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singularity singularity

Penrose Diagrams



v

u

singularity resolved by UV physics

No event horizon if no singularity.
There may be trapping horizon.

Horizon means trapping horizon 
or apparent horizon from now on.

trapping horizon



No interaction between matter and vacuum on the neck.

Need “Drama” at horizon for complete evaporation:

Black-Hole Geometry

“Wheeler’s Bag of Gold” as a remnant:

[Ho-Matsuo, JHEP 1807]



Information Paradox
According to the conventional model:

Matter falls inside the “bag”.

Macroscopic vacuum energy under horizon.

No high energy event around the horizon. (?)

No chance to bring out the information of matter.

Remnant?

Information paradox is not just about information.   
(low-energy effective theories, holography, …)



Basic Assumptions

Semiclassical Einstein equation:

Spherical symmetry

Trapping horizon

Gµ⌫ = T class
µ⌫ + hT̂µ⌫i

ds2 = − C(u, v)dudv + r2(u, v)dΩ2

areal radius

for a quantum state

 when  C → 1 r → ∞



Trapping Horizon

∂ur < 0, ∂vr > 0

∂ur < 0, ∂vr < 0

∂vr = 0, (∂2
vr > 0, ∂2

vr < 0?)

ds2 = − C(u, v)dudv + r2(u, v)(dθ2 + sin2 θdϕ2)

Spherical Symmetry

Trapping Horizon

Minkowski space

Trapped region

Trapping horizon = boundary of trapped region
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Trapping Horizon

∂vr < 0

∂vr > 0

inner trapping horizon

u

Outer trapping horizon

positive energy flow

negative energy flow

[Ho-Matsuo, JHEP 1807]
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“Drama”



Negative energy always necessary.


Drama at horizon needed if no singularity/
remnant.


Assuming no drama at horizon, there is a 
Planck-scale gauge-invariant quantity on 
the trapping horizon.


(“Drama” at horizon?)

[Ho-Matsuo, JHEP 1807]

Comment on Trapping Horizon #1



Guu ≡
2∂uC∂ur

Cr
−

2∂2
ur

r
= κTuu

Gvv ≡
2∂vC∂vr

Cr
−

2∂2
vr

r
= κTvv

Guv ≡
C

2r2
+

2∂ur∂vr
r2

+
2∂u∂vr

r
= κTuv

Gθθ ≡
2r2

C3 (∂uC∂vC − C∂u∂vC) −
4r
C

∂u∂vr = κTθθ

Semi-Classical 
Einstein Equation ∂vr = 0

@ trapping horizon

[Ho-Matsuo, JHEP 1807]



Energy-Momentum Tensor

Einstein Eq. ⇒
ℓ2

p ≡ 8πGN

ℏ = c = 1

C(u, v) = C0(u) + C1(u)(v − v0(u)) + ⋯

r(u, v) = a(u) +
1
2

r2(u)(v − v0(u))2 + ⋯

around Trapping Horizon at

r2(u) = −
1
2

ℓ2
pa(0)T(0)

vv (u)

·v0(u) =
C0(u) − 2ℓ2

pa2(u)T(0)
uv

−2ℓ2
pa2(u)T(0)

vv

v = v0(u)

Trapping Horizon in vacuum demands Tvv < 0.
Time-like horizon needs “Drama” to turn space-like.



EMT @ Outer Trapping Horizon in Vacuum 

Universal 
result:

ℰ ≃ −
1

2ℓ2
pa2

𝒫 ≃ −
2π
ℓ2

p

ℓ2
p ≡ 8πGN

ℏ = c = 1

ℰ ≡ Tξξ ≃ − Tξζ ≃ Tζζ

𝒫 ≡ 4πa2(u)ℰ

Black Hole’s mass decreases because of this,

not Hawking Radiation.

[Ho-Matsuo, JHEP 1807]
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The distance from the trapping horizon 

to the collapsing matter is    until 

the black hole is evaporated to a fraction  

 of its initial mass.

𝒪(ℓp)

𝒪 (
ℓ2/3

p

a2/3 )

Comment on Trapping Horizon #2
[Ho-Matsuo-Yokokura 19, to appear]



rmax ≃ amax

rmin ≃ aminsurface of collapsing matter

constant-r curves



Assuming “No Drama” at horizon:





Schwarzschild approximation at   


Around and inside the horizon,   can be solved 

from the semi-classical Einstein equations.

⟨Tμ
μ⟩, ⟨Tθ

θ⟩ ≲ 𝒪 ( 1
ℓ2

pa2 )
r − a ≫ 𝒪 (

ℓ2
p

a )
C(u, v)

Einstein Eq. → C(u, v)
[Ho-Matsuo-Yokokura 2019]



• Semi-classical Einstein equation:





• Schwarzschild metric near horizon:


Gμ
μ − 6Gθ

θ = 8πGN (⟨Tμ
μ⟩ − 6⟨Tθ

θ⟩)
⇒ ∂u∂vΣ(u, v) =

C(u, v)
4r2(u, v)

+
8πGNC(u, v)

8 (⟨Tμ
μ⟩ − 6⟨Tθ

θ⟩)
where   C(u, v) =

1
r(u, v)

exp (Σ(u, v))

C(u, v) = 1 −
a

r(u, v)
≃

a
r(u, v)

exp ( v − u − 2a
2a )

C(u, v) ∼ 𝒪 (
ℓ2

p

a2 )    near horizon



C(u, v) ≃ C(u*, v*)
r(u*, v*)
r(u, v)

e− ∫u
u*

du′�

2a(u′ �) e− ∫v*
v

dv′�

2ā(v′�)

The proper distance between any two points in this region 
is never larger than the Planck length scale.

A

B

D

C

vacuum in conventional model

dℓ2 = C(u, v)dudv ≃ C*dUdV

dU ≃ e− ∫u
u*

du′ �

2a(u′ �) du

dV ≃ e− ∫v*
v

dv′�

2ā(v′ �) dv V

U

C(u*, v*) ∼ 𝒪(ℓ2
p /a2)

[Ho-Matsuo-Yokokura 2019]



Q2: firewall?
outer trapping horizon 

Tu
u > − 1/κa2

inner trapping horizon 
Tu

u < − 1/κa2

v

u

𝒪(ℓP)

Q1: How is it different from 
having no trapping horizon 
for the geometry outside the 
collapsing matter?



Observations of Hawking particles 
outside the horizon changes the Unruh 
vacuum to states with induced particles 
in the near-horizon region. (firewall)


→  Planck-scale scatterings.

Comment on Trapping Horizon #3
[Ho-Yokokura 19, to appear]

[AMPS 2013]
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Minkowski vacuum

Unruh vacuum

partical detection

} }

}}

Detection of Hawking particles      
= measurement on Unruh vacuum


→  changes Unruh vacuum 

      to a non-vacuum state.



Unruh vacuum

• Ingoing vacuum of the infinite past ( annihilated by  )


becomes the Unruh vacuum   at horizon.


•   does not interact with particle  . 


•   is not the same as  .

bω

|0⟩U

|0⟩U b†
ω |0⟩U

|0⟩U |0⟩M

  are operators for ,
  are operators for  .

(bω, b†
ω) |0⟩U

(aω, a†
ω) |0⟩M



Measurement changes state

For a 2-state detector ,


the time evolution of the composite system is





A particle is “detected” if the detector 


{ |1⟩, |2⟩}

U = eig( σ+ ⊗ aω + σ− ⊗ a†
ω )

|1⟩ → |2⟩

( ⟨2 | ⊗ I ) U ( |1⟩ ⊗ |⋯⟩ ) ≃ ig aω |⋯⟩

[Ho-Yokokura 2019]



Unruh vacuum no more

• Bogoliubov transformation




• Detection of 1 particle at distance:



• Detection of N particles:


aω = Aωω′�bω′� + Bωω′�b†
ω′� ←

dU
du

∼ e− ∫u
u*

du′�

2a(u′�)

|0⟩U → |Ψ⟩ ∝ aω |0⟩U = Bωω′�b†
ω′�|0⟩U

→ → ⋯ → b†
1 b†

2 ⋯b†
N |0⟩U

[Ho-Yokokura 2019]



• 


• Distribution of the induced particles can be calculated.


• Mostly well inside near-horizon region

to come to large distances at late times.


• This is essentially firewall.


• Planck-scale scattering with collapsing matter.

|0⟩U → b†
1 b†

2 ⋯b†
N |0⟩U

Induced Particles
[Ho-Yokokura 2019]

[AMPS 2013]



Conclusion

• There are gauge-invariant quantities at Planck-scale.


Low-energy effective theory modified?


• Trapped region in vacuum is as thin as Planck length.


How is it different from the KMY model with no horizon?


• Radiation outside horizon entangled with environment →


High-energy particles at horizon.


Information?



Thank you!


