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Unitarity

sst =1, S=1+iT.

Unitarity equation (optical theorem)
2ImT = TTF.
Cutting equations
4
Pseudo-unitarity equation
2ImT = THTT.

H = diag(...,1,...,1,—-1,...,—-1,...).

1/12



Renormalizability and unitarity in QG
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Hilbert—Einstein action: unitary but nonrenormalizable theory
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Renormalizability and unitarity in QG

Hilbert—Einstein action: unitary but nonrenormalizable theory
1 2
Sug = ———= [ V—9gR, k°=28nG.
2K2

1
ric) = —ﬁ/\/—g[cle + coRu R* + c3REYREGRAD + . .
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Stelle action: renormalizable but not unitary theory

1
Sup = 5z /x/—g [YR + aRuu R* + BR? + 2Ac].

1
I = 92 / v=glay R+ aaRu R* + ag R + 2ac].
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Prescription for the propagator szlmz Prescription for the amplitude A(p)




Prescription for the propagator szlmz Prescription for the amplitude A(p)
Im[)
1
Standard particle: —————.
P k2 —m?2 +ie ’\\/
- - Re[p]
—1
Ghost :

k2 —m? + e

A+(p) = Alp + ie)




Prescription for the propagator

k2f1n2 Prescription for the amplitude A(p)

Tm[p)

. 1
Standard particle : P miric ’\\/

Re[p']
—1

Ghost : —_.
o8 k2 —m?2 + e

A (p) = A(p + ic)

Fake particle (fakeon): Tmfp"]

n k2 _m2 ’\
(k2 —m2)2 4 £4° V)

j Refp’]
+ integration domain deformations
(see D. Anselmi and MP, JHEP 1706 (2017) 066.)

Axv(p) = 5 [A+() + A= ()]

A theory of particles and fakeons is unitary.
D. Anselmi and MP, PRD 96 (2017) 045009. D. Anselmi, JHEP 02 (2018) 141.
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202
G(k?,m?, ) = o

Minkowski models

d3k
iM(p) = /]R /]R?’ 2ﬂ_)BG(p—k;,ml,f,')G(k,mz,S).

Not unitary, nonlocal and non-Hermitean divergences (Aglietti and Anselmi).




2 2
G(k?,m?, ) = o

Minkowski models

d3k
iM(p) = /]R /]R?’ 2ﬂ_)BG(p—k;,ml,E)G(k,mz,S).

Not unitary, nonlocal and non-Hermitean divergences (Aglietti and Anselmi).
Lee-Wick models

dk? d3k
M =c [ S G(p— k,ma, £)G(k, ma, &),
Lw 2w Jgs (2m)3

Incomplete prescription, inconsistencies in diagrams, violates Lorentz invariance.
(Anselmi and MP, Lee and Wick, Nakanishi)




202
G(k*,m? &) = gt e

Minkowski models

d3k
iM(p) = /]R /]R?’ 2ﬂ_)BG(p—k;,ml,E)G(k,mz,S).

Not unitary, nonlocal and non-Hermitean divergences (Aglietti and Anselmi).
Lee-Wick models

dk? d3k
M =c [ S G(p— k,ma, £)G(k, ma, &),
Lw 2w Jgs (2m)3

Incomplete prescription, inconsistencies in diagrams, violates Lorentz invariance.
(Anselmi and MP, Lee and Wick, Nakanishi)
Fakeon models

dk0 d3k
iM(p) = c/ / G(p — k,m1,E)G(k,m2,E).
W 27T D3 27)3

Unitary, unambiguous and Lorentz invariant (Anselmi and MP).
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202
G(k*,m? &) = gt e

Minkowski models

d3k
iM(p) = /]R /]R?’ 2ﬂ_)SG(p—k;,ml,E)G(k,mz,c‘:).

Not unitary, nonlocal and non-Hermitean divergences (Aglietti and Anselmi).
Lee-Wick models

dk© d3k
iM(p) = / ar / G(p— kym1, )G (k, ma, €).
Lw 2w Jgs (2m)3

Incomplete prescription, inconsistencies in diagrams, violates Lorentz invariance.
(Anselmi and MP, Lee and Wick, Nakanishi)
Fakeon models

dk0 d3k
iM(p) = c/ / G(p — k,m1,E)G(k,m2,E).
W 27T D3 27)3

Unitary, unambiguous and Lorentz invariant (Anselmi and MP).
The fakeon prescription is not the Cauchy principal value.

. k2 —m?2 P 1 i 1 ( 1 N 1 )
1m = = m — .
£50 (k2 —m2)2 + &4 k2 —m2 ot 2 \kZ—m2+ie k2 —m? —ie
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1 A
I w4
E—zugo@go 4!g0.

One-loop bubble diagram

Compute the Euclidean amplitude A(p) and then use the prescription.




1 A
L= 28,000 — 2t
2 M FINEE

One-loop bubble diagram

Compute the Euclidean amplitude A(p) and then use the prescription.

After renormalizing the UV divergence

Feynman prescription New presciption
1 —p? —ie 1 (»*)?
A = In ——. A = In
+(p) (42 2 av(p) PTZES PR




The theory of quantum gravity and fakeons

D. Anselmi, JHEP 1706 (2017) 086.

1 1
SHD = ~53 /\/7—9 [2Ac +(R+a (RWR“” - §R2) - 532} .
K

6




The theory of quantum gravity and fakeons

D. Anselmi, JHEP 1706 (2017) 086.

1 1 3
Sup = —— | v/—g |2A R R, R*" — —R%?) — 2R?|.
=55/ g[ oo +a( g 3 ) 6 }

The propagator in De Donder gauge (Ac =0, o =&, gur = Nuv + 26hyuy) 18

3 1 1 i
(b (P)hpo (—p))o = quww = {p - m}?czuupa7

Lywpo = (MupMve + MueMvp — Muvps)-




The theory of quantum gravity and fakeons

D. Anselmi, JHEP 1706 (2017) 086.

1 1 ¢
Sup = —— | v/—g |2A R R, R*" — —R%?) — 2R?|.
Hp 2;42/ g{ ot¢ +a( a 3 ) 6 }

The propagator in De Donder gauge (Ac =0, o =&, gur = Nuv + 26hyuy) 18

7 1 1 7
h hpo(— = 7T - - __ - 7
W @)oo (PN)o = 53 (e ) Trvee {p2 p? - C/a}QC e
Lywpo = (MupMve + MueMvp — Muvps)-

With the new prescription it turns into

o P’ —¢/a i
pPrie [0 —Clavio?+ €1, [ 207
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The theory of quantum gravity and fakeons

D. Anselmi, JHEP 1706 (2017) 086.

1 1 ¢
Sup = —— | v/—g |2A R R, R*" — —R%?) — 2R?|.
Hp 2;42/ g{ ot¢ +a( a 3 ) 6 }

The propagator in De Donder gauge (Ac =0, o =&, gur = Nuv + 26hyuy) 18

7 1 1 7
h hpo(— = 7T - - __ - 7
W @)oo (PN)o = 53 (e ) Trvee {p2 p? - C/a}QC e
Lywpo = (MupMve + MueMvp — Muvps)-

With the new prescription it turns into

o P’ —¢/a i
p2+ie | (0% —Clario? + €1, | 20777
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Renormalization

The fakeon prescription does not spoil renormalizability.
Using the Batalin-Vilkovisky formalism we computed the beta functions in a new
method by renormalizing the sources of the BRST tf’s.

D. Anselmi and MP, JHEP 05 (2018) 027.

1 A
Scount = / V-9 [QAAC + AR+ Aa (R,WR“” - 732) - —ng} + (S, F),
(47r)2 3 6
133 5 5&  5¢2 < 5 5¢ )
A = ——, Af = — + = + ——, Al = — 4+ — 4+ A,
* i) £=51 % Taaz c=\GeT3az T
5 2 5¢2 ¢?
AA = Ac(—-=+Z-24) - > — >,
c c ( o E ) 402 4e?
The beta functions are
2K2 2K2 2k> 2K2
Y= — Aa, = A€, =— AC, =— AN
B (@n)? a Be (a2 3 B¢ (@2 ¢ Bag (amz Me
K, Y
Ko Ky c Ky c - ‘

TR RS




Absorptive part of graviton self energy

Ac =0

D. Anselmi and MP, JHEP 11 (2018) 021.

Equivalent action:
auxiliary fields ¢, x, + Weyl transformation + field redefinitions.




Absorptive part of graviton self energy

Ac =0
D. Anselmi and MP, JHEP 11 (2018) 021.

Equivalent action:
auxiliary fields ¢, x, + Weyl transformation + field redefinitions.

Sqa (9, X, ®) = Su(9) + Sx(9,%) + 55(3,9) + Sm (5e"?, @),
guu = guv + 2X/,LU~

2
Su=—53 [ VZIR Sul9.6) = /F{vmvw— Z6 (1 - eney?
Sx(9,x) :SH(g)_SH(g)_Q/XuV(S?;M(j 2<m? /F(X XM =),

Sm = Standard Model,
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Graviton multiplet: Ga={huv,d Xpo}-
{G,F,F}, {G, S, F}, {G, S,Gh}.

1-loop
abs

Computation of the absorptive parts Map = (GaGpg)




Graviton multiplet: Ga={huv,d Xpo}-
{G,F,F}, {G, S, F}, {G, S,Gh}.

1-loop
abs

Computation of the absorptive parts Map = (GaGpg)

S,
F:k}:s = - QG Aguvv
dGuv

T = go [ VIR 0ra)0(1—ra) VT =70 [R»(m) (R““ - %g““R) +Q¢(r¢)g““R} ,

re = 74m<21,/D, Py, Qo = polynomials.




Graviton multiplet: Ga={huv,d Xpo}-
{G7 F7 F}7 {G7 S7 F}’ {G7 S? Gh}.

1-loop
abs

Computation of the absorptive parts Map = (GaGpg)

6S
F:k}:s = - QG Aguvv
dGuv

Dl = 1o [ VE0R 00ra)0(1—ra) VT = 7a [R»(w) (R““ - ég“”R) +Q<p(7"q>)g“”R} :

abs ™ 16
re = 74m<21,/D, Py, Qo = polynomials.

Contributions to the absorptive part

GFF __
1—‘abs - abs+Fab57

GSF
Fabs Fabs + l_‘abs + Fabs + Fabs’

GSGh _ nGSF xh
1—‘abs - l—‘abs + Fabs +r

+

abs abs
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Violation of microcausality

Resumming the self energies the corrected x propagator at the peak m, is
iK? Zy

_ (2)
v o\ 7 =———7——1 o \Ps )
<Xu (P)Xp ( P)>s~m‘;’< ¢ s_mi T iy Dy np (p, s)

m3 Ns +6N¢ + 12N
FX _ ;( C, C = s+ f + v
M2, 120

., Ty<o.




Violation of microcausality

Resumming the self energies the corrected x propagator at the peak m, is

2
ik Zy

_ (2)
v o\ 7 - T 11 o ’ I
<Xu (P)Xp ( P)>s~m‘;’< ¢ s— m?( T iy Dy np (p, s)

3

m N, + 6Ny + 12N
o=l o= NN RN g
M2, 120

Breit-Wigner distribution

7 I't
_ — sgn(t)0(I't)ex —imt — — | .
P, (8o ( >)




Violation of microcausality

Resumming the self energies the corrected x propagator at the peak m, is

ik2

Zx

_ (2)
v o\ 7 - T 11 o ’ I
<Xu (P)Xp ( P)>s~m‘;’< ¢ s— m?( T iy Dy np (p, s)

3

m N, + 6Ny + 12N
o=l o= NN RN g
M2, 120

Breit-Wigner distribution
i Tt
_ — snt@l"texp(—imt——).
— gn(O(I) >
Duration ~ 1/|T'y|
If my ~ 10" GeV then 1/|Ty| ~7-10"17s

If my ~ 10'2GeV then 1/|Ty| ~ 4-1072%

For time intervals of the order 1/|T'y| past, present and future, as well as cause

and effect lose meaning.
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The classical limit

At classical level the fakeon prescription is just

1
GF = 5 (Gadv + Gret) .




The classical limit

At classical level the fakeon prescription is just
1
Gr = 5 (Gadv + Gret) .

Example: HD particle in an external force

2

d
mi + m7—2'.:E" = (1 + 72@) mx = Fext(t)'

3

oo
mi = / Gr(t - ') Fext (t)dt’ = (Flext) -




The classical limit

At classical level the fakeon prescription is just
1
Gr = 5 (Gadv + Gret) .

Example: HD particle in an external force

2

d
mi + m7—2'.:E" = (1 + 72@) mx = Fext(t)'

3

oo
mi = / Gr(t - ') Fext (t)dt’ = (Flext) -

Analogously the classical limit of QG leads to
1
R, — 5gle =87G (Tuw).

For the explicit case of FLRW metric see D. Anselmi, JHEP 1904 (2019) 061.
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Summary

e A new quantization prescription gives a unitary and renorm. QFT of gravity.

o Predictive and possibly testable in the near future.

o Quantization of cosmological perturbations (E. Bianchi and MP, in preparation).

e New type of degrees of freedom (fakeons).

e New phenomenology due to the presence of fakeons.




