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Backgroung & Objectives

Background

« Leibniz Supercomputing Center (LRZ)
purchased HQESNoiseApp 2022 in the

context of the Q-Exa Grant.

« LR/ asked HOS to set up a training for
their users on HQSNoiseApp.

Today's Objectives

« Provide participants with knowledge of
starting  working  with ~ HQSNoiseApp

Software.

HOS - The potential of quantum simulation



HQS Team

LRZ Workshop

Dr.Konstantina Alexopoulou

Title: Business Development
and Grant Manager

Rolein the workshop:
Introduction & Overview of
the Workshop

HOS - The potential of quantum simulation

Dr. Pascal Stadler

Title: Expert and software
developer in the field of
quantum simulation

Role in the workshop: Hands-
on Training

Dr. Giorgio Silvi

Title: Expertin the field of
quantum algorithms and
guantum computing

Role in the workshop: Hands-
on Training



HOS - The potential of quantum simulation

Agenda

EEEEERE T

Introduction: Supercomputing and HQS
Dr.Konstantina Alexopoulou

Connectionto the QLM systemat LRZ (156

minutes)
LR/

Introduction to quantum computing
Dr. Pascal Stadler

Break

Qogo/Rogo: Introduction & Examples
Dr. Giorgio Silvi

Strugture: Introduction & Examples

Dr. Pascal Stadler

Lunch Break

=
Ea
=
=3
=

Time Evolution: Introduction &
Examples
Dr. Giorgio Silvi

Noisy Algorithm Model (Basic)
Introduction & Examples

Dr. Pascal Stadler

Break

Noisy Algorithm Model (Basic)
Introduction & Examples

Dr. Pascal Stadler

Open Discussion / Feedback



HQS at a glance

HQS has grown strongly every year since its inception

Q Q0 0 0 different
> S S :
Q 0 0 0 countries
= = = == That employees come from
% Qua_ntum Assisted )
First major public release: Design (QAD) Toolbox HQSNoiseApp
Erdesapartiochs s, et

ounded by four goqo, the quantum
physm\stsmh circuit representation
;’;EP'-‘: lg ;i 14 employees library, is released.
al quantum !
computing. 30 employees.

of our employees are female

Collaborations with BASF, Bosch, Merck, Total,
Covestro, AstraZeneca and others. @ @ @ |7 5 7

. of our employees have a PhD
O-BASF BOSCH MEBRTK o

We create chemistry

\ ‘ - AstraZenecaC?

TotalEnergies ~—

=gie

HOS - The potential of quantum simulation



HQS at a glance

PlanQK, BMWK
AQUAS, BMWK
QUASAR, BMBF
MANIQU, BMBF

PhoQuant, BMBF

HOS - The potential of quantum simulation

QSolid, BMBF

(-Exa, BMBF

NEASQC, EU

Avaqus, EU

BRISQ, EU
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HQS works on using
quantum computers to solve

HQOS - The potent ial of quantum simulation
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PC Centers and
Juantum Computing

HQOS - The potent ial of quantum simulation



{— The Way Forward: Bringing HPC and Quantum Computing Together

Quantum meets HPC

27%

HPC centers are already
experimenting with guantum
computing.

76 % 71%

HPC centers worldwide plan to
use quantum computing by
2023.

Plan to move to on-premises
quantum computing by 2026.

https://ml-eu.globenewswire.com/Resource/Download/40710644-657f-43db-be00-fcal7f0b77be

HOS - The potential of quantum simulation



{— The Way Forward: Bringing HPC and Quantum Computing Together

Quantum meets HPC

25% quantum

Distribution of core hours mechanical problems

HE Nuclear/Particle Physics |8 Light-matter interaction
B Strongly correlated B Chemistry
Not quantum

INCITE leadership program (2021)

HOS - The potential of quantum simulation



The Way Forward: Bringing HPC and Quantum Computing Together

Two main topics are to be mapped to the quantum computer / Examples of projects

Light-Matter Interaction Strongly Correlated Systems
e.g. Large-scale simulations of light-matter e.g. Towards predictive simulations of
interaction functional and quantum materials
[his project carries out ... guantum Goal of this project: prediction and
simulations ... so as to tackle ... the aesign of understanding of quantum-mechanical
sustainable materials that efficiently capture properties of materials that display nove/
and convert solar energy. properties including novel quantum phases.

Machine: | Cray XC 40
Node-hours.|1.200.000

Machine:| Cray XC40

Noae-hours{1.200 000

Machine| IBMACI22
Node-hours{500 000

HOS - The potential of quantum simulation



The Way Forward: Bringing HPC and Quantum Computing Together

LRZ: Working with HQSNoiseApp: Technological Pioneer in these fields

Light-Matter Interaction Strongly Correlated Systems

e.g. Photosynthesis, organic solar cells, excitonic

Interactions.

Resonance energy trangfer Lattice Models

HQSNoiseApp Software vailaa HQSNoiseApp Software available starting
01.07.2022 31.01.2023

HOS - The potential of quantum simulation
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Variational algorithms
and their [imits

HQOS - The potent ial of quantum simulation



Will variational algorithms work?

The current standard path to applications for NISQ
computers is variational algorithms.

However, variational algorithms have two fundamental

weaknesses:

The number of operations is too large for

NISQ computers.

The time to optimize the variational
parameters often scales exponentially with

the number of qubits.

HOS - The potential of quantum simulation

INITIALIZATION

GIVEN [{0)  wiTH \¢> = U(9>|¢>

COST FUNCTION

(0) = (¥(0)|0|¥(6))

T _. OPERATOR AVERAGE

CHANGE () uNTIL min<0> IS REACHED

GRADIENT DESCENT

927+1 = Opk n QTCLd9<O>Il>‘9?’ | / v Al

Ly

- (GRADIENT DESCENT STOPS
i‘y‘w,,...,‘,* I BECAUSE GRAD=0)

WITH [\ QUBITS, THE GRADIENT 1

DECAYS IN PROPORTION WITH
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HQS Alternative
approach

HQOS - The potent ial of quantum simulation



Simulate Quantum Systems on Quantum Computers

Time Evolution: Proven exponential advantage on quantum computers

Time Evolution

For a given physical Hamiltonian, the quantum computer
can efficiently create the time evolution U(t) = e'fst

We need to get all the relevant properties we want from
time evolution.

HOS - The potential of quantum simulation



| _ _ THE QUANTUM COMPUTER
HQS Software: Integrating the error into IS AN OPEN QUANTUAMN SYSTEM
the algorithm TN

TQUANTUM T ENVIRONMENT Y
We need to simulate the systems as they are in nature: E 'S'YS' TEM/ K

| | {ComPUTER §
Time-evolving open quantum systems g £

R P \NTERACTION ™
HQS solves this problem by making the s SO
@ error part of the algorithm. AND MAPS TO

All quantum systems are embedded in an

environment that can be mapped to quantum ENVIRONRNENT
computers and turn a source of errors into Voo, TP 5 % I Ap——

computing power. INTERACTION

ANOLECULE

HOS - The potential of quantum simulation



Our Approach
HQSNoiseApp Workflow

Define problem

Device > HQSNoiseApp > Gates and Simulator or

instructions actual device

specification

H 2 9o Lery 2 9o

TWO PAPERS EXPLAIN OUR APPROACH IN DETAIL

@ A quantum algorithm for solving open quantum system dynamics on quantum computers using noise.
Read more: https://arxiv.org/abs/2210.12138

@ Describing Trotterized Time Evolutions on Noisy Quantum Computers via Static Effective Lindbladian.
Read more: https://arxiv.org/abs/2210.11371

HOS - The potential of quantum simulation


https://arxiv.org/abs/2210.12138
https://arxiv.org/abs/2210.11371

Our Approach

Strugrure: Definition of spin Halmitonian

Device > > Gates and Simulator or

instructions actual device

Define problem HQSNoiseApp

specification

Hy @ Qe Lery 9o

https://creativecommons.org/licenses/by/2.0/deed.en

Specification
via Strugture as
a spin mode|

HOS - The potential of quantum simulation



Our Approach

Wogo: HQS toolkit to represent quantum circuits

Device >

> Gates and Simulator or
specification

instructions actual device

Define problem HQSNoiseApp

Hy @ Qe Lery 9o

https://creativecommons.org/licenses/by/2.0/deed.en

HOS - The potential of quantum simulation



Our Approach

> Gates and Simulator or

Device .
> FIQSNoiseApp instructions actual device

il 2 specification

Hy O Qoo Lerr & gogo

HQS

Internal
simulatorin
gogo or LM

HOS - The potential of quantum simulation



Simulate Quantum Systems on Quantum Computers

HQSNoiseApp in practice / Use Case: Nuclear Magnetic Resonance

Challenge: NMR spin problem

8.2 8.0 7.8 76

8 (ppm)

Spectroscopic technigue that is
used in chemistry, and pharma to
study the structure and
properties of molecules

Measures the interactions of
nuclear spins when placedin a
powerful magnetic field

Simulation using NISQ devices:
high levels of noise = limitation
on their ability to perform more
advanced NMR simulations

Approach: HQSNoiseApp

Define
HO
Device
Specification Q qoq?

A4

HQSNoiseApp Lerr

N

Gates and O
) P90

N

Simulator or
actual device

Benefits: Integrates the noise into
the algorithm

« | More accurate simulations

 Integration of noise

More efficient resource
utilization
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Agenda

EEEEERE T

Introduction: Supercomputing and HQS
Dr.Konstantina Alexopoulou

Connectionto the QLM systemat LRZ (156

minutes)
LR/

Introduction to quantum computing
Dr. Pascal Stadler

Break

Qogo/Rogo: Introduction & Examples
Dr. Giorgio Silvi

Strugture: Introduction & Examples

Dr. Pascal Stadler

Lunch Break

=
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=
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=

Time Evolution: Introduction &
Examples
Dr. Giorgio Silvi

Noisy Algorithm Model (Basic)
Introduction & Examples

Dr. Pascal Stadler

Break

Noisy Algorithm Model (Basic)
Introduction & Examples

Dr. Pascal Stadler

Open Discussion / Feedback
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Thank you for
your attention!

info@guantumsimulations.de
www.quantumsimulations.de
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Introduction to
Quantum Computing

* (Qubit, operations and circuits
» Decoherence theory

 Physical realisations




Qubits, operations, circuits




Bit

Switch with two positions: state either O or 1

Qubit

Quantum mechanical two-state system

Superposition: [1) = a|0) + £|1)
Geometrical representation: Bloch sphere

0 - 0
1) = COS§|O> + ewsin§|1>

da
{7



Measurement

Conventional computer: We can examine a bit to determine if itisin state O or 1.

Quantum computer: We can not determine the quantum state.

Result O with probability — |ar|?

¥) = al0) + B]1)

al? + 82 = 1 Result 1 with probability \5]2



Quantum operations

Quantum operators by unitary gates

Single-qubit gates
(0 1 a (p |
) )

Two-qubit operators

1 0 0 O 00 00

10 1 0 O Qo1 | | o1
CNOT = 00 0 1 CNOT ao | = | ans
0 0 1 O 11 Q10

Universal set: Hadamard, phase, pi/8 gate, CNOT

qubitl

qubit?

CNOT




Circuits

qubitl  ]0) — A 0,1
qubit2  10) o - A 0,1
qubit 3 0) I = I /}4\071
qubit4  |0)— N —— - - < 0.1

Initialisation Unitary evolution Measurement



Decoherence theory




Decoherence theory

Close system: | H = Hg

- Schradinger equation [1(t))

e "5 [1(0))

system

i
{7



Decoherence theory

Close system: | H = Hg

- Schrédinger equation |1(¢)) = e~ 5 [4(0))

Openquantumsystem: | H = Hg + Ho + Hg

- von Neumann equation  Prot(t) = — [H, pot]

system

@nvironment

J

=
&



Decoherence theory

Close system: | H = Hg

- Schrédinger equation |1(¢)) = e~ 5 [4(0))

Open quantum system:

H=Hs+ H-+ Hg

- von Neumann equation  ptot(t) = —i [H, prot]

- Lindblad-master equation

rate matrix

e

system

@nvironment

J

left and right Lindblad operators

: ] 1
P = ,C(,O) — _Z[HS7IO] + ZMj,k (AJPA}; _ Z{AIJQAJMO})

7,k

i
{7



Examples: Damping and dephasing

7.k

[p' = L(p) = —i[H,p] + > _ M;; (Aij}; - %{AZA;/» p})]

Lindblad operators dephasing
Aj = Ak — O 4

Lindblad equation

,b — —i[ﬁ, P] + "Ydephasing (O-zpo-z — P)

Rate matrix

MO'Z ,0, — "Ydephasing



Examples: Damping and dephasing

7.k

[p' = L(p) = —i[H,pl + Y Mj (Aij}; - %{AZAJ'» p})]

Lindblad operators dephasing Lindblad operators for damping
Aj = Ak = o Aj:Ak:0'+:%(O'w—|—iay)
Lindblad equation Lindblad equation
p = —’i[ﬁ , p| + Ydephasing (0200 — p) p=—ilH.pl
+ Ydamping (0+p0_ — %U_Jer — %p0_0+)
Rate matrix Rate matrix

Mazaaz _ ’YdephaSing Maw,ax = Maw,iay = Miay,ax = Miay,iay — 7damping/4

i
{7



Physical realizations




Superconducting qubits

Superconducting qubits consists of aloop a
superconductivting wire interrupted by small

insulating layers.

Different types of superconducting qubits:
transmon qubit and flux qubit. Most common type

IS a transmon

Connectivity: depends on device (linear, square, ..)

Two-qubit gates
* CZ SWAP, iISWAP,

Linear connectivity

e—& & —90



lon traps

lon trapped quantum computers use charged
atoms to store and manipulate quantum

information

lons are confined using electromagnetic fields and
(a) (b)

manipulated with laser pulses to perform quantum
Rev. Mod. Phys. 93, 026001

operators

Connectivity: allions can interact (all-to-all) N
| All-to-all connectivity
Two-qubit gate: Malmer-Serensen gate

cos(6/2) 0 0 —isin(6/2)
: 0 cos(6/2)  —isin(0/2) 0
VbR O] = 0 —isin(0/2)  cos(0/2) 0

—isin(0/2) 0 0 cos(0/2)
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-/ Our Approach

Gates and
instructions

Device . Simulator or
> HQSNoiseApp actual device

LI e o specification

Leyy 9 goqe

Hy @ o

HOS

teve Jurvetso m M ark,
https://creativecommons .org/licenses /by/2.0/deed.en







Calls with
parameters

.
>

User/ Returns
user program  result

Ease of Use Portability Speed

Fast symbolic variable evaluation

(optional) Python interface Linux, macOS, Windows, x86, ARM
and Rust core (rogogo)

with minimal dependencies







What Qogo is:

» Atoolkit torepresent quantum programs including

circuits and measurement information

e Athinruntime to run quantum measurements

: * Away to serialize quantum program
O O * Asetof optionalinterfaces to devices and simulators
) What Qogo is not:

* Adecomposer translating circuits to a specific set of

gates
*  Aquantum circuit optimizer

* Acollection of quantum algorithms



Architecture

Operations and Circuit

Measurements and QuantumProgram

Backends

Devices

Clrcwt
Measurement Input

l Contains

Free Parameter

Measurement o
Y Contains
Calls with
parameters
. > Runs on
- QuantumProgram
User/ Returns

user program result

Part of gogo/rogogo

External package

Device Trait
Implements

Device of backend

Backend

Implements

EvaluatingBackend




Architecture

Operations and Circuit

- Operations and Circuit can be used [

to represent single quantum
circuits that run on quantum
hardware.

Measurements and QuantumProgram

Backends

Devices

1

)

} Contains

|

|

|

Contains

Calls with
° parameters
User/ Returns
userprogram  result

Runs on

Part of gogo/rogoqo

External package

Implements

|

Uses

)
)

(
L

Implements

J




In order to create a useful result, a Circuit in gogo must

Operations and Circuit contann

« Adefinition of a classical register for readout

« Operations to change the state of the quantum
computer, for example Rotate/ or CNOT gate

« Definitions: Operations that declare operations. o |
classical register values « A measurement to return classical information based

on the state of the quantum computer.

Three main types:

« Gate: Unitary operations that can be
executed on every unitary guantum

computer
from gogo import Circuit
 Pragma: operations that help model from qogo import operations as ops
the noise on simulators (as well as # create a new cirouit
compilation directives, e.g. loop) circuit = Circuit()

# Define the readout for two qubits

circuit += ops.DefinitionBit(name="ro", length=2, is_output=True)

# Rotation around Z axis by pi/2 on qubit O

circuit += ops.RotateZ(qubit=0, theta=1.57)

# Entangling qubits O and 1 with CNOT gate

circuit += ops.CNOT(control=0, target=1)

# Measuring the qubits

circuit += ops.MeasureQubit(qubit=0, readout="ro", readout_index=0)
circuit += ops.MeasureQubit(qubit=1, readout="ro0", readout_index=1)




Architecture (o

Operations and Circuit
Part of gogo/rogoqo
Measurements and QuantumProgram
External package
- QuantumProgram combine several < / [ }
circuits with classical information,
to provide a high-level interface for - - | |
running quantum programs that Y GBS
vield animmediately usable result. P
[ ] [ J Implements
Backends
\ Y } Contains [ ]
Devices Calls with | Uses
parameters
& W Runs on f ]
s L
User/ Returns Implements
user program result




Quantum Program

« (JOogo wraps quantum circuits and measurement
information into a QuantumProgram

« |t can contain free parameters and can be

Calls with ’ serialized.
® PREIREIE R « Ideal for non-trivial quantum algorithm
dh | « |t exchange small amount of data:
User/ Returns +Input is minimal (e.g. atom types).
Hserprogram result + Qutput is JSON serializable and yields processed results (not
bitstrings)

v |deal for WebAP]
» Little communication overhead

~ Canbe called many times for different calculations



Architecture

Operations and Circuit

Measurements and QuantumProgram

Backends

- lo execute quantum circuits or
quantum programs, a backend
connecting to quantum hardware
or a simulator is required.

Devices

|

|

\

} Contains

|

|

Calls with
° parameters
User/ Returns
userprogram  result

} Contains

Runs on

Part of gogo/rogoqo

External package

Implements

Uses

)
)

(
L

Implements




Backends

« Backends are usedfor:

-~ Running quantum programs and obtaining
results from them

Runs on

- Translating qogo objects to other frameworks

mplements « Tominimize dependencies, Backends are
implemented in separate packages, e.g.:

« qogo-quest

e gogo-mygim



Backends

Runs on

Implements

« EvaluatingBackend provides the functionality to

run:

« Asingle circuit. The backend will execute just the circuit and
return the measurement results of allregisters in a tuple (bit-
registers, float-registers, complex-registers).

# a) Run a single circuit
(bit_registers, float_registers, complex_registers) = backend.run_circuit(circuit)

« A measurement. All circuits collected in the measurement are
executed and the post-processed expectation values are
returned.

#b) To run a measurement we need to replace the free parameter by hand
executable_measurement = measurement.subshtute_parameters(%ang\e": 0.2}
expectation_values = backend.run_.measurement(executable_measurement)

« Aquantum program.

# c) Run a quantum program. It has one free parameter that must be set when

executing It.

program = QuantumProgram(measurement = measurement,
input_parameter_names = ["angle"])

# Run the program with 0.1 substituting "angle”

expectation_values = program.run(backend, FO.l])




Architecture

Operations and Circuit

Measurements and QuantumProgram

Backends

|

Devices

- When compiling quantum circuits,
it is often necessary to know the
topology of a target quantum
device. Device properties can also
be used by backends, for example

} Contains

] |

Calls with
parameters

|

\ } ontains
Y Cont

to accurately simulate a given
quantum device

User/
user program

Returns
result

Runs on

Part of gogo/roqoqo

External package

\
)
Implements
L )
| )
| Uses

)
)

(
L

Implements




DeViCGS Devices can be:

« Abstract devices contain abstract
information about the device topology, the
available gates and the noise model.

External package

ot - Backend devices are devices that are
I'mp'eme”tS implemented by a gogo backend. They can
[ ] specify additional information for accessing
] Usos [ the device on the backend.
by calling
Output Trait methods

Device properties include:

- Topology

> Number of qubits

> Single-, two- and multi-qubit gates times
- Decoherence rates (for each qubit)

- Device's native gates

D@ &
PP 00€

Square :
lattice All to Al Generic




Hands on session!




HANDS ON: Qoqo s devices

- Set Square-Lattice Device
. Set All-to-All Device (Exercise 1)
- Add damping, dephasing and depolarising noise to Device (Exercise 2)

Fach exercise has:

problem.show_hint() #show a hint
problem.show_solution() #show the solution to the exercise
problem.check(user_solution) #check the variable containing the solution by the user
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https://cloud.quantumsimulations.de
% | lQS https://github.com/HQSquantumsimulations

info@quantumsimulations.de



https://cloud.quantumsimulations.de/
https://github.com/HQSquantumsimulations/qoqo
https://github.com/HQSquantumsimulations/qoqo

Log in on QLM machine

1) ssh -J <username>@aqclogin.srv.lrz.de <username>@qglm.for.Irz.de
2)./launch_glm_notebooks
a)ln the output take note of the portin: http://127.0.0. 1:####

3) (from another terminal) ssh -J <username>@qclogin.srv.Irz.de -L
<PortInOutput?>:localhost:<PortInOutput?> <username>@qglm.for.Irz.de

4) Ctrl+click on the link https://127... from step 2

5)Exercises are in home/LRZ workshop_exercises/examples
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-1 Our Approach )

y Y y y
Device . Gates and Simulator or
§ @

0y
------

Hy 9 gocp Legy 9 qocp

HOS

Steve Jurvetson from Menlo Park, USA
https://creativecommons .org/licenses, /by/2.0/deed.en




Struqgture: Overview




Struqgture

Strugtureis a library torepresent

* guantum-mechanical operators
* Hamiltonians
* open-guantum systems

Opeﬂ‘SOUFCe on the GitHub (https://github.com/HQSquantumsimulations)

* Rust (strugture)
* Python (strugture_py)

pip install strugture_py

The library supports building spin, fermion, bosonic
and mixed objects.



Struqgture

Strugtureis a library torepresent

* guantum-mechanical operators
* Hamiltonians
* open-guantum systems

Opeﬂ‘SOUFCe on the GitHub (https://github.com/HQSquantumsimulations)

* Rust (strugture)
* Python (strugture_py)

pip install strugture_py

The library supports building spin, fermion, bosonic
and mixed objects.

How we use strugture in the workshop:
* We define the Hamiltonian in strugture

* Nuclear magnetic resonance (NMR):
f{: —Z’kaoa'f—l-ZJwa’z '&j
i i<j
* Spin-boson Hamiltonian (mixed system):

B o=+ 3 b+ 5o 3 (b +5)

)



-1 Our Approach
]

y | y |

Device > Gates and
instructions

Simulator or

e actual device

Define problem specification

Hy 9 gocp Lefy 9 qocp

HOS

Steve Jurvetson from Menlo Park, USA
https://creativecommons .org/licenses, /by/2.0/deed.en

Classical solver

Strugture-QuTiP

Diagonalization




Spin, bosonic, mixed systems




Spin-systems
Spin-Hamiltonian (SpinHamiltonianSystem)
N—1
]:[ = Z Oéj HO’f
=0 k|

PauliProduct

a; real coefficient

o € X,Y,Z, I  Paulimatrices and identity

=0y 7= Y
=G o) =)

Creating a spin-Hamiltonian in strugture:

H =0.50%0"

—

PauliProduct



Spin-systems
Spin-Hamiltonian (SpinHamiltonianSystem)
N—1
]:[ = Z Oéj HO’?
=0 k|

PauliProduct

a; real coefficient

o € X,Y,Z, I  Paulimatrices and identity

=0y 7= Y
=G o) =)

Creating a spin-Hamiltonian in strugture:

A

H = 0.50507
\_Y_/

PauliProduct

# Hamiltonian with 2 spins.
ham = SpinHamiltonianSystem(2)

# Coefficient
alpha0 = 0.5

# Pauli-product
pauli_product = PauliProduct().z(0).x(1)

# Add Pauli-product to Hamiltonian.
ham.add_operator_product(pauli_product, alpha0)

Tutorial 2.1 on spin-Hamiltonians



Boson-systems

Bosonic-Hamiltonian (BosonHamiltonianSystem)

N—1 N—1 N—1
H=> o |] fG.% [] 90,0
7=0 k=0 [=0

o complex coefficient

f(g, k) € CZ:, 1 creation operator
9(4,k) € c,,1  annihilation operator

Commutation relations [cz, ] 0ij

c], cf] = [Czycg]

Normal ordering



Boson-systems

Bosonic-Hamiltonian (BosonHamiltonianSystem)

—1 —1 N—1
H=> o [[ fG. %) [] 9G.D
j=0 k=0 =0

o complex coefficient

fl3,k) € C?:, 1 creation operator
9(J, k) € ¢k, 1 annihilation operator

Commutationrelations  [e;, c}] = 0

[CLC;] — [C’i7cj] =0

Normal ordering

_E{:::Zi)cgclcg-+-2i)c£cico

In strugture the hermitian conjugate term
is stored internally.

Choice which of the terms is stored:
Smallest index of creation operators
smaller or equal to the smallest index in
the annihilation operator.

# Boson Hamiltonian
ham = BosonHamiltonianSystem(3)

# Add Pauli-product to Hamiltonian.
hbp = HermitianBosonProduct([0], [1,2])

# Add operator product
ham.add_operator_product(hbp, 2.0)



Mixed-Hamiltonians

Any system with more than one type is called a MixedHamiltonianSystem in strugture. Mixed-
system also include having several subsystems of one kind. For example to two spin-subsystems.

A —1 N—1 N—1
H=> o [[of T] rG.%) [] 9G.0)
=0  k k=0 1=0
LY_/\ ~ 4

spins bosons

« Spin-boson Hamiltonian
« System with several subsystems of same type



Two examples

Spin-boson Hamiltonian with 1 spin and 4 bosons.
3

3
H=eco.+Y bib+ %ax 3 (b} + bz-)

# Mixed Hamiltonian with 1 spin and 4 bosons.
spin_boson_hamiltonian = MixedHamiltonianSystem([1], [4], [ 1)

# Adding terms to spin_boson_hamiltonian...



Two examples

Spin-boson Hamiltonian with 1 spin and 4 bosons.
3

3
H=eco.+Y bib+ %sz (b} + bz-)

# Mixed Hamiltonian with 1 spin and 4 bosons.
spin_boson_hamiltonian = MixedHamiltonianSystem([1], [4], [ ])

# Adding terms to spin_boson_hamiltonian...

Spin-spin Hamiltonian with two spin-subsystem (s and b)

2 2
H _ S _|_ bz _|_ 1 S bq/
= €0 0 +502 ) 0a

# Mixed Hamiltonian with 2 spin-subsystems.
spin_spin_hamiltonian = MixedHamiltonianSystem([1, 31, [ 1, [ 1)

# Adding terms to spin_spin_hamiltonian...

da
{7



Open-quantum systems




Open-quantum systems

The Lindblad equation is a master equation determining the time-evolution of the density matrix.

rate matrix left and right Lindblad operators

e

: S 1
p=£(p) = —ilfl, gl + 3 M (Ayp4] - 541410} )

Ik
\_V_/ ~
SpinHamiltonianSystem SpinLindbladNoiseSystem
— _
——

SpinLindbladOpenSystem



Open-quantum systems

The Lindblad equation is a master equation determining the time-evolution of the density matrix.

rate matrix left and right Lindblad operators

e

: P 1
p=L(p)=—i[H,pl+ ) My (Ajpfll - 5{14;214:/, p}>
Ik
\_V_/ ~
SpinHamiltonianSystem SpinLindbladNoiseSystem

N— g
—

SpinLindbladOpenSystem

# Hamiltonian with 1 spin.
noise_system = SpinLindbladNoiseSystem(1)

# Create decoherence product (Lindblad operators) for dephasing.
dp = DecoherenceProduct().z(0)

# Add to noise system.
noise_system.add_operator_product((dp, dp), 0.1)

# Initialise Hamiltonian ...

# Group Hamiltonian and noise-system.
open_system = SpinLindbladOpenSystem(1)
open_system = open_system.group(spin_hamiltonian, noise_system)



Open-quantum systems

The Lindblad equation is a master equation determining the time-evolution of the density matrix.

rate matrix left and right Lindblad operators

e

: P 1
p=L(p)=—i[H,pl+ ) My (Ajpfll - 5{14;214:/, p}>
Ik
\_V_/ ~
SpinHamiltonianSystem SpinLindbladNoiseSystem

N— g
—

SpinLindbladOpenSystem

# Hamiltonian with 1 spin.
noise_system = SpinLindbladNoiseSystem(1)

# Create decoherence product (Lindblad operators) for-dephasing.
dp = DecoherenceProduct().z(0)

# Add to noise system.
noise_system.add_operator_product((dp, dp), 0.1)

# Initialise Hamiltonian ...

# Group Hamiltonian and noise-system.
open_system = SpinLindbladOpenSystem(1)
open_system = open_system.group(spin_hamiltonian, noise_system)



Open-quantum systems &

The Lindblad equation is a master equation determining the time-evolution of the density matrix.

rate matrix left and right Lindblad operators

e

: P 1
p=L(p)=—i[H,pl+ ) My (Ajpfll - 5{14;214:/, p}>
Ik
\_V_/ ~
SpinHamiltonianSystem SpinLindbladNoiseSystem

N— g
—

SpinLindbladOpenSystem

# Hamiltonian with 1 spin.
noise_system = SpinLindbladNoiseSystem(1)

# Create decoherence product (Lindblad operators) for-dephasing.
dp = DecoherenceProduct().z(0)

# Add to noise system.
noise_system.add_operator_product((dp, dp), 0.1)

# Initialise Hamiltonian ...

# Group Hamiltonian and noise-system.
open_system = SpinLindbladOpenSystem(1) : :
open_system = open_system.group(spin_hamiltonian, noise_system) Tutorial 2.2 onnoise SVStemS



Design of struqture




Systems

- SpinHamiltonianSystem
- BosonHamiltonianSystem

N-1
H= Z a; 1_[0;-C a; real
=0k

A=Y o (H f<j,k>> (H g(y,w)
j=0 k=0 1=0

always hermitian operator
- . &)
= 560&0 + h.c. —F—@

Operators

- SpinSystem
- BosonSystem

Spins O = ZajHaf o complex
; k

Bosons O = Z@j (H £, k)) <Hg(j,l)>

Fxample O = of + io?
A 1 )
O = 560&0 + %al



Physical types Container types

Strugture is designed to construct objects Container types are common to all physical
across all physical type. types (stored as dictionaries).
_ * Indices
* SpIﬂS  PauliProduct
° * HermitianBosonProduct
Bosons DecoherenceProduct
Fermions « Operators
* Mixed-systems © SpinSystem
BosonSystem

* Hamiltonian systems
SpinHamiltonianSystem
BosonHamiltonianSystem
MixedHamiltonianSystem

* Noise systems
* Open systems



Hands-on!




Overview of notebooks

o notebooks with examples in strugture

B 2 1 struqgture spins.ipynb

B 2 2 strugture spins_noise.ipynb
B 2 3 strugture bosons.ipynb

B 2 4 strugture _bosons_noise.ipynb

B 2 5 strugture _mixed_systems.ipynb

Hands-on

Additional material: No hands-ons. You
can go through if you have time.

The goals of the tutorials are that the user is comfortable with setting up Hamiltonians and

open-system model for spins.
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Login on the QLM machine

1) ssh -J <username>@aqclogin.srv.lrz.de <username>@qglm.for.Irz.de
?2)./launch_glim_notebooks
a)ln the output take note of the port in: http://127.0.0. 1:####

3) (from another terminal) ssh -J <username>@qclogin.srv.Irz.de -L
<PortInOutput?>:localhost:<PortInOutput?> <username>@qglm.for.Irz.de

4) Ctrl+click on the link https://172... from step 2
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(- Our Approach

Define problem > Device

specification

Hy & gogo

The HgsNoiseApp has
dependencies on 3 HQS libraries:

« (ogo: The HOS quantum
computing toolkit.

> Device and Backend: to run the
algorithm

HQS - The potential of quantum simulation

> Gates and Simulator or
instructions actual device

> HQSNoiseApp

o Strugture: An HQS library to represent quantum
Operator, Hamiltonian and Lindblad open systems.
Supports spin, Fermionic, Bosonic and Mixed systems.

« (Joqo calculator: A simple symbolic value library for
gogo and strugture that allows for mathematical
operations.

teve Jurvetso m o Park,
https://creativecommons.or g/licenses, /by/2.0/deed.en




-~ Our Approach

Device > Gates and Simulator or

> HQSNoiseApp instructions actual device

Define problem >

specification

Hy & qep Leyy & qep

teve Jurvetso m o Park,
https://creativecommons .org/licenses /by/2.0/deed.en

Device specification including noise and output including the
noisy algorithm model.

HQS - The potential of quantum simulation




HQS Noise App




HgsNoiseApp

Noisy algorithm

model map

extract

Quantum
Computer

run/simulate

The HgsNoiseApp has two main purposes:

« Toextract the effective noisy algorithm
model for a coherent time propagation
run on anoisy quantum computer

« o use the noisy algorithm model to
create optimized system-bath quantum
circuits to simulate a open quantum
Sﬁstem of interest with the help of the
physical noise on a quantum computer.




HgsNoiseApp

This session will focus on:

Creating a QuantumProgram for time propagating a state under a
spin Hamiltonian and measuring a collection of Spin operators

Calls with
parameters
() Runs on
User/ Returns

user program result




Time evolution on a
quantum device




Time evolution

Unitary time-evolution

Quantum simulations aim to predict the behavior of
quantum systems over time.

The Schrodinger equation dictates how quantum states
evolve:

(1)) = e~ 1(0))

Directly simulating an entire Hamiltonian with
quantum gates is challenging because
Hamiltonians typically involve non-commuting
terms!

Nonetheless, in many quantum systems, the Hamiltonian
can be expressed as a sum of local interactions:

H=> H,
J

[4(0))

exp —tH1




Trotter evolution

SOLUTION: Trotter-Suzuki expansion

It allows us to rewrite exponential operators as:

trotter step trotter step
: A B
eATB) = lim (enen )" N N
. . . . r 17 . .
which applied to our Hamiltonian becomes: | T a N |
’6—_17:1? Fm
—iHt __ —iHt/mim _ —iHTim || e B B B
exp~ M = [exp™ /™™ = [exp~17] [4(0)) |« i —
—iH;T1m e T et T
% [H eXp ! ] 7‘6—1;H37' N e—iHs’T | |
J . J
T=t/m

An approximation (error) occurs when individual unitaries do
not commute. But is under control for small increment of
virtual time




Trotter evolution

The goal of the division is to have a sequence of “small-
angle” unitary transformations which can be implemented

)~ . . trotter ste trotter ste

efficiently on hardware (e.g with Pauli gates). P N v .
6_Z'Hj7- 76—1H1T B | ‘e—ZHlT B 2
B 2 8—’LH4T N 2 6—1H4T7

—1HoT —iHoT

In case the 2 qubits gate is not natively present on the [9(0)) |l i B -

quantum device, this can be decomposed in a sequence of e~ HsT e~
3 basic gates, e.g.: = | isg] | B

\ J

e = e &




Trotter evolution

Sometimes the Hamiltonian might have a non-trivial nearest

neighboor interaction, for which spins “far apart” are coupled trotter step
and needs to interact.
N
. - : , . - -
This can be efficiently handled by the SWAP algorithm. = X = e_iH”X s

<-
—~
-
—
—
T
s

=

s‘

Q)
q

o

|
T

Q)

|
=




Trotter evolution
with the Noise App




Trotter evolution with Noise App

The trotterized time-evolution consist then of the
following steps:

R mimsinnlimecs

1) Prepar§t|on c.>fthe|n|t|a.l state ., ; 1_ | i
?) Trotterized time-evolution —:IZ :IZ
a)run the 1-step trotterized circuit N time N i

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

8) Measurement PREPARE |ig) UniTtary EVOLUTION MEASURE




Trotter evolution with Noise App

In the HOS Noise App we approximate an entire
trotter evolution using a Quantum Program
object, which contains:

Initialisation

Hamiltonian

Measured
Operators

(Quantum)
Device

setup

guantum_program = noise_app.quantum_program(
system_hamiltonian,
trotter_timestep=trotter_timestep,
initialisation=initialisation,
measured_operators=operators,
operator_names=operator_names,
device=device,

execution

for iin range(number _trottersteps):
simulation = noise _app. simulate _quantum._ program(
quantum_program, i, device, number_spins



Hands on session!




HANDS ON: Time-evolution on perfect device

- Import Hamiltonian (C2H3NC)

. Set Device
. Set Initialisation

- Set Measurement (Exercise 1)
- Set HQSNoiseApp
- Create Quantum Program

- Plot circuit

- Execute the quantum program with Quest (Exercise 2)

- Fourier Transform the results

- Execute the quantum program with QLM

- Fourier Transform the results
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(- ) Our Approach

4 4 - 4
Device : Gates and Simulator or
©)
Hy & 9ee
Lhe quSNOI_SeAppéWa%S i « Strugture: An HQS library to represent quantum
ependencies on loraries: Operator, Hamiltonian and Lindblad open systems.

Supports spin, Fermionic, Bosonic and Mixed systems.
« Qogo: The HOS quantum

computing toolkit. « (Qogo calculator: A simple symbolic value library for
Jev 4 Backend 5 goqo and strugture that allows for mathematical
> Jevice and backend: torun the operations.

algorithm




Decoherence theory




Decoherence theory

Close system: | H = Hg
- Schrédinger equation [1(t)) = e~ 5% |4(0))

Open quantum system: [H = Hs+ Ho+ Hg ]
- Lindblad-master equation

system

\environment

J

rate matrix left and right Lindblad operators

o

: o 1
p=L(p) = il pl+ 3 My (A5p] ~ 5 (414;.})

jsk
* Properties
p=p', tr(p) =1, and p > 0



Damping and dephasing v

{7

7,k

[/’) = L(p) = —i[H,p] + > _ My (AjPA;Tf - %{ALAJ-, p})]

* Dephasing
+ Lindblad operators Aj=Ar =0,
- Elements of rate matrix Mo, 5. = Ydephasing
* Damping
- Lindblad operators Aj=Ay=0" = (0 +i0Y) /2

- Elements of rate matrix Ms, o, = Ms, io, = Mis, 0, = Mis, ioc, = Ydamping/4



Noisy-algorithm model: Intro




The noisy algorithm model

In a single Trotter step, the state evolves with

7U7

b/

| -

[ p(t) = ectpo]

The time-evolution in a noisy quantum circuits

deviates from the noisy-free time-evolution.

~UHNH HN —
U
gy, Sy ip Iy .

[ p(t) = eﬁfg”eeﬁtpo - eﬁefftpo]

\

Physical noise




The noisy algorithm model

In a single Trotter step, the state evolves with

—
b/

| -

[ p(t) = e“ﬂo]

The time-evolution in a noisy quantum circuits

deviates from the noisy-free time-evolution.

~UHNH HN —
U
gy, Sy ip Iy .

[ p(t) = e“fg”eeﬁtpo - eﬁefftpo]

\

Physical noise

Noisy-algorithm model describes time-propagation

of state under Lindblad equation

Lef‘f(p) — _i[Ha p] =+ Z[’Igff
k

\_ p(t) = e~ py

4 Effective Lindblad equation )

J




Hands-on!
Noisy-algorithm model: basic example




Noisy-algorithm model from HQSNoiseApp

# Setup Hamiltonian
number_spins = 7
hamiltonian = spinHamiltonianSystem(number_spins)

# Setup device
noisy_device = devices AllToAllIDevice(..).add_damping_all(0.001)

# Initialise the HLOSNoiseApp.
noise_app = HgsNoiseApp(noise_mode).algorithm(algorithm)

# Get noisy-algorithm model
noisy_algorithm_model = noise_app.noisy_algorithm_model(hamiltonian, trotter_timestep, noisy_device)



Noisy-algorithm model: Basic example

The goal of the tutorial is to compare the time-evolution of the noisy-algorithm model with
the execution of the circuit.

1) Simulate circuit with QUEST
?) Time-evolve state with noisy-algorithm model (QuTiP)

p(t) = e~ py Lesi(p) = —i|H, p] + Z Liq
k
3) What are the dominant noise-terms in the noisy-algorithm model
Left and right SpinLindbladNoiseSystem(3){
Lindblad (21Y, 2X): (7.999999994434254e-1 + i * 0e0),
operators (2X, 2X): (7.999999992579003e-1 + i * 0e0),
(1X, 1X): (7.499999970117005e-1 + i * 0e0),
(6X, 0X): (6.999999981729255e-1 + i * 0ed),
(2iY, 2iY): (8.999999994434255e-1 + i * 0e0),

Change basis from (04, 0,,0.) to (04,0-,0,)



Summary




Summary

N\
Good agreement between execution of circuit and noisy-algorithm model
1.0 - ’ — nm;y device 1 L
".I Lindblad equation
0.8 - ",
0.6 |
A 0.4 1 1!.
= \
v 02 |
!1 ;_,_._\
0.0 1 '..I ;."'f \\\\P*’/_-‘ﬂr”‘—' i ey B
l{ ',
-0.2 ..i. .J_F
\ /
—0.4 - \/
0.‘0 0I5 l.IO 1?5 2:0 2.l5 3.10 T T

3.5 4.0
time

The noisy-algorithm describes very exact how noise appears while running a circuit.



Lindblad operators in (oy, 0y, 0;) basis

« \We set only damping in the device. |
* Damping is described by _

1
A=Ay =0 = 5 (6% +i0Y) .

* Rotatebasisto (o4,0-,0;) 00

¥ X X ¥ F ¥ N ¥ ¥ ¥ ¥ ¥ N £F N £ % % N N N
o~ ™~ — o ~ '~ o~ S 5] e 1<) = = = ™~ ~ = o — [=] —
X X X x  x xX X N N = > X x N N X X = N N
8 8 2 2 § 8 8 8 26 & 8§ 2 & 2 ¢ o &4 & 4o 2 Z



We set only damping in the device.

Damping is described by

1
Aj:Ak:0'+:§(O'x—|-iO'y)

Rotate basisto (04,0_,0,)

Main noise is still damping

But: there are others noise terms
during the execution of the circuit

Lindblad operators in (oy, 0y, 0;) basis

0.8 -

0.6 -

0.4

0.2 -

0.0 -
X X X X ¥ ¥ N F ¥ ¥ ¥ £F N ¥ N ¥ X ¥ N N N
~N ~ - o N ¥~ o~ S S for] S = o = ™~ ] - o - o —
> x X %< 3 = : i i ; > 3 N = > > N N
&8 &8 2 ¢ 3 § § 88 8 5 5 8 35 388 38 5 68 @z

Lindblad operators in (¢, 0_, 0,) basis D
3.0 D ; ]C
amping o —»

25 qubit0,1,2

2.0 -

15 1

1.0 1

0.5 -

& = | = = m B = | o = E [
T T T Ll T T T T T T T T T T T T T T T T T T T
2 oy R 7 o .~ . D BT O e B i o oo e (B AL S~y I s R s Lo A - F.J - T N
N I8 S AR & kS Xeo kAo gt H L E N NE AN LN
T L S S s - N N T S T S
o geaocl e goedcegisaodgz=ad
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info@quantumsimulations.de
www.quantumsimulations.de
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() Our Approach

y|

> Device HQSNoiseA Gates and Simulator or
specification PP instructions actual device

Define problem

H Qo Ly Do

HOS HOS

Steve Jurvetson from Menlo Park, USA
https://creativecommons.or: g/licenses, /by/2.0/deed.en

Device specification including noise and output including the
noisy algorithm model.

Lets now analyze the noisy algorithm model a little more.




The noisy algorithm model

In a single Trotter step, the state evolves with

—
b/

| -

[ p(t) = ectpo]

The time-evolution in a noisy quantum circuits

deviates from the noisy-free time-evolution.

~UHNH HN —
U
gy, Sy ip Iy .

[ p(t) = eﬁffg”ee“po - eﬁefftpo]

\

Physical noise

Noisy-algorithm model describes time-propagation

of state under Lindblad equation

4 Effective Lindblad equation )
Leff(p) — _i[Ha p] =+ Z/"‘Igff
k

< p(t) = e~ pg Yy

Distinguish between
Native gates
Non-native gates

Describing Trotterized Time Evolution on Noisy Quantum Computers via
Static Effective Lindbladians, arXiv:2210.11371



Circuits with native gates

Trotterized time-evolution

M
= —I exp(—i Z HyT)
g=lI k

Add noise to partial Hamiltonian

eXp(—’inT) — eXp(»Cégvtgate) exp(—’inT)

— exp(ﬁlgﬂw) exp(—iHT)

tgate

Rescale noiserates  M{T = M ;
! T

Native gates:

No fundamental change in noise

behaviour

Contribution to effective noise depends

on ratio of gate time to simulate Trotter

timestep.



Non-native gates

* Noisy algorithm model for a partial Hamiltonian
Large angle gates:
exp(—iHyT) = exp(LEeT) exp(—iH),T)

* Noise terms are transformed by unitary

* Commuting noise gates

—inT _ .
€ =Uo kUi --- * Noiserates arerescaled

k.0 k,1
— eXp(L ; t ate)UO,k eXp(E : t ate)Ul,k: . . . .
N g N e « Qualitatively different behaviour

Uo .k exp(ﬁ?\}ltgate) — eXp(,Cil’c?T)Uo,k;

* Modification of noise operators

1,k T eff tgate



Example: Commuting Noise

Partial Hamiltonian and damping
H, = o, A=o0"

Decomposition

] 2 5 (6) — H Rz(9) H p—

Add noise operator after every gate

k,0 k,1 k,2
UOU1U2 — eﬁN tgateUk,oeﬁN tgateUk,leﬁN tgateUk;,Q

1 1
Aéﬁ? = UO,k»AUJ,k = 50'2« — §O'y
Change from pure damping to dephasing, damping

and excitation



Example: Commuting Noise

Partial Hamiltonian and damping
H, = o, A=o0"

Decomposition

— R () = H Rz(0) H p—

Add noise operator after every gate

k,0 k,1 k,2
U0U1U2 — €£N tgateUk,oeﬁN tgateUk,leﬁN tgateUk;,Q

1 1
Aiﬁ{{: = UO,k:AUg,]f = 50'2« — §O'y
Change from pure damping to dephasing, damping

and excitation

Transformation depends on
Choice of decomposition

Available gates of hardware

All-to-All
QSWAP Algorithm
o *—@ @
o—@ o—=0

Tutorial: noisy analysis for different algorithms



Hands-on
Noisy-algorithm model: Advanced




. A
Correlated noise

The goal of the tutorial are:
1) Study how large angle two-qubit gates modify the noisy-algorithm model

* Device with linear connectivity: SWAP gate (large angle two-qubit gate)
* The large angle two-qubit gate will introduce correlated noise terms

SpinLindbladNoiseSystem(3){

. (0iY1X, @iY1X): (8.749999977185001e-2 + i * 0ed),
correlated noise = (0X1iY, OX1X): (6.2498050000001984e-2 + i * 0ed),
terms (0Z1X, 1iY): (6.249999999999999¢-2 + i * 0e@),

(2iY, ©Z2X): (6.249999999999999%¢-2 + i * 0ed),
(1X2iY, 1iY2iY): (2.499731250000083e-2 + i * 0e0),
(6X, 0iY): (6.499999995432315e-1 + i * 0ed),



. A
Correlated noise

The goal of the tutorial are:
1) Study how large angle two-qubit gates modify the noisy-algorithm model

* Device with linear connectivity: SWAP gate (large angle two-qubit gate)
* The large angle two-qubit gate will introduce correlated noise terms

SpinLindbladNoiseSystem(3){
(PiY1X, 01Y1X): (8.749999977185001e-2 + i * QeB),

correlated noise (6X1iY, OX1X): (6.2498050000001984e-2 + i * 0ed),

terms (0Z1X, 1iY): (6.249999999999999¢-2 + i * 0e@),
(2iY, ©Z2X): (6.249999999999999%¢-2 + i * 0ed),
(1X2iY, 1iY2iY): (2.499731250000083e-2 + i * 0ed),
(8X, @iY): (6.499999995432315e-1 + i * 0ed),

?) Develop an alternative noise model and compare with the noisy-algorithm model

* Noisy-algorithm model: All Lindblad terms

* Alternative noise model: Discard all two-qubit Lindblad terms and scale the single-qubit
terms while keeping the noise strength the same.

Noise strength: Mot = Z M;; < rate matrix
ij



Summary




Correlated noise terms are important. The alternative noise model with scaled single-spin

Summary

Lindblad terms does not describe execution of circuit

<U}(t)>

1.0 A1

0.8

0.6 1

0.4 A

0.2 A

0.0 1

_02 -

—— noisy device
Lindblad equation with noisy-algorithm model
— = Lindblad equation, scaled single-spin terms
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Mapping open system model to noisy algorithm model

actual problem open system Mapping Noisy algorithm Quantum
model model Com
puter
q H, I* « Lett

Hy=Hgs+ Hc + Hp Bring to the same form p = Legtp

=1 7H + Haux) + L
:%O‘z—FZUI.@O‘m (b};-Fbk)—FZwkb};bk Z[p > iy ] £

\ ) \k ~ J/ \k v J
Hg He Hpg




Agenda

1) Time-evolution
?) Open-quantum systems
3) Fitting spectral function to bosonic modes

4) Hands-on!



Open-quantum systems




Terminology

System:

Bath:

Environment:

Spin model, bosons, lattices

free bosons with arbitrary spectrum

free bosons with flat spectrum

\environment

dan
{7



Terminology

System: Spin model, bosons, lattices / \
Bath: free bosons with arbitrary spectrum
Environment:  free bosons with flat spectrum \environment/( /

Spectral function S(w)
“spectrum as seen by the system’



Terminology

spectrum C'(w)

System: Spin model, bosons, lattices / \
Bath: free bosons with arbitrary spectrum
Environment:  free bosons with flat spectrum \environment/( /

Spectral function S(w)
“spectrum as seen by the system’



Hamiltonian for system-environment and system-bath

H:HS+HC+HB,E

Linear coupling He=0 Z vn(b,t + bi)
k

Bosonic bath Hp g = Z wkb};bk
k

Spectral density J(w) = Zv%(w —wi) (w>0)
k

_ S e v (w — wg)

Spectral function S(w) sign(w)
1 —exp (—,CBLT>




All coupling combinations are possible &

System-environment System-bath System-bath-environment

4 ) 4 )

system

\environment ) \environment )




Fitting of spectral function




Flat and structured spectral function &

Flat spectral function == environment Structured spectral function ==y bath
3 EN

) = )

S S - ﬂ
O O

(@ (@

2 2

© 7 ©

O O

) )

O - O, e

wn wn

frequency frequency



What does the difference between bath and environment matter?

4 )

For the environment we can do perturbation theory
system
H=Hq¢+ Hc+ Hg

\ .environment W,
System Hamiltonian Hq = wOaTa
Equation of motion for density matrix for flat spectral density

K K
p = —iwpla'a, p] + 5(7‘1 +1)(2apa’ —a'ap — pata) + §ﬁ(2ana —aa'p — paal)
~— —~— > \4
coherent evolution damping

n : thermal number of phonons




Spectral function of the system

4 )

system fe What is the spectrum?

\environment )

—

Example 1: Single oscillator

|

|

spectrum C(w)

Hq = woaTa

Cw) = /dt et <aT(t)a(O)>

K
(k/2)2 + (w — wp)? Wo frequency




System coupled to bath

H=H¢+H-+Hpg
HS — 80'2/2
He =0, ) (bl + br)

HB = Z wkb;ibk
k

spectral function S(w)

I

frequency



System coupled to bath - fit to spectral function

H =Hs+Ho+Hp=Hs+Haux+Ho+Hg 3
Hq = 60'2/2 % |
3 3 E i

Hauwx = 04 Zvi(afj + CLZ') + Z(IJZCLICLZ E e
i=1 i=1 D

aux-boson modes

I

N N

spin

N



System coupled to bath - fit to spectral function

N

aux-boson modes

N

| l l |

spectral function S(w)

\environment

J




Hand-on!




System-spin coupled to ohmic bath

System-Hamiltonian (single spin)
Device

Ohmic spectral function

4mh2 aw
3
1—exp (— —kng >

S(w) =

Fitting using the BathFitter
- Fit ohmic spectral function to boson modes

- Represent spins by bosons
System-bath QuantumProgram
Time-evolution with QUEST

BathFitter is a python class for fitting open-
quantum systems. It is initialized with

* Number of bosonic modes

* Number of spins to represent bosons

* Broadening constrain
We use the functions:

* fit_ boson_bath_to_spectral_function

* fit_spin_bath_to_spectral_function

Results of large-bandwidth mapping

LA

N

T T T T
—20 =10 0 10 20
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