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Abstract: The gauge/gravity duality relates supersymmetric gauge theories to superstring/M-theory.

Powerful Monte Carlo methods developed in lattice QCD can be applied to study the former,and from the simulation data we can extr:
guantum gravitational effects. In this talk | will give a brief introduction to lattice gauge theory and supersymmetry on a lattice, and show
applications to quantum gravity via the gauge/gravity duality.
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Lattice Gauge Theory

Regularization of gauge theory
(and more generic QFT).

Nonperturbative formulation of QFT.

Practically useful numerical tool.
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Low-lying Hadron Spectrum

Durr, Fodor, Lippert et al., BMW Collaboration
Science 322, 1224 November 2008

More than 99% of the mass of the visible universe is made up of protons and neutrons. Both particles are much
heavierthantheirquark and gluon constituents, and the Standard Model of particle physics should explain this
difference. We presentafull ab initio calculation of the masses of protons, neutrons, and other light hadrons, using
lattice quantumchromodynamics. Pion masses down to 190 mega-electron volts are used toextrapolateto the
physical point, with lattice sizes of approximately fourtimes the inverse pion mass. Threelattice spacings are used
for a continuumextrapolation. Ourresults completely agree with experimental observations and representa
quantitative confirmation of this aspectof the Standard Model with fully controlled uncertainties
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Quantum Chromodynamics
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Quantum Chromodynamics
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" |Quantum Gravity

Superstring Theory

Gauge/gravity duality
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Gauge/Gravity Duality

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

r ) 4 )
IIA/IIB string around ' l (p+1)-d U(N)SYM
black p-brane equivalent (Dp-branes+strings)
- J \- -
p=3 = AdSsxS° p=0,1,2,3
Al
QCD
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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
= (p+1)-d SYM

U(N) N = number of D-branes
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Dp-brane bound state and Gauge Theory

4 L N \ X12 X2z

XM
X23

N "
\ \/ X13
X33

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

Xml : open strings connecting i-th and j-th DO-branes.
large value — a lot of strings are excited

(Witten, 1994)
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Gauge/Gravity Duality

(Maldacenal 997, Itzhaki-Maldacena-Sonnenschein-Yankielowicz 1998)
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Gauge/Gravity Duality

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

r p r R

' \
IIA/IIB string around (p*+1)-d U(N)SYM
black p-brane definition .
(Dp-branes+strings)
. J \_ J

p=3 = AdSsxS°

p=0,1,2,3
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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

Maldacena,
“The Large N Limit of Superconformal
Field Theories and Supergravity”
(1997)
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in principle, if not in practice, possible. The situation is much like that in QCD where

the only known definition of the theory is in terms of a conjectured limit of lattice gauge

theory. Although the practical utility of the lattice theory may be questioned, it is almost
certain that an extrapolation to the continuum limit exists. The existence of the lattice

gauge Hamiltonian formulation insures that the the theory is unitary and gauge invariant.

Banks-Fischler-Shenker-Susskind,
“M Theory As A Matrix Model: A Conjecture”
(1996)
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Lattice Gauge Theory —} Gauge Theory

Super Yang-Mills q String/M-theory

Definitions of the theories
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If the conjecture is correct, it would provide us with the first well defined nonper-

e in practice!

turbative formulation of a quantum theory which includes gravitation. In principle, with

a sufficiently big and fast computer any scattering amplitude could be computed in the

finite N matrix model with arbitrary precision. Numerical extrapolation to infinite NV is

in principle, if not in practice, possible. The situation is much like that in QCD where

the only known definition of the theory is in terms of a conjectured limit of lattice gauge
theory. Although the practical utility of the lattice theory may be questioned, it is almost
certain that an extrapolation to the continuum limit exists. The existence of the lattice

gauge Hamiltonian formulation insures that the the theory is unitary and gauge invariant.

Banks-Fischler-Shenker-Susskind,
“M Theory As A Matrix Model: A Conjecture”
(1996)
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Can SYM be put on computer?

‘Fine tuning problem’
'Sign problem’

(will be explained later)

Both problems have been solved for interesting classes of theories.

Pirsa: 17060088 Page 23/73



How large N can we go?

(with currently available resources; very rough estimate)

4 ) [ )
p=0,1,23
lIA/1IB string around | (p+1)-d U(N)SYM
black p-brane definition .
(Dp-branes+strings)
\. J . J

p=0 = N=128 is OK; probably 256

p=1 = N=3827
(if you/l write a good code, p=2 — N=8 ~127
with not very large volume) 0=3 = N=3~87
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Euclidean time circle
with circumference 3 = 1/T
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Black hole = matrix model

g

.

~

lIA string around
black 0-brane
(near horizon)

_/

>

equivalent

(

(0+1)-d maximal SYM

. _/

simulation cost ~ N¢éT-3

high temperature is cheap, low temperature is expensive.
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SYM STRING

Vo'
arge-N, < SUGRA o
strong coupling
- \

large-N,

. . » ' correction
finite coupling

finite-N, .
. . »  gs correction
finite coupling

- /
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1 1

N * i
§=2 / dt Tr{ (DXi)? — X, X’

Vi 4
l = 1-
+§¢Dt¢ = 5%5’)’ [Xz';lf)]} A1,y Ko

NxN hermitian

It should reproduce thermodynamics of black O-brane.

effective dimensionless temperature Teg= A/3T
strong coupling = low temperature = more simulation cost
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Gauge theory description of a black hole
(DO-brane guantum mechanics)

(Banks, Fischler, Shenker, Susskind 1996; Itzhaki, Maldacena, Sonnenschein, Yankielowicz1998)

g PN
AN iy 2,
# ij&g\ 'S

diagonal elements = particles (DO-branes)
off-diagonal elements = open strings

(Witten, 1994)

black hole = bound state of D-branes and strings

(% The same picture holds for p>0 theories as well)
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‘Fine tuning problem’
'Sign problem’
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Wilson’s lattice gauge theory

S — _ﬁN Z Z Tr (U,L,fUu,f+ﬁUl,f+ﬁUi,§)

T pFV
Unitary link variable
Up,,:f;’ _ 6zaAM(:r) o
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>
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‘Exact’ symmetries

® (Gauge symmetry

Uy = @)U, a0z + p)!
® 90 degree rotation
® discrete translation

® Charge conjugation, parity

These symmetries exist at discretized level.

* Correct continuum limit is realized without fine tuning.
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Quantum Gravity from Lattice
Gauge Theory via Holography

Masanori Hanada
EH &

June 22, 2017 @ Perimeter
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fine tuning problem

Continuum limit on lattice a — 0

respects exact symmetries at discretized level.

Exact symmetries on lattice

\

Gauge invariance, translational invariance,
rotationally invariance, ... in the continuum limit.

If the symmetry is explicitly broken, radiative
corrections break the symmetries. The counter-
terms are needed, and their coefficients must be

fine-tuned.
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® SUSY algebra contains infinitesimal translation.

o W on lattice by definition.

® Still a part of supercharges can be kept.
(subalgebra which does not contain 0)

® No general solution is known, but there are
many case-by-case solutions.
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Which SYM can be simulated?

Possible/Impossible
(without fine tuning; not necessarily lattice)

smaller

simulation|  (0+1)-d
cost

. any number of SUSY,
(1+1)-d | various matter contents

less SUSY

(2+1)-d maximal SUSY E——yy

larger

simulation (3+ I )-d WithOUt matter (pure N= I)
oSl 4 SUSY QCD (matter fields)

maximal SUSY
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