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1 Introduction

A way to quantum gravity --- personal view

4 years ago

Einstein theory is non-renormalizable but is only a low-energy effective
theory! If one considers quantum gravity, e.g. string theory, higher-
order terms alway appear! = This might lead to possible UV completion
because of the following reasons

— In 4D, quadratic (higher derivative) theory is known to be renormal-
izable but non-unitary! (Stelle)

Exciting developments in 3D gravity: unitary higher-derivative gravity
(Bergshoeff-Hohm-Townsend)

1 1
S =— / dSCIZ\/ —q [UR — 20\ + aR?+ BRQV + _ELCS] ;
2 o
3D Einstein theory --- no dynamical degree of freedom

With higher derivatives, gravity gets dynamics!
Not only that, we have the possibility of renormalizability!!

For the first time, we have the possibility of having both unitary and
renormalizable gravity theory!, though in three dimensions.
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A complete classification of all unitary and stable theories is done in-
cluding all possible coupling and maximally symmetric vacua, by looking
at the pole residues from the action (off-shell analysis). (NO)

Unfortunately, the renormalizability fails precisely for unitary theories
They are just incompatible with each other. (Muneyuki and NO)

In this situation, the only possible way to make sense of the quantum
effects in gravity seems to be the asymptotic safety.

What is the asymptotic safety?
A non-renormalizable theory = effectively renormalizable by a rearrange-
ment of the perturbation series or addition of higher derivative terms.

To be more precise

Terms of finite order in the perturbation series then contain what ap-
pear to be unphysical singularities. Such unphysical singularities may be
avoided if the couplings approach a fixed point in the ultraviolet energy.
This is the asymptotic safety (Weinberg).

Note: The asymptotic safety is a wider notion than the renormalizabil-
ity (includes renormalizable theories).
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') Any theory --- always have a fixed point at the origin.

The asymptotic safety

= the couplings lie on the attractive surface to the fixed point(s)

= All couplings with negative dimensionality (in powers of mass) should
vanish (because the couplings are driven away from the origin)

= The non-renormalizable interactions should vanish

= Theory is renormalizable in the usual sense (asymptotic safety includes
these theories)

Rationale:

We do not stick to perturbative unitarity. It only matters if we can
compute effective action without any instability and other problems.

2 Wilsonian method for renormalization group

Wilsonian RG:
Effective action describing physical phenomenon at a momentum scale &
— the result of integrating out all luctuations of the fields with momenta
larger than k.
k: the lower limit of the functional integration (the infrared cutoff). The
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dependence of the effective action on £ gives the Wilsonian RG flow.
One can obtain one-loop beta functions from this functional equation.

We apply this method to our theory on arbitrary background in arbi-
trary dimensions.

The beta functions were computed maximally symmetric spaces.
= Non-trivial fixed points were found for A and G. (NO)

The complete beta functions are obtained for arbitrary dimensions
on arbitrary backgrounds with Roberto Percacci.

The action

D 2 2
vV — — —C" — -k + + 70
/d x [ (R —2A) + 2)\0 E fR R,

and derive the beta functions.
We find the beta functions of the dimensionless couplings in 4 dims.
Fixed points: The fixed point value of the cosmological constant is
gauge-invariant! (The precise value may not be important.)

We also find nontrivial fixed points in other dimensions including 3
dims.
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3 f(R) Gravity

In order to facilitate the program, one has to truncate the theory, e.g.
derivative expansion, polynomial expansion etc.

Still there is accumulating evidence that there are always nontrivial
fixed points. = Asymptotic safety program may be the right direction.

Problems with earlier attempts: Gauge-dependence, parametrization-
dependence

It is interesting to consider actions of the general form

S = /ddiﬁv _gf<R)7
in d dimensions, and derive FRGE for the function f(R)!

Two different parametrizations of the metric fluctuation:

linear split: ¢, = g + hy, - -+ most often used
exponential split: ¢, = gﬂp(eh)py, .-+ new parametrization

The latter has the advantage that the result is gauge-independent.
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The background space is d—djmensional Einstein space with
RW = %gw, R = const.
For the exponential split, the quadratic terms are given by
2) = % f"(R) [Dh — V,V,h" + R,Wh“”} 2 + % f'(R) Ehwmhﬁ“’ + (V, h")?
+h(V, V" — Ry,W"Y) + R W' hE — lhDh + Rmyﬂh“”ho‘ﬁ}

R =202, + 5 [ F(R)g™ — f <R>R“”] 2,

up to terms which do not contribute to our results.

1 1
York decomposition: h,, = hZ;VT +V,5 +V,§, +V, V,0— gQWV% + agwh,
where
Vihiy =g"h, = V" =0.
1 _
7@ _ g hTT(_ 2 )hTTW h( L )
> 18 = =R (= P s RN (G (R) = o ()

+d4—d13[2<dd—1>f~<R>(_vz_i)+Eff<g>}(_v2_ R )s
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on the Sphere R,upya — %(?]uy?]pa — L(_],uagvp)v
s = h — V?0 is the gauge-invariant variable
Remarkably all terms containing ¢, cancel out!

Z
Gauge fixing: Sqgp = Q—/ddx\fgg“”FﬂFy
Q

with
_ 04+ 1_
F,=V,h, — Tvuh
Z _, RY d—1-8?2  _ _ R
= Sqr = %/dx\/g [gu (—V2 _ E) ey ( = B) (=V2) (—V2 ———
£y X = [_Ecéd_i)lv_;_)g]f_?h: gauge degrees of freedom
h'T, s: the physical degrees of freedom.

The ghost action for this gauge fixing:

_ _ 1\ . _ _
Sy = / da/GC" (5;v2 + (1 _ 2%) V.V + R/) C,
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Contribution from the gauge fixing term of the gauge variant fields (¢, x)

pet(~ 92— 1) Dot e~ 9 L p)

The ghost determinants

Det(( - V2 = GR)Det(— V2 — = —R)

Finally the Jacobian (in York decomposition)

Det( — V- %R) 1/2Det(—v2)1/2Det( —V? - %) 12

The gauge-dependent factors cancel out, and the result is gauge indepen-
dent!!
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4 Functional renormalization group equation

By the standard procedure, we get the functional renormalization group
equation (FRGE)

=ty | FR)R >+f’<R>Rk<D>_
2 ( +d(d21)R)_
e [ MBRO G PREO)
: f"(R) (Py(D) = By — 75 R) + 5 /()
Rk<|:|)
—§T‘I‘(1) P;{;<D>—E(1)—%R 7

where the dot denote the logarithmic derivative with respect to the scale
k, E) (s =0,1,2) are terms linear in the scalar curvature, and

P(0) =0+ Ry(0), O=-V+E4,

with the cutoff function R;(O). The subscripts to the traces represent
contributions from different spin sectors.
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. —0 1 — S) _n pn
Heat kernel expansion: Tr e "] = (Iro ) /S d d'z+/q Zbgn)a R",
n>0
1 _ s _
> TV O] = g [ #ovE S hlun VIR
n>0
where
1 o0
. = d m—1 .
QuW) = [ de W

Choose Ry(z) = (k> — 2)0(k*> — 2) = K*(1 — y)0(1 — y), = P, = R), = 2k*0(k* — 2)
Ep =—aR, Eg=—-pR, Euy=-—R,
and define
r=RE, o(r) =k f(R),

Our main result in 4 dims.
327T2(gb — 2r¢’ + 4p)
B Cl(gpl . 2,’490//) _i_ 0290/ —i_ CB(SDH . 2,’,,90///> + 0490,/ C5
N ©'[6 + (6ar + 1)r] 2{"[3+ (38 — D)r] + ¢’} 4+ (4y — 1)r’
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where
1 1 5 . o 3ll

_ 5 5(3 ——) (15 _5 ——) 2 (5 3242 )3,
C1 -+ 8} 5 QO Q 7217“ -+ 8} 204 72—|—907§117“
¢y = 40 + 15<6a1— 1+ (60@2 _ 2(;?1— 1—8) r? (10a3 _ ;)f _ %841774536)&

=1 (384 5)r+ (387 48— 5 )+ (8 57— 5P+ )™
ca= 1+ (30 +5)r+ (3047 356?1T+ 5+5 360” T 9072
c4:2[3+(6/3+1)r+(352 /3——) 2},

36()607

cs = 12 4+ 2012y + 1)r + (127 +2fy—@)

If we include the contribution of the constant mode of trace h, we have
an additional term to the r.h.s.
8 2
316 + 20 — r¢’
We can also compute the traces by summing directly the corresponding
functions of the eigenvalues of the Laplacian on the sphere as

TT()[W( V2+E ZMldS )\ld8>—|—E())

A, B2 the eigenvalues and the correspondmg multiplicities.
= The structure of the flow equations is the same.
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5 Scaling solutions in 4D

Properties of differential equations obtained from ¢ = 0 = fixed points.

N N
o(r) = gur™,  @(r)=>_ By,
m=0 m=0

gm: the k-dependent running couplings
By, = Otgm: their beta functions.

Substituting and expanding the result in powers of r up to order N yields
a system of N +1 algebraic equations for the beta functions. Setting these
to zero, we can find the fixed points.
The FRGE tells us that the large-r behavior of ¢ is
O ~ asr? + ayr + apg + a_1/r+--- at most quadratic!

Exact solutions:
We first treat these parameters as unknowns to solve for.
The simplest possible solutions are of the form

©(r) = go+ gir + gor* .-+ Similar to Starobinsky model!
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We obtains a system of six equations for the six unknowns ¢y, g1, g2, o, [
and . This system has a number of solutions in Table 1.

| 10°%a |  10°8 | 10°y | 10%go. | 10°G1. | 10%Ga, [ 6 |
—593 [ —735] —177] 728 ] —842 1.71][3.78
—616 | —70.7| —154 | 7.42| —8.64 | 1.743.75
—564 | —80.3| —168| 6.82| —8.77 | 1.83]3.70
—543 | —874 | —126| 6.31| —9.47| 2.06 | 3.43
—420 | —100.5 | —3.19 | 4.90 | —10.2 | 2.83|2.93
—173 | =298 | 244 | 453| —834| 2.70|2.18
—146 | —64973 | 250 | 2.90 | —10.7 | 0.0006 | 2.58
—109 | —22267 | 307 | 2.90 | —10.4 | 0.0045 | 2.45
109 | —3564 | 526| 284 | —7.83] 0.094 | C

377 | —1305| 794 | 257 | —4.37| 0214 | >4

Table 1: Exact quadratic solutions

We also study the system for vanishing endmorphism a = g =~ = 0. The
non-Gaussian fixed points (NGFP) are summarized in Table 2. The criti-
cal exponents for N = S are 4,2.21, —2.51, —5.21, —7.50, —9.53, —11.46, —12.9, —15.1.

Numerical analysis for fixed o, (5, v:
When we solve for the differential equations of the fixed point solutions,

which are third order in general, the zero’s of the third order coefficients
rcg give the singularities.
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|

*

% | g | ¢ [10g
0.00290 | —0.00770
0.00467 | —0.00492 | 0.00148
0.00466 | —0.00472 | 0.00143 | —1.78
0.00478 | —0.00473 | 0.00136 | —1.39 | —4.17
0.00479 | —0.00466 | 0.00134 | —1.79 | —4.34 | —7.09
0.00481 | —0.00465 | 0.00132 | —1.79 | —4.83 | —7.72 | —1.53
0.00482 | —0.00464 | 0.00132 | —1.85 | —4.93 | —8.81 | —1.73 | —3.60
0.00482 | —0.00463 | 0.00131 | —1.86 | —5.02 | —9.11 | —2.00 | —4.23 | —9.51

10%; | 107gs | 107gg | 10%; | 10%gg

oo | | Ut| x| W 0| | =

Table 2: The NGFPs fora==v=0

The normal form of the flow equation has a singularity at » = 0 and
further fixed singularities depending on f.

The isolated solutions are expected to occur when the number of fixed
singularities matches the order of the equation.
= work in progress

We can also study beta functions in other dimensions. Owur results
confirm that there are always nontrivial UV fixed point functions.
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6 Discussions

We have constructed a novel functional renormalization group equation
for gravity which encodes the gravitational degrees of freedom in terms
of general function f(R) of the scalar curvature.

We use a new parametrization of exponential type of the metric which
avoids unphysical singularity.

The advantage of this parametrization is that it gives gauge-independent
result.

We have shown that there are ultraviolet fixed points essential for
Asymptotic Safety for the function f(R).

We have studied if this approach may be used to determine possible
UV completion of gravitational theory and the result contains exact so-
lutions similar to Starobinsky model (R + R?), consistent with the current
observation on inflation.

Possible future directions:
extending the analysis to more general theory, background-independence
etc.



