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Frontiers of experimental quantum information

~2010s, exploring small-scale quantum computations with physical qubits
(physical qubit: atoms, ions, defects, superconductors ...)

“Age of quantum discovery” Error correction frontier

Many-body systems and new quantum phenomena First 1-2 /ogical qubits / gates

Fighting decoherence is the central challenge in large-scale guantum computation

Quantum error correction is the only known realistic route to suppress gate errors to
the required levels for useful algorithms (103 - 10-19)

..before QEC, people thought quantum computing would be fundamentally impossible

2 A%g W | Xanadu Nature 2022
: = (see also USTC Science 2020)
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Quantum error correction

» Classical error-correction: make copies! 0 - 000

« Quantum error-correction: conceptual challenges
* no-cloning theorem ®, can’t duplicate quantum information
« How to check for error without collapsing state?

So how to do quantum error correction?

» Use entanglement to store information nonlocally to encode a logical qubit
» By being delocalized, logical qubit degree of freedom hard to accidentally manipulate
» Measuring products of qubits (stabilizers) detects errors while preserving encoded g. info
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Logical qubit Shor 95, Steane 96, Kitaev 97, PreskKill,

Laflamme, Calderbank, Gottesman ...



QEC example: the toric code

Error-free state is with all X and Z
“stabilizer” products (checks) = +1
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(technically two logical qubits for the torus)

Physical qubit errors will cause checks to show an error
happened at a specific location — infer (decode), and undo.

As lattice size (code distance d) increases: more
opportunities for errors, but more checks — threshold behavior

d+1

Logical error probability ~ (L)T

Pth
- Pth = 1%
- Offers realistic route to extremely small errors

* |t was the theoretical breakthrough of quantum error correction that really allowed

the field of qguantum computing to take off
« And it is understood that eventually, we will need to switch to performing algorithms

with logical qubits, instead of physical qubits



Quantum error correction is challenging

(Optimistic) estimates! for large-scale problems: million physical qubits and logical error rate 10-10

Classical architecture Quantum architecture
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Efficient classical control is a major challenge
Classical computers: ~1000 wires for ~billion bits
Quantum computers: several “wires” per qubit

“‘How a CPU works” by InOnelLesson

Challenge 1: “Wire problem” poses significant challenge to large-scale control. / AL A

Challenge 2: Once logical qubit is delocalized, it becomes hard to operateon. -~ °¢ ° °
Logical qubit

Large overheads + complexity of operating on logical qubits have focused studies to ~1-2 logical qubits / gates

1: Gidney Ekera Quantum 2021
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Unique opportunities:

* Nonlocal connectivity (turns out, extremely
DB et al. Nature 604, 451-456 (2022) useful for error correction)

« Parallel, efficient classical control

Pioneering work and recent exciting developments: Weiss, Saffman, Browaeys, Grangier, Regal, Endres,
Kaufman, Bernien, Thompson, Ni, Bakr, Bloch, Covey ... See also optical lattice parallelism (Deutsch)




We are building off tremendous progress from the community...

ﬂons: 20+ year vision of shuttling-based architecturA ﬁperconducting qubits: early experience with

(+ recent expts) — nonlocal connectivity controlling moderately large systems (50-70 qubits) —
taught importance of the “wire problem” of control

Pushing
laser

Monroe, Kim
weland 1998, recent Quantinuum expts... Cirac, Zoller Nature ZOW

-~

Decades of cold atom research

» Pioneering work in neutral atom tweezer community

» Ultracold atoms / optical lattice quantum simulators
(the true pioneers of parallel, efficient control) /

N

Greiner, Gross, Bakr,
Bloch, Deutsch ...




1. Programming a quantum circuit with neutral atoms

2. Logical quantum processing



Neutral atoms

~10 million atoms

Image of atoms in a magneto optical trap (MOT)

Cold, identical neutral atom qubits are essentially unlimited
The key challenge is efficient classical control/



Thousand neutral atoms in 2D tweezer arrays
Efficient classical control of many qubit positions

Crossed Acousto-Optic Deflectors
(parallel motion)

Can program any geometry...

1 frame =1 atom rearrangement

Ebadi et al Nature 2021
Related work: Scholl et al Nature 2021 (Browaeys),

Endres, Kaufman, Bernien, Saffman, Thompson, Ni, Bakr, Bloch ...



Rydberg atoms and entanglement with blocka

1013 n 420 nm Ground state |g) —+  Rydberg state |r) —
— - —‘ (n=50-70)

Two atoms: |rr) shifts by Van der Waals interaction ( « 1/R®) Entangled state

- adjacent atoms cannot be simultaneously excited, Rydberg blockade |gg) —_— (ng) + |g7”>)/\/2

Analog (Hamiltonian evolution) Digital

|0)—X @2} *+—o {=]
|0)—X(=/2) 1—1 %_
|0) =X /2— o—I_ X(@/DH X
: . |0)—x(7/2) 1 [—]
Quantum circuit: Ry I B =
|0>—X(w/2)4%‘ X(r/)H
0)—X(7/2) X(r/2)H >

Semeghini et al Science 2021 gates

Studying quantum spin liquids
« Position atom, turn on global excitation laser « Controllable quantum operations (gates) to
(run Hamiltonian), study quantum dynamics realize universal quantum computation

Phase transitions (Ebadi et al Nature 2021) .
Also:  Nonequilibrium dynamics (Bluvstein et al Science 2021)
Combinatorial optimization (Ebadi et al Science 2022)

Although more degrees of freedom, still want
efficient classical control



Neutral atom quantum circuits: two-qubit gates
4

[7) \ Rydberg state |r) —
(n=50-70)

Rydberg — generate entanglement
Ground state |1) —»

1)
Qubit: 6.8 GHz Hyperfine qupit — store information
K |0) (Coherence time ~25s) /
Levine-Pichler CZ gate: I . Global pulses
» Blockade: if two atoms are next to each
00 00 : - :
I01§ : Io1; Due to Rydberg blOCk?ﬂ?;lfl?Oth n 1), other, they will do a CZ gate!
Q :
110) — |10>} entangled coupling to 5 generates

111) - —|11)} /20 a different accumulated phase

Global Rydberg laser drive
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Levine, et. al. PRL 123, 170503 (2019)
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Programming a circuit with parallel controls: 12-atom cluster state

Position defines gate (blockade) — efficient control over many qubit

e positions gives efficient control over complex quantum circuits e
Q
SRS
1st parallel layer: q q q @ q q
2nd parallel layer: . \- : \= ' \ r \- ' \1 ; N
Si =Zi 41X L4
0—{rem e} 1
0)—{¥(=/2)] I =+ 5 1
0)—=/2)] I VeoH~F  £0.8 Shows successful
First coherent mOVing: ’[))_@ I @_ 8 1 Creatlon Of the state
Beugnon Nat Phys 2007 0)—{¥(=/2) I [V (/2 H 2064
See also: 0)—v(=/2)] [ © e
Schlosser Quant Inf Proc 2011 ’05_@ I Ve A e 1 Fidelity limited by (old)
0)—{vm2)] I - S 0471 2Q gate fidelity ~97.5%
O— I =5 & 1
0 —oo-S oy - £ 02
0)—¥(=/2) I VX 8 1
0)—¥(#/2) [ ? of

12 stabilizers S,
Related work: Graham et al Nature 2022 DB et al. Nature 604, 451-456 (2022)



Universal, high-fidelity digital circuits: technical upgrades (2023)

99.5% 2Q gates on 60 qubits in parallel

Amplitude ,
Phase \/\

High power laser, improved gate technique
(Jandura, Pupillo Quantum 2022)
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0.861

Prob. return to |00

0.8471

6 4 8 1:2 1:6 2:0
Number of CZ gates

S Evered*, DB*, M Kalinowski* et al Nature 2023
See also Thompson, Endres papers (with erasure!)

Fully programmable, parallel 1Q gates
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Entangling zone

Storage zone

Ea

Readout zone

Harvard-MIT-QuEra collaboration
See also very nice works: Stamper-Kurn, Bernien,

DB et al Nature 2023 Saffman, Thompson, Kaufman, Atom Computing
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Exploring quantum error correction with neutral atom devices



2022: Toric code (on a torus)

Realizing error correction codes with nonlocal connectivity

Circuit is simply programmed by specifying SLM profile and AOD waveform
Parallel control over many qubits with O(1) classical controls

Z stabilizer measurement:

0 us

@ Data qubit
@ Ancilla

Kitaev toric code 1997
DB et al. Nature 604, 451-456 (2022)



Parallel logical qubit processing with O(1) controls

Surface code logical Physical qubit
qubit blocks

.

Single logical qubit control, instead of
single physical qubit control
Naturally multiplexes with optics

Transversal single-qubit gate

5. XOR Gates and % Rotations

Shor 1996 — Fault-tolerant Quantum Computation

This operation is easily accomplished by elementary
quantum gates and as it is a bitwise operation, it is
fault-tolerant.

Transversal entangling gate
Shor 1996, Dennis et al 2001
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Efficient, parallel computation with logical qubits



Transversal CNOT based on parallel motion

By being delocalized, logical qubit degree of freedom hard to accidentally or intentionally manipulate

O O / O @)
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Logical 1 Logical 2

Transversal CNOT: directly interact the delocalized degrees of freedom

 Inherently fault-tolerant — d rounds of correction not required between each gate unlike lattice-based approaches
« Fault-tolerant: errors cannot spread within code block

« Long-range, direct connections between logical qubits — can have significant savings for large-scale algorithms

« Efficient control: all physical qubits receive the same instruction and act like one big atom



First generation logical processor based on zoned architecture

Key focus: parallel control of many logical qubits with only a few wires

Transversal gates: inherently fault-tolerant

Storage zone: idle logical qubits are stored, safe from errors

Entangling zone: transversal operations with few global beams

Readout zone: measure qubits without disturbing active qubits

Long-range connectivity: opportunities for exotic codes

Entangling zone

Readout zone

Logical qubit storage
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Bluvstein et al Nature 2023



Example: logical CNOT with surface code

|+1) A
|0,) & A

5 1. Improved gate performance with
£ increased code size
8
g o1 . . L
Note: effective threshold of entire circuit higher E S 2. PeCOd|ng |Og|CaI CIUbr[.S jointly
due to nearby time boundaries - future work will > | TT=al_ improves logical algorithm
involve trying to incr'ease the number ofgpplied — 0.091 +‘§"‘“~- performance _ M Cain DB, Lukin
transversal CNOTs with repeated correction H""--...
0.071 \+
3 5 7
Surface code distance d e 6% % 2% e e e e
measure Z measure X o o ° ‘ o o : o o o o ’ °
stabilizers stabilizers c o6 o 06 ©® © o o o 3 B R | ¢ ¢ ¢ ¢
'Y o ° ° ° ° o olNL N e o o o o o o
e o o e o o o T St el ... ... ... ..o o.o o o o.o
L] () L e ® - O ° ° ° ° ° ° ° )
e o o e o o ‘s=r o e o o o o e o o o o o o e o o o o o o
° ° o )| e L 3 e L . ° ° ° ° ° ° ° ° ®
® ® Y [} [ ] o ° ° [ ] o [ J o [ J ® ... ... ... ... ... ... °
® [ ® ) ) ® ¢ ¢ ® e © o o o o o e © o o o o o ¢
® ® [ J ( J [ J [ ] [ ] ° ° °
d=3 d=5 d=7

* Key QEC property: operations should improve with system size (code distance d)

* Here, state preparation non-Fault-Tolerant (nFT) beyond d=3, but still allows probing behavior of transversal CNOT

Prior work: memory with single d=3,5 codes (Google, Nature, 2023), entanglement of two d=2 surface codes via lattice surgery (Innsbruck, Nature , 2021), Yale gates

Bluvstein et al Nature 2023



Fault-tolerant algorithms: GHZ state

GHZ (or “cat”) state: |0,0,0,0,) + |1,1;1,1;)

I:{eal(plogical) Imag(p|09i03|)
z
© 0.8%
O
0.5] o
& 0.6
. . m . -
Color code logical qubit °* L7
03 T
.. (D 0.4"
Similar to surface code, , ~
but more logical 8
operations allowed o é» 0.2
* G000

nFT FT EDFT

“Steane error correction” — improves
logical initialization to 99.9%

Measurements in
all 81 logical bases

NFT: non-Fault-tolerant algorithm. Don’t postselect on ancilla logicals.
FT. Fault-tolerant algorithm. Postselect on ancilla logicals.
EDFT: Fault-tolerant algorithm with error detection. Postselect on all stabilizers correct.

Exploring early fault-tolerant computations |
Bluvstein et al Nature 2023



GH/Z circuit

Entangling zone

Storage zone
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Applying an XOR from the ith qubit of the first code-
word into the i¢th qubit of the second codeword ...

...this gives an XOR gate.

Shor 1996 — Fault-tolerant Quantum Computation

Bluvstein et al Nature 2023



Correlated decoding

Madelyn Cain, C Zhao, H Zhou ... Jaffe, DB, Lukin —arXiv:2403.03272

Physical error

A

A

PN B

e e e
Transversal CNOT

Control stabilizers Target stabilizers . ] ]

& & 4 4 & 4 & o Corr_elated_ sy_n_dromfes betwgen multiple logical qubits
s o o o s o o o provides significant information

« X XK~ CNAAN® « improved decoding performance (eg, Steane QEC)
[ ® ® ® °® [} ® ® « . ” . .

o o . o . * “undoing” error propagation by tracking
[ ® [ ] | J @

XX o related error However, new errors build in time ... need to remove entropy

_ég (hyperedge)

When two logical qubits do a gate, add
edges / hyperedges to their decoding graph



Correlated decoding > ~1 round per CNOT

Madelyn Cain, C Zhao, H Zhou ... Jaffe, DB, Lukin — arXiv:2403.03272

Key insights:
* Only need ~1 round of stabilizer measurement per transversal CNOT to remove the newly created entropy
« “drounds” is a “bug” from measurement errors. Since they propagate deterministically, can verify as circuit proceeds.

= @ ° o)
Stabilizer meitsurements MLE (ZD o o
. . - — O 103
[+2) Yz — Xz . m, Py 2107 d=3 ~ 10°+ o °
: : l od=5 @ i
| — 1L ., : : — — . Py 090 ® d= 7 + - OO ./.

Lessons learned when experlmentlng with Ioglcal qubit algorithms in the lab
=

SRR AT g - E -
+0) -z Ha D+ - PR '@10‘5- W S -
] | ] ] ] | | %)) © Belief-HUF
Variable number n,. syndrome 1 3 5 7 9 11 ) ® MLE
extraction rounds per CNOT Rounds per CNOT 10 ] 3 £ 7
Rounds per CNOT

Space-time reduction
by factor of ~d



Building logical processors in the lab

Error-correcting code

Co-design

Algorithm Native hardware capabilities

LO Z
Logical 1

Entering the era of early fault-tolerant quantum computation ...
Search for as many breakthroughs as possible ...



Challenges with error-corrected computation
non-Cliffords and universality

i gl i, « QEC codes have a discrete gate set available

« 2D codes can do Cliffords {H, S, CNOT} easily, but cannot do non-

....... Cliffords {T, CCZ} easily
R « non-Clifford gate needed to complete universal gate set
Surface code Color code + Actually, non-Clifford needed for any classically hard computation...

Control-Control-Z gate (CCZ)
Non-Clifford gate

Computational complexity grows exponentially with number of non-Cliffords applied?!
(State-of-the-art “Clifford + T” simulators? can handle ~16 CCZ’s)

Amount of non-Clifford = “magic”

See many works on magic from Jaffe group, e.g. Bu, Jaffe, Wei, arXiv:2402.05780

1: Generically
2: Simulators that take advantage of small number of non-Cliffords Gottesman-Knill theorem



Fault-tolerant compiling: programming complex logical circuits

3D codes lose the transversal H, but gain transversal non-Cliffords

7 5
® /Q [[8 3 2]] code smaII 3D code L1L2L3 Z, 12 Permutation CNOT . 2 Transversal CNOT
3(_/ 1 1) -

. &Q
. ) ) Tt ‘ {1 R 3 R 5 RN 7 Y
The smallest interesting colour % % % %
8l . code”, Earl Campbell blog E. HE
. \\\\—/) \“\—l\r \\\\—/\, \\\\/:
4 /L ZC/ Vasmer, Kubica PRX Quantum 2022 mﬁ'
o See also arXiv:2309.08663, arxXv:2309.09893

48 logical qubits, 228 logical two-qubit gates, 48 logical CCZS

Scrambling / supremacy circuits: utilize nonlocal connectivity jm;:T -
of logical qubits and make hypercubes of logical qubits SISt : o FrigE g oH =
Physical connectivity Logical connectivity ..ﬁﬁ_.% = = Hr— =z
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Logical circuit
IQP circuit (+CNOT) — Bremner et al arXiv:1005.1407 — see also Paletta et al arXiv: 2307.10729, Mezher et al arXiv: 2005.11539
D Hangleiter*, M Kalinowski*, DB* ... Kubica, Lukin, Gullans, in prep — further analysis, extension, and connection to IQP Bj|uvstein et al Nature 2023



Complex quantum circuits with logical qubits — sampling

v) G

« Sampling: Take snapshots of many-body wavefunction and compare to expected distribution (simulations)

« XEB: sampling score (weighted sum normalized from O to 1).

. . 1 e
0.059 12 logical qubits 064
T e
2 0.04-
= 0.0 041 e,
Q @
L
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Logical bit string
Google Nature 2019
Google arXiv: 2304.11119
Pan group PRL 2021
See also photon groups, USTC , Xanadu ..
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Complex quantum circuits with logical qubits — sampling
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Complex logical circuits — scaling to large sizes
Up to 48 logical qubits, 228 logical two-qubit gates, 48 logical CCZs

Logical XEB

0.01%

48 logicals

0.1%

" :
~~~~~~~~ o
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LA Sy
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:::63601 —t :::afb.l = ::::6:1 — ::::::.i

Accepted fraction

Logical XEB

0.01%

Hypercube dimension

0.1%

Number of logical qubits

* Finite XEB — successful sampling. XEB score improves with increased error detection
» Postselected logical XEB up to ~10x higher than previous physical implementations (at cost of measurement time)
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Bluvstein et al Nature 2023



Seven-dimensional hypercube circuit
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Inspired by conversations with Jason Cong and Daniel Tan
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Bluvstein et al Nature 2023



“Fault-tolerant compiling” of quantum simulations

Bell basis measurement: extremely powerful tool in quantum information
« Entanglement entropy — Daley, Pichler et al PRL 2012
« Simultaneous extraction of all 4N Pauli strings (absolute values) — Huang Science 2022

Fully compatible with logical qubits and transversal CNOT!

Bell basis measurement Scrambling and thermalization dynamics
a7 — o >
T He 2 12-
o * =
i =
‘ ] '8 o * % X § 107 -
e = O {rx] =
‘_ B 5 ® % % .
)] ¢ e = 8- D 0 :
- Yo = 2 GO0 0 Error-correction allows
— > - o :
)_ - *% A 2 6- >~ o—0—g o Increasing error  US tO See clean Page
o —&k : g o detection curve behavior with
DA e I LZN 2 . 10) ..
M5 % = =7 limited decoherence
o % o N @ Z %
Ny | ® —_ ‘\Jf\ =
E! ] c(b) © \J<> % 3 2 ]
] fan =
T = - 0+
Two copies of 12 logical circuit, followed by 0 2 4 6 8 10 12
transversal CNOTs for Bell basis measurement Subsystem Size

Logical qubits can already be used for various interesting physics and quantum information explorations
Bluvstein et al Nature 2023



Measuring Magic, Pauli extraction, zero-noise extrapolation

Bell difference sampling Extracting all 4*12 Pauli string (absolute values)
—@— Experiment - © 0.251 Predicted values
81 & Theory =
& (squares)
g 0271
I o "~
(@)
S .g 0.15 Five discrete
= 4 - » «~— expectation values
m 'C—SU 0.1 «~ for this circuit,
o «~ grouped together
® 0.05 o
e
013 . . . - 01 v
0 T2 3 0O 02 04 06 0.8 1
Number of logical CCZ gates Logical purity
Sliding-scale error detection ... Zero-noise extrapolation

Combination of encoded qubits with two-copy measurements offers
Interesting possibilities and error mitigation strategies in quantum simulation

Bluvstein et al Nature 2023



Summary: Quantum information processing with logical qubits

/ Number of physical qubits per Bell pair
26 74 146
e}

0.4
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b
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« Quantum operations improve with code
size (surface codes as large as d=7)
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characterizing zoned processor

« Complex scrambling circuits with small 3D codes
and hundreds of logical entangling gates

Logical XEB
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Logical qubit storage Ancilla qubit resevoir

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

Control over single logical qubits as the fundamental units can FHHIRIHIRHTHE - « + - IR
dramatically reduce costs of a logical processor

Instead of considering individual logical qubits, consider algorithms as a
whole (e.g. correlated decoding)

Logical qubits (many-body systems) are not literally qubits, and
sometimes don’t behave exactly the way you'd expect

. @ Bell state fidelity # SPAM x gate fidelity
. @ Inherently digital operation, coherent logical errors suppressed
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" In-lab GHZ state diagram: we are not

There are genuine examples where logical qubits can already outperfor : \ ]
physical qubits at interesting problems keeping track of 70 physical qubits, we

- The discrete gate set is a curse, but also a blessing if you can desi{  are keeping track of 10 logical qubits
your problem around it T T

« Many more opportunities for early-generation logical algorithms




Medium-scale logical processors: unique opportunity for atoms

Open theory q UeStIOﬂS Core processor - 10*-10° qubits

Logical qubit storage zone Transversal
single-qubit
gate

1. What algorithms should we study with 100 logical

qubits and 1M logical gates? =
2. How do we structure these algorithms for efficient “en -
QEC implementation? Fault-tolerant compiling Transversal two-qutit gate '°?$23;E")"
separate
Readout zone

- A path to 100 logical qubit device with ~10-° logical error ‘ 055 mm

/Nonlocal connectivity, transversal\ mid-circuit readout: \ /Ikaline earth; Iong T2, esp nuclear\ . .
logic gates, zoned architecture Cavities, Shelving, Dual species, zones o _ Q .
e _ i i " o A medium-scale QEC device:
R —— ke i |\ New tool for scientific discoveries
BN e L L ugy 2@ J kinsPRX2022  Ma PRX022 .
Ng & () 2D§£SZtPRL Lis 2 N 32220920_23 Afgn:l?omputing, Endres, 2‘Covey Acceleratlng the pa‘th to Iarge Scale QC

2305.19266 See also Ni, Moving will work great for nuclear spins!
Also Schleier-Smith, Vuletic semeghini

/Erasure conversion \ ﬂarious approaches to local addressing,\ /Optica| networking \

Idea: Thompson group, Puri |attices, clever optical technologies .. _ Cover Bormien
"""" Iibw =" Exciting results: Endres Kaufman group Saffman Grou > g — | groupys’ . . .
L7 ammesgas 1) In the coming years, such devices will unlock
= ;28?8;2832023 we g = U' ‘i ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ Ocola 2210.12879 . .
| ,;{f] I H Fgie bl Vuleti completely new studies of quantum mechanics
RS ol Tl o mw”ﬁ' S S :'i e rou
o7 e R < PIC: Englund group .. Rk T
Wu Nat Comm 2022 Noise bias Cong N R N uE
Qahay 2302.03063 et al PRX 2022 Qeloading Bernien group, atom computing... / Qamette, Sinclair 2302.01296 /

( Very nice initial continuous reloading (2024): Atom computing 2401.16177, Zeiher 2402.04994 ) Diverse opportunities with neutral atoms




How to get to large-scale processor, e.g. >1000 logicals?

Core processor - 10*-10° qubits

» Optimistic estimates?!: 1 million qubits, 10-1° error rate, day- S
. Remote Logical qubit storage zone Transversal
|Ong COmpUtatIOI’] entanglement wotfuoz] single-qubit
Zone gate
=\ i S
. = RS
* Possible avenues: U — S
2 . . [Ej & - Entangling zone | T
« LDPC*4 codes and other clever tricks: favorable scaling  Photonic —
o . . . interconnects - o @
« Power-efficient trapping: e.g., 2D or 3D optical lattices R I e oo aom
for trapping 1 million atoms \Q\;Q;: “las Lass  Transversal two-qubit gate s(es;:rt::!fn
» Connected modules: photonic interconnects through ) i
cavities or free-space ‘ 055 mm

Should pursue all possible breakthroughs — hardware, code & algorithm design!

Experimentation with early generation logical devices will likely reshape the
way we think these large-scale processors should be built (theory & hardware)

1: Gidney Ekera Quantum 2021
2: Q Xu*, P Bonilla* et al., arXiv: 2308.08648 (collaboration of Lukin & Jiang groups + QuEra (H Zhou)) — see also Bravyi et al



___ | 2 1 < ., - = Bl % Atom Array li:
Sopﬁle Li Tout o ¥ A : Tout Wang, Tim Guo,
_ b w g _ B o Allen Chiu, Pavel
i »44—-Sas,ha ;= 8 : | @ o s Manovitz Stroganov, Mohamed
- . i ; (AN | ' Abobeih, Simon

) Hollerith, Sebastian
\ Wl Geier

Think
Science.

% Collaboration
with QuEra

T

RS

r———————

Pls Theory collaborators

JP Bonilla M. D. N.
Ataides O

I M. Lukin V. Vuletic M. Greiner

N. Maskara M. Cain

|. Cong

C. Zhao A. Jaffe

Funding: QuEra, NSF, CUA, Vannevar Bush, AFOSR MURI, DARPA, IARPA, NDSEG, Hertz



Outlook: towards guantum advantage with logical qubits

= 1

Present work: we intentionally structure our exact circuit so that they are 1 : l s
susceptible to an “attack” using tensor contraction of two wavefunctions 2
each with n/2 qubits, partitioned by the final CNOT layer Pl

« Leads to 27(n/2) simulation cost ‘.=-§:.~.TH ]

» This “attack” is broken by applying additional CNOT layers, U=

recovering 2n scaling j lﬁ i i

B I

Nice recent work by IBM / lonQ arXiv:2402.03211 finds another “attack”

for our exact circuit by using “minimal covering sets” or “minimal vertex

covers” of the CCZs 15

» Leads to 2*(n/3) simulation cost
» This “attack” is broken by implementing permutation CNOTs,

recovering 2”*n scaling @ 014
« Permutation CNOT is fault-tolerant and directly achievable in our O
atom array system — is just a parallel reshuffling of qubits 3
CCZ, ., .5 CZ,, Permutation CNOT , ,  Transversal CNOT
T Tt LY 0.01%
. A-i 9,9,9,9, |
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Accepted fraction

T M Kalinowski, M Gullans, D Hangleiter (and others), in preparation
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