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The non-trivial ultraviolet fixed point in quantum gravity is calculated by means of the
exact renormalization group equation in d-dimensions (2 ~ d < 4). It is shown that the
ultraviolet non-Gaussian fixed point which is expected from the perturbativelly e-expanded
calculations in 2 + € gravity theory remains in d = 4. Hence it is possible that quantum
gravity is an asymptotically safe theory and renormalizable in 2 < d.

§1. Introduction

The successes of the perturbative renormalization group equation have allowed
for the progress in elementary particle physics. However, there are many phenom-
ena which have not been studied by this perturbative method. As is well known,
quantum gravity (QG) must be treated non-perturbativelly. To make QG a pertur-
bativelly consistent theory it is necessary to treat the infinite number of couplings.
This is because, in d = 4, the L-loop perturbative calculations in Einstein gravity
cause divergences that are proportional to the L + 1 powers of the curvature tensor.
Thus to remove these divergences the infinite number of couplings are necessary.
However, if QG is an asymptotically safe theory, it becomes renormalizable.!) An
asymptotically safe theory has ultraviolet (UV) non-Gaussian fixed points (NGFP)
on the hypersurface which separates the phase space. Near that FP, co — 1,2, --
couplings become irrelevant. Hence the renormalization group (RG) flows near the
hypersurface are governed by these irrelevant couplings and go toward the NGFP.
On the other hand, if the RG flows move away from the NGFP on the hypersurface,
the finite number of relevant couplings govern the theories. In addition, if QG has
an infrared (IR) Gaussian fixed point (GFP), the RG flows move toward it. As a
result, the IR effective theories are described by the finite number of couplings and
become renormalizable. Hence, whether or not QG is renormalizable depends on the
existence of the UV NGFP.

There are studies that suggest the existence of a UV NGFP. One of these dis-
cussions is 24 ¢ gravity theory which applies the e-expanded perturbative calculation
to QG in d = 2 4 €.2>3) The result of this theory suggests that there exists a UV
NGFP for the Newton constant in O(e), and it is expected that it will remain in
d = 4. This implies that QG is an asymptotically safe theory and renormalizable for
d > 2. However, the e-expansion is an asymptotic expansion. Hence the large order
behavior of € is not reliable. On the other hand, simplicial gravity suggests that QG
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182 W. Souma

exhibits a first order phase transition in d = 3,4. This means that QG is not an
asymptotically safe theory or renormalizable in d = 3,4. Hence the results of 2 + ¢
gravity theory and simplicial gravity are contradictory.

If this is actual, non-trivial phenomena must occur in the range 2 < d < 3. How-
ever the e-expansion and the lattice calculation are not applicable in such dimensions.
Thus to solve this problem, other non-perturbative methods are needed. The ex-
act renormalization group equation (ERGE) 4) is one non-perturbative method and
does not suffer from the constraints of the dimension, if it is formulated in arbitrary
dimensions. ®) Recently, M. Reuter formulated an ERGE for QG in arbitrary dimen-
sions.® Though the advantage that this formulation is applicable in any dimension
has not been used in the investigation of the destiny of the UV NGFP in 2 + ¢
gravity theory. Hence, the purpose of this article is to clarify, by means of Reuter’s
formulation, the possibility that QG possesses a UV NGFP in 2 < d < 4.

This paper is organized as follows. In the next section the formulation of the
ERGE for QG is reviewed (for details see Ref. 6)). There, the S-functions for the
Newton constant and the cosmological constant are derived. In §3 the existence of
the UV NGFP and the perturbative limits of the ERGE are discussed using these
B-functions. Section 4 is devoted to summary and discussion.

§2. Formulation and approximation of the ERGE

2.1. Quantization of gravity in the background field method

In this subsection the Lagrangian Lgr which is the general functional of the
metric is quantized in the background field method. The metric v, is decomposed
as Yy = Guv+hu. Here g, is the background field and is invariant under the BRST
transformations: dpg,, = 0. Fluctuations around the background are denoted by
huw. The BRST transformations of h,,, the anti-ghost field C’H, the ghost field C*
and the B-field B, are given by

6Bh/w = ﬂiQﬁC”Yum aBéu = B/u
dpCH = k™ 2C"9,C", dpB, = 0.

Here r is expressed in terms of the bare Newton constant G as k = (327G)~1/2,

In addition, Lo represents the Lie derivative with respect to C*. The gauge fixing
function f, is defined by

@
Ju=F,+ §Bm

where « is the gauge parameter. Here F), fixes the gauges to the harmonic gauge

and is given by

_ _ o 1_.5=
Fy = V257 [glhag,  Fi7lg) = 009" Dy — 5°" Dy

Here Du is the covariant derivative which is a function of g,,,. The gauge fixing term
Lcr and the Faddeev-Popov ghost term Lpp are given by Lar + Lrp = 85 (C,, f*).
Now the generating functional for the Green function and that for the connected
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Non-Trivial Ultraviolet Fized Point in Quantum Gravity 183

Green function are given by
Z[J,B,7;9) = expW[J, B, 7; 9] = /D@exp{—s[@?] — Ses} (21)

where B-field integral is completed. Here, the shorthand notations & = {h,,,,C*,C,}
for the fields and J = {t", 5, 0"} for the external source fields are introduced. The
bare action S[®;g] in Eq. (2-1) is

S[®: g] — / dlzLer(g + b + % / de /35" FF, — / dar /GO MECY
= Scrlh: 9] + Scrlh; g + Seplh, €, C; 4. (2-2)
Here M# is given by
My, 3l = 357D (p Do + YouDy) = 57§ DYaw Dy
The last term in Eq. (2-1) is the external source term,
Sps = — / /G {TD + B Lo + TuCV0,CM) (2:3)

where the external source fields for the BRST transformations of @ are included.

2.2. Deriwvation of the exact renormalization group equation

The scale-dependent generating functional for the connected Green function is
defined by

exp{Wi[J, B, 7; 9]} = /D¢exp{—5[¢;§] — AS[®; g] — Ses}, (2-4)

where k is the cutoff scale. The cutoff action AgS[®;g| is given by

B 1 = Tav 1\ v po
AS[d3g] = 5 / A% /G hy (RE™ )7 R

2 / de /7 G, (RE[g])C". (2:5)

Here the cutoff operators R} *'[g] and R%h [g] are expressed as
R%raV[g] _ Zfravk‘QR(O)(—D2/k2), Z;%rav _ Z]gravg“ygpg’
Ri'gl = Z§' K RO (- D? /1),

where Z2™ and Z,%h are the renormalization factor of hy, and the ghost field, re-
spectively. The cutoff function R(®)(u) must satisfy two conditions:

RY0)=1, ROy — c0)=0. (2-6)

In this article R (u) = u/(exp(u) — 1) is used. The cutoff action A.S goes to zero

as k — 0, because the cutoff operators RE*2"[g] go to zero in this limit. Thus Wy,
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coincides with the usual generating functional for the connected Green function in
this limit.
If Eq. (2-4) is differentiated with respect to ¢t = In k, we obtain
1 oWy oWy,
VG Ot otre

[ | 82Wy
- Aty — grav\ uvpo
Tah / ! \/E(atRk VO St st

1 §W, 5W,
dy 1 OWk g pehyOWk
+\f2/d T o (OB 5,

e ddx%(atzaih){ CW W } (2.7

Sohdot  Sardah

( tR%I‘aV)MVpo'

1
oWy, = 5/42/ddx

The functional derivatives of Wy, are regarded as the vertices. Hence the first and
third terms on the RHS of Eq. (2:7) correspond to the dumbbell (tree) diagrams.
In addition, the second and fourth terms there correspond to the loop diagrams.
Effectively, the loop diagrams contribute to the low energy physics. The introduction
of the effective averaged action I'y makes Eq. (2-7) 1PI form. ) The effective averaged
action is defined by

Iilp, B,7; 9] = /ddw VaJ(x)p(x) — WilJ, B,7; 9] — ArS[ep; gl, (2-8)

where the shorthand notation ¢ = {}_lm,, X, Eﬂ} is used for the classical field p. The
components of ¢ are given by

-1 W g — ”
me g ot - /g é5,’ /g Sar
In addition, the classical field g,, corresponding to v, is introduced by
9 (@) = Gy (@) + Ty ().
If Eq. (2-8) is inserted into Eq. (2-7), we have

1 oWy ., 1 6W,

hh

T [{ (r®+vare) - (p,gmngh);} @m@h)] (29)

1 -1
Ol = §Tr {(F,EQ) + EQRirav) (8t/<c2R%rav)Wpa}
-1
133 3
This is the ERGE for the effective averaged action. Here I ,§2) is the Hessian of I},
with respect to the subscript. For the same reason as that with Wy, I coincides

with the usual 1PI effective action as k — 0. In addition, at the cutoff scale A, which
is the cutoff of the theory, I} satisfies

Lplh,&, & B,7: 3] = Sarlh + gl + Sarlh; g] + Seplh, €, 9]
- / Al /G (B Legyu + TuE D"} | (2-10)

This is the boundary condition to solve Eq. (2:9) (for details see Ref. 6)).
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Non-Trivial Ultraviolet Fized Point in Quantum Gravity 185

2.3. Constraints of the functional space

To this point the breaking of the BRST invariance by the introduction of the
cutoff action has not been mentioned. In the usual field theories, the Ward-Takahashi
identity is

0 = (0pSks).

However, the introduction of A;S modifies this to
0 = (6BSEs + 0BALS).

If this is written in terms of the effective averaged action, we obtain

. 1 [er] oy srysry) I,
/d STy 63 +5T“5m =Y (R 9], R (9 ]) (2:11)

where I} = I', — Sgr has been introduced. In the usual field theories, the RHS of
Eq. (2:11) disappears. Though the existence of the cutoff action makes it propor-
tional to RE™E"[g]. However, Y; goes to zero as k — 0, because RE“&"[g] goes to
Zero in thls limit. Hence the usual field theories are recovered. On the other hand,
Yi does not disappear in the intermediate scale k. Thus the BRST symmetry is
broken in these scales.

Now to obtain the BRST invariant RG flows approximately, the space of the ac-
tion functionals is truncated. As a first step towards such a truncation the evolution
of the ghost action is neglected. Under this approximation the ansatz of the effective
averaged action is

I4l9.9,€,& B,7) = Llg] + Iklg, 3] + Sarlg — g: 3] + Seplg — 3.€,€: 9]
~ [ oG {5 Legus + € DL (2:12)

Here Sgr and Spp are in the same form as in the bare action. The coupling to the
BRST variations also has the same form as in the bare action. The remaining term
is decomposed into I[g] and I;[g,g]. The latter term I}, contains the deviations
for g, # guv- Therefore I [9,9 = g] = 0, by definition. This term is interpreted as
the quantum corrections to Sgr. Equation (2-12) satisfies the boundary condition
Eq. (2-10) at k = A if these terms satisfy

Ly=Sgr, Iu=0.

This condition suggests that setting I, = 0 for all k is a candidate for the first
approximation. If Eq. (2:12) is inserted into Eq. (2-11), we have

5I%lg, 9] h
A Legu, =Y, (Ry™(9], R 2-13
[ e s S = e (RE 1, 1518 (213)
The RHS of Eq. (2:13) is regarded as the higher loop corrections (for details see
Ref. 6)). Hence to neglect Y} is acceptable in the first approximation. This is
consistent with setting I, = 0 for all scales. These approximation means that the
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186 W. Souma

RG flows are projected on the background spaces. On the background spaces the
BRST invariance is recovered. As a result, the projected RG flows are the BRST
invariant.

If Eq. (2:12) is inserted into Eq. (2-9), we find

1 — — ravi-) "1 Tav—
oilg.g) = 51 (w21l g+ RE™(a) ' @uRE™1g)]
-1
~Tr | (Mgl + B'5)) " @Ra)] (214)
This is the truncated ERGE for I'x[g, g]. Here I'k[g,g| is given by

Fk[gag] = Fk[gag70707070]

= Ilg] + Scrlg — g:91 + I'lg, gl (2-15)

In addition, F,ig) is the Hessian of I'[g, g] with respect to g, at fixed g..

2.4. FEinstein-Hilbert truncation

To actually solve Eq. (2-14) is very difficult. Hence to make the problem easier,
the effective averaged action must be approximated. The most naive approximation
is to expand the effective averaged action in terms of the operators which are invariant
under general coordinate transformations. The first step of this approximation is to
take Sgr as the Einstein-Hilbert action:

1 . -
= —R(g) +2
SGr 167G /d :L‘\/§{ (9) )\} ’

where )\ is the bare cosmological constant. The scale dependent couplings are defined
by
G— G = Z;,iG’, A— A, a—ap= Z&ka.

In this article & = 1 is used. From Eq. (2-15), the effective averaged action becomes

Ivlg,9) = 26*Znk / dz /g {—R(g) + 2X\;}

12 Z ok / 42 \/G 5 (FOP o) (F17 gpo). (2:16)

Here I, is neglected. If Eq. (2-16) is differentiated with respect to ¢ and projected
at guy = Guw, We have

0, Tulg, 9] = 2+ / dz /G [~ R(9)0:Znte + 20/ Znih)] (217)

This is the LHS of Eq. (2:14). The next step is to get the RHS of Eq. (2:14). The
effective averaged action is expanded in terms of h,,. For the quadratic term of h,,
hyw is decomposed as

h/w = iL,uzz + guuqb-

220z ¥snbny oz uo 3senb Aq 68z L8 1L/18L/1/20L/31onie/did/wod dnoojwepede//:sdiy wody papeojumoq



Non-Trivial Ultraviolet Fized Point in Quantum Gravity 187

Here ﬁ/@/ is the traceless part of BW: g'w/ile = 0. On the other hand, ¢ is the trace
part of hy: ¢ = " hy,. In addition, the function (Z¢™)#P7 in the cutoff operator
is decomposed as
d—2
(ZlfraV);wpcr — (I - Pd)),uypa o oF Pgl/ﬁu’ Zle (218)
where
Pgl/pcr — d—lguugpa'

The first term on the RHS of Eq. (2-18) projects the traceless part. The second term
there projects the trace part. To proceed with the calculations, the background is
fixed by the maximally symmetric space. Hence the Riemann tensor Ru,,pg and the
Ricchi tensor R;w are parameterized in terms of the c-number scalar curvature R.
In this background, R is regarded as not a function of the metric, but a number.
In the following the projection at g,, = g, is applied. Therefore, the bars of the
metric and curvature scalar are omitted. From these manipulations, if the RHS of
Eq. (2-14) is denoted by Si(R), we have

Sk(R) = Trr {N(A+CTR)_1} + Trg [N(A-FCSR)_l}

—2Try [N()(Ao + CvR)_l} , (2-19)
with
_d(d—3)+4 _d—-4 1
r=~ga-ny > ST =g

In Eq. (2:19), A and N are given by

A=—-D?+ k?RO(—D?/k?) — 2,
N = (1 =n(k)/2) K*RO)(=D?/k*) + D*ROV(~D?/k?),

where the anomalous dimension 7(k) is defined by n(k) = —0:In Zyj. In addition,
Ap and Ny in Eq. (2-19) are defined similarly to A and N, except for Ay = 0 and

n(k) = 0.
Now to obtain the coeflicients of /g and ,/gR, the RHS of Eq. (2-19) is expanded
in terms of the scalar curvature R:
Sk(R) = Trp [NATY] + Trg [NATY] = 2Tey (Mo A7
—R (CTTI“T [NA_Q} + CgTrg [./\/’A_ﬂ

—2Cy Try [NoAG?]) + O(R?). (2:20)

In addition to calculating the traces in Eq. (2:20), the heat kernel expansion is
applied. Hence comparison with the results of these manipulations and Eq. (2:17)
gives the differential equations for 0;Zxny and 0y(ZniAr). If these equations are
expressed in terms of the dimensionless couplings of the Newton constant g and the
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188 W. Souma

cosmological constant A\, the G-functions for these are given by

8tgk = ﬁg = [d -2 + n(k)]gk, (2'21)
O = Py = —(2 — e+ ordm) " {20(d + 1Y (~20)
—d(d + 1)n(k) Bl 5(~2\) — 8B} 5(0) . (2-22)

Here the dimensionless couplings are defined by
g = k‘d_QGk = kd_QZK,iG, )\k = k‘_25\k.
In this case, the anomalous dimension is expressed as

ngl(da )‘k)
k) = .
k) 1 — giBa(d, \g)

The new functions Bj(d, A\;) and Ba(d, A\;) are defined by

(2:23)

1
Bi(d, M) = 5 (4m)' =2 [d(d + 1)@ (~20) — 6d(d — D)8 p(~2M0)
—4dd};_(0) — 2407 5(0)] ,

Ba(d, \y) = —é(ﬂar)l—d/? [d(d+1)BY 5 4 (—22) — 6d(d — 1)F25(—27)] -

The functions @ (w) and @F (w) are concerned with the integrals of the cutoff func-
tion and given by

, 1% RO() - sRO(:)
) = 7 ), 1[z+R () +
o O(2)
F(n/ dzz" R(O)(Z)+w]p‘
In addition, the relation
#w) = Hw) = o0 (224)

is fulfilled for any cutoff functions.
§3. Ultraviolet fixed points in 2 ~d <4

3.1. The case A\, =0

To see the behavior of the Newton constant and to simplify the problem, the
cosmological constant is ignored. This approximation is applicable if the cosmological
constant is much smaller than the cutoff scale k. In this case the phase structure is
described by the (-function for the Newton constant only:

g = By = [d—2+1/(k)] g (3-1)
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Non-Trivial Ultraviolet Fized Point in Quantum Gravity 189

In contrast to Eq. (2-23), the anomalous dimension is denoted by 7/(k) and given by

n/(k) _ grB1(d,0)

11— giBa(d,0) 32)

Figures 1 (a) and (b) are numerically calculated results of this S-function in some
dimensions. In Fig. 1 (a), the dotted line is the result in d = 1.9. This g-function
has two FPs. One is the UV GFP, and the other is the IR NGFP, which exists in a
negative coupling region. If only a positive coupling region is considered, in d = 1.9,
QG has one phase and becomes an asymptotically free theory. The solid line in the
figure is the result in d = 2. This S-function has one FP. If the same coupling
region is considered, QG has one phase and becomes an asymptotically free theory
in d = 2. The dashed line in the figure is the result in d = 2.1. This S-function
has two FPs. One is the IR GFP and the other is the UV NGFP. In contrast to
the result in d = 1.9, the NGFP exists in a positive coupling region. Thus QG has
two phases in this region. Omne corresponds to the weak coupling phase, and the
other corresponds to the strong coupling phase. These results for the structure of
the phase space coincide with the ordinary perturbative calculation in 2 + € gravity
theory. This result suggests that this UV NGFP will remain in d = 4. However, the
usual e-expansion does not predict the possibility that UV NGFP in d = 2.1 remains
in higher dimensions. On the other hand, Eq. (3-1) is free from a constraint of the
dimensionality. Hence this S-function is applicable even if the dimension is greater
than 2. Figure 1(b) is the result in 2 < d < 4. This figure suggests that the UV
NGFP in d = 2.1 remains in d = 4. Hence it is expected that QG will have a UV
NGFP in 2 < d < 4. This NGFP separates the positive coupling region into two
phases. One is the weak coupling phase, and the other is the strong one.

The numerical calculations of the RG flows in d = 4 are shown in Fig. 2. These
were derived by numerically solving the differential equation Eq. (3-1) under some
initial conditions. The horizontal axis is the scale ¢. Small ¢ correspond to the IR
region, and large t correspond to the UV region. The horizontal lines are the UV

10° 0.6 ,
a d=1.9 b —-— d=2.0
( ) — d=2.0 ( ) d=2.5
——-d=21 ----d=3.0
| ——-d=35
04 — d=40
//// N
& o N S o® 02t
e N _
P
// . \\\
/ SN \
/ 0.0 X
/ N V7, \
2
/ /) \
/ i \
/ bl o \
-107 = !, -0.2 H v I L L
-10 0 10 0.2 0.0 0.2 0.4 06 08 1.0
g g

Fig. 1. The numerically calculated S-functions for the Newton constant in d = 1.9,2,2.1 (a) and
d=2,2.5,3,3.5,4 (b).
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15 T
|
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10 | S ]

O«

-05 ¢ I I |

Fig. 2. The flows of the Newton constant g; in d = 4. The horizontal axis is the scale ¢. Small ¢
correspond to the IR region, and large ¢ correspond to the UV region. The horizontal lines are
the UV NGFP and the IR GFP. The dotted lines are the flows in the negative coupling region.
The solid lines are the flows in the weak coupling phase. The dashed lines are the flows in the
strong coupling phase.

NGFP and the IR GFP. The dotted lines are the flows in the negative coupling
region. The solid lines are the flows in the weak coupling phase. These converge to
the IR GFP. The dashed lines are the flows in the strong coupling phase. These
two phases are separated by the UV NGFP.

The FPs g* satisfy

0=0g" =[d—2+m]g".
Thus the solutions are g* = 0 and 1, = 2 — d. The former solution corresponds to

the GFP and the latter is a candidate for the NGFP. If Eq. (3-2) is inserted into
the latter condition, we obtain

2—d

9= B0 2= dBd0) (3:3)

This solution becomes zero in d = 2. Therefore, GFP are degenerate in this di-
mension. On the other hand this solution is the NGFP in d # 2. The numerical
calculation of Eq. (3-3) in 2 < d < 4 is shown as the solid line in Fig. 3. The dashed
line in this figure is the result of 2 + € gravity theory in the harmonic gauge up to
O(e). These results coincide in d ~ 2. However, the difference of the position for
the UV NGFP becomes large as d — 4. To see the correspondence between the
ERGE and 2 + € gravity theory, the perturbative limit of the ERGE is considered in
d = 2 + e. In this case, Eq. (3-3) becomes

—€

B1(2+€,0) —eBa(2 + ¢€,0)

*

g:
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Non-Trivial Ultraviolet Fized Point in Quantum Gravity 191

0.8
---- g—exp.
—— ERGE
06 |- 1
.)<
(@)}
04 |- 1
02 | 1
00 = L L L
2.0 25 3.0 35 4.0

Fig. 3. The position of the UV NGFP for the Newton constant in 2 < d < 4. The solid line is the
numerical calculation of Eq. (3-3). The dashed line is the result of 2 + € gravity theory in the
harmonic gauge up to O(e).

If this equation is expanded in ¢, we have

1
g~ ——————e+ O(e). (3-4)
B;"(2,0)

Here B;(2 +€,0) (i = 1,2) is expanded as
Bi(2+¢€0) = B”(2,0)+ BY(2,0)e + - -,

where

38

5
This is because &}(0) = 1, from Eq. (2:24), and ¢2(0) = 1 for any cutoff functions.
Hence

BY(2,0) = % [—2a}(0) - 3623(0)] =

.3
g f:ge—i-O(eQ). (3-5)

This coincides with the result of 2 4 € gravity theory in the harmonic gauge up to

O(e).? TIn addition, this result is independent of the shape of the cutoff functions
up to this order.

3.2. The case A\ # 0

If the cosmological constant is considered, a candidate for the NGFP becomes

2—-d

S = Bida) + 2= dBad A’ (36)
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192 W. Souma

where the FP of the cosmological constant is denoted by A*, which must satisfy
ON* = 0. If Eq. (3:6) and 7. = 2 — d are inserted into Eq. (2-22), we have

1 2—dEn)?
0="0n ==\ 4 g T @ = dBid )

—d(d + 1)(2 = )8} 5 (—2)") — 84D} 5(0) }. (3-7)

{2d(d + 1)} 5(—2)")

This equation is a function of A* and d. Hence, if A* is calculated for each dimension,
the UV NGFP of the Newton constant can be derived from Eq. (3:6). Hence the
UV NGFP is expressed as (g%, \*). The numerically calculated results for the UV
NGEFP (g*, \*) are shown in Fig. 4. In this figure the filled circles and the numbers
beside these represent the space-time dimensions. From this figure it is concluded
that QG has a UV NGFP in 2 < d < 4, even if the cosmological constant is taken
into account. Hence it is possible that QG is an asymptotically safe theory and
renormalizable in 2 < d < 4.
In d =2+ ¢, the UV NGFP (g%, \*) exists in O(e). Hence, Eq. (3:6) becomes

—€

= . 3-8
g B1(2+¢€,€) —€Ba(2 + €, ¢€) (3:8)
If Eq. (3-8) is expanded in €, we obtain
* 1 2
g~ ——————€+ 0(e). (3-9)

- BO(2,0)

As mentioned in the previous subsection, B;(2+ €, €) is expanded in e: B;(2+¢€,€) ~
BZ-(O)(2,O)+BZ-(1)(2, 0)e+---. Equation (3-9) coincides with Egs. (3-4) and (3-5). Thus

)\*

0.0 0.1 0.2 0.3

g*

Fig. 4. The numerical calculation of the UV NGFP (g*, \*) in 2 < d < 4. The filled circles and the
numbers beside them indicate the space-time dimension d.
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the UV NGFP for the Newton constant coincides with the result of 2 4 € gravity
theory in the harmonic gauge up to O(e). In addition this result is independent
of the shape of the cutoff functions. The UV NGFP for the cosmological constant
satisfies

0= —(2+ X+ 30" (4m) " [22 + (3 + OBl o(~2X")
—8(2+ )Pl 5(0) — (2+ €)(3 + )i, /2(_»*)} . (3-10)
If Eq. (3-10) is expanded in €, we have
0= —2\* — 2¢*®1(0) + O(€?).

Thus the UV NGFP for the cosmological constant is given by

N 3
A= —ﬁeéﬁ%(()) + O(€%).

In contrast to the Newton constant, the cutoff function dependence appears up to

O(e).
§4. Summary and discussion

In this article we have discussed the existence of the UV NGFP in QG by means
of the ERGE. The formulation of this article suggests that a UV NGFP exists in
2 < d < 4. Thus it is possible that QG is an asymptotically safe theory and
renormalizable in 2 < d < 4. The e-expansion of the §-function for the Newton
constant has a UV NGFP at g* = 3¢/38 in d = 2 + €. This coincides with the result
of 2+€ gravity theory in the harmonic gauge up to O(¢). In addition it is independent
of the shape of the cutoff functions. However, the cutoff function dependence will
appear in d > 2 + €. The e-expanded result of the UV NGFP for the cosmological
constant has a cutoff function dependence up to O(e). Thus there is the possibility
that the UV NGFP will disappear for other cutoff functions. To resolve this problem
it is necessary to perform calculations for different sets of cutoff functions.®

If the truncated ERGE is completely solved, these problems will disappear. How-
ever it is not possible to solve it without any approximations. For this reason, the
functional space is approximated by the same space of the Einstein-Hilbert action.
This approximation is the origin of the appearance of the cutoff function depen-
dence. Thus it is expected that this dependence will be weakened by the extension
of the action functional space. The first step to enlarge the functional space is to
include the so-called R2-terms.? From another point of view, the extension of the
functional space is important. This is because the RG flows that move toward the
UV NGFP are governed by the higher derivative terms. Hence to more accurately
analyze the structure of phase space in the UV regions, treatment of these terms is
necessary. However, this extension causes other problems. If the functional space is
approximated by the same space of R2-gravity theory, four S-functions will be de-
rived, therefore, four FPs will appear. However, one of these FPs will correspond to
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the UV NGFP derived in the Einstein-Hilbert truncation. In a perturbative method,
such as the e-expansion, it is necessary to calculate the higher loop corrections to
get reliable results. As is well known, even-loop calculations in the scalar theory
cause the UV NGFP in d = 4. However, the scalar theory is believed to be a trivial
theory. Thus this UV NGFP is a fictitious FP. These problems always appear in
the perturbative method. The truncation of the functional space in this article is
not a perturbative method. In scalar theory, the extension of the functional space
does not cause the disappearance of the NGFP in 3 < d < 4.5 Thus it is expected
that the same situation will appear in quantum gravity.

As mentioned above, the gauge parameter « is fixed to unity in this formulation.
However, it is possible to analyze it in other gauges.'® The S-function is not a
physical quantity. Therefore, it depends on the gauges. Hence the UV NGFP which
is derived from it has a gauge dependence. However, this problem is not so serious
if a UV NGFP exist for all possible gauges. This is because the important point is
not the position of the UV NGFP but its existence. In the Landau-De Witt gauge
o = 0, it is recognized that the UV NGFP remains in d = 4.9 However, to guarantee
the existence of the UV NGFP in 2 < d < 4, more accurate calculations must be
done.® In addition, there is the possibility that the physical quantities derived from
this formulation depend on the gauge. The corrections from the constant gauge
parameter are calculated in Ref. 11), and these calculations suggest that physical
quantities such as the ratio of the Newton constant and the cosmological constant
are gauge independent if the truncated ERGE is evaluated on-shell.

In addition to these problems, it is necessary to study the effectiveness of this
formulation. As is well known, the physical quantities of QG have been exactly
calculated in d = 2. Hence it is important to calculate these quantities by means of
the ERGE. In this article, only the pure gravity theory is considered. However, it
is interesting to analyze the effects of the matter fields on the structure of the phase
space. The ERGE including the matter field has been derived in d = 4.1 However,
analysis for the structure of the phase space does not exist.
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