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Direct test of gauge/gravity duality

Difficult because the gauge theory side is strongly coupled.

DO brane case Itzhaki-Maldacena-Sonnenschein-Yankielowicz ("98)
1d SYM with 16 supercharges

Monte Carlo simulation

" @ internal energy v.s. temperature
microscopic origin of black hole thermodynamics
o/ corrections, string loop corrections

» — ® Wilson loop

One can see Schwarzschild radius from gauge theory!

® correlation functions
confirmation of the GKP-Witten prescription

~——



DO-brane system : 1d SYM with 16 SUSY

So= 5 [1dr tr {SDX()? - X0 X, (0P

1 p 1 1

1d gauge theory D = oy —i[A(t), -]

X;(t) (G=1,--,9) pbc

wa(t) (Oé — 17 Ty 16) anti pr
T =("1 temperature N =
A= ¢?°N 't Hooft coupling et = 13

A=1 (without loss of generality)

low T mE)  strongly coupled dual gravity description
high T =) weakly coupled high T exp.

Kawahara-J.N.-Takeuchi ('07)



Internal energy ,

— —8 (
Anagnostopoulos-Hanada- J.N.-Takeuchi,
PRL 100 ('08) 021601 [arXiv:0707.4454]

30 —

1.2 . P free energy
25 [ | ' ]

1.0 ¢ 1 = |
20 | ,\ i

= | high T expansion

(incl. next-leading order)

0.8
d

2= / ]
\ N=12,A=4 :

result obtalned N=14, A=4 1
from 10d BH black hole
HTE _
0 o J 2.0 3.0 40 5.0
A 1
Aeff = 73 = 5463 7 1° T



Comparison including «' corrections

Hanada-Hyakutake-J.N.-Takeuchi,
PRL 102 ('09) 191602 [arXiv:0811.3102]

NE = 7.41 T14/5<C’T23/>

\
in (7. - )

COI‘I‘eCtIOHS
—2 3.0 r .
N ; N= 1? J
25| N=17. A—% ---------
: 7-=11T“’558T“6 .
T 20 | o
< [ L
= 10 | JF
= i %
05 [
| | '\C — 5.58
0.0 [ L--—-l—'_-_l-.-_.- ! 1 ! 1 1 .
, , 00 01 02 0.3 0.4 0.5 o.e 0.7 0.3 0.9
nT InT MC data at T < 0.7 can be T

finite cutoff effects nicely fitted with C' = 5.58



1/N corrections
€®) string loop corrections

fixed by explicit calculations
on the string theory side

L 2.8 4.6
I . (Y. Hyakutake,
N2 7417 — 5.587 Prog.Theor.Exp.Phys.
1 T 033804, 2014)
‘|‘m + al? ‘|‘ )

;(bT_Qﬁ 4+ 08 )

T (N6>

We can test it by looking at:

0.4
- (7 41728 — 558740 — 5,761 ) V.S. 27




Loop corrections of closed strings

Ishiki-Hanada-Hyakutake-J.N.: arXiv:1311.5607 [hep-th]
Published in Science 344 (2014) 882-885

] LB,
N2 (Egauge — Egravity) N2 Egaug

. 0.3 3 T
0.15 : Extrapolation to continuum limit, N = 4, 7 = 0.10
™ ey g T
Z 04f o O1f T A A A w 04
> P = 03
~— ~. 0.05 F 7 I oozt
~— B0 7 T ES o
> ) /m/ . 5 o0af
= i ——p T - 5o
203 0051 Beng 8 7 & o~ . o1 I
= T b m 5
&0 -0.1 ' L s 0 .
Lﬂ 0 0.05 0.1 T \E . 1/A
| I/N /‘/’ ) ¥ .
2 e h@00.05 - .. &
s el T
:bjO /"/./"' m T ]ZJ
- /%T i T O ﬁﬁ ﬁ;ﬂ Y Sy
— A 005 A :
B Ned 5 ’ ’
P T=0.08 ——— -
7 . ‘ T=0.11 o oq LT
o 0.00 0.06 0.0

1 1 1
0.01 0.015 . 0.08 0.09 0.1
1/N* I

Monte Carlo results are consistent with string loop corrections!



(log |WI )

Wilson loops

W = tr P exp [z /OB dt{A(t) + z]

Hanada-Miwa-J.N.-Takeuchi,
PRL 102 (°09) 181602 [arXiv:0811.2081]

N=4 —eo—
B N=6 ——s—
N=8 —8&—
N=14 ——=—
L N=17 ——=——

high T exp. ——

| Schwarzschild radius
from the Wilson loop

4 RSch
g 2ma’

high T exp.
(next-leading)

O = N W & 00 O N 00 © O
| |

I
—_—




Correlation functions

Hanada-J.N.-Sekino-Yoneya,
1 PRL 104 (’10) 151601,

(O®)OH)) x PR e JHEP 12(2011) 020

predicted from dual geometry by Sekino-Yoneya ('99)
using Gubser-Klebanov-Polyakov-Witten relation ('98)

0.1 ' T ] Jl—lgi]--- i = —Str (FZT)Q1 e Xi[)
0.01 ;.'_;-——..__.______. _; A TR N
S T - . o . ) )
0.001 |75 Vg ] Fi; = —i[ X;, Xj]
| ", -, & ??? -
00001 F o " Tl T e, T l=1
1e-005 | R a"*‘ﬁ-a.% . — 21
i s e " e Y/ = —
1 [ g2 -, Bl 'h’_h l — 2
e-006 F C RN a ] 5
B S-.a B
1e-007 b e, 30=3 _
1e-008 b JTy —=—t *e.p 2 Predicted power law
L e T . f l=4 confirmed clearl
1e-009 F J5 —=— - Y.
i JTy e |
1e-010 - e

0.1 1 N=3, 0=4 AN=16
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type IIB matrix model

. Ishibashi-Kawai-Kitazawa-Tsuchiya ('96)
- BoAY : :
% 442 tr([Ap, AvJIAY, A7) a nonperturbative formulation

1 .
S¢ = _@tr(wa(cr”)aﬁ[flmwﬁ]) of superstring theory

N x N Hermitian matrices

A, (W=0,---,9) Lorentz vector
VvV, (x=1,---,16) Majorana-Weyl spinor
raised and lowered by the metric

N — dlag(_17 17 R 1)

aw . . 0 : A
Wick rotation (Ag = —iA419, Y =1il10)

5 ‘ Euclidean model with SO(10) symmetry




Connection to the worldsheet formulation

« worldsheet action XH(€), W(¢)
S = /d2£\/§ (%{X[L’XV}Q
+;xTw“{X“, w}) &
— L ap0X oY
Y= NS

Poisson bracket (regarding &7 and &»
as p and ¢ in Hamilton dynamics)

quantization = type IIB matrix model (i ~ %)
{XH(£), XV (&)} — —i[AF, A7]



How to extract time-evolution

small

Ki

m-J.N.-Tsuchiya, PRL 108 (2012) 011601
diagonalize Ag | sun)

— transformation

ap < - < ap

\

definition of time “t”

QN

~

1 n
= — Z Xyt
=1

| The state of the universe A;(t) at time ¢

A; has a band diagonal structure

non-trivial dynamical property




Spontaneous breaking of SO(9)

Kim-J.N.-Tsuchiya, PRL 108 (2012) 011601

T5(6) = —tr {40 (1)}

SSB

SO(9) — SO(3)

05 |
= 04
F:‘
o 031
@
=
™©
g 02
D
@

01 |

“critical time”



R()/R(t,)

Exponential expansion

25

R(t)?

1 _
“tr A;(t)?
mn

0.914+0.086exp(1.40t)

Ito-Kim-J.N.-Tsuchiya,
arXiv:1311.5579 [hep-lat]

fitted well to

f(@) =a+ (1 - a)e

Exponential expansion

-1

0
(t-t)/R(t,)

1

2

) 4




Effects of fermionic action

St = tr(Wa(l*)aplAu, Wgl)
= [tr(Wa (M) uslA0, Wal) Her(Wa(MaglAs Ws))
dominant term dominant term
at early times at late times
1keep only the first term 1
simplified model at early times simplified model at late time
PIM(A) ~ AL = T] (e — Oéj)z(d_l) PITM(A) ~ 1
i<j

repulsive force between eigenvalues of Ag quench fermions



Exponential expansion at early times

Ito-Kim-Koizuka-J.N.-Tsuchiya,
arXiv:1312.5415 [hep-th]

. . . -
simplified model at early times PTEP (2014) 083801

PfM(A) ~ AT = [ (o — )2 @D
1<j

WA
e S LS
0*6-@0‘?‘&*:
O Tog, 6 exponential expansion
NI 1 S =
o @3
i 5E= 7a=3.56 -0 :
= 9E= 8a=3.24 - -o-- _ —
T 01f 4E= 9a=3.18 — & - The first term is important
74 0 E-10a-3.18 v for exponential expansion.
_ B=12 E=122a=3.41 ~ -o--
N=64 a=1.00 -~ ~+- -
0.01 U | ' | . , -
05 0 05 1 5 2 25

)

—_—
—
—

e

S
T

—_—
4]

[ ]

—

—
(g
S— —L



Late timesIZHEULNTREE{LL-1EHEY

~
ROVEL—3TDEE lto-Nishimura-A.T., in preparation
35 . :
N=256 & | i W 292 — 42
30 ~N=384 ---© }.' £
25 _N=512 e / lﬁfr | R(t)2 ~ t
5 : 1.01x 7
= L 0.0936 + 0.0064 W - R(1) ~ 3
o A EN
= 15 : N iﬁ'jf (B 7
o ) 22
10 DT
5




Expected scenario for the full
Lorentzian IIB matrix model

R(t)Q R(t) = Ct1/?

radiation dominated
FRW universe

R(t)2 — 72 + o e/\t
Inflation

E-folding determined
by the dynamics !

tc th (big bang)
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Large-N as a key to the Planck scale physics

® 1d SYM with 16 supercharges

> Black hole thermodynamics
gauge/gravity duality holds including
o' corrections and string loop corrections

® [orentzian type |IB matrix model

» Expanding behavior of the early Universe
(SSB from 9d to 3d, inflation + graceful exit)
from nonperturbative dynamics of superstring theory



Future prospects

® DO-brane system : gauge/gravity duality
lower temperature, larger matrices

® 1d SYM as a nonperturbative definition of M theory
(BFSS Conjecture) Banks-Fischler-Shenker-Susskind ('96)

® plane-wave matrix model

the dual geometry is given by bubbling geometry

description of 5-brane (Lin-Maldacena '06)

® Supersymmetric gauge theories in 2(,3,4) dimensions

So far, only 2d SYM with 4 supercharges has been studied.

Technical issues related to flat directions should be clarified.
16 supercharges : Matrix String Theory (Dijkgraav-Verlinde-Verlinde '97)
Improvement of the method: Matsuura-Sugino, JHEP 1404 (2014) 088



