The ultraviolet behavior
of quantum gravity with fakeons

Marco Piva

Dipartimento di Fisica “Enrico Fermi”
Universita di Pisa

New Frontiers in Theoretical Physics
XXXVI Convegno Nazionale di Fisica Teorica
Cortona
May 240, 2018



Introduction

@00

The problem of renormalizability in QG




Introduction

@00

The problem of renormalizability in QG

Einstein-Hilbert action: unitary but nonrenormalizable theory

1
S = ———> /d4m\/ng, k% = 8nG.
2K2

+o)

oo

1
iy = o2 /d“wfg[R +c1R? + 2Ry R + ca RbS ROG R

a di Pisa

quantum



Introduction

@00

The problem of renormalizability in QG

Einstein-Hilbert action: unitary but nonrenormalizable theory

1
SEH = ——5 /d41:\/—gR, k2 =87 G.
2K2

. 1
rit) — 53 /d4x\/—g[R+ c1R? + caRyuy R*Y + e REVREG RS + . ].
oo
Stelle action: renormalizable but not unitary theory
1
SHD = —5.3 d*av/—g[yR + aRu R* + BR? + 2A¢).
K
1
Fgltj) = 5 d4x\/—g[aWR+aaR,wR’“’+a@R2 +2ac].




Introduction
oeo

Unitarity

sfs =1.
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Cutting equations (Cutkosky, 't Hooft and Veltman)
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Higher-derivative theories cannot be defined in Minkowski spacetime.

U.G. Aglietti and D. Anselmi, Inconsistency of Minkowski higher-derivative theories,
Eur. Phys. J. C 77 (2017) 84 and arXiv:1612.06510 [hep-th].

Inconsistencies: nonlocal and non-Hermitian divergences.
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In general, higher-derivative theories must be defined from Euclidean space.

A different formulation has been proposed by Lee and Wick.

T.D. Lee and G.C. Wick, Negative metric and the unitarity of the S-matriz,
Nucl. Phys. B 9 (1969) 209.

T.D. Lee and G.C. Wick, Finite theory of quantum electrodynamics,
Phys. Rev. D 2 (1970) 1033.

R.E. Cutkosky, P.V Landshoff, D.I. Olive, J.C. Polkinghorne, A non-analytic S matriz,
Nucl.Phys. B12 (1969) 281-300.

B. Grinstein, D. O’Connell and M.B. Wise, Causality as an emergent macroscopic
phenomenon: The Lee-Wick O(N) model, Phys. Rev. D 79 (2009) 105019 and
arXiv:0805.2156 [hep-th].
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We reformulate the models as
nonanalytically Wick rotated Euclidean theories.
The new formulation solves the previous problems and makes the models
both renormalizable and unitary.
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Counterterms (up to three loops)
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Unitarity cannot be proved at non vanishing Ac. Can be set to zero by solving
a chain of RG conditions.

D. Anselmi, On the quantum field theory of gravitational interactions,
JHEP 1706 (2017) 086 and arXiv:1704.07728 [hep-th].
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The problem of uniqueness

Lqgc is the simplest representative of a general class
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+ 2M?2

RQu (0. /M?)R + V(R, M, ai)].
P, and @ polynomials of degree n, O, =V, VH.

All these theories are superrenormalizable and of the Lee-Wick type (for suitable
choices of the polynomials).

1 counterterms up to three loops.
2 counterterms up to two loops.
> 3 counterterms up to one loop.

Problem of uniquness
Superrenormalizable models of quantum gravity are infinitely many.

a di Pisa

quantum



QG with fakeons

000000

New quantization prescription and fakeons
D. Anselmi, On the quantum field theory of gravitational interactions,
JHEP 1706 (2017) 086, and arXiv:1704.07728 [hep-th].




QG with fakeons

000000

New quantization prescription and fakeons
D. Anselmi, On the quantum field theory of gravitational interactions,
JHEP 1706 (2017) 086, and arXiv:1704.07728 [hep-th].

1 A
I B, — L4
£728ug08<p 4!@‘

Modified Euclidean propagator

P

(p3)? + &
After the Wick rotation

& = ficticious LW scale.

2

. P
lim —————.
£-0 [(p?)? + E%av




QG with fakeons

000000

New quantization prescription and fakeons
D. Anselmi, On the quantum field theory of gravitational interactions,
JHEP 1706 (2017) 086, and arXiv:1704.07728 [hep-th].

1 A
I B, — L4
£728ug08<p 4!@‘

Modified Euclidean propagator

P

(p3)? + &
After the Wick rotation

& = ficticious LW scale.
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One-loop bubble diagram (after renormalizing the UV divergence).

Feynman prescription New presciption
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‘We can turn ghosts into “fake degrees of freedom”.
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1 1
Sup =~ /\/jg [2AC +(R+a (RWR"” - gRQ) 532} :
K

a di Pisa

quantum



QG with fakeons

(o] lele]e]e]

Quantum gravity with fakeons

6
The action coincides with Stelle theory but we quantize it in a different way. The
propagator in De Donder gauge (Ac =0, a = &) is

1 1
Sup =~ /\/jg [2AC +C(R+a (RWR"” - gRQ) 532} .
K

. 1 .
<h,u,u(p)hpa'(*p)>0 = ml—uumf = {pj + ﬁ};—clwpa,

Lywpo = (MupMve + MuoMvp — Muvps)-




QG with fakeons

(o] lele]e]e]

Quantum gravity with fakeons

6
The action coincides with Stelle theory but we quantize it in a different way. The
propagator in De Donder gauge (Ac =0, a = &) is

1 1
Sup =~ /\/jg [2AC +C(R+a (RWR"” - gRQ) 532} .
K

7 1 a %
(P o = gty oese = + = gt Yag oo
Lywpo = (MupMve + MuoMvp — Muvps)-

With the new prescription it turns into

*(nup"]wf + NpoMvp — mw"]pa)~

a(¢ — ap? i
{ 1 (€ —ap?) }24

p? + ie + [(¢ — ap? +1€)? + &4] ,y




QG with fakeons

(o] lele]e]e]

Quantum gravity with fakeons

6
The action coincides with Stelle theory but we quantize it in a different way. The
propagator in De Donder gauge (Ac =0, a = &) is

1 1
Sup =~ /\/jg [2AC +(R+a (RWR"” - gRQ) 532} :
K

7 1 a %
(P o = gty oese = + = gt Yag oo
Lywpo = (MupMve + MuoMvp — Muvps)-

With the new prescription it turns into

i
i(nup"]va + NpoMvp — mw"]pa)~

1 a(¢ — ap?)
{p2 + e + [(¢ — ap? +1€)? + &4] ,y }




QG with fakeons

[o]e] le]e]e]

Graviton/Fakeon prescription

a) Replace p? with p? + ie everywhere in the denominators of the propagators;

Marco




QG with fakeons

[o]e] le]e]e]

Graviton/Fakeon prescription

a) Replace p? with p? + ie everywhere in the denominators of the propagators;

b) turn the massive poles into fakeons by means of the replacement

1 ¢ — up?

’lL:CY, £7

Cou®+ie) | (C—u(p? +ie)2 1 &L




QG with fakeons

[o]e] le]e]e]

Graviton/Fakeon prescription

a) Replace p? with p? + ie everywhere in the denominators of the propagators;

b) turn the massive poles into fakeons by means of the replacement

1 . ¢ — up?
C—u@? +ie) (¢ —u(p? +ic)? + £

’lL:CY, £7

c) calculate the diagrams in the Euclidean, nonanalytically Wick rotate them,
send € — O first, £ — 0 last.

a di Pisa

quantum



QG with fakeons

[o]e] le]e]e]

Graviton/Fakeon prescription

a) Replace p? with p? + ie everywhere in the denominators of the propagators;

b) turn the massive poles into fakeons by means of the replacement

1 . ¢ — up?
C—u@? +ie) (¢ —u(p? +ic)? + £

’lL:CY, £7

c) calculate the diagrams in the Euclidean, nonanalytically Wick rotate them,
send € — O first, £ — 0 last.

a di Pisa

quantum



QG with fakeons

[o]e] le]e]e]
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a) Replace p? with p? + ie everywhere in the denominators of the propagators;

b) turn the massive poles into fakeons by means of the replacement
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u = a? £7
c) calculate the diagrams in the Euclidean, nonanalytically Wick rotate them,
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In the bubble diagram, powers higher than the second give massless tadpoles,
which are set to zero by the dimensional regularization.
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The result is exact in o and &.

The divergent part and the absorptive part can be unambiguously related to each
other
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In the case of pure gravity the absorptive part can be written as

6SHD
5guu

Tabs = — Aguv, Aguv piecewise local function of hy, .

Adding (massless) matter fields of all types the absorptive part is

e y 1 Nsn?
Tups = /\/—g c| Ru(—0c)RM — —RO(-O:)R | + RO(—O)R
167 3 36
0SHD
- 5 Aguv,
9uv

1
c= HO(NS + 6Ny 4+ 12N,), n nonminimal coupling for scalar fields.

Ns = number of scalars;
N, = number of vectors;

Ny = number of Dirac fermions plus 1/2 the number of Weyl fermions.
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Conclusions

In the end we have
a unique, renormalizable and unitary theory of QG in 4 dim.

It

Unitarity can be proved only if Ac = 0 but realistic models have A¢ # 0.
is not known how to construct a scattering theory in the presence of Ac # 0.

It could be due to our lack of knowledge, or
the cosmological constant might be an anomaly of unitarity.

Higher-derivative theories must be defined from the Euclidean space and then
Wick rotate.

The Wick rotation is not analytic. Nevertheless, a new formulation gives well
defined amplitudes, physically different from the previous formulations and
consistent with unitarity.

Reconcile renormalizability and unitarity in quantum gravity.
It is possible to compute physical quantities in order to discriminate our
model from others.
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> A lot of other things...

Universita
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