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Testing the gauge/gravity duality
[’t Hooft, Susskind, Maldacena …]

Black
Hole

Type IIA superstring theory
in the near horizon limit of
a black 0-brane geometry

(0+1)-dim maximally supersymmetric gauge theory

dictionary

Compute observables that are dual to 
each other on both sides and compare 

in the easy case (0+1)d



Supersymmetric quantum mechanics

XM ,M = 1, . . . , 9 (N ⇥N) ! hermitian scalars

 ↵ ,↵ = 1, . . . , 16 (N ⇥N) ! adjoint fermions

Dt· = @t ·�i[At, ·] ! gauge covariant derivative

L =
1

2g2YM

Tr

⇢
(DtXM )2 � 1

2
[XM , XM 0 ]2 + i ̄↵Dt ↵ +  ̄↵�M↵� [XM , � ]
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[Witten ’94, Banks, Fischler, Shenker, Susskind ’96, but also Hoppe et al. ’82-’85]
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Matrix quantum mechanics
[Hoppe ’82, Kawahara Nishimura Takeuchi 2007, Filev O’Connor 2016]

rich phase structure 
confined at low-T

XM ,M = 1, . . . , 9 (N ⇥N) ! hermitian scalars

 ↵ ,↵ = 1, . . . , 16 (N ⇥N) ! adjoint fermionsDt· = @t ·�i[At, ·] ! gauge covariant derivative

S =

Z 1/T

0
dtL

� = g2YMN ’t Hooft coupling

obtained from U(N) YM in (9+1)d via dimensional reduction to (0+1)d
it can be seen as the high-T limit of maximally supersymmetric (𝒩=8) (1+1)d U(N) SYM on a circle
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Lattice Gauge Theory Primer
• Discretize space and time 

• lattice spacing “a” 
• lattice size “L”
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methods 
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Monte Carlo simulations 
❖ Observables: E/N2, |P|, 

R2=Tr[X2]/N, 
F2=Tr([Xi,Xj]2)/N

❖ Large statistics for all 
parameters (N,L,T) is 
needed

❖ Dedicated autocorrelation 
analysis is paramount due 
to long fluctuations

❖ All data is published in 
tables and can be used for 
future benchmarks!

[MCSMC, Phys. Rev. D94 (2016) 094501]

T=0.5 N=24 L=32 O(a) improved action



Monte Carlo simulations 
❖ Observables: E/N2, |P|, 

R2=Tr[X2]/N, 
F2=Tr([Xi,Xj]2)/N

❖ Large statistics for all 
parameters (N,L,T) is 
needed

❖ Dedicated autocorrelation 
analysis is paramount due 
to long fluctuations

❖ All data is published in 
tables and can be used for 
future benchmarks!

[MCSMC, Phys. Rev. D94 (2016) 094501]
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Monte Carlo simulations 
❖ Observables: E/N2, |P|, 

R2=Tr[X2]/N, 
F2=Tr([Xi,Xj]2)/N

❖ Large statistics for all 
parameters (N,L,T) is 
needed

❖ Dedicated autocorrelation 
analysis is paramount due 
to long fluctuations

❖ All data is published in 
tables and can be used for 
future benchmarks!

[MCSMC, Phys. Rev. D94 (2016) 094501]
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Previous results
❖ Different cutoff 

regulator
❖ Different 

discretizations
❖ Finite N
❖ Finite cutoff

❖ Qualitative 
agreement

❖ Not enough precision 
for quantitative 
predictions

[Agnastopoulos et al. arxiv:0707:4454]
[Catteral, Wiseman arxiv:0803.4273]

[Hanada et al. arxiv:0811.3102]
[Hanada et al. arxiv:1311.5603]

[Kadoh, Kamata arxiv:1503.08499]
[Filev, O’Connor arxiv:1506.01366]
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Phase transitions

[Kawahara, Nishimura, Takeuchi 2007]

❖ Temperature corresponds to spatial 
circle of 2d SYM

❖ Phase transition corresponds to 
black hole/black string topology 
change in the dual gravity picture

❖ Previous results at finite N

❖ and finite cutoff

❖ Qualitative agreement with 
transition of 2nd order



Bosonic BFSS to large N
[MCSMC 2019, in preparation]
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Bosonic BFSS to large N
[MCSMC 2019, in preparation]
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Order of transition
[MCSMC 2019, in preparation]

100000 200000 300000 400000

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

simulation time

|P
|



Order of transition
[MCSMC 2019, in preparation]
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Transition is 1st order: consistent with gauge/gravity prediction in 2d SYM



Summary and future work
❖ Testing the gauge/gravity duality is the first step towards 

using it to define a quantum theory of gravity

❖ Numerical tests are now mature for low-dimensional 
systems: control over continuum and planar limit

❖ Lower temperatures can probe the M-theory regime of the 
model: new results are already coming…

❖ Higher-dimensional SYM can be studied on the lattice:  
first step using effective lower-dimensional models

❖ Phase diagram elucidated with numerical simulations.
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but E is independent of |P|

θ is independent of E 
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Flat direction: evaporation
[Berkowitz, Hanada, Maltz, Phys. Rev. D94 (2016) 126009]

( )
N

N

( )
N-1

N-1

#dof=N2

#dof=1+(N-1)2

emission is entropically 
disfavored at large-N
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Partial Deconfinement
[Hanada, Maltz ’16, Hanada, Ishiki, Watanabe ’18]
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