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Markov Chain Monte Carlo (MCMC) Method

(0) = fDFieldsoe_S/fDFieldse_S

e very successful but
needs real and positive probability
density measure Dpicjqse >

e complex action not accessible to
standard MCMC

— no notion of probability
distribution

— importance sampling
not possible

e MC: constant error O(1) as
function of sample size N

= Sign problem
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Sign problems in particle physics

e understanding the very early universe

Temperature T [MeV]

e real time processes (particle collisions) NAAT LS

QD phase

transition

e strong CP-violation — topological term



Quantum Computing: applications at DESY

Theoretical particle physics
— variational quantum simulations of models in high energy physics

(e.g.: T. Hartung, K.J., quantum computing (-regularized vacuum expectation
values, arXiv:1808.06784 to appear in J.Math.Phys.)

Experimental particle physics]
— quantum annealing

(e.g.: F. Babst et.al., A pattern recognition algorithm for quantum annealers,
arXiv:1902.08324)

Astroparticle physics
— quantum networks

(e.g.: E. T. Khabiboulline et.al., Quantum-Assisted Telescope Arrays
arXiv:1809.03396, Phys.Rev.A100, 022316 (2019))

Photon science

— Iintegrated x-ray optics for quantum optical applications
(R. Rohlsberger, T. Salditt et.al.)

LCERN Workshop: https://indico.cern.ch/event/719844 /timetable/



Quantum computing platforms

e Examples of quantum devices

Quantum devices:

® Electromagnetically trapped ions
® Superconducting architectures

® Rydberg atoms in tweezer arrays

 Ultracold atoms in optical lattices




Quantum Computing: when?

e Shielded to 50,000 times less
than Earths magnetic field

e In a high vacuum: pressure is 10 billion
times lower than atmospheric pressure

e Cooled 180 times colder than
interstellar space (0.015 Kelvin)

— prevent decoherence

e qubits based based on Josephson junction™

e application of unitary gate operations

(Rigetti Aspen) — generate entanglement

e reaching 128 qubits this year
e IBMQ: Experimental 50 qubits, Premium 20 qubits, Free 14 qubits

* A Josephson junction is formed by two superconducting regions that are separated by a very thin

insulating barrier



Quantum Computing: how?

e python programming language

— company provides quantum libraries

e very convenient setup
— simulator runs on your local machine

— hardware usable through quantum cloud service

— build on reservation system

e documentation, tutorials and examples availabe on website

— you can start now



Example: hydrogen atom
(T. Hartung, K.J., arXiv:1808.06784, JMP)

Hamiltonian

orthogonal projection
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Truncation error

e exact diagonalization of matrix with elements

relative truncation error
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e relative error
e blue points: exact diagonalization
e red line: exponential fit

e find exponentially fast convergence



Hamiltonian for quantum computation

e the qubit Hamiltonian

Hq = <€j7 H€k>j,k€2Q

e Pauli basis [(1), 04,0y, 0]
{Sq =0R-1 R oiIe2®...®c¥;q c 4Q}
e projecting H, onto Pauli basis

tr( H,S4
Ho =%, g0 105 o



Variational quantum simulation

start with some initial state |Wiy;¢)
apply succesive gate operations = unitary operations e %>

examples for S: o4, 0,, 0., parametric CNOT

—

() = e eT PO gy

with R; := ¢~ "°1% we obtain cost function

C = <¢init (H?:l Rj)THH?ﬂ R,

winit>

goal: minimize C' over the angles 0
— obtain minimal energy, i.e. ground state



Example: only qubit rotations

Vini(0,0): @ [eif10a] [eiftos] W, (61, 67)
Wini(0,0): @ lgif3os] eifBoa]  Win (65, 65)
Uini(0,0): @ [ei0304] [ei30:] W, (03, 63)
Uini(0,0): @ i) lei®3os] Wi (6], 03)
initial w.f. layer final w.f.

@ qubit k

cP9:]  unitary rotation with angle 6



Adding entanglement

Adding entanglement

Vit @ g%} leifton] W5, (61, 67)

e @ i3] i3] W, (05, 63)

e @ %50} i) W, (65, 03)

Vit @ %o} i) W5, (65, 6%)
initial w.f. layer final w.f.
® qubit k

unitary rotation with angle 0

entanglement gate



Variational quantum simulation: brute force method
< no library package provided worked

e method used in T. Hartung, KJ, J. Math.Phys.

— quantum computer: evaluation of cost function
— minimization on classical computer
— minimize over one angle at a time
— divide interval 8 € [0, 27] in N steps
0; =2mj/N+te, j=1,...N
e random noise

— loop several times over the complete set of angle



Simulation

e noise free simulation on Rigetti's QVM

() qubits | min. eig. Hy | (Y90, HoY9q)
1 392108816647 | .392108816647
2 229395425745 | 229395425968
3 2242538841712 | 224253341747
4 223452200306 | .223452200445
5 223336689755 | .223336690423
i = | e relatice error AE = E(q%zqi(f;)m)
O

e blue points: quantum simulator results

e find exponentially fast convergence

o line: fit AE(q) =~ 1.14 . e~ 1924

number qubits



Running on the Rigetti hardware

e Practical example: compute ground state energy of
1-dimensional hydrogen atom on Rigetti's 8-qubit Agave chip

— performed variational quantum simulation

{a)

Agave chip

e hardware performance

— select the qubit of the day

— found gate fidelity Fig = 0.982 , readout fidelity F'ro = 0.94
— ground state energy with 4.9% error

— more qubits: no significant result



Implement better algorithm
(T. Hartung, P. Stornati, KJ)

e new algorithm: quantum gradient descent

— example for 2 unitaries, cost function:

C = <¢init <e’i0'33916'i0'yg2)-‘-He’i()'xeleidyeg winit>
— derivative D of R = e'@zt1¢ioyb2
_ (OR OR
D = (391’ 892>

— obtain gradient of cost function

0/06,C = <¢init (GiameleiayQQ)T |Hiol +io,H| e7=%1¢'v%

winit>
e can re-use generated state vector, measure Hz'a;fj + 10, H
e obtain new vector of angles: gnew .— gold _ nvC (gom)

e tune “learning rate” 7



Generalization

e general form of the quantum gradient descent algorithm

— cost function, R, = O

C = <¢init ¢init>
— define derivative operator
n mn T
Dy = (1 ss Bs) By (T1is B))
— express CNOT gate in Pauli matrices

CNOT |2 = 11;Uf ® 1s + “g“f ® oF

(H?:1 Rj) T H H?:1 R

— obtain kth-component of gradient
0C = (TT}—1 Rjthu

HD), + (HDk:)T| H?:1 Rj¢1n1t>
e can re-use generated state vector, measure H Dj, + (HD;C)Jr

e obtained new vector of angles: grew .— gold _ nVC (§0ld)



average energy
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Testing the algorithm

Quantum Gradient Descent - 1d Hydrogen

64 128 192 256 320 384 48 512 576 640 704 768 832 896 960 1024
update

Quantum Gradient Descent - 1d Hydrogen

64 18 192 256 20 B M8 512 576 640 704 768 632 696 960 1024
update

e average energy
— simulator
— no noise
— 3 qubits

— red line: exact result

e distance to groundstate

o |1 — (W(5)[Wo)l

W, ground state wave function



New hardware

e new hardware: Aspen line (up to 128 qubits)
4 3 14 13

Aspen layout

e Rigetti's setup

— Quantum Cloud Service
— Pyquil (Python based) program enviroment
— mean single qubit fidelity 95.5%



average energy
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Running on Rigetti’s Aspen hardware

Quantum Gradient Descent - 1d Hydrogen
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update

Quantum Gradient Descent - 1d Hydrogen

e average energy
— 2 qubits
— red line: exact result

— 60% fidelity

e distance to groundstate
e 90% fidelity

e reaching machine precision



Remarks

e with new hardware and better algorithm
from impossible (2 qubits) — 90% fidelity for ground state

e still, 3 qubits: no significant result

e quantum gradient descent very expensive

— justified for 1-d hydrogen atom (expensive itself)
— for local Hamiltonians (e.g. Heisenberg)
— need better algorithm (... and we are working on this)
— can reach O(10) qubits

e quantum simulations of Schwinger model on real hardware

— E.A. Martinez et.al., Nature 534 (2016) 516 (trapped ions)
— N. Klco et.al., Phys.Rev. A98 (2018) no.3, 032331 (IBMQ)
— C. Kokail et.al., Nature 569 (2019) no.7756, 355 (trapped ions, > 10 qubits)



Quantum Computing at DESY

e Helmholtz strategy paper: Quantentechnologies in the Helmholtz-Society

— Quanten computing

— Quanten communication

— Quanten sensoring

— Quanten materials

— Simulation und numerical methods

e European project Quantentechnologies for Lattice Gauge Theorie (QTFLAG)
(within European Quantum Flagship)

e Variational quantum simulations for lattice gauge theories

e one-way computing: collaboration with photon science
(R. Rohlsberger, J. von Zanthier, K.J.)

e hope to find applications in experimental particle and astroparticle physics



