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• Why Quantum Gravity?

• Why string theory and holography?  

• Quantum gravity via holography (hot black hole) 

• Black hole formation &  evaporation via holography (hot, 
evaporating black hole)

(M.H.-Hyakutake-Ishiki-Nishimura, 2014, Science)

(Berkowitz-M.H.-Maltz, 2016, submitted to Physical Review X)
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We must understand the dynamics of quantum gravity 
based on the First Principle.

We want to know the fundamental laws of nature. 

We may even see it — early universe, black hole merger,.. 

Black hole information puzzle 

Why Quantum Gravity is exciting

today’s main topic!



Chapter 7 
Black Holes Ain't So Black 

black  
hole

Hawking 1974

In quantum theory,  
the black hole evaporates 

by emitting particles.

Black hole heats up, the evaporation speeds up.
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Masanori = Justin ≠ Albert 
Hanada ≠ Bieber ≠ Einstein

initial state

final state

Something is wrong —

Hawking 1974
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Electromagnetism

Weak interaction

Strong interaction (QCD)

Gauge Theory

’t Hooft 1993, Susskind 1993 Maldacena 1997

Quantum Gravity 
(String Theory)

Supersymmetric 
Gauge Theory

holography 
gauge/gravity duality= (conjecture)



SU(3) gauge theory

Aμ11 Aμ12 Aμ13 

Aμ21 Aμ22 Aμ23 

Aμ31 Aμ32 Aμ33

3 colors

QCD

gauge field  
(gluon)

Supersymmetric  
Gauge Theory

SU(N) gauge theory

Aμ11…..Aμ1N 
………….. 

AμN1 …..AμNN

N colors

Ψ11…..Ψ1N 
………….. 

ΨN1…..ΨNN

(N=2,3,4,…,∞)

+ quarks



Electromagnetism

Weak interaction

Gauge Theory

Strong interaction (QCD)

No information loss in principle. 
But we have to explain how black holes evaporate.

Quantum Gravity 
(String Theory)

Supersymmetric 
Gauge Theory

= (conjecture)



IIA/IIB string around 
black p-brane

(p+1)-d U(N)SYM
(Dp-branes+strings)definition

Gauge/Gravity Duality

p=0,1,2,3

It is not very different from QCD.
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Gauge Gravity
(supersymmetric gauge theory) (superstring/M-theory)

Quantum Gravity from the First Principle

But no tool in usual string theorists’ toolkit (or “hep-th")…

Cold, stable black hole: 

Hot, evaporating black hole: Even more interesting!
💔

In principle, all the information 
about Quantum Gravity is here!

Precise understanding!



Gauge Gravity
Large-N, 

strong coupling
Einstein Gravity

easier

difficult
(supersymmetric gauge theory) (superstring/M-theory)

Valuable tool to study strongly 
coupled dynamics of gauge theory.

but this in only a half of the story…



Gauge Gravity
Large-N, 

strong coupling
Einstein Gravity

easier

Large-N, 
finite coupling

Tree-level String 
(Finite string size)
more difficult

Finite-N, 
finite coupling

Quantum String
(Virtual string loops)

very difficult

difficult

This direction is also important!

(supersymmetric gauge theory) (superstring/M-theory)
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(p+1)-d U(N)SYM
(Dp-branes+strings)definition

Gauge/Gravity Duality

p=0,1,2,3

It is not very different from QCD.
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Lattice QCD 
Nuclear Theory

(Supersymmetric)  
Gauge Theory

Black Hole

numerical  
methods

allows us to make  
quantitative predictions  

— in principle.

impossible?
(M.H. and collaborators, 2007 — 2012)©KEK

Lattice/Nuclear + String  ⇒  Quantum Gravity

powerful numerical tools 
for explicit calculations 

— in practice.



black hole (0+1)-d SUSY gauge theory

black string (1+1)-d SUSY gauge theory

AdS5 (3+1)-d SUSY gauge theory

Anagnostopoulos, M.H. ,Nishimura, Takeuchi, 2007 
Catterall, Wiseman, 2008

Cohen, Kaplan, Katz, Unsal, 2002 — 2005 

Catterall, Giedt, 2005 — 2010

M.H., Kanamori, 2010

OK to all order in perturbation 

Fails at nonperturvative level? 

OK at nonperturvative level 

M.H., 2010
M.H., Matsuura, Sugino, 2012

technical jargon: “fine tuning free formulation”



Gauge theory description of a black hole 
(D0-brane quantum mechanics)
(Banks, Fischler, Shenker, Susskind 1996; Itzhaki, Maldacena, Sonnenschein, Yankielowicz1998)

diagonal elements = particles (D0-branes) 
off-diagonal elements = open strings 

(Witten, 1994)

N

N

black hole = soliton in gauge theory                     
                  (bound state of D-branes and strings)



XM =

position of i-th D0-brane in R9

XMij : open strings connecting i-th and j-th D0-branes. 
large value → a lot of strings are excited

(X1ii,X2ii,…,X9ii)

X11

X22

X33

X12

X13

X23



• Imaginary time (thermodynamics, in particular) has 
been successfully studied so far. 

Anagnostopoulos, M.H., Nishimura, Takeuchi, 2007 
Catterall, Wiseman, 2008 
Kadoh, Kamata, 2015 
Filev, O’Connor, 2015

M.H., Hyakutake, Nishimura, Takeuchi, 2008 
M.H., Hyakutake, Ishiki, Nishimura, 2013 
Monte Carlo String/M-theory Collaboration, in preparation

M.H., Miwa, Nishimura, Takeuchi, 2008

M.H., Nishimura, Sekino, Yoneya, 2009, 2011

Black hole mass (SUGRA)

Black hole mass (string)

Polyakov loop

Correlation functions



effective dimensionless temperature Teff = λ-1/3T

D0-brane quantum mechanics

It should reproduce thermodynamics of black 0-brane. 

high-T = weak coupling = stringy (large α’ correction)

(dimensional reduction of 4d N=4 SYM)

0

β=1/T



Monte Carlo String/M-theory Collaboration 
(MCSMC)

Evan Berkowitz (LLNL) 
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Main target: quantum nature of black hole

12th 
in TOP500

4th 
in TOP500 

(1st in 2011)

If you are interested…  
you will be more than welcomed!



String theory prediction

BH mass = E = − 

E/N2 = 7.41T14/5 + a T23/5 + b T29/5 +… + O(1/N2)

∂β
∂ー log Z 



strong coupling weak coupling

2.8

2.8

2.8

2.8

N=∞ obtained from N=16, 24, 32



E/N2 = 7.41T14/5 + a T23/5 + b T29/5 +… + O(1/N2)

check this part.
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TT

coefficient
of 1/N2

dual gravity prediction
−5.77T0.4

M.H.-Hyakutake-Ishiki-Nishimura, Science 2014

E/N2 = 7.41T2.8-5.77T0.4/N2+…
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• Why Quantum Gravity? 

• Why string theory and holography?  

• Quantum gravity via holography (hot black hole) 

• Black hole formation & evaporation via holography 
(hot, evaporating black hole)

(M.H.-Hyakutake-Ishiki-Nishimura, 2014, Science)
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BH
gas

open strings  
(off-diagonal components)  

are excited 
open strings are suppressed

entropy ～ N2 entropy ～ N

Because of the chaotic nature of the system, 
almost all initial conditions end up with 
‘typical’ matrix configurations — BH. 

Formation of BH



N2(N-1)2+1

(N-2)2+2(N-3)2+3

Formation of BH



N22 × (N/2)2 = N2/2

Merger of BH



BH cools down as it grows

T
T

T’

high-T

N/2 N/2

N/2
N/2

N

N

E = 2 × 6T (N/2)2 = 6T’N2 T’ = T/2 

T～ (energy)/(# d.o.f)

Energy does not change 
# d.o.f. increases Black hole cools down



T
T

T’

low-T

N/2 N/2

N/2
N/2

N

N



Evaporation



Gauge theory description of a black hole
(Banks, Fischler, Shenker, Susskind 1996; Itzhaki, Maldacena, Sonnenschein, Yankielowicz1998)

diagonal elements = particles (D0-branes) 
off-diagonal elements = open strings 

black hole = soliton in gauge theory 
                     (bound state of D-branes and strings)

(Witten, 1994)



Gauge theory description of a black hole
(Banks, Fischler, Shenker, Susskind 1996; Itzhaki, Maldacena, Sonnenschein, Yankielowicz1998)

diagonal elements = particles (D0-branes) 
off-diagonal elements = open strings 

black hole = soliton in gauge theory 
                     (bound state of D-branes and strings)

metastable state (resonance)
(Witten, 1994)



Particle emission from black hole

N−1

N−1

N

N



N

N

N−1

N−1



Finite probability of particle emission, suppressed at N=∞ 
(Anagnostopoulos M.H. ,Nishimura, Takeuchi, 2007)

# d.o.f. 
= N2

# d.o.f. 
= (N−1)2 + 1

Emission rate ～ exp(−N)

Temperature goes up!
(Berkowitz, M.H., Maltz, 2016)



# d.o.f. 
= N2

# d.o.f. 
= (N−1)2 + 1

T～ (energy)/(# d.o.f)

Energy does not change 
# d.o.f. decreases

(Berkowitz, M.H., Maltz, 2016)

Black hole heats up as it evaporates!

Microscopic derivation of negative specific heat



～ T 

high-T

at low-T



Concrete counter-example to information loss!

…..

Radiation spectrum is (almost) thermal. 
Black hole heats up. 
Evaporation speeds up. 
No remnant.  
Detailed numerical analysis with nuclear theory methods.

Black Hole Evaporation seen as Matrices

≠

(Berkowitz, M.H., Maltz, 2016)

(M.H., Romatschke, in progress)

(Almheiri, M.H., Maltz, Shenker, in progress)



N different kinds of strings  
pull back the particle

O(N) attraction

O(1) force
“horizon”

(Berkowitz, Gur-Ari, M.H., Maltz, Rinaldi, Vranas, in progress)

Emergent Geometry



classical matrix model

Effective theory  
in terms of particles

“horizon”

(Aoki, M.H., Iizuka, 2015; Gur-Ari, M.H., Shenker, 2015; Berkowitz, M.H., Maltz, 2016)

Black hole becomes hotter

Weak-coupling methods become better

Numerical real-time calculation can be done



Summary 
• Hot Black Hole can be studied. Mostly 

numerically, to some extent analytically.

• BH heats up as it evaporates. It is a generic 
property of string theory and gauge theory.

• Real-time simulation is possible for a very hot 
black hole.

• Your contribution will be appreciated!

— implication to information puzzle 
— interesting thing for numerical simulation 
— emergent geometry; connection to other approaches? 
— and anything interesting!


