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mechanical computer

Inca quipu “device” (7th century), knot computing

today



mechanical computer

(reckoner

- mechanical multiplication of numbers

Gottfried Wilhelm Leibniz, 1690




mechanical computer

digital computer

- Data SIO, NOAA, U.S. Navy, NGA, GEBCO ) .
Image ern:;:tl é CCAogemlcus . Goog'e Earth

Methtesselstr. 7 in Berlin-Kreuzberg



mechanical computer
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Konrad Zuse
(1910-1995)




mechanical computer
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addition ~ 0,8 seconds
multiplication ~ 3 seconds

Konrad Zuse
(1910-1995)




mechanical computer
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vacuum tube computing



mechanical computer

digital computer

transistor
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John von Neumann & MANIAC, Los Alamos

digital computer

Cray X-MP/28 supercomputer, ETH ZUrich

transistor computing



mechanical computer

digital computer
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transistor computing



mechanical computer

digital computer

November 2024, research center Julich

supercomputer “off the shelf” — JUPITER



mechanical computer = analog

digital computer -

analog quantum simulators



mechanical computer
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digital computer

analog quantum simulators
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Max-Planck Institut for guantum optics, Munich
since about 2000



mechanical computer

digital computer

analog quantum simulators

Microsoft's Majorana 1 chip (February 2025)



quantum computing today — “NISQ’

An experimental pivot from of a few pristine qubits

to the realization of circuit architectures of 50 ... 1000 qubits

out tolerating a significant level of imperfections.

devices

IBM’s Eagle generation — 127 qubits Google’s Willow chip — 105 qubits
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quantum computing today — “NISQ’

An experimental pivot from of a few pristine qubits

to the realization of circuit architectures of 50 ... 1000 qubits

out tolerating a significant level of imperfections.

IBM's Eagle generation — 127 qubits

127 qubits
(2021)

433 qubits
(2022)

Osprey

Eagle

1121 qubits
(2023)
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65 qubits
(2020)

27 qubits
(2019)
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guantum computing today — cloud computing
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IBM Quantum Platform Dashboard

Functions

Quantum processing units

quantum.ibm.com

Compute resources Workloads

QPUs you do not have access to with any instance appear with a lock

icon below.

Q

ibm_aachen

QPU status @ Online

Processor type Heron r2

Qubits 2Q error (best/lay d) CLOPS

156  1.03e-3/3.14e-3

ibm_fez

QPU status ® Online - Queue paused

maintenance

Processor type Heron r2

Qubits 2Q error (best/layered)

156  1.68e-3/5.78e-3

ibm_brisbane

QPU status ® Online

Processor type Eagle r3

Qubits 2Q error (best/layered)

127  2.52e-3/1.79e-2

ibm_rensselaer

QPU status ® Online

Processor type Eagle r3

Qubits 2Q error (best/layered)

127  3.02e-3/2.43e-2

Terms Privacy Cookie preferences

Support

ibm_kingston

QPU status @ Online

Processor type Heronr2

Qubits > ( layered)

156  1.05e-3/3.36e-3

ibm_torino

QPU status ® Online

Processor type Heron rl

Qubits 2Q error (best/layered)

133 1.27e-3/6.38e-3

ibm_quebec

QPU status ® Online

Processor type Eagle r3

Qubits 2Q error (best/layered)

127  2.12e-3/2.15e-2

ibm_brussels

QPU status e Online

Processor type Eagle r3

Qubits 2Q error (best/layered)

127  3.03e-3/2.44e-2

WYY © t +

82 card =REGIE

AlLQPUs (12) v N Y

ibm_marrakesh

QPU status @ Online

Processor type Heron r2

Qubits 2Q error (best/lay ) CLOPS

156

ibm_sherbrooke

QPU status @ Online

Processor type Eagle r3

2.57e-3/1.65e-2 150K

ibm_kawasaki

QPU status ® Online

Processor type Eagle r3

Qubits 2Q error (best/layered)

127 3.51e-3/2.21e-2 150K

ibm_strasbourg

QPU status ® Online

Processor type Eagle r3

Qubits 2Q error (best/layered)

127  2.86e-3/3.33e-2 220K

127 qubits
(2021)

1121 qubits
(2023)

Condor
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27 qubits
(2019)
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the “Killer app” of quantum computing”
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Paul Benioff, 1980 Yuri Manin, 1980 Richard Feynman, 1981
Quantum-Turing machine Computable and Uncomputable Quantum Computer

“ It you want to make a simulation of nature, you'd better make it guantum mechanical,
and by golly it's a wonderful problem, because it doesn’t look so easy. ”

— Richard Feynman, 1981

© Simon Trebst
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the basics of
quantum computers



conventional computer & circuits

processor / computer chip
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quantum computer & circuits

quantum processor

-

electrical circuit

logical bits = quantum bits

quantum gaies
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conventional gates

A B @
A
BDQ 00 | 0
01 1
XOR 10 1
11 0
A B @
D o
01 0
11 1
logical gates

© Simon Trebst

quantum cCircuits

HADAMARD

quantum gates

AB | ap AB | aB
R |
00) | [00) | " 00) | [00)
01) | [01) B s Jo1) | Jo1)
10) | [11) 77 parity 10) | |10}
11) 10) 11) 11)
A A AB A'B
0y | 10y + 1) = 1) 00) + |11)
| o)== =) T oD+ o)

guantum superposition

guantum entanglement



http://www.thp.uni-koeln.de/trebst/

// parity checks — joint measurements

guantum circuit for 2-qubit re

joint measurement |q1> |q2> |q1> ‘q2> S qE)

7)) s |32) 00) 00) o @

extract =

information 0 1> 0 1> 1 GE’

measurement 1 ()> 1 ()> 1 S

Gate. 11) 11) o =

shape //Z parity check
entanglement
. qubit e
0) e A q1)|g2) @) @) s
\Q1> \QQ>

— product | | (100) + [11)) /v2 O I?etll
data qubits state (101) 4 [10)) /v/2 state

|+ 4+) = = (|00) 4+ |01) + |[10) + |11))

1
2
© Simon Trebst
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conventional gates

A B @
A
BDQ 00 | 0
01 1
XOR 10 1
11 0
A B @
D o
01 0
11 1
logical gates

© Simon Trebst

quantum cCircuits

HADAMARD

quantum gates

AB | ap AB | aB
R |
00) | [00) | " 00) | [00)
01) | [01) B s Jo1) | Jo1)
10) | [11) 77 parity 10) | |10}
11) 10) 11) 11)
A A AB A'B
0y | 10y + 1) = 1) 00) + |11)
| o)== =) T oD+ o)

guantum superposition

guantum entanglement
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quantum circuits

quantum gates

A A/ A B A/ B/ A B A, B’
0|19 00) | 100) 00) | 100)
Z gate | =1 > o 01) 01) 5 B 01) 01)
CNOT LO) |11 22 parity LO) | [L0)
11) | [10) 11) | [11)
IE A A’
A A
0) 0)
S gate 1) i|1) E A A’ A B A'B’
A A
0) | 10)+[1) =1[+) 00) +]11)
Clifford circuit 1 0) — 1) = | ) [+ +) 01 + 10
easy to simulate (Gottesman-Knill theorem) HADAMARD

but not universal

complex phases guantum superposition guantum entanglement

© Simon Trebst
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quantum cCircuits

quantum gates

A A AB | A'B AB | A'B
0) 0) 00) | (00) 00) | 100)
Z gate | =1 > o 01) 01) 5 B 01) 01)
CNOT 10) | I11) ZZ parity 10) | [10)
11) | [10) 11) | [11)

A A

o | o

T gate ) |e|1)

E A A’ AB A’ B’
A A
0) 0) 4+ |1) = |+) 00) +|11)
10

[+ +)

non-Clifford circuit

universal and hard to simulate

HADAMARD 1) 0) = [1) = =)

complex phases guantum superposition guantum entanglement

© Simon Trebst
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shallow circuits
state preparation



gate

1) s [a2)

0)

q2)
—

system qubits

q1)

© Simon Trebst

measurement

aux. qubit

joint measurements & state preparation

A
parity check

product state

R LY 4
\> RZZ_e 1

| +)
a“qxljg?try 0000) + |0110) + |1101) — |EOL1)
O—o—O—e—0O—0—0O—0—0O—0——o-0O—00 cluster state
two-qubit
parity check 00110010} 4 |11001101)
O——0O-—0—20—2 002020

e )
decode

GHZ state |OOOOOOOO> -+ |11111111>
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state preparation & quantum circuit

product state

MEASURE

ausiiary 0000 + [0110) + |1101) — |@0D1)

00110010) + 11001101} {s}
o—O—o—O cluster state @ @ DECODE

00000000) + 11111111}

O—e—(O——O—e—(O—e

O
0
O

two-qubit -
parity check 00110010} + |11001101) shallow circuit

/

O—o—(O—e—(O—0—(O—e

The circuit depth does not scale

with the number of qubits.
cat state
decode

00000000 + |11111111)

O
(&
O

© Simon Trebst
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RZZ
RZZ

MEASURE

00110010} + [11001101) {s}

@ @ DECODE

00000000) + [11111111)

shallow circuit

The circuit depth does not scale
with the number of qubits.

monitored dynamics

© Simon Trebst

fast state preparation

00000000

() () ()
/Y

e
O

O

HADAMARD

—&® = cnoT
—®  cnor
- —&d  cNoT

- —&d  cNnor

. —@ | cnoT

 —@ cnor

00000000) + [11111111)

deep circuit

The circuit depth scales at least logarithmically
with the number of qubits.

unitary dynamics

long..

ange
CMment
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two-dimensional quantum states

two-qubit
parity check

Y\ M
O—e—O) o— Or—o—(O——)
Q Q Q Q Q
N N AN AN N N N -
O—e—(O——(O——(O—0-( ) O)——( <
Q Q Q Q @) Q Q Q
N N AN AN AN N N e
O—eo—(O—o—(O——(O—— OO )
Q Q Q (@) Q Q Q Q
N ) N N N N N s
(/ o— _—o— 00— 00— 00— —0— O \)
Q Q Q Q o Q Q Q
N AN\ AN AN AN AN AN\ r
O—e—(O——(O (OO OO
Q Q Q Q Q Q Q Q
N ) N N ) ) ) s
(/ o—_ —o— —o— —o—( —o—(_ —0— —@ \)
Q Q Q Q Q Q Q Q
N N N N ) ) ) s
O—eo—(Or—o—(O—o0— OO o0

@) Q Q Q Q Q Q

Or-o—O—o—O—0—O—0—O—o—O—o—0

O
('O ® ), ),
auxiliary

cluster state qubit

© Simon Trebst
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two-dimensional quantum states

Robert Raussendorf and Hans J. Briegel,
A One-Way Quantum Computer,

Phys. Rev. Lett. 86, 5188 (2001) two-qubit
parity check
[’ [ +)

0-0-0-0-0 O——0O——O ' O
® T ® 4 ® ®
® ® 0— () 0 ~ O—e—0)
e O O O O

op nou TN O—e g e O—o
percolation @ @ @ r—o—OO—e—0O —O
transition ' I T I
@ @ @ O—e—(O——0 O O
X% un %
oY Wow We O—e—0O—e—0O O—e—0
Q Q () () Q
@ @ O—e —O O—e—0O
(O] Q () Q
o Yo (v o \% —O O—e—0

auxiliary
it
cluster state qubl e e

© Simon Trebst
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A~ ~ A~ ~ A~ A~
o— —o—( o )r—o—( oo
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S C O F-o—O—o—O—0——0—O—0—0
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S
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N A A A A A AN -
O—o—(Or—o—(O—oo—(O—oo—(O—oo—(Or—o— )
Q Q Q o Q Q Q Q
—o—0O——(O——O——(O——O——O——O

auxiliary
qubit

(.

| guantum states

cluster state

iImensiona

0O
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A

0O
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|

Why Is this a toric code”

‘ O ‘
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m ) .o.o.o.Q’ooo R four-qubit

<‘: i O ) O O ) O : O ) oy / fg’;rk;ﬁlilzlg:t .000' "’o. stabilizer
TTTTTD o Sk s,;:

<‘: 0 : ‘ : 0 : ‘ : o : ‘ o) tV\’:Ot-)'CII'Ubit :@s ‘O:

R s R

q
q

© Simon Trebst
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stabilizer

rotated surface code

Why Is this a toric code”

— 0@ 0 0 O

O o
—O0—0@ 00

O

O—0 000

O 0 0
—0 0 00O

O O o

<:o
4T
q

31t



http://www.thp.uni-koeln.de/trebst/

rotated surface code

Kitaev (1997)

open boundaries
(rotated surface code)

Ol —e- - A

o—| 1| —

= ®O- —

/ ©— T

_ @ -
computation

qubit

@ /L —A

@1 ——

auxiliary = (O—= —

quUbIt ~_ (O)— o

@— S——

The toric/surface code was conceived
as a measurement protocol.

49 computational qubits
48 auxiliary qubits d_7 COde

© Simon Trebst
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long-range entangled
topological order

© Simon Trebst

cluster state
Zy x Z§V

short-range entangled
SPT order

two-dimensional quantum states

N. Tantivasadakarn, R. Thorngren, A. Vishwanath, and R. Verresen, Long-Range Entanglement from Measuring Symmetry-Protected Topological Phases, PRX 14, 021040 (2024)
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OO0

Q Q Q Q Q Q Q Q
N N AN AN N N N -
O—eo—(O—o—(O——( (oo
Q Q Q Q @) Q Q Q
N N AN AN N N N -
O—e—(O——(O——(O—0—( OO O
Q Q Q Q Q Q Q Q
N ) N N N N N s
(/ o— _—o— 00— 00— — 00— —0— —© \)
Q Q Q Q Q Q Q Q
N AN\ AN AN AN AN AN\ /
O—e—(O (OO OO
Q (@) Q Q Q Q Q Q
N ) N N ) ) ) s
(/ o—( —o—( —o—( r—o—(_ r—o—( —0— O \)
Q Q Q Q Q Q Q Q
N N N N N N N e
O—o—(O——(O——O—o—(O——( OO0
Q @) Q Q Q Q Q Q
N AN AN\ AN\ AN\ AN\ AN\ r
O—e—(O—o—(O—0—(O—— OO0

/2

long-range entangled
quantum order



http://www.thp.uni-koeln.de/trebst/

perspectives




state preparation by measurement

Raussendorf & Briegel, PRL 86, 5188 (2001)

Tantivasadakarn et al., PRX 14, 021040 (2024)
* measurements are a powerful tool to create entangled states

e shallow circuit constructions for cat & toric code states

* trade-off in form of auxiliary qubits and decoding

* preparation of non-Abelian topological order also possible

N. Tantivasadakarn, R. Verresen, and A. Vishwanath, ;
Shortest Route to Non-Abelian Topological Order on a Quantum Processor, Erez Berd SW
Phys. Rev. Lett. 131, 060405 (2023) ralk tomorro

* open guestions

 stability of protocols

* thresholds & critical phenomenology tomorrow’s

lecture

* implementation on gquantum processors

© Simon Trebst
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deep circults
monitored dynamics



joint measurements & entanglement

q1) 5 |%2)

parity checks in different basis checks instead of projectors

measurement

gate

727 757
\ S

(=) vv SV
) xx s

- @ - @
A XX

YY

aux. qubit

0)

1) lg2)
, ; measurement dynamics Hamiltonian dynamics

data qubits \/

T new toolbox for quantum many-body physics
Imon lrebst
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Hamiltonian vs. monitored dynamics

Hamiltonian dynamics measurement dynamics
* equilibrium dynamics of isolated systems * out-of-equilibrium dynamics of open systems
* unitary evolution * non-unitary evolution
* energy conserved * energy not conserved
* quantum ground states * long-time steady states
* area-law entanglement structures * plethora of entanglement structures
* macroscopic entanglement (spin liquids) * macroscopic entanglement (spin liquids)
oo frustration .~ o~ " oy
@ @ @ @ @ @
as L1 Ly A
l ®
magnetic g7 g7 Y Clifford
exchange AN quantum gates
S¢SY Y | materials

© Simon Trebst
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random projective Kitaev measurements

J

0 Majorana interaction
— Majorana surface code

Z

not (commuting)
plaguette flux

Clifford circuit

even interacting problem can be simulated in - - - -

polynomial time (in Heisenberg picture)
/ J /1249 X3X4Y5Ys

Nahum, Skinner 2020; Lavasani, Luo, Vijay 2023; Sriram, Rakovszky, Khemani, Ippoliti 2023; Zhu, Tantivasadakarn, ST 2023: + Majorana interaction

© Simon Trebst
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—TH,

imaginary time vs. measurement-only dynamics

Hamiltonian ground state

e Py

AJ) A

A

 brickwall circuit

e no disorder

Floquet weak measurement

(ei’cH +THO) ‘ WO>

AJ) A A

A LA] [ X

 brickwall circuit

e Born disorder
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entanglement & circult geometry

hexagonal geometry dodecagonal geometry
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Nahum, Skinner 2020; Lavasani, Luo, Vijay 2023; Sriram, Rakovszky, Khemani, Ippoliti 2023 analytical connections to loop models and NLoM models
Klocke, Simm, Zhu, ST, Buchhold 2024: non-bipartite geometries numerical simulations for 100,000,000 = 108 qubits
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perspectives




state preparation by measurement

* measurements are a powerful tool to create entangled states

e shallow circuits

* long-range entanglement from short-range SPT order

* trade-off in form of auxiliary qubits and decoding

* preparation of non-Abelian topological order also possible

* deep circuits

* measurement-only dynamics

e monitored Kitaev models

 fractionalization in Floquet codes
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