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What is a black hole?

・a classical solution of Einstein equation


・macroscopic object


・Hawking radiation (quantum effect)


・information paradox (contradiction to unitarity)

BH

Quantum mechanical states whose dynamics are described by unitary S matrix

Modern approach of on-shell amplitudes

[G ’t Hooft (85,96)]

’t Hooft suggests a BH model as

+
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Set up (microscopic spinning state)

We assume a macroscopic object is represented by one-particle state
<latexit sha1_base64="jMdYyObPscKi5jNuiAmp6F5e7XQ="></latexit>

|p, s, v→
<latexit sha1_base64="0u7xfiTUP0zpXCOuTJHICWiHsvw="></latexit>

p2 = M2

<latexit sha1_base64="TRGzPyFmmebDuYYD1CUzjdDPC2c="></latexit>s
<latexit sha1_base64="2P1yDU5ZPsrbz6hIQ+xpALa2FDs="></latexit>v

Assuming the microcanonical ensemble, microstates are equally probable

Degeneracy of unresolved internal degrees of freedom

<latexit sha1_base64="0i6Nt0cWloi1eIjlBHWMmhHTIuw="></latexit>p, s, v

✓ On-shell


✓ spin (little-group representation) label


✓ Internal label 

<latexit sha1_base64="got/32cQi8brCTibnF81U02QUhg="></latexit>

1̂ =
∑

s

∑

v

∫
dµ2

∫
d!(p) |p, s, v→ ↑p, s, v|

=
∑

s

∫
dµ2

∫
d!(p)ω(µ, s) |p, s→ ↑p, s|

<latexit sha1_base64="LTMP0AtzBzO+lxXnq0CExOQm/S8="></latexit>

eS(µ,s)

<latexit sha1_base64="4hw++mYVepqSHu3xnOUn0tkCjPs="></latexit> →

Sum over 

Coarse-graining

<latexit sha1_base64="D33kipvSNsXP3SyGuJSAj6aTvew="></latexit>v



Set up (macroscopic spinning state)

Dynamics of macroscopic spinning dynamics

✓ Classical spin vector


✓ Realized by a coherent spin state

<latexit sha1_base64="jzHA1aqA/TglsF73ooVnpm/RZWU="></latexit>

Sµ

A BH is now described as coherent spin state 

<latexit sha1_base64="vIfodZ7KTQHWZ4F+wayGcIsgsTM="></latexit>

|p,ω→ := e→
1
2↑ω↑

2
↓∑

2s=0

ω{I2s}
√

(2s)!
|p, {I2s}→

<latexit sha1_base64="jzHA1aqA/TglsF73ooVnpm/RZWU="></latexit>

Sµ

<latexit sha1_base64="gwASxxLy1ZNrDVvuOHexJb0/w9g="></latexit>

|p,ω→
<latexit sha1_base64="c2b7S6F46uR7sq3mDxNWNca9a8k="></latexit>

Sµ = O(⊋||ω||2)

We focus on an object without macroscopic spin ~ slow rotating object

✓            contribution of the small classical spin expansion


✓

<latexit sha1_base64="NM1kqA9XuRgeEQ7S9DmRKDyyUTs="></latexit>

O(S0)
<latexit sha1_base64="QjKVZVLgZfmB24fhN1a9fPZs7+k="></latexit>

|S| → GM2

[R. Aoude and A. Ochirov (08)]
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Micro vs Macro
Let’s look at the absorption and emission process

……

M

M+ΔM

Rough sketch of emission and absorption without spin

Energy level

Large number of states

Each microscopic transition,  abs. & emi.


are related by time-reversal (CPT)

<latexit sha1_base64="cl7oYcnEul/6hDOep4cghwIf0FI="></latexit>

→ e!S

Macroscopically,  

Two processes are not time-reversal



Macroscopic spinning object

Probability of the absorption process
<latexit sha1_base64="Dx2TbEyA3EsemTUy1F+niMjzbk8="></latexit>

|ω, ε,m, h→

<latexit sha1_base64="56z5h+FPX0CIQyHNPf9KcLCXPcs="></latexit>

|p1,ω→
<latexit sha1_base64="ZZbDv9RgD1iPLnO2zvzyqyXbBCo="></latexit>

|p2, s2→

<latexit sha1_base64="T1FsbgsdmOuMqlW5W0QAYb03CmU="></latexit>

P abs
ω,m =

|ω|
8εM2

∫
d2k̂d2k̂→

↑hY
↓
ω,m(k̂→)↑hYω,m(k̂)

DiscA↑h,h
1→↔1

2εi

Partial wave probability

<latexit sha1_base64="XyPl8yPMl2F+G/0H4v0b2+G/GAY="></latexit>

DiscA→h,h
1→↑1

2ωi
= e→↓ω↓2 ∑

s1,s2,ε

ε(M2, s2)

(2s1)!
||A(ε)

s1,s2,h
||2

<latexit sha1_base64="Dx2TbEyA3EsemTUy1F+niMjzbk8="></latexit>

|ω, ε,m, h→

<latexit sha1_base64="ZZbDv9RgD1iPLnO2zvzyqyXbBCo="></latexit>

|p2, s2→
<latexit sha1_base64="JwUh2jGSuse+GQMW9a5Tzlhq8fA="></latexit>

|p1, s1→

<latexit sha1_base64="UFECj1KrinkaIUntOJ4N/+NUQuE="></latexit>

ω{I2s1}

<latexit sha1_base64="y9mdWc7MBQJufoEhlPWzML1hwMY="></latexit>

2



Subtlety for spinning state

<latexit sha1_base64="R1Wq2xUfJ6nEp3+CKVzqfmFfgys="></latexit>s1

<latexit sha1_base64="dOYSLE1Y+ijJQvV/mxvKKbfanpE="></latexit>

ω

<latexit sha1_base64="Dynre4YzfzrMsd3pMEXcFD9E9Ho="></latexit>s2

<latexit sha1_base64="dOYSLE1Y+ijJQvV/mxvKKbfanpE="></latexit>

ω

<latexit sha1_base64="voTDg04ILktPyEi72T2wt+/uGIY="></latexit>

s1 → ω ↑ s2 ↑ s1 + ω
<latexit sha1_base64="ccR1UZ3FxVZvqsjOKtRh5Eije+E="></latexit>

s2 → ω ↑ s1 ↑ s2 + ω

Time reversal ??

For              case,
<latexit sha1_base64="uAE7fGCkrtbhBo4jhLjtKwHovZw="></latexit>

ω = 1



Spin Universality

<latexit sha1_base64="v6jzItk/SHRcPlUqB/P30s8aDTw="></latexit>

||A(ω=1)
s ||2 = ||ω||4s→4

(
|g(ω=1)

s,s→1|2Ỹ ε̃ε̃Yεε → |g(ω=1)
s,s |2Ỹ ε̃

εYε
ε̃ + |g(ω=1)

s,s+1|2ỸεεY ε̃ε̃
)

<latexit sha1_base64="3DgnIYL9TyRf9WHftlHHo2izH3M="></latexit>

ω = 1

<latexit sha1_base64="ZOcDHTROFWKqJ6Io1VTidEW5ZN4="></latexit>

||A(ω)
s1,s2,h

||2 → (↑1)ω→!s|g(ω)s1,s1+!s,h|
2||ω||4s1→4ω

→hỸ ε̃ ω→!s

ε ω+!s hYε ω→!s
ε̃ ω+!s

・Slow-rotating limit


・Macroscopic spherical symmetry → probability 
<latexit sha1_base64="+A12xqAYzteJ55x5fsdCqfmRHjM="></latexit>→ Spinning Legendre Polynomial

<latexit sha1_base64="gyIbLm0r3+yTeemDMjCVuzGFs+s="></latexit>

|g(ω)s1,s1+!s,h|
2 = |g(ω)h |2

(
2ω

ω+ |!s|

)

<latexit sha1_base64="vc+25pVpT5MStoG21ba5ey8wJZM="></latexit>

|g(ω)s2→!s,s2,h
|2 = |g(ω)h |2

(
2ω

ω+ |!s|

)

Absorption

Emission

All              couplings are 

Controlled by the single coupling

Spin-universality

<latexit sha1_base64="n1k03D3cT5AM09f6I9IyJatg/VM="></latexit>s
<latexit sha1_base64="6vRlQ9VodlDzSHLepez1WPdcaBE="></latexit>

s→ 1

<latexit sha1_base64="z2qK+/xbR80vzVNZs8beZCTCUrw="></latexit>

s+ 1

<latexit sha1_base64="n1k03D3cT5AM09f6I9IyJatg/VM="></latexit>s

By requiring

<latexit sha1_base64="l/W+yJBheT/i4ooYaGv1JkEf+wY="></latexit>

2ω+ 1



Local detailed balance

<latexit sha1_base64="FfXB2pOnT4Ypbw94o9QQ7IHT6OM="></latexit>

hP
abs
ω,m(ω) =

|ω|
8εM2

ϑ(M2)|g(ω)h |2 (ω > 0)

<latexit sha1_base64="qNSSHrrfaqQJk25rkHRTzw4lALU="></latexit>

→hP
em
ω,m(ω) =

|ω|
8εM1

ϑ(M1)|g(ω)h |2 (ω < 0)

absorption/emission probability is derived as:

With spin universality & Slow rotating limit

<latexit sha1_base64="w0OZT69T8f9aZjgEv1PEfzlL9Z4="></latexit>

hP abs
ω,m(ω)

→hP em
ω,m(→ω)

= e!S , !S = S(M2)→ S(M1) (ω > 0)

Local detailed balance equation

The ratio of two probabilities are controlled by the entropy difference. 
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Application to the BH

BH thermal spectrum is derived by using classical information  

(Greybody factor        : classical transmissivity)
<latexit sha1_base64="+OxvnM61m4zBKK/fBrsYSvE/Mno="></latexit>

|Tω|

<latexit sha1_base64="DCjQEMmlEr9ECrlHHsKKZL1+AXU="></latexit>

|Tω(ω)|2 = hP
abs
ω,m(ω)→ →hP

em
ω,m(→ω)

When classical wave is sufficiently small & emission is weak

<latexit sha1_base64="sMJxbGhp3+YqpMjKInHwwBzTw7M="></latexit>

hP
abs
ω,m(ω) =

|Tω|2eε/T

eε/T → 1
, →hP

em
ω,m(→ω) =

|Tω|2

eε/T → 1
,

Absorption and emission probability of partial wave

<latexit sha1_base64="/gxtGlrjB3pSKL0+fZZQtGVwkDY="></latexit>

|Tω|2 < 1→ e→ε/T
<latexit sha1_base64="Un7eV52hYt+DCi3/RpyycyXjzEU="></latexit>

hP
abs
ω,m(ω) < 1

Unitarity implies High energy limit for Schwarzschild

<latexit sha1_base64="pNaQbHAapp80CG2kCRU3wDJ8pV0="></latexit>

|Tω|2 → 1↑ e→8εGMϑ

If we assume BH maximize the absorption, we found
<latexit sha1_base64="gssKaJR8vtV5Gtiy6bFIznFFoCk="></latexit>

T =
1

8ωGM

We rediscovered the Hawking temperature

<latexit sha1_base64="dhqsT/zTWV846vi5YbYGt4nhRQc="></latexit>

T :=
ωM(S)

ωS

[V. P. Frolov and I. D. Novikov (98)]



Our main result

<latexit sha1_base64="Vf6DBPih8UT4hUGEuZFZO5XvYmI="></latexit>

P abs(ω)

→hP em(→ω)
= e!S , !S = S(Mf )→ S(Mi) (ω > 0)

1. For macroscopic object, we derived the local detailed balance equation with 
on-shell approach.

3. Applying this to black holes and using the unitarity, we derived the Hawking 
thermal spectrum

<latexit sha1_base64="1yFdA7Rt0RDiqY4gf+sQiB2fRhs="></latexit>

→hP
em
ω,m(→ω) =

|Tω|2

eε/T → 1

<latexit sha1_base64="+OxvnM61m4zBKK/fBrsYSvE/Mno="></latexit>

|Tω|

<latexit sha1_base64="I1glEOQR4lGZi6PZhoTQYAkx9E8="></latexit>

T

: greybody factor

: Hawking temperature

2. Slow-rotating limit + spherical symmetry → spin universality



Summary & Outlook

・Our description is justified only on timescales well below the BH lifetime.

→ Around Page-time, BH can no longer be regarded as an asymptotic states. 


→ Resonance? 

・We developed non-equilibrium transition between asymptotic equilibrium state.

・It is interesting to consider the connection between our approach and non-
equilibrium physics, the eigenstate thermalization hypothesis and fluctuation 
theorems, and apply them to BH thermodynamics

・It seems possible to construct the framework for studying the two- and many-
body dynamics of thermal objects.

→ Radiation from BHs, neutron stars, and their environments can be 
systematically incorporated into the amplitudes program,


→It can be opening the possibility of testing these using gravitational-waves 
observations.


