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Idea: resolving BH singularities requires

- Horizon-scale internal quantum structure
Can be “mimicked” by

- Horizon-scale modifications to geometry

Challenge: Dynamical formation by
“normal”, classical, collapsing matter
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Singularity (incompleteness) theorems

* Focusing of geodesics guaranteed by —— o
5 0,0 oo S1Ca 1IMpOSS1DIC
* Trapped surface € -2 initial conditions ey

* Energy conditions € -2 evolution
* Focusing of geodesics = neighboring geodesics with
different mitial conditions coalesce 1n a finite time
* =» Evolution cannot continue (boundary in phase space),
much worse than the divergence of curvature invariants




Formation of a trapped surface from collapse

* Trapped surface — “lightcone tilts inward” 05 < 0,0, <0
* Apparent horizon O; < 0,0, =0
- “light cone degenerates™
- Infinite redshift
- Marginally trapped surface

° =2vuvdUdV + P> dS_ZQ;

) : Also Itzhaki 0403153
* Expansion scalars: horizon “order parameter” Liu  2408.12642
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2D ClaSSical EFT derivation Christodoulou arXiv:0805.3880, 594 pages

Dafermos, 2012+ many more

of trapped surface formation

Notation change ®(u, v))< > r(u,v)
= —Q%(u,v)(u, v)du dv + r(u, v)?d Q3

 Initial conditions: “short pulse ansatz”
~ thin null shell

ds?

1 :
L, = > V=7 Y™ 8,0 (1, v)8, ¢ (u, v) Matter: ¢ scalar field

2m : c ’9
1— 22—y 3 r(u, v)d,r(u, v) horizon “order parameter

) v )
(tn.vr)

* PDESs in double null coordinates * Solutions + constraints + bootstrap

s = Tt 32+ 322V (9), (1.7 > bounds > decreasing expansion
r

w=(2) 4 ”,, — Q0. (1.7b) ‘/ v
Oy = — ul + O Iy __szr(ﬁb)a (1.7¢)

r 4

- 0 2 Fig. 1.1: The collapse theorem in [ | 5]. The centre of symmetry is I, and initial data

sl U

(—_Q2) w==r ( ) : (1.7d) are prescribed in u = ugp and v = v, (blue lines). A trapped region (in red), bounded
by the apparent horizon .27, develops in the (grey) shaded region.

(1.7e)
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Ob StrllCtiOn? Has to occur the collapsing

matter enters 1ts Schwarzschild radius




Quantum gravity obstruction ??

15 =hG =0,
2MG = Rg = finite

Classical gravity (GR) + classical/quantum matter

Quantum gravity + classical/quantum matter REEEIEERNNI)
2MG = Rg = finite

13 :
P&l . for cxample ~ 10738 for a solar mass BH n string tzheory’
2MG also a :lstring

How could such small effects

modify the geometry on macroscopic scales?



Quantum gravity obstruction ??

* Idea: number of 2D fields scales as ! /lzza => “species scale” ~ Rg

* Order of taking limits 1s important!
e Setting [5 = 0, solving EOMs (PDEs) = trapped surface

« Keeping [3 = finite, solving EOMs ( quantum expectation values)
then setting {5 = 0 =» trapped-siirface
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2D quantum EFT

Einstein's theory in 4D with a spherically symmetric matter source

|

167l%

Following Christodoulou, the matter 1s a classical collapsing thin, spherical
(null) shell of mass M, Minkowski space in the interior of the shell,
Schwarzschild outside

Dimensionally reduce to 2D ds* = —2n(U, V)dUdV + ®*(U,V)dQ?

Treat the angular metric components as 2D scalar fields

Keep [p finite b = Z ot (U V)Y, ™0, ¢)

tm



4D - 2D quantum EFT

Expectation values of spherically symmetric,
quadratic operators ~ ®?
+ quantum-mechanical fluctuations away from
spherical symmetry.

=» integrate over the angular part of the metric
to obtain a 2D reduced action for ¢, (U, V)

1

S = —— / AUdV dQ*/—g(R + Lonatter)
1675 |

ds® = —2h(U, V)dUdV + ®*(U, V)d$?

Angular derivatives

2
P h Reduced action can only be used to
calculate spherically symmetric

expectation values

(Vq®)? — dVad] = —ViInd




2D quantum EFT

1 i 2 -
S = / dUdV d€)* \ —U( R+ E*r;-"z,cz.tte*r) 2
4tTr

16713
# of Angular modes at each radius 2

ds* = —2h(U, V)dUdV + ®*(U,V)dQ* p

| For example,
D = oL (UV)Y6.0) D GG

1 1 . . 1
% T A T 3705 Oclq)aﬂ d + 1(132 Cmah‘er)

SUYV) =3, o, Angularderivatives




2D quantum EFT

* The matter (collapsing shell) induces a time-dependent mass for each ¢,
2

1 1
n auav¢l - ER(Z)qbf — ELmattergbi’ =0

after the shell had passed, time-independent

2) _
AREXU™ CFore the shell arrives at r m? (£) o 5(t — Lo (r))

The shell induces a time-dependent mass for the fields ¢,
at the position of the shell = particle production



2D quantum EFT: particle production
 Particle production

Chandra Pathinayake and L. H. Ford

i, +7(16, =0

b= [ d’k(arfi+aift)
= [ d*k(byFy + b\ Fy)

3

R * T
by=oaray—pPray
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(x,2)=(27) > %e’**x, (1)

fl( k =(27T)_3 f ‘Bk |2d3k ,
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2D quantum EFT: particle production

» 2D Particle production of a single rescaled field

2 1 ab 1 (2) 1 2 1
S=Jd*x\y SV 0aPe0pPe + 7 R¥ e + 7 PiLmatter +5
A" = A (¢ L it _ Use ¢, r* as coordinates to conform
T T ;\’ . V2w 7 - 5 . .
with standard particle production
calculations

m2(t) < 8(t — tspen(r))

t
Br(t) = o ds m=(s)e
- —'_‘(,

The shell induces a time-dependent mass for the fields ¢,
at the position of the shell =» particle production



2D quantum EFT: particle production

» 2D Particle production of a single rescaled field

t

« For a thin null shell — tonen (1))
r(ty) _
dr*m?(r*)e2tkr

“(tr)

, T
y f dr m2 (r)e—ZikT(T*)

min



2D quantum EFT: particle production

* 2D Particle production of a single field _
2GM = Rs =1
| IB (k)lZN k4
k * Units are restored by

rescaled | original appropriate powers of Rg

-1 2 5 1 * Would be horizon atr,, =1
n= (27’[) fllgkl dk ~ Kk "“5—

min

_ 1 291, _ 1,4 __1
p = (2m) f hk |Br|“dk ~ k 4 Backreaction weak

see also

(152 — (Zﬂ)_lf 1 |,Bk|2dk ~ k3 ~ L Paranjape, Padmanabhan 0906.1768
0, o,

Chen, Unruh,Wu, Yeom 1710.01533
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Horizon order parameter

15 =hG =0,
2MG = Rg = finite

— 7 f v o) o 0 ( U ‘_{;“') v I} 0 0 ( l] LXT)
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Horizon order parameter

— (YN DU V)V0(U.V)) = re’ (Qy®(U, V) ®(U. V)

llzg = hG = finite, <aU(I)qu))|r=1 — —( _i) - ((1)2 — k2)<¢2>
2MG = Rg = finite 1 i

- (P - k) (0?) =




Quantum gravity obstruction!

\T'q:-

* Horizon order parameter — ANV B (U, V)V 5P (UL L»-"’)‘ = (

* Order of limits is important!

1
Finite in the limit [3 — 0

e Setting [5 = 0, solving EOMs (PDEs) = trapped surface

 Keeping I3 = finite, solving EOMs ( quantum expectation values)
then setting {5 = 0 =» trapped sarface



The Fate of Collapsing Matter

Suppression of Trapped Surface Formation by

Quantum Gravitational Effects

Ramy Brustein

. 719992-72 DWIVNANIN
Introduction:

* Trapped surfaces & singularity theorems
* Trapped surface formation by collapsing matter — 2D classical EFT

Quantum gravity obstruction?
Particle production in the 2D quantum EFT
Quantum gravity obstruction!

RB, Medved, Meir

2603.24729, V1, V2



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23


   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

