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Abstract

Analyzing quantum many-body problems and elucidating the entangled structure of quantum
states is a significant challenge common to a wide range of fields. Recently, a novel approach
using machine learning was introduced to address this challenge. The idea is to ‘embed’
nontrivial quantum correlations (quantum entanglement) into artificial neural networks.
Through intensive developments, artificial neural network methods are becoming new powerful

tools for analyzing quantum many-body problems. Among various artificial neural networks,
this topical review focuses on Boltzmann machines and provides an overview of recent
developments and applications.
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With the evolution of numerical methods, we are now aiming at not only qualitative understanding but also
quantitative prediction and design of quantum many-body phenomena. As a novel numerical approach, machine
learning techniques have been introduced in 2017 to analyze quantum many-body problems. Since then, proposed
various novel approaches have opened a new era, in which challenging and fundamental problems in physics can be
solved by machine leaming methods. Especially, quantitative and accurate estimates of material-dependent physical
properties of strongly correlated matter have now become realized by combining first-principles calculations with highly
accurate quantum many-body solvers developed with the help of machine leaming methods. Thus developed
quantitative description of electron correlations will constitute a key element of materials science in the next generation.
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ANNs as powerful tools in physics and other scientific disciplines

Much of the above discussion is focused on how physics has been a driving force underlying
inventions and development of ANNs. Conversely, ANNs are increasingly playing an important

role as a powerful tool for modelling and analysis in almost all of physics.

In some applications, ANNs are employed as a function approximator [36]; i.e. the ANNSs are
used to provide a “copycat” for the physics model in question. This can significantly reduce the
computational resources required, thereby allowing larger systems to be probed at higher

resolution. Significant advances have been achieved in this way, e.g. for quantum-mechanical

many-body problems [37-39]. Here, deep learning architectures are trained to reproduce

energies of phases of materials, as well as the shape and strength of interatomic forces, with an
accuracy comparable to ab initio quantum-mechanical models. With these ANN trained atomic
models, considerably faster determination of phase stabilities and the dynamics of new materials
can be made. Examples showing the success of these methods involve the prediction of new

photovoltaic materials.

38. G. Carleo and M. Troyer, Science 355, 602 (2017).
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Paul Smolensky (1986)
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G. Carleo, YN, and M. Imada, Nat. Commun. 2, 5322 (2018)

CDODMEZES E—ROMNILVYN NI VIERBNIVYN NI ICN Y T B ENEEE 15




g8 1 0AR

2.

EEICKE T D) EFZHREREDEA

16



MEBERODEF=RbEIEREFEZHR
e P OHEAEEHT 28EF (=70)
&b BIEREFLZHER

ZINE+EFE

ETZFRR (¥70)

I
i

17



faee P DE ?@?}E%ﬁb\gﬂ’\‘%tw@\7ﬂ7&r@

2

OV ({rt,t h? 0? 7 e’ e
ih g{t} ) _ Z( s B ;Ti—R[‘)+Z‘ri Ue ({7}, 1)

1 ’L<] _r]‘

(mf

EFTRILE— RFEHSD35]T] EE?FE%EHYE

/ (fEmBEDEHR)

I\ RIBE (EBFArRBERFY Vv TRETZEZE2)

SARNINA TN\ )T
4

di /

il

If
‘_N
S;
o
J

TR DOEAVER
YR, WMKHEAEER. ..

il
l_LIJJI
E‘ﬁé
3

Energy (eV)
-

mill
(Ll
=\
alt

B8 (EF0ROT)

I/

CODEBRICIEDTHIEY S 2 L—

Va9 b FFICHAEERDOED IFRWHAEEL LY)




2/ ORERAERERL )

WMIEMIEICH T 2 BT SHE=2BFROY 1 L —F 1 ¥ A—HER ORI

Z h2 % Z Z[e2 _|_Z o2 w(r i ) )_Ew(r ) ) )
2m ori o |ri = Ryl e — | A0 T2 o TN = BVATL TR, TN

) — — WEEYN (BEFREERTER
SEFEZHE/INIIINZT Y

HEEIR S ERENY ML TERTE 3, (n, ... RS T BT MLOED W, ..., )
EZEBDOAY Y2 m28MNM02 UK TH, N=15OBFFETFDRITIEF10'S — PBA—5—D X3

,

(11

RWELIZITD 2 EDTE HHEF ENE

Mt
O

BEZEICEHRL ZEIFTERWVWDT, B

IXRO:EFHNT7zIIAYTHDZEICER. ITXRILF—DEEBEZRAWCERHEZHIBBW/\IIL =TV

 BWINZII N7 ETEBRITEEICELS EHDYVIVIN—ZFHRET D3 EMEZI/ AL =_12—ZJILRXv NT—7

I>HI_
&

19



Txz0D: EELEAEOHCEHVEEMNIINZFY

—[RE/NIII =Y

i

%l B{t= v L) NiO

DFTIc &%/ M &

Ni2+ — [Ar] 3d8 ol ]
02 = 1522522p6  (FARR) - EHEBENYVR
5| _

- EEICHESULES)

Energy (eV)
O

- RISV R
—15¢ B ('fK% (-__I'%'_—L/tﬂ\\'\)
-20 Cot—
W L I X WK

’ﬁfJ/\ =Y

S D) PRI ) SUATR IR

renormalize

iF] O

17kl op

trace out

Target (T

trace out

Ni 3d/\>

20



BEBOH 1 1 I\NN— R IREY
ALY RS L

T*

| Fermi
FEREREBIEE.  liquid
d-SC

Figure from K. Ido’s thesis

~300
HgBa,CuO,,; YBa,Cu O, La,.,Sr,CuO, "
(Hg1201) (YBCO) (LSCO) _ Pseudo gap
~ | Strange metal -
Cu Cu Cu ~ IN . '
O O 8 7—;’_‘DW, onset '
2 ! Z R {1 \
g La,Sr < \
! 5 CDW T.
Ba g" ~100
Ba g

AF+d-SC  ~1/8 ~0.25

Figure from N. Barisi¢ et al., PNAS 110, 12235 (2013) Hole doping o

2RITCIE A F LD I\N)\— K= EY
S‘ S‘ tij wCJG +U Z N1

/07?7& ‘

(L
I:Em:-l:
>

Cu 02

FDEF (7 2L I #DAEEDx2-y2/\Y RKOBEF) DIE

BMINZII =T Y

/




Ev MEREDENNIILN=FY : EFAEVISH

T v Mg

5l Z_ [ SR ER (L 4]

===

/=] /0 A

B{RE(AD:

Sl

2R (IW\AERIIVIEE

J

=

)




BABBFLOBEFAE VSR

IEARF INZ D LB =ABT

BEDT-TTF73F

O. Mustonen et al, Nat. Commun. (2018); Phys. Rev. B (2018) Imamura et al., Sci. Adv. 10, eadk3539 (2024) https://www.nims.go.jp/press/2018/04/201804230.htm|

BN SZ 7 VIEMEDHEHBPEEICKT U TRA R
- [ERICL e TENIYEOHEEZ FS A !

23



BEINZILEZ

> DRI

£ F % ERE
Hlp) = El)
BN I K=Y = FIK]
(PCETIIERBDE KRB RITDIT) (PCL

I3 & FIRREI DB

BCSEBENEEEL (19724 ./ —NJLE)

‘¢BCS> — H(Uk - /UkCT_chli) }O>

k
(ESTIBI Y
ETREICHT 2EN AR

AT AN
=1
LN

=]
(=]

NEERBDEKIZRITDNY ~L)

IRRD

1>

2 7)) VIREIEE (1 998£5/ —/\“)l/

YLaughlin = H(Zz - Zj)m eXp 4l2 Z K2 ‘2

AEEFR— ISR
R EHE D5 LTE

24



TERZDQ : T EHEMEE ?

173

_/IDJ 1N (/ z

D < fEKF

= FZAEYIBILBEE (FlFEETHEAW)
ST & ZEEDIRATVIC
ERZETFHICHINYT 2EFIREHL NS UL

D1 DDEFDE

—1 =
5 E

Bl 1 2RTEEAIEF LD I\IN— RIEE

& (XBRICER D233
TRILF—RT—)LDF

(U/t=10)

0.01
0.005
0
©  .0.005
Y
+ -0.01
o
—  -0.015
-0.02
-0.025 |
SO+
phase separation  stripe order  superconductivity
0 0.05 0.1 5 0.15 0.2 0.25
BIEEES TP TFHZS5SATUERD

ACER S

uniform,

> > >0 > > >
WONO I~

A.S. Darmawan et al., Phys. Rev. B 98, 205132 (2018)

paramagnetic metal

AJREMED D B — BEME

ERS

ERIDVEI

B/ ANLZ=Za2—ZILRY NT—=7

25



EFSHMEICHTZAT=2—5ILRY hT—VF&
AI: q — 5)[;* v NTJ —7 %Fﬁ L) TCE%ﬂﬁﬁg\%iﬁ (201 7E~) Carleo and Troyer Science 355, 602 (2017) "

FFE

HZREFHON (BERXGHEOZHANFEREDEFNZNRZERGLE) 2F8 (DAMEH =TX/LF+—)

N AR
S B
=) XS@OBHE —=) T
MFORZHEE T SIS
(AF) N e (£ 77)

> ¥

¥ MWBRAEVEFZ2—FIRY NT—=TDINTAXA =TT

DAERICFE > TWoEFHFEBOREEZEMFEE ICKDEERICUIDE RS

Za—ZILRY MU =T DFRRGEBERIREDZ 7 IVER

26



AL=2—5L%y T—IFENROBENERIE | RROLBH S

B+ Otﬁ?t‘m
SEEE)

2025/3/11 15.00-

27


https://www.youtube.com/watch?v=3b10rpPRKt4

ATI=
—1—7JILx
\\/ I\ |7_
47 F3EH
/ :z)\
HYD&%F&EE : ’y"ﬂ[
— SLEEE
DiLimh e
H

3

i

 DIRA 13
dE

E‘?%%ﬁ:ﬁ%‘:iﬂ'jéﬂ

"

=]

1

2ZITDICT 4 —
VA

W

(P
- 0) '::|l|:\ (!_ N
o C }"I' L
¢ Heis (BC_T) /\07
® enberg (N 7 —
J1-J2 _BC) 7 N\
otV (N_BC_J5) . i)
(NS B —2 10 o o' © o
o H _BC_N o = g @ o' o - \
ubba _Ne_V) S © $D$B‘ \ 0o NSy ©
rd (N 2 o @ VB \ o P o ® o' al ~ /
® Im . . BC & AR ® % ‘2@0;\\»0.\;\»\»\[» @Omiﬁ l°~/ I »
punt o _NT . \)6‘\9\6‘\ ALA W o) a2 - o ‘-bu-) N '8 o' N -
Y(m _Lj) 7 O \5\76‘6\6\46‘\ o\ o> ! 0! — <f°\,°0000/ a/
odel + e O 2\ AN P ol oL ol o M
_Nb) ‘26\?)@ 7 \ \4\,0’0\4)\ \ W) ‘\’U’U’\ w = 1“31001 /"\l . OO/V
- o ° ‘5\6‘\/\'0'0 $C o ‘&\@@“’.O\U‘\N\”@@L;\“)Dfém‘f@oo/af?j i
Chain \;%\6\7\0?\ \0\‘)0\%&)) '—A?_A\oo'é‘“"\ G\PP"-‘”T’HE NS S X Q‘/c:o/'g’o Dy
O O & *5\6*(2\\’00\\/'0")06\\ ‘o X * ¥ + + DDD' ! P%/VQ/QQ'
Rec ) O\eQ} PR AN SUIEN O RS © 3
tan o % 5\9\"’\2\97~\D * Ox's e 38 S
A Tri gular . 1\955“ 6‘\\;\26’\ 9 X 0o~ o’ N ™
Trian 1‘,6 6‘\/0\,00\’\3‘9 « + Iy /”vé,OQ/f\/ ~
gUla o 16\6q\/0\\;\ NS < & ™ v /AT o
X Dia r 78 5 o0 25238 85 Ve [ fam
gonal “Op, 36 q\,oo\ge@\d’ x * Q/r,\’@ QN © —_tl:%__l:
X:X Q S \/0 6\(5’ g S (O/Q/ Q’ e ﬂ —
Ka 2 7. 2 @/”) Q
el Ry 5 : e o ElC 4o
€ Shuri 02\56\"0 8 & *é?/“’%q > \
& uriken ) 2550 P43 iz g x R0 o SV L\ j:
Pyro . fp ~168 g/ VS SN 6\3’/ S [(mm]
chlore g2 120,78 O > " o > N
O Im 50 -9 8 V/\?’ QP! '\9/\/ -\
purity T8 ppye? 65 g OO ) P i} TR E
256 MET ) *+ X <>/r1fo % L -It. =I=I
30 A&%& S/ LY ==
8 64 9 2 ot QQ/'OQ/Q p 4 =
®\16\If\, \58 ] QAN X x @}Q$’;+,b b‘ ’ 1n| P“I ZIN
. ! O .
0o- H_256 D"'Ig'l * < = B>3b? Q Q % H/\J —_—
14x16 ‘P_109"'P + « DR A2
g716—P*88~8 DK N AQ0 e 0 : |
= _16_P o 2 %mff"% —
O_64_PA 52'12‘ + % X D/xwg / j— N )
,256/\)/119 8 A )QQ/P/ : =
D/256/P/114’6 H A AVB N 256
g/zse/v/us/a AN AL ~ 1960 B X o
Q-A)ﬂ /6A/\’0/3’L/2 - N “axa A8 P S
16 \3/6.@5 * o 10-16 10-8 = _gx8 192 /
o B P\}‘% /16 104 N §§%/P1 7N
2567 W @_V‘SCOrg—2 10~ S B
$/\,6f?/6‘ o x © ooy 10705 4 256_P %14& a8
$}6/6/"9'% P O = 5 e ﬁ:ﬁé
$/\’ Q Q):’)c)% %2 A X 7X I\ I/ I\
ﬁg;\ /Q/’L%/b‘ ,ﬁi@ - ?
@D«S /'\,'\b‘/ e h ] X * oo ZK\/
A0 Q 1 .
o™ PR A B e AR + a0 o GETS
O/ bb(//g'q [ + g\le\ \1 E%g
RN SN 2l m MY &
o~ - X 0 0 £ . S8 6 p, 7~
R g 4 55 % =N R
,\‘69 //\b/ N(b/q/ % l:‘ D e =) X:X " Q ‘26 T~M
w9 KA = g | X > sp L6 » MI-yp
% ”)(o/,\@//'\(,b/b‘ * & . /17;'0\5 -9 o
&G QV’/:Q//‘O X @ * {}\]6 T > 7 R
o ~ /0 % % S "2 R M, o
) 4 ~ 8 % % ng X3 5 7. ¢ ¥
o7 b/qV’/Q' 0 x 8 YIRL < AH, ~
ol Sy S on PARZIS A A
o7 Y Q1S Lo N/ SN e ~9 N
Q7 '\/”()O/Q,\//%/QOO % | \”90,07~ d 'Y '
%/@/(o/ ~N § /0) * xx \ 90\,0 /?7* ., .
””Q/NNVQ% IS e 4 .
R O m % 720, . c
) ~'m v_/"”7 x SN 023 70) o R) <9 B
o’ ’\//é )~ o/vo * x A S R '
NS ~! 1 + o+ X o) A7) N\ A '
OO/Q; Q/Q?/g/mgr\,/og.—q + + F + x ¥ x x Q® \ \\)gf‘\,g’o\.g . | -
v{(/\(gm/vojwm(‘g I'DDDB @’\/\QOQ%Q\ \\\)\)6\6‘6‘\\\/ ‘ ..
QI ;M D/v-’/ o Juo‘,_.' | \D@Dmm v \\)\)%6‘\,&’0\9\5\6 : B .
03 ! S'ha & m@';ww‘,\\ \O‘O\\)\\)\é\‘j‘?@?‘ 20 O\ \75'\\3\2 v 4 .
X D/’ v_/ -‘_"\ b\mmo‘bgg@@\ { \’o»o)\\ Z \ 2 . ' o .
< o = o ol T Vg™ =\ \ o ° o 2\ 5\ . "
' L | o T"O - © —0’0 \ > KN P @ e ’ '
o o & [ ol AR BN SATRR ¢ o ’ |
Lo S ¢ W W U D\ N O L\ NI ‘
X o F ! 2 8! Ve e ¥ -
¥ eoe Plote T e
fry . - \ ..
© © A
< ;
-
>
. Sci
, 296 (202



