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Bouncing cosmology & Physical regular BHs
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[R. Carballo-Rubio, F. Di Filippo, S. Liberati, M. Visser 20’ | Soranidis, D. R. Terno 25’

Bouncing cosmology Physical BHs: geodesically compelete and formation of trapped
region in finite time (distant observer)

These are all symmetry reduced models in 1D or 2D, where they

do not have gravitational waves



Physical regular BHs

Yes, and it quite easy in 2D (spherically symmetric case, symmetry
reduced models)

2 __ 2 | 1 2 I — —1 /d2 R W =
ds? = A(r)dt? A A(T)dfr | =) T3 /g (PR+W(¢)) A =W(r)
Vacuum Spherica| solution Generalized 2D Dilaton gravity
[Witten 20°

Topological theory: All solutiones are characterised by a
constant (BH mass): Birkhoff theorem (Uniqueness)

However, this can not be lifted directly to 4D: there is no gravitational wave!!

In 2D, LovelLock theorem is not that restrictive, one do have not trivial LovelLock
gravity, which is not ture in 4D



Warm up: what happens in GR

Spherically
symmetric star
(dust) collapse

FLRW Spherically symmetric
cosmology

Kerr BH

1l

stationary BH

¢+ Black hole
e.g. Neuman-Janis
77 algorithm
Singularity
Dynamics of scale factor a(t) , _
No field d.o.f No field d.o.f 1+1d field theory
(homogeneity) because of symmetry (time translation) field d.o.f!
R)2(t
ds? = —dt? (1 j f(: - “;) dz? + R2(t, )d?

Lemaitre—Tolman-Bondi (LTB) spacetime Lemaitre ‘33; Tolman ‘34 Bondi ‘47



One-loop divergenges in perturbative QFT

Can we have a 4d covariant theory given certain (physical) BH metrics

[Torre 93’, Brown and Kucha'r 94
From QG point view: 5. Giddings, 25
» extra matter fields as “clock” (relational framework, no observable in pure GR)
* Infinie higher order couplings encoded in a general (non-polynomial )function

(perturbatively non-renormalizablity <==> non-perturbatively renormalzablility) [Goroff and Sagnott

Consistency requirement:

* Unique lift from flat cosmology to BHs

* A definition of "modified” vacuum

* A kind of Birkhoff theorem (Uniqueness of "modified” vacuum solution)
* Allows (dust) collapse and BH formation (Physical BHs)

This can be achived in a special class of
extended Mimetic gravity



A
Extended Mimetic Gravity

¢, =V,0,0,, =V, V,0
X1 = Qsp‘

S (9 @] = 5 S, A ov=9[3RY + Ly (8 X1, - X)) = [o]"

~ ~
"~/ "~

Why mimetic? = - , = Conformally invaraint for [~ , ]

Extra conformal gauge symmetry removes
extra d.o.f from higher derivatives

Scalar tenosr theory (only propagates 2 (gravity) +1 (scalar) d.o.f., beyond Hordonski, subclass of DHOST)

1
8z

S|Guw, ¢ Al =

1 I ,
P d4fﬂ VvV — 4 E RH} + Ltﬁ(qb:r X1, :Xn) + E)‘(‘;f’#(ﬂj + 1J

higher derivative mimetic condition

E contraction of higher order derivatives } coupling Non rotational dust

nly 2 independent terms in spherically symmetric spacetime dust density

A . lagrangian multiplier

[Chamseddine, Mukhanov 13,16
[Langlois, HL, Noui, Wilson-Ewing, 17
[Langlois, Mancarella, Noui, Vernizzi, 18
[Han, HL, 22

[Giesel, HL, Singh, Weigl, 24-25



Extended Mimetic Gravity

oplays the role of “time” and gives physical observables in QG: reduced phase space quantization

1 1 ) B
S[hi;] = 5:G /. dtd?’x\/ﬁ[g(Kin I—K?*+R®)+ L,(K,K;;KY,-- -, [K|")
& Similar to LQC, but as 4d covariant

Spatially covariant theory which leads to a physical Hamiltonian H

H is the one for Lorentzian gravity

| | . _BH
allow to define the Euclidean path integral € instead of Euclidean ones (they are different!!)

dust density
Modified Einstein Eq: Gfﬁ,) =Gy — Tfy = |— 0,00, ¢| Non rotational dust energy-momentum
Effective Einstein tensor higher derivative coupling "modified” vacuum: =0

(possible QG effect)



What about the reconstruction?

Conservation of dust energy-mome ntum = (
A4
B _ Sationary (vacuum) solution of BHs — 0
= 0 cosmological — 458 = —(1 ~ G (Y2 + gk s 4 12400 —
dynamic - * dust collapse

2D-dilaton-mimetic gravity dynamics (not unique)

Uniqueness of 'modified” vacuum

Fix ambiguities in LQC e
unique # 0 cosmological dynamic == # 0 dust collapse

Unique 2D-dlaton-mimetic gravity dynamics(as 1+1 field theory)

I

4d extended mimetic gravity



Background field method and effective action

S
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Background field method + York decomposition

(U

2
0 (S + S measure) M
25(’05(’0 ghost
K;(A)6Y 1,  + DY (D,) 4 M"Y (R, D,,)
kinetic terms uncontracted derivatives background curvature

STrace can be calculated by off-diagonal heat-kernal method, e.g. [Groh, Saueressig, Zanusso 11



Beyond Effective description:
Gravity + matter in reduced phase space

Matter couplings as reference frame:

1 .
Cop = 5V101(p(6" 9,6, +1) + Wighs , X3)
Physical Hamiltonian
H0:/d30C(0,7) C=cCcF+c"M4ch+c°
S

In order to better corporate with YM and fermions

Densitized Triad formulation of GR a parameter which has nothing to
do classically (topological coupling)

1 E'EX  2A
O = = [ F2 (B 1) 8, KO BY] g — det
— [Fji = (87 + 1) faae K K] Jaoi Vdet(q)
() = + gravity SU(2) connection, =,/ electric field (densitized triad) D;§ = 3j+z4,?% +AiTr, | €

Fermion field
The theory has a spatial diffeomorphism symmetry which corresponds to infinitely many charges



Reduced phase space quantization

The quantization can follow the standard constructive QF T methods

Separable Hilbert space

to avoid infra-red (IR) singularities
to avoid possible UV singularities (diffeo symmetry is breaking)

o +;ri'!

1. IR cut-off: compact spatial manifold e.g. 3-torus with size
2. mode (UR) cut-off, e.g. a lattice

|ea)

A unique cyclic representation for the Weyl algebra generated from canonical commutation relations and
* —relations by von Neumann theorem

Alc) = Pexp(/A)? E¢(S) = /STr(f x F)

Discrete spectrum for Geometric
(- (2))/ (2) operators (area, volume, ...)

[Thiemann 20°, 22’ for review
o

A representation of H as symmetric operators, up to operator ordering ambiguities since H is a highly
non-linear operator

1. ordering problems are due to \/ : renormalisation is typically required

2. Very difficult to compute ground state: extra difficulties in defining measure (path integral) from Feynman-Kac



Using coherent states, Path integral expression for transition amplitude generated by physical
Hamiltonian

Configuration space on = (2)
Complexifier coherent states ‘I’fg]/\ Semi-classical parameter
(gauge field) \.__~ coherent state label = = SL(2,C)
N+1

Transition amplitude Afglig1 = ( g1l exp[——HT] |'I/[g = /dh H dg; v[g]eSle-nl/t

-7 measure

. L de

Lorentzian action in the = / Z G, p*— — k(H(p,0)+ O(h))
time continuum limit e€E(y

All operator ordering ambiguities are in ()
We can define the _BH | | o |
Euclidean path integral e H is the one for Lorentzian gravity instead of Euclidean ones

Hall 98’ 99’ Thiemann, 02,03’



This opens the possibility to use standard QF T techniques with partition function

s=0 Thermal (Euclidean)

7 = fdgu(g)eiss[g] s=1 Real time

Perturbative calculation around (complex) saddle points

Resurgence
MCMC (on Lefschetz thimble)

Effective action
Functional renormalization group and effective average action.

AR

In the following, we will work with the flat background to see some properties of the theory



1L EA from coherent state path integral in cLQG

Propagator on the long wavelength approx.

o ., - 2 i 2
(ko)™ (Fko) (%’%)

a*vVP  a’VB  a*VP
— Gauss modes y‘l(ef) = y*r(ea)’ ae

{ (IZJP(}Zj QQ\/PUQ vectormodes  Y(es) + V2(e1) and Y (e3) + V3(e;)
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i \
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Only tensor modes have non-zero poles: tensor modes are the only dynamical d.o.f (graviton),

the other 4 are dust co-moving with the reference frame with poles at zero

k — (kx, O, O)

We compute this
on a flat saddle



1L EA from coherent state path integral in LQG
Effective action on the long wavelength approx.

H H . H (Z'Jrk, )18 36 H s |E|2 .
Evaluate det (H) — detM(kU: k) — 36 218 (1 ( ) )
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I ie-regularize

T 4 2rc

. R = K3
SlL(JU) _EN‘ \/jT[]EP \/B

— 2N log(jo)




N2|O{i|

1L EA from coherent state path integral in LQG

Beyond the long wavelength approx.

1 (136 18 1

= - 36 - 6 - o i) a; )
det My v (ko, m) B (22 k) Ty ((%kﬂ) - \/p—ﬂ) ((%kg) a \/E)

P(kﬂa Tﬁ’)

3 unphysical (Gauss constraint) + 6 physical dofs (2 gravity + 4 matter)
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1L EA from coherent state path integral in LQG
Numerics & convergence

T 4 2nc
Viokp B

Summing over different configurations (numerically) without long wave length approximation

Effective action S1.(jo) = iN? yN* log(jo)

0.1460 ——————————————— ] L5877
[]+1455:_ . -n s, AL I NP ._ 1_5'}'} . -
_ Quick convergence but with complex values:
% 0.1450} E 1.56
| S Complex critical points for quantum EoM
0.1445_' 1 1_55:_
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LE Can we check this in spinfoam and effective spinfoams
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Conclusion

Physical Unique (re)construction of 2d
BHs mimetic dilaton theory

Lift to 4d mimetic theory

What we aim to achieve

 QNMs or 1-loop effective action calculation in full 4d mimetic

« Asymptotical safe analysis and full 1Pl effective averaged action

 Perturbations from a full QG

Thank you



Why Gravity are special

Completely constrained system:

{HIN],H[M]} = -—H[LgN] Lie algeboid instead of Lie algebra
{H[N], H[M]} = —H[LyN] [Wald, 80
{H[N], HM]} = +H[V] with V°=¢q®(M8N — NoM)
Diffeomorphism invariance: no local observables in gravity theories Problem of time
5£O(3;) — _ENGMO(:I;) proved by Torre 93’

“nothing seems to happen in quantum gravity”

Relational framework:

Matter dressed Gravitationally dressed
Can be defined on compact Need boundary symmetry
manifold

Brown and Kucha'r 94’ [S. Giddings, 25



Relational Dirac Observables
Gravity Matter

{P,, Q*} " Po.> i}

Linearized Constraints

C.— C, = Py + h,(P,Q; ) Deparametrized: when does not depend on

Schrodinger picture: C’I\IJ — ()= j@(mlll = H;V
plays the role of time
Relational framework:

defined from gauge fixing functions

Di e Op(t) = [ Ve, F]
irac Observable (1) e . G.(t) = ¢, — X, (t)
Gauge invariant reduced phase spaceon ( , ) {OF1 (1), Op, (t)} — O{Fl,Fz}(t) KeeSE[Jrsu(I;;irseson
. d
Physical Hamiltonian  H(t) := k*(t)h;(Op(0),05(0), k(t)) —Op(t) :=1H(t), Op(t)}

Dittrich 04, Thiemann 04 ...



