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When a compact object collapses to form a BH, QFT predicts the 
emission of massless particles which carry energy to ℑ+.

The emission process relaxes to a steady state known as Hawking radiation.

Where (in spacetime) does this Hawking radiation energy come from?
(Hawking, 1974)



“The origin of the energy in black hole evaporation has been 
a longstanding issue, which is still not entirely settled.“ 
 - Chen, Unruh and collaborators (2017)

Clearly, the Hawking-radiation energy comes from the 
strong field region. But exactly from what part?



Option 𝒊: the outgoing radiation starts from zero at (extremely close to) the event 

horizon, and gradually develops over a fairly broad strong-field region

Option 𝒊𝒊: the energy emerges from the collapsing body itself and 
propagates in a conserved manner through the surrounding strong-field region





𝑑𝑠2 = −𝑓𝑑𝑡2 + 𝑓−1𝑑𝑟2 + 𝑟2𝑑Ω2  
 𝑓 = 1 − 2𝑀/𝑟

Spherically symmetric 
collapsing object,

surrounded by a vacuum 
region – Schwarzschild 

geometry (Birkhoff)

Hawking radiation (𝐹 at ℑ+):    lim
𝑟→∞

𝐹 = 𝐹𝐻

Null Eddington coordinates
 

𝑣 = 𝑡 + 𝑟∗ , 𝑢 = 𝑡 − 𝑟∗

where 𝑟∗ = 𝑟 + 2𝑀 ln
𝑟

2𝑀
− 1

(in Minkowski 𝑟∗ = 𝑟)

෠𝑇𝑢𝑢 ren
(𝑢, 𝑣) – outward energy flux density

𝐹 ≡ 4𝜋𝑟2 ෠𝑇𝑢𝑢 ren
 - the quantum energy outflux

The surface of the collapsing object has reached its near-horizon 𝑟 value 𝑟 ≈ 2𝑀

ℏ𝑃/𝑀2

(outside the star and outside the horizon)

A key component 
of the stress-
energy tensor:

Late time domain 𝑢 ≫ 𝑀: outflux at ℑ+ has already settled down to its constant value



Option 𝒊: the outgoing radiation starts from zero at (extremely close to) the event 

horizon, and gradually develops over a fairly broad strong-field region

Option 𝒊𝒊: the energy emerges from the collapsing body itself and 
propagates in a conserved manner through the surrounding strong-field region

How does the outflux 
behave along a late-

time outgoing
 null geodesic
(qualitatively)

𝑟 − 𝑟surface

𝐹 ≡ 4𝜋𝑟2 ෠𝑇𝑢𝑢  along 𝑢 = 𝑢0 ≫ 𝑀

𝐹𝐻

𝑟/𝑀~𝑂 1
(strong field)

Option ii

Option i

O
b

ject’s  su
rfa

ce

Weak field



Option 𝒊𝒊: the energy emerges from the collapsing body itself and 
propagates in a conserved manner through the surrounding strong-field region

𝐹 ≡ 4𝜋𝑟2 ෠𝑇𝑢𝑢 ren
 - the energy outflux

is conserved along a late-time null geodesic

෠𝑇𝑢𝑢 ren

(𝑖𝑖)
= 𝐹𝐻/4𝜋𝑟2   at   𝑢 ≫ 𝑀

෠𝑇𝑢𝑢 ren

(𝑖𝑖,surface)
= 𝐹𝐻/4𝜋 2𝑀 2   at the surface 

In a regular (Kruskal) coordinate 𝑈 ∝ −𝑒−𝑢/4𝑀:

෠𝑇𝑈𝑈 ren

(𝑖𝑖,surface)
∝ ෠𝑇𝑢𝑢 ren

(𝑖𝑖,surface)
/𝑈2   

    at 𝑈 ≈ 0  (𝑢 ≫ 𝑀)Significant backreaction effects 
Halting the collapse process? (𝑑𝑀/𝑑𝑢 = −4𝜋𝑟2𝑇𝑢𝑢 and 𝑢 → ∞)
Preventing horizon formation (horizon avoidance)? 

→ ∞ at the EH

෠𝑇𝑈𝑈 ren

(𝑖𝑖,surface)
=

𝐹𝐻

𝜋𝑀2 exp(𝑢/2𝑀)   at 𝑈 → 0  (𝑢 ≫ 𝑀)



In the absence of concrete calculations (in 4d gravitational collapse), 
it is hard to prove which of the two options is the correct one.

Our main goal is to present such a concrete analysis.

෠𝑇𝑢𝑢 ren

(surface)
≠ ෠𝑇𝑢𝑢 ren

(𝑖𝑖,surface)
= 𝐹𝐻/4𝜋 2𝑀 2

in accordance with option 𝑖Schwarzschild

at late times

→ 0

(we will derive a simple, explicit, analytical expression for ෠𝑇𝑢𝑢 ren
 in the 

Schwarzschild region just outside a collapsing object.)



Minkowski

Schwarzschild

The spherically-symmetric collapsing thin null shell model

Event horizon

Black hole is born 

Schw.

Mink.

[space] [spacetime]



The spherically-symmetric collapsing thin null shell model (4d)

Schw.

Mink.

Shell propagating 
inward along an 
incoming null ray 
𝑣 = 𝑣0.

𝑀 = 𝑀0Θ 𝑣 − 𝑣0

Mass of the shell

Metric continuity across the shell:

෤𝑢 𝑢 ≡ 𝑢 − 4𝑀0 ln
𝑣0 − 𝑢

4𝑀0
− 1 Θ 𝑣0 − 𝑣

𝑑𝑠2 = −𝑓𝑑𝑢𝑑𝑣 + 𝑟2𝑑Ω2

Metric in 𝑢, 𝑣, 𝜃, 𝜑 :

𝑓 = 1 − 2𝑀0/𝑟 Θ 𝑣 − 𝑣0

𝑔෥𝑢𝑣 = −
1

2
1 −

2𝑀0

𝑟
  at the shell (approaching from both sides)

discontinuity

[Andersson, Siahmazgi, Clark, Fabbri and others have considered this model]

The two different geometries 
are continuously matched 
across the shell.

𝑑𝑢

𝑑 ෤𝑢
= ቐ

1 , 𝑣 > 𝑣0

𝑓0 ≡ 1 −
2𝑀0

𝑟 𝑢, 𝑣0
 ,  𝑣 < 𝑣0

where 𝑟 𝑢, 𝑣0 =
1

2
𝑣0 − 𝑢

Schwarzschild

Minkowski



The quantum field and vacuum state 

Minimally-coupled massless scalar field ෡Φ, Klein-Gordon: ෡Φ = 0

Φ𝜔ℓ𝑚 𝑡, 𝑟, 𝜃, 𝜑 =
1

𝑟 4𝜋𝜔
 𝑌ℓ𝑚 𝜃, 𝜑  𝑒−𝑖𝜔𝑣   at ℑ−

Decompose into normalized mode solutions, defined by initial data:

+  regularity condition at 𝑟 = 0.

෡Φ 𝑥 = න
0

∞

𝑑𝜔 ෍

ℓ𝑚

Φ𝜔ℓ𝑚 𝑥 ො𝑎𝜔ℓ𝑚 + Φ𝜔ℓ𝑚
∗ 𝑥 ො𝑎𝜔ℓ𝑚

†

Vacuum state taken with respect to the positive-frequency modes Φ𝜔ℓ𝑚.

The “in” vacuum state ۧ|0 in : 

 no incoming excitations from ℑ−

∀𝜔, ℓ, 𝑚: ො𝑎𝜔ℓ𝑚 ۧ|0 in = 0

(the natural state which Hawking analyzed – 
coincides with vacuum in Minkowski)



Schw.

Mink.

In Minkowski: ෠𝑇𝑢𝑢 ren
 in the “in” vacuum vanishes everywhere

 
    → by causality, also in our model at 𝑣 < 𝑣0.

Our goal:
compute ෠𝑇𝑢𝑢 ren

 at the outer surface of the shell, (on the 

Schwarzschild side, approaching from the exterior 𝑣 → 𝑣0
+)

෠𝑇𝑢𝑢 ren
= ቊ

0 𝑣 < 𝑣0

?  𝑣 > 𝑣0
Non-zero, due to spacetime curvature

Schw.

Mink.

(massless scalar field in vacuum – no ambiguities related to the renormalization.)

(The paper also does ෡Φ2
ren

,  but I’ll skip it in this talk)



Schwarzschild

An illustration of our goal

Radius of the sphere:

 𝑟0 ≥ 𝑟𝑠

Minkowski

𝑟0

෠𝑇𝑢𝑢 ren

+
𝑥sh  

Quantum energy outflux
at the shell’s outer surface

Schw.

Mink.
The Schwarzschild 
side of the shell

𝑣 → 𝑣0
+

𝑥sh

𝑥 = 𝑥sh on the shell, with 𝑣 = 𝑣0, 𝑟 = 𝑟0 (and ෤𝑢 = ෤𝑢0(𝑣0, 𝑟0)) 



෠𝑇𝑢𝑢 ren
𝑥 = lim

𝑥′→𝑥

1

2
෡Φ,𝑢 𝑥 ෡Φ,𝑢 𝑥′ − ෨𝐿𝑢𝑢 𝑥, 𝑥′  

Constructed from modes Φ𝜔𝑙𝑚 
Requires numerical computation

(notoriously demanding)

Known analytically

Depends only on the 
(locally static) geometry

Depends on the (non-
static) quantum state 

Classically: 𝑇𝑢𝑢 = Φ,𝑢Φ,𝑢

Naïve quantum version:   ෠𝑇𝑢𝑢 = ⟨ ෡Φ,𝑢
෡Φ,𝑢ۧ → diverges!

Point-splitting regularization – schematic overview

𝑥 𝑥′

𝐺𝑢𝑢 𝑥, 𝑥′ ≡

Symmetrization



෠𝑇𝑢𝑢 ren
𝑥 = lim

𝑥′→𝑥
𝐺𝑢𝑢 𝑥, 𝑥′ − ෨𝐿𝑢𝑢 𝑥, 𝑥′  

𝐺𝑢𝑢 𝑥, 𝑥′ ≡
1

2
෡Φ,𝑢 𝑥 ෡Φ,𝑢 𝑥′

Symmetrization

Constructed from modes Φ𝜔𝑙𝑚 
Requires numerical computation
(notoriously demanding)

Known analytically
෨𝐿𝑢𝑢 𝑥, 𝑥′  is the coordinate based counterterm 
obtained from the (covariant) Christensen’s counterterm 𝐶𝜇𝜈 𝑥, 𝑥′

Levi (2017)

𝜃-splitting:        𝑥 = ෤𝑢, 𝑣, 𝜃 = 0, 𝜑 , 𝑥′ = ෤𝑢, 𝑣, 𝜃 = 𝜀, 𝜑

෠𝑇𝑢𝑢 ren
𝑥 = lim

𝜀→0
𝐺𝑢𝑢 ෤𝑢, 𝑣; 𝜀 − ෨𝐿𝑢𝑢 𝑟; 𝜀  

Depends only on the 
(locally static) geometry

Depends on the (non-
static) quantum state 

𝑥 𝑥′
𝛿𝜃 = 𝜀(spherical symmetry)



𝑥 = 𝑥sh on the shell, with 𝑣 = 𝑣0, 𝑟 = 𝑟0 (and ෤𝑢 = ෤𝑢0(𝑣0, 𝑟0)) 

෠𝑇𝑢𝑢 ren

+
𝑥sh = lim

𝜀→0
𝐺𝑢𝑢

+ ෤𝑢0, 𝑣0; 𝜀 − ෨𝐿𝑢𝑢
+ 𝑟0; 𝜀  

𝑥sh is approached from the 
Schwar. side of the shell

𝒗 → 𝒗𝟎
+

෠𝑇𝑢𝑢 ren

−
𝑥sh = lim

𝜀→0
𝐺𝑢𝑢

− ෤𝑢0, 𝑣0; 𝜀 − ෨𝐿𝑢𝑢
− 𝑟0; 𝜀  

𝑥sh is approached from the 
Mink. side of the shell

𝒗 → 𝒗𝟎
−

𝑥sh

𝑟0 Minkowski

Schwarzschild

𝒗 → 𝒗𝟎
−

𝒗 → 𝒗𝟎
+

Known analyticallyRequires numerics

𝑥sh

𝑟0 Minkowski

Schwarzschild

𝒗 → 𝒗𝟎
−

𝒗 → 𝒗𝟎
+

Want to use continuity at the shell



𝑥 = 𝑥sh on the shell, with 𝑣 = 𝑣0, 𝑟 = 𝑟0 (and ෤𝑢 = ෤𝑢0(𝑣0, 𝑟0)) 

෠𝑇𝑢𝑢 ren

+
𝑥sh = lim

𝜀→0
𝐺𝑢𝑢

+ ෤𝑢0, 𝑣0; 𝜀 − ෨𝐿𝑢𝑢
+ 𝑟0; 𝜀  

𝑥sh is approached from the 
Schwar. side of the shell

𝒗 → 𝒗𝟎
+

෠𝑇𝑢𝑢 ren

−
𝑥sh = lim

𝜀→0
𝐺𝑢𝑢

− ෤𝑢0, 𝑣0; 𝜀 − ෨𝐿𝑢𝑢
− 𝑟0; 𝜀  

𝑥sh is approached from the 
Mink. side of the shell

𝒗 → 𝒗𝟎
−

Known analyticallyRequires numerics

Problem: 𝐺𝑢𝑢 is composed of ෡Φ,𝑢 and is not continuous across the shell.

To proceed, transform to ෤𝑢 ( ෡Φ,෥𝑢 is continuous across the shell):

𝐺෥𝑢෥𝑢 𝑥, 𝑥′ ≡
1

2
෡Φ,෥𝑢 𝑥 ෡Φ,෥𝑢 𝑥′

෨𝐿෥𝑢෥𝑢 𝑟0; 𝜀 ≡
𝑑𝑢

𝑑 ෤𝑢

2

෨𝐿𝑢𝑢 𝑟0; 𝜀



𝑥 = 𝑥sh on the shell, with 𝑣 = 𝑣0, 𝑟 = 𝑟0 (and ෤𝑢 = ෤𝑢0(𝑣0, 𝑟0)) 

෠𝑇෥𝑢෥𝑢 ren

+
𝑥sh = lim

𝜀→0
𝐺෥𝑢෥𝑢

+ ෤𝑢0, 𝑣0; 𝜀 − ෨𝐿෥𝑢෥𝑢
+ 𝑟0; 𝜀  

𝑥sh is approached from the 
Schwar. side of the shell

𝒗 → 𝒗𝟎
+

෠𝑇෥𝑢෥𝑢 ren

−
𝑥sh = lim

𝜀→0
𝐺෥𝑢෥𝑢

− ෤𝑢0, 𝑣0; 𝜀 − ෨𝐿෥𝑢෥𝑢
− 𝑟0; 𝜀  

𝑥sh is approached from the 
Mink. side of the shell

𝒗 → 𝒗𝟎
−

Continuity across the shell

=0

Want: Known analyticallyRequires numerics

𝑥sh

𝑟0 Minkowski

Schwarzschild

𝒗 → 𝒗𝟎
−

𝒗 → 𝒗𝟎
+

෠𝑇෥𝑢෥𝑢 ren

+
𝑥sh = − lim

𝜀→0
෨𝐿෥𝑢෥𝑢

+ 𝑟0; 𝜀 − ෨𝐿෥𝑢෥𝑢
− 𝑟0; 𝜀  

Subtracting these 
equations:

We got rid of the notoriously demanding numerical part! 



෠𝑇෥𝑢෥𝑢 ren

+
𝑥sh = − lim

𝜀→0
෨𝐿෥𝑢෥𝑢

+ 𝑟0; 𝜀 − ෨𝐿෥𝑢෥𝑢
− 𝑟0; 𝜀  

෤𝑢 𝑢 ≡ 𝑢 − 4𝑀0 ln
𝑣0 − 𝑢

4𝑀0
− 1 Θ 𝑣0 − 𝑣

𝑑𝑢

𝑑 ෤𝑢
= ൞

1 , 𝑣 > 𝑣0 (Schw. )

𝑓0 ≡ 1 −
2𝑀0

𝑟 𝑢, 𝑣0
 ,  𝑣 < 𝑣0 (Mink. ) 𝑟 𝑢, 𝑣0 =

1

2
𝑣0 − 𝑢

Recall:

Back to 𝑢:

෠𝑇𝑢𝑢 ren

+
𝑥sh = − lim

𝜀→0
෨𝐿𝑢𝑢

+ 𝑟0; 𝜀 − 𝑓0
2 ෨𝐿𝑢𝑢

− 𝑟0; 𝜀  

෨𝐿𝑢𝑢 𝑟0; 𝜀 ቚ
𝑀=𝑀0

෨𝐿𝑢𝑢 𝑟0; 𝜀 ቚ
𝑀=0

Schw. Mink.



෠𝑇𝑢𝑢 ren

+
𝑥sh = − lim

𝜀→0
෨𝐿𝑢𝑢

+ 𝑟0; 𝜀 − 𝑓0
2 ෨𝐿𝑢𝑢

− 𝑟0; 𝜀  

෨𝐿𝑢𝑢 𝑟; 𝜀 = ℏ
𝑓2

64𝜋2𝑟4
sin−2

𝜀

2
−

3𝑀𝑓2

160𝜋2𝑟5
In Schwarzschild 
(counterterm expanded in 
the point-separation 𝜀)

෨𝐿𝑢𝑢
+ 𝑟0; 𝜀 = ℏ

𝑓0
2

64𝜋2𝑟0
4 sin−2

𝜀

2
−

3𝑀0𝑓0
2

160𝜋2𝑟0
5

෨𝐿𝑢𝑢
− 𝑟0; 𝜀 = ℏ

1

64𝜋2𝑟0
4 sin−2

𝜀

2

Schwarzschild side:
Plug in 𝑀 = 𝑀0

Minkowski side:
Plug in 𝑀 = 0

The 𝜀 dependence drops off completely! 

The finite 
counterterm

otherwise, the method wouldn’t work (like in RN)

Reminder: 

𝑓 = 1 −
2𝑀

𝑟

𝑓0 = 1 −
2𝑀0

𝑟0

NZ, A. Levi, A. Ori (2020)



෠𝑇𝑢𝑢 ren

+
𝑟0 = ℏ

3𝑀0

160𝜋2𝑟0
7 𝑟0 − 2𝑀0

2

The outflux density emerging from the shell (at a point where 𝑟 = 𝑟0)

As the shell approaches the horizon, the outflux density vanishes 
quadratically with the remaining distance 𝑟0 − 2𝑀0.

Regularity of the Kruskal-based ෠𝑇𝑈𝑈 ren

+
:

⟨ ෠𝑇𝑈𝑈ۧ ∝ ⟨ ෠𝑇𝑢𝑢ۧ/𝑈2 ∝ ⟨ ෠𝑇𝑢𝑢ۧ/ 𝑟0 − 2𝑀0
2  (finite)

Significant backreaction effects at the horizon 
Halting the collapse process?
Preventing horizon formation (horizon avoidance)? 

Nope.Option 𝒊𝒊

The component most 
directly related to the 

question of EH regularity

𝑥sh

𝑟0

Schwarzschild

𝑈 ∝ −𝑒−
𝑢

4𝑀

∝ 𝑟 − 2𝑀Near EH
(with 𝑣 = 𝑐𝑜𝑛𝑠𝑡): 



The evolution of the outflux along a late-time outgoing null ray
𝑢 = 𝑢0 ≫ 𝑀0

The outflux emerging from the shell is negligibly small 
for such a geodesic (∝ 𝛿𝑟2).

The geodesic leaves the shell at 𝑟 = 𝑟0 ≈ 2𝑀0

and propagates towards ℑ+ .

Asymptotic value in the weak field region 𝑟 ≫ 𝑀0, 𝐹 → 𝐹𝐻.

𝐹 = 4𝜋𝑟2 ෠𝑇𝑢𝑢 ren

So, the evolution of the outflux from 0 at the shell to 𝐹𝐻 at ℑ+ 
occurs gradually as the ray traverses the strong-field region. 

𝐹𝐻



The outfluxes along a late-time outgoing
 null geodesic (𝑢 = 𝑢0 ≫ 𝑀0)
leaving the shell at 𝑟 = 𝑟0 ≈ 2𝑀0

𝑟 − 𝑟0

𝐹 ≡ 4𝜋𝑟2 ෠𝑇𝑢𝑢

𝐹𝐻

𝐹𝐻

𝑟/𝑀~𝑂 1
(strong field)

Option ii

Option i



In the absence of concrete calculations (in 4d gravitational collapse), 
it is hard to prove which of the two options is the correct one.

Our main goal is to present such a concrete analysis.

෠𝑇𝑢𝑢 ren

(surface)
≠ ෠𝑇𝑢𝑢 ren

(𝑖𝑖,surface)
= 𝐹𝐻/4𝜋 2𝑀 2

in accordance with option 𝑖Schwarzschild

at late times

→ 0



Option 𝒊: the outgoing radiation starts from zero at (extremely close to) the event 

horizon, and gradually develops over a fairly broad strong-field region

Option 𝒊𝒊: the energy emerges from the collapsing body itself and 
propagates in a conserved manner through the surrounding strong-field region



Additional insights
(time permitting)



𝐹𝐻

Along a late-time outgoing null geodesic 𝑢 = 𝑢0 ≫ 𝑀0 the 

outflux 𝐹late 𝑟  is a function of 𝑟, and

lim
𝑟→2𝑀

𝐹late 𝑟 = 0 , lim
𝑟→∞

𝐹late 𝑟 = 𝐹𝐻

Along ℑ− the outflux vanishes (the “in” vacuum state)

Along ℑ+ the outflux 𝐹ℑ+
𝑢  is a (monotonic?) function of 𝑢, 

and

lim
𝑢→−∞

𝐹ℑ+
𝑢 = 0, lim

𝑢→∞
𝐹ℑ+

𝑢 = 𝐹𝐻

Along the shell 𝑣 = 𝑣0 the outflux 𝐹+ 𝑟0  is now known, and

lim
𝑟0→∞

𝐹+ 𝑟0 = 0 , lim
𝑟0→2𝑀

𝐹+ 𝑟0 = 0

Bonus topic I: what is now known
for the outflux in the collapsing shell spacetime

The energy outflux

  𝐹 = 4𝜋𝑟2 ෠𝑇𝑢𝑢 ren



𝐹+(𝑟0) = 4𝜋𝑟0
2 ෠𝑇𝑢𝑢 ren

+
= ℏ

3𝑀0

40𝜋𝑟0
5 1 −

2𝑀0

𝑟0

2
The outflux 
at the shell

has a maximal value at 𝑟0
max =

10

3
𝑀

𝐹+ 𝑟0
max =

81

250000𝜋
ℏ𝑀−2 ≈ 1.031 × 10−4ℏ𝑀−2

𝐹𝐻 ≈ 7.44 × 10−5ℏ𝑀−2
Elster (1983)

Maximum 
outflux at 
the shell

The Hawking outflux

The outflux 𝐹 may evolve non-monotonically (with 𝑟) along the 
outgoing null geodesic emanating from the shell at 𝑟0

max

Bonus topic I: what is now known
for the outflux in the collapsing shell spacetime



The outfluxes along the outgoing null geodesic

leaving the shell at 𝑟 = 𝑟0
max

𝑟 − 𝑟0

𝐹 ≡ 4𝜋𝑟2 ෠𝑇𝑢𝑢

𝐹+ 𝑟0
max

𝐹𝐻



The situation in the Unruh state in Schwarzschild

The Unruh state (some facts):
• Is defined on an eternal stationary background (e.g. Schwarzschild)
• Is constructed to mimic gravitational collapse at 𝑢 → ∞, 𝑣 → ∞

• Is stationary (unlike the state in collapse) – everything depends only on 𝑟
• Involves Hawking radiation at infinity

lim
𝑟→∞

𝐹𝑈 𝑟 = 𝐹𝐻

Late times, 𝑟 ∈ 2𝑀, ∞



The situation in the Unruh state in Schwarzschild
Based on data from Levi (2017)

Given this behavior in the Unruh state, it is not too surprising if the outflux along outgoing null 
geodesics in the collapsing-shell spacetime exhibits a similar non-monotonic trend.



3+1:

Bonus topic II: Comparison to the situation in 1+1

The energy outflux

  𝐹 = 4𝜋𝑟2 ෠𝑇𝑢𝑢 ren

𝐹+(𝑟0) = ℏ
3𝑀0

40𝜋𝑟0
5 1 −

2𝑀0

𝑟0

2

The outflux at the shell 𝐹+ 𝑟0 = 4𝜋𝑟0
2 lim

𝑣→𝑣0
+

෠𝑇𝑢𝑢 ren
:

1+1: (Hiscock, 1981)

A step-function discontinuity at the shell!
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A step-function discontinuity at the shell!

𝐹+(𝑟0) = 0

Continuity at the shell is enforced in the 1+1 case:

Trace anomaly: ෠𝑇𝜇
𝜇

ren
∝ 𝑅  bounded at the shell

Energy-momentum conservation: ෠𝑇𝑢𝑢 ren
 must be continuous     

෠𝑇𝑢𝑣 ren
∝

3+1

More degrees of freedom 
(angular components)

The field is not 
conformally-coupled

at the null shell(𝑇 𝛼;𝛽
𝛽

= 0)

local term −
1

2
□ ෡Φ2

renVanishes on both sides 
of the collapsing shell
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𝛽

= 0)
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Summary
• We computed the outflux at the outer surface of a collapsing thin null shell:

𝐹+(𝑟0) = 4𝜋𝑟0
2 ෠𝑇𝑢𝑢 ren

+
= ℏ

3𝑀0

160𝜋2𝑟0
7 𝑟0 − 2𝑀0

2

• Crucially, as the shell approached the horizon, the emitted outflux vanishes 
quadratically with the remaining distance 𝑟0 − 2𝑀0 (exponentially in 𝑢).

• This result confirms the Hawking energy outflux does not emerge from the 
collapsing body, as is sometimes speculated, but develops in a broad strong-
field region outside. This corroborates the more conventional picture of 
Hawking radiation as a gradual, steady process that cannot interfere with 
black hole formation in gravitational collapse.



Take away message:

Semiclassical backreaction does not 

significantly modify the classical horizon 

geometry and does not give rise to 

horizon avoidance.



Thank you for listening!

Questions?
nz3745@princeton.edu

The paper presented in this talk:
PRL 135, 021401 (2025)  |  arXiv:2503.00622 



Hidden/backup slides

The trace of a minimally-coupled massless scalar field in 3+1



Energy-momentum conservation in 3+1



:

Our result for the vacuum polarization at the shell’s exterior surface 



The method presented for computing 
𝑇𝑢𝑢 ren

+  only holds for 𝑄 = 0.
For 𝑄 ≠ 0, the 𝜀 dependence does not 

drop in the difference between the 
interior and exterior counterterms.

(𝑦 = 𝑢 or 𝑣)
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  F = 4 𝜋  r 2    ⟨    T ^  u u ⟩ ren
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  F ≠ 0


     F + (  r 0 ) = 4 𝜋  r 0 2  ⟨    T ^  u u ⟩ ren + = ℏ   3  M 0  40 𝜋  r 0 5    ( 1 −   2  M 0   r 0 ) 2


   r 0 max =  10 3 M


   F +  (  r 0 max ) =  81  250000 𝜋 ℏ  M  − 2 ≈ 1 . 031 ×  10  − 4 ℏ  M  − 2


   F H ≈ 7 . 44 ×  10  − 5 ℏ  M  − 2
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  (  T          𝛼 ; 𝛽 𝛽 = 0 )


  local   term −  1 2 □    ⟨    Φ ^ 2 ⟩ ren
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  (  T          𝛼 ; 𝛽 𝛽 = 0 )


  local   term −  1 2 □    ⟨    Φ ^ 2 ⟩ ren
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