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Benchmarking quantum devices

Forms of Multipartite Entanglement

e Bipartite and Genuine Multipartite entanglement
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Detecting Bipartite entanglement

* By preparing Graph states on IBM Quantum devices

State Tomography

Detecting Genuine multipartite entanglement

* By preparing GHZ states
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Benchmarking quantum devices

Forms of Multipartite Entanglement

e Bipartite and Genuine Multipartite entanglement
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Pure State Entanglement - Definitions

Qubit energy levels
|00)+|11)

\/E Entanglement graph

* Entanglement O O -—
> Non-classical correlations

> State is not separable: [Y) # [¢1) & |¢p,), for any |¢;) and |P,)
» State is entangled

|Bell) =

Fully Bipartite
|GHZ) — |OOO)+|111> Entangled
\/E (aka entangled)

* Multiqubit Entanglement
* A multiqubit state either:
 “js fully bipartite entangled” ) = (100)+[11D]0)  ntains Bipartite
= (aka “is entangled”) V2 Entanglement

« “contains bipartite entanglement” O_O O —

Bipartition {0} and {1,2}: Entangled
Bipartition {0,1} and {2}: Separable




=4 What is Mixed State Entanglement?
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Real quantum device — Noise
. Quantum state is a Mixed state: probabilistic mixture of pure states
. More complicated than pure states

Mixed State
Pure states p;
l a1 0 AN

P szpz o= F

’I,—]_ \ azN’l e azNzN

Density matrlx p Probabilities p;
Quantum Theory: Concepts and Methods, (1993)

Bipartite Entangled (or just Entangled)
* Stateis not separable, i.e. p # p? & p?, for all bipartitions A and B
* Although, individual pure states p; might be separable

pure

1 2 3 4
states _q_ o q o q ] _q _____ 9 5 Overlapping regions of

“ @ pl H—‘ H / entanglement.

ol 0—@ —O—@

Mooney, Hill and Hollenberg, Sci. Rep. (2019)

Separable

p = PA & /OB (fixed bipartition A and B)
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Can be separated

Genuine Multipartite Entangled (GME)
* Stronger form of entanglement
* There is always a fully entangled pure state

pure
states q1

et ——@ O—@

»n | o——@—0—0@

“ GME states are
. always fully
------- AL bipartite entangled
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A Overview
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Detecting Bipartite entanglement

* By preparing Graph states on IBM Quantum devices )

State Tomography




=4 Graph States
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Circuit representation

q()
_ Q Xn
» Choose a quantum state to prepare Gr) = | | Czﬁ +) gl
(aaﬁ) €k T q2
Controlled-phase gate :
Graph State (Cluster State) E = (edge set) 93
. g4
* Robust to noise Briegel and Raussendorf, Phys. Rev. Lett. (2001) 9
(-
- Requires n/2 local measurements to disentangle g
o q
* Low circuit depth Defined on a graph J7
e Convenient for detecting bipartite entanglement 46
G5
q10
Appllcatlons Raussendorf and Briegel, Phys. Rev. Lett. (2001) gll
— One-way quantum computing  Kitaey, arXiv. (1957) Graph representation 12
_ _ . Raussendorf, Harrington, Goyal, Y~~~ .
Fault-tolerant error correction New Journal of Physics. (2007) (D e O e () e O e ( ql3
— Measurement-Based variational quantum eigensolver @ o> o 4 Preparation ¢l4
Ferguson, Phys. Rev. Lett. (2021) = = q19
H—O—D—® I g8
ql7
How do we detect entanglement? O—O0—O0—0—¢ 416

20-qubit line graph state
qlh




Full Quantum State Tomography
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6-qubit density matrix
Angles

Magnitudes
7~ 000000 000000 n
Quantum State Tomography (QST) oo
2n/3
* Get a density matrix, encapsulating noise c10000 I =xF ST o0
N N . 0.0150 w3
— 2" X 2% complex matrix 011000 011000
0.0125 )
26 elements < 100000 "5 100000 0 %
0.0100 = é
/3

101000

* Analyse entanglement properties

101000
110000 110000
-21n/3

0.0025 111000

111000
\\ 111111 4= — o 0.0000 111111 -t

Full guantum state information § 5 § 5 § 5 § 5 3 § 5§ 5§ 5 835 3 5 5

. . . A J
» Can be overkill for measuring a particular 26 cloments _ _
property Haiyue Kang, Msc Thesis. (2023)
. N o o . .

Requires 3 circuits Requires 3" basis measurements

» Use a detection strategy
6 qubits: 729 circuits

10 qubits: ~59,000 circuits

20 qubits: ~3.5 Billion circuits!
1 day = 15-30k circuits (approx)



Focus on bipartite entanglement
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Detection Strategy — Show Non-Separability

Detection Strategy

* State is not separable

1.

2.

= State is at least bipartite entangled

— Measure entanglement between qubit pairs @

Generate entanglement graph

Is entanglement graph connected?

Hardware Layout
(16)—(17)—G8)

@
(

&/

®

1o—1—\g—
@ (2) @ @D Generate Entanglement

I Graph
(@ @\ [ >
O—0O—E—0O

Measure entanglement

£\ D\ LD\ Vo between pairs
O—@—0E—®

Example: Separable State

Entanglement Graph

Entangled pairs: o o

(0, 1)
(1, 3)
(2, 4)

—_ —
2 G
O

Separable State
p1 entangled

&

So if connected, then entangled

P2 (O—
9 e = entangled

= not entangled o

Entanglement Graph

O—O—@—0

N
©

14

On Quantum Devices

To show:
entanglement graph is
connected




=8l Detecting 2-Qubit Entanglement
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Perform state tomography on qubit pair and their neighbours Example

Entanglement detection between qubits 3 and 4

Graph State Property:

Project neighbouring qubits to Z-basis states — Bell state (up to local operations) ¢ {0,1}
. «— Neighbouring qubits
* Bell states produced from combinations of states {0, 1}#(neighbours). 0)"? 8 &4

HQI|®*) = (]00)+|01)+ [10)—|11)) /2

HQ® X|d+) = (J00) + [01) — [10) + [11)) / 2 One of 4 Bell states (up to local operations) 1 _l' > 5 (6
XH Q I|®*) = (|00) — [01) + |10) + |11)) / 2 : (0. 1) {0‘1}:
XH ® X|®*) = (|00) = [01) —[10) — |11)) / 2 PR PP :

State Tomography

Calculate entanglement for each set of states {0, 1}#(netghbours)

Make physical

Negativity Of partial transpose Michelot, J. Opim. Theory Appl. (1986)

* Calculate — Sum over magnitudes of negative eigenvalues of pgft} Negativity
* For Two Qubits: Non-zero negativity is necessary and sufficient
— Negativity is non-zero < Entanglement Horodecki, Horodecki and Horodecki, Phys. Lett. A. (1996) N pg 4 E ‘ A?, |
. . . - A <0
Measure negativity for all neighbour states: {0, 1}#(netghbours) /”* <
— Extent of entanglement is the largest negativity (among the combinations) Negative eigenvalues of p,*,

Wang et. al. npj Quantum Information (2018)



Results: Negativities on an IBM Quantum device
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Apply these techniques on an IBM Quantum computer: the 20-qubit ibmqg_poughkeepsie device
— Embed a line graph state
— Generate entanglement graph

Hardware Layout Entanglement in ibmq_poughkeepsie device Maximally entaneled Entanglement Graph
20-qubit ibmq_poughkeepsie device 0-5 aximally entangle (all qubits connected)
04 - 1)l 16 {17 ) 18)(19
> ¢ § 3011 (1 21314
= 53 i f LU
= ; $ . f . Higher
%02_ $ I { ¢ { t Entanglement 5 el & (T8 )—(2
Z
} P i O—O—O—0—
0.11
Error rates: State is bipartit taneled
: _ ate is bipartite entangle
Readout: 38%, o=1.6% 0.0 ———— T No entanglement P &
CNOT: 2.3%, o = 0.8% Y3373y egsseeyescen
0N 9O - N O F O O M~ ©
Decoherence times: Mooney, Hill and Hollenberg, Sci. Rep. (2019) Scale up to |arger devices

e T, =~100 us (relaxation)

« T, = ~100 ys (dephasing) Whole device is bipartite entangled

At the time — largest quantum entangled state (on a universal quantum computer)

Previous record was 16 qubits Wang et. al. npj Quantum Information (2018)



Native Graph State 1 g
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1%t Layer 3rd
2" Layer
3 Layer 1st
Hardware Layout
53-qubits
an 3rd

Native graph state: match the hardware layout
Preparation

* Benchmark qubit pairs 0)y —H

0), —H

* More connected cycles |0>2 H
» Requires more separable pairs to break 0

connectedness | >3 —

0)y — H

 Still constant circuit depth |0>5 H

» Depth = largest neighbour count of qubits |0>6 H

3 Layers of 2-qubit gates

Constant depth — largest neighbour count of qubits
Mooney, White, Hill and Hollenberg, Adv. Quantum Technol (2021)



Quantum Readout-Error Mitigation (QREM)

Calibrate readout-errors with

* Readout assignment errors: stochastic matrix A:
* Obfuscates quantum data
» State appears less entangled than it is Ap = ﬁnoisy

- p= A_lﬁnoisy

pi(010) p;(0[1)

1=Qa a=( )
_ : Co\pi(110)  pi(1]1)
Calibration matrix for qubit i

Requires only 2 measurements {|00...0), |11...1)}

N
A7t = ®A;1
i=1
e Efficient application

* Apply each qubit calibration matrix separately, zeroing small probabilities  Mooney, white, Hill and Hollenberg, J. Phys. Commun (2021)
* M3 python package Nation etal. PRX Quantum (2021)

 Make physical Smolin et al. Phys. Rev. Lett. (2012)
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k=8l Results: Newer IBM Quantum devices
LBOU
0-5II\II\II\II\\II\\\I\\II\II\II\II\\II\\II\\II\II\II\II\\IT\
53-qubit ibmq_rochester device 045 | T noamew Quigntum RezdduEreariiditigation [QREM) 1%
04

[
"HE?HHHWHE |

Error Rates:
e Readout: 12.6%, 0 = 9.3%

o

w

5
T

*  CNOT:4.6%, o = 2.4% ;02: Hmﬂ | g
Decoherence Times: “ ozp N]Hﬁ | ! } } } H
e T, =~53us (relaxatif)n) 015 IHHHI 1 H } H l ﬁ I |
e T, = ~53 us (dephasing) 01} HH 1t } { i}

L A

0 11
<rmo‘—v‘{-wNNMPwmowmwmhmmmhwvmmh&o-—mmmmmmmmmmhmrmmwmocmmmmm‘—mro
— Lt LM MM FTOMMONT AT OO OTONNWDW A L NN~ s AN A WD
..... COSE "0 W e e e dBOY Y s L e T N T O VO
N0 —OOMNTIHANDD—O—0OHMTD OUOTOMN’NNNST<TOMNEO0SH —OOOMND © ON O
<M —0 MMM TOINMOANNT v ONONTOOTN—<T<T N v < N <
Qubit Pairs
0-5II\III\IIHII\IIHII\I\IIHII\III\IIHII\IIHIIII\IIHII\III\IIHII\IIi
0.45 ¥ QREM EIIEEIIEII
’ 4  NoQREM EIIEIII

P ERRERIETRLL: !
0.4 - HHHHHIH% I IH 4

Error Rates: prpd P g b it

2*2#2 o—@ ° Readout:2.1%, ¢ =1.5% | HﬂmH %Hfﬂﬂihhfﬁ%m p Rty i

@'ea“@ « CNOT:1.5%, o = 0.6% go‘:‘ }H{ﬂﬂﬁ :
@ —~B eI~~~ D—D—B—) E"ﬂ

@ Decoherence Times: 0.2 _I 4

0.15 I |

—~D—E—~D——D—E—EB——D—E e T, = ~60 us (relaxation)
B—E—E—E—O—~———E—® 0.05 - §

N e e e e e A Y I A A
MDD — OLHO NSO ON— RO OO N ——OM MMM — OO — LN ST OO0 OOMUOMON < OO <t QIS <E OO sE <EO NI~
w<r<t<t L Lr—<F<<t—0— ! LOO—<FONOS <A~ MO — <t — QI —— QIO Q— L OLOWOM _LOMMMoM. ! —M L0 OLOMLOM
A AT AR =Nt SO S e U R e R N e G U T T 0T M O T T VT
M~O< 0 < SOOI~ MO MOOOCHTAUO—OO—MOTOLANRNNO DDA —OMWDLWw
<< OOt AUANTO—AULTOANAUNTMO 0~ —MOrQN— D0DOM  OMO;Ma

Mooney, White, Hill and Hollenberg, Adv. Quantum Technol (2021) Qubit Pairs




£l Results: Entanglement Graphs
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No QREM QREM
O——G)—G—@) Bipartite entangled region
— whole device

53-qubit ibmq_rochester device

53 qubits

Bipartite entangled regions — Whole-device

bipartite entanglement

65-qubit ibmqg_manhattan device

65 qubits

®“®“®
QRO OSOROROEDSORO 26 — Whole-device

”* bipartite entanglement
(=() @“@ (=—E—CD)

Scale up to larger devices

Mooney, White, Hill and Hollenberg, Adv. Quantum Technol (2021) Negativity



Quantum State Tomography on Each Pair
Requires 3V

N = 4 qubits — 3* = 81 circuits (~350k shots*)

N = 5 qubits — 3° = 243 circuits (~1 Million shots*)
* at ~4000 shots each

State Tomography

oﬁoﬁoo
(=== D—(1—( P22~

53-qubit Rochester:
e 58 qubit pairs
> ~11,000 circuits

65-qubit Manhattan:
e 72 qubit pairs
> ~14,000 circuits!

@ﬁ”ﬁ*@
mw@ﬁgﬁ@
D ) e () e ) () e () e @) e e D @)

> Or ~44 Million shots > Or ~56 Million shots!

Could take a whole day to complete
* Was barely executing within device calibration cycles

We need to go higher
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Target: 127-qubit ibm_washington device

127-qubit ibm_washington device

127-qubit Washington:
e 142 pairs of qubits
» ~28,000 circuits

> Or ~112 Million shots!
> Error bars: x8 more

How to reduce this?

Two Optimisation Techniques
1. Neighbour-state bucketing
2. Parallel Quantum State Tomography

Error Rates: Decoherence Times:
* Readout: 2.3%, 0 = 2.8% e T; = ~240 us (relaxation)
* CNOT: 0.8% e T, =~142 us (dephasing)
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Currently
* Tomography on qubit pair and neighbours (4 or 5 qubits)

> 5 qubits — requires 3° = 243 circuits per pair

However
* Projecting neighbours only ever results in 1 of 4 Bell state variations

|P51) = H @ I|d*) = (|00) + [01) +[10) — [11)) / 2
|P552) = H @ X|®*) = (]00) +[01) — [10) + |11)) / 2
|P5S3) = XH @ I|®*) = (|00) — [01) + [10) + [11)) / 2
|®F5%) = XH @ X|®*) = (]00) —[01) — [10) — |11)) / 2

NN

=  Bucket based on obtained Bell state
= Perform 2-qubit tomography

» Requires only 3% = 9 circuits per pair

e 127-qubit Washington:
e From ~28,000 circuits
» down to 1,278 circuits!
» A factor of 22 saving

John F. Kam, et. al., paper in preparation

Bell State

Measure neighbouring states

110 011

|CDBSl>

100 111

|CDBSZ> |CI)BS3> |CI)BS4)

Each bucket:
State tomography and
Calculate negativity




il Optimisation 2: Parallel Qquantum State
] Tomography

Currently
 Tomography on each qubit pair separately

Hardware Layout

Instead
e Perform in parallel on non-overlapping sets of qubit-
pairs and their neighbours

* Only need up to 8 rounds for IBM Quantum heavy-
hexagonal layouts
e Using layout-agnostic greedy algorithm
e (Can reduce to 4 rounds when sharing neighbours

e 127-qubit Washington:
e Originally ~28,000 circuits
* Then 1,278 circuits (neighbour-state bucketing)
» down to constant 36 circuits! (Parallel-QST)

non-overlapping regions
performed in parallel

36 circuits for all heavy hex layouts

John F. Kam, et. al., paper in preparation



Results: 127-qubit ibm__washington Device
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127-qubit ibm_washington device

127 qubits

— Whole-device
bipartite entanglement

) ) €€ ) e € € O ) o ) €
@3 @M@ (2B—G29— @

Negativity Negativity

) O o o ) O o O O O o U o O O o O o G)
@®®ﬁ®®@®®ﬁ®
®@@@®ﬁ®ﬁ®®
(90 &)l 98) o i 0G0 {02 im0 09— (i 060709

John Fidel Kam et al.,
(paper in production)



8 Latest: 433-qubit ibm_seattle Device

MELBOURNE
* 19inactive qubits @@@@0@@@@@0@@@@@@@@@ @@@@@
* 433 - 414 active qubits ”“
@@@@@@@@@@@@@@@@@@@@@@@@
* Readout: 7.6%, 0 = 7.4% @@@@@@@@@@@@@@@@@@@@@@@@
@@@@@@@@@@@@@@@@@@@@@@@@@@
* T; = ~90 us (relaxation) @@@@@@@@@@@@@@@@@@@@@@@@@@@
* T, =~60 us (dephasing)
@@@@@@@@@@@@@@@@@@@@@
Experiment: @@@@@@@@@@@@@@@@@@@@@@
Originally ~100,000 circuits D
g Y U @@@@@@@@@@@@@@@@@@@@@@@@@@
@@@@@@@@@@@@@@@@@@@@@@@@@@@
* Graph state is bipartite @@@@@@@@@@@@ @@@@@@@@@@@
@@@@@@@@@@@@@@@@@@@@@@@@@

* All active qubits (paper in production)

Iﬁl

Negativity



=28 Relation to physical device
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Benchmark: how does it relate to device?

127-qubit ibm_washington

@@@@@*@@@@@@@
@3 M@M@ (23— @

Negativity

Bell State

Compare with

Negativity of qubit pair

Negativity

o
N

0.5 -

0.4 -

©
w

0.1

0.0 1

Individual couplings for 127-qubit ibm_washington

N 2%’ ° ---- R=-0.388
¢ °
» ° Se °
-.;""-:i ° .= [ ] »
o.. ~—.
~ e Y
.{. e 0 ® S~ao
T~ R = —0.388
. -.-
... [ ] b -..-""'-.
= ° -n-__--.
o ® hd ® i ® * ¢ ""'-..__
e © ® “~o
L] ® o ¢ .-..-""-
e To o
[ -.-""'-h.
[ [ ]
°
®
L™ ® [1]

0.01 0.02 0.03 0.04  0.05 0.06 0.07
Mean CNOT Error

(directly involved CNOTs)
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0.50

0.45
0.40

0.35

20.30 |

=

£ 0.251

o

2 0.201
0.151
0.10 |
0.05

0.00

Y OF

All Device Errors vs. Entanglement

Device Negativities (readout-error mitigated)

Averaged device negativities vs CNOT errors

Device Qubits | QV Mean N Whole-Device 0.50
lima 5 8 0.470 +0.011 % A A ° N
belem 5 16 | 0427+0010 | | T=-A_ - h‘f__ o R = —0.643
quito 5 16 | 0.486 + 0.010 0.45 1 R anh Er—
manila 5 | 32 | 0.487+0.003 - :‘ ______________ "
jakarta 7 16 | 0.482 £ 0.007 £ T °
oslo 7 32 | 0.488 4+ 0.010 '% 0.40 - -
nairobi T 32 | 0.488 4 0.004 8
lagos 7 32 | 0.466 4 0.008 =
perth 7 32 | 0.482 4 0.011 © 0.35-
gquadalupe 16 32 | 0.4474+0.032 S
toronto 27 | 32 | 0.403 £ 0.075 a e N=5
geneva 27 32 | 0.461 £ 0.089 % 0.30 - A N=7
hanoi 27 64 | 0.467 £ 0.026 Q
auckland 27 | 64 | 0.437+0.060 = ¢ N=16
cairo 27 64 | 0.455 £ 0.026 0251 ™ N =27
mumbai 27 128 | 0.460 £+ 0.078 * N=127
montreal 27 128 | 0.424 4 0.055 -——- R =-0.643
kolkata 27 128 | 0.4074+0.134 0.20 i . | | | . [ .
washington | 127 | 64 | 0.403£0.125 | ' 0.008 0.010 0.012 0.014 0.016 0.018 0.020 0.022
Seattle 433 - | 0340 (active) Mean Device Two-Qubit Gate Error
Im\l/m
4-qubit ibmq_manila - 7-qubit ibm_oslo veo 16-qubit ibmq_guadalupe veo 27-qubit ibm_cairo
x I x asl s 1 = - s LTI I 05 ] i,.:;--“““lll.
* 0.40 + X * ¥ 0.40 I 0.40 4
i ¥ ¥ 035l - 03s) " T 0.351
20.30 20301« I T = T T 20301
2025 go2s X * §025
52.?0720 2020 20201
0.15 0.15 0.15-
0.10 010 T NoQREM 0101
T NoQREM oos| I NoQREM 0051 ¢ orem 0.05 1 24
I QREM I QREM 0.00 0.00
: " : - 000l 2203323333333 38%8
- ° Qubit Pairs - " - ° &Qubit Pair';l1 - ° Qubit ;airs - .o Qubit Pairs
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Detecting Genuine multipartite entanglement

- &S e« By preparing GHZ states
@_‘% y preparing

08 N =25 N =26 N =27
* GHZ decoherence rates S el | Nowe e
g0
s
8
0




k=8 GHZ States

MELBOURNE
Preparation
e GHZ State — generalisation of Bell state to more qubits 900 —H—
90, ——E)——o——
|0)®2 + |1)®2 |0>®N+ |1>®N
|Bell) = — |GHZ)y = q0;
V2 V2
q03 ——mM8M8( —y—
« Conveniently sparse density matrix Density matrix (2 qubits) 904
o ) e 00 @ Coherence s
* Sensitive to noise c0
_ o o000
 Disentangled after only 1 local measurement 0000 Hadamard — (|0>+|1\>/)§|00---0)
000) + |111 e 0 D@ .
| >\/§| ) - {]000), |111)} Population Grow the state with CNOTs
(100)+]|11))]0...0)
CNOT — NG
GHZ State density matrix (4-qubit ) Graph State density matrix (4-qubit ) (]000)+|111))|...0)
CNOT —
1000000 1 1 1 1 -1 1 1 -1 1 V2
00000000\ /111—111—11\
O 0 0O OO0 0 0 O 1 1 1 -1 1 1 -1 1 All-to-all connectivity:
0O 0000 O 0O /2 -1 -1 -1 1 -1 -1 1 -1 /8 (CNOT Depth) = log, N
o 0 0O O0O0 0 0 O 1 1 1 -1 1 1 -1 1 Cruz et al., Adv. Quantum Technol (2019)
0O 0000 0O 0O 1 1 1 -1 1 1 -1 1
O 0 00O O O OO \_1 -1 -1 1 -1 -1 1 _1) IBM Quantum Heavy Hex Layout:
1 0 0 00O 0 0 1 1 1 1 -1 1 1 -1 1 (CNOT Depth) = V2N vangetal., IEEE J. Emerg. Sel. Topics in
Circuits and Systems (2022)




Ml Genuine Multipartite Entanglement (GME) in
i GHZ states

|deal GHZ State
GHZ Fldellty (> 05) — GME State Vector Density Matrix
Fidelity = (Population)/2 + (Coherence)/2 100 ..0) + |11 ... 1) e 00 @ Coherence
. ‘ 7 oo 5
* Population: Occupancies of [00...0) and |11 ...1) V2 000 0
* Coherence: Multiple Quantum Coherences (MQC) Wei et al., Phys. Rev. A (2020) e 00 @ population

Multiple Quantum Coherences (MQC)

|O>_ — X [ Rz(gb) "* _/74 Overlap Signal: —
: 0 f100...0 =
0}~ ¢z HxX HR-(¢) K quzt H-A4 ceapaney etion -0 = Conerence = 2y Iy
E ~: Amplitude of overlap signals
10)— X R=(0) [+ A N = 25 _ N = 26 _ N = 27

0.8
) - ®  Experiment
0.6 Noise Filter

05\
=
=]
Hahn Echo: Refocussing m-pulse |deal state: pif;,ise of N o
(Reduce qubit phase errors) 00...0) +e*"*]11 ... 1) §
vz
0
0 T 27 0 T 2T 0 T 2

Mooney, White, Hill and Hollenberg, J. Phys. Commun (2021)
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* Prepare on device

e Add parity verification
— effects on fidelity
— discard when measure 1

27-qubit ibmg_montreal device

Parity checking qubits

* 27-qubit GME, whole device!

* Next: Scale to larger devices

Mooney, White, Hill and Hollenberg, J. Phys. Commun (2021)

qlg
ql1
qlz
qls
qly
qls
qls
ql;
qla
Gle
gl
qln
ala
qlis

qlus

glis
qlyy
qlis
qlig
alao
qla
qlz
qla
qlzs
qlas

qlzs

GHZ state circuit
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£ GHZ Embedding Algorithm
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GHZ State embedding algorithm

1. Select a qubit
a) Breadth first search

b) Preference CNOTs with low error

2. Repeat 1. for each qubit and choose the best embedding

127-qubit Ibm_Washington device
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Experimentally prepared states shown to exhibit GME

55
Cao, Wu, Chen, Gong, et. al., Nature (2023)
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£ Results: GHZ State Decay Curves
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7-qubit GHZ state on the ibmq_mumbai device | Periodic dynamical

decoupling
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* Plot GHZ decoherence vs qubit count

* Superdecoherence

Superdecoherence?

C(N) (t) — C(gN)e—a(N)t

a: GHZ decoherence rate

* Qubit decoherence rates scale with system size

— When qubits are coupled to the same reservoir

* Previous work

* An lon trap system — N2 GHZ decoherence rate scaling

— Superdecoherence
— Up to 6-qubit GHZ states

Monz, et. al., Phys Rev Lett (2011)

16-qubit ibmq_melbourne

* IBM Quantum device = N GHZ decoherence rate scaling

— No Superdecoherence

— Up to 8-qubit GHZ states 0zaeta and McMahon, Quantum Sci. Technol. (2019)

e Test on current IBM Quantum device

(CNOT gate time) = 400 ns
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1.0

@
o

Normalized Coherence C
o
o

e
N

Decoherence Rate a

0.05 1

0.00 -

27-qubit ibm_hanoi device

e
IS

e
N
w

o
)
o

o
=
wn

o
iy
o

M. b N=3
‘x .\\ N=5
‘\\l ‘\\. + N=7
“\.\‘ S ¢ N=29
N e b N=11
\::t\ \q.o\\\,\ + N=13
\‘\ \‘ \“l.\ N =15
\\: ‘*Q .~
;5 N ‘\‘1\
\:o\ @* 'o‘*-..:‘_
*:\‘ §§+ hi;""'-.___‘_
AR Xy S
*\‘¥ b + ) ‘:""-‘
~ :\ g
\; kt‘-_ +’=*§1‘,.*‘
\f\*“r -~
0 10 20 30 40
Delay t (us)
---- a(N) = 0.00716N + 0.00539
a(N) = 0.02319N — 0.00855 (Ozaeta et al.)
) _ ¢
Parity Oscillations '
Y
o L. """
® __e-="T" .
oo with Spin Echo
1 3 5 7 9 11 13 15

GHZ Size N

John F. Kam, et. al., paper in preparation




Bell state teleportation



THE UNIVERSITY OF
MELBOURNE

e Start with 2 entangled qubit

states |a)g and |B)4

* Challenge: Teleport (or move)
| )1 across a chain of qubits

o Keeping |a),

and |fB), entangled

* Compare 3 approaches

* Swap gates

e Teleportation: Dynamic

circuits

* Teleportation: Post-

selection

Raussendorf, et al. Phys. Rev. A (2003)

Bennet, Phys. Rev. Lett. (1993)
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p——r,

Using SWAP gates

E UNIVERSITY
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e Start with 2-qubit Bell state
* Use SWAP gates to transport the state along a chain

e Circuit depth scales with chain length
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— " 7 ===
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k=8l Teleportation: Dynamic Circuit
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e Corrections are applied after each measurement

 Depth grows with qubit-measurement count
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k=8l Teleportation: Post-Selection Circuit
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* Bucket the teleported qubits into four possible Bell state variations Post Select

* Only4 combinations — repeat until success
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Teleportation & Record measurement results
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Comparisons

Negativity

27-qubit ibmq_Mumbai device
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IBM Quantum Network Hub
at the University of Melbourne
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414-Qubit Entanglement Graph

MELBOURNE Genuine multipartite entanglement
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e Constant 36-circuit algorithm
* Whole-device entanglement on up to 414-qubits
* Negativity correlated with CNOT fidelities
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Mooney, Hill and Hollenberg, Sci. Rep. (2019)
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