Quantum gravity with purely virtual particles:

from quantum field theory

to primordial cosmology

Damiano Anselmi



Summary

- Purely virtual particles (fakeons): quantization prescription and comparison
with alternative possibilities

- The quantum field theory of gravity

- Predictions in primordial cosmology:

- fakeon projection on curved backgrounds

- cosmic RG flow: fine structure constant, beta function, running coupling,
resummation of leading and subleading logs...

- perturbation spectra

-1, + 8 nT, tilts, running coefficients, etc.



The fakeon is a purely virtual particle

- [t simulates a physical particle in many situations, but does not belong to the
physical spectrum of asymptotic states

- To have unitarity, it must be first introduced ("to keep everything local") and
projected away at the very end

- The closest known analogues are the Faddeev-Popov ghosts: they must be
introduced to fix the gauge (while keeping the action local), but must be projected
away at the end to recoved unitarity. The main difference is that the fakeon
prescription/projection does not follow from a symmetry principle and it is not
protected by that to all orders

- The fakeon can be proved to be consistent to all orders by means of a completely
different and novel approach

- The key idea is a new quantization prescription for the poles of the free
propagators, alternative to the Feynman i epsilon one
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For example, the higher-derivative action
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gives the Stelle theory, if quantized as usual (which means with the Feynman prescription),

which propagates a Spln_z ghOSt K.S.  Stelle, Renormalization — of  higher  derivative  quantum  gravity,
Phys. Rev. D 16 (1977) 953.

It has propagators of the form
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The S matrix is not unitary and its Hamiltonian is not bounded from below

We need SOW\@AQA,:\A% radic oA/
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D. Anselmi, The quest for purely virtual quanta: fakeons versus Feynman-
Wheeler particles, J. High Energy Phys. 03 (2020) 142, arXiv:2001.01942 [hep-th]

Bu,‘o He, dA :Srw

F%mma«m F%nw\% -Wkee/le,r Pak&ovp

{ /[T ¥
? f@mm&m.ﬂ:@v\w\t%t) S ;

2-—\/?{"-\»{6 ‘})—WA
T - {
O O O
F =%

/ d”k 1 1
(2m)P (p — k)2 — m3 + ie k% — m3 4 ie
78 T




L?/t AS Use Fe\v)vtvr\a/v\. t:&f‘sw\p)fp/(\g;

1. S;‘ A

AR N [Ax+BO) deikd Never
“/\/(\/_/ \/wl_q[«,

PP
V= yo{xQ\A ]i~ TZX {/1—)<> 1 Wle+ > (4 x) —l'e]
7 /\];"‘*[’Do] Lﬁ
- T TRy
T ”

?L: Cny+ MY < Afore sholel



2 2 9
i(4m)? V (p? +ie,m?,m3) = —In . . M 2m2 L
mims D meo
vV — \/ + Ju_ 2y/— _
- u+2_u Ou_) In¥— - + 1;+u O(—u_)0(uy)arctan
P — VUL — /U P
VUt VU + Uy
0(— ] — ‘ .
T —(eu—l—) VTR =T N}:/ nm;gmarﬂ %;ar-t

Ut = (my £ my)? — p°

b= Cm—m, ) - psads Heedold

?L: (VV)4+ W)QDZ e ol

U+



$3jﬂwl9'f\ — Ffjvx W 3

‘”C;Pe, [w"] nte %rafwon )> N
(Re, D(o] >



$3jﬂwl9'f\ — Ffjvx W 3

‘”C;Qe, [w"] nte %ra{won )> N
(Re, D(o] >



d

I“O'(:ll\ Lti $@wmav\ - Fifjm WM s

X <X é",’; R, [ko]‘ e %raﬁ‘oow )> B)C?\

0 »* < —> ()2 %o

2 2
e&_m. | (p-xJ=w,




$3jﬂwl9'f\ — Ffjvx W 3

%&Ex&’] nte %ra{won )> SN

Re (W
/ y e |l ] >
we&_ WI: l (P«IC)Z:- W\/‘Q‘

PL = (VV)4+ VWQDZ : %ﬁm&%u



$3jﬂwl9'f\ — Ffjvx W 3

%X ‘”C;QQ, [w"] e %ra{won )> Al

= O » ¢ ( o
Re (W
e&_m. | (p*x_)z— W\:’

pr= Cm—m}) - pseds Horedhold



¥
$@mma«/\ — Fifjv\ Mawn

: g’;&, [k,o]‘ nte %ra{i‘ooh )> 9)\7?\
/ ( Re (¥ o] >

(p*zc)z— W\:’

Co—m?>) - Heredhold,



¥
?@V\mav\ — Fifj'/\ Mawn

gc;&f ko]‘ e %ra{i‘ooh )> 9)\7?\
(Re [¢*] )

o

{

(p*zc)z— Vv'l,‘2

CVYI42+ le') . Fieudo%&reg\m&{



o[ dPk
D (p> /(27r) D (p— k) —7"11"'Ze k2_m2 _K%/Gare (FA()/ ,

__/ de
= (p — k)2 —m1+ze—k2+m2+“

&% 1
/ dzL‘/ 27
5 — 2% )k.2 _+_p2$(1 'T) WL%??‘*’m%(]- _Z,)]

= U(p? + ie,m3 m3) — U(p* — ie, m,m?)

vy [ 4A? 1+2
P0Gt ) = 5 (1 oy ) (reg
e non Loc_aQ/
e/ ce




p? range 'flnl—’p 2y e Z'In ]fz P p?—ie

uy <0 zln (L) yln (+2) D<z<l,0<y<l
—vy <0< uy —2z arctan(x) —2y arctan(y) x>0,y>0
u_ <0< —vy | —2zarctan(z) — 2mx | —2yarctan(y) r<0,y>0

mln(“i) 2imx yln(rZ) -l<z<0,0<y<1
zln (42) — irz yIn (11/’”{) + iy r<—1,y>1
zln (H2) —inz yln (Hy) + iy r<—1,y<-1

TLLQ, IPSQ\MAO ‘cﬁmg\wM [oecovm@S &
Woceshold
2Im(—i¥) = —

codn \De. <O “

VAELEVION

8 p?



‘:%mwﬁw\ - '\C;%&%
4> Stert &rom X’KL EM.GL'O&Q;VL versiom
2> TL@ J&re/s\wug Colvwe de w(ﬂ %&og&

og o pe:jmwxw ‘Oréscn\r)ﬁ,‘ow

EoN Z}i

(50 - ko problaws wilt stohlity )



3> Twhoke o \%/\C[Z ro ta ot

N Z’L
IR

N

4) COMF\Q}YC & WO% ‘FOT/_B, t\:om
3\/@%& Q,ovvkimpéA\:ow E N Z)L
AN

— A



Fey-Fey /6" /\ = =

2 _
i(4m)? V(p* + ie,m},m3) = —In - + 2m2 In 2
myma p ma
JULu_ /Ut + /U 2y/— _ —U_
_ +2 O(u_) In - + - O(—u_)0(uy) arctan “
P’ = Uy — Ju_ p? — Uy
Vusu— V—u— + o/ —uy
L 0(—uy) { In Y = —’:/ imaginary part
2
ur = (my £ mo)* —p
9. 2
F — CW’A - W’z> pseudothreshold

$-= (M,+m,Y threshold



1. Ne =
Feynman-fake - s local divergence

4N Tmi—m3. my
(4 2 2 . 2 2y — ] 1 2 In —
i(4m)” V(p® + ie, my, m3) n myms T P2 " Mo
R - 2 _ — _ —
A /u+2u 0(u_) In VUt +/u n vV /‘;+u O(—u_)0(uy)arctan .
p — \/u-‘,- - \/u— p .. u+
TR —UuU_ + u
++9(_U+) In v vt

no imaginary part

——§ RSN

9 2
F = CWLt — W|2> pseudothreshold

$-= (M,+m,Y threshold



In formulas Feynman-Feynman
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What about the Lee-Wick models?

D. Anselmi and M. Piva, A new formulation of Lee-Wick quantum field theory, J.

Reformulated they High Energy Phys. 06 (2017) 066, arXiv:1703.04584
’ [hep-th];
D. Anselmi and M. Piva, Perturbative unitarity in Lee-Wick quantum field theory,
become Something Phys. Rev. D 96 (2017) 045009 arXiv:1703.05563
[hep-th].

totally different from what Lee and Wick intended
LW never conceived the idea of projecting states away consistently
Their approach is more like "living with ghosts"

Hawking, Hertog, "Living with ghosts",

PRD 65 (2002) 103515 arXiv:hep-th/0107088

(NO THANKS!)



But there was another problem: N

"« Finite
LW models apparently need pairs é//\ widths
of complex conjugate poles * -

This requires MORE higher-derivatives

g (Q R+ @’DR)Q
but then gravity is NOT UNIQUE

The new models do not have this problem and with a few tricks they
can handle poles on the real axis (zero widths at the tree level)

D. Anselmi, On the quantum field theory of the gravitational interac- QG becomes unique
tions, J. High Energy Phys. 06 (2017) 086, arXiv: 1704.07728 [hep-th]

D. Anselmi, Fakeons and Lee-Wick models, J. High Energy Phys. 02 (2018

WAl
-order theorems here
arXiv:1801.00915 [hep-th]. é



Quantum gravity

Consider the (renormalizable) higher-derivative Lagrangian
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If quantized as usual, this theory has a ghost

K.S. Stelle, Renormalization of higher derivative quantum  gravity,
Phys. Rev. D 16 (1977) 953.

Solution: quantize the would-be ghost as a purely virtual particle

D. Anselmi, On the quantum field theory of the gravitational interac-
tions, J. High Energy Phys. 06 (2017) 086, arXiv: 1704.07728 [hep-th]



IMPORTANT: the action
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is NOT the classical limit of the quantum field theory of gravity, because it is
unprojected

It should be regarded more or less like a gauge-fixed action: it is useful to derive
simple Feynman rules, but it contains things (e.g. the Faddeev-Popov ghosts) that
should be dropped to do physics

The classical limit is obtained by CLASSICIZING the quantum field theory of gravity,
since the fakeon is purely quantum

D. Anselmi, Fakeons, microcausality and the classical limit of quantum gravity,

Class. and Quantum Grav. 36 (2019) 065010, arXiv:1809.05037 [hep-th]
D. Anselni, Fakeons and the classicization of quantum gravity: the FLRW metric,
J. High Energy Phys. 04 (2019) 61, arXiv:1901.09273 [gr-qc]



The triplet of quantum gravity

—_—

T graviton, fluctuation of the metric

X

wo= fakeon, spin 2, mass MX

C,:: = inflaton, mass 1’1’\5{>
|

Renormalization constants, beta functions, widths, absorptive parts, dressed
propagators, checks of the optical theorem...

D. Anselmi and M. Piva, The ultraviolet behavior of quantum gravity,

J. High Energ. Phys. 05 (2018) 27, arXiv:1803.07777 [hep-th]

D. Anselmi and M. Piva, Quantum gravity, fakeons and microcausality, J. High Energy
Phys. 11 (2018) 21, arXiv:1806.03605 [hep-th]



D. Anselmi, E. Bianchi and M. Piva, Predictions of quantum gravity in inflationary
cosmology: effects of the Weyl-squared term, J. High Energy Phys. 07 (2020) 21géeriv:2(J()5.1[)293 [hep-th]

D. Anselmi, Cosmic inflation as a renormalization-group flow: the running of power

spectra in quantum gravity, arXiv:2007.15023 [hep-th]

D. Anselmi, High-order corrections to inflationary perturbation
spectra in quantum gravity, arXiv: 2010.04739 [hep-th]
For cosmology, we use
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2 .
V(p) = 3& (1 _ e¢\/m>2 Starobinsky

321 potential

The Friedmann equations do not change
. . ArG . e
H=-anGe?, =2 (R+2V(9),  6+36=—V(9)
a
H=a/a

Define the coupling 4G gb H

("fine structure constant” of inflation) “ = \/ "3~ 7 ~ \| "3432



Then the Friedmann equations become
& =myV1—a?2— H(2+3a)(1-a?)

+o0 dt,
a(t’)

In conformal time = _/
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We can introduce the beta function @x =

"cosmic RG flow"

B, =—2a2 |1+ %O‘ n %ag 3 383 n 8155 4 N 72206a5 N 2367907&6
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D. Anselmi, Cosmic inflation as a renormalization-group flow: the running of power
spectra in quantum gravity, arXiv:2007.15023 [hep-th]










1+ 204, In(—kT)

Leading log running coupling QY

Running coupling to the NNLL order

Qy, Dy, 25@% In A
— Sk 2% R AT S M
“ /\( 6/\n>[+12>\2< 3 n))]

A=142arInn, n=—kr

RG equations:

~—
Spectra: ?CL{;) = ?Co{ K) in the superhorizon limit

O(K = K (4/‘< ) = running coupling



Expansion in leading and subleading logs

oL (1)) = oZ(o(”ILLc/Kﬁ>

: N M A
W, = pivot scale = 0.05 ) 3
A, = pivot coupling = 0.008F 3+ 0.0010 ~ J_,

M5

Planck collaboration, Planck 2018 results. X. Constraints on inflation,
arXiv:1807.06211 [astro-ph.CO].

Expansion in powers of 0@ , but

K
the product 04' «QM T is considered of order zero

*
and treated exactly



Results Effects of the fakeon ), everywhere
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"Dynamical” tensor-to-scalar ratio

Pr(k)
r(k) =
(%) Pr(k)
Tilts
01 01
nr = —5a(04k) ;OZ:T, ng —1= _Ba(ak) ;@fR

Running coefficients

d”nT . 0 " dnnR o d
dlnk" (_ﬁa(ak)@) nr, = <—ﬁa(ak)—




ny =—6 [1 + dypap + (1273, — )] Cop + [24 + 36 + 4(31 + 28)ymau) (e,
1
—§(1136 + 566& + 107€%)Pa; + O(ad),

o _ ZM;(Z
R
my=/ Mg -/-2,14'5(
4o} 20 2 2 4
ng — 1l=—4a; + T(5 — 6vnr) — T(338 — 90y + T2vy, — 427% 4+ 9EFy) + O(ay,)
¢

r+ 8ny = —192¢a; + 8(202¢ + 656¢C — 144y — 872 + 3EF)Cay + O(a3)

t Lo X,

A coincidence makes the lowest order of this quantity vanish,
but it is definitely not zero



D. Anselmi, E. Bianchi and M. Piva, Predictions of quantum gravity in inflationary
cosmology: effects of the Weyl-squared term, J. High Energy Phys. 07 (2020) 211 arXiv:2005.10293 [hep-th]

The consistency of the fakeon projection on a curved background puts a lower
bound on w1

1000 r

6 — my, = my/4

st o 0.4 < 1000r < 3,

4,

gl \\ —0.4 < 1000n7 < —0.05
2

1 for N =60
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D. Anselmi, Cosmic inflation as a renormalization-group flow: the running of power
spectra in quantum gravity, arXiv:2007.15023
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Derivation (tensor spectrum)

1

1
Sqa =~ 167G

Ay g (R N —cuypUCﬂ”Pff) s / dtz/=g (DusD 6 — 2V(9))

2
2mX

Expand with

g = diag(1, —a®, —a?, —a®) — 2a® (ud,,6, — ud.0, + v4,,6, + v6.6,) ,
u=u(tz)
The quadratic Lagrangian is v=v(t,z)

Ly -9 kzz L], 2322k2 .2 k42
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| O |
. o — 00—
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> Mukhanov-Sasaki equation —> spectrum



Elimination of the higher derivatives by means of an extra field U:

3 2 F72 2
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Fakeon projection:

v oV, V,

1) +,°>
insert the ansatz V= o (v1 + v20) U + v30°U 4+ O(a*)  unknown
constants

into the V equation of motion. Using the U equation of motion, we find
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]y, B0=98C*

V=-— i
2 m(b

1—&—(6— 196 —2¢7)



projected Mukhanov-Sasaki action :

| w? w?
SEJ — 5/(177 (w’2—hw2+2?+at?)

mass "renormalization”
where
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Making the change of variables /7 = KT ——> 77 (77)
~

i'(n) = v/h(n), 7(0) =0

with
we obtain the action

~ 1 202 ~2
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2 n ]

=2 =2
. B 1/4 . (o +2) 7 2
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The Bunch-Davies vacuum condition in these variables is the standard one:

in
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for n — oo,



THEN,
Go back to the original variables, /V) / /\/\YC"q) -
Work out the Bunch-Davies vacuum conditions for those

7
Solve the Muk.-Sas. equation for "'S('V\) =MWy + o Wy + e My +---

UvVEk
Go back to U through the w definition w = aUvk

VarG'

Find V(U) through the fakeon projection V = a? (v; + vy0) U + v30°U + O(a?)

U+V H?
Find u through the de Sitter diagonalization ¢ = + vy=142—

Vi ™

Finally, work out the spectrum (Dq’ from < w um o



Conclusions

The constraints originated by high-energy physics (locality, renormalizability and unitarity) allow us to
overcome the arbitrariness of classical theories and formulate a basically unique quantum field theory
of gravity, which contains just two parameters more than the Einstein theory, which are the mass of the
inflaton and the mass of the spin-2 fakeon.

Other constraints coming from cosmology allow us to derive a condition that binds the
two masses. Altogether, the constraints from cosmology and those from high-energy
physics produce a very predictive theory, which could be tested in the forthcoming years
thanks to inflation.

We have worked out the spectra, the tensor-to-scalar ratio, the tilts, the running coefficients and the
combination r+8nT to the next-to-next-to-leading log order. Thanks to the "cosmic" renormalization-
group flow, we have resummed the leading and subleading logs and expressed all quantities as power
series in the running inflationary fine structure constant o ~ 1/115.

Hopefully, primordial cosmology will turn into an arena for precision tests of quantum
gravity, which will experience the same level of success the standard model of particle
physics reached in the past decades!!!
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