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Introduction


Motivation:

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


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


Framework:

The canonical formulation of GR, with the phase space, is described by triads and extrinsic curvature 

.


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

μ̄

(EI, ; KI) = (Ex, Eφ; Kx, Kφ)

“…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].




Off-Shell

The constraints algebra corresponds to 
hypersurface deformation algebra                              











The su r face  i s a 
reflection-symmetry surface in the phase 
space which manifests as a reflection 
surface on-shell.

{Hx[Nx], Hx[Mx]} = Hx[NM′￼− MN′￼]

{H̃[N], Hx[Nx]} = − H̃[NxN′￼]

{H̃[N], H̃[M]} = − Hx [q̃xx (NM′￼− MN′￼)]

(Kφ = ± π/2μ̃, Kx = 0)

Kinematical and Dynamical Structure


On-Shell

The covariance condition required                              





The emergent line-element




The reflection surface symmetry 
on-shell corresponds to the 
solution of


{g̃μν(EI; KI), H[ϵ] + Hx[ϵx]} O.S = ℒζg̃μν O.S

ds2 = − N2dt2 + q̃xx (dx + Nxdt)2 + q̃θθdΩ2

1 + μ̃2(Ex)(1 −
2M

Ex
−

Λ
3

Ex) = 0



Schwarzschild Gauge (  and 
)                         





with:




                 


Nx = 0
Ex = x2

ds2 = − (1 − J(x)) dt2

α2χ2
+

dx2

χ2 (1 − J(x)) (1 + μ2(x)(1 − J(x)))
+ x2dΩ2

J(x) =
2M
x

+
Λx2

3

Stationary Gauges


Horizon structure


xH ≈ 2M

xΛ ≈
3
Λ

Reflection surface


1 + μ̃2(x)(1 −
2M
x

−
Λ
3

x2) = 0

GP- Gauge (  and )                         








N = 1 Ex = x2

ds2
GP = − dt2

GP +
χ−4

α2ε2 (1 + μ2 (1 − J(x)))
−1 (dx + sχ J(x) − J(x0) 1 + μ2 (1 − J(x))dtGP)

2

+ x2dΩ2 .

ds2
GP = − dt2

GP +
χ(∞)2

χ4 (1 + μ2 (1 −
2M
x ))

−1

dx + sχ
2M
x

1 + μ2 (1 −
2M
x )dtGP

2

+ x2dΩ2

Asymptotically flatRelated by a 
coordinate 

transformation



Homogeneous Gauge

Homogeneous Patch ( , )
Nx = 0 N′￼ = 0

 Schwarzschild Gauge                                    

Ricci scalar finite for any  as long as  and 





At large scales (  and ), the Ricci scalar

           


Finite at  if  falls off at least as .


μ(x) x(−)
μ ≠ 0 x(+)

μ ≠ ∞

ℛ |x=x(i)
μ

=
2

(x(i)
μ )2

+
2χ2

(x(i)
μ )2

μ2 ( M
x(i)

μ
−

Λ(x(i)
μ )2

3 ) ( 3M
x(i)

μ
+ Λ(x(i)

μ )2 − 2) −
2χ2

x(i)
μ ( 3M

x(i)
μ

+ Λ(x(i)
μ )2 − 2)(ln μ)′￼|x=x(i)

μ

Λx2 ≫ 1 M/x ≪ 1

ℛ ≈ 4χ2Λ +
2
x2 (1 − χ2 + χ2μ2 (1 + x (ln μ2)′￼)) + 4χ2Λμ2 ( 3

2
+

5x
12

(ln μ2)′￼) − 2χ2μ2Λ2x2 (1 +
x
6

(ln μ2)′￼)
x → ∞ μ(x) 1/x

 Internal Time Gauge

Line element



ds2 = − 4Ex μ̃2

μ2
1 − ΛEx + (1 − 2

∂ ln μ2

∂ ln Ex ) μ̃2

μ2

sin2 (μ̃tφ)
μ̃2

−2

dt2
φ

χ2
+

μ̃2

μ2

sin2 (μ̃tφ)
μ̃2

dx2
h

α2χ2
+ ExdΩ2



Global Structure

𝑥 = 𝑥𝜇

𝑥 = 𝑥𝜇

𝑥 = 𝑥𝜇

𝐸𝑖𝑛

𝐸𝑜𝑢𝑡

𝐼𝑖𝑛

𝐸+

𝐸−

𝐼𝑜𝑢𝑡

𝐼−

𝐼+

𝑖𝑖𝑛+

𝑖++

𝑖−−

𝑖𝑜𝑢𝑡−

𝑖𝑜𝑢𝑡+

𝑖−0 𝑖𝑖𝑛
0

𝑖𝑜𝑢𝑡0 𝑖+0

𝑖𝑖𝑛−

𝑅𝑖𝑛𝑅−

𝑅+𝑅𝑜𝑢𝑡

Vacuum Schwarszchild Solution 1. Asymptotic limit ( ):


 


Requiring asymptotic flatness implies  and .


2. Zero mass limit ( ):


 


Recovering flat space attained by  





Recovering flat time attained by 





x → ∞

ds2 ≈ −
dt2

α2χ(∞)2
+ (1 + μ(∞)2)−1 dx2

χ(∞)2
+ x2dΩ2 .

α = χ(∞)−1 χ(∞) = 1/ 1 + μ(∞)2

M → 0

ds2 ≈ −
dt2

α2χ2
+ (1 + μ2)−1 dx2

χ2
+ x2dΩ2 .

χ = 1/ 1 + μ2

ds2 = −
1 + μ2

α2
dt2 + ds2

Euclidean

χ2 = α−2 ≡ χ2
0 = (1 + μ2

∞)

ds2 = − dt2 +
1

χ2
0 (1 + μ2(x))

dx2 + x2dΩ2



Global Structure

𝑥 = 𝑥𝜇
(−)

𝑥 = 𝑥𝜇
(−)

𝐸𝑖𝑛

𝐸𝑜𝑢𝑡

𝐼𝑖𝑛

𝐼𝑜𝑢𝑡

𝐸+

𝐸−

𝑥 = 𝑥𝜇
(−)

𝑥 = 𝑥𝜇
(+)

𝑥 = 𝑥𝜇
(+)

𝐶𝑖𝑛

𝑥 = 𝑥𝜇
(+)

𝐶𝑜𝑢𝑡

𝑥 = 𝑥𝜇
(+)

𝑥 = 𝑥𝜇
(+)

𝑥 = 𝑥𝜇
(+)

Large  effectx

dS-Schwarzschild vacuum in -schemeμ0

𝑥 = 𝑥𝜇

𝑥 = 𝑥𝜇

𝐸𝑖𝑛

𝐸𝑜𝑢𝑡

𝐼𝑖𝑛

𝐼𝑜𝑢𝑡

𝐸+

𝐸−

𝑥 = 𝑥𝜇

𝑥𝑖𝑛 = ∞

𝐶𝑖𝑛

𝐶𝑜𝑢𝑡

𝑥𝑜𝑢𝑡 = ∞

𝑥 = ∞𝑥 = ∞

𝑥 = ∞

𝑥 = ∞

No IR effect

dS-Schwarzschild vacuum in -schemeμ̄



Spacetime Contrast
Exterior Physics 


-Scheme

Red-shift                No correction


Deflection angle:





Black-hole entropy (local)

(At the horizon)   


   (Asymptotically)   


 Limit                Minkowski spacetime


μ0

Δϕ ≈ π (1 −
μ2

0

2 ) 1 + μ2
0 − 1 +

4M
x

1 + 3μ2
0 /2

1 + μ2
0

S(2M) = SBH (1 +
μ4

0

48
+ 𝒪 (μ6

0))
S∞ = SBH

1 + 2μ2
0

1 + μ2
0

> SBH

M → 0

-Scheme

Red-shift                       No correction


Deflection angle:





Black-hole entropy (local)


   (At the horizon)   


   (Asymptotically)    


 Limit                Non-smooth geometry at the Planckian scale                 


        

μ̄

Δϕ ≈ −
π
4

Δ̃
x2

+
4M
x

1 −
3
8 ( Δ̃

x2 )
2

+ O ( Δ̃3

x6 ) + O (M2/x2)

S(2M) = SBH 1 + 2π
Δ̃
AH

+ 𝒪 ( Δ̃
AH )

2

S∞ → SBH

M → 0

ds2 = − dt2+(1 +
Δ̃
x2 )

−1

dx2 + x2dΩ2



BH-Entropy
Brown-York quasi-local energy 





An infinitesimal change  will change the Brown-York quasi-local energy which can be associated with 
thermodynamics relation , which provides:





Important points:


➡ Correct classical limit: 


➡ Asymptotic limit: 


➡ Horizon: 

EBY(x) = xχ0 1 + μ2 − 1 −
2M
x

1 + μ2 (1 −
2M
x )

δM
δEBY = TδS

S(x) = χ0
8πx̄2

15μ4
1 + μ2 (1 −

2M
x̄ ) (3 + μ2 (1 +

3M
x̄ ) − 2μ4 (1 +

M
x̄

−
6M2

x̄2 )) − 1 + μ2 (3 + μ2 − 2μ4)

S(x) χ0→1

μ→0
π(2M)2 =

AH

4
= SBH

S(∞) = (1 + μ2
∞ + O (μ4

∞)) SBH

S(2M) = (1 +
μ2

H − μ2
∞

2
+ O (μ2

Hμ2
∞, μ4

H, μ4
∞)) SBH



Spacetime Contrast
Interior Physics 


-Scheme

Minimum and maximum radius


 and 


UV/IR mixing             

Geometric condition:


• Violation of NGC    


• Violation of TGC  


Geodesic completeness


μ0

x(−)
μ0

≈
2Mμ2

0

1 + μ2
0

x(+)
μ0

≈
3
Λ

1 + μ2
0

μ2
0

→ Rαβvα
(i)v

β
(i) = −

x(−)
μ0

x3
≤ 0

→ Rαβuα
(i)u

β
(i) = −

3Mx(−)
μ0

2x4
≤ 0

τcross = π (2M + xμ0)

-Scheme

Minimum radius


  


Geometric condition                  


• Violation of NGC  


• Violation of TGC  


Geodesic completeness

μ̄

xΔ = (Δ̃M)1/3
(1 + 1 + Δ̃/(27M2))

2/3

− (Δ̃/(27M2))1/3

(1 + 1 + Δ̃/(27M2))
1/3

→ Rμνv
μ
(i)v

ν
(i) =

2
x2

Δ̃
x2 (1 −

3M
x ) ≤ 0

→ Rμνu
μ
(i)u

ν
(i) =

3M
x3

Δ̃
x2 (1 −

3M
x ) ≤ 0

congruences will 

diverge near x(−)

μ0



Conclusion
Summary

Consistent (anomaly-free and general covariance) solution for arbitrary holonomy 

parameter .


An eternal structure, transitioning from a regular black hole to a white hole, 
remains valid for any holonomy parameter, with the sole condition that its decay is 

no less than .


The  resolves the pathologies appear from -scheme


The large deflection angle of a light ray in the zero mass limit.

Monotonically increasing black hole entropy

Large-scale correction (UV/IR mixing).


The non-smooth geometry at the Planckian scale achieves uniquely for . 


μ

1/x
μ̄ μ0

μ ≠ μ0



This isn’t over yet…
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).


Teaser


Dilation 
potential

Coupled 
oddly to 

Kφ

Serve as a 
U(1)-gauge 
field under 

wick 
rotation

Time-
dependent 

dark 
energy

Euclidean 
transition

(No-boundary 

proposal)

There is additional freedom which has a rich impact:

Thank You!


