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• Brief overview

• Purely virtual quanta in cosmology

• Purely virtual quanta in quantum �eld theory
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Overview of the theory

• Purely virtual quantum (fakeon):

a degree of freedom that mediates interactions and circulate inside loops but
cannot appear as external state in physical processes.
[D. Anselmi, JHEP 1706 (2017) 086, D. Anselmi and MP, JHEP 1706 (2017) 066]

Quantum gravity with fakeons

• Degrees of freedom of the theory:

massless spin-2 hµν ,
(graviton)

massive scalar φ,
(in�aton)

massive spin-2 χµν .
(fakeon)

• Parameters:

MPl, ΛC , mφ, mχ.

• Physical content in cosmology:

scalar perturbations, tensor perturbations, no vectors.
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PURELY VIRTUAL QUANTA

IN COSMOLOGY
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Results: Amplitudes and spectral indices

D. Anselmi, E. Bianchi and MP, arXiv:2005.10293

• Leading order

AR AT r nR − 1 nT
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• At this order
r ' −8nT .

• A consistency condition gives a bound on the fakeon mass
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With N = 60, the �rst correction to AT is between 0.3% and 2.5%.
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Results: ratio

• From Planck 2018, nR = 0.9649± 0.0042 at 68% CL.

• From the predictions, nR = 1− 2/N .

• From the bound mχ > mφ/4,
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Action and properties

SQG(g) = −
M2

Pl

16π

∫ √
−g
[
R+

1

2m2
χ

CµνρσC
µνρσ −

R2

6m2
φ

]

Properties:

- Unitarity
[D. Anselmi and MP, PRD 96 (2017) 045009, D. Anselmi, JHEP 02 (2018) 141].

- Renormalizability (once ΛCC is reinstated).

- Violation of microcausality [D. Anselmi and MP, JHEP 11 (2018) 21].

- No violation of macrocausality
[D. Anselmi and A. Marino, Class. Quantum Grav. 37 (2020) 095003].

6 / 23



Frameworks

Classical background: FLRW gµνdxµdxν = dt2 − a(t)2(dx2 + dy2 + dz2).
De Sitter expansion

ε = −
Ḣ

H2
, η = 2ε−

ε̇

2Hε
.

• Geometric framework

Sgeom(g) = −
M2

Pl

16π

∫ √
−g
[
R+

1

2m2
χ

CµνρσC
µνρσ −

R2

6m2
φ

]
mφ and H are unrelated

ε ∼ m2
φ(6H2)� 1, mχ ∼ H or mχ ∼ mφ.

Two possible expansions:

◦ Expand in ε with H2/m2
χ �xed;

◦ Expand in ε with m2
χ/m

2
φ �xed.

• In�aton framework

Sin�(g) = −
M2

Pl

16π

∫ √
−g
(
R+

1

2m2
χ

CµνρσC
µνρσ

)
+ Sφ(g, φ),

Sφ(g, φ) =
1

2

∫ √
−g (∇µφ∇µφ− 2V (φ)) , V (φ) =

m2
φ

2κ̂2

(
1− eκ̂φ

)2
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Action for cosmological perturbations

S(u) =
1

2

∫
dt a(t)3

[
f(t)u̇2 − h(t)ü2 − g(t)u2

]
, u ≡ uk(t)

⇓

S′(U, V ) =
1

2

∫
dt Z

(
U̇2 − ω2U2 − V̇ 2 + Ω2V 2 + 2σUV

)
.

Procedure:

i) Solve the EOM for the V by means of the fakeon Green function;

ii) Insert the solution back in S′;

iii) Quantize the new action with the standard methods.

• The physical variable is still u = F (U, V ).

• After the procedure, the two-point function is

〈uu〉 = 〈F (U, V )F (U, V )〉, with V = V (U).
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Fakeon prescription and fakeon Green function

• The fakeon prescription comes from high-energy physics and deals with scattering
amplitudes.

A+(p) = A(p+ iε)

AAV(p) =
1

2
[A+(p) +A−(p)] .

• Classical level: fakeon Green function.

Gf =
1

2
(Gadv +Gret) .

Example:

V̈ + ω2V =

(
d2

dt2
+ ω2

)
V = F (t) ⇒ V (t) = (Gf ∗ F )(t).

This is enough for tree level correlation functions in cosmology.
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Fakeon Green function in FLRW spacetime

• In �at spacetime (
d2

dt2
+A2

)
Gf(t, t

′) = δ(t− t′), A = const.

Gf(t, t
′) =

sin(A|t− t′|)
2A

.

• In FLRW spacetime(
d2

dt2
+H2n2

χ +
k2

a2

)
Gf(t, t

′) = δ(t− t′), nχ =

√
m2
χ

H2
−

1

4
.

(tensor perturbations in de Sitter in in�aton framework)

• There are two cases where Gf is known
◦ k/(aH)→∞ (�at space in conformal time);
◦ k/(aH)→ 0 (�at space in cosmological time);

Gf(t, t
′) =

iπsgn(t− t′)
4H sinh (nχπ)

[
Jinχ (ǩ)J−inχ (ǩ′)− Jinχ (ǩ′)J−inχ (ǩ)

]
, ǩ(′) =

k

a(t(′))H
.
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Projected action

S′(U, V ) =
1

2

∫
dt Z

(
U̇2 − ω2U2 − V̇ 2 + Ω2V 2 + 2σUV

)
.

⇓

V (U) = −Gf ∗ (σU), Sprj(U) = S′(U, V (U)).

• In de Sitter expansion σ = O(ε) and V = O(ε).
⇒ the nonlocal term σUV = O(ε2).

The action can be written in the Mukhanov form

Sprjw =
1

2

∫
dτ

[
w′2 − k̄2w2 +

w2

τ2

(
ν2
t −

1

4

)]
, k̄ = k

(
1 +O(ε)

)
.

• The nonlocalities enter in the correlation functions since the physical variable is
still

u = U + αV (U), U = U(w).
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Consistency condition

The fakeon eom's can always be turned into the form

V̈ +m(t)2V = O(
√
ε).

Imposing a no-tachyon condition on m(t)2 in the �at-space limit

m(t)2
∣∣
k/(aH)→0

> 0. ⇒ nχ ∈ R.

It can be seen also from the Green function

Gf(t, t
′) −→
k→0

1

2Hnχ
sin
(
Hnχ|t− t′|

)
All perturbations give the same bound

mχ >
mφ

4
.
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Predictions in in�ationary cosmology

• Amplitudes and spectral indices in de Sitter and quasi de Sitter.
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+2m2
χ

Black: Starobinsky in�ation.

• A consistency condition gives a bound on the fakeon mass

mχ > mφ/4

The bound restricts the possible values
for the tensor-to-scalar ratio r

1

9
.
N2
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1000 r

N in the range nR = 0.9649± 0.0042 at 68% CL.
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PURELY VIRTUAL QUANTA

IN QUANTUM FIELD THEORY
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The problem of renormalizability in QG

Using the Feynman prescription

Einstein gravity: unitary but nonrenormalizable theory

SHE = −
1

2κ2

∫ √
−gR, κ2 = 8πG.

Γ
(ct)
HE = −

1

2κ2

∫ √
−g
[
c1R

2 + c2RµνR
µν + c3R

µν
ρσR

ρσ
αβR

αβ
µν + . . .︸︷︷︸

∞

]
.

Stelle gravity: renormalizable but not unitary theory

SHD = −
1

2κ2

∫ √
−g
[
γR+ αRµνR

µν + βR2 + 2ΛC

]
.

Γ
(ct)
HD = −

1

2κ2

∫ √
−g
[
aγR+ aαRµνR

µν + aβR
2 + 2aC

]
.
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Unitarity

SS† = 1, S = 1 + iT.

• Unitarity equation (optical theorem)

2ImT = TT†.

• Pseudo-unitarity equation (cutting equations)

2ImT = THT†,

in general
H = diag(. . . , 1, . . . , 1,−1, . . . ,−1, . . .).

• To have unitarity

H = 1 or H|V = 1 + consistent projection

• Fakeon prescription sets

H = diag(. . . , 1, . . . , 1, 0, . . . , 0, . . .).
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Prescription for the propagator ±1
k2−m2 Prescription for the amplitude A(p)

Standard particle :
1

k2 −m2 + iε
.

Ghost :
−1

k2 −m2 + iε
.

A+(p) = A(p+ iε)

Fake particle (fakeon):

±
k2 −m2

(k2 −m2)2 + E4
.

+ integration domain deformations
(D. Anselmi and MP, JHEP 1706 (2017) 066.)

AAV(p) =
1

2
[A+(p) +A−(p)] .

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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D(k2,m2, E) = 1
(k2−m2)2+E4 .

Minkowski models

iM(p) = c

∫
R

dk0

2π

∫
R3

d3k

(2π)3
D(p− k,m1, E)D(k,m2, E).

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

iM(p) = c

∫
LW

dk0

2π

∫
R3

d3k

(2π)3
D(p− k,m1, E)D(k,m2, E).

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

iM(p) = c

∫
LW

dk0

2π

∫
D3

d3k

(2π)3
D(p− k,m1, E)D(k,m2, E).

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

lim
E→0

k2 −m2

(k2 −m2)2 + E4
= P

1

k2 −m2
= lim
ε→0+

1

2

(
1

k2 −m2 + iε
+

1

k2 −m2 − iε

)
.
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A very simple example

L =
1

2
∂µϕ∂

µϕ−
λ

4!
ϕ4.

One-loop bubble diagram

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

After renormalizing the UV divergence

Feynman prescription

A+(p) =
1

2(4π)2
ln
−p2 − iε

µ2
.

Fakeon presciption

AAV(p) =
1

4(4π)2
ln

(p2)2

µ4
.

note: the fakeon prescription does not spoil renormalizability
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The theory of quantum gravity and fakeons

SQG = −
1

2κ2

∫ √
−g
[

2ΛC + ζR+
1

2m2
χ

CµνρσC
µνρσ −

1

6m2
φ

R2

]
.

Procedure for Minkowski scattering amplitudes

i) Compute the amplitude A in Euclidean spacetime with usual methods.

ii) Decompose A =
∑
iAi, each Ai with 2 branch points and 1 cut.

iii) Use A+ for cuts associated to particles (hµν and φ).

iiia) Use AAV for cuts associated to fakeons (χµν).

iv) Sum back and project onto the subspace where only particles are external
states.
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Absorptive part of graviton self energy at ΛC = 0

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

Equivalent action:
auxiliary �elds φ, χµν + Weyl transformation + �eld rede�nitions.

S(g, φ, χ,Φ) = SEH(g) + Sχ(g, χ) + Sφ(g + 2χ, φ) + Sm(geκφ + 2χeκφ,Φ).

SEH = Einstein-Hilbert, Sχ = (−)Pauli-Fierz + interactions, Sm = Standard Model,

Sφ(g, φ) =
3ζ

4

∫ √
−g
[
∇µφ∇µφ−

m2
φ

κ2
(1− eκφ)2

]
.
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Violation of microcausality

Resumming the self energies the corrected χ propagator at the peak mχ is

〈χµν(p)χρσ(−p)〉s∼m̄2
χ

= −
iκ2

ζ

Zχ

s− m̄2
χ + im̄χΓχ

Π
(2)
µνρσ(p, s),

Γχ = −
m3
χ

M2
Pl

C, C =
Ns + 6Nf + 12Nv

120
, Γχ < 0.

Breit-Wigner distribution

i

E −m+ iΓ
2

−→ sgn(t)θ(Γt)exp

(
−imt−

Γt

2

)
.

Duration ∼ 1/|Γχ|

If mχ ∼ 1012GeV then 1/|Γχ| ∼ 4 · 10−20s

For time intervals of the order 1/|Γχ| past, present and future, as well as cause
and e�ect lose meaning.
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Conclusions

New predictions from quantum gravity with purely virtual quanta

• Purely virtual quanta provide a local, unitary and renormalizable theory of
quantum gravity.

• The theory is essentially unique.

• Computational power (Feynman diagrams).

• Predictive.

• Falsi�able.
◦ Amplitudes and spectral indices of scalar and tensor perturbations
◦ Once new cosmological data will be available, mφ and mχ will be �xed and other

predictions will be stringent tests of the theory.

23 / 23


