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Inkroduction

Motivation:

O Recently, a consistent model of effective loop quantum gravity successfully constructed beyond homogeneous
spacetime [Bardaji, Brizuela’21; Bojowald, Duque’23; Bardaji, Brizuela’24].

o Demand for covariance solution for g-scheme for BH solution [Kelly, Santa Cruz, Ewing’20; Gambini, Olmedo, Pullin’20].

“...the mechanism that resolves the singularity can also trigger conceptually undesirable features that can be

subtle and are often uncovered only after a detailed examination. Therefore, the quantisation scheme has to be
chosen rather astutely.” [Ashtekar, Olmedo, Singh’23].

Framework:

O The canonical formulation of GR, with the phase space, is described by triads and extrinsic curvature
(E',;K) = (EY,E?; K, K,).

O Emergent modified gravity (EMG) [Bojowald, Duque’23]: Line-element constructed from the deformation algebra.



Kinemakical and ‘va\amwat Skruckture

Off-Shell On-Shell

The constraints algebra corresponds to
hvpersurnfa«te deformation algebra

» The covariance condikion requ&red

O{H,[N"], H[M*]} = H,INM' — MN']
O{H[N],H,[N*]} = — HIN*N’ :
e Sl " The emerqgent Line-element

O{HIN],HIM]} = — H, [§ (NM'— MN") 2
- ds* = — N*dt* + G, (dx + N*dt)” + Gppdd*

YA * The reflection surface sjmmeﬁrj
on-shell corresponds to’the
solubtion of
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The s.urfface (quziyz/Zﬂ,K.x:O) is a L+ 229 1 2M AEx — 0
reflection-symmetry surface in the phase JEX 3

space  which mam&?es%s as o reflection

surface on-shell.,



Stationary Grauges

Schwarzschild Gauqe (V' =0 and GP- Gauge (N=1 and E* = x?)
EX = x*

—4 p
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(1442 (1-J)) <dx +570/T00 = Ty / 1+ i2 (1 - J(x))dtGP> + x2dQ2 |

2 _ 2

oe2

dx?

P2 (1=J) (1+p20(1 - Jx)))

Asympftotically flat
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Horizown skruckure
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Homogemeaus Gauge

Homogeheaus Patech (Nx =0, N' = O)
O_Schwarzschil

Ricci scalar finite for any u(x) as long as x{~ # 0 and x{" #
2 22 M A [ 3m . 22 [ 3M .
R |x=x(i) — + /’tz < : — Tt A(xlgl))z -2 |- + A(’x,lgl))z — (lnlu)/ |x=x,b(ti)

S @R \ X0 3 X e

At large scales (Ax*> 1 and M/x < 1), the Ricci scalar

2 / 3 5
R~ 47N + ) <1 — 1+ (1 +x (In p°) )) + 4y°Ap’ <2 + lz(mlﬂ)') — 2 Nx <1 + %(m,ﬂ)')

Finite at x — o if u(x) falls off at least as 1/x.

O_Internal Time Gauge
Line element

( o)
i aln/ﬂ) 2 sin ()
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olnE* | u? 2
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ds2=—4Ex—2 1—AE’“+<1—2
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Crlobal Skruckure

1. Asymptotic Limit (x — 0 ):

Vacuum Schwarszchild Solution 2 2
ds? ~ — di +(1+,u(oo)2)_1 dx

+ x2dQ? .
a?y(00)?

x(00)?

Requiring asymptotic flatness implies a = y(c0)™! and y(co) = 1/\/ 1 + pu(o0)?.

2. Zero wmass Limik (M — 0):

dr? _1 dx?
+ (14 p?) ghaalIpeLTory
a’y? X

ds? ~ —

O Recovering flat space attained by y = 1/1/1 + u?

1+ pu?

a2

2 2 2
ds® = — dr” + dSEuclidean

O Recovering flat time attained by y* = a™ =y = (1 + u2)

1
ds® = — dt* + dx’ + x*>dQ?

28 (1 + p?())




Crlobal Skructure

dS-Schwarzschild vacuum in u,-scheme

X = xﬁ_)

Large x effect

No IR effect



?p?!{}U{::;‘E%E;'1¥1 ; (:::(:}Qf\i&1rﬁﬁiL£3EE

Exterior Physics
ug=Scheme Sl

No correction

O Red-shi

O Red-shift ey

O Deflection angle: O Deflection angle:
: 4M 1+ 3us/2 Ao 3(E\ . (B
Ho Ho o 22 A 2/.2
AP ~ n (1—7>\/1+/¢g—1 + W Apm —7—+—|1 8<x2> +0(x6> + O (M?/x?)
0 \ )

o Black-hole entropy (local)

oBlack-hole entropy (local) ( )

~oN2)
: . (At the horizon) S2M) =S, |1+ 27zA + 0 <A>
(At the horizon) S2M) = S, (1 | Z; - O (ﬂ§)> I R n)
Asymptotically) S_— S
. 1+ 2u2 (Asymp Y)  Se = Sgu
(Asymptotically) S., = Syy——l > S,
L+ ug
OM — 0 Limit == Minkowski s paceﬂ me OM — 0 Limit — ety Non-smooth geometry at the Planckian scale

_ —1
A
ds? = — dt2+<1 + —2> dx? + x?dQ?

X



BH-Entropy

Browhn-Yorik qu&siwtocat enerqy

N 2M N 2M
Egpy(X) = Xy, \/1+u —14/1 l+u“(1
X X

A infinitesinmal change M will change the Brown-York quasi-local energy which can be associated with
thermodynamics relation SEgzy = T4S, which provides:

82 M 3M M  6M?

lmpor&avx& me&sz

= Correct classical Limik: S(x) ﬁ 1(2M)? = TH = Sgy
p—0

= Asymptotic Limit: S(co) = (1 W2+ 0 (ﬂj}o)) Sun

i~ P
2

o Horizown: S2M) = <1 F O (HfiHa,, i M;g)) S



Interior Physics

u—Scheme g-Scheme

O Minimum and maximum radius o Minimum radi
(>N2M”00d <+>N\/31+”0 .
Mo Ho 2 ~ ~
L+ Ko Ao <1 +\/ 1+ A/(27M2)) — (A1@7M3)"”
S — (A 1/3
UV/IR mixing *a = (AM) : %
O Geometric condition: <1+\/1+A/(27M2)>
, x5’ O Geometric condition
. Violation of NGC — R,pwiv: =-—-<0
i)~ 53

, Violation of NGC — R _v*v* = £ <1 —3—M> <0

3 Mx(_) HY (D) (l) 2 x2

0
. Violation of TGC - R uu’ = ——— <0 / )
M 3IM A

2x4 3M
S : Violation of TGC — R u’ u} = 1-—) <0
. congruences will : / (i) 3 x2 X

O I mpleten . diverge near x

Toross = % <2M + xﬂ())



Conclusion

Summary

= Consistent (anomaly-free and general covariance) solution for arbitrary holonomy
Par&me%er U
" A eterial structure, transitioning fram a reqular black hole to a white hole,
remains valid for ahy holonomy parameter, with the sole condition that its decay is
no less than 1/x.
" The ji resolves the pathologies appear from py-scheme
The large deflection angle of a light ray in the zero mass Limit,
Mumaﬁomiﬂaﬁv increasing black hole @.Mﬁropv
Larqge-scale correction (UV/IR mixing).

" The non-smooth geomeﬁr:j abt the Plawncikeian scale achieves umiquebj for u # uy.



Outlook

Gravitational collapse ——— A way to see the actual trajectory of ingoing matter (physical
description for BH to WH)
Hawking evaporation..possible BH remnant?

Quasinormal modes (BH stability).
leaser

There is additional freedom which has a rich impact:

UNDER
Time- CONSTRUCTION
dependem&
dark
enerqgy
Thank You!



