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Abstract: We present new results from our Monte Carlo simulation of SUSY matrix quantum mechanics with 16 supercharges at finite temperature.
The internal energy can be fitted nicely to the behavior predicted from the dual black hole thermodynamics including the apha corrections. The
temporal Wilson loop can also be predicted from the gravity side, and it is directly related to the Schwarzschild radius of the dua black hole
geometry. Our results for the Wilson loop indeed confirm this prediction up to subleading terms anticipated from the apha’ corrections on the
gravity side. All these results give us strong support and a firm basis for the idea to use matrix model simulations to study quantum gravity.
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0. Introduction
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Stmulating Quantum Black Holes

“quantum black hole”
o CERN COURIER, March 2008
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A basts of gauge/ gravity duality
i i : Maldacena ('97)
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A basts of gauge/ gravity du

ality

_ Maldacena ('97)
E Superstrlng massless modes
" open string gauge particles,...
_closed string graviton, dilaton,...

D brane ~“soliton solution” extending in

(Direc h%’
| open string-closed string

~—— duality

T

-

,_ propagation of a gauge particle
y  (p+ 1) dim. UN) SYM | low energy limit |

emission of a graviton

curved 10d spnalce—ﬁr

D
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Gauge-gravity duality tor DO-brane system

type IIA superstring Itzhaki-Maldacena-Sonnenschein
N DO branes -Yankielowicz (98)
| | ~horizon
t 5 . f"fﬁf

#-’ffﬂ_.—-_-_‘__‘x\\-n_x -‘1_ |
/1d U(N) SUSY ., ~“black 0-brane solution™

‘gauge theory A “.in type IIA SUGRA |

H‘\-\-‘_;__‘_____._'_,_._/H' ‘LE'._ My

at finite 7 nuy near-extremal black hole

A : 't Hooft coupling

In the decoupling limit, the DO brane system describes
' the black hole microscopically.

large N and large A ===>» SUGRA description : valid
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A basis of cauge/ eravity duality
. < . C_ il o
Maldacena ('97)

3 Superstring massless modes
{\'ﬁopen string gauge particles...
_closed string graviton, dilaton..

D brane ~*soliton solution” extending in (p + 1)-dim
(Direchlet) __—=7" r/%/

open string-closed string ||
S duality ‘ (TN ‘
| _._,_LHH‘
N
—  propagation of a gauge particle emission of a graviton
ny (p+1) dim UN) SYM |low energy limit | curved 10d space-tir
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Gauge-gravity duality tor DO-brane system

type I1IA su perstring [tzhaki-Maldacena-Sonnenschein
AN DO bianes -Yankielowicz (98)
I fhoﬂzon
t ‘_r:“_l fffﬂ

_,.-f'ff’fﬂ_._-___‘_‘_‘x\\\“-x _‘1— | //(—_\
/1d U(N) SUSY I ~“black 0-brane solution™

gauge theory Pl n type IIA SUGRA

e \_\5‘_—___-_#;/»-' ‘L:.__ l i \_///

at finite T ”‘“__ near-extremal black hole

A 't Hooft coupling |

In the decoupling limit, the DO brane system describes
the black hole microscopically.

large N and large A === SUGRA description : valid
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Stmulating superstrings inside a black hole

® black hole thermodynamics
Anagnostopoulos-Hanada-].N.-Takeuchi ('08)

/) 1411 S , 7 \14/5
N2 | A (

_ 9 | a0
= _4[41 13 [._x?.) 31/3)

7.41
InCluding o' corrections
Hanada-Hyakutake-].N.-Takeuchi,arXiv:0811.3102

E

)

chwarzschild radius from Wilson loop
Hanada-Miwa-].N.-Takeuchi, arXiv:0811.2081[hep-th]

8 ‘BR ‘~
W = tr P exp ;/ dt{A(t) +iXo(t)}| ~ exp [ ==
JO | \ 2wat
_7/212/3 —3/5
InW = "?_S_CI" e ?1‘ f 16v15 ] ( TB) compatible with
2ral 2w | 7 ] A the fuzzball picture !
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Gauge-gravity duality tor DO-brane system

type IIA superstring

N DO _pranes

t

fﬁ\\
~1d U(N) SUSY
_gauge theory
at finite 7

A 't Hooft coupling

[tzhaki-Maldacena-Sonnenschein
-Yankielowicz (98)

horizon

e

e

~“black 0-brane solution ™
“_in type IIA SUGRA
\\_//

near-extremal black hole

In the decoupling limit, the DO brane system describes

the black hole microscopically.

large N and large A
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Sitmulating superstrings inside a black hole

B black hole thermodynamics
Anagnostopoulos-Hanada-].N.-Takeuchi ('08)

n

[y 14 F TN 1=/
413152 {?) [ ( RTE .)

7.41
Including o' corrections
Hanada-Hyakutake-].N.-Takeuchi,arXiv:0811.3102

9
A

|_|.

|
J— - S—

B Schwarzschild radius from Wilson loop
Hanada-Miwa-].N.-Takeuchi, arXiv:0811.2081[hep-th]
‘BRsch)

- eXD( 2mal x)

W =trPexp {i _/[‘Jj dt{A(t) +iXq(t)}

BRsch _ 1 [16V15x = p T 35

InW = 20 = — | e compatible with
2ra’ 22| 7T ) the fuzzball picture !
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Stmulating superstrings inside a black hole
B black hole thermodynamics
Anagnostopoulos-Hanada-].N.-Takeuchi ('08)

9
14

,—\ 14) /5 14/5
13. 22 (74 r \™
41315%( ?) [ (/\ — )

7.41
InCluding o' corrections
Hanada-Hyakutake-].N.-Takeuchi,arXiv:0811.3102

|
—N—

|_|.

B Schwarzschild radius from Wilson loop
Hanada-Miwa-].N.-Takeuchi, arXiv:0811.2081[hep-th]

3  BRe
W = tr P exp 5/ dt{A(t) +iXo(t)}| ~ exp (2
JO | 2o )
_7/2\2/3 —3/5
InW = ‘C_‘)_SL;‘ - ?1_ [16V15 ] ( T3) compatible with
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1. Simulating SUSY QM
with 16 supercharges
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o

USY matrix QM with 16 supercharges

"
Ss : )t 1::*{-(}::0{-(7&))2 - —[X—(f) Y-(f)]z}
‘ 1 1 |
S == df_ t — g 1D o — — Yoy ¥ 1‘-? ’
F = / F{QL Vo= M (1:)asl L]J
1d gauge theory D = 9 —i[A(t). -]
1 Xt} Ci=1,~~-,9) p.b.c.
L Ya(t) (a=1.---.16) anti p.b.c.
T = 3~' temperature T A
A = g¢°N 't Hooft coupling eff — 13
A=1 (without loss of generality)
_:_' low T strongly coupled dual gravity description

_high T B non-zero modes : weakly coupled (high T exg
(zero modes : integrated non-perturbatively)

Kawahara-J].N.-Takeuchi,
JHEP 0712 (2007) 103, ar)(w 0710.2188[hep-th]
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Fourier-mode simulation respecting SUSY maximally
Hanada-].N.-Takeuchi, PRL 99 (07) 161602 [arXiv:0706.1647]

A _ . 27
X(t)= Y Xinem =
n=—»N\

Note: Gauge symmetry can be fixed non-perturbatively in 1d.

# IC di : a — Q)
static dlaggnal gauge Gen—— Y 2in|sin Qa — ap|
A(t) = —diag(a1.---.ay) b 2
® residual gauge symmetry :  4(t) = diag(e®®¥it ... Kt

- 4?-:1-?! =2 "igi—lfa-i_ﬂb "X'? — .Q‘X'?‘QT
_ g = Qaq+ 27y, A — gAg'+igdg'
should be fixed by imposing —7m < aq <7

c.f.) lattice approach : Catterall-Wiseman, PRD78 (08) 041502

Earlier works based on Gaussian approximation
Kabat-Lifschytz-Lowe, PRL 86 (2001) 1426
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2. Dual gravity description
and black hole thermodynamics

Anagnostopoulos-Hanada- J.N.-Takeuchi, PRL 100
('08) 021601 [arXiv:0707.4454]
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Dual gravity description

After taking the decoupling limit : o —5 0
. - 'r?':  §7
U= (:7 . A=gsNa'3? (fixed) f(U) = M?{l — (2]
. 1 - F o i
ds® = o { F(U)dt? + f(T_)dL-Q + /doAU 3/ 2(!9(28)}
S 7\;—10/21 & I
~ range of validity: N1/3
Black hole thermodynamics
ol ' = T e ? f E":]' 5/2
‘ Hawking temperature : B iedisol ( ,\1.-'3)
{‘ Bekenstein-Hawking entropy : e | i
g g py = 28\,#515_? Z \ll 3
1 E 9 12 7 \14/5
:> - = 413157 ( —) —— )
N2)\1/3 14 F \1/3
7. 41 Klebanov-Tseytlin ('96)
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Result: Internal energy

E = 5(x»r)

Anagnostopoulos -Hanada- ].N. —Takeuchl PRL 100

("08) 021601 [arXiv:0707.4454]

free enerc

(incl. next-leading order)

30
& 5 =
25 L | T’/ — =
1.0 | A y =)
20 | 4 B _ RS
z 45108 a ' 2 high T expansion
L 0 45 0.50 -
% ~ 7.41 Tl*ﬁ-fS - i
N< e =
s N=12,A=4 ———
result obtained N=14 A=4 ——= .
from 10d BH black hole
'_ L= HTE
D — . 1 . I . . :
0.0 2.0 3.0 4.0 5.0

Pi

-
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Dlnl ffmvm* L16~C11pt1(>11

After taking the decoupling limit : o =0
U=_ . A=gNa'? (fixed) f(U) = —K{ 1 fr—c_f]
¥
ds? = { F(U)dt2 +ﬁdt' £ \’-"'fL{)—AL"B/*dQEB)}

{
range of validity: NV 102t o NVE <1

Black hole thermodynamics |

- : . / 7 By N~
| Hawking temperature : 5 = Te /s l573)
< - . ) 1 =1 Us 9/2
!_k Bekenstein-Hawking entropy : S = Savical 51N (__ hl._."g,)
N2)1/3 14 7 AL/3,
7 .41 Klebanov-Tseytlin ('96)
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2. Dual gravity description
and black hole thermodynamics

Anagnostopoulos-Hanada- J.N.-Takeuchi, PRL 100
('08) 021601 [arXiv:0707.4454]
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Pi

Dual gravity description

After taking the decoupling limit : a =50
v=" \ = gsNa' 2 (fixed) fay=Y2 [ (%)
== : A=gsiNa 7 IDAI v/ |

({15;2 {f(L )dz‘ — ﬁd[' 3 \'-":{L;]—AC'_EX-_{EQE )}

{
range of validity: NV —H0 o /3 & 1

Black hole thermodynamics |

IIIII

. . ¢ A 7 Uo \>/2
| Hawking temperature : I3 = 16715772 (573)
- - . i 1 i L -{:, g _.*" >
L Bekenstein-Hawking entropy : w7l ( /\1,,_.-3)

1 E 9 o\ 19\ 5 , 7 \14/5

—) - [ 413152 (= ) (—)
2)\1/3" 14| 7 \1/3
7.41 Klebanov-Tseytlin ('96)
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Result: Internal energy

ap

= —(3’}")

Anagnost{:}poulos -Hanada- ].N. —Takeuchl PRL 100

30 | ('08) 021601 [arXiv:0707.4454] fred ener
1.2 —
25 | | # x
11.0 ¢ ] // . -
20 '_‘ /( ' 1 'I'
il L
= 15 [ [ 0. 80 - ” '50 _z high T expansion
= | ' - (incl. next-leading order)
i,? e 7 4T TEH Y i
N2 N »
i N=12,A=4 ——
result obtained | E N=14 A=4 ——= .
from 10d BH e black hole
b L HTE
0 ) -=.'* N T -
0.0 | 1.0 2.0 3.0 4.0 3.0
| T

Pi
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Result: Polvakov hne
Anagnostopoulos-Hanada- 1.N.-Takeuchi, PRL 100

160 ('08) 021601 [arXiv:0707.4454]
. F . : H __:____E--I'i""_;“.__&_- 4
i : 'High T expansion
C - (including next-leading orde
;f | ; Characteristic behavior of
e , v\ the deconfined phase
I (|P[) = exp(—a/T + b)
| N=12, A=4 ——
. N=14 A=4 —o—
i HIE -
070 L— |
0. 1.0 2.0 3.0 4.0 5.0

no phase transition unlike in bosonic case T
=) consistent with analyses on the gravity size (Barbon et al., Aharony et al.)
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5. Higher dertvative corrections to black
hole thermodynamics trom SUSY QM

Hanada-Hyakutake-].N.-Takeuchi, arXiv:0811.3102[hep-th]
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o corrections to type ITA SUGRA action

low energy effective action of type IIA superstring theory

== ftree-level scattering amplitudes of the massless modes

leading term : type IIA SUGRA action

1 = e 1 |
S0 = Targe | ©02V7I (&R A+ 40,0040) — 1GuGH |

/ "‘.r
Gn ~ ags

explicit calculations of 2-pt and 3-pt amplitudes
<z =Sy —4
4-pt amplitudes

3
=) . 10 —20p4 .
— 5(3) = 167G '/d lL\/—_g {e ol =8 }

Complete form is yet to be determined,
but we can still make a dimensional analysis.
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_ _ / ‘
Black hole thermodvnamics with ¢ corrections

curvature radius of the dual geometry
3/2

!\1/3 '
Pz . (f) x
Uo
!

« Ccorrections

o Uo 3/2 § & 3/5 T Up 5/2
2 (,xl/l’)) N ()\IXB) A\/3 7 (AUB)
corrections at a3 order gives

1 E 2 i 14/5 ‘ T 9/5!
N2)1/3 Lt (,/\1/3) {l +iﬂ ( 1/3) l}
ds to th

More careful treatment lea
(Hanada-Hyakutake-J.N.-Ta

Setting A =1,
= 7.41T4/5 _ cT23/5

N2

i an- AOAEARD Qe
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o corrections to type ITA SUGRA action

low energy effective action of type IIA superstring theory

== ftree-level scattering amplitudes of the massless modes

leading term : type IIA SUGRA action

_ 1 10 i, Al 1 |
S0) = Tercn [ d202v/=g {e 2R + 49,60"5) - 3G G"* }

/ “y
Gn ~ ags

explicit calculations of 2-pt and 3-pt amplitudes
= =@ ="
4-pt amplitudes

!

s
_ «a 110 T
= S = Terc /d =v/—g {e R +-- )

Complete form is yet to be determined,
but we can still make a dimensional analysis.
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Black hole thermodvnamics with ()c corrections

curvature radius of the dual geometry
3/2

}‘1/3
p= (— ) o’
Uo
/

« cCcorrections

_ / ;
y (AT/B)E’; " T N ( Uo )5/2

& ; &
corrections at « > order gives

 \ 14/5 |
vars =7 (5m) {1+ﬂ(§3) }

More careful treatment leads to the same conclusion.
(Hanada-Hyakutake-].N.-Takeuchi,arXiv:0811.3102)

Setting A =1,
=TT _oT8P

)

i an- QAR Qi
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o' corrections to tvpe ITA SUGRA action

low energy effective action of type IIA superstring theory

m tree-level scattering amplitudes of the massless modes

leading term : type IIA SUGRA action

I 10 . _2 e 1 |
‘S(O) — 167Gy /d v —g {e °(R+ 40,00"¢) — zGﬂpG‘uU}

/ -y
Gn ~ a gl

explicit calculations of 2-pt and 3-pt amplitudes
ey ¢
4-pt amplitudes -

i
= . C 710 . —20H4 o
= Se= 167Gy ./d ov/=g {e72°R* +-- -}

Complete form is yet to be determined,
but we can still make a dimensional analysis.
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_ _ / _
Black hole t11er111<:}d};*11;11111c5 with ¢ corrections

curvature radius of the dual geometry
3/2

p> ~ (—/\UE) o'
Uo
r

« cCcorrections

o' ( Ug )3/2N (A$3-)3f5 r ( Ug )5/2

" ; ®
corrections at « > order gives

1 E T \14/5 | T \9/5
_xr2A1/3_ ' (_/\1/3) {l_!_fﬂ()\l/?;) }

More careful treatment leads to the same conclusion.
(Hanada-Hyakutake-].N.-Takeuchi,arXiv:0811.3102)

Setting A =1,
% =7 A TP _gTis

i an - AOAEARS P
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Higher derrvative corrections to

black hole thermodynamics trom SUSY QM
Hanada-Hyakutake-].N.-Takeuchi, arXiv:0811.3102[hep-t

B _ 7.41T4/5(_ ¢ 723/5)

o
in (7.417/5 - = E == e .
| N2) 5 an. higher derivative correctiol
-1' r i S o :_ = T T v r T

- N=17, A=6 —
3 L

N=17. A=8 ———
. G 235 ?.411‘5%
> slope = 4.6 \ P 7.41728%.5.58T*5 i
NE ] I 1 = E,D g T
T @ s 5 st =
= .
e -1 i 10 L ‘=
= [ e ' [ % 2
2- Feom N=1;..-.=4;. T =2
' : N=17, A=6 —=— ] 05 - =
3 | s N=17,A=8 —=— - [ =520
s ' ' apg b ——s S . .
10 05 0.0 05 00 01 02 03 04 05 06 07 08
nT In T’ MC data at T < 0.7 canbe T’
finite cutoff effects nicely fitted with C = 5.28
P S D90 00 2 5P e 36/55
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3. Schwarzschild radius from Wilson loop

Hanada-Miwa-].N.-Takeuchi , arXiv:0811.2081[hep-th]
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Rey-Yee (98),
Maldacena ("98)

o fundamental string

probe DO brane

\

horizon

Hanada-Miwa-J.N.-Takeuchi, arXiv:0811.2081[hep-th]

_4//

////////////////
N\

///////////////////////////
NN
L

-
N\
RN %///%////////

alculation of Wilson loop

N DO branes

—
_a

(

|
‘ W =trPexp {s‘. /: dt{A(t) + iXo(t)}

Jun MNishirmara (KEEK

9

propagation of a test particle
coupled to A(t) and Xg(t)

gauge theory side :



’

on loop (cont’d)

—

D

horizon

+ (s® Dart)}

o
—
=
>
=
BEx 3.
g8 -2
c = o =’
cs + E
Qo ‘L )
S8 A -
e 84 = £
Y
! oL -~ =
) 0 o~ ©
O 05 | o
pe o =
o Q) 4 -~
Q @i T —
= %
-
Q. .
R ixxx**

Wil

-

ation ot

(Calcul

F Y
¥

B (U — Up)
Page39/55

27T

string action for the minimal surface
string —

U
Jun Nishermra (KEEK

7

Ug

gravity theory side :

propagation of the string
in the b.g. geometry
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Calculation of Wilson loop (cont’d)

I/Vé_*”j — @ Ostring at large N and large A

o

_ perimeter-law suppression factor
due to propagation of a particle with mass M

1 : g
Sstring — g-‘ﬁ (Ux — Ug)

BU BU
log W — BM|=""9 _|F-c0
> 27 2m
~ natural to identify —  More sophisticated justification

a la Drukker-Gross-Ooguri ('99)

|

2/5
 BUy PBRsen 1 (16vISa7/2)*° , T \-3/5
27 2o 2w 7
1.89

Jun Mishirmara (KEE

AL/3
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Results: Wilson loop

Hanada-Miwa-].N.-Takeuchi, arXiv:

(log |W[)

Pirsa: 09010025

—5
Q == N W &~ O O N 0 O o

|
ol

W = tr P exp L,r /OJ dt{A(t) + i Xq(t)}

811.2081[hep-th]

N=4 —o—

N=6
N=8
N=14

high Texp. ——

high T exp.
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_alculation of Wilson loop (cont’d)

Wé_MB — @ Sstring at large N and large A

B it

_ perimeter-law suppression factor
due to propagation of a particle with mass M

1 . =
Sstring = ﬂ-‘ﬁ (U — Up)

BUg | BUx

logW — M = —
A ' 2?T 2—31-_
~ natural to identify —  more sophisticated justification

a la Drukker-Gross-Ooguri ('99)

|

8Uo _ BRscn _ 1 {16\/1*5/2}2/5 (X )—3/5

27 2ral 27 7 AL/3
1.89

Jun Mishirmuara (KEE

logW = -

Page42/55



Results: Wilson loop

Hanada-Miwa-].N.-Takeuchi, arXiv:

(log |W[)

Pirsa: 09010025

—
aQ == N W &~ O O N 0O O o

I
s

W = tr P exp L,r /OJ dt{A(t) + i Xo(t)]

811.2081[hep-th]

N=4 —=—

N=6
N=8
N=14

n

N=17 —=—

high T exp.

high T exp.

(next-leading) o5

(i
ol

il lﬂ_l!]

“" Schwarzschild radius
from the Wilson loop

3 Rgch
_—r

—

¥
d-d—*_'_'_'—_h‘-—q____ﬁ.

log W =(1.897>/> ) 4.58

""-\-\_\_:_____'_,_,_o—""'-'-.f F

sub_leading term
(perturbative correction

Jun Mishimura (KEE

6 7 8
T—3/5

Page43/55



Calculation of Wilson loop (cont’d)
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Summary and future Prospects

® Monte Carlo studies of
supersymmetric large N gauge theories

powerful method for superstring theory

® simulating superstrings inside a black hole
based on gauge/string duality
""Black hole thermodynamics (E v.s. T relation)

\E_Schwarzschild radius reproduced from Wilson loop

® a highly nontrivial check of the duality
microscopic origin of the black hole thermodynamics

including higher derivative corrections !
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3. Schwarzschild radius from Wilson l{::_n:;)p
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Higher derrvative corrections to
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Wilson loop (cont’d)
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gravity theory side :

propagation of the string
in the b.g. geometry
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Calculation of Wilson loop (cont’d)
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Summary and future prospects

® Monte Carlo studies of
supersymmetric large N gauge theories

powerful method for superstring theory

® simulating superstrings inside a black hole
based on gauge/string duality
‘”Black hole thermodynamics (E v.s. T relation)

\E_Schwarzschild radius reproduced from Wilson loop

® a highly nontrivial check of the duality
microscopic origin of the black hole thermodynamics

including higher derivative corrections !
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Stmulating Quantum Untverse

Nonperturbative formulations of superstring/M theory

Matrix Theory Banks-Fischler-Shenker-Susskind (97
Type IIB matrix model| Ishibashi-Kawai-Kitazawa-Tsuchiya ("9
Matrix String Theory Dijkgraaf-Verlinde-Verlinde ('97)

How does our 4d space-time appear from 10d (11d) space-time -

. . - 1 )
e.g,) S — .\- tr{—z[:‘iﬂ.j{y]z _{" ;f_'u(rlu)ﬁ _-;[.Xru. L"j]}'
Eigenvalue distribution of X,

SO(10) -~ SO(4) ?
SSB

Gaussian expansion method

J.N.-Sugino ('01),
Kawai et al. ('01),...

Monte Carlo simulation, in progress
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