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OUTLINE

N

1. Brief intro on quantum computing

2. VERY brief intro on open quantum
systems

3. Quantum simulation of open
quantum systems in heavy-ion
collisions

IBM Q System One — 20 supercond. qubits
https://www.flickr.com/photos/ibm_research_zurich/51248690716/

Collision event at STAR
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WHAT IS A QUANTUM COMPUTER GOOD FOR?
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Google Al Quantum and Collaborators*t, et al. "Hartree-Fock on
a superconducting qubit quantum computer." Science 369.6507
(2020): 1084-1089.

faster

* Break encryption schemes (e.qg.
RSA)




4114

QUBIT

* Bloch sphere:

|W) = cos (0) |0) + e'® sm( ) |1)

* Quantum computer efficient: N qubit Hilbert space
has a dimension of 2V
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QUANTUM COMPUTER REQUIREMENTS o

4. Quantum gates X+ {rF HzZF {7 1
5. State readout | 10 0 0
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a Electron Reservoir Quantum Dot Qubit
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Krantz, Philip, et al. "A quantum engineer's
guide to superconducting qubits." Applied
Physics Reviews 6.2 (2019): 021318.

ESR Line

Veldhorst, M., et al. "An addressable quantum dot qubit with
fault-tolerant control-fidelity." Nature nanotechnology 9.12
(2014): 981-985.



OPEN QUANTUM SYSTEMS

* |nformation contained in the
system is lost to environment
* Evenif the combined system isin
pure state > ¥

* Subsystem cannot be described by
a wavefunc.

Interface Hsa
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OPEN QUANTUM SYSTEMS: OBSERVABLES, DYNAMICS

* open: unitary op. not enoug
equations)

* Phenomenological 1%t-order differential equations, in form:
-

errective equations or motion (master

dt g G Lot~ Lirir,
...very complicated, e.q. Lindblad e =R D (L”pLI 2{LI'L“‘°})
y P g g z

L; jump operators: desc. dissipative dynamics
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SOLVING THE MASTER EQUATIONS

* State via partial trace
ps(t) = Trp(psp(t))
2. Markovian system
* System has no memory of previous states (next state only depends on current)

*  Works if the system has enough time to relax to equilibrium before being perturbed
again by interactions with its environment.

Further to learn on the topic here: Open and non-equilibrium systems (L. Oroszlany), Open quantum systems (Maté Veszeli?)
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QUANTUM SIMULATION OF OPEN QUANTUM SYSTEMS IN
HEAVY-ION COLLISIONS

As written by: Wibe A. de Jong, Mekena Metcalf, James Mulligan, Mateusz Ptoskon, Felix Ringer,
and Xiaojun Yao
Phys. Rev. D 104, Lo51501 — Published 7 September 2021




HARD PROBES IN HEAVY-ION COLLISIONS

(-Experiments @ RHIC, LHC: create hot (T = 150 —
500 MeV), short-lived (t = 10 fm/c) QGP

*Jets or heavy quarks:
energy scale >> QGP temperature

= hard probes

*Markovian limit OK, environment correlation time
<< subsystem relaxation time

*Generalization of Schrédinger eq.: Lindblad egq.

Fully field-theoretical description: approximations
needed (e.g. semiclassical Boltzmann or Fokker-

Planck equations)

*However...
As the size of the subsystem increases 2
impossible to solve Lindblad on classical computers

\

| CMS Experiment at LHC, CERN
Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
| Lumi section: 249

CMS

o 7:32 g\
o> ‘
P

Jet 0, pt: 205.1 GeV/

ps://www.nsf.gov/news/mm
edia/images/PF2297_h.jpg
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* Free + interacting part

s =

SO

« Multi-particle states |p1,41) @ - Q |pn, 4y)

S1




p(int) (t) — ei(Hso—I—HE)tp(t)e—i(Hso-l—HE)t

: t . _-
(in )(t) — eszotH81e 1Hgot

Hl(_il’lt) (t) — e’i(HSO+HE)tHIe—i(Hso—l—HE)t .

+assume that the initial density matrix factorizes & the environment density matrix is a

thermal state p(0) = ps(0) ® pg
e PHE

Tr(e—PH5)

PE =
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QUANTUM ALGORITHM

Trace out

e t(Hs1+HL)At — A
______________ _
& H : see fig.
 Simulate on IBM Q =2 requires a large
. AE
number of fault-tolerant qubits Hs = Hso=——7
* Toy model for hard probes 1 1 1 1
H» — d3 [_H2_|__v 2_|__ 22—|——A4
* Special init. " / 12 R (VoS +gm7e™ 4 3140




RESULTS

r

t [fm/c] (T = 300 MoV) ¢ [fm/c] (T = 300 MoV) A
- 0 5 10 15 20 25 0 5 10 15 20 25
Simulator 1271 IBM Q Vigo, Neyae = 1,9 = 0.3
1.1- — ¢=03 -== Runge — Kutta Uncorrected —— Simulator, Neycle = 1
— =05 oo Thermal equilibrium 1.1 “4 Readout corrected — Simulator, Neyele = 3
1.0 — =07 1.0 ® Readout + RIIM corrected == Runge — Kutta

R(t)

FIG. 3. Simulation of the quantum circuit with Ncycle = 100
for various system-environment couplings, along with numer-
ical solution using a 4th order Runge-Kutta method. The
upper time axis corresponds to a medium with a tempera-
ture of T' = 300 MeV. Each time point in the simulator result
consists of 80192 shots (runs).

+ Thermal equilibrium

Py(t)

FIG. 4. Results from the IBM Q Vigo device including dif-
ferent error mitigations compared to results from the qiskit
simulator for Ngycle = 1 and Ncyee = 3 and the Runge-Kutta
method. Higher values of Ncycie quickly converge to the re-
sult using the Runge-Kutta method. Each time point in the
simulator result consists of 800192 shots (runs).
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CONCLUSIONS
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THANKYOU FORYOURATTENTION!
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