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Outline Theory

Local & Nonlocal Gravitational Theories.

e Unitarity: no ghosts, complex pairs, fakions.

e (super-)renormalizability.

Finite Quantum Gravity :
e Finiteness in Odd Dimension.
e Finiteness in Even Dimension.

e (Conformal invariant quantum gravity.

Classical & quantum scattering amplitudes, causality.

Fundamental Confinement.
Nomnlocal Particle Physics.

Spacetime Singularities:

black holes, galactic rotation curves, etc.




L.ocal Gravitational Theories



Local Gravitational Theories

2
e Lgu-= ?R,

second order diff. EoM, d.o.f = 2.
NON-REN.

2
¢ £Starobinsky — T 5 (R — 2A) + €R2 ,

12
forth order diff. EoM, d.o.f = 3 , ghost-free .
NON-REN.

2
Y »CStelle — (R — 2A) —+ OéR2 —+ 5R/WR’LW :

2

forth order diff. EoM, d.o.f = 8 , 1 ghost of spin=2.

REN. (Unitary alla Lee-Wick (Donoghue), or with the Anselmi-Piva prescription).
(PT-Symmetry-Unitarity, Mannheim.)




Asorey, Lopez, Shapiro (1996)

N N
2
Lars = ? (R — 2A) + Z WRic,n R,LW "RMY + Z WR,n R

2N + 4 order diff. EoM,

number of initial conditions: 2N + 4,

d.o.f < 10 x (N 4 2), multiple ghosts.

SUPER-REN. (Unitary: LM, Shapiro, and Anselmi-Piva prescription).

2
£ghost—free — ? (R — 2A) + €R2 - RS +--+R" )
4th order diff. EoM,

number of initial conditions: 4,
d.o.f < 10 x4 ghost-free.
NON-REN.

"R+ V(R),




Nonlocal Gravitational Theories



D=4

Krasnikov (1988), Kuzmin (1989), Tomboulis (1997), L.M.

2

e(=Hn) 1
£4 (R + G,uy R'uy>

’44

cH(z) — E+T(0,p(2)]+loglp(2)] — ,vE+T10,p(2)]

p(z) =a1z2 4+ agz + - - -

p(2),

+ ap12™, neN.

e 5 e Ep(2)+eEe P 4 for 2> 1.




Unitarity
&
Super-renormalizability



Unitarity




Propagator and Unitarity

Tree-level Unitarity
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Tree-level Unitarity

(FISPNi) = (FIiTli) = (2m)P 6 (pi — py) i Mg
= (2m)P 6" (pi — py) P TH10,,,, T,
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- p2) p(0)
1(9_1(k) — ! : _
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. . 5 1 (82
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1 2 (T,LL)Q 2 €
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TH)2
2Im My = 2 | T T — E)M)2 m (k) |,

= 2mRes (A) |k2:0 > 0.

Uy po UV po

2Tm [i2 T4 (k)O;L T (k)] zszes[TW(k)o—l Tpa(k)}

k2=0



Analytic continuation of the Euclidean amplitudes.

(F. Briscese, Li Qiang, Jiangfan Liu, LM., Spallucci, Pius, Sen, Efimov.)
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Example A\¢* theory at 1 — loop.
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Perturbative Unitarity

F. Briscese, L.M., R. Pius, A. Sen

Analytic continuation of the Euclidean theory.

S =1+ i(2m)* 5(4)(219 —pr)

STS=1 = My, — M*b—zZMcha,

lim {M(Ep,e) — M*(Ep, )}—hm {M(Ep,e) — M(Ep, —€)} = DiscMyy,

e—0 e—0

AV i dk =l 1
DiscMyp = —— / / —271) 6(Q3 — m?)o(Q — B(k;,pn) .

b S#Z o QLil_[l 4H " ( k)gQ?—m2+Ze ( )

Anomalous Thresholds (local theory) :

i dt I-N | N

—271) 0 — mAa(QY — =0 <= (0% —m*ao(QY) = 0.

|- /1_1 L o(@) 11 e IJ 5@k - m)o(@)

Anomalous Thresholds (nonlocal theory): same of the local theory,

Id4k; 0 I-N |
/Ql /Q H )4 1;[ —2mi) 8(Q; — m?)o(QY) 121_11 Q?—m2—|—ie B(k;,pn) =0

L =1

N
= ][ 6@ —m*)o(@}) =0.
k=1

If the diagram is cut in less then 2 parts or more then 2 parts:

the contribution to the discontinuity is zero.




Back to Local Quantum Gravity
(Ghosts Again

EE) v < [ ) youtube.com ' N¢ ©) l’b 4+ 99
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depeche mode ghosts again

P Pl ) o042/415

Depeche Mode - Ghosts Again (Jinegar Hill Sessions)
Depeche Mode ¢« Subsciifle




Vacuum Instability
(J. M. Cline, S. Jeon, G. D. Moore. M. Jaccard M. Maggiore, E. Mitsou. J. Garriga, A. Vilenkin.)

1 A
S = /d4 [ (=00 — mwb ) + ((%gba“gb— mg2b¢2) + Z¢2¢2
iMyi = iA(2m) 454 )(pl + po + k1 + ko).

Energy conservation, non-zero interaction:

['(dacay probability) = +o0c = 7 (lifetime |0)) = 0.

Regardless of the ghost’s mass !!



Six-derivative Gravity
(LM, I. L. Shapiro.)

£Super—ren = R —2A + O-OG,UJ/ RM - Z(Riemg)z ’

Tree-level Unitarity
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Perturbative Unitarity Quantum field theory with ghost pairs

Jiangfan Liu,” Leonardo Modesto® and Gianluca Calcagni®!

i

I

Propagator

| M
G(k) — zAF(k) — (kg —m2 ie) [(k2)2 + M4]7




Perturbative Unitarity Quantum field theory with ghost pairs
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Jiangfan Liu,” Leonardo Modesto® and Gianluca Calcagni®!
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M*

M = Mi 4+ Mgeosg + MResc - ImMReSC = 0.
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Real Ghosts

Self-energy with fakeons.
(D. Anselmi, M. Piva).

M )\2/ d"k 1 1
1 =
2 ) 2m)P —k?2 —m? +ie —(k —p)2 —m? +ie

B )\2/ d”7 'k 11 i N i
2 ) 2m)P-1 2wy 2wk—p \ —P° —wp —wi—p +ie P’ —wp —wi_p +ie

A2 rdP e 11 i i
S / PV : +PV :
2 ) 2m)P~1 2wy 2wy —p¥ — wi — wi—p 0 — wp — wy

+ 7r5(—p0 — W — Wk—p) + 7T5(p0 — Wk — Wk—p) | »

AP prescription: drop any delta with the frequency of a fakeon particle:

AordP e 11 i i
M = — PV PV
M= /(27?)17—1 2k 2wk ( i

as ln_—p2:— s In }p2}

M — ~ —5 -
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in short:

Feynman Prescription

MFeynman ~ 1Il(p2 — 16)

Anselmi-Piva Prescription

_ MFeynman =+ Mz

Feynman
2
1

~ -3 In(p? — ie) + In(p® + ie)]
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Any number of degenerate Phantom-Pairs
(Jiangfan Liu, L.M., Yan Huyi, F. Briscese, G. Calcagni).

_ i T M i "
Gy =ite) = e o ) = e e ((k?)? +M4)
UNITARY

chost pairs give complex conjugated contributions

to any loop-perturbative order.






Super-renormalizability



The Simplest Theory

2 2 H(=Ua) 1
Li=A+ SR+ G- RH
Ry Foy
) 9 H(—Up) YE o _
T YO
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Local HD limit



Super-renormalizability in a nutshell
Asorey, Lopez, Shapiro,M, Rachwal.

.  D— w
ACthIl: /dD:I/“ /_g w,‘yR Y D2 2 R : w»-y — A_ny 7
1
Propagator: G(p) ~ ,  Vertex: V
pag (p) o P D (p)

AL = 5P (K) /(de)L G(p)' V(p)"

= 5D(K) AQ’Y(L_l) (Acut—off)w(G) )

w(G)=D—-2v(L—-1)].

D
For v > 5 only one loop divergences.




Counterterms

(SD(K) AZ’y(L—l) (ACUt_OﬂE)D—QW(L—l)

\4

1 D
—/dD:E\/—gR? .
€

In general (in DIMREG) :




Counterterms in D =4

1 1 1 1
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The theory in D =4 at —( —

| 2 2 eH(=tr) 1 )
£4:>\—|-—2R—|— ~_2G,Uﬂ/ RMV—I-CLRMVRMV—F[?R
K K L]
2 2 eT(=Ha) —evep(—0,) -1 | e”p(—[,)
= A+ SR+aR, R" +bR* + =G, RM
+ 2 + arlt, + + 7z ( = + = >
2 2 —p(=Ua) 4 ... 1 VE (]
—>)\+—2R+a,RWRW+bR2+~—2GW(6 il 4 A)>R“”.
K K L] []

Couplings :  «;(t) € {ka(t), A\(t), a(t), b(t)} , k4(0) =Fkg4, a(0)=0b(0)=0,

»64 Ren — [:4 + [/ct

2

=Lys+ (Zx— DA+ (Zy — 1) SR+ (Zy — 1)aR,, R* + (Zp — 1)bR?.
Ry

(Zai —1)04@': 151 —>  Zq, :1—|—lﬂii.

€ € Q5

Couplings :  ay(t) € {ka(t), A(t), a(t), b(t)} , k4(0) =FK4, a(0)=5b(0)=0.

a;(t) = a(0) 4+ B;t, [; = const.| For example: &y




Yang-Mills & Gravity

Asymptotic Freedom

— TrF? ~ dAdA + g(t)A*dA + g* (1) A*,
29°(t)

cH(=0x) _ q
L]

R/ﬂ/) ~ Oh eH(_DA) oh + KD hoh Oh + O("{%) )

2
’{Do

- 1+ k%, Bupt

Kp(t) = kipg + Bept = KD(1)

All the beta-functions do not depend on the gauge fixing condition.
I. Shapiro.

Asymptotic Freedom solves the Cosmological Trans-Planckian Problem

(F. Briscese, LM).




Be;yond Renormalizability

| < oc

/6047;50



Could we make quantum gravity finite?

/60&&' O

e Multidimensional Gravity .

e Terminating Curvature Potential ¥ ~ O(R?) .




(P

Multidimensional Gravity

Finite Quantum Gravity in 'Odd dimension

Bi =0

Prototype 1-loop integral

(p?)* CTW ¥) T'(n —k — D/2)['(k+ D/2)
P*+C) (4m)*® ['(D/2)T(n)

Ik,n:/de
D 1 _
Lol = d pW:OfOI N<D/2.
p

For k,n €N and D odd: F(n—k—§)<oo.




ZZ . Theory n D=4 V(R) ~ O(RS)

L.M. , Leslaw Rachwal j
L.= 2k°v/—gl R+G et — 1RW R2[O"2R? R, RO 2R, R
g = K p g + [V O] +1S1 + 52 1% po

= 2x5 V] [wl ROY R +ws Ry, O R 451:R° 1072 R? 53R, RM [V RPURP"} ,

wWo = —2 w1 = 67E/2/A27+2.
(1 _ 1 v 2
Fdiv — E ﬁRiy R,uVR'u T ﬁRQ R 3
s, o, o — —(3w1 + w2)(4001w1 + 10cowq + 14ciwo — CQCUQ)
PRz = ais1:+ azszi+ 1 =0 LT 48(20w; + Tws) ’

Orz, = bafgit 2 =0

SS9 —

—3626&2(3&)1 + CUQ)
2(20&)1 -+ 7&)2)







Nonlocal Conformal Gravity

L.M., L. Rachwal

Ly = 26p" V=g (R + Ryo()R + Ruwy2 (L) R + Rywpoya (L) RFMPT + V(R)),
(¢ K’D) D 2 g,uva
G — P(@) G, 6 — Q7 (2) 0
Lo=—-2/7|¢’R 4(113)__21)§“”3u¢@u¢ — %2\@ [R(9) 70 (8)R(g) + Ric(g) 72(U)Ric(g) + V(g) ] .
D g




Finiteness — (Quantum Conformal Invariance

No Weyl Conformal Anomaly

Counterterms In DIMREG :

1 1 2 Ao\
I =644 = g i/d4_2€ O; [fnite —= = Al
1'Jrez,ﬁ vOi9) + Lhniee,  — =g =l{— "]

< {\/@DR, \/HRMVPJRMVpaa \/@R27 \/@RNVRNV7 \/@Rj \/@} ‘gzg(cb g) D:4_257

A 4 A
Juv — guu(§b7 g,uz/) — ng_Qg,uz/ )

(Vl91) ~ 512 /[g] = 0% ¢' V]3] = 0V Tgl.

D=4—2¢
conf. inv.

~Bad* VIl = ~Ball +2e 06 + O]/ Jgl = - 5a/Ig] + 264 106 v/l + O(e)

lim 2 6%20,(6%5;2) = lim 2(1+ 2 1n ) O1(¢55 ¢)

e—0 € e—0 £

— tim 2 0,(6%9) + Bi04(6%9) + 26: In 6 04(6%9),

e—0 &

where O, (¢2§) is the finite contribution to lim._,o O;(¢%§; €) /e.




Spontaneous symmetry breaking: vacuum exact solution + gauge fixing .

_ —1
¢—fU—|—gO, UV=Kkp ,

unitary gauge: ¢ =0,

AD-1)_,, 2
bz 0u00s| | =5 VIR@).

Conformal invariance spontaneously broken =—-  Observables are only Diff. Invariant.



Scattering Amplitudes




Scattering Amplitudes

P. Dona, S. Giaccary, L.M., L. Rachwal, Yiwei-Zhu.

Ly = —265° VG [R+ RY0(O)R + Ryu2(D)R™ + Ryupo 1a(D)RP7°).

;(
9t(s+t) 9 9
( )+32’72(5) (s* + (s +2)%) + gSQ”Yo(S) : s channel
1 (8% —5s*t — st* + 1) (s + t)?
A , = —=
¢(++, ++) 3 5
1 (25 — 1053t — %t + 4st® +t*) (s +1)? 1 t2(s +t)?
— ot “olt
—|_1672( ) 34 +8’YO( ) 84 ’ t channel
1 (8% — bs?u — su? + u?) (s + u)?
Au(++,++)=——( - J(s+ /
8 52U
1 u?(s + u)?
+§70(u) g4 )
1s%+ 53t — 2513 — 4 9 5 n 95
Acontact("“"a ++) — _Z 53 + —E”YZ(S) (S + (8 + 2t) )_gs ’YO(S) tannel
1 0 (2s* — 10s%t — s¢2 + 45t + 1) (s +6)? 1 (0 t2(s+t)*
162\ 5 g 0 s
1 u?(s + u)?
_éfm(u) g4 .

contact

A4+, ++) = As(++, ++) + A (++, ++) + Au(++, ++) + Acontact (++, ++) = A(++, ++)En

Stelle, Weyl gravity, etc.



Scattering Amplitudes in Higher-derivative Gravities

Stelle Quadratic Gravity: |rx;°R+ aR* + 5R,2w

Weyl Gravity |aC?

Uv po

Nonlocal Gravity:

R+ Ryo(0)R + Ryuro(O)R™

—

—

same of

Ky

’R

— same of |0]| (ext. gravitons).

same of

Ry

’R1.

(ext. gravitons).




Anselmi’s Field Redefinition Theorem

Theorem 9.1. Consider two generic weakly nonlocal action functionals S"|g| and
Slg'], respectively defined in terms of the metric fields g and g', such that

S’lg] = Slgl + Ei(g) Fij(g) Ej(g), (9.59)

where E; = 05/dg; is the equation of motion of the theory with action S|g| and
Fi; can contain derivative operators acting on the left and on the right. Let A;; be
a (possibly nonlocal) symmetric operator acting linearly on the equation of motion
E;, with indices 1 and j in the field space. Then, there exists a field redefinition

g9
gi =9 + Ay E;, Bge = Bhs (9.60)

such that, perturbatively in F' and to all orders in powers of F', we have the
equivalence

S'lg) = Slg'). (9.61)

From Perturbative Solutions to Scattering Amplitudes
(Galcagni, LM)

5n—1(i)(n—2)(_pn)

2 in




Tree-Level Scattering Amplitudes

Mtree X S.

Quantum Scattering Amplitudes

(work in progress)

S’YL

€

Softness : Mg x se™




Causality



Tree-level causality

Same amplitudes of Einstein’s theory,

+

same tree-level causality properties of Einstein’s theory.

(see Carone, and Gristein, O’Connel, Wise.)



Shapiro’s time delay

Camanho, Edelstein, Maldacena, Zhiboedov

Scattering amplitude in the EIKONAL limit:

sum of diagrams in the Regge limit: large s, t < s,
Ip < b ly.

Eikonal Approximation

L

At = 2053(E,b).




Causality Violation in Gauss-Bonnet Gravity

Y

2
LEH_GB = - R+ A\gB(Ruvpe R*?7 — 4R, R* + R?)] .
D
871G s? Ak \ap s>
Ay = Awr + Aig = — n (1 - €3)(eg - €4) + —2 tGB (kS kY€, €appu€r - €3 + ki ks el €3,,€2 - €4)
I (D2_4) Gs 2 2
5(}]3([), S) = —4)\(;]3 D_a bD_2 [2(61 61)(62 62) (D — 2)(62 . 62)(7’1, . 61) — (D — 2)(61 . 61)(n . 62) }
T 2
i
T
I'(22) 16EG AAg(D—2)(D—=4) [((n-€)? (n-e)? 2
Alty_aB = 2 - .
'g-an Tt bP— (e1-€e1)(ea-e2) |1+ b? ( €1 * €] €2 * €9 D — 2)]

Aty_gp <0 for

b° < \aB .




Causality in Nonlocal Gravity
S. Giaccari, L.M.

I (£2=2) g
5g(b7 S) — (D24 ) pD—4 ( €1 63)(62 64)7
T 2
I (22) 16EG
Atg — 7_‘(_D24) pD—4 ( €1 - 63)(62 64)

No time advanced — No causality violation.



Nonlocal Gravity-Matter Theory
& Jor
Finite Standard Model of Particle Physics



2
Sg:/d x\/—qg Ly, ﬁg—?R-Fﬁm,
0S5y

Ei — )

(%) = 53.(0)

OF;(x) 65y oP (z — y)

Api(y,x) = = Api(z 7

W =58 T semedite) MY TS0

EoM:

0F;
5y,
Er = By + 201 F;E; + O(E*) =0,

sk:EHz( )FijEjJrO(EQ):O,

E = (e"3N)) L Ej + O(E%) =0,

or :

O(E%)], = 0.




Linear and Nonlinear stability

Perturbative expansion:

(I)i — Z enq)gn) 7
n=0
Ep(®) =Y B, (@) =) g,
n=0 n=0

Background solution:

B (@) =0,

gM@"y=0 = E"@®")=0 for n>0.



£ =eHANE + O(E?2) =0.

We expand around a metric consistent with E© = (

At the zero order in €, i.e. €'|: H V(A1) g0 4 O(E®2) =0,

which is satisfied because by hypothesis E© =0,

At the first order ' |: e (Aa) B0 4 oHV(An) B(1) +O(E(0)E(1)) =0

— E® =0.

where we used E(®) = 0.

At the second order €2 :

eH(z)(AA) E(O)_|_eH(1)(AA) E(l)_|_eH(0)(AA) E(2)_|_O(E(1)E<1))_|_O(E(2)E(O)) — ()
— E® =0,

where we used E(® = 0 and E® = 0.

Finally, at the order €,

cH ™ (An) 50) L JH" ™V (A8) 5(1) L JHP (AN g(2) 4 ... 4 (HY(A8) g(n) 4
+ OEME®) + O(ER-VEM) 4 ... 9 EVE®- ) L O EOE™) =0

— E®™ =0,

where we used : E® =0, E® =0,..., E®1 =0,

Therefore, |[E™ =0 — E® =0].




The Theory

S|P;] = /dD$\/ —g(Le + E; Fij Ej)

2
SeZ/dDCE‘ Lo, Lo= R+ Lo,
5S,

E?Z — ,

(%) = 53.(0)

OF;(x) 65y 0P (x —y)

A i\Y, L) = — = A i\ <L 9

i(8:2) = 55 ) (et @) s

QN F(A); = (eH(AA) _ 1)

©J

EoM : AV E, + O(E?) =0.

Properties:

same solutions of Einstein’s gravity,

same tree-level scattering amplitudes of Einstein’s theory,
same stability of Einstein’s theory,

super-renormalizable or finite and unitary at quantum level,

causality.
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Renormalizability of nonlocal quantum gravity coupled

to matter

Gianluca Calcagni,” Breno L. Giacchini,’ Leonardo Modesto,” Tibério de Paula Netto®

and Lestaw Rachwat®
Statement 1. In order to have only a finite number of superficially divergent diagrams, in
all operators having the higher number of derivatives (the same number as in the kinetic

operator), any matter field must carry at least one derivative.

Statement 2 (too strong). In order to have only a finite number of superficially divergent
diagrams, all operators must contain a finite number of matter fields. In particular, the
potential for the scalar field has to be polynomial, it cannot be an analytic nonpolynomial
function (like the Starobinsky potential) because it will produce an infinite number of

counter-terms.

Statement 3. Once (i) the requirement 1 is secured, (ii) the number of derivatives in the
vertices is less than in the propagator, and (iii) the theory has divergences only at one loop,
then the number of divergent one-loop diagrams is finite, regardless of the type of potential.

Mimetic killers

p(Ap) = A |anp1 A" + @A™ a6 00 | O
-

WV



Implications
and

Applications



Fundamental Confinement

Action:

0% + &
M4

SHOP :/d% —%¢(D+m2)<

N _
) o+V(p)|, &£—0.

Potential: ~ V(r) oc 74N =3,




Ghost-Pairs in Nonlocal Theories

Action:

SNL/d‘*w{%¢<D+m2>eH[(<k2%+5“> ]¢+V<<b>}, £ —0,

H(z) Z+oo M}
< e r ’I"’ h p— .
(4 TZOC 2z wiere Z k4 —|—54

H(z) =vE +T'(0,p(2)) + log p(z)

MY
lim H(z) =0, while lim lim H=(-—] .
z—0 (k?—400) z—4o00 (k2—0) £E—0 k4

Glk) = —° H[<<T+>N] E : <M4>N,

: 2 _ 12 1 4
k2 — m2 + je e oeny  RE—m2 e \ Kk

Vir) — pAN =3



Perturbative Bound States

(Zhongyou Mo, Tibério de Paula Netto, Nicolo Burzilla, LM )




In the Regge’s limit s> t, Ai(+,+;+,+) = —87TGSt

\4
V(‘f’ — 7 ’) — — 1 / dgq ot0-(T1=72) A (_(1*2)
! 2 4E1E2 (27’(’)3 ' ’
EOM for massless particles :
V=T, . :
L Stringballs,
v=—[F - (7 F)i, m— . -
o Graviballs in NLG.
L_ T — T
=
2
0.5-
>~ 0.0
-0.5¢

05 0.0 05



Nonlocal Quantum Black Holes

(Approximate Solution)



Regular Black Holes

(Approximate Solution)

)G + O(Riem®) = 87Gn (Tuy +Tow), T = O(Riem?) .

. . .. _ b
Spallucci-Nicolini Toy Model Q(O) =e™ a7,
2
ds® = — (1 - 2m(r)> R - r2d0®)
T (1 B 2m(r))
T (3/2:72A2/4)
m(r) =M |1 — (3/ /4)
I'(3/2)
L.M. , J. Moffat, P. Nicolini. Nicolo Burzilla, A. Mazumdar, L. Buoninfante.
Breno L. Giacchini, A. Koshelev, A. Tokareva.

I. Diminikova.

Tibério de Paula Netto.




However, ...



ALL the same SOLUTIONS of Einstein’s theory

(eB)), Ej +O(E*) =0, Ex=0 = & =0.

ALL the same SINGULARITIES of Einstein’s theory

|

t Black hole

Singularity



Singularity-free Black Holes




Nonlocal Conformal Gravity

L.M., L. Rachwal

Ly = 26p" V=g (R + Ryo()R + Ruwy2 (L) R + Rywpoya (L) RFMPT + V(R)),
(¢ K’D) D 2 g,uva
G — P(@) G, 6 — Q7 (2) 0
Lo=—-2/7|¢’R 4(113)__21)§“”3u¢@u¢ — %2\@ [R(9) 70 (8)R(g) + Ric(g) 72(U)Ric(g) + V(g) ] .
D g




Spacetime Singularities and Conformal Invariance
Narlikar, Kembhavi (1977).

If (guv,9) is a solution = (g,,,¢") is a solution, where g, = G, ¢F=Q7

&

FRW :  ds*? = S(t)ds®, ds* = a’(t)(—dt* + di°);
St~ =a%(t).

—  ds*? = —dt? + di?.




Singularity-free Back Holes in Conformal Gravity

Bambi, M., Rachwal
Narlikar, Kembhavi (1977).

2—D

If (guv, @) is a solution = (g,,,¢") is a solution, where g, = G, =07

&

2M S(r) dr?
ds* = g, dztdx” = — 1 — — ) dt* - S(r)r?dQ?
s° =g, dx"dz S(r)( r> ~ o (r)r ,
: 1/2, —1
S(T):1+T—47 ¢ = S(r)" k]

r = 0 Singularity in Conformal Gravity r = 2m Singularity in GR |.

Schwarzschild Singularity = one element of the gauge orbit




2M 2
ds® = g, dx"dx” = —=S(r) (1 — —) dt* + S{r) dr + S(r)r?dQ?,

r _2M
L* T
S(r)y=1+—. ¢ =50)""2s".
. . ~ AL 2
The Kretschmann invariant : K = Riem
. 1

K —

(1672 (L' (39m? — 20mr + 3r2) + 2L2r*(66m?* — 32mr + 31?)

(L* +r4)°

+L%r®(342m? — 284mr + 63r?) + 12L*m*r'? + 3m?r'%)].

The Ricci scalar :

A 1204 (L*(r — 4m) + r*(3r — 8m))
: (L4 +74)]

Conformal Invariant Observable

Hawking Temperature: Tp=—— V S(r).




Geodesic Completion

' : dxt dx?
Massive particle probe: = —m/\/ Judztdzy = —m/\/ Juv TR\ dA,
d§2

Proper time gauge : —1.

dr?

dxt dxv
. _ 2425 vo— 2424
Conformally coupled probe:| S, = /\/ [2o=gdxtdx \/ VRO D dA,
ds?

iz~ b

a2 312 (1 —3L%) /37
solution: | 7 = — :

3M 3r

Proper time gauge :

Light:| d§* =0,
Killing vectors: &% =(1,0,0,0), n“=1(0,0,0,1),

e=—6 u=—E"Ugap = —guu’ = S(r) (1 - ZM) ? S(r) (1 - %) t,

r d\

, 1 7Lt L* 2L* 2L7
solution : )\(r): 3?_%+T_F_T+TO°
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Kerr Singularity

Bambi, M. ,Rachwal, Wang.

ds*? = g dx"dz” = S(r, H)gKe”da:“dx

¢>I< :S(T,(g) 1/2 Zl,

L2 *
S(r) ( i r? 4+ a? cos? 9)

1 :
K = 1 st od 9)12 X polynomial(r, 8, m,a, L) .

L xm (black hole mass).

C. Bambi and collaborators: Upper bound on L:

L < 0.6m.




Kretschmann Scalar
Conformal Gravity

// -‘\\\\"‘*\
KIr, x] /-/ ey
0.5 e A g
/'/f - \\"\ <
AL 0
i~ rd
I. .
|II -5
9 .'|
. 160 00010
7 3 L 157090
500
s ; \ ‘.’
L\ O
08 N, 00003
e 1 57080
1.57075
157070 -~ 00000
. , 8M?
lim | lim K(r,9) )= -—07,
r—0 \9—m/2 376
lim (lim K(r,9)) =0.
2 Y—mw/2 \r—0
Analytic

Non-Analytic




Towards a General Theorem



(SINGULAR SPACETIME) = Q%(z) x (REGULAR SPACETIME).

The Big Bang singularity, the Black Holes’ singularities, and the Kasner
singularity are all characterized by only one function, namely

gW:Q2 X 52_2 X Guv -

-~

complete spacetime

However, the overall function 7 is actually

not relevant at all to describe conformal geometry.

Therefore, it has no meaning to speak of black holes’ or cosmological singularities

in conformal gravity.



Metric Superspace ‘

If (guv,) is asolution — (g;,,, ¢") is a solution, where gW — 0?5 Guw, O =

&

.\ Conformal Gauge Orbits

r=0

Schwarzschild’s orbit

0z ¢



General Theorem

“Non-singularity theorem in conformal gravity”.

Zhou Tian, LM.

Proven for massless and conformally coupled particles (timelike singularities).



So far so good, but ...

What is the contribution of QG to the singularity resolution?

Answer :

Preserving Conformal Invariance!

Indeed,

Einstein’s gravity is classically conformal invariant, but not at quantum level,

only a finite quantum gravity is Weyl anomaly-free.






Galactic Rotation Curves

Li Qinang, Zhou Tian, LM.

In x coordinate :

' 2GM dz? '
ds*? = Q*(z) —(1— G >dt2+1_x2GM+x2(d92+sin2«9d902) :

X

T

Q)= — 6" = Qz) "k

1 — TZC
\ Singular in: «x = %
In r coordinate :
2 M dr?
43" = —Q*(r) CURW) 42 4 ' +72(d0? + sin? 0dp?)
r Q2(r) (1 _ 2GMQ(?"))

*

Q(r) =1+ %r (notice that © =

¢*(r) =Q(r) ' ry'.




Geodesic Completion

AN — 2v* Axg + 4xg

) =
(M) 29* N — Y2\ — xg + 4

v
25— 250
7 7
15 15+
© S |
x B3 ]
10+ 10+ .
50 51 |
0 xxxxxxxxxxxxxxxxxxxx O xxxxxxxxxxxxxxxxxxxx
100 150 200 0 200 400 600 800 1000
A




Velocity

02(33) _ Gt 9o GM - GM GM~*
9o Gtt x— 2GM x 2

Effective Gravitational Potential

- GM | GM~y* log

d(l,) ~
(€r) . 5

(£,-) + const. .



UNIQUENESS OF THE SOLUTION

In the first part of this paper the rescaling of the metric Q(z) was chosen compatibly with the relation goo = —1/¢11,
as evident in the coordinate r. In this section we would like to provide three fundamental reasons to support such
choice. (i) The first one is related to the null energy condition, which asserts that p + p > 0 [32]. Indeed, in order to
preserve the null energy condition we muUSt IIPOSe Joo = —1/g11.

(ii) The second one is related to the acceleration of the light in the Newtonian regime. Indeed, if the velocity
of light has to remain constant in empty space surrounding a point-like mass, then photons should experience zero
acceleration [33]. Using the last result in the previous subsection, namely |r| = e we get # = 0, which is true only if
the relation goo = —1/g11 for the components of the metric tensor is satisfied. Let us expand on this point. For a
general spherically symmetric metric,

ds® = —A(r)dt* + B(r)dr? + r2dQ?, (55)
making use again of (45), namely
e= A(r)t, (56)
and ds? = 0, the radial geodesic equation reads

2 62

© 4 B(r)it=0 = 2=

—A(r)P +B(r)i*=0 = “AD

where ' means derivative respect to r. Finally,

Therefore, in order to do not experience acceleration in the radial coordinate we must have: A(r)B(r) = const.. Notice
that here the radial coordinate is not the physical radial distance because the spacetime is not asymptotically flat.
However, according to the Taylor expansion of (88) in the Newtonian intermedium regime ¢, = r and the acceleration
above vanishes.

(iii) Last but not least we should consider the impact of the large distance modification of the Schwarzschild metric
on the homogeneity and isotropy of the Universe.

Let us start considering the following coordinate transformation from the radial coordinate r to p,

4r
_ , 59
p 2(1+ar+ Br2)t/2 4+ 2+ ar (59)
T = tR(1),
dtR 60
in the following general not asymptotically flat metric,
2
ds*? = — (1+ar+ ﬁrz) dt* + m +72d0®@ | (61)
The above metric (61) in the new coordinates reads:
2 2 2 92
1 1— e 4 B R(1)?
s = M —dr® + (a0? + p2d®) (62)
2 ap\2 Bp? . 2 )
B [(1-9)" - 2% 1 (52 -9) 0]

where R(7) := R(t(7)).

Now, in a geometry which is both homogeneous and isotropic about all points, any observer can serve as the origin
of the radial coordinate p; thus in his own local rest frame each observer is able to make the above general coordinate
transformation using his own particular p. Moreover, in conformal gravity we can make an overall rescaling of the
metric to finally end up with a comoving Robertson-Walker (RW) spacetime written in spatially isotropic coordinates
with spatial curvature K = 3 — o?/4,

R(r)?

ds** = F(r,p) |—dm® + —————
( p){ (14 Kp?/4)°

(dp2 + deQ@))} . (63)

For the case of the metric (10), taking r > 2GM and GM~* < 1,

7*2 d’l"2
ds*? ~ — (1 + 9 + r2> dt? + —— +7r%dQ® (64)
4 (1 + v + 'YTﬂ)
Therefore, we can identify the constants a = v* and 8 = v*2/4, and in the new coordinates (7, p) the metric (64)
takes the following RW form,

1 1

2 P
BT (1= %)
which coincides with the metric (7) for > 2GM upon reintroducing the time coordinate ¢ defined in (60).

Therefore, the metric proposed in this paper is the only one that does not affect the homogeneity of the Universe

at large scales. Finally, we notice that the metric (64) is asymptotically (for large 7) Anti-de Sitter, whose stability
is guarantee from the fact that it comes from a rescaling of the Schwarzschild metric, which is known to be stable.

ds*? =

. [—d# + R(r)? (d;ﬂ + p2d9<2>)] , (65)
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Conclusions

Local Gravitational Theories.
e Unitarity: complex pairs, fakions.
Super-renormalizable Gravitational Theories.
e Unitarity (no ghosts).

e Super-renormalizability.

Finite Quantum Gravity :
e [initeness in Odd Dimension.
e [Iiniteness in Even Dimension.

e C(Conformal invariant quantum gravity.

Scattering amplitudes and Causality.

Nonlocal Unification of the Fundamental Interactions.
Unitarity: Fundamental confinement.

Exact solutions and spacetime singularities.
Planck-Balls.

Nonlocal Quantum Black Holes.

Nonsingular Spacetimes in Conformal Gravity.
Galactic Rotation Curves in Conformal gravity.
Finite Entanglement Entropy.

Information loss problem and Spacetime Singularity.

The Early Universe in Quantum Gravity.




Achievements

1. Perturbative Unitarity
2. Super-renormalizability,
3. Finiteness,

4. Non-perturbative Unitarity (work in progress),

5. n-points scattering amplitudes and causality,

6. One loop exact beta functions,

7. Universal regular Newtonian potential ,

8. Quantum Conformal Invariance,

9. Singularity free spacetimes (black holes, FLRW, etc.),
10. Finite Entanglement(-conical) Entropy,
11. Well define theory in (A)dS,

12. Starobinsky Inflation,

13. Finite nonlocal gauge theory,

14. Towards a finite Standard Model.
15. Quantum Cosmology.




Quantum Conformal Cosmology

No Inflation




