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Yukawa Self-interaction

 - 10D SUGRA at low temperature 
 - Dimensionful coupling, easy scale setting! 
 - Low T = strong coupling

BFSS Conjecture: 
This theory ≡ M theory 

IIA is in here too!
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Yukawa Self-interaction

 - 10D SUGRA at low temperature 
 - Dimensionful coupling, easy scale setting! 
 - Low T = strong coupling

Quote everything in terms of 
dimensionful coupling λ = gYM2 N

eg. T is actually λ-1/3Τ
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At large N BFSS is a 2nd quantized theory!

2 BHs
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Monte Carlo Study of Metastable State?
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Possible Observables

0707.4454   Anagnostopoulos et al. 
0803.4273   Catterall+Wiseman 
1503.08499 Kadoh, Kamata             
1506.01366 Filev, O’Connor

0811.3102   Hanada, Hyakutake, Nishimura, Takeuchi 
1311.5603   1603.00538 Hanada, Hyakutake, Ishiki, Nishimura 
1606.04948 1606.04951 MCSMC

0811.2081  Hanada, Miwa, Nishimura, Takeuchi

1108.5153  Hanada, Nishimura, Sekino, Yoneya, 2009, 2011

SUGRA

Finite N

Polyakov loop

2-point functions

Fast Scrambling arXiv:1512.00019 Gur-Ari, Hanada, Shenker tscramble ⇠ logN

1709.01932  Rinaldi, Berkowitz, Hanada, Maltz, VranasForce

Likely an incomplete list!

http://arxiv.org/abs/1512.00019
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’t Hooft counting still valid, even in discretized theory
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Test: BH Internal Energy
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 - a0 = 7.41 
hep-th/980242 Itzhaki, Maldacena, 
Sonnenschein, Yankielowicz 

 - b0 = –5.77 
1311.7526 Hyakutake 

 - No large N 
 - No continuum limit 
 - a0 fixed by hand 
 - NLO tension

0707.4454 Anagnostopoulos, Hanada, Nishimura, Takeuchi 
0803.4273 Catterall + Wiseman 
0811.3102 Hanada,  Hyakutake, Nishimura, Takeuchi 
1311.5603 Hanada, Hyakutake, Ishiki, Nishimura 
1503.08499 Kadoh, Kamata 
1603.00538 Hanada, Hyakutake, Ishiki, Nishimura



Example Monte Carlo History
T=0.5 N=24 L=32

Long correlations can be seen in each observable.

MCSMC 1606.04948 1606.04951



Thermalization Cut
MCSMC 1606.04948 1606.04951
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Statistical Stability
MCSMC 1606.04948 1606.04951
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Compute!



Ensembles



Derivative Improvement



Fixed-N Continuum Extrapolation
T=0.7 N=16
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Simultaneous Continuum + Large-N Extrapolation
T=0.5
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Simultaneous Continuum + Large-N Extrapolation
T=0.5
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slope: continuum N-2 correction
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No stringy input:  a Tp ?
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No stringy input:  a Tp ?

a = 3.13±0.02 
p = 2.05±0.03 

χ2/DOF = 8.2/11

Ε0 ≈ π T2?
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Summary

Quantum Gravity Gauge Theory

• 0+1D BFSS reproduces known 10D SUGRA result 

• Nontrivial checks of gauge / gravity duality 

• Predictions about (quantum!) stringy corrections.



Probes of Geometry



XBH

rtrap r

xD0

w

rbunch High Temperature
See also: 1605.05597 Asano, Filev, Kováčik, O’Connor 
+ talk from D. O’Connor

prolateoblate spherical

Large rr→0 Intermediate r

Commutator Tidal Weak



XBH

rtrap r

xD0

w

rbunch

Large rr→0 Intermediate r
r≲T: strings excited, strong attraction 
r~T: D0s are trapped by entropic suppression 
r≳T: stringy excitations suppressed

f(T) N r-8 
f(T)→0 as T→0

oblate prolate spherical

force vanishes 
by rotational sym. 
open strings excited 
F ~ N

High Temperature
See also: 1605.05597 Asano, Filev, Kováčik, O’Connor 
+ talk from D. O’Connor



Force / Emergent Geometry
MCSMC 1709.01932

BH + probe D0

δr
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F(N,L,r0) = 2 c ⟨δr⟩δr

No unphysical 
longitudinal modes

At = 0 gauge



⟨δr⟩ in different directions

probe displacement direction perpendicular direction

r0=7 T=3.0 N=8 L=8

c=100 c=50



⟨δr⟩= F(N,L,r0) / 2 c 
T=3.0 N=8 L=8

⟨δ
r⟩

slope at infinite c = F/2 at r0



Force on probe D0 brane
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Force on probe D0 brane
MCSMC 1709.01932

rpeak

rtrap

(Numerical) Dream: 
observe Newton’s law

Attraction Repulsion Attraction (?)



Hints of T=0 Supersymmetry

At T=0 fermionic and bosonic contributions should cancel.



Length Scales
MCSMC 1709.01932

L=10



Length Scales
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L=10
} shouldn’t vanish at T=0 (quantum fluctuations)



Length Scales
MCSMC 1709.01932

L=10

?

} shouldn’t vanish at T=0 (quantum fluctuations)



Bunch Deformation
MCSMC 1709.01932

prolateoblate spherical

T=2.0 N=12 L=10



Where is the Horizon?

XBH

rtrap r

xD0

w

rbunch • The whole bunch? 
✓ Carries all the information 
✓ Light modes become massless near rbunch 
✓ Open string condensation needed for fast 

scrambling 
✓ Euclidean signature’s dual does not have 

an ‘interior’ 
• rtrap? 

✓ Repulsive force seems naturally ‘outside’. 
✓ Off-diagonal elements are excited / 

emission increases the  temperature 
✓ Stringy effects happen inside rtrap 
✗ Euclidean theory knows about interior, 

against lore 
✗ Can pass through the horizon in finite 

gauge theory time 
• Elsewhere?

(High Temperature)
F/

N

r

See also: 1512.02536, 1612.09281 Filev + O’Connor



Summary

Quantum Gravity Gauge Theory

• Geometrical story seems good at long and maybe even 
intermediate distances. 

• Where exactly IS the horizon?  rbunch? rtrap? The whole bunch is 
the horizon? 

• Velocity dependence of the force? 

• LOTS TO DO!



Backup Slides



Off-diagonal Elements T=2.0 N=12

0-point energies {



Off-diagonal Elements (Open String Diagnostic)
T=2.0 N=12

0-point energies {

Perturbation theory 
and geometry 
make sense

“Position” is  
OK-ish

rtrap (L=10)



Choice for Potential Strength T=3.0 N=8 L=8

c ≳ 50 is fine for cases we studied 
We set c = 100



Phase Quench


