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The effective dynamics of scalar-tensor theory (STT) in the Jordan frame is studied in the context of loop
quantum cosmology with holonomy corrections. After deriving the effective Hamiltonian from the
connection dynamics formulation, we obtain the holonomy-corrected evolution equations of STT on
spatially flat Friedmann-Robterson-Walker background, which exhibit some interesting features unique to
the Jordan frame of STT. In particular, the linear term of the cosine function appearing in the equations
could lead to dynamics much different from the classical theory in the low-energy limit. In the latter part of
this paper, we choose a particular model in STT—the Brans-Dicke theory to specifically illustrate these
features. It is found that in Brans-Dicke theory the effective evolution equations can be classified into four
different cases. Exact solutions of the Friedmann equation in terms of the internal time are obtained in these
cases. Moreover, the solutions in terms of the proper time describing the late time evolution of the Universe
are also obtained under certain approximation; in two cases the solutions coincide with the existing
solutions in classical Brans-Dicke theory while in the other two cases the solutions do not.
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I. INTRODUCTION

The scalar-tensor theory (STT) has been widely inves-
tigated in much of the literature during the past several
decades, especially in the research with regard to cosmic
acceleration in the very early or late Universe (see, for
instance, Refs. [1-6]). In particular, recent astrophysical
observations tend to support some inflationary models in
STT, which triggers considerable research interest about the
effects produced during inflation in STT (see, for instance,
Refs. [7-10]). Nevertheless, the preinflationary evolution in
STT which may also leave footprints in observations has
largely been neglected yet. In the preinflationary period,
due to the extremely high energy and large spacetime
curvature, the description by general relativity may well
lose its effectiveness; and to search for the footprints
generated during this period, we must fall back on the
theory of quantum gravity.

As one of the tentative quantum cosmology theories,
loop quantum cosmology (LQC) is often used to search for
the quantum gravity effects [11-13]. Among the three main
quantum corrections in LQC are, namely, the holonomy
correction, inverse-volume correction and quantum back-
reaction. The holonomy correction, which arises from
replacing the classical connection variable by its holonomy
around a given square, is usually believed to be dominant
when the energy density is much higher than the typical
energy scale of slow-roll inflation [12,14]. The holonomy
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correction in STT can be studied either in the Einstein
frame or in the Jordan frame. In the Einstein frame, one first
performs the conformal transformation to connection vari-
able and then applies the polymer quantization of LQC to
the transformed connection [15], while in the Jordan frame
one directly quantizes the connection variable. For sim-
plicity, the effects of holonomy correction in STT were
mainly investigated in the Einstein frame in many particular
models of STT over the past decade, such as the model with
nonminimal coupling ¢? [16,17], f(R) gravity and Brans-
Dicke (BD) theory [18-21]. In the past few years, the loop
quantization of STT has also been formulated in the Jordan
frame [22,23]; and its cosmological application to BD
theory has been studied in Ref. [24]. The comparison of
holonomy correction in the Einstein frame and the Jordan
frame of BD theory from the perspective of effective
dynamics was given in Ref. [25], in which the author
showed that in LQC of BD theory the two frames are no
longer equivalent, because the implementation of holon-
omy correction does not commute with the conformal
transformation. Hence, unlike the classical case, the equa-
tions in the two frames cannot be switched to each other by
conformal transformation. Therefore, the physics in the two
frames are completely different, a concrete example of
which is that the critical energy density of the scalar fields
in BD theory becomes frame dependent. Another crucial
difference between the two frames was analyzed for the
effective dynamics of f(R) gravity in Ref. [26], in which
f(R) gravity is regarded as a special sector of BD theory;
and the author showed that the bounce does not exist in the

© 2019 American Physical Society


https://orcid.org/0000-0002-4266-7132
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.100.123541&domain=pdf&date_stamp=2019-12-26
https://doi.org/10.1103/PhysRevD.100.123541
https://doi.org/10.1103/PhysRevD.100.123541
https://doi.org/10.1103/PhysRevD.100.123541
https://doi.org/10.1103/PhysRevD.100.123541

YU HAN

PHYS. REV. D 100, 123541 (2019)

Jordan frame of R? gravity for a broad class of initial
conditions, which is also completely different from the
physics in the Einstein frame in which a bounce generally
exists.

Despite these useful results, more work needs to be done
in the research of LQC of STT in the Jordan frame. For one
thing, only effective dynamics of certain particular models
are studied; but the analysis of the general STT is still
lacking. For another thing, some existing results in the
study of these particular models are still incomplete. To be
specific, it is known that in standard LQC with minimally
coupled scalar field the function cos b (or sin b) appears in
the effective Hamiltonian in quadratic terms. As a result,
only quadratic terms and quartic terms of cos b (or sin b) are
involved in Raychadhuri equation; thus, the sign of cos b
(orsin b) does not directly affect the cosmological evolution.
However, in LQC of BD theory, in addition to the quadratic
terms, the Friedmann equation and Raychadhuri equation
also involve linear terms of cos b; moreover, as we will show
in this paper, the sign of cos b is to flip around the bounce in
BD theory. Thus, whether cos b takes positive or negative
value directly influences the evolution of the Universe. But
this crucial fact was not noticed in previous literature such as
[24,25]. To summarize, not only an overall analysis of the
effective dynamics with holonomy corrections in the Jordan
frame of STT is necessary, but also some existing results
should be reanalyzed.

The structure of this paper is as follows. In Sec. II, the
connection dynamics of STT is developed in the Jordan
frame. In Sec. 111, the corresponding effective Hamiltonian
and holonomy-corrected equations of motion in the Jordan
frame of STT are derived. In Sec. IV, the BD theory is
reanalyzed using the results in Sec. III and exact solutions
of effective equations in BD theory are also found. In the
last section, we conclude and make some remarks.

II. CONNECTION DYNAMICS OF STT

The action of STT in the Jordan frame that we use in this
paper reads

SOTT) — / d*x+/|det(g)|
s

1 1

< P OR=K@@D0,0-Vig)|. @)

2k
where X is the spacetime manifold and k = 8zG, and F(¢),
K (¢) are real-valued, dimensionless functions of the scalar
field ¢. Besides, in this paper F(¢), K(¢) are asked to
satisfy

K(¢)¢—%%,

in which the prime denotes the derivative with respective
to ¢. Otherwise there will be additional constraints in the

(2.2)

canonical theory [22], which will much complicate the
analysis. Obviously, if F(¢) = K(¢) = 1, the action (2.1)
can reproduce the action of general relativity with a
minimally coupled scalar field.

Note that an alternative form of action of STT often used
in the literature is given by

3T _2%/12 [: dxr/[det(g)]
x [ch - #(a”cp)@ﬂfﬂ -Vip)|. (23)

At first sight, the action (2.1) can be transformed into the
action (2.3) through field redefinition \/k¢ = F(¢). In fact,
the two actions are equivalent to each other only if the
function F(¢) admits an regular inverse ¢ = F~!(y/kg).
However, in many commonly used cosmological models
such as the ones in which F(¢) is expressed by series with
even powers of ¢, F(¢) does not have an inverse. In this
case, (2.1) cannot be rewritten in the form of (2.3). In some
literature, the theory of the action (2.3) is also called
“generalized Brans-Dicke theory.” The physical difference
between the two actions has been discussed in certain
models in the literature such as Refs. [27,28]. In this paper,
we use action (2.1) as our starting point.

In the Arnowitt-Deser-Misner (ADM) formulation, the
Hamiltonian constraint associated with (2.1) can be
expressed in terms of canonical variables as [29]

H _ 1 |:2K(Qacqbd - %Quchd>paprd
ADM —

det(q) F(¢)

(F'(#)gapp* = F (¢)7r)2}
2F(¢)G(9)

VR |3 F@RD + L q"D.D,F (@)

+

+ @qab(Daqﬁ)quﬁ + V(¢)]
=0, (2.4)
where G(¢) is defined by

G(#) =5 (F@) +FOK@: (3

and the canonical variables satisfy the standard commuta-
tion relationship:

{gap (). p(9)} = 6,858 (x. ),
{p(x).7(y)} = 69 (x.y).

In the case F(¢p) = K(¢) = 1, we have G(¢p) = 1 and (2.4)
reproduces the Hamiltonian constraint in general relativity
with a minimally coupled scalar field.

(2.6)
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The ADM phase space can be extended to a larger phase
space of connection variables by introducing the su(2)-
valued triad ¢ and its co-triad e}, which satisfy g, = e},}5;,
q** = e{e?8. In the new phase space, the densitized triad
and its conjugate momentum are defined by

Ej == \/det(q)ef,
. 2K i 1 i .
K= ——— (ph‘qabe’c - (p’”qbc)ez>; (2.7)

\/det(q) 2

F(¢)
Hoew = 7E?
2k+/|det E|

Ki

la

EY {eij Fk =2 (7/2 +

K(9)

o)

+ /| det E| ED“DHF(cﬁ) = (D@D, + V(¢)] =0,

4]

and the Ashtekar connection is defined by A, == I",, + yK,
which satisfies [30,31]

{AL() B0} = esidts®(xy), (28)
where T, is the spin connection compatible with the triad
and y is the Barbero-Immirzi parameter.

The Hamiltonian constraint (2.4) (modulo the Gauss

constraint) can be reexpressed in terms of the new
variables A, E as

] F/(¢) l . i 2
GG aeE | xR

(2.9)

where F ' = 28[aA2]+e§kA{,A’g is the curvature of Ashtekar connection. Note that if we set F(¢) = \/k¢

and K(¢) =22

NS (2.9) can exactly reproduce the Hamiltonian constraint of generalized Brans-Dicke theory in

Ref. [22].

From now on, we consider the spatially flat, homogeneous and isotropic Friedmann-Robertson-Walker (FRW)
background. On this background, the line element of the spacetime metric is expressed as

ds* = —=N?de® + a®(dx3 + dx3 + dx3),

(2.10)

where N is the homogenous lapse function and a is the scale factor; and the new variables reduce to

Al =%, E¢

= p+/det(°g) %?,

(2.11)

in which “¢¢ and ‘!, represent some fiducial triad and co-triad and °q,, = aeﬁl“eiéi ; 1s the fiducial ADM 3-metric which is
related to the physical metric by q,, = a*°q,;,- Comparing (2.11) with (2.10), we find |p| = a.
On the spatially flat FRW background, the Hamiltonian constraint (2.9) reduces to

3./|p|e? 1
detg) |- 2 PIE L

Hrrw = @ F ()

2F(¢)G(9)|pl

(2.12)

(3; F(p)ep + F(¢)7r)2 i ,3|%V(¢)} o

It is convenient of to introduce the following variables which are independent of the fiducial metric:

1
— 3
C = VoC,

2
p = szﬁ’

m=V, %, (2.13)

where V, := [, d°x/det(°g) is the volume of the elementary cell C measured by the fiducial metric °g,;,. With these

variables, the background Hamiltonian is given by

K(¢)3VIplc* | F'(¢)sen(p)3cn  F(¢) =° ;
Hpgw = | &*xNHppw = N |- — . 2V ()|, 2.14
FRW /C x FRW G(¢) K'}’2 G(¢) /|p| Ky G(d)) 2|p|§ + |p| (¢) ( )
in which the conjugate variables satisfy
{c.p}= % {¢.n} = 1. (2.15)

Then, using the Hamilton’s equation

123541-3



YU HAN

PHYS. REV. D 100, 123541 (2019)

af

E - {f, HFRW}7 (2-16)

we obtain the equations of motion of the canonical
variables,

de_Nsgrlo)(_X0) @ _F(g)en

i 2 /[p| \ Gl¢)r G@&) p
—%"2%+ Aplvig) ). (2.17)

dp _sgn(p) (K(gp)ep F(p)n

& =N (G(«ﬁ)y G(¢>2>’ (2.18)

dp _ N (F($)3cp  F()
d’|p|3<G(¢) o G@) > (2.19)
“. K(@) 3¢ (F($)) 3en
d \/WKG( e (G(d)) o
(B Ay
(6) 2 =1V @) (220

in which sgn(p) is the sign function of p, which is related

to the scale factor by |p| = a2V%,. After setting N = 1, the
coordinate time “dz” becomes the proper time “d¢”. In the
following, we use “-” to denote the differentiation with
respect to the proper time; thus, Eq. (2.19) becomes

. 1 3

¢p=—— (— F'(p)ep + F(¢)ﬂ>. (2.21)
G(¢)|pl> \xr

Plugging Eq. (2.21) into the smeared Hamiltonian con-

straint (2.14), we obtain

< S i gy
ald 2

(2.22)

then, by using Eq. (2.18), the constraint (2.22) gives the
Friedmann equation of STT,

K(9)

Fe + g =5 (5

P+ V(¢)>, (2.23)

where H is the Hubble parameter,
H=2 (2.24)
2p
Using the canonical equations of motion, it is straight-
forward to derive the second-order evolution equations.
First, from the Friedmann equation (2.23) and the
Egs. (2.17), (2.19), we derive the Raychadhuri equation

. 1. 1 . ..
F@)H - S F@H = =3 (K(@)d + F@);  (2.25)
then, by taking time derivative of (2.23) and using (2.25),
we obtain the Klein-Gordon equation,

TR T RRLCIC) P (VI ()] =
b 3HY e SO G RE DV (@) -F($)V'(9)]=0.

(2.26)

Now let us take a further look at the above equations of
motion. It is interesting to observe that the theory allows the
existence of bounce, at which

H=0, H>O0. (2.27)
From the Eqgs. (2.23) and (2.25), it is easy to see that at the
bouncing point the following two conditions have to be
satisfied:

K(¢)
2

(kK (¢)d* + F(9)) <.
(2.28)

. 1
PHV)=0.

The conditions in (2.28) can be met in some models in STT,
because from (2.22) we see that the effective kinetic energy
term in STT is %G(qb)qbz and the effective potential is
F(¢)V(¢), and thus the functions F(¢), K(¢) and V()
can be negative to meet the conditions in (2.28), as long as
the right-hand side of the constraint (2.22) remains positive.
The bouncing behavior in STT has been of much theo-
retical interest in the cosmology (see the recent articles
[32,33] for reference). Note that in the minimally coupled
case with F(¢p) = K(¢p) = 1, the bounce can never exist,
because the second inequality in (2.28) is violated.

III. EFFECTIVE DYNAMICS OF STT WITH
HOLONOMY CORRECTIONS

After briefly analyzing the classical dynamics of STT,
we proceed to study the quantum gravity effects in STT.
Generally speaking, it is necessary to exploit the quantum
constraint equation to thoroughly understand the theory on
the quantum level. However, this usually requires compli-
cated numerical analysis, especially in our case with
nonminimally coupling functions. To avoid the involved
numerical analysis and at the same time capture the
essential features of quantum corrections, we exploit the
effective dynamics to study STT on the semiclassical level
(just like what has been done for BD theory in [24]). In the
previous part of this section, we promote the Hamiltonian
constraint to a quantum operator and derive the effective
Hamiltonian using path integral in the timeless framework
of LQC; in the latter part, by using the effective
Hamiltonian, we obtain the first order canonical equations,
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from which the second-order evolution equations can be
subsequently derived. Some novel features of the holo-
nomy corrections in the Jordan frame are also discussed.

A. Effective Hamiltonian of STT

To study the quantum dynamics of STT, first we should
have well-defined operators in LQC. Note that in the
Hamiltonian constraint (2.9) there are both quadratic and
linear terms of the connection. However, in loop quantum
gravity there is no direct analog of the connection operator;
instead, we only have well-defined holonomy operators. To
have a plausible relation to the full theory, in LQC we need
to express these terms as functions of holonomies. In this
paper, we use the polymerlike quantization prescription
first put forward in [34] and intensively studied in [35,36],
in which the connection operator on the spatially homo-
genous background is expressed by
sin(jic)

— ’

i

c =

(3.1)

where ji stands for the length of the curve used to calculate
the holonomy along it, and ji = \/% with A = 4\/§ﬂyGh

being the minimum nonzero eigenvalue of the area operator
in loop quantum gravity. For convenience, we introduce the
new conjugate variables:

b = fic, v = 2V/3sgn(p)i~3, (3.2)
where v is proportional to the physical volume of the
elementary cell, satisfying {b, v} = 2.

For the quantization of the scalar field, we use the
standard Schrodinger representation adopted in [11,24], in
which the kinematical Hilbert space for the scalar field is
constructed as in standard quantum mechanics. Now, the
whole kinematical Hilbert space of STT H;1T becomes a
direct product of the Hilbert space of the geometry and that
of the scalar field. We denote the orthonormal basis for
HIIT by |v, ), on which the operator ? acts by simple

multiplication and the operator sin b acts by [36]

sinb

v ) = g:llo+ 2.0 -lo-2.0). (3

In the Schrodinger representation for the scalar field, the

—

operators (%), (%) (%), V(¢) in the quantum

Hamiltonian constraint also act on |v, ¢») by multiplication,
for instance,

KDY, o K@)
()1 = g

and the conjugate momentum of ¢ acts by differentiation. It
is obvious that such definition of operators is well defined

(3.4)

only if the functions % g(((f)) FEZ)); and V(¢) have no

singularities for any ¢.

Moreover, in order to avoid the quantization ambiguities
caused by the inverse-volume operator, following [12], we
set N = |pl2 prior to quantization; then, by using (3.1), we
obtain a symmetric expression of the Hamiltonian con-
straint operator,

Q

4xr* \G(9)
(g eon () e o
1l (ER) (@) 2o
=H,+H,+H;+H,. (3.5)

It is worth mentioning that the change of factor ordering in
(3.5) only affects the details of the theory but does not affect
the general properties of effective dynamics. Using (3.3),
the action of H, and H, on the quantum state read
separately as

Bilod) = g g 10+ Do +4.6) = 21009
+ (v=4)|lv—4.9)]. (3.6)
gy~ S[(F@DY ., F(@)
il == | (G0 )+ i)
x[(v+1)|v+2,¢)—(v—1)|v=2,4)]. (3.7)

Now, let us derive the effective Hamiltonian using the
timeless path integral approach developed in [37]. In this
approach, the transition amplitude in the traditional path
integral is replaced by the following extraction amplitude
which can extract physical states from kinematical states in
the Hilbert space,

A(Uf,(ﬁf;vi, i) :=/da<vf,¢f|eéaﬁlviv¢i>

:/daz

UN—fseens

) /dqu_]...dqb]

X <UN’¢N|eé€aH|vN—lv¢N—]>“'

x (01, biler?vg. o). (3.8)
in which we have decomposed the extraction amplitude
into N parts with € = +, and (vy, dy| = (vs, sl |vo, o) =
|v;, ¢;). For each part with ¢ < 1, we have
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. 4
i o] 1 A
<Un+1 y ¢n+l |eﬁ£(1H|vn1 ¢n> = 5(¢n+l ’ ¢n)6ﬂ,,+|,v” + %eaz<vn+l ’ ¢n+l |Hi|1]n’ ¢n> + 0(62)' (39)
i=1

Using Egs. (3.6) and (3.7), we can calculate the matrix elements in (3.9). First, we have

N A’ K(¢,
<Un+1 ’ ¢n+1 |H1 |Un’ ¢n> = 16 %5<¢n+1 ’ ¢n)”nvn+1 <5vn+1,17n+4 - 25'1/‘,1+1~@‘n + 5”n+1~”n—4)
_ A2 vV K(¢n) d ex ié‘ ¢n+1 ¢n
167[2K}/2fl n¥n+1 G(d)n) 41 p A Tl — €
x / " db, . sin?b, , exp [—%eanW}, (3.10)
where in the last step we have used the identities:
1 ka i , 1 /
51},@./22 dbexp —Eb(v—v) , 5(p, 9" = 2h dﬂexp (¢ )| (3.11)

then, by using (3.11) again, we can calculate the remaining matrix elements in (3.9), which, together with (3.10), yield the
result:

A(Uf’(ﬁf;”i’ i)_/da Z

1\N [z 1 \N i
<E) / dedbl/d¢N—ld¢l <27[—fl> /dﬂ'Ndﬂ'l XCXP<%SN>, (312)
UN—150-30] I

where

=0
A? 3n (F !
+ a< 1} nUn+1 Ez:; SInzerrl + <F ((i::fll)) + 2((;):))) (vn+l + Un)”n+l sin bn+l

(e ) )] 61

In the continuum limit with N — oo, the extraction amplitude (3.12) can be expressed as

Avs, drivin i) = /Da/Dv/Db/D(b/Dnexp{%S], (3.14)

where

s (Ml s af A K@) s, 3AF () LE(p) , (A,
S_A dr[ﬂgb S b+ ( 7o) T TG T Y oG T V(¢)>]. (3.15)

From (3.15), it is direct to read off the effective Hamiltonian constraint. Recall that we have set N = | p|% for convenience of
quantization. To describe the realistic evolution of the Universe, we reset N = 1 in the following; hence, the effective
Hamiltonian constraint is given by

__V3AK(9)
H = — 2G(¢)| v|sin?b + sgn(v)

3V3RF(p) o VIF(@$) 2 (A )2

2(A)} G(9) (ARG [0l 2\fl v|V($) = 0. (3.16)
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Finally, we mention again that the above derivation of
effective Hamiltonian constraint requires that the functions
K@) F($) Flg)
G(¢) G(¢) G(¢)
functions for all ¢. However, in some particular models
of STT, this requirement cannot be satisfied. In this case,
the path integral will diverge at the singularities of these
functions; thus, the form of effective Hamiltonian con-
straint (3.16) may not be applicable, and one may need to
find alternative definitions of operators to remove the
singularities in the path integral.

V(¢) are continuous and differential

B. Effective equations of motion

Using the effective Hamiltonian H.y, the Hamilton’s
equations of motion of the canonical variables can be
directly obtained,

2 V3AK(¢
b= sen ”)E[ 2:<y2G<> nh
3F(¢) = (AF
TR T 2v3 vl 61
v =sgn(v 3A& sinbcos —3\/§hF/<¢)ﬂcos
p=sen(v)y [ Gg) P T A Glg) ”]’
(3.18)
. 3V3hF' () . 2V3F(¢) =
¢ = sgn(v) 20 G() sinb + SHEOIE (3.19)
—\/3_A @ /vsin
C2? (G(¢)> olsin®
- nv3\/§h F¢) /n in _\/§ M /ﬂ—z
sen(v) (A)%( <¢>> Ay <G<¢)> o]
_BF v, (3.20)

NG

These canonical equations can be exploited to derive the
Friedmann equation. From (3.19), we have

F(¢) = _ () < _ 3V3RF(g) )
G~ 25\ B G ) B2
substitute (3.21) into (3.18), we obtain
HF(¢) = %%F(gﬁ) = %sgn(v) sin b cos b
-~ %F(d)) cos b, (3.22)

from which we find that the Hubble parameter will
vanish at

sin b krh sgn(v)F(¢) (3.23)
= v , .
4v/3A £

or at

cosb = 0; (3.24)
then, inserting (3.21) into (3.16), we get

sin2bp =22, (3.25)

Pe

where p. = ¢ yz and the effective energy density p,
defined by

o= D32 s Fg)vig)

(3.26)
Equation (3.25) implies that the effective energy density is
upper bounded by p.; and Eq. (3.22) implies that the
Hubble parameter will vanish if p, reaches p.. Combination
of Egs. (3.22) and (3.25) gives the Friedmann equation in
LQC of STT,

F(¢)H? + F(¢p)H cosb = 3 ( () 42 P+ V(¢)>cos2b.

(3.27)

Multiplying F(¢) on both sides of (3.27) and inserting

cos?h =1 —&,

Py (3.28)

we obtain

(F(¢)H + %F((/ﬁ) cos b)2 - g Pe <1 - &> . (3.29)

Pec

It is easy to check that Eq. (3.29) can reproduce the
Friedmann equation (3.27) when F(¢) # 0. Since p, is
bounded from above by p,, from Eq. (3.29) we learn that
the Hubble parameter cannot approach infinity during the
whole evolution.

In the phase space of a collapsing Universe, if the point
cos b = 0 can be reached, the Universe will stop collapsing;

then, if b # 0, we have cos b # 0, and thus the sign of cos b
will flip around cos b = 0. According to Eq. (3.22), the
Hubble parameter will also change its sign around this
point; in other words, a bounce will take place. We call such
a bounce the “quantum bounce” to distinguish from the
bounce mentioned in Sec. II which could happen at a much
lower energy density than p.. Owing to the complicated
theoretical structure, in STT a collapsing Universe is not
necessarily followed by the quantum bounce.

Using the effective Hamiltonian constraint (3.16) and the
Hamilton’s equations of motion (3.17)—(3.20), after long
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YU HAN

PHYS. REV. D 100, 123541 (2019)

but straightforward derivations, we obtain the effective
Klein-Gordon equation in STT,

; . 1G(¢) -
¢+3H¢+§—G(¢)
1 ! _ ! _
~Glgy Beosb=DE(D)V($) - F@)V' ()] =0.

(3.30)

Moreover, by taking time derivative of Egs. (3.27), (3.28)
and using Eq. (3.30), tedious calculations yield the effective
Raychadhuri equation in STT,

F(¢)H cos b — F((j))H(% cos 2b — cos b)

_ ! (kK (¢p)d* cos 2b + F(¢p) cos b

2
+ F(¢)(cos b)) cos b. (3.31)
When F(¢) = K(¢) = 1, it is easy to see that the above

effective equations in STT turn into the effective equations
in LQC with minimally coupled scalar field.

From (3.28), we find cosb = £, /1 —

function can take positive or negative values. In the low-
energy limit with p, — 0, wehavecosb — lorcosb — —1.
In the limit cosb — 1, we can directly check that the
effective Friedmann equation (3.27), effective Klein-
Gordon equation (3.30) and effective Raychaudhuri
equation (3.31) can separately reduce to their classical
counterparts in (2.23), (2.26), (2.25). In the other low-
energy limit with cosb — —1, the effective Friedmann
equation (3.27) reduces to

, 1.e., the cosine

roe -k =5 (“P v, o)
which can also be transformed into

1. 2k
<F(¢)H —ZF(rﬁ)) =3P (3.33)

and the effective Klein-Gordon equation (3.30) and
Raychaudhuri equation separately reduce to

16(g), | 1

¢ +3Hep +§m¢ +m[4F/(¢)V(¢) + F(p)V'(9)]

=0, (3.34)

5

F($)H + 5 F(p)H =

. - F(¢).

1 .
3 (K(@) (3.35)

Hence, due to the appearance of linear terms of cos b, there
exist two different sets of evolution equations in the low-
energy limit, which is totally different from the minimally
coupled LQC where effective equations involve only quad-
ratic or quartic terms of cos b (or sin ) and thus can reduce to
only one set of evolution equations in the low- energy limit.
This is a nontrivial quantum gravity effect caused by
holonomy corrections in STT, which deeply reflects the fact
that the holonomy plays a fundamental role in LQC.

Since the Egs. (3.32), (3.34) and (3.35) do not correspond
to their classical counterparts, very naturally the question
arises: Does there exist an effective action from which these
equations can be derived? After careful exploration, we
obtain a negative answer to this question. Nevertheless, there
exists an action which can yield the above equations in the
slow-roll limit. Consider the following effective action:

. [i 1K(¢) V()

R =55 (0"¢)0, - 74

k=37 ] (3.36)

Under the slow-roll condition with

<1,

<,

< < lwow
(3.37)

\H

it is not difficult to check that the effective equations
obtained from action (3.36) agree with Egs. (3.32), (3.34)
and (3.35). Therefore, in the sector with cosb — —1, the
coupling functions appearing in action (3.36) can be
regarded as the quantum effective version of their classical
counterparts in the slow-roll limit.

IV. EFFECTIVE DYNAMICS OF BD THEORY

In this section, we choose BD theory as a test field to
more clearly display the characteristics of holonomy
corrections in STT. In the literature, the action of BD
theory without potentials is usually given by

S = 2%/’?/2 d*x+/| det(g)| [goR - g (8”40)5,,(/)] . (41)

where o is a free dimensionless coupling parameter. For
simplicity, in this section we only consider the @ > 0 case.
Following [38], we call the theory of action (4.1) the
“prototype of BD theory,” where the adjective “prototype”
emphasizes the originality of (4.1) compared with its many
other extended versions. In the prototype of BD theory,
F(p) = k@ and K(¢) = 74, thus, we have
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K(p) 20 1
VEGB +20) ¢

~

However, the action of the operator (i) is ill defined at

(4.2)

@ = 0 in the quantization prescription we choose for the
scalar field. Hence, the effective Hamiltonian (3.16) does
not apply. To avoid this trouble, we introduce a new field ¢
by putting

Vg i= eV,

thus, the action of BD theory becomes

s(ED) _ % / d*x\/[det(g)][eV*R — weV™ (% )0, ).
p

(4.3)

(4.4)
Accordingly, we get
K@g)_ 20 g FO)_ 2
Gl¢) 342w ’ G(p) 3+2w ’
Fg)_ 2K,
G 3+20° (43)

of which the corresponding operators are well defined for
all ¢. In this way, the results in the last section can be
applied to BD theory.

Since ¢V*# does not vanish for any ¢, the Friedmann
equation can also be written in the form of (3.29) which in

BD theory becomes
K Pe
1-=], 4.6
5o (1-%). @
3+ 2w

pei=—7— (/).

(e\f‘/’H+ 2(6‘/—4))008 b)

where

4.7)

The Klein-Gordon equation in BD theory can be directly
obtained from (3.30),

(V) .
(/>+3H¢+ N ¢ 0, (4.8)
which translates into
ﬁ(Ivleﬁ"’ri)) =0 (4.9)
dt ’

from which we get |v|eV*¢$ = C where C is a constant.
Therefore, if ¢ > 0 at the initial time, ¢ will be greater than
zero during the whole evolution and vice versa; hence,
the theory can be divided into two independent sectors by

(;'5 > 0 and ¢ < 0. Since in the first sector ¢ will increase

monotonically with respect to the proper time, ¢ can be

regarded as a global internal time variable in this sector. For

no matter which sector, from (4.6) and (3.28), we infer that

the Hubble parameter can vanish only at cos b = 0.
Besides, Eq. (4.8) can also be expressed as

d . .
o (VX)) = —3HeV<d ). (4.10)
Plugging (4.7) into (4.10), we have
p.e = _6Hpe7 (411)

which shows that the sign of time variation of the energy
density is opposite of the sign of Hubble parameter. Hence,
in BD theory, the effective energy density of the scalar field
in a contracting Universe will keep increasing until
p. = p.; and the effective energy density in an expanding
Universe will keep decreasing. Since the Hubble parameter
can only vanish at p, = p., an expanding Universe will
never undergo a recollapse in BD theory.
Moreover, using (3.17), we get

. 2sgn(v) [V3A | 2V/3 2
h—=— 200 2 VR (4,12
G200 7 " o) 1Y

from which it is clear that cos b # 0 at cosb = 0; thus,
according to the arguments in Sec. III, both the sign of cos b
and the sign of H are bound to change around cos b = 0.
Hence, in BD theory, the contracting branch of the
Universe is always connected with the expanding branch
of the Universe by the quantum bounce.

From Eq. (4.6), we find

VRO H +‘/7Eeﬁ¢¢cosb -+ gpe (1 —p—e). (4.13)
Plugging Eq. (4.7) into Eq. (4.13) and using
_ Pe
cos b =sgn(cosh), /1 —==, (4.14)
V' e
we get
342w
H:% (iq /%—sgn(cosb))qﬁ 1L (4.15)
Pec

Since ¢ is either positive or negative during the entire
evolution and the sign of cos b is either 1 or —1 in a certain
branch of the Universe, the evolution of the Universe in a
certain branch can be classified into four cases by the sign

of ¢ together with the sign of cos b.

First, we consider the two cases with qﬁ > (. In these
cases, using Eq. (4.10), we find that in the expanding
branch of the Universe Eq. (4.15) becomes
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3dt 3

Cc

L Ry — ‘f( 3120 on(cosb) >eﬁ¢¢2\/1—31p2“’(eﬂ¢¢)2, (4.16)
H>0

while in the contracting branch of the Universe Eq. (4.15) becomes

1 d Ji{ Bt . 3120 -
eVEd S Vg 52 _ VK )2
~3 dt( P) = 5 ( —5 + sgn(cos b) H<0> eV g \/1 1, (eVXP )
_ VK ( SR sgn(cos b) )e\/’;‘f’cﬁz 1- 320 (eVEP )2, (4.17)
2 3 H>0 4p.

where in the last step of Eq. (4.17) we have used the fact that sgn(cosb)|y o = —sgn(cos b)|y-o-

Due to the complexities of Eqgs. (4.16) and (4.17), the analytical solution of H(¢) does not generally exist. However,
considering that ¢ can be treated as an internal time variable, we may as well express the solution in terms of ¢. To this aim,
we denote

f(}) = eV¥igp; (4.18)

then, from Eq. (4.10) we find the Hubble parameter can be expressed by

af(¢)\,
H(¢p) = ¢, 4.19
0 =3 (G0 (4.19)
and thus Eqgs. (4.16) and (4.17) can be rewritten as
_1df(¢) Ve [ 342w 3+ 2w
=+ - b 1 ——"7%¢), 4.20
3y == ([T msenteosn)| it 1= @) (420)
in which the sign “+” in front of the parenthesis corresponds to the expanding branch and the sign “—"" corresponds to the

contracting branch. It is not difficult to solve Eq. (4.20). For the sgn(cosb)|y.o = 1 case, the solution of Eq. (4.20)
describing both the contracting branch and the expanding branch of the Universe is given by

Pe exp[5* V(¢ — )]
=4 , 4.21
T =3 2 exple VR (g — )] + expBVE @ — )] 2
where ¢ = v/9 + 6w and ¢, denotes the value of ¢ at the instant of bounce.
For the sgn(cos b)|y., = —1 case, the solution is given as follows:
Pe exp[F Vk(d — )]
. 4.22
T = 3 2 exple (6~ )] + exp -3V~ 4] 2
Using Eq. (4.19), for sgn(cos b)|y-o = 1, we obtain the solution of Hubble parameter in terms of ¢,
2 kP, exp[*5 Vi(d — ¢5)] — exp[F Vic(d — 4]
H =Z(c=3 , 4.23
) =3 I S 2 ep ) xple VR — )] + expBVR — )] 2
while for sgn(cos b)|,.o = —1 we obtain
2 KPe exp[*5 V&g — ¢y)] — exp[SHV/k(¢ — )]
H ==(c+3 . 4.24
0 =5 N3 20 exp (Vo) xple VR — )] + exp -3 VKD — )] .

Comparison of the evolution of Hubble parameter around the bounce is illustrated in the left panel of Fig. 1.
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FIG. 1.
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Evolution of the Hubble parameter (in Planck units) with respect to the internal time around the bounce in different cases. For

clearer comparison, in both panels, we set w = 10 and ¢, = ¢, = 0.

In the other two cases with ¢ < 0, we denote ¢ = —¢.

Since ¢ monotonically increases in these cases, it can also
be treated as a global time variable. Denoting

9(§) = eVFIg; (4.25)
we have
H(}) = —% (%) eVrD, (4.26)

Then, by simply repeating the procedures above, we can
directly obtain the solutions. For the sgn(cosb)
case, we have

=0 =1

explPt Vi(¢ — )] — exp[F VE(D — )]

. . exp[S2VK(P—dp)]
91(9) _4@exp[0ﬁ($_$h)] +exp[-3vk(p—a,)]
(4.27)

where qfﬁb denotes the value of ¢ at the bounce; and for the
sgn(cos b)|y-o = —1 case we have

. . exp[2v/k(d— )]
92(9) —4\/;%{)[6\/,;@_@)} +exp3Va(d—y)]
(4.28)

The solution of Hubble parameter in each case is given by

H,(¢) and H,(¢) respectively, which read

o 2 . Kp¢
H\(¢) = 3 (c+ 3)\/;_%:0:exp(—\/§$h)(exp[c\/’?(<~b — )] + exp[-3v/x(P — hp)])*

and

(4.29)

o _ 2 o — Kp. CXP[% Vi@ =) - exp[% V(@ = )]
H2(¢) 3 ( 3)\/3+:exp(—\/’z‘?’b)(e)(p[c\/lz((;ﬁ — J)b)] + exp[3\/;?((} _ &b)])z-

See the right panel of Fig. 1 for comparison of H;(¢) and
H,(¢) around the bounce. )

In the first case with sgn(cosb)|y.o =1 and ¢ > 0,
using the field redefinition in (4.3), we find that Eq. (4.23)
can reproduce Eq. (5.15) in Ref. [24]. Nevertheless, the
other three cases were not considered in Ref. [24].

By comparing (4.23) with (4.24), and (4.29) with (4.30),
we find that the solutions agree with each other in the large
¢ limit. But it does not necessarily mean that the choice of
sign of cosb does not make much difference when ¢
becomes large in BD theory, because we have not included
the potential V(¢) yet. Actually, from Eq. (3.30), it is clear

(4.30)

that different signs of cosb could lead to important
differences if F'(¢)V(¢) dominates F(¢p)V'(¢p).

Although it is generally not possible to find the exact
solutions in terms of the proper time, in the late epoch of the
expanding branch of the Universe when ¢ becomes large
enough, it is still possible to find some approximate
solutions of the scale factor a(¢) and the scalar field
¢(t) using the above results. In the remaining part of this
section, we will derive these solutions.

First, we consider the expanding branch with both

sgn(cos b)|y-o = 1 and ¢ > 0. In this case, substituting
(4.18) into Eq. (4.21), we obtain
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which yields

ape) _, [ expl=y/ke)
T TR e VR 30
c—1 5—-c
t—1, =aexp {2 Vi(p(r) - ¢b)} + Bexp {2 Vr(p(1) - ¢,,)} —(a+p), (4.32)

where ¢, denotes the proper time at the instant of bounce
and the coefficients a, f read

o VITZORlRD] VAT 0ol Vi)
T 2me-1) PTG
(4.33)

For brevity, we set ¢, =0 in the remaining part of this
section. Since ¢ > 3, the first term on the right-hand side of
Eq. (4.32) will dominate over the other two terms when ¢
becomes sufficiently large, which yields

r=aep|“THVEHO - )| (434

from which we derive

explv/RH(1)] = exply/eo) (})_ (4.35)

where 7, denotes the proper time of the current Universe
and ¢o = (1) —,-

In the large ¢ regime, Eq. (4.23) can also be approxi-
mated by

2 Kpc
H ~—(c— -
() =5 (e = 3), /3P —exp(— Vi)
c—1
X exp {_T V(e - ¢b)} . (4.36)
substituting (4.34) into Eq. (4.36), we get
c-3 1
H(t) ~ -, 4.37
1( ) 3(C _ 1) t ( )
which directly gives
a(t) =~ ag (—) , (4.38)
lo

where ay = a(t)],_,, - )

Next, let us examine the ¢ <0 sector with
sgn(cosb)|y-o = 1. It is easy to see that Eq. (4.27)
and Eq. (4.29) separately reduce to the following equa-
tions for large ¢:

(D)= [ e | =S VRG] @39)
HV @) =5 ( 4+ 3), 5 exp(Vihy)

(4.40)

Substituting Eq. (4.25) into Eqgs. (4.39) and (4.40), after
direct calculation, we obtain

explRp(0)] =exlvi] (1) (an)

1\
c+
a(t) = dy <g> s

where ¢, = (Z(t)|,:t0; then, using ¢ = —¢, Eq. (4.41) can
be rewritten as

(4.42)

explv/RH(1)] ~ exply/Rd) (ti) T )

Finally, by simply following the procedures above, we

obtain the solutions in the cases with sgn(cos b) |-, = —1,
which read
£ S5+
explyRp(0)] =esplvil ()" (a0
t\ 49+
a(t) ~ a (—) , (4.45)
lo
where
2 lcx3
ST =315 (4.46)

The solution corresponding to (s, ¢q. ) is associated with
increasing ¢ and the solution corresponding to (s_, g_) is
associated with decreasing ¢. It should be pointed out that
the latter solution is true only for ¢ > 5; when ¢ € (3,5),
derivation shows that the Hubble parameter will go to
infinity in a very short time, which apparently cannot
describe the evolution of our Universe.
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Remarkably, in the cases with sgn(cos b)|,., = 1, both
the solutions (4.35), (4.38) associated with increasing ¢
and the solutions (4.42), (4.43) associated with decreasing
¢ exactly agree with the O’Hanlon and Tupper solutions
derived in [39]. Note that our solutions are obtained using
large ¢ (or ¢) approximation, while such approximation
was not necessary in [39], which seems contradictory, but
actually, not. Let us offer an explanation: From (4.31) we

learn that ¢ becomes sufficiently small when ¢ becomes
sufficiently large; thus, the effective energy density of the
scalar field becomes negligible compared with p., and
|cos b| — 1. Then, if the sign of cosb is positive in the
expanding branch, the effective Friedmann equation can
reduce to the classical Friedmann equation from which the
O’Hanlon and Tupper solutions can be obtained; however,
if the sign of cos b is negative in the expanding branch, the
classical Friedmann equation cannot be recovered, and this
is why we get different solutions in (4.44) and (4.45).

V. CONCLUSION AND REMARKS

In this paper, we performed a preliminary investigation
of the cosmological effective dynamics with holonomy
corrections in loop quantum scalar tensor theory in the
Jordan frame. Now, we summarize what has been achieved.
In Sec. II, the connection dynamics in terms of Ashtekar
variables was developed, which is then used to get the
classical evolution equations on the spatially flat FRW
background. In Sec. III, the connection dynamics was
quantized following the holonomy quantization prescrip-
tion in standard LQC; then, the effective Hamiltonian
was obtained in a timeless path integral framework, from
which the effective Friedmann equation, the effective
Klein-Gordon equation and the effective Raychaudhuri
equation are derived. From these equations, we found
that there exists a set of evolutions equations different
from the classical equations in the low-energy limit with
sgn(cosb) = —1, which represents another important
effect of holonomy corrections in STT in addition to the
contributions from the higher powers of extrinsic curvature.
In Sec. IV, the BD theory without potentials was chosen as
an example to concretely show the features of holonomy
corrections in STT. It is found that the evolution of
Universe in BD theory can be classified into four different

cases by the sign of ¢ and the sign of cosb. In the four
cases, we express the Hubble parameter as a function of the
internal time variable. The differences between the evolu-
tion of the Hubble parameter around the bounce in these
cases are illustrated in Fig. 1. Then, we obtained the
solution of the scaler field and the solution of the scale
factor in terms of the proper time in the large ¢ (or ¢)
regime. In the cases with sgn(cos b)|,~o = 1, the solutions
coincide with the O’Hanlon and Tupper solutions, while in
the cases with sgn(cos b)|y., = —1 the solutions do not.
Finally, let us make some remarks at the end of this paper.

First, the existence of two different sets of evolution
equations in the low-energy limit of STT is one of the main
results of this paper. Since it is widely believed that there
exists a slow-roll inflation which takes place at a energy
density much lower than the scale of Planck energy density,
an interesting question arises: Can the set of equations
of motion (3.32), (3.34) and (3.35) associated with
cosb — —1 also describe the evolution of our Universe
after the beginning of slow-roll inflation in some specific
models of STT? And, what are the differences between the
physical predictions of the two sectors? To answer these
questions, much more work needs to be done. For instance,
we can check whether or not the slow-roll inflation can take
place in some widely studied specific models of STT in
both sectors. Since the quantum bounce does not neces-
sarily exist in LQC of STT, to study the slow-roll inflation
in these specific models, following [40], we have to set the
initial conditions in the remote past in a contracting
Universe and then check if a flat probability distribution
function can be assigned during the contracting phase of the
Universe. If the slow-roll inflation with e-folds number
N > 60 can probably take place in both sectors in some
specific models, then we can use the cosmological pertur-
bation theory to calculate the spectral indices in both
sectors and check whether they both lie in the observation
range. To this aim, first we can develop the cosmological
perturbation theory in LQC of STT following the com-
monly used approaches such as the dressed metric
approach [41] or the deformed algebra approach (see,
for instance, the Refs. [42-44]). These works will be our
main concern in the future research.

Moreover, it is also worth investigating that whether the
two sectors separately associated with cosb — 1 and
cosb — —1 are dynamically independent or not in some
specific models of STT. To clarify this issue, we can set the
initial conditions in the low-energy limit of one sector in a
contracting Universe; then, we can study the evolution of
cos b and see whether it can evolve into the low-energy
limit of the other sector. Obviously, the necessary condition
to realize the evolution from one sector to the other is that
cos b must reach zero and then cross it, i.e., the quantum
bounce must take place during the evolution. Roughly
speaking, the evolution of cosb can be classified into
three cases. First, for those particular models in which
bouncing behaviors take place at a maximum energy
density much lower than p,. (such as the models considered
in Refs. [32,33]), the quantum bounce can never happen
and the evolution of cos b always remains in the sector with
cos b — 1, nonetheless, it is still a question whether the
evolution of cosb can remain in the other sector with
cos b — —1 in these models. Second, for those models in
which neither the above classical-like bounce nor the
quantum bounce could take place (such as the model
considered in Ref. [26]), the solutions will flow to some
fixed points in the contracting phase of the Universe, in this
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case, the evolution of cos b also remains in a certain sector.
Third, for those models in which the quantum bounce can
take place (such as the BD theory considered in our paper),
the sign of cos b changes during the evolution, in this case,
we need to check whether the solutions of these models can
stably flow to the low-energy limit of the other sector or to
some other fixed points in an expanding Universe. To
summarize, whether the two sectors are related to each
other depends on the specific model we choose; and it is
only after analyzing the equations of motion obtained in
this paper that we can determine to which case the
evolution of cos b in a specific model belongs.

Second, we would like to discuss more about the
quantization prescription used in this paper. For the
quantization of connection, we use the prescription pro-
posed in [34]. In recent years, another proposal of quan-
tization of Hamiltonian constraint formulated in [45-47]
resembling the holonomy quantization in the full theory
arouses much interest among LQC community. It is worth
investigating which new effects the application of this new
quantization scheme would bring about in STT, especially

in the low-energy limit; and this will be left for future
research. For the quantization of the scalar field, we choose
the Schrodinger representation, which requires that the

functions % gé{f)) X % V(¢) should have no singularities

for any ¢. However, for some commonly used coupling
functions, this requirement cannot be satisfied. Although
this problem can sometimes be avoided by introducing a
new scalar field such as in Sec. IV, we often lose the
evolution information in some interval of the original scalar
field. Perhaps adoption of polymer quantization for the
scalar field in further study can help to alleviate this
problem.
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