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18 , (Johann Carl
Friedrich GauB3 IPA, 30 April 1777 - 23 February 1855)

(Fundamental Theorem of Algebra, FTA)

’

CHste| 7|2 ™e|(ttE 22| 24 FE ; fundamental theorem of
algebra)Zt &7} OtH E A ChtAl2 MO SLEC| FE S 4=
Ch= de|O|LCt,

5, 2474 CHaAl

p(z) =a,2" +an 12" +---+ag,a, #0, n>1
Ofl CHH p(a) = 0 21 A% q 7} HO|E L= EXBICHS Zi0|Ck
0] Hale 2asHI AsHots 22| (Mo 23l HaAg St

0= A
Theorem, Every linear operator on a finite-dimensional complex vector space has an eigenvalue.

FTA Ref.: Wikipedia
[ 1]
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22—1=0 r==x1 L2t =32+2=0 r=1,z=
, a,b,c ar’ +br+c=0 ?
L2t +1=0 p)
0 1 : : e +1=0
(Leonhard Euler, 15 April 1707 - 18 September
1783) , ’+1=0 r=%i (i:=+—1)
c7 , ==
c©7 ? 18 . © 7
, © 7 N
N:={1,2,3, -} , N (+) © ©
;' N N (=) c7
N . N © 7
CZi=A{—2,-1,0,1,2,-- } c7 (-)
(Algebraically Closed)
. N
R ¢ 7 . , ar’ +br+c=0
C:={s=o+ir: cER,7€R} FTA e
, a, b, ¢ ar’ +br+c=0
? e =cost+isint
e :==exp(it)

FT A “ ” “ ” o« ”
’
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, C “ ”» “ ”» . C
(Complex Number Field) (Algebraically Closed)
; (=) N Z ,
R C
18
. C
C
. ( ,
( sinmu )2
™
.
[m_J 2%y 4 1+2+3+4 00
I e? = cos @+ isinog
. 1494344 %
sin @
ﬁ, -
Djeske ' Re (o) =27 sin( T TO-8)¢1-5)  ((-1)=-

A E AL HO| ¢(-1)=c0

S H A% 29| ((-1)=-1/12

(Some intrinsic connection?)

i 1 0 SHME B2 SUNE TH
€ | A @0l Fats
N _ O mHo| HEQF A 810
oi ™ HZ0| ZRT 2| 0| E(Physics Theory) Lt EX 1 Zapot g4 gYst
Figures Ref.: Wikipedia, namu.wiki
[ 2] , ,
[ 2] ( “ ”» )
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, C “
O ” “ ” , “
” ; [ 1]. , C
C
“w » “
! . lin} lim
. hm [ee]
“© 7 (Number)
C , o0
C ( [
11) [ 2]
[1].
(Relativistic Quantum Field Theory)
(Casimir Effect) . (Photon) 0 1 (
L) (Zero—point Energy) ,
[ 1.
The <& hc whe |
E=— p=—(1+2+~-)=—(——]
E s il L 12
C [ 21.
, (Prime Number)
( ‘ . (Robert Phelan
Langlands, 6 October 1936 - ) (Langlands Program)[2][ 2]

“«
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K=@(a)={iana”:ane@}

n=0
(K: A Q2 d+d 78 oA, o fFelF A5E 2 g5 2)

QcQ(a,)cQ(a,)c--cQ(a,)c---cC

1) (Automorphic Form) ( ¢ ” )
2) (Prime)
3) (Zero ) a
4) C
¢ 7 ) flaz)=bf(2)
[ 1l
(Discrete) (Continuous)
C
C
. V/—23
flx)=z34+ax+0b . , QU{ v—23}
, , , ) Q(v—23)
, 05 +3v=23 Q(v—23)
p(z)=az’+bx+c Disc(p) =b* — 4ac
Disc(f)=—4a3—27b2 . a=—1,b==%1
Disc(f)=23 , flx)=az34+z+1

1@=Fag =a[1(1-¢)(1-¢")

II.




; « ). a,=2
p(p=23) Q(v-23) :
< 1> . fl@ n<1000
(Approximation) ,
f(q):ql_q2_q3+__'+q58+2q59+_._+2q101+“‘+2q167
tot2g P 442" 4207 4247
a, =2 n < 1> (a, =2 )
( , log(p) (Polynomial Time) a,
[3]. f )

Theorem (Edixhoven et al.). Let p be a prime. There is an algorithm to
compute T(p), for prime p, that is polynomial-time in log(p). More generally,
if f =5 anq™ is a Hecke eigenform in some space My(Ty(N)), where k > 2,
then there is an algorithm to compute ap in time polynomial in log(p).

< 1>q,=2 =n i p Q(v—23) Zl v—231
P "(n, i , n < 300)
(z°4+23)modn=0S V=3 =g , Q(V/—23) ‘ '
n 1
w pz 13 ’ w pz 13 ’
59 | 17 6 | 59=(6— v—23)(6+ v-23) 53 | 59=(53— v=23)(53+ v—23)/48

101 26 49 | 101=(49— v=23)(49+ v=23)/24 = 52 101=(52— v=23)(52+ /— 23 )/27

167 39 12 167=(12— v—=23)(12+ v-23) 155  167=(155— v—23 )(155+ v—23)/144

173 40 82 173=(82— v~23)(82+ v-23)/39 = 91  173=(91— v=23)(91+ v-23)/48

211 47 71 211=(71- v=23)(71+ v=23)/24 | 140 211=(140— v~23)(140+ v~23)/93

223 | 48 73 223=(73— v-23)(73+ v=23)/24 150 | 223=(150— v~23)(150+ v~23)/101

271 58 93  271=(93— v-23)(93+ v-23)/32 | 178 271=(178— v~23)(178+ V~23)/117
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(z: Ty: 1)
Wiz = ol =) =
L
s {3 ) Y615 - =451
sl st gesa (|7 ol dasel gotorackaia, ol g walA () = (0] 2 a9).

1 el ek e elootek: (¢ () =p(7) = (77 M) = (0)14 (0 B)a—B)—te=0.
eete) 712 Bl whek, /() = (a— E)(d— B)—be = 0) 8) (32574 EA80Ha, b o a7k el ),

Phgelne =0 o agpeatrea wer gad: ([7) )i pe 84t

H

P A ((1’ (1))(;) :E(x)oﬂﬁ (0—E)0—E)—1x1=0 o]ojoFai}.

s s oR B2 =1 ololobatmz, qlele] ahrel ehal (7). ) = (), 2 1.Joret ke ek
7 ¢ (Coherence)”
1t +0t =+1t t=t

A sk mor i el gobart: (T 2

AP el worg el gobant: (ST IO =10 o ot f =

1(=t)+0(t)=—1(—1t) t=—t
(z)” . H 1 x , 2 Yy
oo )

II.
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((5)- B 0 o
( 0 E ).
, Ty ( ) (Sound Wave)
x y “ ” o« ” , O E .
(
) (Standing Wave)
E D E 0
CH
H E
t ( ’ , “Spann
). 1 1
s V12402 = V12=1. oy

(Vector Space)

o Blo)=+aly) e o) ek
o BRG] e ) e -
( ) C FTA
(
) ( )
« ) 7
[ 21. (Fermat’s Last Theorem)
< 1> [ 2]

(Langlands Correspondence)

( )i
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(Algebraic Geometry) (Alexander Grothendieck, 28 March 1928
- 13 November 2014) [ 2].
, (Discrete) (Algebraic Number)
(Continuous) (Geometric)
?
, , [4][5][6],
[ 2].
ES X
/ [39]
(Logic)

2 ,

(Relativistic Quantum Physics)

( ).

II.




/M (M—Theory)
(Multiverse Theories) (Holographic Principle)

(Mirror World) [7].

(Stephen William Hawking CH CBE FRS FRSA, 8 January

1942 - 14 March 2018) (Hawking Radiation) ) ,
, (
) [ 3]
(Holographic Principle) , 2
, “ 1 ” ,
2 , (Simulation Hypothesis)
, (a Simulated Universe) ’
==au 23X o0
237 AN 2 2ArA= 217t
setEloz 87 O F = U= A ezt
I3
<AlSEo|d FTE, o|dH 7>
227t #1 AEs 2FE= AE20]440]|Ct
, NRF (2022)
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(Holographic Principle)

3x10%

(1.62x10" *m) 1

(Gerard 't Hooft, '99

NASA SCIENCE

i News For Researchers
SHARE THE SCIENCE

e worth a thousand words? According to the Holog

raphic Principle. the
n get from this image is about 3 x 1065 bi
ed computer monitor. The Holographic Principle,
am

most inform

tion you

s for a normal
siz

unproven. states that there is

ximum amount of information content held by reg
Therefore. counter

ns adjac

t to any surface

ntuitively. the information conte

ntinside a room depends not on
the volume of the room but on the area of the bounding walls. The principle derive
from the idea that the Planck length, the length scale where quantum
begins to deminate cl

echanics

ssical gravity, is one side of an area that can hold enly about
one bit of information, The limit was first postulated by physi

cist Gerard 't Hooft in
1993 It can arise from generalizations

m seemingly distant speculation that the
information held by a black hole is detenmined not by its enclosed volume but by the
surface area of its event horizon. The terr

holographic™ anises from a hologram
analogy where three-dimension images are created by projecting Light tholgh a fat
screen, Beware, other people looking at the featured image may not claim to see 3x
1065 bits -- they might claim to see a teapot:

Image Credit Caltech

About Us Espafiol@ (=}

FCrmlt! Caltecr

Download Image:
@ reapots

Published:
Sundlay, April 23. 2017 - oroo

, NRF (2022)

[9]
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(General Relativity)
< 2> 252
vs. ( : ( 9.8m/s?), 3
100% )

15 2210

252 2210
520 260

2.99x10°* m/s 2.28%10" m/s
(Arithmetic Operator)

1835 - 11 July 1909)
4 December 1948)

(Simon Newcomb, 12 March
(Frank Albert Benford Jr., 10 July 1883 -

- (Newcomb—Benford

Law; First—digit Law; Law of Anomalous Numbers) ) ,

[ 5]
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[10].
[ 5] :
0.35 T T T T T I
Benford's Law
o3 Physical Constants il
g
g
o ! ! ! ! H !
1 2 3 4 5 & 7 8 ]
First Digit

40% Data of all publicly % Enron’s 2000 financial
o available financial :  data, eventually deemed
&2 data recorded from : fraudulent, deviate from
o 30 . 2001-11 o the pattern.
= - track precisely. =
3 :
t:,’l -
(&)
C:
=
=
L
&
L
o

1234567889

Source: Dan Amiram, Columbia University The Wall Street Journal

[ 5]

’

[10][11]

II.




(Logarithm)

10
10

(Product Operator)

(Multiplicative Fluctuations)

(Benford’'s Law Compliance Theorem)

(Fourier Transformation)

(Number)

(Product Operator)
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(String Theory) (Tensor Product)
(

(Paul Adrien Maurice Dirac OM FRS, 8 August
1902 - 20 October 1984)
(Quantum Tunneling Effect)

(Electron)
(Dirac Equation)(
)
(Topological
Insulator) (Superconductor)
(Majorana Fermion)  ( )
(Real Number) (Complex Number)
(Quantum Field Theory) (Analytic Continuation)
(Renormalization) ©7 © 7
¢ ey . 20~21

o (Number Field)
(Real Number Field) (Complex Number Field)

II.
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, (Complex Vector Space) (Wave
Function) (Matrix) (Tensor Product)
(Hamiltonian), (Eigenvector)
(Linear Combination)

, (Product Operator)
(®)




www.nrf.re.kr

(Hybrid)
21
/
(Monte Carlo Method)
(Counting Frames)
17 6
(Pascal)

(Jacquard Loom)
(Charles Babbage)
, 19

: GPU, Al

[13]
- (Newton's Method),
2700
1970
17
19

(Differential Engine)
(Herman Hollery)

II.
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20 . 20
(Differential Analyzer) ,
(Alan Turing)
2

?7( (Halting Problem))
[14].

(Godel's Incompleteness Theorems)(

: )

’

(Universal Turing Machine) ,
(Stored—program Computer)

’

, (John von Neumann) ,
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b,
* HIV-1
12-bp DNA .# capsid
High expectations R Influenza A
and short-term *g
di: ints it
SappOINEMants be, (in membrane) b} CypA/CA
8o complex NMDA

me

Productive development
and refinement of

Trough of Recovery techniques continue

_5 disillusionment

®

©

8 || Non-bonded interactions

@ Molecular mechanics Force-field imperfections

2 Sampling limitations

E Pharmacogenomic hurdles 2013 Nobel Prize in Chemistry
Limited pharma rewards Karplus, Levitt and Warshel

Limited genomics/medical impact

Microsecond timescales Millisecond timescales

1970 1980 1980 2000 2010 2020

BPTI
Yy Influenza A
25-bp DNA Villin & =

T"f:,‘:;;‘:g" Nuclear o
mm%?;s @ GATA4 gene
*
25—bp DNA (5 ns, ~21,000 atoms) villin protein (1 ps, 12,000 atoms)
bcl membrane complex (1 ns, ~91,000 atoms) 12—bp DNA (1.2 us, ~16,000 atoms)
Fip35 protein (10 ps, ~30,000 atoms) nuclear pore complex (1 ws, 15.5 million atoms)

Fip35, bovine pancreatic trypsin inhibitory (BPTI) proteins (100 ps for Flip35, 1 ms for BPTI,, ~13,000 atoms)
N—methyl—D—aspartate (NMDA) receptor in membrane

(60 us, ~507,000 atoms)

influenza A virus (1 us, >1 million atoms)

tubular cyclophilin A/capsid protein (CypA/CA) complexes
(100 ns, 25.6 million atoms)
GATA4 gene (1 ns, 1B atoms) influenza A virus HIN1 (121 ns, ~160 million atoms)

[ 6] [16]

HIV—1 fully solvated empty capsid (1 ps, 64 million atoms)

’ 1950 (“ » )
« » [15].

(Turing test)

[13]. 1956 ‘ )

II.
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, 1 (AI Boom) 3
1970 . ,
2000 (Expert System)
, 21 GPU /
, Nature [16] [ 6] , ‘
GPU
( : Technological innovations that have helped drive the field include

distributed computations and the advent of the use of GPUs for biomolecular computations)”
, 2020 GPU
(e.g. (AlphaFold))

20 (Neural Network)
(Difficulty) . ,
(Deep Neural Network)

21 . ,
, 21
3 ) “Computational Power”

(Insight)
2010 , (Data Science)
(Paradigm)
2010 GPU (e.g.
CPU 5~10 )
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2010 GPU
(Linear Operation) GPU
5~10 ;
(Overcompleteness)
. ",
/ :
, CPU GPU
(Deep Learning; DL) , 20
[13].
, GPU , 1 GPU
DL HPC
, 21
GPU , 21
- (Order of Magnitude )

(Quantum Physics) . ,
[38]

(Quantum Computing)

II.
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: : (tF,

Photon) ) (Photon Cannon)
f (Incident Light) (Photon)
E=hf ;
.1 ,
, m (
) a F=ma
F s W=Fs
h
Enspeyopn = Exspe) 01094 = mgh : ’
, Exsre 9790147
Ly 1oy
Ejsre ggoqx = 5mu , mgh=Zmw
v=v2gh . (h )
Ly
s Eysyey oy = 5 mw” +mgh
2
p=nw Vv , H(z,p) = %4— Viz) [ 3l
t m (m > 0) (x(t),pt))
2 (  (linear)

) Pla,t) = e B et ( ) -
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E=hf=hw,
2 pw— Bt
p=hk : Plat)=e" 2
(a,t) = etk et
(-A) 1 :
Y(x,t) “ 7,
( )
[ 3]
(Non—local)
(Operator) [
31. E  E(z,t)= Ed(n,t) E=hw
: E 1
( [38] ). E=hw
: E=fiw Pla,t) E (,
WEW,.E), Edat)=Edat)=hwiz,t) ).
o ([g]? =1 [F=3] Z3) 4— 0
(m=0) ,
g dke—ctyfkk+ me)® . L pz—Et) 2
Plx,t)=e et Ze( ( h ) ) = gilhkr—wt) — o h (ka(%) , BE= ﬁw)
( x t © "), E
o Lpw—Er) 2 pw—Et) 2 pw— Et) .
ehp t = ehp t Z—Eiehp t = F =ih—
1 ot ot
Lpe—Ft) . P
_ _ . 0
, p(x,t)=e =il 2

II.




; 0( Case) m =0

(m>0) :

mc

_ z'(kx—ct kk+( . )2) < gilka—at)

%(pz—Et
—e€

~ ~ ~ ~ ~

= E=FE=H=H = Hat)=FEdxt) = Hxt)

~

) 2
(kkz(%) : Ezﬁw)

_ 0
=1ih p P(x,t)

V(z) Vap(a,t)= Vapl,t) |4
, Viz) ( ) v
. V(e t)= V) d(a,t)
P p=hk
Py, t)=pipla,t)=Fike)(a,t) P P
ﬁeé(pz—Et) :peé(px—Et) _ Ei %(pI_Et) N ﬁzii
1 0x 1 0x
0( Case) m =0 (m>0) ,
1 - R w8 _ 1
G PP o= 5ol uat) = = ouet)= o pl i)
. ﬁ2 62
H¢($at):— P (SC,ZL,)+ V(SCW(%J)

2m 6552
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I}w(%t): iﬁ%zﬁ(w,t) , ZC—C, 5= éw(:c,t)

(Zero) (Schradinger’s Equation; )

Shlz,t)=0 where Zila,t):= iﬁi—i— ﬁ_i’a_?_ Via) [(a,t)

’ ’ ot 2m aq;z e
,“ (X, Pl=in " » '

( X, Pl=in ( ),
) 3].
, X 3 ( )
H(z,p) , @ z = z(t)
: , Vlz)= Vlz,t)
ih-2 (. t)= (— v t))w(:c )
at 2m  * ’ T
T 2 , ,
1 8% 8% 82 1
z=|1y = V= 2 2 70 Pr= (p1p2p3) Ty = P12y +Pyly T Pay
x oxy Ox;  0xy x
b ( ); $’ t’
w(a;it) w(a;;t) (3 y
¥ R XR—C) ,P:C—C R &
P(y(x,t)) . P E
, [ 3]
C

1887 - 4 January 1961)

(Erwin Schrodinger, 12 August

II.




i ? 2
[ 8] — (David Hilbert,
January 1862 ~ February 1943)
[ 4] C
[ 4]

”

. (Werner Karl Heisenberg, December 1901 ~ February
1976) (Uncertainty Principle) “

»

[ 8] [17]
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( it ).
AB= BA

Rollo = el = (o= 0

»

« ” N
B
A =B (Non—commutative Algebra)
(
).
P X
P X
( ) - ( )
(% it. ar).
f@)=—z, glr)=2" = flg(x)):=f ° glz)=—2" . .
{f<x)——x, glo)=a? = gf@)=g o flo)=ta? T 979
X f —x
: z g(x) g(—x)
g(x)=g(—x) T g 22

II.
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1), = 7
(Cheat Key) ) (Conservation)

( )
( )
- [ 31.
( )
(e.g. ) )’
C
).
(Simulation)
(
)
Z:C—C, s=5(x,t) = Z(z,t)=&Y(z,t) (EEC), ( ,
H ) ;s = ZY(x,t)

(Zero)
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~

(o) = B glat)= B vla), B €C

2 ~
VA VO let)= Hiet) BT 71 A

Hlw,t)= Exlw.t), Eo€C, Hip, 5¢p: FAFHWE AN (H=E-E=H=E.—¢)
A
=

Hy
( ), (
(Ground State) )
CHy ;
Hy ,
“
O « » )))’ “ » , (
)
) x, t, P(x,t) x P
Cxy, <py . , P(x,t)

($22 400,00 <PV y(an) ;

) (<55 >11}(z,t)’ <p>¢(z,t): Xip(t) = z/;(z,t))'

~

, X P

P>
)

[
o

II.
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(“ ”)
I 1Y) = (o) . , X=1
P=1 , X=P , P(a,t)
Xop(,t) = pla,t), Pyla,t) = la,t), Xep(x,t) = Pipla,t) : ,
«C ) Y(x,t) Xip(a,t) = p(x,t)

v (205 <P o)
s (2D 0.0 <PV st = )

~

, X, P
(<22 ptty P2 gtaty= vie) = ($22 50000 PPyien) : X, P
, (X, Pl:= XP— PX =il
(Non—local)
, , 18
7 , “MS 7 “MS + 7
; “MS + ” “ ” “ ”
_ “MS ” “« »
(Electron) (Relativistic Effects)

(Dirac Equation),
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(Quantum Electrodynamics; QED) (%
(Speed of Light)
(Non—relativistic Limit; v < ¢) [ 9]).

Electromagnetic interactions and the non-relativistic limit

Dirac Equation Pauli Hamiltonian for the Schroedinger Quantum Mechanics
nl _ —(a-(=ihV - (gl =9AL g

(zh 2 q¢j\v(r,t) —(a-(itV—qA)+ Bm)¥(rt) -  Hu(r)= [qaﬁ WALy (r)

[ 9]

(Dirac
Equation) ,
(Many—body) : :
, , ( “ ”
)

3/ | )

(Quantum Computing)

U(x,t)
L W)
P(a,t) « ) .
P(z.t) , Gx 7/3 ;

‘ (Coprime) ") ,

(Hydrogen Atom)
1 . )

2 (

II.
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W(x,t) , () U(a,t) =Y e ()
P
(Hydrogen—Tlike) ( ‘ ” )
(Spherical Coordinates) (%
).
’ - ! w(ic;t)

P(a,t) :=(r.0,0,t)

x =rsinfcos g

/ / y=rsin 6 singo
/ o z=rcosé
s T
| >y
\“J r=x%4+y%+:2
\ 0 = cos(z/r)
x \ @ = tan !(y/x)
Figure Ref.: HyperPhysics (Prof. Carl R. Nave, Georgia State University) ¥ b=
[ 10]
4- e
H 4x4 “ >
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ihgw(r,g,gb,t):I;Ty/(r,g,gﬁ,t):Ew(r,Q,gb,t) with v (r.0.0.0)=R(») Y (0.4)T (1) T (1 )—exp[—%]
[ mc®  Za, ) k [o 1 cw. k8 1]
e 0 71cos¢9[r |:§ +;D —ie ‘ésmé’[: +[g+;j|j
mc®  Za, ; k o 1
e 0 “he fl —ie" smg(: ) zc0s9(7 4{5 +:D
icosﬁ[é—[£+%J] ie™ sin 9(%—[% +%}} - hz _% 0
e ke 1 . k & 1 me®  Za,
fe’)sme[;f[g +;D ~10059(77[5+;D 0 T |
, (2—=body
Problem) , (Eigenvalue Problem)
(3—body
Problem) (Jules Henri Poincaré, 29 April
1854 - 17 July 1912; ) . ,
(Many—body Problem) (Numerical Solution)
(Trial) (Iterative) ( )
(Dominant)

k+1-— =L
Gl o & (04)
ikt + +m ’”*’
L) =G, (r)sen(k) | —2—
W (0.0 =22 2hr1 , E= e
72k+1 1+ 2,
_\k|+\/k2 a(, 2

—k+1+m ,,,+,

()sen(%) fzk +1
; 1—|5)!
Y? (6’,¢5) = (— )mx o (ZZ - 1) El +:bB!Pf (cos 19) e™ P’ (x): Associated Legendre Polynomial

i \fmc —EZ ’—22 e . T 3 8 1
p=Lr, ao Gy = 2 Y s W SElectron =
zghe’ 2 2 2 2

k*l

H il = Ek k:i[j+l), l:jil, l<nelN
\/sk —|k‘+sl" ‘k‘+25+1 2| \smc? smc 2 2
{Z %2pL 5. (20) +(s~ ")%Lim( p)J m=—j, —j+1, =, j=1, j

=p'e” ((s k 2 Lf,:; l(2p) +Za, %Lﬁ (Zp)] It (x): Associated Laguerre Polynomial
¢

1.
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( , ) Y(r.0,0,t), E
E ’ w(ﬁ 05 ¢; t) E
¥(r,0,¢,t) ,
’ w (Tﬂ 05 ¢5 t )
(Spinor Spherical Harmonics) (Radial Component)
(Product)” - L ;
1 (Minimal Physical System)
‘ (Quantum Entanglement)” L7 (Mathematical
Representation) « , ).
“ ” (®)
(Tﬂ 05 ¢5 t) . ‘
(3%
[ 3D).
E w (Tﬂ 05 ¢5 t ) ’
, ? W(r,0,¢,t) =Y e, (r,0,0,t)
P
_ « . 1
1

’ w(T; 05 ¢; t)

“ 7 !p(?", 05 ¢5 t) “ 7 . “ 7

!p(?", 05 ¢5 t ) “ 7 “ 7 “ 7
, U= E cpt
P




[X,P] = XP— PX = ifi =0

’

-8 L*=[L- 8 8"]=0
L-SL%=L%L - Sy=al? L%
L. Sp=ap
, L=by
L-Sy=ap a ; , L-
Eigenstates).
(
[i : 3, Ez] Zﬁezkiikgz (euk
Symbol) IL- S, EZ] =
, Y(r,0,p,t) ( ) -
P(r,0,0,t)

www.nrf.re.kr

L Sp=ay
a
L-§(L%)=alL?)
by
S(by)=alby) (% Simultaneous
)

" (L - S)p(r,0,0,t) = $(r,0,0,t)

(<L : S>1/)(r,9,¢>,t)’ <Lz>¢(,,797¢7t)¢w(,,797¢7t))# (<L : S>w(r,9,¢>,t)’ <Lz>w(,,797¢7t))

(<‘i : *§>1/)(7’,9,¢>,t)’ <Ez>w(7,797¢7t))

(Essence)

(Tensor Product)

(“ »

(Product)

1.
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[L-8,L]=0
P(r,0,0,t) [ 5l
, (Quantum Entanglement)
- . . (1, 2,0) 3
(1,0,0) +200,1,0) , (Orthonormal
Basis) ( ; Linearly Independent)
H (
) :
; (
).
( (Similarity Transformation)
(Block Diagonalization) ). (Solution)
«, )
, Yy aY+by
: r (
‘ r T
/ . Yx )
, , 3 (3,0,
0) 3(1,0,0) ,2(1,0,0) + a0, 1, 0) + b0, 0, 1)
a=b=0 ,
, “(1, 0, 0) ! ,
G (Eigenstate) (Prime Number;

2, 3,5, 7, 11, 13, 17, ...)

“ ”
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20 ,
: =Y e
P
o .
4
, L « (L8 L) =ihe L8
“© 7 , Yy (Spinor) X
Ly t
(a) U (b) p
L. |

- R

Figure: Schematic diagrams for (a) the Hubbard model on a square lattice with
hopping —t and onsite energy U (e™: electron, 1 spin-up, |: spin-down) and (b)
the spin-1/2 Heisenberg model on a square lattice with coupling J.

[ 11] (Lattice)

[ 11] (Electron) (Spin)
(Quantum Field Theory)

II.
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Heg=—tY) (3};% + "}aé’.g) +1> (S,- o n,-4nf)
(i)

(i)
[iscteopic J = J =k =1/

[ Resl Solid } Z(fj): sum over nearest-neighbor sites / and
» . sum over spin polarizations

Minimal
Model

Sk: spin on site k where S = S*&8 + SV + 572

Hubbard Model

3:-{0: fermionic creation operator

Betnbatie fermionic annihilation operator
Expansion

| t. hopping integral
[ t-J Model } J: coupling constant (= 4t2/U, U: Coulomb repulsion)

ni: number of particles at site k (= Zéiaéka)
a

[ 12] (Many—body System)

(Many—body
System)
(Approximation)
2
SI’S?]’SZ‘ _X, Y, Z

1/2 -1/2
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Heisenberg Spin-1/2 Model (Consisting of N Spin-sites)
HHeisenberg = JZ Si ’ Sj
)

N
:JZ Z ®{(1—5,‘k—5jk),+(5ik+6jk)5a}

(i) ae{x,y,z} k=1

1o w o Lo y 1[0 —i 2 41
('[0 1]‘- 52!1 0]‘ 5*2:' 0|’ 5*20

d;i: Kronecker delta (6;; = 1 for i = j, otherwise d;; = 0); and 1 = 1.

3)

Basis of Hilbert Space H
1-Spin Site: {[1), 1)} where [1) = [ : ] = [ : ]

—
B

2-Spin Chain: {11,114, 141, |13} | cE.1t1) =1 @ 1) =

O O O ==

4-Spin Lattice (2x2): {| 1 1).---.[ { 1)} (dimension: 16)

.

[ 13] t=J
[ 13] 2x9

4— (4—Spin Lattice) (Basis) 1
(Tensor Product; ®)

[ 1 3 ] H Heisenberg

1.
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H{eisenberg( )
.H H (Hat)
H
Basis of Hilbert Space H
4-Spin Lattice (2x2): {| I T).---.| { 1)} (dimension: 16)

4

Reduced Hilbert Space Hu

|@) € Ho exists such that

((.-f)l H, |(b) = (y| H |QV‘> — ground state
(M: number of spin flips) | (|1) : ground state, (v| = |v) ).

Dimension of H, (Irreducible Matrix)
dim (Hy) = 6 (< dim (H) = 16)

(. matrix elements: (1] Hheisenberg |¥6) where

L A gr L O | aF A A =l L -t

CARCYES(BIRDH ESHD N REDH R IEDH RIS N RIS ) 1
[ 14] (Irreducible Matrix) B
[ 14] 16 , 6 (Reduced Hilbert
Space) (Ground State Energy)
(Irreducible Matrix) M,
(Irreducible Representation) “«or e
(
).
[ 15] H, (Many—body)

(Interaction)
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|3 i)l 2003 i) 0t 405 808 3)

(-1 0 Y% Y% Y WY
0 -1 Y% Y% Y

AN
o~
o

g % Z 6702 wo| TS AMEN
ol

—
=
& oonel SBos dm gelee &

Pabld Dl Ehlr el >|

[ -8.57735 -©.57735 ©.288675 ©.288675 ©.288675 ©.28B675 |
-9.408248 -0.408248 -©.408248 -0.408248 -0.408248 -0.408248
1 8.707187 -0.787187 a <] 2] ]

I a @ -@.288675 -9.288675 -0.288675 0.866025

a ] -0.408248 -0.408248 0.816497 -]
(A a ] -8.787187 ©.707187 @ ]

Graphical Representation of W
W: Weighted Digraph (Irreducible)

[ 15]
[ 15]
(

( )

(Standing Wave) ; 0

; 0
). (Weighted Digraph) [ 15]
(Algebraic Graph Theory)
(Irreducible) (Associated Matrix)

II.
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(Symmetry Group)
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Anomalous magnetic moment of the electron
1,0011596521859 + 0,0000000000038

PHYSIGIST

> IGHARD FEYNMAN
\ ' '.::,_;,':"w+ : . : };\A<

(%)

usadi

QED
THE STRANGE THEORY OF LIGHT AND MATTER
Richard Feynman

Dirac's number (experiment) 1.00115965221
Dirac’s number (theory) 1.00115965246

Great Physicists William H. Cropper
The theory of quantum electrodynamics is “the jewel of physics—our proudest
possession,” Feynman writes in his fine book for the lay reader, QED. Few would
disagree. The theory has been applied to a world of physical effects with com-
plete success. Some of these phenomena permit measurements of astonishing
accuracy, and calculations dictated by Feynman'’s approach to QED are in agree-
ment. For example, the strength of the magnetic field carried by an electron, the
electron’s “magnetic moment,” has been measured as 1.00115965221 (in certain
units), with an uncertainty of about 4 in the last digit. (This number is predicted
to be exactly 1 in Dirac’s theory.) The theory calculates 1.00115965246, with an
uncertainty of about 20 in the last digits, for the electron’s magnetic moment. If
you could measure the distance from New York to Los Angeles with this accu-
racy, you would have it accurate to within the thickness offa human hair.|

[ 16]

(1,0,00 (0,2,0) - C ) (0,0,0) )

(e.g. (1,0,0),(0,1,0), (0,0,1) 3
¥ (1, 2,3)=(1,0, 0)+2(0, 1, 0)+3(0, 0, 1) );
(Basis) , (Orthonormalization)

(e.g. (1,0, 0), (0, 1, 0), (0,0,1) 3 ).

(Index) i

)

S
n

HHeisenberg

1.



(Spin—orbit Interaction)

9
(Spin—spin Interaction)

(1l 16]

LA,

1 7 ] ’ HHeisenberg

[ 12]

20

(Curse of Dimensionality)

’

L-S
L-S
, 58,
®
2 )
y HHeisenberg
—
[ 16]
0.00000001%)
).
(Classical Statistical Mechanics)
, H{eisenberg
(Fact)

(Mathematics)
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Heisenberg model: D=3 Helssiberg 3[} 3
Spins are 3D vectors Helsanberp 30, 2
The lattice dimensionality d=1,2,3... /
ﬂHl‘lSEIibt"J"ﬂ = Z IS S
!J}
Ising model: D=1

Spins are 1D vectors (S=S,)
The latfice dimensionality can be d=1,2,3 ..

keing 10, 14 Ising 1D, 2d

Aot
H%H*};kﬁ

European Synchrotron Radiation Facility

7%5@

Isrng /

t 1 s o /
L = e

Hf.ufuy = ZU’]S?S:

4 e, y
. 0® = “1 -
2 00095 Eag,\ He:senberg /
000 S
T .\'- "‘/‘J“-\.W'.-'\JJ
" Proximity

A Figure 3: 2D van der Waals matenals' roadmap. Beyond testing the theoretical models (Ising, XY, and Heisenberg),

more application-driven tests for wning the magnetism are also expected in the future. They could involve injecting

electrans (gating), deforming the material (strain), placing different materials close together (proximity), controlling

the angle at which magnetic layers are piled up (moiré pattern), and studying light and energy minima (spin-valley

coupling), Institute for Basic Science (IBS)
[ 171 (Ising) (Heisenberg)

II.
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Teleportation) ,

- 4

Cryptography)

Mathematica  QuantumFramework

(Quantum Key Distribution)
(BB84 protocol)

“«

BB84 ,

1) (Key)
(Random)

, , (Quantum

, (Quantum

PC ).
(Protocol) :
; BB84
, (One—time Pad)

-X, Z (Pauli—X, Z Basis Sequence)
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—Key: [1,1,0,0,71 — 110>, 10>, 1>, |1>, |0>] in Pauli—Z Basis

- X Z, Z, X, X]
2) < 4> , Key
{@+|1> |0> |1> _|0}+E E+|1}}
B 2ot V2 o202 2
< 4> X A
A —X
C )
| 1> |4 >=|0>:(1) [ >=L(IO>+I1>)
24 0 T, \/5
|| > |4 >:|1>:(0) ) >=L(IO>—I1>)
Z_ 1 T_ \/5
3) 2) 5— (Qubit) (State) ., Key
(Tensor Product) 5—
|ea1¢ae} |ee191} |ae11a) |aa111) |1a1ea) ‘101@1) ‘1@11@) |19111)
- o~ : T2 22 T 22 T2z 2z a2 T i T s
4) 1)
- 217z, 7, 7,7, X]
5) 4) 3) 5—
[ 18]
< PN PN A -~
A
i s
[~ A
2 Pauliz
; 4
|C§\|
: =

II.
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6) 5) 3) 5— (Tensor
Product)  ( , )
_ o>+n>)_ 1
o, ., > =11> @00 > @l > ®0 > ®( 7 ) 75 (110100 >+10101 >)

# ,

(| |t s n i, ) 5 0.25, | o, U U Un, ) > 025, |Uz, iz Yz Uz U, ) > ©.25, |Us U s Uz U, ) > 0.25])

7) 6) Key . , Key
, , Key =X,
Y4 X, Z Key

- Key: [{,1,1,1,1]
8) : , 6)

- DX Z,Z, X X (Rey: [0, 1,0,0,1D)
- 12,2,2,2,X] (Key: [L,1,1,1.1D
- [®, O, O, ®, O]

- S Iz N e R I A o
- et le 11,1 =10 1, 0]

[0, 1, 0]

1 ~8)

BB84 ,
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BB&4 ;
(One—time Pad)

(Shor’s Algorithm)

(Order)

(Quantum Polynomial Time)

N

~

1.(2H HFE) 12t N — 1 Atojo]| /= Rt o E FA9IZ DECL

—

% f(z) = a® mod N2 F7|2 Asict,

g
125

INE=

E1)

3

2.1

(2)

k=

3. (DH) =7| p7t ®40|H (1) " /2 _ 19} No| A|cf Zots Ta
a’’? + 19t No| #|ch Zof4g 3t

« F7|7t 250|AL}E 2O 37t 10|Lt NQI 22 — 12 Sotzict,

« LIHZX] B2 2t Sete= p =2 goF LAI5HA ECt.
[ 9 [18]

—
—

II.




[ 19] r
.
20]
transform
problem >
, inverse
solution <
Classical
1 N-1
- _2mijk/N .
Ue = —F= Zmye 7) —
VN &

problem*

solve

solution*

Quantum

1 N-1

\/N k=0

xj@?wijk/N ‘k’)

Phase Estimation  unitaryoperater []  eigenvector \u) 1 |0} Ju) initial state
Ret.: ETH Zirich unknown (10 eigenvalue eQTTi(/J 21
1
2. = L |J> |u) create superposit
o) 2] v X
2t—1
1 .
0) 4H Fr:1 3. — ﬁ Z x; |5) U7 |u) apply black bo
g : : =0
: - . 9t _1
1 o |+
o : T
§=0
) = UpRU? ’ 4. = o) |u) apply inverse F
Figures Ref.: ETH Zurich
[ 20]
( )
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r [ 19]
N=15,a=T7 , [ 21] 7— N
10000001 > 7— -7 (
) ®
10000001 > = (0> ®[0>®[0>®[0>®0>R[0>®I[1>
A AT AT G AT AT G Apa )
10000001 > = (0)® 0)@ 0/®1)® o)®(o)®(1)

0
- L ol ol 0] o v =12

0
[ 21] ®
| 21] 1,2, 3
Hadamard H 3,4 ( )
CNOT -0 . 3,5
C A
I—H
2—H Qﬂ
— ® &
H—p
3_ H l ® M
4 o *—H—o P
2 b .
6 Nw) & )
T — b o

1.
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[ 21]
’
( ® ) ® )s
(Quantum Circuit Operation) ( ,
2 ® 2
; 0y
o i @ B 4 4 &
Hadamard:—[ ) leeeeeeo0 in 3ix 3in
'\E s 1 &4 -ie 4 -1 4
el10060000 o i
661060000 . 5k 5
1 1 7 i T "4
Toffsli- (@@ @ 1B QB0 0 I il .
1000 eoo0e1000 a2 |2 FL o o=y o3 =1
e1ee eeoe0 100 yiz | ix e
= A - 7 - )
c”‘”‘[aeal] ee000 001 1@]_1 :en 11 "i
@168 @0 eeeoele in Sin i
1 e? i e?4 -1le 4

Theorem: Suppose s/t is a rational number such that

1
2r2

5
--¢

r

=

Then s/r is a convergent of the continued fraction for ¢.

Theorem: if x non trivial solution of
x> =1(mod N)

Then at least either gcd(x-1,N) or ged(x+1,N) is a non-
trivial factor of N. Can be computed using O(L?)
operations.

o

Theorem: N =p/..p-
x chosen at random 1=x=<N -1 and co-prime with N. r

is order of x mod N.

Then p(ris even and x"* = —1(mod N)) =1- 2%

Ref.: ETH Ziirich

[ 22]
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15 , (Shor

Circuit) /
[ 19] )
N=15,a=7 ,
, CPU CPU
10000001 > ([ 211)
(%
). [
21] (Inverse Fourier Transform) QFTT (Measurement)
[ 23]

|uuu) I||J|J1)I |o1o) I|t|11)I |1|m) I|1c|1)I |11u) I|111)I

[ 23] [ 21]
[ 23] [ 21] , 75%
1 15 ) , 25%
000 > , 1000 >
< 5> 25% 75%

N (N=15)

II.
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< 5> 22] (CASE: a=7 — n=3)
j(2%) = s
GCD(15, a”*+1) GCD(15, a”*~1)
S j r
[000 > 0 0 r ? ?
010 > 2 1 4 5 3
[100 > 4 1 2 1 3
110 > 6 3 4 5 3
% GCD(A, B): A B
[ 21] ,
( ® )
(0000001 >
, 7—
3— (Register) , 4—
(Ancilla) ) 21=128 7—
( 27=128 (
® )) «, ) '
¥ 000 > ®[0000 >, ..., [111 > ®|1111 > ,
’7_
;W ) 1/ ,
< 6>, , 2021  Nature

[36] (N=21)
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* H |k

D H o>
> Rlkkykkskoks > = H, [kikokgkkskk, >

=0k, =0ky=0k, =0k, =0ks=0

ke by gy oy sy Ky )

1
37 gy bigy by By s gy e ey Fohihe s ke >
k;=0

il

77 H, by ks ey o o Ko o M ekl ol >
1 o> H, v >
: ~Olexp(IV)), t ~Oqy(N)
P N log
< 6> ,
N
, IBM  Qiskit(https://qiskit.org)

’

https://qiskit.org/textbook/ch—machine —learning/machine —learning —qiskit —pytorch.html

https://qiskit.org/textbook/ch—applications/vge —molecules.html

II.




Classical node
(E.g. Pytorch
neural network)

O PyTorch

Quantum node
(Qiskit circuit with
trainable parameters;
VQE, QAOA etc.)

Qiskit

Pytorch Optimisation
(Computes gradient of
loss function w.r.t,

O PyTorch

parameters)
g
Classical an:u i ?
(]
Loss:
Loss:
Loss:
Loss:
Loss:
Loss:
Loss:
Loss:
Quantum Loss:
Loss:
[y ) Measurement 1 EOha
v z Loss:
Some specified i
input state :
| ':U2> M“ Measurement 2 :_C-SS :
Loss:
LOSS:
Loss:
Loss:
Loss:
Loss:

e D D

— G(H.Th}_‘_“.shl] Performance on test data:

run restart

Vg Quantum Circuit (6)

(Test) 0 1 )

Predictad 0 Predicted 0 Predicted 1 Predicted 1 Predicted 1 Predicted 0 Predicted 1 Predicted 0 Predictad 1 Predicted 1

1 IBM

- (PyTorch and Qiskit)
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IBM Qiskit

Mathematica (Symbolic Operation)

Interatomic
Interatomic
Interatomic
Interatomic
Interatomic
Interatomic
Interatomic
Interatomic
Interatomic
Interatomic
Interatomic
Interatomic
Interatomic
Interatomic
Interatomic
Interatomic
Interatomic
Interatomic

All energies have been calculated

q

qu

qz

q3

111

( / 7).

/ Run ,

Distance: 2.2 VQE Result: -7.844878726181193 Exact Energy: [-7.84487989] 10

Distance: 2.3 VOE Result: -7.837257439443965 Exact Energy: [-7.83725797] — EsactEncrgy
Distance: 2.4 VQE Result: -7.8299350445800435 Exact Energy: [-7.829937] — VQE Energy
Distance: 2.5 VQE Result: -7.523070191944695 Exact Energy: [-7.52387664]

Distance: 2.6 VQE Result: -7.816782592132487 Exact Energy: [-7.81679515]

Distance: 2.7 VQE Result: -7.811153437649691 Exact Energy: [-7.81116825]

Distance: 2.8 VOE Result: -7.80621829754991 Exact Energy: [-7.80622956]

Distance: 2.9 VQE Result: -7.801962397987873 Exact Energy: [-7.8019736]

Distance: 3.0 VQE Result: -7.798352411305384 Exact Energy: [-7.79836343]

Distance: 3.1 VQE Result: -7.795326815802424 Exact Energy: [-7.79534945]

Distance: 3.2 VQE Result: -7.792800696732087 Exact Energy: [-7.79283481]

Distance: 3.3 VOE Result: -7.790603797885796 Exact Energy: [-7.79077401]

Distance: 3.4 VOE Result: -7.788715355036123 Exact Energy: [-7.7899389]

Distance: 3.5 VQE Result: -7.78721577056921 Exact Energy: [-7.78771697]

Distance: 3.6 VQE Result: -7.786080395256832 Exact Energy: [-7.78660376]

Distance: 3.7 VQE Result: -7.785203510848527 Exact Energy: [-7.78578291]

Distance: 3.8 VQE Result: -7.784479536529381 Exact Energy: [-7.78497559] T T T y v y v T
Distance: 3.9 VOE Result: -7.783853365368745 Exact Energy: [-7.78438961] 05 10 15 20 25 30 35 40

Atomic distance (Angstrom)

==Linear Entanglement:

qo

a1

qz

as

=Full Entanglement:

. L L
; s

[ 25] IBM Qiskit

(Hy)

II. : :
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,  IBM Qiskit

(Ideally)
( -273.157C) «,
Classical Limit [ 3D
; Classical Limit

, (Quantum Teleportation)

4

X i
0> = 5 (100> qg®100 > 5+ 11> 9 B> 5) 52

7> =100 > 5 ®00 > 5. (7HF g F=F 13 714 el el A & <=3t
[ 26] P U

26] , v

=
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[ 26] ;
[ 26] 3,4 M(Measurement) (
) [ 21] ,
|W> :|00>og§]®|00>7:§_3’::|0>o§§1®|0>o§§]®|0>7§_:‘,\_®|0>€3’: <
7> 00, 01, 10, 11
c A
1 ®
’ !
3— H l X Z i H
-+ L \u%) M
1 0 e e 1 e e e lee e
1 1 1 e 1e 8
Hadamard:E(l -1 CNOT=[:::2] CX=[::::] CZ:Iael 6]
2 016e e @ 16e e e e -1
[ 261] g
< 7> ( )
g
( )
00 IRIRIRI IOO>%§®|OO>§_¢ |00>03§®|OO>§_¢
01 I®o, ®IRI 01 > o3 5 ®I00 > 5 101 > o) 5 ®I01 > 5
10 0, VIRIRI 110 > o3 5 ®I00 > 5 110 > o1 5 ®I10 > 5
11 0,80, QIRT |11>03§®|OO>§_¢ |11>o§§®|11>§_¢

II.




EPR  (

v [ 261

), - CH-CHSH

))’ “ )’[ 3].

20




P

NP

Harder Problems

(Quantum Supremacy)

’

www.nrf.re.kr

P=NP

[ 25]
P=NP
- PSPACE

Box packing

Map coloring

nx n Sudoku NP -

Complete

Factoring

Dincrete logarithm

Graph connectivity
Testing If & number

Efficiontly solved by
classical computer

Efficiently solved by
quanium compuier

Ref.: https://www.simonsfoundation.org/report2017/stories/scott—aaronson—quantum—and—classical—uncertainty/

[

271

(

: P=NP)
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;o 27] BQP
P b
, NP—Complete (Polynomial Time)
P=NP
P=NP
, P BQP (Task)
. , BQP
, (Blockchain)
(Game Theory) /
;0 271
NP—-Complete
Olexp(exp(exp(exp(n))))) ,
Olexp(n)) ( A n
1 m ), , (Curse of
Dimensionality) , exp(n)) (
)
(Ideal) ,

(Exponentially)
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(Google)

IBM

[ 28] IBM . IBM

2023 . IBM
IBM , (Actual
Universe) 2.73C , ( -273.15C)

(, Quantum Limit )

Development Roadmap IBM Quantum
Executed by 180

2019

Quantum application services

Optimization | Natu nce | Finance | Machine Learning ...

Error mitigation | Circuit knitting | Circuit Embedding |

pling |

IBM Cloud

[ 28] IBM




2019 10 ‘ '
Nature 1
3
(&)
3
(State—of—the—art; SOTA)
(Topological Quantum Computer)
Nature
( : Insufficient Scientific Rigor)
2021 10 IonQ (Trapped Ion)

95%
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(Bridge)
/ , (Hybrid)

’

(NVIDIA)  cuQuantum
(Tensor Network) (State Vector)

(Tool) . cuQuantum NVIDIA DGX A100
(Xanadu) (Quantum Chemistry)
(Framework) (PannyLane) cuQuantum
(Azure Quantum)

’

Q# Development
Kit, QDK . 3

MRI 30%

CPU, GPU, FGPA

Amazon Braket

U AR 67 743t

Of 2 14|12t 2= A|[E 0|4
Al Zd
19 52 HIE AWS =2 Ejo] =

o

Haje 7| E el=e} glo] ¥ HE et 71& XEE S
I AREHO FHH2E o ol W= S MepF L

= H23to] stoj=2|c YA Amazon Quantum

= SEFENM SX} oA ogse O W= Solutions Lab2] HEHEQ;
EE FRESHIAIL. A At Hest a.

=
=

30

cll

[l 4> %8 4n o2
e

HU
i

>

=T =111 = .:' T
Amazon Braket Build Test Run Analyze
Get started with Build your quantum Test your algorithms ona Run yaur algorithms on your Analyze results after your
quantum camputing algorithms on managed 1 ator or a choice of choice of different quantum algorithm has completed
computers. Combine cassical
own development high-performance simulators

and quantum camputing
resources for hybrid algerithms

environment

\ Jupyter notebooks or in your fully managed,

[ 30] (Abazon Braket)
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(TensorFlow Quantum) : , IBM Q
Experience| 311, Google Quantum AlI, Xanadu Quantum Cloud, Forest, Amazon
Braket[ 301, Azure Quantum, Quantum Inspire, Forge, D—Wave, AQT, Oxford Quantum
Circuits, Alibaba Cloud, Quantinuum
(Baidu) 2020
(Paddle Quantum)

IBM Quantum Services o Sign in

torch-train

Details
A runtime program to train hybrid QNN models with Pytorch.

torch-train Max execution time: 28800 seconds

Dec 09, 2 | ast updatec Apr 15, 2022

Program reference

Input paramet... Interim resu... Return valu...

Choose a backend and provider from the options below to generate a
custom program template

Sign in to see if you have access to run this program via
one of your providers, or explore the code sample below.

from giskit impoxrt IBMQ
T Openin Quantum Lab
optio
s |

[ 31] IBM Quantum Services torch—train Hybrid QNN AI
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, (Hybrid)
“« »
- “ (Mass) (
(“Velocity”) (Upper Bound) ),
“ (Momentum)” /
* D Pogas g e wanag = Mygoieqage an Ve s an sz ss

Mep N4 101 e & Noga 7)o o) 5 Mepa) 71 7o) o

“ ” “ ”




NRF | gt
”/ 7 ) ) ) ’EU’ ) ) )
.11
¢ ! ) 1 [20]. :
( ) :
(19~) , (14~) |
( ) (19~) o1
10~100
L2021 2 18
[ 32]

e U 30l saeess  opmimpe] BiE 27t TREA

2000--20000 715

M R rieeran

=z

4235 06 2 100 1106 '
s (= ] TRl ga,

ol= &= o= =% =
@ ==

2016 YAIYR St WA WE
2019356 52H 2] 132 241X 64642AH) A2 FX}

YRIHFER} SRS =7t ST AYez HF
201810/% 547t Z22 1000 HHE 1728) £

YXIHRE 35 i SiEt BE 7Y Z2HE AIY
FHEBHEUE YXIHTEE 78 TR 71E2 XY

YXIRE 100f B 2ol2 MY

@ B2 i000nier 120421018 72 Z2EE JjS
2022971X| 50FHIES YRIHFE Y S8
‘e’ iE =
S/ 20309 X} sl 1000 24
N AUEELRLY, SIIEONETH, SeRlnNgny AR LS AR EE X2 22,0502 7712 224 7|x 618we@newss.com
[ 32] [21]
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< 8>

* (NIST) 17 ~)
* (2022.05.)

[22] - - #
* 24  ~ '35
%k oC
N ( . 2017)
-5 18
* 14 5  (2021~2025) (2020)
* (USTC)
%
%
% (2021.06.)
- , IBM
% (2022.01.)
- D—WAVE , Jitlich Supercomputing Centre
- (e.g. )
* 5 2.7
* (2021.11.)
- 2040 50%
%
%
* (QulC) (2021.04.)

EU =
- 2028 1.3
%
- (%) (2021.12.)
- 2030 C2.1




N\
NRF ) sr291725 1HNE
sRwFeoRYNERL AR SRR TR
mg_‘ TV 206115 S22 WA| MfdlA RS LI, MATED, a‘a@gsmmuf—] or=: | toote,000%t
BH=SI01 W - BpRC AHIA F| B8 ) o= [ sets 000t

[[.‘:.L- Kl 22EE| S2H2C AHIA OHA0H YRIZRE 37 FHE F| ] :
SR 7 (B R TRAA R TS ] f M .0
(I OIOHERAHIAAWS) S2A2E0 RS AslA 26| ) == Il i
(I Di035E X SeIPCo] Wi A Sl + gl ABiA ) B | 38008t Sttt i
“AA-MBLENIX| 1083 HLIHL| 71, KIS=0RAEIRH|
L 3 8= U =5 Oj~efd

=ik 53Q AWIEc19 | Z=2ap|ck | 100Q 7K | 50Q 7= | 100Q i |30~40Q i

IBMitt 127Q AHIAr22)| 50Q 521 |[(STRAREEEME] |(Mooova, ~20| (~30, 70028 | SgEAR

lonQiit 32Q AfdlAr22) ~258 1400943 21~, 700942
[ 33] [23][24]

’

(Mirage)
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3

2022 5 , 20
110 [25].
[24],
[ 34] YTN S
TOP1 (IBMjit)
IBM
[ 34]
NV

’

(Divide—and—conquer Method)

20 ( : )
(AD) :
5 ° ’
2 [75, 101] [25]. 2022 6
a5 , »
5 n n
() "50
" J[24]
. YIN S [26]
( :
).
IBM
/
2 ( ) :




KA S mares

W - serw i 20

uoto)

HEAR K e~ E-1 4820y 710

ol
o XtAFE aget. .. B3AA AFAH 3
h’*o' X} o y _
S S, L e et Ol & MIAI
D e = CH= 0IOR2IILICH

2 7} 8 B
[CIER=EE E*DI) Jl}qﬁi oI35} SAlo]l
UMM ZS S 5 210] OFR2HE

028 i

2 I;TETIH- JjEoz E\
LITFE S A e

[ 34] 2022 4 S YIN
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IonQ (£ )
100
( “ ” )
81.3%, ,
97.8%, 87.4%, 2019
2
. 2021
S
[20]. 11 1
[32]

Ail
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(R&D)
2 7] [33].
< O>
/R&D Bl .20
( : ) , 110
( ) 37
[33]
< 9> ( )

1.
2.2021 11 g
3.
1.
- A
2 B
- 1t
1.
2.
3
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4,
5.
- A
6.
7.
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’
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20 , (Light)
(Photon)
“ 7 x p(x (Cotangent)
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)
; IBM Qiskit Al
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) , (Mirage)
b ( ) [—
( ) :
(Hybrid)
IBM 100—
, IBM ,
(Quantum Supremacy)
IBM , Classical Limit , ( ,

) Quantum Limit

Intel
(Nature)

(Python)
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; 0
“ » “ »
)
Pasazgaswanag = MygneaagaasVerisagazse
Mepyr127 2oy & Negay 71 ae) Mkt 7)) Ao
, Vv . )
Ve amaz s
Byt ng gy = SEGVIAIRABZAANEY _ APVRARIAGHAIEY ()
; M .M
m(m >0 ) , N . m>0
N ; ( ) 1990 2020
267,783 .o, A
8,638 ;
2
, ﬁ “ ”
, m<0 (Training)
m>0 . , m>0
“« »

s N iene 4 ’
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Negzy 14101 4

/ /

- (Social Physical System)

(Solution)

m>0)  (Napg 1549 4)

m (

o Nopz o101 52

Negay 191 5 /
20
: /
Negr 71271 4
“« »
( .:. “ , ”)
, (Black Box)
- (Social
Consensus)




www.nrf.re.kr

, Quantum Limit

(Universe) Classical Limit (Earth) ,
(Physically Ideal Environment)
(Threshold)
(True)
(Large—scale)
< 10>
) ¢ (Theoretical
Quantum Computing—based Quantum Theory; TQCQT)” < 10>;
“TQCQT”  © ( ) "
“TQCQT”
“TQCQT”

Ec =0, ) HW(z,t) EC s.t. HW(x,t) = EcW(a,t) = m% W(z,t)




HY = H(Cﬂ/ﬁ ey +eyihy ey, + 051/’5) = ¢ Hyy + ey Hipy + ey Hipy + ¢ Hpy + 5 Hy)g

(e.g. Hermitian

, Ee = W(z,t) H¥(x,t)
(Observable)

0 ¢
)

aul

< 10>

o=y

“TQCQT”

(d=P)
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“TQCQT” :
< 10> ,
“ (
‘ )
; < 10>
1L=0
(
( )
, < 10>
; (Constrained) (Actual Nature)
(Experimental Situation)
(Theoretical Quantum Computing) (Hybrid)
“ ” “ TQCQT” , “ ”
([ 3D,
“ (L=1) (L=0, 1)
, L=0
) ( )




[
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[ 3] , (L=0) “«
(L=1) C ) : ; L=0 L=1
¢« 07 )«
[ 3D).
(
)
"(
(Commutative Algebraic Properties) c 7 ).
( )
( )
(x(t),p(t)) H:R" XR">R,
2
Hlep) = 2 v o « s=o )
“TQCQT” “ (=
=" ? ) , Ka(®)>. <p)>)
( ) H:R"xR">C [ 3]
(I 3] L=1) ;
(Circle)( ) (Plato, 428/427 or 424/423 - 348/347 BC)
(Idea; Eidos) : ( ) o
(L=0) (L=1) (Solution)
(
).
5 «




www.nrf.re.kr

) (Ideal)

I protest against the use of infinite magnitude as something completed, which in mathematics
is never permissible. Infinity is merely a facon de parler(manner of speaking), the real meaning
being a limit which certain ratios approach indefinitely near, while others are permitted to

increase without restriction.

God does arithmetic. You have no idea, how much poetry there is in the calculation of

a table of logarithms!

Mathematics is the queen of sciences and number theory is the queen of mathematics.
She often condescends to render service to astronomy and other natural sciences, but in all

relations she is entitled to the first rank.

Johann Carl Friedrich Gauss(German: GauB; 30 April 1777 - 23 February 1855)
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[ 1] , , (Euler’s
Formula), (Riemann Zeta Function)

(Axiom)

[1].

-1/12 (Infinite Sum)

Initial discussion [edit:

Suppose fis an analytic function defined on a non-empty open
subset U of the complex plane C. If Vis a larger open subset of C,

containing U, and Fis an analytic function defined on V such that
F(z) = f(2) Vze U,

then Fis called an analytic continuation of £ In other words, the Ty

restriction of Fto Uis the function fwe started with.

Analytic continuations are unigue in the fallowing sense: if Vis the \
connected domain of two analytic functions F; and F; such that Uis —k

contained in Vand for all zin U

Fi(2) = Fiy(2) = f(2),

then
F=F -"Analy‘iic continuation of natural logarithm =
on all of V. This is because F; — £, is an analytic function which i e’

vanishes on the open, connected domain U of f and hence must

vanish on its entire domain. This follows directly from the identity thearem for holomorphic functions.




1, 2, 3, ..
(n(s)
s=1
).
1+24+3+-= i#z(i i)
nzln_1+io nzlns s=o0+ir=—14+07
_y L o[ 1 1
C(S)_1§1 n’ (Fe(s) > 1) nEI( (2n—1)° (2n)s)
— oy E e Loy L e Ly
n=1 n’ n=1n’ n:1(2n)s n=1"7
= —n(s)+{(s) =2"*¢(s) = —nls)=¢(s)(2' * —1)
S =2 (o) 1) = 1o =2 - -
1+24+3+ =(§]i) (Re(s)=—1=1)
n=1M"Js=—1+i
A as =140 = - (@4 e Aok g
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, (Quantum Electrodymamics; QED)

, (Renormalization) ) ,

( : Complex Number Field) (Geometric Intuition)

(Algebraic Number Field)

(Fields Medal)
(The Langlands Programme) (%
). (Bottom—up)

: (Fundamental Lemma) 2010
(Ngo Bao Chau, June 28, 1972 ~) :
(Automorphic Form) (String Theory) (Brane)
; (Topological Quantum Field

Theory; TQFT) (Supersymmetry Theory) , -
(Kapustin-Witten) (Twist) (Electromagnetic Duality)
(Geometric Langlands Correspondence) (Langlands Reciprocity)
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In mathematics, the notion of factor of automorphy arises for a3 group acting on a complex-analytic
manifold. Suppose a group G acts on a complex-analytic manifold X. Then, G also acts on the space of
holomarphic functions from X to the complex numbers. A function f is termed an automorphic form if the

following holds:

flg.x) = jy(x) fl=)
where j, (z) iz an everywhere nonzero holomorphic function. Equivalently, an automorphic form is a function

whose divisor is invariant under the action of (7.

The factor of automorphy for the automorphic form f is the function j. An automorphic function is an
automorphic form for which 7 is the identity

An automorphic form is a function Fon & {with values in some fixed finite-dimensional vector space V in the
vector-valued case), subject to three kinds of conditions:

1. to transform under translation by elements + € T' according to the given factor of automaorphy f
2. to be an eigenfunction of certain Casimir operators on G and
3. to satisfy a "moderate growth™ asymptotic condition a height function.!

(Robert Phelan Langlands, October 6, 1936~)

“Every L—function, motivic or automorphic, is equal to a standard

L—function”[2] (Conjecture) .L—  (L—function)(
)
( ’
( )
).
R AP S
n=1 pprime = P
ppme L7PT 1227 1-3F 1-5° 1-7° 1-117° 1-p=
: (Nature)
(Prime),
(Complex Number) (Eigenvalue)
’ : (Langlands
Conjecture)
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[ | (Langlands Conjecture)

o} 7(Galois Group)2] =& n 214 7] ¢k F H(lrreducible Representation(Rep.))

p:G(K/K)—>GL,(C)°l H3 ch&-g #=3)
L(s,p)=L(s,r) & A°| EE Frobenius 1715 ©] Hecke 142t 3L+ %LE <l t-(correspond to).

Artin L-function: L(s,p) = H(det(l - p(Frobv)(N(v))_x D

r<on

+ 1.9 ¥ ¥ (Automorphic Rep.) 7} = A gk

(.s: EA¥ 9, Frob,: Frobenius A}7]F & AHd(Automorphism), N(v): ©]HlZ ve] Absolute Norm)

(Riemann Hypothesis)

(Generalized Riemann Hypothesis) (Grand Riemann Hypothesis)

L—  (Artin L—function)

[ | (Grand Riemann Hypothesis)

L(s, %) (Nontrivial Zero) (Real Part) 1/2

(Dirichlet Character) . ,

(Automorphic Information)

’

(Arithmatic Information)

Primes) (Eigenvalues)

(Reduction to the Absurd)

’

(Prime Numbers;

(Contradiction)



(Fermat’s Last Theorem)

7R w” +vP =w? (p23) & BEZSE u, v, weQ (vw=0) A
=, B8 A E: y —x(x+u ) x— ') A

)) Wlth Nl'l‘ = H!m-‘wl

Normalized Newform for £: 3 f(g) € S, (FO (
(Wiles, Taylor-Wiles) (74 o] BE & p s g, —Tr( (Frob ''''' )) C{JJ

¥ oG, —>GL(H£t (E@,@!)) =GL; (@[) (étale comparison)
#.S, (T, (N)): Ty(N) $1¢] ELE Cusp Forms (of weight 2)

a b
%F(,(N)—{[ a’} e SL, (Z):CEO mod N}

C

Normalized Newform (Mazur, Ribet) : 3 ge S, (F (2))
(18 259 f, ¢ Flol AS S TEQ)

g S,(0)={0} = g A B7F = Ff EA E7F = 71 =&
HAE: ' +v' =w’ (p23) & UF3E u, v, weQ (w20 AR L&
(Etale Comparison
Theorem) (Alexander Grothendieck, 28 March
1928 - 13 November 2014) (Etale Cohomology)
(Algebraic Geometry)
(Automorphic Form) (Langlands
Correspondence) , (Number)
(Discrete) (Algebraic Number) (Continuous)
(Geometric)

, (Microscopic Physics)
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, (Quantized)
(String Theory) , (Modular Form)
(Automorphic Form)

Enter number theory in physics

We package the microstates into a partition function:
Z(/j) o E e_il'aEt;ta-t(:)}S ‘{3 _ 1/T
states

In string theory the partition function is an automorphic form!

Finding the black hole microstate
degeneracies corresponds to calculating
Fourier coefficients of automorphic forms

[ 35] , [6]

“

2019 Nature Reviews Physics (Strings and Qubits)” ,

(Quantum Information) [4]. ,
/ (Gauge/Gravity Correspondence)
( )
/M- [5].
(Fundamental Lemma) ,
4 —  (Yang—Mills) (Hitchin System)
(Etale Cohomology) .-
(Quantum Field Theory) (Strong Force) (Weak Force)

(Quantum Computer)

4 - (Classical Mechanics)
; (Meromorphic )

. Meromorphic Generalization ,




(Analytic Continuation)

(Continuous) (Discrete)
(Algebraic Number)
(Algebraic Geometry)
(Automorphic Form)

( )
3
[ 1] m . n
(Real Vector Space)
V:R" >R : v
t r(t)ER" p(t) R”" z(t)
(Cotangent) ((z,p)ETX, p=pdr's z, p )

(Newtonian Physics) v(t)=dx(t)/dt, p(t)=muv(t)

Ipl?

(@ (t),p(t)) H:R"XR">R H(z.p):= -+ V(z)
: m (z(t),p(t)) . (Energy
Conservation) dH(z,p)/dt=0
(Time—independent) E , Hz,p)=F
[ 2] viz,t) ¥:R*<XR->C (|¢]?:=1)
t
(Normalizable) (
).

{pyap )= / Hx, )z, t)de, ||? = {Yap>=1 if ¢ is normalizable (HZ ol 2] 3}).
R
{alt)):= <¢(m,t),;1¢(x,t)>, Calt)y: 71HAGE if 4 is normalizable (W&ol 2] 3}).




www.nrf.re.kr

Ul & el o] g Gt 3H((op,ip = 1) B7HIF 9] := pyp = 10] =] 25 A3},
ol uf, 7| AL (alt) = alt) where Ay(z,t)=a(t)y(z.t) ko] Q.
(Hilbert Space)
(Inner Product)
’ ’ : t x p o (z().p()

: (Cx(t) >, <p(t)))
(* Self—adjoint & 0).

()= {Yla,t), Xep(z,t)) = (z.0) Xp(z,t)dr = I¢(z,t)x¢(z,t)dxé)hp(x,t)zmﬂ(x,t)

Ol t) p(a,t)de = Py(z,t)= pila,t)

,t)ﬁw(x,t)dx =

%\%\

() >= Capl,t), Pyo(a,t) ) =

B . Page 26 = /

<Analogy in General Relativity ( vs. Classical Mcchanics))

Find Complex Functions (Jm, gm,, T,uv for
G, +Ag, =«xT,,  (CFAFFEI] & B34 EFE)

ik B i i (@
U’f:w( ) = C_uve ' ? x” —(Cf,}..,y.,- )? ku _(?1_k.1'°_k_1"_k:J

(pyr): jqﬁu; <y;, ;Iw> = j.y_/,;ly; (Curved Space-time 4 )
Normalization Condition: \u/\z =y =1
"Expectation Value": <A,w (x}> =4, (x) where ﬁfm,uxﬂp (x)=4,(x)w,.(x)
Inner Product-like Normalization Condition: |y]” =y, ) =1

"Expectation Value": <Aﬂ,,(x)>::<§ffﬂ, (x), 4,0, (x )>

W —ik,x" =i(k-x— a)I]{k x+k y+k.z— c!\/k +k}+k: +(m;J]

my: A 2%, Problem: H]/1% (Nonlinear)
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General Relativity

Newtonian Physics

iw(xa) - <I:uv(xa)> E(f) —)<E(f)>
< ,m« > j W,m« ) ,HLW,HV (.?C)dSa <E(r)> = J.E”lr//(x,r)EW(x,r)dx
‘T,m 'JV,HV ( ) I?m w,{ll’ (x) EW(XJ) = Ei',V (x,f)
o, T =0 0,E=0
- 1 R Vo ol
I _g_m' SJ’ZG[ 5 gm +Agm ] L_ug_m' “(ngl E ZHZ%—O—V
% Analogy
/ , 3
, ( . Self—adjoint)
Calt) y= {Y(x,t), A@bxt )) = / ¢$tA¢(x t)dx / ;1|¢(:E,t)|2dx / a|y(z,t)|?dx
R"

= 22 Caft) = {(a,t), Abla,t) ) = {A(x,t), bla,t) ) e Ao e S f9.
(% Self—adjoint  Hermitian
[ 3] ( ).
(z,t) ¢ R" XxR—>C
(H ) ’
P:C—C P(z,t)) (P o ¢:R"xR—>C)
P:C>C P
(
— ) : 2
, (e.g.
). , P P()(a,t))

N

(Boundary Condition)

N
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(Uniqueness Theorem)
(Reduction to the Absurd)

[ 4]

CE()>= {la,t), Ev(a,t) )= (1), Ep(m,t) > = Evpla,t)= iﬁ%w(x,t)z Ev(x,t)= H(z,t)= Hy(z,t)

CH(t) >= {ylat), Hy(a,t) )= <ylat), Hy(a,t) >éI:Iw(x,t)=Hw(x,t)=Ew(x,t)=Ew(x,t)=iﬁ%¢(x,t)
_ _ [ a7l 1el?
CH(t) = {p(a,t), Hp(,t) )= fRnw(:c,t)(%+ V(x,t))w(x,t)dx
= (02 p00) )1 ol V) vl
= (0la), 5= PPulat) )+ ol Via.t))

= (p(at), Ho(z,t) )
\[2
~ ~ 2 2
(0o PPole) )= (0l — o 20(et) )= 52 )
=L PR ylet= Lo vipen= 12 g0
o T, 5 Uz, 5 x,
Cplat), Vapla,t) )= (1), V(a,t) lat) >
= Vip(a,t)= V(z,t) (z,t)
e f= — g ey Vizt) = i (a.t)= E t)=(f i V2 Via,t) |(,t)
¢ ot o T om v Z, ? ot €Z, €, om v X, X,
~ ~ 2
Z:C—C, EY(x,t):= mi+—v§— V(:c,t))¢(x,t)
ot 2m
FHYA LA T4 s = Sp(a,t) BH (s =0)
[ 5] ( )
( F=ma ) ;
Quantum Limit  Classical Limit
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“Temperature dependence of
the mean energy <e> of a
quantum harmonic oseillator.
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a

H|l||

118)])= Gy, [ .

“Hamiltonian is a sum of 37V independent LHO - cach o
refered to as a phonon mode! The number of phonons in state (. Iii

described by an operator:

aiq)=al(qa,iq)

=H= Elr11q|‘< Il['<Hl]l+—| Low Temperature Limit:
h

Temperature dependence off
the mean energy <e> of a
quantum harmonic oscillator.
Taylor’s series
expansion of e*
forx << 1

“Zera Point
ho > > KT Eueggz

= At low T, the exponential in the denominator of the
204 term gets larger as T gets smaller. At small

enough T, neglect 1 in the denominator. Then, the

20 term is €%, x = (hoof(ky ). At very small T, E)-
% — 0. So,in this case, <E> is.

independent of T: <E> = (¥)h

T T T e P

[ 36]

Limit vs.

High Temperature Limit:
ho << kgT
Athigh T, <E> is independent of . This high T
limit is equivalent to the classical limit, (the
energy steps are small compared to the total
energy). So, in this case, <E> is the therma
energy of the classical 1D harmonic

<Er= %Frmf.k,,f

oscillator (given by the equipartition theorem).

Limit [34][35]
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0 X (v, Xxw) < ¥ R =
d=XV = (& Pd)
1 O — o, xXw)y <= v  o=Xv= {p,Pd)

=1 {0, X¥) (@, PW) ;
@(r,0,¢,1) (W, X W) , o, Pw)
U(r0,01) U, XW) L=1
W(T,0,¢,2) (
L=0 m).L=0 L=1 (%
L=0: “|X,P|=in X = (Ix, Pl=in )
L=1: “|X,P|=in o= (Ix, Pl=in )
[ 9] (% )
L=1 .
( ) ( )
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B
. r oyt
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0 H




NRF ) 217 ] 1A
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L=0 ‘ " XU(r,0,6,t)  PU(r,0,6,t)
[ 8] , L=0,1
( ) L=1
L=0 L=1 ; ,L=0 L=1
(L=1) (Image)
(Image) L=1
(L=0 (Image) L=1 ). (% /
)
[ 10] L=0,1
F=ma L=0
L=1
L=0 ( )
[ 111 ) L=0
L=0
(L=1)
( ) L=0
, L=0
(3%
). L=0 L=1
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¥ R" XR—C , (Rotation)
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;1 R" XR—>C ( )
(Nonzero Eigenvector) , (Non—trivial
Solution)
T (Matrix Representation) A , A A(Eigenvalue)
(Monomic Polynomial) p(\)=det(4—A\)=0
. , (Fundamental Theorem of Algebra)
p(A\)=0 (Complex Root) ; A ¢ i
“ 5 5
; , N
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-4 N ). , N , N
“ 0 N Z( (Ring)
¥ N ) i R
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(Diverging to Infinity)
/
“ » ( “
1 1:=1+ir(r=0)
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)
, (Hermitian Operator) 1)
Lo C (A Useful Mathematical
Tool) 7 (
), D (Digonalization)
, P:R"—>C
[ 2] “ 7 R"—R
, R"—=C
¢ 7 . (Real Analysis) ,
(Complex Analysis) ) ,
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( ).
( ).

(David Hilbert, January 1862

(Hilbert Space)
1900 “

(Axiomatization)-

: ([&)

(Riemannian Geometry)

t
(Localized) ; (Non—localized)
(Expectation Value)
0
, (Basis)

n,C R"—R ,

(Algebraically Closed)
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Operator) (Hamiltonian) ,
(Modelling) . ,
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