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Why Inflation Is Necessary

The idea of inflation was introduced by Guth, Sato, and Starobinsky
to resolve the following problems:

Horizon problem

Why there were larger correlations than horizon size in early universe

Flatness problem

Why curvature remains near zero even after more than 10 billion years

Inflation is also expected to describe the primordial spectrum, which is
initial condition of the present universe
Inflation should explain the following feature of the spectrum:

* Why its amplitude is so small
 Why it is almost scale-invariant




\ What Inflation Suggests

Amazingly, if we believe inflation honestly, then much of Universe we see today
was created from a narrower region than Planck length

In a typical inflation scenario, the Universe will be expanded about
10%° = 10% x 10* times from its beginning

[Of course, there are scenarios that avoid reaching Planck scale]

4000Mpc = 1026 m
Current Hubble distance
[=size of Univ. we can see]

o . Inflati i
Original size of nriaton Friedmann

) . -} >
our Universe is ) ' scale factor

—60 —30 1
order of Planck 0 10
length

Hubble distance = (reduced) Planck length x 106°

Need quantum gravity theory which can go over Planck scale wall !




Planck Scale Wall and Renormalizabilility

Planck scale wall;

Einstein gravity has singularities and is not renormalizable
In order to avoid such problems, usually introduce UV cutoff in Planck scale

Some people think of it as an entity of spacetime quantization

However, introducing finite UV cutoff breaks diffeomorphism inv.

Many people believe that there is no world shorter than Planck length, or
that such a world is ruled by a physical law other than diffeomorphism inv.

But, this thinking is exactly the root cause of the problem with gravity

singularity, renormalizability, cosmological constant problem, entropy of universe

Bringing UV cutoff to infinity is to make quantum theory of gravity not only
diffeomorphism invariant but also renormalizable




\ Novel Perturbation Method

Inflation gives a hint of how to formulate such quantum theory of gravity

Inflationary spacetime = conformally flat (de Sitter) spacetime

>

Quantum spacetime will be described by perturbation expansion around
conformally-flat spacetime where Weyl tensor C..a» vanishes :

_ 20~ _ A 1
g;‘-ﬂb’ — E’_‘;ng-fr-'f" Guv = T (eh) v nﬁl(at + h')\v + §hAJhUU + - )
T
This part is not restricted Traceless tensor mode h is handled in perturbation
from C,,,x, = 0 condition by introducing coupling constant later

=> treated exactly

The most important conformal factor determining distance is treated
non-perturbatively
=>» realize background freedom as a special conformal invariance

whereas conventional perturbation method is defined
around flat spacetime of R,.n =0




‘ Quantum Gravity Action

sgn = (—1,1,1,1)

Renormalizable quantum gravity action with conformal invariance

in a trans-Planckian region : .
conformal in UV

1 1 1 2
I = /d4$1f—g{——02 Ao bG4 + — ( R+ ﬁm)}
. {2 KT h \ 167G
— y
Y
conformally invariant (no R?) where G, is Euler density

The coupling constant t is dimensionless and renormalizable,
which controls expansion around C,,,, = 0

1
[C-f- ——QTrFEV > expansion around b = J
g

Note) 7, appears only before lower actions, because 4-derivative gravity actions
are exactly dimensionless, so they contribute only to quantum dynamics,
have no classical entity

=>» may be regarded as part of the path integral measure




‘ Key of Quantization

The action | has no 4-derivative dynamics of conformal-factor field o)

Unlike conventional perturbation theory around flat spacetime, dynamics
(= kinetic + interactions) of ¢ are derived from path integral measure:

/ [dg)gy €9 = / [dpdh), e'5(#)+il(9)

t | t
diff. inv. measure practical measures on flat metric so that
normal field theory methods can be applied

The S (=Jacobian) arises to ensure diffeomorphism invariance,
which is Wess-Zumino action for conformal anomaly

[# physical quantity against the name]

Even at UV (t = 0) limit, S exists, that is Riegert action (= kinetic term of ¢ )

b _ _ 1 - 2
Sp = /d“:c{— (4;)2 (%?z@ + Ey ¢+ ERQ) } where FE, =G, — §V2R

4-th order conformal inv. differential. op c.f. Liouville action in 2D QG




Both Singularities and Ghosts are Unphysical

In general, fourth-derivative gravity has the following good properties:

B Renormalizable (coupling constant is dimensionless)
B Action is positive-definite (bounded below) =» path integral is stable (unlike EH)

B Singularities can be eliminated as unphysical

If the action contains Riemann tensor squared, then it diverges
for singularities

[Note) Path integral weight for Schwarzschild solution: }

Einstein gravity: e—fR — 1 , while 4-deriv. gravity: e—fRiw\a — 0
*
_ _ statistically forbidden!
Furthermore, this QG theory has the following extra good property:

“BRST” conformal inv. arises as part of diffeomorphism inv. in UV limit

This represents background freedom where all different conformally-flat
spacetimes are gauge equivalent, unlike normal conformal inv.
[a realization of Weinberg’s asymptotic safety program]
Under this symmetry, all ghost modes become unphysical, not gauge inv.,
as in the next and appendix




Physical States in A Trans-Planckian World

BRST invariant states

(B|phys) =0 There are an infinite number of physical states

« All ghost modes are unphysical, not BRST invariant

« Physical quantities are given by real composite primary scalars,
while tensor quantities are forbidden

consistent with CMB observations

K.H. and S. Horata, PTP 110 (2003) 1169; K.H., PRD 85 (2012) 024028; K.H., PRD 86 (2012) 124006

€ Ghost modes are unphysical, and have no classical entity like particles

€ Ghost modes are necessary elements to form the closed BRST
conformal algebra, that is, to preserve diff. inv.

€ Hamiltonian vanishes, but the physical state is not unique, so there
IS entropy, which is due to the presence of such unphysical ghosts

10



On Ghosts and Diff. Inv., Further

In renormalizable QG, energy-momentum tensor vanishes as an_identity:
/[dg]Le” = il(\/—g T"(z)) =0  Schwinger-Dyson equation
0 gy () 2

Then, ghost modes are necessary for Hamiltonian to vanish, i.e., to preserve
diffeomorphism invariance

In fact, Einstein gravity also has a ghost due to indefiniteness of Einstein-Hilbert
action, but it allows non-trivial solutions such as Friedmann solution

If all modes consist of positive-definite ones, the only state in which total
Hamiltonian vanishes is the trivial vacuum =» no entropy, no time

Hence, the existence of ghosts itself is not the problem
Ghosts cause problems only when they arise as physical objects

In this QG, ghost modes exist, despite that action is positive-definite, but
they all become unphysical under BRST conformal inv.

Thus, we can never see ghosts, but they exist everywhere !

11



What Should Quantum Gravity Show

First of all, we should be aware that fluctuations in gravity represent fluctuations
in time and distance

We should be considered that the “measurable” current space and time was born
after the fluctuations reduced significantly in early universe

Of course, QG should reveal spacetime with large fluctuations before reducing,
which will be realized in a trans-Planckian region

At the same time, QG should provide dynamics in which fluctuations reduce
and give rise to the current spacetime

QG is a study of describing changes in state of spacetime, not scatterings of
gravitons in a particular spacetime

As said many times, we should move away from the graviton picture!

12



Effective Action, Equations of
Motion, and Inflationary Solution




‘ Effective Action -- Weyl Part --

Effective action can be written in terms of running coupling constant

For Weyl sector

™ — [ 1 250@ + ﬁo log( )} \/— o gq= momentum measure.d by flat metric

t like comoving mom. in cosmology
1 VN
- P(Q) C oY WZ action of conf. anomaly for Weyl sector,

necessary to preserve diff. inv.

Running coupling constant

1 :
Q) = ] A2 New physical scale (= RG inv. dAqa/dp = 0)
Bolog(Q?/ QG) —1/2B0t2
2 Aqc (= pe )
where  (Q* = g"q,q, = eq2—¢ determined from QG inflation scenario

physical momentum squared

In general, nonlocal corrections are encoded by replacing ¢ in local part with (Q)
[ this holds even in higher loops: K.H., PRD 102 (2020) 125005 ]
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‘ Effective Action -- Riegert Part --

The coefficient of Riegert action, b1, has quantum corrections, so that

g f d%:{ ( 42;)23 (2@&@ + Es¢+ ;RQJ } b, = b.B
where b, = (Nx + 11Ny /2 + 62N,4) /360 + 769/180 For Standard Model, b. = 7.0
Correction factor B is assumed to be summed up in the following use this Valuglater
12 EQ(Q) -1 (nonlocal corrections are encoded
B:1—’Y1E—I—---—> ll—l-’Yl e } by replacement +* — #2(Q))

This factor, called dynamical factor, expresses that conformal gravity dynamics
disappear at dynamical scale :

At Q = Aqc running coupling diverges, then both TV and T'® vanish

cf. gluon dynamics disappears at QCD scale as

1 2 p
A _ gz(Q)Tr(FW) ~0 when 7*(Q) = ¢

15



A Dynamical Model of Spacetime Phase
Transition

In order to describe time evolution of the universe, let us first consider

homogeneous component of ¢, denote by gb
Introduce physical (proper) time dr = adn , where scale factor is @ = e?

Running coupling constant is approximated in time-dependent mean field
by making replacement @* — 1/7* as

2(7) = [Bolog(13 /7)™

Running coupling diverges at dynamical time 7 = I/AQG (= 7a)

Dynamical factor B vanishes at dynamical time

In this way, we describe the disappearance of conformal
gravity dynamics at phase transition point

16



‘ Stable Inflationary Solution

Inflationary solution exists when Hp > Aqg , here their ratio is set as Hp/Aqq = 60
(why 60 is later)

My (= 1/V87G) < Hp < mp (= 1/VG)

Homogeneous equation of motion

b.=7.0

B+ 6N (32 + 0,90,9) =0 o= [

 4n?
= B(r)(H +7THH + 4H* + 18H*H + 6H") — 3H}(H + 2H?) =0

Inflation starts at Planck time (7 = 1/Hp ) Hubble va.rlable

and ends at dynamical time (74 = 1/Aqc) g2
a
704
1.6
“" 4] Inflation ph
Inflation phase 1" ation phase Friedmann
] Friedmann ] phase
40 phase :

log(a)
304

a X
20

10

-3

log[10](t)

[

(described by LEFT defined
by derivative expansion
around Einstein gravity)

0

20 40 Li0i]

[ Ho is normalized to unity ]

80 100
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‘ Energy Conservation and Big Bang

Energy conservation equation matter density
b, - . . A
SWQB(T)(fza;’jqaa,p — 020020) — 3Me*0,00,0 + ¢**p =0
2
> B(r) (2HH — H? + 6H*H + 3H"*) — 3H{H® + 82 p=0
| !

energy shift
Inflationary solution H ~ Hp indicates initially p >~ 0

At transition point 7a = 1/Aqe, dynamical factor B vanishes and then gravitational
energy shifts to matter density 2, causing big bang

i

Interactions that create matter density is given by Wess-Zumino actions
such as ¢F,

18



Determination of Dynamical Scale

Number of e-foldings -

H
No—log ) L Mo e o
a(p)  Aqa

. " . . L Aoc ~ 107 GeV
Amplitude at transition point is roughly estimated as 7

R M

. ~ 107% = 10~° from CMB observation
R 12H3 -

TA . . .
(# reduction is shown numerically later)

Comoving dynamical scale
\ = a(fr@-)AQG T, = 1/EZ- (Ei > HD) some time before inflation begins
can explain sharp falloff at low multipole components of CMB power spectrum:
Hy>~ )\ A ~ 0.0003 Mpc™! |:> a(t;) ~ 1072 where ag = 1

?
Hubble constant

BRST conf. inv. suggests there are no primordial tensor fluctuations involved in CMB
In quantum gravity inflation, tensor-to-scalar ratio does not give limit on inflation scale

19



‘ Evolution of Universe

Evolution scenario of universe
becomes consistent when

Age =~ 10'7 GeV

Expansion of

59
the universe 10

Inflation era
1039 (& N, = 70)
Friedmann era

10%° (< 1017GeV/2.7K)

scale a

107597

10-29__

correlation length of QG

4 §a = 1/Aqc
- energyE
[ oFT |
My +10°GeV
inflation era
Ng +107GeV

..---mii_n_-.

big bang a

radiat ion—dominated era

matter—-dominated era

today

X EUK

1/Ho (Hubble distance)

1/Hy ~ 10°¢,  (~4000Mpc)

(H()ﬁ/\)
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Nonlinear Evolution Equations
of Fluctuations In Inflation Era




‘ Equations of Motion for Fluctuations

Derived from variation of the effective action

1
0T = f d'z (T*Léas + ET“péh““) =0

A
Ty =T, + T, + T + Ty, T =017,
Consider scalar fluctuations in conformal-factor field and traceless tensor field
¢(n,x) = gg(n) + (1, x) [# homogeneous part already derived]
hoo = h hij = %@jh h is treated in linear

(validity is discuss later)
Independent variables are taken as

O =+ %h and A and ignore o(h”)

where in linear case
ds® = a*[—(1 + 2W)dn? + (1 + 2®)dx?] U=yp—h/2

22



Trace Equation

Wu Mpy . . .
T“ﬂ — TRP‘J# i TEH## — 0 where T™", and T n vanish for linear in h
due to conformal invariance

Riegert sector o(h®)
4
T, = 16 B(4A4d + Ey) = T™ | + T |
Einstein-Hilbert sector /0(‘1’”1 ho" 1)

T, = Mpy/=gR = Mpe (R — 6V2¢ — 6V ¢V ,0) = Z T,

For linear in h, trace equation is given by where homogeneous part (n=0) is removed

R R EHp
T ‘up|L+T MM|NL+ZT(n) #—0

n=1

In the following, only n = 1 and 2 are considered

23



‘ Trace Equation with o(®*, h®)Terms

b,

. L4 -
B?TEB[: ){ 20, ® + 402 0 — 29'® — @f &*h + —(?4h: — 880 dyh
16

Linear of Riegert
aﬁmazh ﬂ,qbﬂqh—l— .-FF od*h + Dﬂﬂ.;aa,,f?ﬂh J

1
36 hOf @ + —ﬁh J'o — aa?,ha%b + a*naﬂa D + iaﬂha Pe A
8 i 2 oty 2 2 2 3

"‘g ho e — E‘inhan T ﬁfpzh " ‘? h"® — 35 hoy® Nonlinear of Riegert

o(h®)

20 4.0 4.
+‘E§,Ffpghﬁﬂ® ~3 '];?3 hd, @ + ﬁﬁ (?Ehﬂq;‘f’}

+ M2 % { 6020 + 120,00, ® — 6§*® + 12(026 + 9,00,0) P

. 4 . i o g I
-I—Llﬂnﬁ-ﬁ 311,.-'?.- + i(fp-lh. — S(dﬁm + Bﬂﬁﬁﬂ?ﬁi’) h inear (n=1) o
+120020 + 63,00, + 240,60 ©0,® + 12(320 + 9,00,0) ° ]

~120 §*® — 69'0,® — 8hd2P + 49,h0,® — 160, hd,® + 89,6 0,h® | Nonlinear (n=2)
of EH
—lﬁ(af,'%g’ + ﬂﬂqlﬂ‘;@,;r;fr) h® + 16h§*® + 49" hd,d + g(?zh.fb} =10 | o(®?, hd)

(when solving eq., time variables are unified to proper time)

24



‘Constraint Equation and Its Role

Since there are two fields, trace equation alone is incomplete
Consider another equation

(Ti B 36‘*83 ) _ 0 This combination has contributions from Weyl sector,
& 3?2 Tiy but not from matter sector
Then

16 1 9 1,9 ) be = {4 9 4 o 8 . - 9 4

— h——-d°h B 0P — P+ - P P

3 2(r) (an 3c’P + 52 ()3 =0 éP + 36n¢56‘n + 809, ¢

8 8, 1 ; 4
+2—7(’?2h + gﬁnd) Onh + ( 02p — — ngb@nczb) } + Mp e%(—z@ + gh)

=0

This equation plays an important role as a constraint for connecting between
inflation phase and Friedmann phase :

When #2(7) vanishes, h vanishes so that fluctuations of ® = ¢ (® = ¥)dominates,

while £2(7) diverges, fluctuations satisfying ® = h/3 (® = —¥)is realized

A

Friedmann universe

25




‘Validity for Treating h Iin Linear

Initial stage of inflation where #(7) is small
Since h is small, but ® is not, consider only nonlinear effects of ®

Final stage of inflation where #(7) is large

However, as shown later, fluctuations under consideration, related to CMB,
decrease during inflation

So, even at this stage, h can be treated in linear

This is why constraint equation is handled in linear from beginning to end

Pattern of spectrum considered here is independent of details of strong
coupling dynamics (although overall amplitude depends on that)

Spectral pattern is determined in early stage of inflation

26



How To Handle Nonlinear
Terms




‘ Fourier Transform to Comoving Momentum Space

For a dimensionless field f(x), Fourier transform is defined by

3
$09 = [ a0 e k(RS0 = (110022 -+ 1)

then f(k) is also dimensionless

. . 1
dimensionless power spectrum = 2—7r2<|f(k)|2>

Fourier transform of a dimensionless field product is defined by
(Fo)k) = K [ dxf(xpglx)e

dPp d3q 1
= kd/dd 2n) (2n)? 3f(p)g(q)9 (p+a—k)x

Phase factor is expanded using spherical Bessel function as

o 1
X =dr N ili(ka) Vi (%) Yim ()

=0 m=-1

In the following, assume that isotropic components of each function
contribute predominantly, and thus take

f(p) = f(p) g9(a) = g(q)

28



‘ Fourier Transform Formulae

Performing angular integrations results in

(f9)(k) = (2i)3k3 / iquf(?ﬂ )g9(q) f dzz? jo(kx)jo(px)jo(qx)

where .
T forlp—g <k<p+gq

0
| dzaio(ke)jo(pe)ina) = .
0 0 otherwise

Thus,

(fg)(k) = (;2)2 f i—pi—q@( —lp—a))0(p+q—k)f(p)g(q)

Similarly, a product with derivatives is given by

@S = ik [ dpdaf (o) [ daaio(ka)ss ()i (a)

k2 [ dpdg L
(2m )pr 20k == d)0p+a=k)5 (" +a" = ) fp)gla)

29



‘ Nonlinear Terms in Momentum Space

The o(h®) nonlinear term in Riegert sector {)\ = a(r;)Aqa gives}

be - k2 dp d physical IR cutoff
St @ 00—~ )0+ 0~ S0

BN )
20 5 20, 4
3

1‘360 h(p)d®(q) — %d h(p) 0y ®(q) + (_Fp 3 ’Q)h’(p)ag@@
_(%pQ 2 )dnh( )0, ®(q) + (—%p —%q”r %kg)ﬁﬁh(zﬂ)@(q)
+[— gp +4q" + §p2q‘ + (gpg + ;lq ) '2] h(p)‘I’(Q)}

The o(®?, h®) nonlinear term in Einstein-Hilbert sector

k2 *“dpd
Mg [ B~ 1o - oo+ - 120 000200)

+60,(p)0,®(q) + 240,06 B(p)d,®(q) + 12(826 + 0,60,6) @ (p)D(q)
+3(p* + " + k%) ®(p)2(q) — 8h(p)0;(q) + 40,h(p)0,P(q)
~160,¢ h(p)0,®(q) + 80,0 0,h(p)®(q) — 16(920 + 9,00,0) h(p)®(q)

- @;ﬂ + 14q* + Zkz)] h(p)‘IJ(Q)}
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Numerical Evaluation By
Simplifying Nonlinear Terms




‘ Numerically Calculable System

In order to evaluate the system of nonlinear evolution equations,
we have to express the integral as a finite sum

/ dp — X
A\

So, we have to consider a multiple simultaneous differential equation
In which many fields with different momentum are linked

As a first step, consider reducing the number of fields so that
we can solve it numerically and quantify nonlinear effects

Moreover, in order to solve the system of evolution equations while
preserving the constraint equation, we need to solve it as a boundary

value problem (BVP)
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Simplification of Nonlinear Terms

Now notice step-function structure of integrand
in nonlinear terms :

LRk~ b= a)0(p + g~ ) o
g TP 5
150000
for physical region P, ¢ = A P
4 :
comoving dynamical scale S

This function has two peaks at
(p? q) — (A? l{:) and (kﬂ A) J . 0.04

Let us simplify nonlinear terms by extracting most contributing parts
as follows:

1 A? : _
(fg)(k) = 2n)? F[f()\)g(k) + f(k)g(\)] érﬁrﬁe?gyv phenomenological

E> reduce multi-line system to two-line system
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Parameters and Boundary Conditions

From inflationary scenario discussed before

HD m

Ratio of two scales is set as yvoime 60 here, normalized to Hp = 1
QG
Comoving Planck scale is taken as Comoving dynamical scale is then
m = a(r;)Hp = 0.02 Mpc A = a(1;)Aqe = 0.00033 Mpc ™"
Initial time is set as 7 = 1/£; = 107° far before Planck time 7p = 1,
then transition time is 7a = 1/Aqc = 60 momentum dep.
k2 k2
" : = ——— witha(r;) =1
Initial and boundary values of fluctuations Hpa(r)?  m?a(r)? ()
1 2L
(p(r, %)p(,y)) = = log(x — y)* ——> (lo(r, W)*) = 7 : initial power spectrum
4b Fourier transf. ¢ is scale invariant

v
—> @7, k) = NN for k > XA and derivatives of ® up to three times vanish

h(ti,k) =0 and h(ra, k) =3®(Ta, k)  (€required from constraint eq.)
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Numerical Results (Reduction of fluctuations)

| Time Evolution of ®
Log-time plot Black: nonlinear evolution Normal-time plot

Red: linear evolution
l.
mi 3T
0. I_".._I : -II'-,_I *11
t | l T
| 00300279 s ;
- Tn_ﬂﬁum”ﬂ“ T 0600500
A = 60 00 k [Mpc] A = 60 0075 K 'Mpe]
Comoving scales:  m = 0.02 Mpc ™" Parameters that control be =7
A (= m/60) = 0.00033 Mpc strength of nonlinear terms: A /27 = 1.3\

Final overall amplitude is adjusted by dynamical parameters 3, and 71, but spectral pattern is indep. of them
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Primordial Spectrum

Last stage of evolution

0.0004

0.0003

Phi 0.0002 1

0.0001 1

Primordial spectrum
at phase transition point

{l’ T T T T T T 1
0 001 002 003 004 005 006 007

k[/Mpe]

Nonlinear terms work to maintain initial scale-invariance beyond

comoving Planck scale m = 0.02 Mpc™

1

higher momentum region may need higher-order nonlinear terms




‘ Results for Various Delta

0.0004 0.000121 : — —
normalized at k = m (=0.02)
L, . 0000101
0.0003 1 N
I L]
. 0.00008- A .
i &
Phi 0.00021 R Phi 0.000061 .
0.000041
= &
0.0001 - A T .
= & L & -] L] & ‘
0000021
ﬂ & ‘:} &
0 001 002 003 004 005 006 007 0 001 002 003 004 005 006 007
k[Mpc] k[/Mpc]
A
— =1.3. 1, 0.7
27\ T
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Conclusion




Quantum gravity inflation suggests that observed CMB
anisotropy spectra contain real guantum gravity effects

« | determined and examined various nonlinear terms, such as
exponential factor of conformal mode, that contribute to early
stage of inflation with still large amplitude

Running coupling constant is then expressed by time-dependent
average in the spirit of mean-field approximation

« | showed that spacetime fluctuations reduces in amplitude during inflation

This implies that the universe becomes real world where time and distance
can be measured accurately =» graviton picture becomes applicable

« | confirmed that nonlinear terms have expected effects by which
initial scale-invariance is maintained until phase transition point
up to relatively high-momentum regions

But, incomplete yet due to simplifications and ignoring third and more terms
To what extent will such an effect be maintained? Could unexpected structures
emerges in regions of even higher momentum? = future tasks

This is a challenge toward derivation of precise primordial spectra, and | expect
that it will lead to resolution of cosmological tensions in the future
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‘ Calculation Device

In order to handle BVP for differential equations where some variables that
are not observable diverge at boundaries, special programs are needed

W. Enright and P. Muir, Runge-Kutta software with defect control for
boundary value ODEs, SIAM J. Sci Comput. 17 (1996) 479

Moreover, here need to solve simultaneous equation with multiple variables

Maple software, not Mathematica, has a built-in program for such BVP,
and use it here

In order to perform large-scale computations involving many fields with
different momentums with higher precision, special program such as
Fortran software, BVP_SOLVER, is required
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See Books For Mathematical Detalls

LTSS R AR 24
@RI DI}

Jrre i -1/
3° 11 9%

;:_jgt;‘,—ﬂ%ﬁi%ﬁ%fi’) Quantum Gravity and Cosmology
£F B N EHEF H Based on Conformal Field Theory
(FL 7T AR, 2016) (Cambridge Scholars Publishing, 2018)
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APPENDIX




Background Freedom as BRST Conformal Inv.

Background freedom arises in UV limit of t = 0 as part of diffeomorphism
invariance deguw = 90V, + g V,.€" | in which & is given by conformal Killing

vectors ¢*:
[other gauge d.o.f. are fixed, e.g. in radiation gauge]

o A A
opp = 0,0 + Zapc‘
. . 1 . . 1 . .
Ol = c)‘a,\h.w + 5/1”)\ (a,,c)‘ — a)\c,,) + 5]1,,)\ (aﬂc)‘ — a)‘cﬁ)
This conformal symmetry is a gauge symmetry, not a normal one

All theories with different backgrounds connected to each other by

conformal transformations are gauge equivalence
1
Independence of how to choose background metric

~ ~ 2w - H H
Juv = € (x)g,tw [That for tensor mode is less dominant]
. _ 26 ~
In other words, since 9ur = Gy , a conformal change of 9uv can be absorbed by a

shift change of ¢, while ¢ is an integration variable and its measure is invariant under
the shift so that the theory does not change € performing integration is essential
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Spherical and Static Excitation

A solution of 1), = 0 with T, =0

Gravitational Potentials _ _
0.4 ; solved under approximation that VEV of
| m = 2mp] running coupling constant is replaced
034 P with a position-dependent mean field
' K. H., Phys. Rev. D 102 (2020) 026024

QOutside (r > 30) is

0.2 Inside is
QG excitation Schwarzschild solution
0.14 I\ Tg _ _
[ ) (1) o —\IJ = — TQ—ZG?TL(— 4/mp1)
\000¢ v or
S
| ||U 10 20 30 40 m= e d*x Ty (x)
¥ H=7
~0.17 |I i
1 radius = half of correlation length {a (= 1/Aqa) =~ 100 x I
| where running coupling diverges

~0.2 |
| Quantum gravity is activated inside excitation

. 3_" The approximation
~ 1| using gravitational and gravitational fields oscillate greatly

potentials is valid
only for r,/26, < 1
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