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Quantum Computing
Superconducting QCs, a la IBM

Fundamental Physics

quantum systems
for quantum simulation

IBM quantum
computer

Quantum Optimal Control for
term quantum computing
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Digital Quantum Computing




How does the Quantum Computer work weoricin?

Read from left to right! .
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Pauli matrices are the letters of our alphabet........
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Parametrised unitary gates
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How does the Quantum Computer work weoricin?

Read from left to right! .
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State preparation: U()|0---)

&)

\/ ;
%* U: unitary operators

** Pauli matrices: X, Y, Z, I

O
S
<

¢
z
=
2
i
=z
c
g
=
z
&
F



Two qubit gates
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How does the Quantum Computer work weoricin?
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Single Qubit Gates

N/ .
%* U: unitary operators

** Pauli matrices: X, Y, Z, I




Simulating Fundamental




Probing the fundamental structure of matter

s Condensed matter & quantum
many-body systems

+%¢ Simulating atomic/molecular
structure (chemistry)

o3¢ Understanding the structure of
proton (i.e. QCD) (nuclear physics)

And many more...

Classical Methods

4 Exact diagonalisation
4 Monte Carlo
4 Tensor Networks
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https://www.anl.gov/phy/hadronic-physics

QCD from first principles

Lattice QCD ALl
u 1z ;;;

4 Simulation via lattice discretisation sien

** Perturbative QCD at high energies

pup—(1) +a, puey n 0‘52 52 1. - 4 Path integral vs Hamiltonian formulation
Not so much at
low energies!!!

9 Quantum computing for real-time dynamics

Wilson, Kogut, Susskind, 70’s
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QCD from first principles

Lattice QCD ALl
pagEssd

4 Simulation via lattice discretisation sien

** Perturbative QCD at high energies

4 Path integral vs Hamiltonian formulation

c=c" + OISG(I) + %20(2) T .- e
Not so much at
low energies!!!

+* Sign problem in Lattice QCD

9 Quantum computing for real-time dynamics

Wilson, Kogut, Susskind, 70’s

Zocp = ZLocp + Z drYody

oS _y o=iS ‘J / Chemical <@> = <@e_S>/<G>

potential
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QCD from first principles

Lattice QCD ALl
pagEssd

4 Simulation via lattice discretisation sien

** Perturbative QCD at high energies

4 Path integral vs Hamiltonian formulation

c=c" + OISG(I) + %20(2) T .- e
Not so much at
low energies!!!

+* Sign problem in Lattice QCD

I | m
Zocp = Locp + i//tz drYody

oS _y oiS ‘J / Chemical <@> — <@e—iS>/<0> \/

potential N

9 Quantum computing for real-time dynamics

Wilson, Kogut, Susskind, 70’s
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The problem

How do the quarks
and gluons evolve to
become the particles

_ we observe at the LHC

How a proton’s
momentum 1S
distributed among
quarks and gluons @

Image credit: Sherpa .. :
& P -~ .+, Parton Distribution

M. " Function (PDF)

The theory is well established, but
impossible to solve even with the
most powerful supercomputers.

Lattice QCD

+%* Can not access time-dependent observables
+* PDF requires indirect extraction

** FFis largely inaccessible

%* Computational cost scales exponentially

Jack Y. Araz
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How can we simulate time-
dependent, non-perturbative
phenomena?

Image credit: Sherpa
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Example: Why PDF?

%* How quarks & gluons give rise to nucleons & pions?

4 Time-dependent — not amenable to calculation on an Euclidean lattice
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https://inspirehep.net/files/9def5041116865b637de71eb017c3245

Example: Why PDF?

** How quarks & gluons give rise to nucleons & pions?
4 Time-dependent — not amenable to calculation on an Euclidean lattice

In the hadron rest frame:

fox) = J—e—ixMhZ (1 ™50, = 2)e ™ (0,0) | 1)

Time-dependent correlations can be

dz

i )

computed in polynomial time on a
Quantum Computer!

w,

13

PDF for N = 22,
m=0.8,9g=0.6,a=1.0

anti-quark

Momentum fraction

Jack Y. Araz

Very preliminary results:
[JYA, J. Qui, D. Richards, et. al.]
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https://inspirehep.net/files/9def5041116865b637de71eb017c3245

Towards quantum-enabled fundamental science
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Fault-tolerant
Quantum Computers

Neural
Networks (?)

Tensor

Networks

Current
Quantum
Computers

Energy Scale

Low
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Towards quantum-enabled fundamental science

Fault-tolerant
Quantum Computers

High

Which Quantum
Hardware is the right
one for the Standard

Dimensionality
of Space

Current
Quantum
Computers

LLow

_—
High Low

Energy Scale
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Towards simulating QCD

Z = w(io'y, — my
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Towards simulating QCD

Z = w(io'y, — my

1
_ZF g [ ,31/
+gpy' 1T WA,

ST GEORGE'S
4 Y ONDON

INIVER



Towards simulating QCD
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Towards simulating QCD
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4 Qumodes or CV Quantum Computers
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Qubit-Qumode Coupling
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Qubits & Qumodes

% Superconducting circuits, cold atoms,
trapped ions, topological qubits

+* Digital gate-based computing

0)

16

Qumodes

+%¢ Photonics, trapped ions,
superconducting circuits

% Infinite-dimensional Hilbert space

** Gate-based BUT with continuous

variables
=
{7

Jack Y. Araz
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Quantum simulations with Qumodes

Llyod, Braunstein, ‘99
Universal gateset for Qumodes

o» Displacement
D(z) = ¢ 22"

A o Squeezing n\
T2)

S(z) = B

Non-Gaussian gates
1.e. Kerr M

. Ot
** Rotation: R(0) = %4 '@

. t_
%* Beam splitter: BS(z) = ¥ —2"a'b

FY
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Hybrid systems for quantum
simulation




Qubits & Qumodes with trapped ions

[JYA, Grau, Montgomery, Ringer; PRA "25]

Computational
Qubits qubits
Collective
Electronic states of the trapped ion modes of the

ion chain

Qumodes

Collective vibrational modes of the
ion chain (phonons)

4 Need several qubits to control
and readout qumodes

K_ Qumode
control qubits

See also Girbin, Wiebe, et al. 22 g4

1 19 Jack Y. Araz




Qubits & Qumodes with trapped ions

[JYA, Grau, Montgomery, Ringer; PRA "25]

Typc Opcration Short Opcrator Estimated fidclity
Pauli operators ai‘ 99.999%
Qubit gates Rotation R;(0) ei07" /2 99.999%
Controlled NOT CNOT |t (=1 (Iz=e3) 99.9%
Rotation R(6) gi0a'a 99%*
Displaccment D(2) 8 —="a 99%
Qumode gates| Single-modc squeezing | S(z) ol aa—zatal)/2 98%
Bcam splitter BS(z) g=a' b—5"ab! 99%
Kerr K(2) cif(ata)® 05%*
Cross-Kerr CK(z) gi0a’ab's 97%
Red sideband RSB(z)| ei#dc +iz"a'o 99.9% 171Yb"‘ (ytterbium)
Blue sideband BSB(z) gi=dl o His* a0~ 99.9% . T
Iybrid gates | Controlled rotation | CR(0) gifo"ala 99%* ions in linear Paul trap
Controlled displacement | CD(z) e”” (s87 —2"2) 995%™
Controlled squeezing | CS(2) eo”(z"aa—zatal)/2 99%*
Controlled beam splitter | CBS(2) g7 (xalo=stast) 99%
Qubit Pauli strings o 99.99%
Average phonon number N 7%
Measurements Qumodc PNR \’n) (7}| 99%
Qumode homodyne X, P 957"
Hybrid X, c'P 95%"
m 20 Jack Y. Araz C IT;(
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Qubits & Qumodes with trapped ions

[JYA, Grau, Montgomery, Ringer; PRA "25]

Red sideband RSB(z)| eizdc " +iz"alo” 99.9%
Blue sideband BSB(z) gi#d 0T +iz a0~ 99.9%
Controlled rotation | CR(8) gifo®ala 99%"
Controlled displacement | CD(2) g0 (a7 —2"a) 95%"
Controlled squeezing | CS(z) g0 (z7aa—zalal)/2 99%*

| Controlled beam splitter | CBS(2) g (zaTb—z"abT) 99%

20 Jack Y. Araz
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Jaynes-Cummings-Hubbard model

[JYA, Grau, Montgomery, Ringer; PRA "25]
N

AZ A, + a;fan) +nz (dnd,j + cAl}:an_)

n=1

Qumodes

Qubits

1 21 Jack Y. Araz




Jaynes-Cummings-Hubbard model

[JYA, Grau, Montgomery, Ringer; PRA "25]

N ,,,,/|0>
H = +7 Z (a0 + ayo;) \a { é
! Seel

n=

YYTRYY

N(LnO' "'(,l

Qumodes

Qubits
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Jaynes-Cummings-Hubbard model

[JYA, Grau, Montgomery, Ringer; PRA "25]
N

&jH_léin T &:L&n+1) + 7] Z (&ndr_zl_ T éijzan_)

n=1

Qumodes

Qubits

I y p 21 Jack Y. Araz
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Jaynes-Cummings-Hubbard model

[JYA, Grau, Montgomery, Ringer; PRA "25]

M M M N
2 _ A‘}‘A _|_ - /\T A ATA (A _|_ /\T _)
H=w, Z aa, +w, Z o, 0, K‘Z (anHan + anan+1) + 7 2 a,oc, +da,o,
n=1 n=1 n=1 n=1

Time Evolution
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Jaynes-Cummings-Hubbard model

[JYA, Grau, Montgomery, Ringer; PRA "25]
M M M N
2 _ AT A _|_ —_ A A AT A A _|_ A —_
H=w, E Ald +w, Y ofo. —k E (a;rlan + ananH) + 7 E (anan +a,o, )
n=1 n=1 n=1 n=1

— Loss = (0| UT@)HUT(0)]0)
Qumode ______ | L
Qubit | =
S—
Qumode ______ | L _
Z
—
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Jaynes-Cummings-Hubbard model

[JYA, Grau, Montgomery, Ringer; PRA
M M N

M
2 _ A‘}‘A _|_ - AT A AT A (A _|_ A _)
H=w, Z ad, +w, ) 0,0, K‘Z (anHan + ananH) + 7 Z a.o, +d,o,

Variational State Preparation
I 100
130
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= ¥ 1 i 40
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| 0
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Towards simulating the scattering process

State Preparation
(Wave packet)

\ o.s.t YL Ry if ) 7, ¢ . .
® ! ‘
e, @ @307 o an hadronisation
! L _ /
. q :‘ \ 1’ B | _ :: .. a
®. ® .‘:\ .g , \ : {-;.l '-»r- C v O ' ‘:: /.. . :.
» '\ - 2 ; w o‘ .{. ,:'.I.:" .:' ‘.fl -.-.-'r. r .
o B, 3 DeE S -/ 9 .o
: —_— - ¥ - -

Measuring an interesting
observable, e.g. two
body correlation

1 22 Jack Y. Araz

~~~~~~~~



But...

Time Evolution or Adiabatic Short Coherence
State Preparation Time

~O~z71 ns

Limit: ~1408 single qubit gates

~ 600 ns

Limit: ~166 CNOT gates

Typical coherence time for an IBM
superconducting qubit is §0 to 100
microsecond

23 Jack Y. Araz
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But...

Barren Plateaus

Landscape with no barren plateaus

State Preparation with VQE

0) o —~

Cairngorms, Scotland

August 2021, taken after W I e o ST SR ST 1P e o
getting lost for 4h AN iy & e s
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How can we go beyond the
limitations?




I'll build my own gates, thank you very much!

\D\ ~ 71 ns Limit: ~1408 single qubit gates

b 1+ G

. r

0 {HHE (N IS+ D

. D o2
9

A 600 NS Limit: <166 CNOT gates

26
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I'll build my own gates, thank you very much!
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I'll build my own gates, thank you very much!
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Limit: ~1408 single qubit gates

N
|/

SYEY

|/

oo

l P2) —

4

N

SYEY

~ 600 NS Limit: <166 CNOT gates

01) —

I'll build my own gates, thank you very much!

~D~z7l ns

T
exp [—i J H(t)df] | Binit)
0

| AT
ST

R TRN]
1 n‘_\J ] ﬂﬂu s

ﬂn—n—

A IR AT
\—J

Pulse duration, T
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Quantum Optimal Control: Transmon Hamiltonian

- I Control Hamiltonian
|
N/

H(1) = e@ai + e‘@a;)

Drive Hamiltonian

Hp = 2 wa'a; — Z icﬁcﬁaa- + Z g.a'a.
D I o R Q(7) : Pulse amplitude, —20 < Q(¢) < 20 MHz
j ij

l v : Phase, |v; — w;| < 1 GHz
\—— — ————— N —— —

‘O) < | 1) Separate higher-order

, ubit architecture
states, i.e. |n > 1) Q

H() = Hp, + HA(f)
Limits from IBM,

machine dependent ‘ \P(T)> — ge—lfg H(t)dt ‘ l//(())>
" ————

Our new ansatz

0 : Anharmonicity, ©(0.3) GHz/2n

@ : Transition frequency, ©(4.5) GHz/ 27:]
g : two-qubit coupling, ©(0.02) GHz/2x J

Asthana et. al. arXiv:2203.06818

FY And more...

T Meitei et. al. arXiv:2008.04302 27 Jack Y. Araz
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Quantum Optimal Control: Transmon Hamiltonian

Control Hamiltonian

Why bother?

*%* Short execution time is needed to avoid
decoherence. This will allow more time to play
with the state!

H (1) = 2 Qi(t)<ei"itai + e_i"ita;)

C2(¢) : Pulse amplitude, —20 < €(¢) < 20 MHz
v : Phase, |v,— ;| < 1GHz

H() = Hy, + HA({)

** Lack of barren plateaus (coming up)

|W(T)) = T e HOd! | y,(0))
—— ——

Our new ansatz
Asthana et. al. arXiv:2203.06818

LLILI Meitei et. al. arXiv:2008.04302 28 Jack Y. Araz
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Schwinger Model




SC

inger Model with topological term

1+1 dimensional U(1) gauge theory
coupled to a Dirac fermion

Use the staggered fermion discretisation of the
electron field and apply JW transformation with
open boundaries!

HZZ

99900

T 30

1
L = — ZF WA+ 1yt (0, +igA )y — ml//eley v

Gauss law: 0,A! + gipyyw = 0

Chiral rotation

1 %4 /1
Hi:52<2a

;.
( I)Esmﬁ XX, + V.Y

M cos 6 < g%a
= Y -1z, : Z (i mod 2) Z Z
2  N-1
_54
HZZ o 4 Z Z ZkZl Chakraborty et al. arXiv: 2001.00485

Without @ : | EEEIRSE R QA RS
g : gauge coupling

@ : topological angle

a : lattice spacing
m : fermion mass

Jack Y. Araz




Trotterised Schwinger Hamiltonian: e 72

() a a (0 Lo o) o) o LT N (LT
- s 1 g Y YO
1 u H MRy (@) Ry (2) e% e% R (0O R LN g,
- S ) N ' i
{ () ol 5 D (D # He oHE (Do = |-o s
S’ ' S’
) ( ) ( )
H H HRx (5) Ry (5)H Bz
—

. , , Limit: ~g trotter steps
[JYA, Bhowmick, Grau, McEntire, Ringer; PRD "25]
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https://arxiv.org/abs/2406.15545

[JYA, Bhowmick, Grau,

The SChWinger Gate! McEntire, Ringer; PRD "25]
Quantum Computer: X 61 QOF- el A IOPQIGH]
¢ s 8o 1 8() I H.I A
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Pulse duration |ns]
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https://arxiv.org/abs/2406.15545

[JYA, Bhowmick, Grau,

The SChWin ger G ate! McEntire, Ringer; PRD 25]

Quantum Computer: P
o S el L

X 6
¢ 8 & .\ 180 nS T {7 TS )

Qubit AE ~ 5% 103 AV Ay 092 [GH

1 Four level Avy 2 0.09 [GHZ]

Ay [Mig#

~ 20f
; 0l LL““ l(HI‘llllJH
= A WP T
Lo S ] S L LI L
:\ = ML 0L Y 0 9 e Avs : 0.19 [GHz

)
o
As [MHz]
o- —
N
=

Probability
)
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N)
Ot

A, [MHZ]

‘ ) =% O-P[GHZJ

S0 Vsl N T LT 1

h b, - 0 Ml M

AT IK o3l LUGL AT R AT

o 25  s0 7 100 125 150 175 0 P501 d1g@ []150
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https://arxiv.org/abs/2406.15545

[JYA, Bhowmick, Grau,

The SChWin ger G ate! McEntire, Ringer; PRD 25]

o CO\ 1 O 1 11S

¢ P AE ~5x 107

T 32 Jack Y. Araz



https://arxiv.org/abs/2406.15545

[JYA, Bhowmick, Grau,

Can we improve the quantum device? e kingesero s

Coupling strength: 2 MHz ** What if we can improve the Josephson
I I I ° ° _ ?
7 junction to have a better-entangled state:
27 _ 300Fy T T T T T T T T T T T T
| z | —— 2457¢7"% 1+ 65.8 -
= E ZOOZ_ 3 qubits
o :
=l = 100} |
10 20)
| Coupling strength {MHz
) ¢ & 8 ©
I
> .@Vé‘ Qubit
Y ~

T 33 Jack Y. Araz
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Towards simulating the Standard Model

Z =y(id"y, —my

1) Ry

Short Coherence
Time

Cairngorms, Scotland

= "*-——«”J“,#\.,‘.:F.?'A\me-?\f NS Lo = { e

Typical coherence time for an IBM ; EmOASIUT, e Y S
superconducting qubit is 50 to 100

T microsecond 34 Jack Y. Araz
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Towards simulating the Standard Model

Short Coherence
Time

Cairngorms, Scotland

T

A=t ‘}-'._“ "..});'A p(.o AT (Y“b ﬂ - —— | ™ }//

2rence time for an IBM LR AN B L

superconducting qubit is 50 to 100

Fu ] d
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[JYA, Bhowmick, Grau,

N() IMOoOre¢ barl‘en plateaUS! McEntire, Ringer; PRD 2]

10Y

Larger duration per pulse improves 200.0
the variance of the loss! 2
~ 1575 .
S
=
The behaviour of the ;‘ 1 15 . O !
loss function with s
gradient descent O
== £ 72.0
—
ar
30.0

2 3 4

Number of sites

Image credit: Francisco Lima
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https://poissonisfish.com/2023/04/11/gradient-descent/
https://arxiv.org/abs/2406.15545

Conclusion & Outlook




Conclusion & Outlook

Sponsors
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+¢* Combining different technologies may
be the best way to simulate the SM.

*%* Custom gates can allow us to create
more efficient algorithms for LGT.

1 37 Jack Y. Araz
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Conclusion & Outlook

Sponsors

ey LDRD

Sandia
jonal
Nersc LR

U.S. DEPARTMENT OF Ofﬁce Of

4 EN ERGY Science

.;3\‘5’2?\" A
o ~
o I
L'_,A' g '\_f_
2% o "5
IS4 | =
- I ‘I
Zh -
f.s‘\ o, xS
O Ay ON
B &= S

+*2* How do we simulate scattering in a hybrid system?

+2* How do we embed gauge links in a hybrid system?

THE
+%* Can we tune hybrid gates with QOC? é‘géf‘ELTy

% Can we fill the gap between Tensor Networks &
future quantum computers?

1 37 Jack Y. Araz
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