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Abstract: <p>We implement projective quantum Monte Carlo (PQMC) methods to simulate quantum annealing on classical computers. We show
that in the regime where the systematic errors are well controlled, PQMC agorithms are capable of simulating the imaginary-time dynamics of the
Schroedinger equation both on continuous space models and discrete basis systems. We aso demonstrate that the tunneling time of the PQMC
method is quadratically faster than the one of incoherent quantum annealing. It shows remarkable stability when applied to frustrated systems
compared to finite-temperature path integral Monte Carlo algorithm, the method mostly chosen to do comparisons with quantum annealers.
However, amajor drawback of the PQM C method comes from the finite number of random walkers needed<br />

to implement the ssmulations. It grows exponentially with the system size when no or poor guiding wave-functions are utilized. Nevertheless, we
demonstrate that when good enough guiding wave-functions are used & in our case we choose artificial neural networks &€ the computational
complexity seems to go from exponential to polynomial in the system size. We advocate for a search of more efficient guiding wave functions since
they could determine when PQMC simulations are feasible on classical computers, a question closely related to a provable need or speed-up of a
guantum computer.</p>
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Optimization Problems are ubiquitous in different fields

Traveling salesman Clusters of atoms Protein Folding

Energy

sl
. - ot l
]

o~ ~ P i s
i ——?r/

Configuration

nnnnnnn

Machine Learning Luggage handling Etc ...

Deep neural network
Airport Baggage Handling
v Y 4 >

) ¥4 by by - 4
\ S 0. N2, 0\ Z:, ——— y 3 P——
4 N -
® ® ASESA -
O 0 ="' < 2
=3 { OB s
\ SISO \¥ 8y 2 ‘ s
/ vy SN .
' ' ‘& 'S -

Pirsa: 18100093 Page 8/84



Classical Annealing (CA) Vs Quantum Annealing (QA)

Rugged and exponentially large

Pirsa: 18100093 Page 9/84



Classical Annealing (CA) Vs Quantum Annealing (QA)
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Rugged and exponentially large
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ENERGY function
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« Kirkpatrick, Gelatt, Vecchi, Science 220, 671 (1983)
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Classical Annealing (CA) Vs Quantum Annealing (QA)
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Classical Annealing (CA) Vs Quantum Annealing (QA)
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Most Optimization problems

| [Lucas, Front. Phys. (2014)]
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Most Optimization problems

| [ Lucas, Front. Phys. (2014)]

v
Ho=dy 2 000, %%,

E.g: Disordered Ising glass in a random longitudinal field

H,=- ,.,J.JU-O?O?—Z,- h; o;
Finding the ground state among 2" classical states: a very hard problem
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Most Optimization problems

! [ Lucas, Front. Phys. (2014)]
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E.g: Disordered Ising glass in a random longitudinal field
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Finding the ground state among 2" classical states: a very hard problem
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Most Optimization problems

! | Lucas, Front. Phys. (2014)]
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Most Optimization problems

| [ Lucas, Front. Phys. (2014)]
Z Z 1 ’]j }l_..’.}p .]1 .]p

E.g: Disordered Ising glass in a random longitudinal field
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Most Optimization problems

! [Lucas, Front. Phys. (2014)]
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E.g: Disordered Ising glass in a random longitudinal field
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Most Optimization problems

! [ Lucas, Front. Phys. (2014)]
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QA: there is no free lunch
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QA: there is no free lunch
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Simulated QA with Quantum Monte Carlo (QMC)
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Simulated QA with Quantum Monte Carlo (QMC)

T

Path Integral Monte Carlo (PIMC)

» Santoro, Martonak, Tosatti, and Car, Science 295, 2427 (2002)
» Heim, Rgnnow, Isakov, and Troyer, Science 348, 215 (2015)
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Simulated QA with Quantum Monte Carlo (QMC)

Monte Carlo dynamics

not clearly related to a
quantum dynamics
A

rit)

Path Integral Monte Carlo (PIMC)

* Santoro, Martonak, Tosatti, and Car, Science 295, 2427 (2002)
« Heim, Rgnnow, Isakov, and Troyer, Science 348, 215 (2015)
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Our Motivation: Real Vs imaginary time QA of the deterministic
Schroedinger equation (SHE)

( imaginary real
<‘1H)(Tj')‘[‘[(.( \11[)(7'.]4')) Erpsg ' (1: f)s.srpg (If)
Eres = (Wo(1p)[Wo(Tys)) — Eas Stella, Santoro, Tosatti, Phys. Rev. B 72,
' ' 014303 (2005)
S. Morita and H. Nishimori, J. Math. Phys. 49,
\ 125210 (2008)
Assumption:

Adiabatic perturbation
theory holds
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Our Motivation: Real Vs imaginary time QA of the deterministic
Schroedinger equation (SHE)

( imaginary real
. ol HalYo(rs))  p (1)< (T))
-res <q, o(Ty ) [q; NG s )> ‘@51 stella, Santoro, Tosatti, Phys. Rev. B 72,
014303 (2005)
S. Morita and H. Nishimori, J. Math. Phys. 49,
Symmetric double-well potential  \ 125210 (2008)

1

Imaginary time SHE -4-- Assumption: |
¥oog - Real time SHE - Adiabatic perturbation
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Our Motivation: Real Vs imaginary time QA of the deterministic

(Wolrs)|He|Wo(Ty))

, — Fas
(Wo(7p)[Wo(Ty)) “

Sres

Symmetric double-well potential

Schroedinger equation (SHE)

( imaginary real
Eres‘ '(If)gems(’tf)
Stella, Santoro, Tosatti, Phys. Rev. B 72,
014303 (2005)

S. Morita and H. Nishimori, J. Math. Phys. 49,

\ 125210 (2008)

0.01

Imaginary tir'ne SHE -4-
Real time SHE -7

Assumption:
Adiabatic perturbation
theory holds

Can we simulate
stochastically the
imaginary-time
dynamics of the SHE?

1 10 10
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Method: projective QMC (PQMC) in a nutshell

Kalos, Levesque, Verlet 1974

Let's consider the Schroedinger equation (SHE) at + — i
h
0 1)) = (1 = Byep)|0(r))
- T) = L — Lipef T
oT !
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Method: projective QMC (PQMC) in a nutshell

Kalos, Levesque, Verlet 1974

1t
Let's consider the Schroedinger equation (SHE) at + = —

h
0

ot

W(r) = (H — Eyep) | ¥(r))

W(7 + 7)) = e H=Bres)Tr g
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Method: projective QMC (PQMC) in a nutshell

Kalos, Levesque, Verlet 1974

1t
Let's consider the Schroedinger equation (SHE) at + —= —

h
0

ot

(7)) = ( ~ Eyep) | ¥(7))

W (T + TF)) = 6?_(H._E"'('f)7f [Yini)

— E Cn€ —(En— Erey )Tf ‘ )} 'n..>
n
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Method: projective QMC (PQMC) in a nutshell

Kalos, Levesque, Verlet 1974

1t
Let's consider the Schroedinger equation (SHE) at + —= —

h
0

ot

W(7)) = (H — Epey)| V(7))
’\I’(T + Tf)> — (?_(ﬁ_EWf)Tf lil/"?f'n'i>

= E (:?-,-,_.f:?'_“"'”f—Enz,f‘)ff'\\Ifn.>
T

7% e~ (Eo—Erey)Ts Wo)

« PQMC finds the ground state properties of quantum systems.
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Method: projective QMC (PQMC) in a nutshell

Kalos, Levesque, Verlet 1974

Let's consider the Schroedinger equation (SHE) at + — i
E) | A ) n\‘.\. | ) rd
— = |¥(7)) = (H = Eyres)|¥(7)) ~
Ot -
Q O _u-_l '_;‘}‘ | h \_1‘;;‘__' 0
’\I’ ('T + 'Tf)> = ¢ (H=Eres)7s W”fén'f-> . ;e I« L X
P 3088888
- Z cpe” En=Eres)Tr g ) {0 0000000
n P(x) _ e
Tf %C}O; Co e~ (EO_E'r'F—f)Tf L\IJO> Image from: J. Thijssen, Computational

Physics, Cambridge University Press

* PQMC finds the ground state properties of quantum systems.

. Alarge population of random walkers N _is evolved through:
diffusion + branching (death/birth process)
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Outline:

e Simulating quantum annealing on continuous space models
Inack, Pilati, PRE 92, 053304 (2015)
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Simulated QA on double-well

potentials
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Stella et al, PRB 72, 014303 (2005)
Stella et al, PRB 73, 144302 (2006)
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Simulated QA on double-well

NOTE: “time” scales are

potentials different, only asymptotic
slopes matter
6 1 ; ;
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‘: . awie- MO -
- | |
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\ asymmetric : = .. RT-SHE
o) i ] 0.1 - CIN
) I - b [ ]
— | I QO L
X \ I W Sy
> \ ,'
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0 -.7L — ‘-j . ! * = -
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X

» DMC performs asymptotically
like deterministic IT-SHE
Inack, Pilati, PRE 92, 053304 (2015)

Stella et al, PRB 72, 014303 (2005)
Stella et al, PRB 73, 144302 (2006)
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Simulated QA on double-well NOTE: “time” scales are

Pirsa: 18100093

potentials different, only asymptotic
slopes matter
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Simulated QA on multiwell potentials

1 » 2
V(x,x,) = A[sin(b zx,) + sin(b,7x, )] + 5 Kiap(X) +X3)+ 5 K(X, = X5)
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EFBS

SQA vs CA on multiwell potentials

7

SQA _ _—1/3 .
Ere.s T[ .
CA Y | -
e ' ~In (ct) >

res \ [ - .

% SQA e
- e CA -B8-
1_
0.1
0.01L - s - -
1 10 102 10%  10*  10°  10® 10

Simulated quantum annealing
outperforms CA

Inack, Pilati,
PRE 92, 053304 (2015)
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SQA vs CA on multiwell potentials

10i
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Simulated quantum annealing
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Outline:

Tunneling dynamics in QMC simulations
Inack, Giudici, Parolini, Santoro, Pilati, PRA 97, 032307 (2018)
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Tunneling in the double-well potential

- . week ending
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(Received 8 December 2015; published 28 October 2016)
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Tunneling in the double-well potential

PRL 117, 180402 (2016) PHYSICAL REVIEW LETTERS X OCTORER 016 ’3/«-’0 Ground state wave-function

Understanding Quantum Tunneling through Quantum Monte Carlo Simulations 'l}bl F”’St eXC|ted State

Sergei V. Isakov," Guglielmo Mazzola,” Vadim N. Smelyanskiy.” Zhang Jiang."” Sergio Boixo, ,-(/, ,-17[7
Hartmut Neven,” and Matthias Troyer '/0 d 1

Google. 8002 Zurich, Switzerland 'L[} —
i vik, ETH Zurich, 8093 Zurich, Switzerland i L I
i Ventce, California 90291, 1ISA \ﬁ
"QuAIL, NASA Ames Research Center, Moffent Field, California 94035, USA dd

"Stinger Ghaffarian Technologies Inc.. 7701 Greenbelt R, Suite 400, Greenbelt, Marviand 20770, USA

(Received § Deceber 2015 published 28 October 2016) 1/, - 77[)0 + wl
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Tunneling in the double-well potential

PRL 117, 180402 (2016) PHYSICAL REVIEW LETTERS 28 OCTOBHR J016 ’Z/,’O Ground state wave-function

Understanding Quantum Tunneling through Quantum Meonte Carlo Simulations L/[’]. F”’St eXC|ted State

Sergei V. Isakov." Guglielmo Mazzola,” Vadim N. Smelyanskiy.” Zhang Jiang."” Sergio Boixo ,-(/, ,-{7[,
Hartmut Neven,” and Matthias Troyer '/0 g 1
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Eo Quantum annealing tunneling time

Y
‘gafn. neal X ——=

A?_,

What is the tunneling time of
QMC simulations?
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|l<m>| The Quantum Ising chain

1 QPT I:I:—Z” j(i?(f?-rzi(f;

Potential Energy Kinetic Energy

A = exp(—aN) /=1
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The Quantum Ising chain

|l<m>|

QPT - 7 7 oy
1 H:—Z;- JU?(I;-FZ[,U{
— J 7 \ ;
Potential Energy Kinetic Energy

m=1 m=0 ¢ Y

o o8 O “PIMC € 7=

m=-1 Shhaad AZ

> PIMC scales like QA

— AV _ I- =1 1Y —~— — e ——
A = (,xpl( alN) | /] I ma— '
: 10% | : } ::‘\
A
—_ = 10’ .
= .
; 10 ' pe
; 10 t
= QMC: open symbols
' ED: closed symbols
TR ,1 : m o 1 o N 5 ]"" 12 I‘\ 16

Isakov, Mazzola, Smelyanskiy, Jiang, Boixo, Neven, Troyer, PRL (2016)
Mazzola, Smelyanskiy, Troyer, PRB (2017)
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Shamrock: A model of frustrated rings

Can quantum Monte Carlo simulate quantum annealing?

~ . . 2
Evgeny Andriyash! and Mohammad H. Amin'?

'D-Wave Systems Inc., 3033 Beta Avenue, Burnaby BC Canada V5G JM9

“De partment of Physics, Simon Fraser Unwversity, Burnaby, BC, Canada V5A 156
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Shamrock: A model of frustrated rings

Can quantum Monte Carlo simulate quantum annealing?

Evgeny Andriyash! and Mohammad H. Amin'?

'D-Wave Systems Inc., 3033 Beta Avenue, Burnaby BC Canada V5G JM9
“ D partment of Physics, Simon Fraser Unwversity, Burnaby, BC, Canada V5A 156

Currently implemented by Google

AFM ™)™
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Shamrock: A model of frustrated rings

Can quantum Monte Carlo simulate quantum annealing?

Evgeny Andriyash! and Mohammad H. Amin

"D-Wave Systems Inc., 3033 Beta Avenue, Burnaby BC Canada V5G JM9
“De partment of Physics, Simon Fraser Unwversity, Burnaby, BC, Canada V5A 156

Currently implemented by Google

—_
=

Tunneling time &
=)

100

JAH'-.-W__'J—E 10

JH.'_ J &)[\’:’
Epime E‘é‘

PIMC dynamics slows down due to “topological’

It is slower than QA!

11 13 15

9
N=2K+1

Number of spins

" obstructions,

M. B. Hastings, Quantum Inf. Comput. 13, 1038 (2013)
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Shamrock: A model of frustrated rings

PQMC results
108 — st . , . ,
ED: 1/A° ~v
10’} ED:vA ©
¢ (PIMC) =-
106} & (DMC) &
s v
® 5 ‘
£ 1077 -
2 1ot
[o)
c 31
% 10 @
= 100} ¢
Inack, Giudici, Parolini, Santoro, 10} 5~
Pilati, PRA (2018) 1 o ) ) ) ) )
3 5 7 9 11 13 15
N=2K+1

Number of spins

» PIMC dynamics slows down due to “topological” obstructions, It is slower
than QA!
»DMC dynamics scales like 1/A (i.e., “faster” than QA)
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Projective quantum Monte Carlo method

O N
() = (7~ Brep)¥(r)
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Projective quantum Monte Carlo method

8 - él thShdd'.n
——|U(7)) = (H = Eres)|¥(7)) [

or imaginary time
W(X,t+AT)=), G(X, X', AT)W(X 1)
W(X ,):ZX G(X,X’,A‘[)#:l G is not a stochastic matrix

This is not a classical Markov chain
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Projective quantum Monte Carlo method

J . Coobie e
—T’\IJ(T» - ([[ — E'rﬁ,f')|\1}(7_)> " Vequaticfnrin e
or imaginary time

W(X,t+AT)=),  G(X, X", AT)¥(X",7)
W(X ,):ZX G(X ,X’,A‘[)?‘:l G is not a stochastic matrix
This is not a classical Markov chain

P(X,t+A7)=), . T(X,X')P(X",7)
Where ZX T(X, X’):l T is a stochastic matrix
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Projective quantum Monte Carlo method

Y, 3 E olve the Schrédin .e\
—0__’\11(7_)) - ([[ - Ere,f’)mj(?_)) i Vequatic?nrin i
T imaginary time

W(X,t+AT)=), G(X,X',AT)W(X 1)
W(X ,):ZX G(X,X’,A‘[)#-‘l G is not a stochastic matrix

This is not a classical Markov chain
P(X,t+A7)=), . T(X,X'|P(X",7)
Where ZX T (X ; X ' ) :1 T is a stochastic matrix

Main issues

! ! 1) Exponential signal - branching
(X!X !AT)W(X ’AT) 2) Need large N

- good guiding functions

G(X,X' At)=G

sto
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Systematic errors in PQMC algorithms

Relative error w.r.t. exact ground state energy

0.01+ -
........ gl
=5 e
e i LT
® e o
ey e N=50 &
o N=60
4 N=70
10,3 4 N=80 ®
N=90 - ®
10°® 107° 10 103
1/N

Inverse number of random walkers

Inack, Giudici, Parolini, Santoro,
Pilati, PRA (2018)

Model: Quantum Ising chain

# of walkers required to keep relative err. fixed

(]

1000

100 -

10

0.5% ® -
1% ™ L
2% - .

o
e N |
[ J .
® R
N X
o R o
s o
s o o ¢
m o
o ¢ .
20 30 40 50 60 70 80 90

System size

Exponentially growing computational cost

Note: here we use “simple” PQMC algorithm: no guiding wave function.
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Shamrock: A model of frustrated rings

PQMC results

ED: 1/A° v
107 EDG./A O
& (PIMC) &-
105} & (OMC)

-T

wr v
® 5 :
g 10 ¥
2 10
[o)
C 3
% 10 N
= 100} g
Inack, Giudici, Parolini, Santoro, 10} 5~
Pilati, PRA (2018) 1 o) ) ) ) ) )
3 5 7 9 11 13 15

N=2K+1
Number of spins

» PIMC dynamics slows down due to “topological” obstructions, It is slower
than QA!
»DMC dynamics scales like 1/A (i.e., “faster” than QA)
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Systematic errors in PQMC algorithms

Model: Quantum Ising chain

Relative error w.r.t. exact ground state energy  # of walkers required to keep relative err. fixed

S S I 10°
0.5% ® o
1% = o
5| 2%+ o
0.01} 10 -
L J -
I 3 £ A
o Z; 10‘ + ® N "
e Ne50 4 - P, *
e at N:BO v e . . o
: N=70 e 1000 a e >
103k 4 N=80 = . ¢ °
N=90 - ® *
10° 107 10 10 100 i
1/N,, 10 20 30 40 50 60 70 80 90 100
N
Inverse number of random walkers System size

Inack, Giudici, Parolini, Santoro,
Pilati, PRA (2018)

Exponentially growing computational cost

Note: here we use “simple” PQMC algorithm: no guiding wave function.
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Outline:

Boosting projective QMC simulations via artificial neural networks
Inack, Santoro, Dell’Anna, Pilati, arXiv:1809.03562v1
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Projective QMC with importance sampling

f(x? 7‘) = ([’(X, T)(-/’h(x)

The modified Schroedinger equation in imaginary-time leads to:

continuous space

Drift-diffusion Langevin equation Branching

w(x', Ar) = e~ A7 (Broc )= Fres)

Pirsa: 18100093 Page 67/84



Projective QMC with importance sampling

f(x,7) = V(x, 7). (x)
The modified Schroedinger equation in imaginary-time leads to:
continuous space
Drift-diffusion Langevin equation
AT AT

XS _'I'H)TFH (x') +n m w(x', A1) = (_%“AT(E‘“"(xl)“":"fff)

Branching

Idea: use artificial neural networks as guiding wave functions

RESEARCH ARTICLE

MANY-BODY PHYSICS

Solving the quantum many-body
problem with artificial
neural networks

Giuseppe Carleo'® and Matthias Troyer™?
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Projective QMC with importance sampling

fx,7) = WX, 7)n(x)

The modified Schroedinger equation in imaginary-time leads to:
continuous space

Drift-diffusion Langevin equation Branching

AT | AT A :
x=x'+ T Fa(x) 4 m w(x', At) = e~ AT(Boc(x)=Ere)

m "

RESEARCH ARTICLE

MANY-BODY PHYSICS

Solving the quantum many-body
problem with artificial
neural networks

Giuseppe Carleo'® and Matthias Troyer™?
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Unrestricted Boltzmann machines as variational wave functions

Idea: use Boltzmann machine (BM) as guiding wave function
» Carleo, Troyer, Science (2017): restricted Boltzmann machines
» This work: unrestricted Boltzmann machine

T.ﬁ“‘hﬁ(x) _ E :e—K-l_ Z«::i_j_\. xiXj—Ka Z<i.j> hih; - Ka Zi xih;
h

Variational parameters: K,, K,, K;

Hidden variables: h,, h, h,

Visible variables: x,, x, X,
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Comparison between variational wave-functions

Quantum Ising chain

1 T T T T

"uRBM —6— | a is the hidden-density layer
RBM,a=1 —&—
0.1 RBM,a=2 v
Boltzmann —8—
0.01
3 .
[} 3
o 10
4
10 .
5 E'U o EGKS‘
10 1 €. —
Y “rel
v Ecs
10_6 1 L 1 L L L L
0O 02 04 06 08 1 12 1.4

r

» uURBM is more efficient compared with the RBM at a=1
» The efficiency of the RBM increases with a

Inack, Dell'Anna, Santoro, Pilati, arXiv:1809.03562v1
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Unrestricted Boltzmann machines as variational wave functions

Idea: use Boltzmann machine (BM) as guiding wave function
» Carleo, Troyer, Science (2017): restricted Boltzmann machines
» This work: unrestricted Boltzmann machine

Wb (X) - efK-l_ > i XiXj ~Ko2 ?(i.j} hih; - Ka ) s Xih;
h

Variational parameters: K,, K,, K,

Hidden variables: h,, h, h,

Visible variables: x,, x, X,
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Comparison between variational wave-functions

Quantum Ising chain

1 T T T T

uRBM —&— | a is the hidden-density layer
RBM,a=1 —&—
0.1 RBM,a=2 v
Boltzmann —8—
0.01
3 .
@ -3
o 10
4
10 .
5 i E'U o EGIE;
10 ¥ €. —
“rel
v Ecs
10_6 1 L 1 L L 1 1
0O 02 04 06 038 1 12 1.4

I’

» uURBM is more efficient compared with the RBM at a=1
» The efficiency of the RBM increases with a

Inack, Dell'Anna, Santoro, Pilati, arXiv:1809.03562v1
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Computational complexity of PQMC guided by unrestricted BM

» Needs combined sampling of both visible and hidden spins
» Correlations among hidden-spin configurations affect systematic errors
» Needs efficient sampling of hidden-spins, especially at the critical point

k = # of updates of hidden spins variables every visible spin

Quantum Ising chain: ' =1

106 ' | ' ' ' v 4 v N UIN P
€,0=0.1%, k=0.1N - ® NP B a=0.023(3)

e €,6=0.01%, k=N m .
S 05| @e=001%, k=2N-e.
= €,0=0.01%, k=4N @ o
‘g’- e,.e|=0.01%,k=10N A— ‘.
£ s 100l o | Inack, Dell'Anna, Santoro,
Sz 10 Pilati, arXiv:1809.03562v1
‘w; = ]
— - 't B
T ) S = "
© ¢ | . * * *
I 2 S * 4 i
3 - . * L.—-—',‘ ..... z ————— z ''''' ; ''''' ! b
5% 1oofg -t | N,«N b=0.55(1)

40 80 120 160 200 240 280 320

N
System size
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Outline:

SQA using projective QMC on the quantum Ising chain
Inack, Santoro, Pilati, work in progress
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SQA with results on the Ising chain
(work in progress)

1
€ res €T f
/|
- . gx : — o B |
o X e
X \ i
PQMC results for different
N = 52 spins o\ ¥ I Q

*\’;\\* estimators
N .

mixed estimator PQMC-1S s A
‘ mixed estimator simple PQMC *
. approximate pure estimator simple PQMC

10 10° 10° \

-2
€ es X T

»PQMC performs asymptotically like deterministic
IT-SHE (Zanca, Santoro, PRB 2016)
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SQA computational complexity on the Ising chain
(work in progress)

IS
NO-IS
10° e
Quasiadiabatic limit
5
10° 7r = 500
z ' |
N 1n—4
10°
100
50 100 150 200 250

N
System size

rImportance sampling betters the scaling but it's still exponential
»Better guiding wave-functions may improve the scaling
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Summary and perspectives

* Projective QMC methods can simulate quantum annealing

PIMC1lns. 4 -

- .-‘. OMC ® ™ N = 3
. - HE = » N = 64 £
a e HT-SHE | - N =128

-
0
@ | (&
PIMGC Thaemn! Limit - |
0.01 \ ! in*
(s i
3
|
) - ) sy e
10 1 10 1] 1] 10" 10
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Summary and perspectives

* Projective QMC methods can simulate quantum annealing

i . | 1 - . NO-IS
- o IMC ‘
PIMC1lns. =« Ld
- - -
- -‘- a OMC » * N=3 .
i . IT-SHE = | - N=§4 —& s
- HT-SHE | - F 0
. .y | N=128 =

0.1 - ., ] — 001 Z
- | >
2 B m | = . B UT 10!
=

\ = 10?
PIMG Thasrmal Lirmif ‘\A PP ; 107
|
0.01 1 10*
‘ 10€
|
¢

(symmetric) 100 180 200

50
pr) ) 3 — Y w* N
1 10 10° 107 o 10 10" 10" i ) 0

0 ' Good guiding functions needed
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Summary and perspectives

* Projective QMC methods can simulate quantum annealing

IS
1 . 1 } NOHIS
- SIMC | 10
PIMCilns. 4 -
* -
S - i a DMC 1 * N =32 .
. . IT-SHE = | ! » N=§4 —8 s
.. HT-SHE | - 12 0
= N=128 »
0.1 - . — 04l z
e . BUT .
10

50 100 150 200
N

Y Good guiding functions needed

(symmetric)

1
4 ‘
PIMC Thermal Limif -—aada] 10
0.0 ‘\\ J -
‘ 100
" . |
7 o
¢ 0

1 0 10% 10"

« Major improvements of computational scaling with unrestricted
Boltzmann machines

o, k=0, 1N @ L]

haN ® .
N - ’
10 N o »
kaiON & »>
4 -
F 0
-
3 . - L o
10 - LJ
* - - . . *
. . . ¢ 2
. P s U o
0|l el
| St - -
40 80 120 160 200 240 280 az0
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Summary and perspectives

* Projective QMC methods can simulate quantum annealing

IS
1 - . NOHIS
- Mo :‘ 10
Siemseen, LT I Nez —o
.., . IT-SHE = : N=64 —& o
- - NT-SHE ; N 128 - .
[\] - - — 00 z
8 ‘ et ‘ 2™ M B UT 10*
: L LE .
T, .
PIMG Tharmat Lirnit ‘\_\A e | 10
0.01 J o
(symmetric) ‘ 100 ) 100 160 200 250
1 0 o o ot 0° 0® 1:‘\ Lo b
¢ 10" ¢ 1 ) 1 X 0 0 W - .
' Good guiding functions needed

Major improvements of computational scaling with unrestricted
Boltzmann machines

o, k=0, 1N @ L]

. 5 -
In future works: Y
Combine uRBMs o . .

g - -

with SQA Cle . .

. . .
S SR P S —

40 80 120 160 200 240 280 320
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Summary and perspectives

* Projective QMC methods can simulate quantum annealing

: LRA SN FMESNMG o \ T . N=32 o ‘
.., . IT-SHE = bl ? N=64 —& "
. - MT-SHE N = 128 " i
. L 00 . BUT =
£ . \!.\ ‘“ ‘ . 0
T NP . \ )
(symmetric) 100 50 100 160 200 250
o® o® ot 10° 10° 10 oy 10 10? - g M -
! f . ’ Good guiding functions needed
« Major improvements of computational scaling with unrestricted
Boltzmann machines — T
Rirvrite . 10 cE}\‘ML\u«isk r;r'"ﬁ
1% kedN o e 10| 5 (OMC) -
0.01% ka10N & . D - af

In future works: - E - .

Combine uRBMs I . » P

With SQA " : - = : N . . . F 100 ‘f v - . |

. R e S S S R 0| & . "
100 g il — .' -
40 80 120 160 200 240 280 320 1 \ _'. __::__;;'_"_‘"" 'T."'_' “‘_
N ) Nu2Ka1

* Tunneling time in Projective QMC simulations scales much faster than
gquantum annealing and PIMC
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Summary and perspectives

* Projective QMC methods can simulate quantum annealing

- DI
PIMCilns. &
- -
- -‘. DMC =
- - IT-SHE =
a e HT-SHE
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@
\‘. |
PIMG Tharrmnl Limif aas ad
00 ‘\\
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1 & ]

1 0 10% 10"

N=128

NOHIS
BUT o

50 100 50 200 250
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Good guiding functions needed

 Major improvements of computational scaling with unrestricted

Boltzmann machines

In future works:
Combine uRBMs
with SQA

. bt
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* Tunneling time in Projective QMC simulations scales much faster than
gquantum annealing and PIMC

« This suggests that imaginary-time based methods could be
more efficient for solving optimization problems
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Thank you for your
kind attention!
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