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The Lemaitre-Tolman-Bondi model

d𝑠2 = −𝑁2 𝑡, 𝑅 d𝑡2 +
𝜕𝑅𝑟 2

1 + ε 𝑡, 𝑅
d𝑅2 + 𝑟2 𝑡, 𝑅 dΩ2

LTB coordinates:

1. Spatial coordinates are comoving with the fluid:   
𝑢𝜇 ∝  𝛿 0

𝜇

2. The t = const hypersurfaces are orthogonal to the flow of the fluid:
𝑢𝜇 ∝ 𝜕𝜇t

3. N ≡ Lapse,  r ≡ areal radius  and ε > −1 is an arbitrary function 
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Anisotropic fluid    𝑇 ν
μ

= 𝜌𝑢μ𝑢ν + Π 𝑒μ𝑒ν + Σ δν
μ

+ 𝑢μ𝑢ν − 𝑒μ𝑒ν :

1. 𝑢μ is the 4-velocity of the fluid

2. 𝑒μ   is a unit spacelike vector defining the direction of the anisotropy

3. 𝜌(t, R), Π(t, R) and  Σ(t, R) are respectively the energy density, radial pressure, and 
tangential pressure in the rest frame of the fluid
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ℋ[𝐸𝜑; 𝐾𝜑 →
1

𝜇
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Semiclassical Lemaitre-Tolman-Bondi model
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[Wilson-Ewing (2024)]

[Cafaro, Cipriani, Fazzini, Soltani (2025)]



Dust – The Oppenheimer-Snyder model
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Dust – The Oppenheimer-Snyder model

Dust: fluid with no pressure,  𝑇 ν
μ

= 𝜌𝑢μ𝑢ν

OS: “homogeneous ball in a vacuum”,  𝜌(t, R) = 𝜌(t) 𝜃(R0 − R)

𝑎μ = 𝑢ν∇ν𝑢μ =
1 + ε

𝑟′ 2

𝑁′

𝑁
δ 𝑅

μ
= 0𝑁′ = 0 Dust follows geodesics

ሶ𝜀 = 0

ሶ𝑚 = 0 No fluxes inside the “star”



Dust – The Oppenheimer-Snyder model

𝑟(𝑡, 𝑅) = 𝑎(𝑡)𝜒𝑘(𝑅)

𝜒𝑘(𝑅) =
1

𝑘
𝑠𝑖𝑛( 𝑘𝑅)



Dust – The Oppenheimer-Snyder model

𝑟(𝑡, 𝑅) = 𝑎(𝑡)𝜒𝑘(𝑅)

ሶ𝑎

𝑎

2

=
8𝜋G

3
𝜌 −

𝑘

𝑎2
1 −

𝜌

𝜌𝑐
+

3

8𝜋G𝜌𝑐

𝑘

𝑎2

𝜒𝑘(𝑅) =
1

𝑘
𝑠𝑖𝑛( 𝑘𝑅)

𝜌 =
𝜌0

𝑎3

k = 0



Dust – The Oppenheimer-Snyder model

𝑟(𝑡, 𝑅) = 𝑎(𝑡)𝜒𝑘(𝑅)

ሶ𝑎

𝑎

2

=
8𝜋G

3
𝜌 −

𝑘

𝑎2
1 −

𝜌

𝜌𝑐
+

3

8𝜋G𝜌𝑐

𝑘

𝑎2

𝜒𝑘(𝑅) =
1

𝑘
𝑠𝑖𝑛( 𝑘𝑅)

𝜌 =
𝜌0

𝑎3

k = 0



Dust – The Oppenheimer-Snyder model

𝑑𝑠2 = −𝑓 𝑟 𝑑𝑡2 + 𝑓 𝑟 −1𝑑𝑟2 + 𝑟2𝑑Ω2

𝑓 𝑟 = 1 −
2𝐺𝑀

𝑟
+

4𝛾2Δ

𝑟2

𝐺𝑀

r
−

k 𝜒k,0
2  

2

2

Credits: 
Farshid Soltani

k = 0

[Kelly, Santacruz, Wilson-Ewing (2020)]

[Lewandowski, Ma, Yang, Zhang (2023)]
[Fazzini, Rovelli, Soltani (2023)]
[Cafaro, Lewandowski (2024)]

[Bobula, Pawlowski (2023)]



Dust – The Oppenheimer-Snyder model

𝑑𝑠2 = −𝑓 𝑟 𝑑𝑡2 + 𝑓 𝑟 −1𝑑𝑟2 + 𝑟2𝑑Ω2

𝑓 𝑟 = 1 −
2𝐺𝑀

𝑟
+

4𝛾2Δ

𝑟2

𝐺𝑀

r
−

k 𝜒k,0
2  

2

2

[Kelly, Santacruz, Wilson-Ewing (2020)]

[Lewandowski, Ma, Yang, Zhang (2023)]
[Fazzini, Rovelli, Soltani (2023)]
[Cafaro, Lewandowski (2024)]

[Bobula, Pawlowski (2023)]

Credits: 
Lewandowski, Ma, Yang, 
Zhang



Dust – Beyond the OS model

ሶ𝑟

𝑟

2

=
2𝐺𝑚

𝑟3
+

𝜀

𝑟2
1 − 𝛾2𝛥

2𝐺𝑚

𝑟3
+

𝜀

𝑟2

Non-homogeneous dust: 𝜌(0, R) = 𝜌0(R)



Dust – Beyond the OS model

ሶ𝑟

𝑟

2

=
2𝐺𝑚

𝑟3
+

𝜀

𝑟2
1 − 𝛾2𝛥

2𝐺𝑚

𝑟3
+

𝜀

𝑟2

Non-homogeneous dust: 𝜌(0, R) = 𝜌0(R)

Shell Crossing singularity

𝜌 =
𝜕𝑅𝑚

4𝜋𝑟2𝜕𝑅𝑟
→ ∞



Dust – Beyond the OS model

𝑑𝐿

𝑑𝑡
=

[𝑓(𝑢,𝑟)]

[𝑢]
    with  𝐴 = lim

𝑟→𝐿+

𝐴 − lim
𝑟→𝐿−

𝐴 Rankine-Hugoniot condition

𝜕𝑡𝑢 + 𝜕𝑟𝑓 𝑢, 𝑟 = 0

[Nolan (2003)]
[Fazzini, Husain, Wilson-Ewing (2023)]
[Cipriani, Fazzini, Wilson-Ewing (2024)]



Dust – Beyond the OS model

𝑑𝐿

𝑑𝑡
=

[𝑓(𝑢,𝑟)]

[𝑢]
    with  𝐴 = lim

𝑟→𝐿+

𝐴 − lim
𝑟→𝐿−

𝐴 Rankine-Hugoniot condition

𝜕𝑡𝑢 + 𝜕𝑟𝑓 𝑢, 𝑟 = 0

Weak solutions: 
• Huge ambiguity
• Shock moves spacelike in some regions

[Nolan (2003)]
[Fazzini, Husain, Wilson-Ewing (2023)]
[Cipriani, Fazzini, Wilson-Ewing (2024)]



Dust – Beyond the OS model

𝑑𝐿

𝑑𝑡
=

[𝑓(𝑢,𝑟)]

[𝑢]
    with  𝐴 = lim

𝑟→𝐿+

𝐴 − lim
𝑟→𝐿−

𝐴 Rankine-Hugoniot condition

𝜕𝑡𝑢 + 𝜕𝑟𝑓 𝑢, 𝑟 = 0

Weak solutions: 
• Huge ambiguity
• Shock moves spacelike in some regions

Israel junction condition at r = L(t)

PG time is discontinuous

ds+
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+dt+
2 + L+

2 dΩ2
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2 = −gtt
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2 + L−

2 dΩ2

[Nolan (2003)]
[Fazzini, Husain, Wilson-Ewing (2023)]
[Cipriani, Fazzini, Wilson-Ewing (2024)]

[Fazzini, Mehmood (2025)]



Perfect fluid

𝑝 = 𝜔𝜌

Perfect fluid:  𝑇 ν
μ

= 𝜌𝑢μ𝑢ν + P δν
μ

+ 𝑢μ𝑢ν

EOS: 𝑃(𝑡, 𝑅) = 𝜔𝜌(𝑡, 𝑅)

[Cafaro, Cipriani, Fazzini, Soltani (2025)]
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Perfect fluid – Vacuum
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In the dust case, this is a constant
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Conclusions

• Singularity resolution:
Singularity replaced by a bounce (similar to LQC)

• SCS are still present:
How do we remove the infinity (weak singularity)?

• Future of the shock?  Hawking radiation? Angular momentum?


	Diapositiva 1: On the gravitational collapse in Loop Quantum Gravity
	Diapositiva 2: The Lemaitre-Tolman-Bondi model
	Diapositiva 3: The Lemaitre-Tolman-Bondi model
	Diapositiva 4: The Lemaitre-Tolman-Bondi model
	Diapositiva 5: The Lemaitre-Tolman-Bondi model
	Diapositiva 6: The framework – Symmetry reduction
	Diapositiva 7: The framework – Symmetry reduction
	Diapositiva 8: The framework – Symmetry reduction
	Diapositiva 9: The framework – Gauge fixing
	Diapositiva 10: The framework – Gauge fixing
	Diapositiva 11: The framework – Gauge fixing
	Diapositiva 12: The framework – Gauge fixing
	Diapositiva 13: Semiclassical Lemaitre-Tolman-Bondi model
	Diapositiva 14: Dust – The Oppenheimer-Snyder model
	Diapositiva 15: Dust – The Oppenheimer-Snyder model
	Diapositiva 16: Dust – The Oppenheimer-Snyder model
	Diapositiva 17: Dust – The Oppenheimer-Snyder model
	Diapositiva 18: Dust – The Oppenheimer-Snyder model
	Diapositiva 19: Dust – The Oppenheimer-Snyder model
	Diapositiva 20: Dust – The Oppenheimer-Snyder model
	Diapositiva 21: Dust – Beyond the OS model
	Diapositiva 22: Dust – Beyond the OS model
	Diapositiva 23: Dust – Beyond the OS model
	Diapositiva 24: Dust – Beyond the OS model
	Diapositiva 25: Dust – Beyond the OS model
	Diapositiva 26: Perfect fluid
	Diapositiva 27: Perfect fluid
	Diapositiva 28: Perfect fluid
	Diapositiva 29: Perfect fluid
	Diapositiva 30: Perfect fluid – Vacuum
	Diapositiva 31: Perfect fluid – Vacuum
	Diapositiva 32: Conclusions

