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Idea: resolving BH singularities requires 

-  Horizon-scale internal quantum structure

   Can be “mimicked” by

- Horizon-scale modifications to geometry

RB, Medved, 

Yagi, Sherf, 

Zigdon

Avitan, 

Shindelman, 

Simhon

Meir

2015 → --

Challenge: Dynamical formation by 

“normal”, classical, collapsing matter



Singularity (incompleteness)  theorems

• Focusing of geodesics guaranteed by 

• Trapped surface → initial conditions

• Energy conditions → evolution

• Focusing of geodesics ➔ neighboring geodesics with 

different initial conditions coalesce in a finite time

• ➔ Evolution cannot continue (boundary in phase space),

 much worse than the divergence of curvature invariants

Physically impossible



Formation of a trapped surface from collapse

• Trapped surface – “lightcone tilts inward” Θ𝑈 < 0, Θ𝑉 < 0 
• Apparent horizon Θ𝑈 < 0, Θ𝑉 = 0 

- “light cone degenerates”

- Infinite redshift

- Marginally trapped surface

Also Itzhaki 0403153

         Liu      2408.12642• Expansion scalars: horizon “order parameter”



2D classical EFT derivation 

of trapped surface formation

Christodoulou arXiv:0805.3880, 594 pages

Dafermos, 2012+ many more

• Initial conditions: “short pulse ansatz” 

~ thin null shell

Roberto Giambo 2307.01796

𝑑𝑠2 = − Ω2 𝑢, 𝑣 𝑢, 𝑣 𝑑𝑢 𝑑𝑣 + 𝑟(𝑢, 𝑣)2𝑑Ω2
2

𝐿𝑚 =
1

2
−𝛾 𝛾𝜇𝜈 𝜕𝜇𝜙 𝑢, 𝑣 𝜕𝜈𝜙 𝑢, 𝑣

1 −
2𝑚

𝑟
=  𝛾𝜇𝜈 𝜕𝜇𝑟 𝑢, 𝑣 𝜕𝜈𝑟 𝑢, 𝑣

• PDEs in double null coordinates • Solutions + constraints + bootstrap 

➔ bounds ➔ decreasing expansion

horizon “order parameter”

Notation change  Φ 𝑢, 𝑣 )→ r(u,v)

Matter:  scalar field
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Obstruction? Has to occur before the collapsing 

matter enters its Schwarzschild radius



Quantum gravity obstruction ??

𝑙𝑃
2 = ℏ𝐺 = 0,

2MG = RS = finite

𝑙𝑃
2 = ℏ𝐺 = finite,

2MG = RS = finite

Classical gravity (GR) + classical/quantum matter

Quantum gravity + classical/quantum matter

,     , for example ~ 10−38 for a solar mass BH

 

𝑙𝑃
2

2𝑀𝐺
≪ 1

How could such small effects 

modify the geometry on macroscopic scales? 

In string theory, 

also ’=𝑙𝑠𝑡𝑟𝑖𝑛𝑔
2



Quantum gravity obstruction ??

• Idea: number of 2D fields scales as ൗ1
𝑙𝑃

2  ➔ “species scale” ~ RS

• Order of taking limits is important!

• Setting 𝑙𝑃
2 = 0, solving EOMs (PDEs) ➔ trapped surface

• Keeping 𝑙𝑃
2 = 𝑓𝑖𝑛𝑖𝑡𝑒, solving EOMs ( quantum expectation values) 

then setting 𝑙𝑃
2 = 0 ➔ trapped surface
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• Einstein's theory in 4D with a spherically symmetric matter source

• Following Christodoulou, the matter is a classical collapsing thin, spherical 

(null) shell of mass M, Minkowski space in the interior of the shell, 

Schwarzschild outside

• Dimensionally reduce to 2D 

•  

• Treat the angular metric components as 2D scalar fields

•  Keep 𝑙𝑃 finite

2D quantum EFT

→ r



4D → 2D quantum EFT

Φ(U,V)

Expectation values of spherically symmetric, 

quadratic operators ∼ Φ2 

+ quantum-mechanical fluctuations away from 

spherical symmetry.

 ➔ integrate over the angular part of the metric 

to obtain a 2D reduced action for 𝜙 𝑚
ℓ (𝑈, 𝑉)

Reduced action can only be used to 

calculate spherically symmetric 

expectation values

Angular derivatives 



2D quantum EFT

For example, 

RB 0005266

# of Angular modes at each radius  
4𝜋𝑟2

𝑙𝑃
2

Φ2 Φ2ΦΦ

Angular derivativesΦ(U,V)



• The matter (collapsing shell) induces a time-dependent mass for each 𝜙ℓ

2D quantum EFT

−
2

ℎ
𝜕𝑢𝜕𝑣𝜙𝑙 −

1

2
𝑅 2 𝜙ℓ −

1

2
ℒ𝑚𝑎𝑡𝑡𝑒𝑟𝜙ℓ = 0

1

2
𝑅 2 (𝑟) =

2𝑀

𝑟3

The shell induces a time-dependent mass for the fields 𝜙ℓ 

at the position of the shell ➔ particle production 

after the shell had passed, time-independent

𝑅 2 = 0 before the shell arrives at r 𝑚2 𝑡 ∝ 𝛿 𝑡 − 𝑡𝑠ℎ𝑒𝑙𝑙 𝑟



• Particle production

2D quantum EFT: particle production

ℏ

𝜙2 = 2𝜋 −3∫
1

𝜔
𝛽𝑘

2𝑑3𝑘

'87

Birrel & Davies



• 2D Particle production of a single rescaled field

2D quantum EFT: particle production
𝜙ℓ  → 𝑙𝑃𝜙ℓ

𝑆 = ∫ 𝑑2𝑥 𝛾
1

2
𝛾𝑎𝑏𝜕𝑎𝜙ℓ𝜕𝑏𝜙ℓ +

1

4
𝑅 2 𝜙ℓ +

1

4
𝜙ℓ

2ℒ𝑚𝑎𝑡𝑡𝑒𝑟 +
1

2

Use t, r* as coordinates to conform 

with standard particle production 

calculations

The shell induces a time-dependent mass for the fields 𝜙ℓ 

at the position of the shell ➔ particle production 

𝑚2 𝑡 ∝ 𝛿 𝑡 − 𝑡𝑠ℎ𝑒𝑙𝑙 𝑟



• 2D Particle production of a single rescaled field

2D quantum EFT: particle production

• For a thin null shell

𝛽𝑘 𝑡𝑓 =
𝑖

2𝑘
න

𝑡𝑖

𝑡𝑓

𝑑𝑡𝑚2 𝑟∗ 𝑒−2𝑖𝑘𝑟∗
 =

𝑖

2𝑘
න

𝑟∗ 𝑡𝑓

𝑟∗ 𝑡𝑖

𝑑𝑟∗𝑚2 𝑟∗ 𝑒−2𝑖𝑘𝑟∗
 

=
𝑖

2𝑘
න

𝑟𝑚𝑖𝑛

𝑟𝑖

𝑑𝑟
𝑑𝑟∗

𝑑𝑟
𝑚2 𝑟∗ 𝑒−2𝑖𝑘𝑟∗

 

𝛽𝑘 𝑘 =
𝑖

2𝑘
න

𝑟𝑚𝑖𝑛

𝑟𝑖

𝑑𝑟 𝑚2 𝑟 𝑒−2𝑖𝑘𝑟(𝑟∗) 

2𝑀 = 1

𝑚2 𝑡 ∝ 𝛿 𝑡 − 𝑡𝑠ℎ𝑒𝑙𝑙 𝑟



• Units are restored by 

appropriate powers of 𝑅𝑆 

• Would be horizon at rmin=1

2D quantum EFT: particle production

|𝛽𝑘 𝑘 |2~ 𝑘4

𝜙2 = 2𝜋 −1∫
1

𝜔
𝛽𝑘

2𝑑𝑘 ∼ 𝑘3 ∼
1

𝑟𝑚𝑖𝑛
3

𝑛 = 2𝜋 −1∫ 𝛽𝑘
2𝑑𝑘 ∼ k5~

1

𝑟𝑚𝑖𝑛
5

\m 

𝜌 = 2𝜋 −1∫ ℏ𝑘 𝛽𝑘
2𝑑𝑘 ∼ k4~

1

𝑟𝑚𝑖𝑛
4    

m 

• 2D Particle production of a single field
2𝐺𝑀 = 𝑅𝑆 = 1

𝑟𝑒𝑠𝑐𝑎𝑙𝑒𝑑 | 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 

1

𝑟𝑚𝑖𝑛
5

ℏ
1

𝑟𝑚𝑖𝑛
4 =

𝑙𝑃
2

𝐺

1

𝑟𝑚𝑖𝑛
4  =

𝑙𝑃
2 1

𝑟𝑚𝑖𝑛
3 =

𝜙ℓ  → 𝑙𝑃𝜙ℓ

Paranjape, Padmanabhan 0906.1768

Chen, Unruh,Wu, Yeom 1710.01533

Backreaction weak
see also 
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Horizon order parameter

𝑙𝑃
2 = ℏ𝐺 = 0,

2MG = RS = finite

Classically, @ r = 2M

1 −
2𝑚

𝑟
=  𝛾𝜇𝜈 𝜕𝜇𝑟 𝑢, 𝑣 𝜕𝜈𝑟 𝑢, 𝑣



Horizon order parameter

 Φ2 𝑟 ∼ 𝑟2

𝝏𝑼𝚽𝝏𝑽𝚽 |𝒓=𝟏 = −
𝟏

𝒓−𝟏 𝒆𝒓 𝝎𝟐 − 𝒌𝟐 𝚽𝟐 = 

−
𝟏

𝒓−𝟏 𝒆𝒓 𝝎𝟐 − 𝒌𝟐 𝜱𝟐 =
𝟏

𝒓𝟒𝒆𝒓 𝜱𝟐
|𝒓=𝟏

 

− 𝛾𝛼𝛽 ∇𝛼Φ∇𝛽Φ
|𝑟=1

= − Φ2 < 0

𝑙𝑃
2 = ℏ𝐺 = finite,

2MG = RS = finite



Quantum gravity obstruction!

• Horizon order parameter 

• Order of limits is important!

• Setting 𝑙𝑃
2 = 0, solving EOMs (PDEs) ➔ trapped surface

• Keeping 𝑙𝑃
2 = 𝑓𝑖𝑛𝑖𝑡𝑒, solving EOMs ( quantum expectation values) 

then setting 𝑙𝑃
2 = 0 ➔ trapped surface

Finite in the limit 𝑙𝑃
2 → 0 

− 𝛾𝛼𝛽 ∇𝛼Φ∇𝛽Φ
|𝑟=1

= − Φ2 < 0
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   Θ U < 0 ,    Θ V < 0  


   Θ U < 0 ,    Θ V = 0  


  d  s 2 = −    Ω 2  ( u , v )  ( u , v ) d u   d v +   r ( u , v ) 2 d  Ω 2 2


   L m =  1 2  − 𝛾     𝛾  𝜇 𝜈    𝜕 𝜇 𝜙  ( u , v )  𝜕 𝜈 𝜙  ( u , v )


  1 −   2 m r =     𝛾  𝜇 𝜈    𝜕 𝜇 r  ( u , v )  𝜕 𝜈 r  ( u , v )


  Φ  ( u , v )


   l P 2 = ℏ G = 0 ,


  2 MG =  R S = finite


   l P 2 = ℏ G = finite ,


  2 MG =  R S = finite


   10  − 38


     l P 2  2 M G ≪ 1


   l  s t r i n g 2


   1   l P 2


   l P 2 = 0


   l P 2 = f i n i t e


   l P 2 = 0


   l P


  Φ


    ∼  Φ 2


   𝜙    m ℓ ( U , V )


    4 𝜋  r 2   l P 2


   Φ 2


   Φ 2


  Φ


  Φ


  Φ


   𝜙 ℓ


  −  2 h  𝜕 u  𝜕 v  𝜙 l −  1 2  R   ( 2 )  𝜙 ℓ −  1 2  ℒ  m a t t e r  𝜙 ℓ = 0


   1 2  R   ( 2 ) ( r ) =   2 M   r 3


   𝜙 ℓ


     R   ( 2 ) = 0


   m 2  ( t ) ∝ 𝛿  ( t −  t  s h e l l  ( r ) )


    ℏ


     𝜙 2 =    ( 2 𝜋 )  − 3 ∫    1 𝜔  |  𝛽 k | 2  d 3 k


   𝜙 ℓ   →  l P  𝜙 ℓ


  S = ∫  d 2 x    𝛾  (  1 2  𝛾  a b  𝜕 a  𝜙 ℓ  𝜕 b  𝜙 ℓ +  1 4  R   ( 2 )  𝜙 ℓ +  1 4  𝜙 ℓ 2  ℒ  m a t t e r +  1 2 )


   𝜙 ℓ


   m 2  ( t ) ∝ 𝛿  ( t −  t  s h e l l  ( r ) )


   𝛽 k  (  t f ) =  i  2 k   ∫   t i   t f  d t  m 2  (  r ∗ )  e  − 2 i k  r ∗   =  i  2 k   ∫   r ∗  (  t f )   r ∗  (  t i )  d  r ∗  m 2  (  r ∗ )  e  − 2 i k  r ∗  


  =  i  2 k   ∫   r  m i n   r i  d r   d  r ∗  d r  m 2  (  r ∗ )  e  − 2 i k  r ∗  


   𝛽 k  ( k ) =  i  2 k   ∫   r  m i n   r i  d r    m 2  ( r )  e  − 2 i k r (  r ∗ )  


  2 M = 1


   m 2  ( t ) ∝ 𝛿  ( t −  t  s h e l l  ( r ) )


   R S


    | 𝛽 k    ( k ) | 2 ~    k 4


     𝜙 2 =    ( 2 𝜋 )  − 1 ∫    1 𝜔  |  𝛽 k | 2 d k ∼  k 3 ∼  1   r  m i n 3


    n =    ( 2 𝜋 )  − 1 ∫    |  𝛽 k | 2 d k ∼  k 5 ~  1   r  m i n 5


          𝜌 =    ( 2 𝜋 )  − 1 ∫ ℏ k      |  𝛽 k | 2 d k ∼  k 4 ~  1   r  m i n 4


  2 G M =  R S = 1


  r e s c a l e d   |   o r i g i n a l    


   1   r  m i n 5


  ℏ  1   r  m i n 4 =    l P 2 G


   1   r  m i n 4  


   l P 2  1   r  m i n 3


   𝜙 ℓ   →  l P  𝜙 ℓ


   l P 2 = ℏ G = 0 ,


  2 MG =  R S = finite


  1 −   2 m r =     𝛾  𝜇 𝜈    𝜕 𝜇 r  ( u , v )  𝜕 𝜈 r  ( u , v )


   ⟨     Φ 2  ( r ) ⟩ ∼  r 2


     ⟨  𝝏 𝑼 𝚽  𝝏 𝑽 𝚽 ⟩  | 𝒓 = 𝟏 = −  𝟏   ( 𝒓 − 𝟏 )  𝒆 𝒓  (  𝝎 𝟐 −  𝒌 𝟐 )  ⟨  𝚽 𝟐 ⟩ =


  −  𝟏   ( 𝒓 − 𝟏 )  𝒆 𝒓  (  𝝎 𝟐 −  𝒌 𝟐 )  ⟨  𝜱 𝟐 ⟩ =  𝟏   𝒓 𝟒  𝒆 𝒓    ⟨  𝜱 𝟐 ⟩  | 𝒓 = 𝟏  


    −  ⟨  𝛾  𝛼 𝛽    ∇ 𝛼 Φ  ∇ 𝛽 Φ ⟩  | r = 1 = −  ⟨  Φ 2 ⟩ < 0


   l P 2 = ℏ G = finite ,


  2 MG =  R S = finite


   l P 2 = 0


   l P 2 = f i n i t e


   l P 2 = 0


   l P 2 → 0  


    −  ⟨  𝛾  𝛼 𝛽    ∇ 𝛼 Φ  ∇ 𝛽 Φ ⟩  | r = 1 = −  ⟨  Φ 2 ⟩ < 0

