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Ultimate goal (not today)

 We will play with our own black hole at home (or at lab).

Holography + Quantum Technology
(Gauge/Gravity Duality)
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Gauge/Gravity Duality

i RX

Black p-brane (p+1)-d U(N)SYM

in lIA/IIB string (Dp-branes+strings)

P=3 = AdSsxS° p:o,1,2,3,...

Maldacena, 1997;
ltzhaki-Maldacena-Sonnenschein-Yankielowicz, 1998



High Energy Physics - Theory

[Submitted on 27 Nov 1997 (v1), last revised 22 Jan 1998 (this version, v3)]

The Large N Limit of Superconformal Field Theories and Supergravity

Juan M. Maldacena

We show that the large N limit of certain conformal field theories in various dimensions include in their Hilbert space a sector des¢
spacetimes, spheres and other compact manifolds. This is shown by taking some branes in the full M/string theory and then takin
decouples from the bulk. We observe that, in this limit, we can still trust the near horizon geometry for large N. The enhanced sug
to the extra supersymmetry generators present in the superconformal group (as opposed to just the super-Poincare group). The 't
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6. Discussion, relation to matrix theory

By deriving various field theories from string theory and considering their large N limit
we have shown that they contain in their Hilbert space excitations describing supergravity
on various spacetimes. We further conjectured that the field theories are dual to the full

quantum M/string theory on various spacetimes. In principle, we can use this duality to

_give a definition of M/string theory on flat spacetime as (a region of) the large N limit of

the field theories. Notice that this is a non-perturbative proposal for defining such theories,

since the corresponding field theories can, in principle, be defined non-perturbatively. We

are only scratching the surface and there are many things to be worked out. In [61] it
has been proposed that the large N limit of D0 brane quantum mechanics would describe
eleven dimensional M-theory. The large N limits discussed above, also provide a definition
of M-theory. An obvious difference with the matrix model of [61] is that here N is not
interpreted as the momentum along a compact direction. In our case, N is related to the
curvature and the size of the space where the theory is defined. In both cases, in the
large N limit we expect to get flat, non-compact spaces. The matrix model [61] gives us a
prescription to build asymptotic states, we have not shown here how to construct graviton
states, and this is a very interesting problem. On the other hand, with the present proposal

it is more clear that we recover supergravity in the large N limit.



Nonperturbative formulation

Black Hole <}::> Non-gravitational

duality

systems

Matrix Model
Super Yang-Mills
SYK model

Quantum gravity

BH




on analog or digital guantum simulators.

What is the best setup?



More interesting
as gravity

4d super Yang-Mills

SYK Matrix Model

Easier to realize
experimentally



Gauge/Gravity Duality

(Maldacenal 997, ltzhaki-Maldacena-Sonnenschein-Yankielowicz 1998)

Q i
lIA/1IB string around ' | (p+1)-d UN)SYM

black p-brane equivalent

(Dp-branes+strings)

black 3-brane = AdSsxS5
0=0,1,2,3

0=0 — matrix model QCD




Black p-brane = bunch of Dp-branes

( + strings between them)

@

+ Dp-brane : (p+1)-d object
» Open string connects Dp-branes

low-energy effective theory of Dp-branes

— + 1 )-
priyasvl

SU(N) N = number of D-branes






Dp-brane bound state and Gauge Theory

4 \ y12 X 22
XM =
%11 XS
\ \/ %13
X33
(X4 Xail . Xo-pi)

position of i-th Dp-brane in R9-p

XMl open strings connecting I-th and |-th DO-branes.
large value — a lot of strings are excited

(Witten, 1994)



[1A/IIB superstring

SYM

Supergravity
(SUGRA)



[IA/IIB superstring

SYM

Supergravity
(SUGRA)

lIA/IIB string around
black p-brane



Outline

Precision test via Monte Carlo simulation
New phase: "confinement” at low energy
Confinement ~ M-theory ? (somewhat speculative)

Toward quantum simulation
(backup slides)



L

DO-brane matrix model
(BFSS model)

1

2912/1\4

Tr{(DtXM)Q + [ Xar, Xagr]? + i Dip® + 442 [ Xy, wﬁ]}

M=1,2,..,9; a=1,2,...,16

- Dimensional reduction of 4d maximal SYM

- Low-energy description of DO and strings

Witten, 1995

- Matrix regularization of supermembrane

de Wit-Hoppe-Nicolai, 1988

> Matrix Model of M‘theOry Banks-Fischler-Shenker-Susskind, 1996

.~ Dual to type IlA black zero-brane near 't Hooft [imit

ltzhaki-Maldacena-Sonnenschein-Yankielowicz, 1998



=3
3/4-problem in 4d N=4 SYM| ©

peryrbative YM
~NZT4 gravity dual
Energy density l
in 4d N=4 SYM N x‘_
? (3/4)x cN2T4

¥
L 4
L \—

>

t Hooft coupling A

Let’s solve the DO-brane version of this problem.




arXiv.org > hep-th > arXiv:hep-th/9802042 Search...

High Energy Physics - Theory

[Submitted on 7 Feb 1998 (v1), last revised 26 Sep 2000 (this version, v3)]

Supergravity and The Large N Limit of Theories With Sixteen Supercharges

Nissan Itzhaki, Juan M. Maldacena, Jacob Sonnenschein, Shimon Yankielowicz

A = gy N = (mass)”

ME~° ~ dimensionless coupling

l.e., low energy < strong coupling

Black 0-brane in type IIA SUGRA

B 2\ —3/514/5| deconfined at any T>0



E/N?

SUGRA (low-T limit)

E/N2=7.4T238
20 I T | | I
15 " high-T limit
E/N2=6T
10 -
S I -
0 | 1
0 : 2 2.5 3
< T >
strong coupling weak coupling

Let's see how they are interpolated.
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An earlier attempt
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Catterall-Wiseman, 0803.4273 [hep-th]
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M.H.-Hyakutake-Nishimura-Takeuchi, 0811.3102 [hep-th]

Kadoh-Kamata, 1503.08499 [hep-lat]
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Some disagreement;

We need large-N and continuum result!



adI X1V > hep-lat > arXiv:1606.04951

High Energy Physics - Lattice

[Submitted on 15 Jun 2016]

Precision lattice test of the gauge/gravity duality at large-N

Evan Berkowitz, Enrico Rinaldi, Masanori Hanada, Goro Ishiki, Shinji Shimasaki, Pavlos Vranas

Gravity dual (ltzhaki et al 1998, Costa et al 2014)

Search...

a I‘l(lv > hep-th > arXiv:2210.04881

High Energy Physics - Theory
[Submitted on 10 Oct 2022]

Precision test of gauge/gravity duality in DO-brane matrix model
at low temperature

Stratos Pateloudis, Georg Bergner, Masanori Hanada, Enrico Rinaldi, Andreas Schéfer, Pavlos Vranas,
Hiromasa Watanabe, Norbert Bodendorfer

BMN matrix model was used
In the 2022 paper
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Flat direction
N/dt TT' Dt <XZ,D

+o P — (X, )}

There is a flat direction even at quantum level.

X, X;| =0



‘eigenvalues’ = position of D0O-branes

(Witten, 1995)

O /
o -
@
. O
bound state of eigenvalues / \
= black hole
More stable at larger N flat direction

~ gas of DO-branes



In string theory, this BH Is stable at gs=0.

# In the gauge theory, bound state should
become more stable as N becomes larger

2 M T X2 %/ N=38 J N=16

Monte Carlo time

(Flat direction is less serious in BMN matrix model)



Monte Carlo String/M-theory Collaboration
(MCSMC)

d I's(lV > hep-lat > arXiv:1606.04951

High Energy Physics - Lattice Enrico Rinaldi

[Submitted on 15 Jun 2016]

Precision lattice test of the gauge/gravity duality at large-N

Evan Berkowitz, Enrico Rinaldi, Masanori Hanada, Goro Ishiki, Shinji Shimasaki, Pavlos Vranas

c::::"‘/ 1 Search...
N1V > hep-th > arXiv:2210.04881

High Energy Physics - Theory

[Submitted on 10 Oct 2022] Stratos_
.. . ) ) ) Pateloudis

Precision test of gauge/gravity duality in DO-brane matrix model

at low temperature

Stratos Pateloudis, Georg Bergner, Masanori Hanada, Enrico Rinaldi, Andreas Schafer, Pavlos Vranas,

Hiromasa Watanabe, Norbert Bodendorfer Norbert

Bodendorfer



d I'<1V > hep-lat > arXiv:1606.04951

High Energy Physics - Lattice

[Submitted on 15 Jun 2016]

Precision lattice test of the gauge/gravity duality at large-N

Evan Berkowitz, Enrico Rinaldi, Masanori Hanada, Goro Ishiki, Shinji Shimasaki, Pavlos Vranas

Typically 256 —4096 core parallel
O(100) parameters (N, T, lattice size)

Enrico Rinaldi

(rather modest compared to lattice QCD)

Evan Berkowitz

Vulcan
(LLNL, Livermore, USA)

in 2019




1606.04951[hep-lat]
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E/N2=aTl145 4+ b 1235 4+ ¢ 1295  3-parameter fit

(4-parameter is too much)

a= /.33 +/_ 0.35 1606.04951 [hep-lat] + a bit more data

T
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b=-10.0 +/- 0.4
c=58+/-05

E/N2 = 7. 41T 145 + b T235 + ¢ T295 +... + O(1/N2)
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Von Neumann's elephant %A 1language v

Article Talk Read Edit View history Tools v

From Wikipedia, the free encyclopedia

Von Neumann's elephant is a problem in recreational mathematics, consisting of constructing a planar curve in the shape of an elephant from only four
fixed parameters. It originated from a discussion between physicists John von Neumann and Enrico Fermi.

History |edit]

In a 2004 article in the journal Nature, Freeman Dyson recounts his meeting with Fermi in 1953. Fermi evokes his friend von Neumann who, when asking
him how many arbitrary parameters he used for his calculations, replied, "With four parameters | can fit an elephant, and with five | can make him wiggle
his trunk." By this he meant that the Fermi simulations relied on too many input parameters, presupposing an overfitting phenomenon. ]

John von Neumann Enrico Fermi Freeman Dyson in 2005

Solving the problem (defining four complex numbers to draw an elephantine shape) subsequently became an active research subject of recreational
mathematics. A 1975 attempt through least-squares function approximation required dozens of terms.?! The best approximation was found by three
physicists in 2010.[3]

"With four parameters | can fit an elephant,

and with five | can make him wiggle his trunk.’

(So we shouldn't introduce too many fit parameters.)
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American Journal of Physics
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Volume 78, Issue 6

June 2010

AMERICAN
JOURNAL
of PHYSICS

JUNE 01 2010

Drawing an elephant with four complex parameters
Jurgen Mayer; Khaled Khairy; Jonathon Howard

'.) Check for updates

American Journal of Physics 78, 648—649 (2010)
https://doi.org/10.1119/1.3254017  Article history &

[#] spiit-Screen = Views v £ PDF o Share v &G Cite

We define four complex numbers representing the parameters needed to specify an elephantine
shape. The real and imaginary parts of these complex numbers are the coefficients of a Fourier
coordinate expansion, a powerful tool for reducing the data required to define shapes.
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E/N2=7.41T145 4+ b TP 4+ Cc TP+6/5  3-parameter fit
(4-parameter is too much)

o = 4.0 +/-0.3 1606.04951 [hep-lat] + a bit more data

E/N2=7.41T14/5 + b T235 + ¢ T295 4+, .. + O(1/N2)
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adI X1V > hep-lat > arXiv:1606.04951

High Energy Physics - Lattice

[Submitted on 15 Jun 2016]

Precision lattice test of the gauge/gravity duality at large-N

Evan Berkowitz, Enrico Rinaldi, Masanori Hanada, Goro Ishiki, Shinji Shimasaki, Pavlos Vranas

Gravity dual (ltzhaki et al 1998, Costa et al 2014)

Search...

a I‘l(lv > hep-th > arXiv:2210.04881

High Energy Physics - Theory
[Submitted on 10 Oct 2022]

Precision test of gauge/gravity duality in DO-brane matrix model
at low temperature

Stratos Pateloudis, Georg Bergner, Masanori Hanada, Enrico Rinaldi, Andreas Schéfer, Pavlos Vranas,
Hiromasa Watanabe, Norbert Bodendorfer

BMN matrix model was used
In the 2022 paper
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BMN matrix model

Berenstein-Maldacena-Nastase, 2002

S =S, + S+ AS, + AS;
BFSS

N [P 1 o I ,
= = =) -~ Y XX
Sp = /O dt Tr 21:1(1),¢X[) 4”:1[)(1, A2y,

8 _ o
/() dt Ir {“P’YlthlP — Z¢71[X17¢]} .

I=1

N [P W 2 , M : 2 | . - ijk
ASb:X/OV dt TI'{ZZXZ-FSZXG—FZ Z ’uej XZX]XI(: ,

i=1 a=4 i,j,k=1

AS ——-N/ﬁdtT 123
;= : r(Yy )



BMN matrix model

Berenstein-Maldacena-Nastase, 2002

Supersymmetric deformation of BFSS.

Flat direction is lifted.

Various fuzzy sphere vacua exist.

X; =L,

(t=1,2,3),

3
\SU(Z)

generator

We study 'trivial' vacuum.

X1

X9

o =Xg=0,

X,=0(a=4,---,9), =0

( + quantum fluctuation)

=0

( + quantum fluctuation)



e Flat direction is tamed rather well.
e Smaller N can be used; simulation cost is smaller.

* Finite-p effect is very small at y < 1 (SUGRA: Costa, Greenspan,

Penedones, Santos 2014)

0.6+
O Large N & Cont y=0.5
O BFSS Berkowitz et al.
BFSS fit Berkowitz et al. , ‘
-- BFSS fit + y=0.5 J
0.4-  — SUGRA p=0 ltzhaki et al. J
-- SUGRA p=0.5 Costa et al. Y J
A
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~
L
0.2+
0.07 — i

0.1 0.2 0.3 0.4



Outline

Precision test via Monte Carlo simulation
Polyakov loop P =0

New phase: "confinement” at low energy Energy E/N? = 0

Confinement ~ M-theory ? (somewhat speculative)

Toward quantum simulation
(backup slides)

a I‘<1V > hep-th > arXiv:2110.01312

High Energy Physics - Theory

[Submitted on 4 Oct 2021 (v1), last revised 18 May 2022 (this version, v2)]

Confinement/deconfinement transition in the DO-brane matrix model
-- A signature of M-theory?

Georg Bergner, Norbert Bodendorfer, Masanori Hanada, Stratos Pateloudis, Enrico Rinaldi, Andreas Schéifer,
Pavlos Vranas, Hiromasa Watanabe
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Confined phase
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Figure 27: Monte Carlo histories from cold starts (X; = Xo =--- = X9 = 0) for
T =0.2, L =48, N =10 (left) and N = 16 (right). For N = 10, the onset of the run-away
behavior (i.e., the increase of R?) can be seen at late time.

Confined phase is more stable
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observable

Confined phase
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Confined phase
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from higher T)
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E/N°
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Tunneling between confined and deconfined phases was observed.
Only deconfined configurations were used.



Outline

Precision test via Monte Carlo simulation

New phase: "confinement” at low energy

Confinement ~ M-theory ? (somewhat speculative)

Toward quantum simulation

(backup slides)

a I‘<1V > hep-th > arXiv:2110.01312

High Energy Physics - Theory

[Submitted on 4 Oct 2021 (v1), last revised 18 May 2022 (this version, v2)]

Confinement/deconfinement transition in the DO-brane matrix model
-- A signature of M-theory?

Georg Bergner, Norbert Bodendorfer, Masanori Hanada, Stratos Pateloudis, Enrico Rinaldi, Andreas Schéifer,
Pavlos Vranas, Hiromasa Watanabe
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't Hooft large-N limit (T fix)

P = %Tr (Pexp (z /Oﬁ tht))
E/N-2 P Polyakov loop
A

\4

Deconfined at any temperature (ype 11a)




't Hooft large-N limit (T fix)

P = %Tr (Pexp (z /Oﬂ tht))
E/N-2 P Polyakov loop
A

Deconfined at any temperature (ype 11a)

Our proposal

Confined phase should exist as well (M theory)
(E/N2 = Q)




Our proposal

E/N2

Free energy minimum

Free energy minimum

E/N2

Free energy minimum

Free energy minimum

larger N

logN !
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Free energy minimum

Free energy minimum T



BFSS phase diagram?

E/N2
A
Free energy minimum
Canonical IIA black zero brane
ensemble
(T fix)
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; T1—200?
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11d graviton gas?



11d black hole/black string

T

11d graviton gas \_/

Type IIA black zero-brane

Te<T<TH

11d black string

T

11d graviton gas

N

Type IIA black zero-brane

To< T < Te

E



Summary

Matrix model and type IlA string agrees perfectly.
> Duality is supported including stringy corrections.
> Phase transition between llA string and M-theory!?

> We might be able to create type IlA black zero-
brane (charged black hole) and | Id Schwarzschild
black hole.

| |d Schwarzschild — black hole evaporation.
Complete resolution of Hawking's paradox!?



Matrix Model

11d Schwarzschild
type llA zero-brane




Backup slides



Let's get intuition from

4d SYM on S8
VS
type IIB string on AdSs5XS5

(Witten 1998, Horowitz 1999, ..))



BH thermodynamics in AdSsxS9

E/NZ
A Large BH
E ~ N2T4
‘five dimensional’
microcanonical (S is filled)
ensemble
(E fix)
‘ten dimensional’
(localized along S%)
> @)
o string gas (graviton gas) \1/4 T
O

O A=g2N fixed & large




BH thermodynamics in AdSsxS9

E/N?2

microcanonical
ensemble
(E fix)

string gas (graviton gas)

Large BH
E ~ N2T4

‘five dimensional’

(S5 is filled)

‘ten dimensional’
(localized along S%)

}\ >S N8/17

< T~N2/17
—_/ >

T (Horowitz, 1999)



BH thermodynamics in AdSsxS9

Stably coexist
2
E/ NA at large N

Free energy minimum

Canonical
ensemble
(T fix)

I g (Horowitz, 1999)

Free energy minimum

}\ >S N8/17




BH thermodynamics in AdSsxS9

Stably coexist
2
E/ NA at large N

Free energy minimum

Canonical
ensemble
(T fix)

Free energy minimum

}\ >S N8/17




Outline

Precision test via Monte Carlo simulation
New phase: "confinement” at low energy
Confinement ~ M-theory ? (somewhat speculative)

Toward quantum simulation



Explicit construction of
ground-state wave function

BMN, =0 ground state

= (3aussian wave function

turn-on the interaction adiabatically

BMN, small u
(u=0 — BFSS)

Nontrivial ground state



Black hole ring down

Random state

thermalize (Hamiltonian time evolution)

Black hole

Black hole _
+ TrXe |

perturbation

time



LN

Probe the black hole geometry
by seeing how particles move

Dirac-Born-Infeld action should
describe the motion of particles



Simulation on Quantum Computer

In the 1deal world:

® Direct access to big Hilbert space (qubits).

® Any unitary time evolution can be programmed.

In the real world:

® How can we program the theory?
® How big resources?

® Fine tuning?



1 1 g*
L = TT{Q(DtX])Q + Q\PTDt\Ij ‘|‘ A [X[,XJ] — 5\IIT’)/[[X[,\I’]

2 2

H 2 KB o0 Mo 11g iik
Hx2 B xr Pgr, w - Makxx . x, \
187 ~ qgfta T gt 23 3 ¢ J ’“}

(modulo some field redefinitions)

/‘LX2+ILLX2+ﬂ

18 79 e T T3 e iRk

A | A 2 . A
H = Tr{§(PI)2— gZ[XI,XJ]ZJr

+g¢“p0-;q[Xi7 '&Iq] quw‘rlpgaj[ as w’r]q] _qu?ﬁlp(ga’r)IJ[Xa, 772Jq] + %Zzﬂptzlp}

Gauge-singlet constraint (A,=0 gauge)

Gulphys) =0 with G, = Z fapy (Z XPPY + zzwm’ﬂzW)

B,y=1



N2 o N2 o
X135 = D o1 X Tayij> Prij = D o1 PrTayij

Coordinate basis X’f‘ X> — f‘ |X>
Momentum basis ﬁf‘ P) = P} |P)

Extended Hilbert Space



Feynman's method

1 A
Z(T) = dgT ( —H/T)
T) = i | T (36

G = SU(N)
Z(T) = Ty, (e H/T)

* We use the extended Hilbert Space.
* Singlet constraint is compatible with Hamiltonian time evolution.

[ﬁvH] — [g},e_th] =0



2

1 1
L = Tr{2(DtX]) + Q\PTDt\IJ‘i_ A [X[,XJ] — S\IIT’)/[[X[,\I]]

2
B oo w? > Hor UG i
—— X - =X —=VU U — —e”" X, X; X

18" 72 % 8 123 3 ° k}’

(modulo some field redefinitions)

: 1 a g’ W W Y ik o 9
H = Tr =(P))? — Z-[X;, X ,? X? X2+ DLk x X X
{2( )" X Xl g Xy Xa b et X

“iIp gty 51 9. o 9 pgi o tIp,)
+gpMPol [ X, ] — §6pq¢”p8‘b [Xa, ™) + §€pq’¢zp(gﬂ N X e Yaq) + gw”p wzp}
Free part (bosonic/termionic harmonic oscillators)

Gauge-singlet constraint (A,=0 gauge)

Gulphys) =0 with G, = Z fopy (Z XPPY + ZZ¢TIP5¢7)

B,y=1



18 72 3

N 1 - A A A
H= ’IY{§(PI)2 _ gZ[XI, X2+ X2 + X2 Y ik %% X,
rp it 21 9. _ 9 - g
+g¢TIpo'pq[Xz’7 ¢Iq] T iepqwupg‘[lj [Xaa ¢TJq] + §€pq¢1p(gaT)IJ[Xaa qu] + %wﬂpwlp}

Free part (bosonic/fermionic harmonic oscillators)

Xr= ZXI Tay YIp = Z@%M Toiy T8l = 1 fapyTy, Tr(TaTs) = dup

N T P, N i, _ )5 forI=1,23

AIa ?XIa /—2w1 ’ AIa - 7XIC¥ o /2wI’ I {% for I = 4,5,---,9
Alnre A

|{nla}> ®I a|nIa H \/7% |VACfree>7 A[a|VACfree> = 0.

Reqgularization: 0 <n;, <A -1

(No regularization needed for fermions)



A—-2

Vi+ 15+ 1]

7=0

7) = |bo) |b1) - .. |br—1)
b,b'=0o0r1

54+ 1) = b)) [B) .. b1 )

7+ 1)1 = @ (1) (i) K=loga/

12_0z 12+0z
0)(0] = D){1l| =
o0 = =27, =22
O, + 10 O, — 10
o1 =T o = T



H = >(Pauli strings)

A—2
a' =Y i+ 1+ 1)
§=0

~2K=A Pauli strings of length K=log2/\ for each |
=) ~/\2 Pauli strings of length K=logz/\

N2
ZTY[XLXJ]Z - Z Z faﬂafvan?XgX}ng
I#J I#J a,8,7,p,0=1 o
~N4 color combinations

~/N\8N4 Pauli strings of length 4K

- ON? 8N?
dim (HemN) ‘regularized = A" -2 (~N4 nonzero components/row)

L
H = Zaiﬂia L < ASN*
i=1
Pauli strings



Coordinate basis

—R<zz<R,
2
(k) = —R + kagig , adig:Lizl, k=01---,L—1
L—1
j\; — ZE(k) |k> <k‘ x(0) x(1) x@2) X(L-1)

k=0

L-1 L—2

2 = &{sz (k| =) |k +1) (k| — Z\k k+1\}
dig \ k=0 k=0
H = >(Pauli strings)



How big A”?

* Depend on the physics under consideration.
* (Corrections to low-energy spectrum in the trivial vacuum ~ exp(-A\)

* # of (logical) qubits = 9N2log2/\ + 8N2

Free limit
N
each matrix entry = harmonic oscillator
v /’
> N > excitation level = # of strings

average excitation level < 1



For black zero-brane:

* N=8 or 12 are rather close to the large-N limit
« A=8or 16 — 3 or 4 qubits/bosonic d.o.f.

e Similar estimate for the coordinate basis

9N2log2/\ + 8N?

Ix8N2xl0028 + 8x8N2 = 2240

Ix1672xl0g216 + 8x 1672 = 11264



Summary

(Quantum simulation part)

® |n principle, matrix models can be studied
on quantum computer in a straightforward
manner.

® Many QFT can follow from matrix model.

® |nteresting problems in holography
— experimental quantum gravity!



