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Outline

Introduction to Quantum Computing

— Gate-based (IBM Q, lonQ)

— Quantum Annealing (D-Wave)

— NISQ AICHS| BHA|I2 SF=L O T (IBM Eagle — Heron — Nighthawk)

Variational Quantum Eigensolver (VQE)
— Ansatz, Pauli decomposition

— UCC, QCC, BK/JW mapping

- IBM Q 7|2 & 28

Results (IBM Q) : Deuteron Ground-State Calculation
— Deuteron binding energy vs ancillary qubits (Quantum Annealing)
— 2-qubit Hamiltonian (PRL 2018)
( — T-qubit reduced Hamiltonian )
— Z[A1IBM backend (Heron)O|A2] A|=2{0|M & noise =X

Conclusions & Outlook



L. Two types of QCs

e Introduction to Quantum Computer

D-wave Quantum Annealer

-> D-wave Advantage 2 (2023)
> 7000+ + qubit

| -> IBM-Q lon-Q

i -> 400++ qubit

- High applicability and accuracy of .
gh app y Y [ - Large quantum error

quantum measurement
I - Programmable

- Programming difficulty I > Require more qubits

-> Require more qubits

Prof. Hunpyo Lee - Accelerated Variational Eigensolver in combination with Quantum Annealer



Noisy Intermediate-Scale Quantum (NISQ)
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BUSINESS
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NISQ will not change the world
g X‘ oxo ’X‘ oxo oxo oxo

by itself. Realistically, the goal 9 o
for near-term quantum A ' '
platforms should be to pave the
way for bigger payoffs using
future devices.

0 Adjustable coupler

John Preskill



2016-2019 @

antum circuits on

jant

Development
Roadmap
{

Applying algorithms
to applications

Discovering new algorithms
for advantage

Orchestrating
workloads for
quantum + HPC

Accurately and
efficiently executing

on quantum
computers
Early
Canary Albatross
5 qubits 16 qubits
Innovation
Roadmap
{
Software 1BM @
innovation Quantum
Experience
Hardware Early
innovation

Albatross
16 qubits

Canary
5 qubits

Penguin
20 qubits

Prototype
53 qubits

Penguin
20 qubits

Prototype
53 qubits

Qiskit ®

Open-source SDK
for building and
compiling circuits for
quantum hardware

Falcon ()

Demonstrate scaling
with I/0 routing with
bump bonds

2020 @

Falcon

Benchmarking

27 qubits

Application @
modules

Modules for domain

2021 e 2022e

Qiskit Runtime

IBM Quantum Experience & OpenQASM 3 Dynamic (v)
Circuits

Eagle

Benchmarking

127 qubits

2023 @

Resource Management

Qiskit ®

Serverless

Execution
modes

Error
mitigation

specific
and algorithm
workflows

Hummingbird

Demonstrate scaling
with multiplexing
readout

Qiskit ® Quantum © Al-enhanced @
Runtime Serverless quantum
Performance and D P yp

b ion through of | ions of
primitives and cloud classical Al-enhanced

compute for an end to
end workflow

Eagle Osprey

Enabling scaling
with high density
signal delivery

Demonstrate
scaling with
MLW and TSV

Egret

Tunable coupler
demonstration

circuit transpilation

Condor (]

Single-system
scaling and
fridge capacity

Heron

Architecture
based on
tunable couplers

M circuit at
beyond exact

cal simulation (5K

on 156 qubits

Code assistant @

Functions

Ad ey

transpilation tools

Plugins
for HPC

200K CLOPS

Heron
(5K)

—Error mitigation

5K gates | 133 qubits

HPC-Quantum @

integration

Realize an integration
of classical HPC and a
quantum computer at
utility scale

Flamingo ©
Demonstrate

scaling with
|-couplers

Crossbill ()

Demonstrate
m-couplers

mitigation tools

Utility-scale
dynamic circuits

Nighthawk
(5K)

5K gates | 120 qubits

Advantage
candidates

Define p

)

(O]

nputer

Use case

benchmarking toolkit

Utility mapping tools

Profiling tools

Nighthawk
(7.5K)

o mgain
7.5K gates | 120 qubits
Up to 120x3 = 360 qubits

Error correction
decoder
D a

types

for advantage in 2026

Loon

Demonstrate
c-couplers and
next-generation
packaging for FTQC

)

real-time error
correction decoder

Kookaburra

Demonstrate a
complete module
consisting of a logical
processing unit and
quantum memory

2027

Improve quantum

Computation libraries

Nighthawk
(10K)

o mgain
10K gates | 120 qubits
Up to 120x9 = 1080 qubits

2028

Beyond

uantum

mputers

will run circuits

Circuit libraries

Workflow
accelerators

Nighthawk
(15K)

15K gates | 120 qubits
Up to 120x9 = 1080 qubits

Starling
(100M)

Fault-tolerant

100M gates

Blue Jay
(aB)

oo 3

1B gates
2000 logical qubits

200 logical qubits

Workflow Fault-tolerant
accelerator ISA

Demonstrate a Demonstrate a

that streamlines set architecture
execution for a known including magic state
advantage workflow distillation for FTQC

Cockatoo

Demonstrate
entanglement of
modules using a
universal adapter

Starling

Demonstrate multiple
modules and magic
state distillation

® completed
¥ On target

IBM Quantum



2024 ®

Demonstrated
accurate execution

of a quantum circuit at

beyond exact

ssical simulation (5K

Code assistant @

Functions @

Advanced classical @
transpilation tools

Plugins @

for HPC

200K CLOPS

Heron
(5K)

Error mitigation

5K gates | 133 qubits

2025

Deliver quantum + HPC
tools that will leverage

Nighthawk, a new

higher-connectivity
quantum processor
able to execute more
complex circuits

Advanced classical @
mitigation tools

Utility-scale )
dynamic circuits

Nighthawk %)
(5K)

5K gates | 120 qubits

2026

Enable the first
examples of quantum
advantage using a
guantum computer
with HPC

Use case
benchmarking toolkit

Utility mapping tools

Profiling tools

Nighthawk
(7.5K)

Error mitigation

7.5K gates | 120 qubits

Up to 120x3 = 360 qubits

2027

Improve quantum
circuit quality to
allow 10K gates

Computation libraries

Nighthawk
(10K)

10K gates | 120 qubits
Up to 120x9 = 1080 qubits

2028

Improve quantum
circuit quality to
allow 15K gates

Workflow
accelerators

Nighthawk
(15K)

15K gates | 120 qubits
Up to 120x9 = 1080 qubits

2029

Deliver a fault-tolerant
quantum computer
with the ability to

run 100M gates on
200 logical qubits

Circuit libraries

Fault-tolerant ISA

Starling
(100M)

Fault-tolerant

100M gates
200 logical qubits

2033+

Beyond 2033,
quantum computers
will run circuits
comprising a billion
gates on up to

2000 logical qubits,
unlocking the full
power of quantum
computing

Blue Jay
(1B)

Fault-tolerant

1B gates
2000 logical qubits




IBM Quantum

Eagle

IBM Quantum

Heron

Tunable-couplers

With 133 or 156 fixed-frequency qubits
and tunable couplers, the Heron family of
processors is our highest-performing yet
and the core of our System Two
architecture.

N 133/156 3.7 E-3
" / Qubits EPLG

250K
CLOPS
View available /)
Heron QPUs
Eagle 2| &2 AH|
v £%
*127 qubits

*Fixed-frequency transmon qubits (18 Foi4 FH|E)
AHEZ S, F A capacitive coupling =
*Heron = Ct O[T A|CHS| OFF| &K

v Y 29

-Eagle2 IBM2| & 100+ FHIE &
«12{L} qubit—qubit coupllng strength= &

2718l HO|E cross-talk, @279t 77 &=
AXSH| o FELh= A0l U=,

ZHSt= HX[(HZ2)7F 2
22 (“spectator-ZZ") =

IBM Quantum

Nighthawk

Heron?| &8 A4

< Tunable Couplers(Z& 7}5%t HZ2]) B >
*133 EE&= 156 qubits
‘Fixed-frequency qubits + tunable couplers
*EPLG = 3.7 x 1073
« 2-qubit error per logical gateOfl CHE 8= M=
« 7|& 1MCH CHH| /771 108] O] &f Za
*CLOPS = 250K
« FHIE Me2[zHAX Z=2 3 A X2

o

)



Tunable Coupler7f of SRTH71?

/| O 1 L—.

« + THIE *f0|9| 2 (gij)= =8 = U=
- QT [Tt coupling on, 28 QO off
- 11 A4

 Cross-talk &2

- EEHATHZZ Y2 %E AH|

+ IO|E 5= ¢ d4
. 2-qubit gate fidelity &4} ol waieii sleat oxais he
- Ot 2 HX} 22 & Al 2A|F2 0| &AM

T
HeronZ IBMO|A| X[F77HX| 718 CHE A O[11 L O| =T M2 Z=E A
ME e

b

St=A|
—

ﬂllﬂ]

LIEt = K],

%
S



https://www.ibm.com/quantum/blog/qdc-2025
IBM Quantum Nighthawk chip (Credit: IBM)

IBM Quantum Nighthawk's qubit plane
includes 120 qubits arranged in a square
lattice.

IBM Quantum

NIGHTHAWK
) 120 QUBITS
. SQUARE-LATTICE

Nighthawk (2024-2025 221

v §¥

*"Square Iattice”Ef" TZH 7[RI =8 M A

*Herond} Z2 tunable- coupler 7|8t OF7 | &l

Tt CH 2 A|AEIO|A EF(tile) HEHZ & SHEIEE A

[BM2| ZEH A|AH|(System Two)0l| A 6-9-_6;" el

v 25

”EHﬁLE THIE &H5 o] & AASHH =0 SX A[AE =5
Z HeronO| tH & H&52 -|-|':H2f°F & 0|2tH,

nghthawkE ‘218 (scalability) ofl | SHEl MICH

o} . iR
A St lattice t\%



The information of a logical qubit is encoded across many
physical qubits to make it more resilient against errors.

=2 FHIE: QRBYEOl YYEL) 74 FHlE

X=2| FHIE 170E 2t=7] Q8
©f 1,000~10,0007H2] E2| RHIE7I 2R
(®ixel =2| AOIE 2F & 7|F)

X IBM, Google, Quantinuum, AWS7t 25 O] 3

5 ME.

The gross code developed by IBM encodes 12
logical qubits into 144 data qubits, or a 'gross’ of
data qubits, along with an additional 144

syndrome check qubits. Achieving this on the 2D
surface of a quantum chip requires long-range
connections between distant qubits within the chip

— connections which follow the symmetry of a 3D
torus.

Long range connections for greater
connectivity between qubits
across all qubits




=tolA ™"e|ofH
LEE0| 1073(= 0.1%)

2-qubit gate= 1000F M.
(1-1073)"""° = 0.37

= 107-3 LEL0|H Cj2F 1000 E2| FH|E = 1 =8| FH|E

CNOT gate flips the target bit only if the control bit is 1.

& Control bit
q o é Tar_get Conjcrol Tar_get Conjcrol
bit bit bit bit
o ¥ Target bit 0 0 0 0
1 0 1 0
0 1 1 1
1 1 0 1

Quantum Leadership Training Program 2025, Kifumi Numata (IBM Research — Tokyo)



SAE S -2 B+

O

off: AHEF 1000B0| & (1000702| E2|RH|IE)S O|F A st 7S] 5

ast B2 (1719 =2|R/HIE)E X|7|= #+=

- O|H MBI 2 2= X =3 (T1/T2 2F)

« OfiH AEI2 A2 S0t B 2 (bit-flip, phase-flip)

e O EE AMEI2 2= F0|2} 72137} =Z0tZt (decoherence)

P‘I':'r

1000HO| M2 H3Astn & *&E

Heff HE (= =2 FH E)E 7X| 7Is.
1) T1 (Relaxation Time, Of|L{X| O]t A|Zh 2) T2 (Dephasing Time, §|4 24! A|Zh
"ol : FHIETH 1) »| 0)2 XIHAHA Hoix|= o & 82 FHIE SH2| #1&(phase) 87t S EZX]
2= W AT S FUIS0H ST O LN KM A o Rl BE MZ ) - al0)+ e 1]
et el = 1.

O7|M #ld @7t AF 2528 SE7F £2F.



C-couplers enable long-range connections between distant qubits
within a quantum chip.

Nighthawk @
(5K)

Error mitigation

5K gates
120 qubits

Nighthawk
(7.5K)

Error mitigation

7.5K gates
120 qubits

Nighthawk
(10K)

Error mitigation

10K gates
120 qubits

Nighthawk
(15K)

Error mitigation

15K gates
120 qubits

From 2025 to 2028, successive releases of Up to 120x3 =
Nighthawk will enable the exploration of 360iqubits
increasingly complex quantum circuits.

Up to 120x9 =
1080 qubits

Up to 120x9 =
1080 qubits




Qubits and quantum gates
|0>[:> [>I > X:[O 1

NOT Gate X|O) [ ] l ] |1)

Hadamard Gate

|0>m) . > /Ex|0> +/24 1>

Creates a superposition

HZ%[1 _1]’

=5 Sllol=%[11=% (o] +[3]) =50+

Quantum Leadership Training Program 2025, Kifumi Numata (IBM Research — Tokyo)



|0> |:> _._ |:> |0> CNOT gate flips the target bit only if the control bit is 1.
4~ Controlbit | input | output |

9 e Target  Control  Target  Control
bit bit bit bit
g1 .
¥, Target bit 0 0 0 0
11> -2 -l1> T T
Flips the sign of 1 1 1 0 1

HEB o
EEEEEE (.0 s-(09) (o)
ro) [ I 1), B, 08 |
Measure Z basis v — (S —0%) Ryx(6) = ¢ #X6X/2
o~ i0797/2 RC3X @ U(6,6,) RCCX (Relative-phase Toffoli

RC3X (relative-phase 3-controlled X Gate)

Quantum Leadership Training Program 2025, Kifumi Numata (IBM Research —
TAlA)



Notation of multiple systems

* A one-qubit system can be in the superposition of two states:

0), 1)

« A two-qubit system can be in the superposition of 22 states:
10)®]0), [1)®[0), [0)®[1), [1)®|1)
0)]0),  [1)|]0),  [0)}1), [1)|1)
100), |10), 101), 111)
* An n-qubit system can be in the superposition of 2" states:

|0>n—1®'"®|0>0: |0)n—1®“'®|0>1®|1)0: ""ll)n—1®"'®|1)0

= 100---0), 10---01), e, |10 1)
Quantum Leadership Training Program 2025, Kifumi Numata (IBM Research — Tokyo)



Tensor products

Tensor product of two vectors: multiply the right-hand vector by each component of the left-hand vector.

)
CRCH

Tensor product of two matrices: multiply the right-hand matrix by each element of the left-hand matrix.
AllBll A11B12 A12B11 A12B12

A@B — (AllB AlZB) — A11821 A11B22 A12B21 AlZBZZ

AZlB AZZB AZlBll A21B12 AZZBll A22812

A21B21 AZlBZZ A22B21 A22B22

A two-qubit state can be represented as the tensor product of two single-qubit states.

1 0

100) = 10)®10) = ()@ () =| o | =10, lon =108 =()e(})=|,]|=m,
0 70

0 =mein=()e()=(]]=m, nn=mem=>3)s() ={7]|=
0 1

Quantum Leadership Training Program 2025, Kifumi Numata (IBM Research —
TAlA)



Entangled state

o 58

g1

1
10)1®]0)o = |0) ®—=
IQH V2

==(|00) + [01))

(10) + 1)

1
——=(|00) + [11))
CNOT

An entangled state is a state |Y) 45 consisting of quantum states |y), and |Y)g
that cannot be represented by a tensor product of individual quantum states.

1

7 (]00) + [11)) # (ag|0) + a1|1))®(bo|0) + by 1))

= a0b0|00) + a1b0|10> + a0b1|01) + a1b1|11)

There is no coefficient which satisfies this equation. Therefore, this state is entangled state.

Quantum Leadership Training Program 2025, Kifumi Numata (IBM Research —
TAlA)



Quantum Circuit; Bell States

do

a1

(a) |@T) state

do

a1

(b) |®7) state

do

a1

(c) |[¥T) state

©%) = (00} + [11)
#7) = —=(100) - [11)
W) = Z(]01) +[10)

-y = 01y —
v >—\/§(|01) 10))

do

a1

(d) |¥™) state

Figure 8: Quantum circuits used to create the four Bell states: |®*), |®~), |[UT), and |¥~). Each circuit
applies a combination of Hadamard, CNOT, Pauli-X, and Pauli-Z gates to two qubits (go and q;), producing

maximally entangled states.



Quantum Circuit; GHZ states

(Greenberger-Horne-Zeilinger states)

-

a1

.

T

T

a:

o

o

qs

(GHZ) =

1
V2

(10000) + [1111))

Figure 10: Quantum circuit for preparing a 4-qubit GHZ state. The circuit starts with a Hadamard gate
applied to the first qubit, followed by two layers of CNOT gates that entangle all four qubits, creating a
maximally entangled GHZ state. The three gray vertical dashed lines represent barriers, showing that this

quantum circuit consists of three layers.



Abstract Gates Circuit

1019 081
1000
750 -
—
" o :
>
8 500
o ~
a2 250 -
qs
4 vo w1 H 2 3 0-
meas = S

(a) Abstract gates circuit and measurement results
Aria Noise Model

987 o0
1000 -
750 -
a
[
3
S 500+
e
ol - 250 -
Gpi2MGpi 0 Gpiz MGpi2 .
meas 0. 12 3 7 1 2 7 - 6 3 8
b) Transpilied gates circuit and S § 5§ 5 8§ 3 8§ 53 8 & 85 7
() & § § § § 8 § s § 3 37 73



Variational Quantum Eigensolver

(VQE)



Variational Quantum Eigensolver

Parameter Update: - ¢/ e Ground state energy estimation
1 2 3 4
— — 1. Prepare quantum state(Ansatz)
—_ —
: | 2.Measure energy
[, E(0)}
— — — — 3. Classical averaging

4, Optimization(Classical) — Parameter update

Quantum State Preparation

— | —
- . —

Quantum -~ AR ) Classical %k k k Ansatz
" VelatonalCircut Post-Rotation | Unitary Coupled Cluster(UCC) method
A T+ =
- - RHA 0)) =U(6 =TT whereT=ZT-
% [1p(8)) = U@ o) | o) T
: L U(H_j : | T, = z tiaafai & T, = z tijagafra;'aaa[;

arXiv:1812.09976v2



Deuteron



II. D — Wave Quantum Computer
B. Deuteron model

@ @ M, = 938.3MeV/c* & M, = 939.6MeV/c?> & k= 0.67 & ry = 1.27fm & a, = 0.67fm
M, + M,

& A =32fm™ & M =—"—— = 938.95MeV/c’

(Deuteron)

Nuclear interaction btw proton & neutron

Z A N
z pi’ z e’ E‘ ) proton = {Yr i} 5
= v, ko N,
i=1 ZM =7+ \j 1<i,<iy<Z e |r1 2 bi#k, neutron — {Lljv,i}jzl
Kinetic Energy of proton Kinetic Energy of neutron
N =7
2 Ugl\l £ k==
- V(r) = U.(r) — 21 Zlfl/l . dUdC(r) s-1 & Ucr) = ( N+ Zl) — wood saxon potential
- ' 1+ ex <r — r°A3>
p 2



https://link.springer.com/article/10.1007/s11433-022-2044-5
https://link.springer.com/article/10.1007/s11433-022-2044-5
https://link.springer.com/article/10.1007/s11433-022-2044-5
https://link.springer.com/article/10.1007/s11433-022-2044-5

II. D — Wave Quantum Computer
B. Deuteron model

- H= S‘S‘gﬂ(a oc)amx,ana®l + Z z h(ay, 0‘2'0‘1'0‘7\3.[al";a'zan,azamal@Iv

iy Oy 001 0l
+Zzgv(s B)le®afpavs+ ) > hy(Bh, B2 81 Re) el prarg g, avg,
|51f32 BlBZ
+ 7 5‘ hT[V(a’; a, B’- B)g;l-[’a’_:“’a @d;slav,ﬁ a,a, g, 0, A, Uy € {1,2, ven NT[}
o' B’ af B, B,I B1, Blli B2, BIZ S {LZ' ) NV}
p 102
* gr(a,0) = W ZM + VO [Unw| & gv(B’,B) = Uy, Br| 2 + V(r) Wy, g
h (o', 0", aq, ) = (W[ (W |2 e’ L + v(my, o) ¢ (W Y
mt\1 ,U12 ,WU1, 12 ™, 001 may| 2 41‘[60 |ri1 . rizl 1, 12 01 T, 0l

L|JT[,BZ > & hm,(O(', Q, B’, B) = <L|JTIZ,OU |<L|JU,B/ |V(T[, Vv )|L|JT[,O( >|L|JV,B )

(Vo] 790012 W

b (B, B, By, B2) = (g,



https://link.springer.com/article/10.1007/s11433-022-2044-5
https://link.springer.com/article/10.1007/s11433-022-2044-5
https://link.springer.com/article/10.1007/s11433-022-2044-5
https://link.springer.com/article/10.1007/s11433-022-2044-5

II. D — Wave Quantum Computer
B. Deuteron model
N-1
- Hy = Z (n'|T + V|n)at,a,
n,n’=0
hw 3 / 1 / 3 /
(n'|T|n) = - <2n + E) §N — \/n <n + E) S+l _ \/(n + 1) <n + E) S0 -1l & (n'|V|n) = V898
— Jordan — Wigner transformation method
1 Fﬂ—l | Hg :5‘“)(:'(1?{]911 + (]EIHEQIZ{; — 6[2521
fy = —Z. | (X, —1Y, .
tn g | L =2 (=), _ 2143304 (XX, + YoY)).
_I'|‘=
1 Fﬂ—l ] a 1—oioi R Sy
an = = | [] =2 | (Xu +iY). T R e
“ [=0 | oi 5 = ;stms(k) 1 1_‘; %= 5(7)S(k)




II. D — Wave Quantum Computer
B. Deuteron model

Deut Binding E ith 3 Ancill bit
Problem Parameters Solution Timing Q 210 ctteron Binding =nergy W ncillary Qubits
L ]

—2.121
QPU_SAMPLING_TIME POST_PROCESSING_OVERHEAD_TIME S
14376 ms 7.0 ps S 1l
QPU_ANNEAL_TIME_PER_SAMPLE TOTAL_POST_PROCESSING_TIME >
20.0 ps 17.0 ps E —2.167

o —

QPU_READOUT_TIME_PER_SAMPLE £ 218 L 2.19MeV
10318 pis = N ¢ t T

2,20
QPU_ACCESS_TIME
159.52076 ms Ll | | | | |

0 200 400 600 800 1000
QPU_ACCESS_OVERHEAD_TIME lteration
119024 ms
Ancillary Binding Energy QPU Access Time (ms)
QPU_PROGRAMMING_TIME bi MeV
1576076 ms Qu |tS ( e )
QPU_DELAY_TIME_PER_SAMPLE L -0.22 79.76
0s81e 2 1.69 122.2
3 -2.19 159.5




1.Dumitrescu, McCaskey, et al., PRL 120, 210501 (2018)
“Cloud Quantum Computing of an Atomic Nucleus”
. . 2.Lu, Ekstrom, et al., PRC 103, 024310 (2021)
(1) 7|'xo|- IEI_‘_:I_-OI AI"g"l"-:'|_| Ool:XI-9='| 7I IEI_I- Deuteron (ZH) — Hamlltonlan “Simulations of the deuteron on a trapped-ion quantum computer”

A well-established 2-qubit effective Hamiltonian for the deuteron ground state
derived from the LO pionless EFT in a truncated harmonic-oscillator basis.

*The Hamiltonian is written in the Pauli-operator form:
Hy = 0.218291(Z0 — Io) < Low-depth circuits for the ansatz >

H, = 5.9067091; ® Iy + 0.218291]) ® Zo — 6.2152; ® I — 2.143304(X1 ® X0 + Y1 @ Yp) g — Ry —

Hs =1, Q® Hy + 9.625(.[2 RII1RI)—Zy@11 ® I(]) — 3.913119(X2 RX1R®[1+Y>2®Y: ®Io)

*This Hamiltonian corresponds to a two-state truncation (N=2) Jo — X —M—
of the deuteron S-wave sector.
L S—
I h
oO.

E X|.
E
| Hamiltonian2 L3S .
- LO EFTO|M LIR= S wave + D-wave 28 11X
= D-s

-state admixture q-Re— (R EH—o—
- SHEE + ﬁﬂ-orowﬁﬂ ARE YRE Zoish axtgl 2AZ 7

2fA 2712] =2| RH|E 28



(2) Deuteron Hamiltonian (2x2 HEl, 1qubit)

—1.7492 —-0.4330
EX 7S 718 B8] A2 L= =X =
At 7 7ty 29 MEE= =X Hy (_0.4330 _0_6443) MeV

1 qubit 22 #? 7t5o x4 2
Pauli ALXIZE EH 7tS: H = ¢ol + ¢, X +¢,Z
VQE O 20 7}& ATt Hamiltonian

=S5
- JTHEE HO 71X |0s>, [1s> EF 5 708 71 m
- D-wave= Of0f| X|#HE.
- spin/isospin AR = E 2t S| B zt=El AE|

- EFT EE= HO basisOA Lt E 2 Hamiltonian=
a'd 274._J subspace2 projection/downfold o+ .

https://qiskit-community.github.io/qiskit-nature/tutorials/12_deuteron_binding_energy.html



VQE Result (H,) for the Deuteron Ground State

Cost Function Evaluations

« VQE optimization performed using COBYLA —
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VQE Result (H3) for the Deuteron Ground State
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Results

Binding
Binding
Binding
Binding

using Estimator

energy for H_1:
energy for H_2:
energy for H_3:
energy for H_4:

for H_1, H_2, H_3 and H_4

—-0.43658065601609036 MeV
-1.7491598672779776 MeV
—2.0456704129777483 MeV
—-2.1439230360569255 MeV
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Conclusions — IBM Quantum

. IBM2| Z| 4l Heron/Nighthawk OF7 Bl X &=
T1/T2, 2-qubit gate fidelity, readout error/| H|2XH O = 2FatE

- J2{L} VQEE O{TS| NISQOIM 22X SHAE 2 Y
» noise-induced local minima (“fake minima”)7} landscapeOf| Ct= 4
HtE25t~% dip 37} — optimizer(COBYLA §)7t A% ERE 250 23
« AX| C|HO|AO| A& global minimum E20| HQ| 27}=

« 1-2 qubit =F2| Ztttot S| HEL|CHH2, Hs, Ha)2
statevector/backendsO|Al= HEHs5| X &,
SHX| 2t M H| LXH 0| M= optimal solutionZHX] =3 A j.

- - |IBM Q 7|8t VQE= ‘OIF %2 REA'M| A= 71SStL,
noise & [ F0]| & C|H[O|AO0f|A Q] 2HEd (scalability)2 O{ 5| H|SHA,



Possible Outlook
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Thank you for your attention!






taken from Dr. Scott N. Genin’s presentation

Variational Quantum Eigensolver

H= Z P, Where P, =[] d/", n = {xy,z} & = qubit index

________________________________________ Algorithm 2
QPU CPU
oot e :, With serial processing, time scales linearly with number
e quantum module _ .
e . of Pauli words
—EP quantum module 3 _ —_—

BK transformation generates O(N#) Pauli words

quantum module n  [[REEAEEN

quantum state preparation

'
—
'

_________________________________________

..................................................................

*Peruzzo et al. Nat. Comm. 5 (2014)



taken from Dr. Scott N. Genin’s presentation

Unitary Coupled Cluster

Quantum computers cannot directly encode
U=exp(Ty +T; + )

l Trotterized
U = (exp (%) exp (%) )M M=1

Even simplest fermionic operators are lengthy combination of Pauli terms

T .1 T .1
Asa,03a; — A,A30405
i
- 3 (XoVq + Z1X223Yy — Yo Xy — Z1Y2Z3Xy — Yo X4Zs — Z1V22Z3X4Z5 + XoV4Z5 + Z1X2Z3Y4Zs5)

Lengthy combinations of Pauli terms increases quantum circuit depth

LiIH/STO-6G, C. Hempel et al. Phys. Rev. X 8, 031022 (2018)



Qubit Coupled Cluster Method

Y(r,w) = U()|w) General form of qubit methods

N R
a2 A ~
U(t) = l_[ exp ( ’; k) P is Pauli word entanglers

k

Variational search

E(r,w) < (0|[U@THUM|w) ¢, ground state

taken from Dr. Scott N. Genin’s presentation

10— B2 [{RX [{RX [{D—{R2[{D—{RX

10) {RX

o— {3

10)—{nz}{nx] \ . )
P = yox,

Two qubit gate count e

mQCC mUCC

272

2 64 38 48
=t =]

H, LiH H,0
https://pubs.acs.org/doi/abs/10.1021/acs.jctc.8b00932
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IBM (Gate-based circuit)

D-Wave (Annealer)
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[I. D — Wave Quantum Computer
C. Quantum Annealing Example : Hydrogen model

* The electronic structure problem and its mapping on an Ising Hamiltonian

Kinetic Energy of electrons Coulomb interaction btw electrons & nuclei Coulomb interaction btw electrons

M : nuclei & N : electrons 0 Q)
r; : position of electrons

My, : mass in atomic units of the nuclei

R, : position in atomic units of the nuclei

Zp : charge in atomic units of the nuclei (Hz)

arXiv:1811.05256




Il. D — Wave Quantum Computer
C. Quantum Annealing Example : Hydrogen model

* The electronic structure problem and its mapping on an Ising Hamiltonian

- H= Zhual aj + 22 hllkla1 a; Tapay

ijkl

a;* : fermionic creation operator N
{ai 25"} = 6y
aj : fermionic annihilation operator

2
=<¢i‘ Vi ZAlr Z

|1y — 15l

& iy = <1/Ji1/1j ¢k¢l>

** fermionic creation & annihilation ——— Pauli matrice

arXiv:1811.05256



II. D — Wave Quantum Computer
B. Hydrogen molecule model
Ground State Energy vs. Number of Reads
Problem Parameters Solution Timing °
—1.08 -

QPU_SAMPLING_TIME TOTAL_POST_PROCESSING_TIME —1.10 J
12012 ms 20.0 ps

=
QPU_ANNEAL_TIME_PER_SAMPLE POST_PROCESSING_OVERHEAD_TIME = —1.12 A

-
20.0 ys 20.0 s =

& 114 | ®e—e o - - - ®
QPU_READOUT_TIME_PER_SAMPLE n T4

=]
79.54 s 5

=

G —1.16 1
QPU_ACCESS_TIME
135.87916 ms

—1.18 -
QPU_ACCESS_OVERHEAD_TIME
118884 ms
0 200 400 600 800 1000

QPU_PROGRAMMING_TIME Number of Reads (n)
15.75916 ms

QPU_DELAY_TIME_PER_SAMPLE
20.58 ps

* Quantum Annealing using D wave

: —1.137308 hartree

Timing_ Documentation

lhartree = 27.2114eV



II. D — Wave Quantum Computer

lhartree = 27.2114eV

* C(lassical Eigensolver : —1.137306 hartree 10.21s
e Variational Quantum Eigensolver : —1.137306 hartree 16.79s

* Quantum Annealing simulation : —1.137306 hartree 17.69s

stlmate the Hydrogen Ground State Energy (ucsd. edu & arXiv: 2009 80711)91103/PhysRevLett 121 013001



https://github.com/qiskit-community/qiskit-nature/blob/main/docs/tutorials/03_ground_state_solvers.ipynb
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https://github.com/qiskit-community/qiskit-nature/blob/main/docs/tutorials/03_ground_state_solvers.ipynb
https://quantummechanics.ucsd.edu/ph130a/130_notes/node98.html

Quantum Computing Applications
D — Wave Quantum Computer



D — Wave Quantum Computer
A. Introduction to D — Wave Quantum Computer

A(S) ~( B(S) (i e o
3) Annealing Hising = ‘T(Z GQ) > (Zh 50 +Z]” (i) g))

i

Initial state Final state

v x10 24

—A(s)
—B(s)

k —

Ground state

Energy
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The leading quantum supremacy proposals: R R RPN
: i o

- Boson Sampling QP I P G

- Fourier Sampling > 4
- Instantaneous Quantum Polynomial-time (IQP) x:x:x:x:x:x:x:x:x:x:x:x
PO 0070070 070 070 07

x‘ Ox'b OxQ 0x0 Ox'b Ox

% %N %
x Qubit @ Adiustable coupler

Random Circuit Sampling (RCS)

Worst-case Average-case Anti- Experimentally
hardness hardness Concentration Feasible

Boson Sampling
Fourier Sampling

IQP

P Google’s Sycamore Processor
[Nature Physics 15, 159 (2019)] [Nature Physics 14, 595 (2018)] [Nature 574, 505 (2019)]

5
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Theoretical proof Hardware demonstration

Interplay between software and NISQ hardware
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The promise of quantum computersis that certain computational tasks might be
executed exponentially faster ona quantum processor than ona classical processor'. A
fundamental challenge is to build a high-fidelity processor capable of running quantum
algorithms inan exponentially large computational space. Here we report the use of a
processorwith programmable superconducting qubits® 7 to create quantum states on
53 qubits, corresponding to acomputational state-space of dimension 2*? (about 10'°).
Measurements fromrepeated experiments sample the resulting probability
distribution, which we verify using classical simulations. Our Sycamore processor takes

about 200 seconds to sample one instance of aquantum circuit amillion times—our
benchmarks currently indicate that the equivalent task for a state-of-the-art classical
supercomputer would take approximately 10,000 years. This dramatic increasein
speed compared to all known classical algorithms is an experimental realization of
quantum supremacy® ™ for thisspecific computational task, heralding a much-
anticipated computing paradigm.

Inthe early1980s, Richard Feynmanproposedthata quantumcomputer
would be an effective tool with which to solve problems in physics
and chemistry, given that it is exponentially costly to simulate large
quantumsystems with classical computers'. Realizing Feynman’svision
poses substantial experimental and theoretical challenges. First, can
aquantum system be engineered to performacomputationin alarge
enough computational (Hilbert) space and with a low enough error
rate to provide aquantum speedup? Second, can we formulate a prob-
lem thatis hard fora classical computer but easy for a quantum com-
puter? By computing such abenchmark task on our superconducting
qubit processor, we tackle both questions. Our experimentachieves
quantum supremacy, a milestone on the path to full-scale quantum
computing® .

In reaching this milestone, we show that quantum speedupisachiev-
able inareal-world system and is not precluded by anyhidden physical
laws. Quantum supremacy also heralds the era of noisy intermediate-

scale quantum (NISQ) technologies”. The benchnTarR CISKWE TENTON-
SUraTaS AT nTetTae appITeaton

ingenerating certifiable random
numbers (S. Aaronson, manuscriptin preparation); other initial uses
for this new computational capability may include optimization'®",
machinelearning™ ', materials science and chemistry® *'. However,
realizing the fullpromiseofquantum computing (using Shor'salgorithm
for factoring, for example) still requires technical leaps to engineer
fault-tolerantlogical qubits™ .
To achieve quantum supremacy, we made a number of techni-
cal advances which also pave the way towards error correction. We

Google’s Sycamore Processor
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Characterizing quantum supremacy in near-term

devices

Sergio Boixo©™, Sergei V. Isakov? Vadim N. Smelyanskiy', Ryan Babbush', Nan Ding', Zhang Jiang3#,

Michael J. Bremner©5, John M. Martinis®” and Hartmut Ne

A critical question for quantum computing in the near future is whether qi
a well-defined computational task beyond the capabilities of supercompt
quantum supremacy requires a reliable evaluation of the resources requir
propose the task of sampling from the output distribution of random quan
acy. We extend previous results in computational complexity to argue th
a classical computer. We introduce cross-entropy benchmarking to obt
dynamics. This can be estimated and extrapolated to give a success metri
the computational cost of relevant classical algorithms and conclude that
a two-dimensional lattice of 7 x 7 qubits and around 40 clock cycles. This
gates (0.05% for one-qubit gates), and it would demonstrate the basic bu

nature. ARTICLES

p YSICS https://doi.org/10.1038/541567-018-0318-2

On the complexity and verification of quantum
random circuit sampling

Adam Bouland’, Bill Fefferman©"?*, Chinmay Nirkhe ®' and Umesh Vazirani'

A critical milestone on the path to useful quantum computers is the demonstration of a quantum computation that is pro-
hibitively hard for classical computers—a task referred to as quantum supremacy. A leading near-term candidate is sampling
from the probability distributions of randomly chosen quantum circuits, which we call random circuit sampling (RCS). RCS was
defined with experimental realizations in mind, leaving its computational hardness unproven. Here we give strong complexity-
theoretic evidence of classical hardness of RCS, placing it on par with the best theoretical proposals for supremacy. Specifically,
we show that RCS satisfies an average-case hardness condition, which is critical to establishing computational hardness in the
presence of experimental noise. In addition, it follows from known results that RCS also satisfies an anti-concentration prop-
erty, namely that errors in estimating output probabilities are small with respect to the probabilities themselves. This makes
RCS the first proposal for quantum supremacy with both of these properties. Finally, we also give a natural condition under
which an existing statistical measure, cross-entropy, verifies RCS, as well as describe a new verification measure that in some
formal sense maximizes the information gained from experimental samples.
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D — Wave Quantum Computer
A. Introduction to D — Wave Quantum Computer

A(S) ~( B(S) (i e o
3) Annealing Hising = ‘T(Z GQ) > (Zh 50 +Z]” (i) g))
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Details

Qubits 2Q error (best) 2Q error (layered) CLOPS

156 1.49E-3 4.52E-3 220K

Status Region QPU version @) Processor type @
® Online Washington DC (us-east) 1.3.27 Heron r2

Basis gates Pending jobs @ Median CZ error Median SX error
cz,id, rx, rz, rzz, sx, x 0 2.643E-3 2.593E-4

Median readout error Median T1 Median T2
9.644E-3 142.471 us 98.43 us



3. Helium-4 (*He) — 2-body cluster EFT / Minnesota potential 7|t}
4He(VQE)Q| CHE &

*JORDAN-LEE-PRESKILL approach

*Roggero, PRC 105, 024318 (2022)

«Stetcu et al., PRL 126, 062501 (2021)

O|=2 4H|(4-body) Schrédinger =8| — 2-body effective Hamiltonian2 AtE.
@ CHEAXQl 4He 87 Hamiltonian HE}

71 de| 2E8E= 4x4 A=A 0f:

5907 —1.123 0 0
1123 3214 -0954 0
_ M
H spe 0  —0954 2438 —0852 | M€Y
0 0  —0852 1.894

O| Hamiltonian=

*"Minnesota nucleon—-nucleon potential”

*“model space truncation (harmonic oscillator basis)”
S MRS [ CHEXCZE L= XY L|CE

VQEOIM = ES O] A= mt2c| dZE 2= B 2-3 qubitdi| OfE LTt



4. Helium-3 (3He)
3HeO| 42 UXIH AHAF= BEX x||:|}

|_Lo

NCSM (No-Core Shell Model) — 2-3 qubit subspace projection YEi7} S&TtL|C}

[H__H__I'l o] & EH .
—8.05 1.12 0.00
H sy, = ( 1.12 —-6.26 0.92 ) MeV
0.00 092 -5.11
(GtR Y ZISAF 7[2EQ| truncation)
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