally valid one-loop solution. It has
revealed asymptotic freedom toward the future, i.e., the
logarithmic violation of scaling.

Before concluding this section, we comment on the
gauge dependence of the f# function. It has been pointed out
that Einstein gravity on de Sitter space screens dimension-
less couplings of generic field theories [5]. The mass
parameters are not renormalized presumably due to the
energy conservation. The anomalous dimensions y; of the
operators O; due to IR fluctuations are found to be gauge
dependent. In a generalized gauge with a gauge parameter
5, 7; in the gauge of this paper becomes (2 — 6%)y;. In the
case of the  function, the gauge dependence appears only
through the definition of 7 =1 + 6(2 — §*)Ht in (4.24).
The f function does not depend on the linear redefinition of
T since it is defined by the derivative with respect to log 7.
Therefore, the # function for g is gauge independent.

We find that the anomalous dimensions also become
gauge independent if we assume that 7 sets the timescale:

yth:ﬁ(T— 1) N%logT,

6
9 (7 Vi
.= LlogT | =42,
' 810g’]'<6 o8 ) 6

(4.31)

The gauge independent anomalous dimensions of the
couplings in the standard model are listed below

2
I, = _?7612’ gauge couplings,
13
Iy =-— 2—4://1Y” Yukawa couplings,
Ty . .
I, = _§,14, Higgs coupling. (4.32)

As is well known, the presence of the fixed point and the
sign of the first derivative at the fixed point of the  function
is prescription independent.

Remarkably, our proposal works not only in two
dimensions but in four-dimensional de Sitter space as well.
We have gathered convincing evidences to our conjecture:
The de Sitter entropy is indeed the von Neumann entropy of
the conformal zero mode. By analyzing dual pairs in four-
dimensional accelerating Universe, the shielding mecha-
nism of the cosmological constant and the identity of the de
Sitter entropy have been well elucidated. The mechanism of
entropy generation has been identified with the stochastic
process at the cosmological horizon [11]. Our research on
four-dimensional de Sitter space reinforces such a line of
thinking.

V. PHYSICAL IMPLICATIONS

In this section, we explore physical implications of
our findings on quantum/classical gravity duals in four-
dimensional de Sitter space. The dimensionless parameter
GyH?/x decays logarithmically with the cosmic evolution.
Einstein gravity in de Sitter space is asymptotically free
toward the future. Our hypothesis is that Einstein gravity in
de Sitter space is dual to an inflation (or quintessence)
model. The merit to postulate quantum/classical gravity
duality in de Sitter space is twofold. First, this duality
enables us to gain an intuitive grasp on quantum IR effects
in Einstein gravity. On the other hand, this duality puts
constraints on the inflation (or quintessence) model. The
problem of inflation models is the lack of principle to
determine the inflaton potential. Our duality suggests that it
may be generated by quantum effects. Since Einstein
gravity is expected to be valid close to Planck scale, it is
important to understand its quantum IR effects in de Sitter
space. Our postulate is that the effective action of Einstein
gravity is given by an inflation model.
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Let us recall the inflaton Lagrangian (2.23):

1 K2
= [ v {R —6HA(1 — \J7xf) - 59"”8,,f0yf]
= K_lz/ d*x [azii +63"0,a0,a
2
— 6H2a*(1 — \/7xf) —%azgﬂ”ﬁﬂfﬁbf], (5.1)

where we canonically renormalized f field and redefine
H?(y) — H?. At the one-loop level, the inflaton potential is
linear,

6H>
V(f) = — (1 = Vref). (5.2)
The slow-roll parameters are
1 [V'\2 2 v
— | — =7, = —=—= 0. 5.3
€= <v> o= ay (5.3)

So Einstein gravity in de Sitter space performs a slow-roll
inflation due to quantum IR effects in an analogous way
with two-dimensional Liouville gravity. Furthermore, the
Hubble parameter eventually vanishes due to the linear
potential. It is an attractive feature with respect to dark
energy application. We have succeeded in constructing a
quintessence model.

The equation of motion for an inflaton in a slow-roll
approximation is

. 6H2
3Hf ==V’ VT

H*(1)/H* =1—x\yf =1-2yHLt

As the inflaton rolls down the potential, the Hubble
parameter decreases. In turn, the de Sitter entropy S =
n/(GyH?*(t)) = 3/(2y) increases,

(5.4)

H2 \/_f 2H7/ = 3H. (5.5)
The expansion of the Universe is accelerating for small y
as —H(t)/H*(t) ~y < 1.

The equation of state is

w:gz (1—K26j;2>:—(1—§y). (5.6)

It is consistent with the time dependence of the Hubble
parameter,

H(1 3(1 -
H(2> - /da SUEW) o oy (5)
a a

Note that 3(1 4+ w) = 2¢ where e = —H()/H%(t) is a
slow-roll parameter. Since general relativity applies
very well to the present Universe, the application of this
quintessence theory to dark energy is very natural.
Unfortunately, the equation of state w in (5.6) is very close
to —1 in the quintessence model dual to Einstein gravity.
Fortunately, what we have explained so far is the local
evolution of the Universe. We need to take account of the
global behavior of the Universe at a late time. We show
that H?(¢) decreases logarithmically right after it began
recent accelerated expansion in (5.37). When dark energy
dominates, the equation of state becomes 3(1+ w)~
1/(loga.log(loga,)) ~2¢. The slow-roll parameter e
decreases toward the future as

1

= 5.8
2Htlog Ht (5-8)

This is a very robust signature of the asymptotically free de
Sitter gravity as we explain it shortly.

We can reproduce the same physical prediction from
the renormalized Einstein-Hilbert action (2.30) in the dual
picture. We recall the volume operator scale as

[ stz (5.9)

where a~1—y/2 is the scaling dimension. The scale
factor is also obtained as the solution of (2.30):

a=a'. (5.10)

The metric is given by

1 2(1+4y)
ds> = (=di® + dx?) = —di* + a*(t)dx?,
—-Ht
(5.11)
where the scale factor is

Ity
a(t) = (yHt)7.
The Hubble parameter shows that the expansion of the

Universe is accelerating —H (¢)/H?(t) ~y < 1 which is in
agreement with an inflation picture,

(5.12)

= (yHY)7, H(t)~a” ~H>(1-2yHT1).

(5.13)
These results are based on the one-loop IR logarithmic
effect to shield GyH?/x. However, the picture changes
dramatically by summing all leading IR logarithms by the
Fokker-Planck equation. We then find the logarithmic
breaking of scaling with the B function for g = GyH?*/x
in (4.24). The scaling picture is replaced by the asymptotic
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freedom picture. The dimensionless Hubble parameter g
decays logarithmically with the cosmic evolution. It implies
that dark energy also decays logarithmically. We will come
back to this subject as a finale of this paper.

We point out an illuminating example of the solutions of
the B function. Here we reparametrize log(1 + 6Ht) —
log(1 + Ht) using the invariance of the # function under
such a linear transformation. The scale factor a(z) of de
Sitter space can be regarded as such a solution,

o10) = oot g 29(6) =

= - 5.14
log(1 + Ht (5.14)

—Hzt

It is because g(¢) and 2a(r) satisfy the same equation:

ﬁZa(ﬂ = —% <_ZT>2 _ _%<2a(7))2’ (515)

under the following reparametrization of the variables:

log(1 + Ht), t >0« —Hr, 7<0. (5.16)
Another interesting property of the solution is the time
reversal symmetry under —Hrt <> 1/(—Hr). Namely,

—2Hr satisfies the same equation:

0
o 1

—Hrt

0 1
(=2H7) = HTQE(—2HT) = —E(—2H1)2. (5.17)

So the inverted function is also the solution of the fj
function:

g(1) = 2log(1 + Ht) <> 2a(r) = —2Hx. (5.18)

This inversion corresponds to the time reversal symmetry.
As we have pointed out in (4.27), the simplest solution of
the /3 function is a ratio of the solutions like H?(t)/H?(t,):

H*(1)  log(1 + Hiy)
H?(t,)  log(1 + Ht)

log(1 + Ht)
log(1 + Hiry)

(5.19)

We can simply invert the ratio when we change the
direction of time flow.

In view of the transition behavior from the exponential
dumping to the logarithmic dumping, we need to modify
the potential, i.e., running H>(¢), as follows:

2H? 2H?
H?*(1 —2yHt) —»

= EHZ 7).
—Hz log(1 + Ht) (1)

(5.20)
The renormalized action is

I . )
> / d*x[a?R + (6 — 20)F*8,a0,a — 6HX(a"]. (5.21)

This is essentially the FEinstein-Hilbert action with the
running H>(t).

Let us consider what is the dual inflaton theory to
Einstein gravity including all leading one-loop IR loga-
rithms. The question is what is the potential of inflaton
V(f) in such a theory,

l/d“x\/—_ R — 6H?V(f) < O, fO,f (5.22)
K'2 g 2 g H v . .

We examine the linear potential V(f) = 1 — ,/7kf. The
equation of motion in the slow-roll approximation is

. 2
3H(1)f = 6% J7- (5.23)

First, let us assume that f is small. The Hubble parameter
H?(t)/H? behaves as

V(f)=1-\/yrxf =1—-2yHt=1-3gHt.  (5.24)
This should be compared with the scaling and duality
argument (2.32) and the one-loop quantum IR effect of
Einstein gravity (3.31),

V(f) = exp(—/rkf) ~ 1 —2yHt. (5.25)

The above agreement by the both linear and exponential
potentials implies that what we have proven with the
exponential potential holds in the linear potential as well
at the one-loop level.

In Sec. 1V, this system is solved exactly by the Fokker-
Planck equation for small y,

2

9(r) = log(1 + 6Ht) +

- (5.26)
g
This one-loop exact solution can reproduce (5.24) at
Ht <1 and describe the global behavior at Hr > 1.
However, the scale of the inflaton is restricted to
Vrkf < 1. In other words, the deformation from de
Sitter space has been evaluated as a linear response. In
order to discuss the larger scale \/ykf > 1, we need to
solve the Fokker-Planck equation for a time dependent
background. Such an investigation is irrelevant with the
current Universe (tiny g) while it is relevant with the
primordial Universe (nonsmall g).

For a time dependent ¢(¢), the left-hand side of the
Fokker-Planck equation becomes as follows

2 ()~ (o)

In place of (4.15), we obtain

(5.27)
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ilogé = —6¢,

2
N (5.28)

where the e-folding number N is not exactly equal to Ht.
Since 1/& measures the magnitude of the enhancement of
the scalar perturbation (4.12), & corresponds to the tensor-
to-scalar ratio r.

The exact solution of (5.27) is given by

2 1 1 1
9= 1- , E=—(1- . (5.29)
log N log N 6N log N

The corresponding f function can be evaluated as follows

0 2 2
Plo) = 8logNg T (logN)? <1 B logN>' (5:30)

In the IR region N > 1, (5.29) behaves similarly to (5.26)
because the 1/log N correction is tiny. Since ¢ decreases
as N increases,

10

:———1 =
€= TN %Y

1
1- 31
logN—l)’ (5:31)

the spacetime expansion does not become decelerating. It is
a future subject to find a mechanism to end the inflation era.

Given the 1/log N correction, there exist not only the IR
fixed point g = 0 but also a UV fixed point. The  function
(5.30) shows that g increases monotonically toward the past
and has the maximum value g = 1/2. The existence of the
UV fixed point may indicate the consistency of quantum
gravity and a conformal invariance in the beginning of
the Universe. This situation is analogous to AdS/CFT.
Near the IR fixed point, i.e., for the weak coupling,
quantum Finstein gravity is a good approximation. On
the other hand, the UV fixed point may indicate the
existence of a strong coupled conformally invariant phase.

We are caught by surprise to find that the exact f
function (5.30) possesses the UV fixed point in addition to
the IR fixed point. Since we have adopted the Gaussian
approximation, this is not a proof of the consistency of
quantum gravity as the critical coupling g = 1/2 is strong.
Nevertheless, the messages are clear that quantum gravity
on de Sitter space is both IR and UV finite. The cosmic
expansion started at the Planck scale with the minimal
entropy S = 2. We believe that this result underscores the
holographic nature of gravity. We have investigated the
degrees of freedom at the horizon. That is presumably all
that matters as far as gravity is concerned.

Let us consider the current accelerating Universe. The
energy contents of the current Universe are given by the
dark energy density Q, = 0.7 and the matter density
Q,; = 0.3. The incoming matter energy flux gives rise
to the same phenomena,

2N10gN<

—H(to) - 47Z'GN

472Gy 3H% 3 1
2 2 = Q
Hj Hj

pu— :—Q N—’
PMTTHE 8aGy M T2 M)

(5.32)

where O, denotes the present value of O. This effect is
self-consistent since the current Universe is accelerating
y = 1/2 < 1. Since this equation (5.32) follows from the
Friedmann equation,

(5.33)

it is hard to dispute. This Friedmann equation is a standard
one and thus does not include new effects. We can estimate
the time dependence of the Hubble parameter for small
z=—H(t - 19),

H2 (1)

= Qw2 Qy (e 1)
0

~1—=0.9H(t - to). (5.34)

We recall the following relation between the energy
density parameter € and the energy density p:
where © is the volume of $* of radius 1/H,. If the dark
energy stays constant, it will be the sole energy component
after the matter disappears,

Qp = grpaA®F = 1, (5.36)
where O and g are given by the final Hubble parameter
1/Hpg.

In terms of the 7 variable, it is manifest that we can
scale the solution by 7 — c7. By using this freedom, we
may change the coupling g into the energy density Q by
g — gp® = Q using the relation in (5.35). The point of this
scaling is to effectively magnify minuscule g into O(1)
quantity Q. We can use the following expression for O(1)
quantity:

2¢7!

) = 1o T (5.37)

where ¢ is a normalization coefficient. For small ¢, the
above expression becomes,

2¢7! 2¢7!
Q(t):c—~ <.
Ht —Hr

(5.38)

So we obtain a condition Ht > 1 for logarithmic behavior
of Q(z). It coincides when the Universe began the recent
accelerated expansion. Instead of considering O(1)
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quantity Q, we can consider the ratio H*(¢)/Hj3 which is
certainly O(1). In fact, they are the same quantify
H%(1)/H} = Q(1).

The quantum effects start to kick in at t =¢;. Dark
energy may be no longer constant. Instead, it may initiate
the logarithmic decay. Mathematically, it just sets the initial
condition of the renormalization group for g. The initial
condition is prepared by the classical Friedmann equation.

We combine dark energy and matter effect (5.34),

H*(2)
Hj

=0.3(1 +2)* +0.71og(e +log(1 +z)),  (5.39)

where the redshift variable 1+ z = 1/a is introduced to
compare with the observations. We also make use of
the time reversal operation (5.18) since the redshift
variable z looks backward in time. The solution of the j
function is obtained by the following reparametrization
1+ Ht — e +log(1 + z). The factor e is inserted in such a
way that log(1 + Hty) = 1 at present zo = 0.

Since log x with the identification x = log(1 + z) cannot
be normalized around x = 0, the shift of time is inevitable.
We have fixed the time translation freedom as x — x + ¢
such that log(x + e) is normalized when x = 0. This time
shift does not modify the energy density of matter because
the normalization condition Q,,(x = 0) = 0.3 removes the
extra factor due to this time shift. In our convention, there
is no free parameter here although we have ignored the
nonlinear correlation between Q,, and Q,. The threshold
effects at t = ¢; are also neglected. We hope to improve the
Eq. (5.39) in these aspects. We compute y to judge the
Universe is accelerating if y < 1,

(1+ Z)(,%Hz(z) — (), (5.40)
yH?(z) _ 0 H*(z)
H: I+a5 2H?
_ % <o.9<1 2P +07 m) (5.41)

We propose the following formula in predicting the
future energy density parameters:

H? 1
@ _o3lior—1 (542
Hj a log(e + log a)
yH*(a) d H*(a)
= —d—
H} da 2H}
1 1 1 1
2 a e +logalog®(e + loga)
(5.43)

At present a =1 and z =0, H> and y agree in both
formulas. The future oriented formula (5.42) is smoothly

connected to (5.39) at a = 1 and z = 0. This is due to the
time reversal symmetry pointed out in (5.19).

We find a formula in the linear approximation which is
valid for small z:

H(z) = Hy(1 + 0.582), (5.44)

which is the sum of matter effect and dark energy effect
as 0.58 =045+0.13. We determine z; by requiring
y(z;) = 1: when the Universe started the accelerated
expansion. It turns out to be z; = 0.6 and Q) = 1.2,
Q, =0.8. At present, z =0 and Q) =0.3, Q) =0.7,
7o = 0.2. This y, is considerably smaller than the classical
theory’s one yq = 1/2 in (5.32).

The qualitative understanding of these numbers is easy
in the classical case since dark energy density stays
constant. Given the present energy density para-
meters, Q(z) = (14 2)3Qy,, v is given by (3/2)Qy(1)/
(Qu + Q4). In the classical case, y = 1 corresponds to
Qy(z) =4/3 and z = 0.6.

In the quantum case where dark energy decays loga-
rithmically, it turns out that Q,, = 1.2, Q, = 0.8 when
y = 1. The fact that z; = 0.6 comes out to be in the right
ballpark is a nontrivial check of our theory against the
observations.

In Fig. 1, the Hubble parameter measurements H(z) and
their errors oy at 51 redshifts z are plotted. The data are
taken from the compilation of various observations in [33].
For the theoretical curves, we fix the values of density
parameters as Q,, = 0.311 and Q, = 0.689 [34]. However,
we do not fix the Hubble constant H, because an observed
value of Hy = 73.24+1.74 kms™'Mpc™' by type Ia
Supernovae and Cepheids [35] is systematically larger than
an observed value of Hy=67.66+0.42kms™' Mpc~! by
CMB [34]. The origin of the discrepancy is not clear at the
present time. For our model, we use

250 —————————— "]
200} A ]
Q 2 1
g, [ P
= [ ) } }

T o150} P I ]
E | ]
5 100} }%Jﬁ ]
S8 :_} o2 Standard 1
50k This work ]
0.0 0.5 1.0 1.5 2.0 2.5

z

FIG. 1. The Hubble parameter measurements and their errors
(in units of kms~! Mpc™!) [33] are compared with theoretical
predictions.
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TABLE I. Chi-squares per degrees of freedom.
H, [kms™! Mpc™'] % /dof
Standard 68.8 £ 2.5 0.739
This work 67.2+2.5 0.623
HZ(Z) 3
{QAlog(e—l—log(l—i—z)), (2<0.6) (5.45)
Qulog(e+log(1.6)), (z>0.6) '

The results of the fitting are summarized in Table I. The
figure-of-merit for the observed Hubble data is given by the
chi-square per degrees of freedom, which is defined by

1 & [cheo(zi) B Hobs<zi)]2

2
Ndat - Npar i=1 OH.i

y*/dof =

. (5.46)

where N, is the number of free parameters, N, is the
number of the observational Hubble parameter H (z;) at
redshift z;, o ; is its error, and Hy,,(z;) is the theoretical
value for a given model. In the present case, we have
Npar = 1, Nopg = S1. If the value of x*/dof is much larger
than unity, the assumed theory poorly explains the data.

The differences between the standard model and our
theory are not significant, and both can almost equally
explain the observations of the Hubble parameters. The
fitted value of the Hubble constant with our theory is
slightly closer to the value estimated by CMB. The value
of y?/dof in our theory is slightly smaller than that in
standard model. The difference is not significant, but this
suggests that our theory has a slightly better fit than the
standard model. One of the main reason comes from the
fact that the data of highest redshifts around z ~ 2.35 are
smaller than the expectations of the standard model, and
our theory predicts smaller Hubble parameter for the high
redshifts, because the decaying nature of the dark energy
makes the slope of the curve shallower than the cosmo-
logical constant.

Next, we consider the parameters of dark energy for
7z < 0.6. It is quite common to parametrize the equation of
state of the dark energy by w(a)=wy+ w,(1—a)
[36,37]. Comparing the Eq. (5.39) with the standard
theory, an integral 3 [§ dz(1 +w)/(1 + z) corresponds to
the function log(log(e + log(1 + z))) in our theory. The
analytic solution is

1 1
3(1 = .
(1+w) log(e +log(1 +z)) e +log(1 + z)

(5.47)

Applying Taylor expansions to both quantities and com-
paring the coefficients of z° and z', we obtain

1

wo=—1+5. (5.48)

W, = —y .
These are interesting predictions of our theory.

The observed values of wy and w, [38], predictions of
standard cosmology and of our theory are respectively
given by

Observation: wy = —0.91 +£0.10,w, = —0.39 £+ 0.34,

(5.49)
Standard: wy = —1,w, =0, (5.50)
This work: wy = —0.877 -+, w, = —0.090---.  (5.51)

While both predictions are consistent to the observation,
the values of our theory are closer to the observed values
than those of the standard cosmology. Thus our theory is
promising, although more accurate observations will be
necessary to judge if our theory is significantly better than
the standard one or not.

To conclude, there are some differences between our
theory and the standard theory for the predictions of H(z).
The observed values of H(z) and dark energy parameters
wy, w, are slightly closer to the predictions of our theory.
However, the difference is not statistically significant at
the error levels of the present time. Currently ongoing,
and near-future observations such as DESI [39] and Euclid
[40] will significantly reduce the errors by factor 1/3-1/10
for both parameters. Therefore, our theory will definitely
be testable in near future when those observations are
available.

VI. CONCLUSIONS

We have investigated IR dynamics in quantum and
classical gravitational theories on de Sitter-type space.
We have formulated dynamical scaling law in generic
four-dimensional gravitational theories. We have realized
a duality between quantum IR effects in Einstein gravity
and classical effects in an inflation (or quintessence) theory
in four dimensions just like in two dimensions [1]. Namely,
quantum IR effects in Einstein gravity can be interpreted as
classical phenomena in the inflation theory. As an example,
the shielding of the Hubble parameter H is found to occur
in Finstein gravity due to the quantum diffusion of the
conformal mode. We can identify the dual inflation theory
in which H decreases due to classical physics. The inflaton
slowly rolls down the linear potential. The nontrivial point
in this duality is that the inflaton potential is uniquely fixed.
In fact, we find it necessary to introduce an inflaton into
Einstein gravity as a counterterm to cancel the noncovariant
IR logarithm.

We thus postulate a duality between quantum Einstein
gravity/a classical inflation theory. In our view, they may be
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the same thing seen from different angles. In the quantum
gravity point of view, the main character is the conformal
mode. The Hubble parameter decreases due to the stochas-
tic process at the horizon. The de Sitter entropy is nothing
but the von Neumann entropy of the conformal zero mode.
They increase due to diffusion at the horizon in a consistent
way with the Gibbons-Hawking formula. In the dual
picture, the Hubble parameter decreases due to the classical
drift of the inflaton. The de Sitter entropy increases due to
the incoming energy flow of the inflaton. So we can explain
the same physics in terms of quantum effects in Einstein
gravity and by classical physics in its dual inflation theory.

This line of thinking puts strong constraints on possible
outcomes of physics in the accelerating expanding eras. For
example, we may be able to make unique predictions on the
inflaton potential or the fate of dark energy. In this paper,
we have evaluated the § function of g = GyH?/x: the
only dimensionless parameter in Einstein gravity. It turns
out to be asymptotically free toward the future: f(g) =
(0/01og(Ht))g = —(1/2)g*. Tt predicts that dark energy
decays logarithmically. The exciting prospect is that this
prediction may be well observable.

It is remarkable that the # function does not contain a
small parameter while ¢ is minuscule. Our Universe is
situated very close to the fixed point g ~0 with a huge
entropy 1/g. The f function explains why g is destined to
vanish logarithmically with time. We have gathered more
evidence for our identification of the de Sitter entropy with
the von Neumann entropy of the conformal zero mode. In
fact, the f function tells how fast the de Sitter entropy
increases. It coincides with the increasing speed of the von
Neumann entropy due to quantum diffusion at the horizon.
If our prediction for dark energy is verified by observations,
we are likely to have solved a major part of the cosmo-
logical constant problem: its destined fate and the mecha-
nism of asymptotic freedom of g. However, there are still
mysteries on its evolution process. Why the Universe
started accelerated expansion now after the inflation
ended, and just after the Universe was created? We
certainly need more detailed understandings on the evolu-
tion of the Universe.

In the case of inflation, the prediction of the slow-roll
parameter in Einstein gravity and its dual is too small for
CMB. In this work, the emergence of the linear potential at
the one-loop level is demonstrated, at least locally. This
result underscores our previous scenario where the slow-
roll parameter € grows into an observable value by quantum
and classical effects [41]. It is possible that a desirable

|

1

scenario which starts and ends the slow-roll inflation can be
obtained by combining this work and the previous work.

Concerning higher order corrections to the # function,
the Gibbons-Hawking formula is suggestive. If we assume
that the inverse relationship S = 1/¢ holds to all orders
qualitatively, the £ function must be negative on the whole
way to the strong coupling limit since the entropy never
decreases with time. In fact, such a point of view can be
confirmed by the exact § function within the Gaussian
approximation (5.30). It is negative in the whole range of
time flow. The surprising feature is that it has the UV fixed
point in addition to the IR fixed point. The coupling
approaches a finite value toward the past.

Given the UV fixed point, it may be natural to assume the
existence of a strongly coupled conformally invariant
phase. Such an idea is old [25] but the relevance of de
Sitter space is a new insight. Physics may depend on the
dimensionless coupling g = GyH?/z only. In this combi-
nation, large Gy is equivalent to large H?. We need a
nonperturbative framework to investigate such a possibility.
Surprisingly, the IIB matrix model indicates that four-
dimensional spacetime emerges out of matrices in de Sitter
phase [42,43]. It is serendipity that our work will be tested
not only by observations but also by matrix models and
string theory.
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APPENDIX A: GRAVITATIONAL
PROPAGATORS IN DE SITTER SPACE

For self-containedness, we review gravitational propa-
gators in de Sitter space. The de Sitter background is
given by

B 1
- —Ht'

ds* = a’(—dz* + dx?), a, (A1)

The quadratic terms in the Einstein-Hilbert action are
given by

1 1 1
P/ d*x\/=g|R — 6H?||, = p/d“x {—Zagaﬂh/’(’a"hw + Eagaphﬂyagh(’” + 2Halho,h*, + 3H*ath™h°,

- 2a38”h’“‘8,,a) - 8Ha2h0”8ﬂa) + 6a38ﬂw8"a) —24H?a*a?|.

(A2)
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We adopt the following gauge fixing term:

1 1
/d4x£GF /d4 l:—Ea%FﬂF”:| s
K

F,=0,n,-20,0+ 2HaChOM + 4Ha55ﬂ0a).
(A3)
The sum of (A2) and (A3) is given by
1
p/d“x,/—g[R —6H?|, + / d*xLep
=L [ ax|a (Lo womni 1+ Lo, noigmo
=2 ) EF| A\ Ty A O
1
-3 3ﬂh008”h00 + 48ﬂa)8"w>
+ H?a}(hY R0 — pOR%0 4 4p%0g) — 40)2)} , (A4)
where 7'/ is the spatial traceless mode:
e b0 eii
hfzh’f—gh oY, (A5)
The quadratic action is diagonalized as follows
—/ d*x { —a28 RUOHRY 4~ a28 Xo"X
1 . . o
+ 3 agaﬂhma"ho’ + H*ah"h%
1
-3 a2d, Yo'y — H*a; Yﬂ : (A6)
where X and Y are given by
1
X=2V30w-—=h®  Y=h"-2w. (A7
7 (A7)

Furthermore, the quadratic Fadeev-Popov ghost term is
given by

1 o )
/ d4xcpp(2 =3 / d*x[=a20,b' bl + a20, B0 b°

+ 2H?ab’p"). (A8)

As seen in (A6) and (AS8), Einstein gravity consists

of massless minimally coupled modes, and conformally

coupled modes. We neglect the conformally coupled modes

ho ~ 0, Y ~0, b0 ~0, (A9)

and focus on the subspace of massless minimally coupled
modes

V3

hOOzZa)zTX, hil, b'. (A10)

That is because only the massless minimally coupled
modes induce the IR logarithms

(R = (5457 + 55 =250 ) (o))

(b'(x)b/ (x')) = 87 (g (x)gp(x")). (A11)

where the two-point function of a massless minimally
coupled scalar field is given by
2 H2

(p(x)p(x')) ~ =

log(a.(r)a.(7)).  (Al2)

As discussed in the main text, the negative norm of X (i.e.,
h% and ) plays an important role to screen the cosmo-
logical constant.

APPENDIX B: ONE-LOOP IR LOGARITHMS
AND DUALITY

We explain our investigations on the IR renormalization
problem of Einstein gravity from the duality point of view.
Although we can work in any conformal frame, we pick the
following frame where the background a is the classical
solution. Sometimes, we find it convenient to assume a is
slightly off-shell,

K1—2 / d*x[a*¢’R—6a0, {70, (agp)} —6H*a*¢*],  (BI)

where we parametrize ¢ = ¢®”. The quantum equation is
the condition that there is no tadpole. In our case, it is
equivalent to require that the coefficient in front of w, K%
must vanish. In other words, there should be no linear term
in w, h% in the effective action. Since the de Sitter solution
satisfies this requirement, the classical action corresponds
to w = h =0,

_/d4

There may be a gauge and a parametrization where IR
logarithmic effects are suppressed by derivative inter-
actions. We perform partial integrations a few times to
find such a condition. We suppress the 0Z0Z-type term
(Z denotes W* or w) in what follows. Such candidates are
listed below

9(R — 6H?) = 6ad}a — 6H?a*].  (B2)
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1 N
; / d4X [28061290" 6,/]52

+ (60padya — 03a*)§"¢* — 6H*a*¢*],  (B3)

1 )
- / d*x[-20,a%0, 5" §* — a*RGVP? — 6H?a*¢"]). (B4)
K

The former (B3) shows the equation of motion with respect
to h% and the equation of motion with respect to ¢ is
manifest in the latter (B4) respectively.

After these preparations, we integrate the IR fluctuations
around the classical solution. The quantum equation at the
one-loop level requires that no field comes out of the loop.
So we need three-point vertices. The gauge fixing term is
necessary only to define propagators. We use the expo-
nential parametrization of the metric and the quadratic
gauge fixing term. After diagonalization, we have a
massless minimally coupled mode X and a conformally
coupled mode Y. The latter does not have the large IR
fluctuation unlike the former. We regard it to be constant
sitting at the minimum of the potential. The other modes do
not contribute the IR logarithms to the cosmological
constant. We decompose A% and 2@ into

(B5)

3
h =AX+3BY, 20=AX+BY, (A,B):({’

N[ =

We need to calculate the one-point function of w, A% or
take a derivative of the effective action with respect to
w, h®. Since we are interested in IR logarithms, we can
identify h% = 2w for internal loop.

We focus on a singly differentiated term in (B4):

—200a20, T P? = 20ya2 e 2

= 200a2DyeAX3BY) (AXHBY) — ;25 Q2AXT4BY  (Bg)

where we assume Y is constant. Therefore, we obtain

00
/ d4x[80a28062AXe4BY — —8(2)(1262AX€4BY — —(9%(126}1 ¢2]

(B7)

We adopt the approximation 4% = 2@ which is valid in
the subspace with massless minimally coupled modes and
the gauge we have chosen. It is because 4% and 2w can be
identified with the massless minimally coupled scalar
field X. Nevertheless, the original composition of the
operators should enable us to identify them as ,/—gR

or \/=g.

In this way, we obtain the interaction potential:
1 1. ,-
F/ d*x {E{a“R — (60padya—Ra?)}e"” ¢p? —6H?a*¢*

={a*R - (60yadya—a*)} e Xe*BY —6H?a* X 2BY |

(B8)

We can perform the same approximation in (B3) with the
identical result as the above. Note that potential vanishes
on-shell in X field space. By evaluating the expectation
value of the two-point functions of the interaction potential,
we reproduce (3.15) in Sec. III.

We briefly recall our renormalization prescription given
in Sec. III. In order to prepare the counterterm, we perform
the conformal transformation a — aa’. We introduce an
inflaton f and its potential exp(—2I'f) to subtract the
noncovariant IR logarithm by a covariant counterterm. The
inflaton potential is chosen to let the classical solutions of
the conformal mode and the inflaton coincide. Since it is
equal to ac_.zy, it undoes the half of the conformal trans-
formation of H2a* — H?a*a?’. The remaining overall a2’
factor acts as the counterterm for 2. This constitutes our
counterterm (3.28) to the one-loop quantum correction
(3.23). By combining them, we reproduce the one-loop
effective action (3.29) and the solutions in the background
gauge (3.30):

3k’ H?
Hz(t) = I’I2 (1 —24—7[210gac>,
3k*H?
612 = a%(l —|—ZK4710g ac),
k> = const. (B9)

These results imply the essence of our approximation is to
restrict the field space to that of X field.

This scaling solution is not an exact solution of the
quantum equation. Since the scalar curvature is not
covariant under the conformal transformation, we still need
to deal with the following drift force,

V' =12y{d}(aloga.) — (03a)loga.}. (B10)

We may deform the solution (B9) to balance the tree and
quantum effects,

120360 — T2Ha*6a + V' = 0 — —24828a + V' = 0.
(B11)

The new solution is
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3 k2H?

3
= 14+—-%+11 — . B12
a { Tl (ogac+4)} (B12)

We may alternatively perform finite renormalization of
the Einstein-Hilbert action to eliminate the finite correction
in a as follows

é/d“x[\/——g{R =2(1+7)3 +27)H*(1)}

s (6=27)ada—2(1 +7)(3 + 2)H2(1)a"],  (BI3)
to keep a = a.(1 + %":Zz loga,) ~ altr?

This solution must solve the equation of motion with
respect to h% (3.20) since it exhibits the dynamical

*Recall that a, = 1/(—Hgz), Hy = H*(1 +37).

scaling law. The Hubble parameter is found to scale
with the size of the Universe while we fix the Newton’s
coupling to be constant. In order to match finite terms,
we need to renormalize the scalar curvature operator as
above:

V=9R = a’R + 63" 9,a0,a — a’R + (6 — 2y)#",ad,a.
(B14)

The purpose of this appendix is to convey the power of
duality. The quantum solution with a nontrivial scaling
exponent y in Einstein gravity can be constructed as a
classical solution of the dual inflation theory (2.23). The
fulfillment of the equation of motion with respect to 2% and
general covariance are manifest in the dual inflation theory
while they are secretly hidden in the effective action of
Einstein gravity (2.30).
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