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Outline

• Few words on hot-QCD phenomena - selected topics 

• … and need for quantum computing simulations 

• Quarkonia dissociation in hot deconfined medium (quark-gluon plasma) 

• Non-equilibrium dynamics and thermalization - Schwinger model 

• Outlook



Hot QCD - Quark Gluon Plasma
“Standard model” of HIC - spell out the phases / time / T etc? 

https://arxiv.org/abs/2211.04384

https://arxiv.org/abs/2211.04384


Heavy-ion collisions - emergent phenomena in QCD
Large phase-space for the use of quantum computing 

Rich QCD phase diagram Degrees of freedom? => Microscopic picture? Complex system as seen by an experiment

Notes on ion collider physics at high energies 

hot nearly perfect liquid quark-gluon plasma - deconfined partons - collective phenomena; energetic partons (jets) 
interact with the medium - jet quenching; bound states melt depending on temperature - dissociation and re-formation of 
quarkonia at phase transition; parton-hadron transition - connection to early universe at high temperature; complex 
structure at finite baryon density - 1st order phase transition, critical point, … 

Understanding of the emergent phenomena in HIC: microscopic description - real-time/[non]-equilibrium dynamics 
=> direct need for quantum computations (Hamiltonian formulation of QCD, treatment of coherence effects, …) 



Heavy-ion collisions - emergent phenomena in QCD
Large phase-space for the use of quantum computing 

Rich QCD phase diagram
AA collisions - rich QCD structure and emergent phenomena - selected topics: 
• Deconfined QCD (color charged) medium - quark gluon plasma 
• Parton-hadron phase transition (cross-over, critical point, 1st order) 
Primary goal at high energies: understand properties of QGP and its microscopic structure 
Primary experimental tools: 
• Bulk properties - collective flow (relativistic viscous hydrodynamics) 
• Hard processes - probe medium with jets, heavy-quarks, quarkonia, … 
=> Unique need / central focus: real-time dynamics (non-equilibrium, expanding medium) 
Problem? Real-time dynamics of lattice field theories can be simulated; however, due to the 
exponential size of the required Hilbert space, classical simulations are generally considered 
to be intractable… => quantum computers  

Complex system as seen by an experiment



10k feet view - possibly somewhat unjust to some theorist



Notes on quantum computing…



Notes on quantum computing…



Quantum devices
Strong improvements 

Things to look for: 
-superconducting qubit coherence times 
-long enough to perform many two-qubit operations



A note on hardware… strong progress…
For our first paper we used IBM Q Vigo - 5 qubits (2021)

Just May 9th got notified via ORNL a New 433Q 
IBM system Seattle is available!

In the mean time we used Montreal - 27 qubits (2022)
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Quantum simulations of QCD?
Problem 1: complexity in classical treatment => approximations 
Problem 2: real-time dynamics in QCD on the lattice? - sign problem

Feynman `81 
Lloyd `96 

Exponentially expensive to simulate an -body quantum 
system on a classical computer:   amplitudes!

N
2N

State preparation 
Time evolution 
Measurement

But a quantum computer can naturally simulate a quantum system

Quantum simulation of the Schrödinger equation 
The evolution is unitary and time reversible

Evolution in time steps Δt = t/Ncycle

Time evolution of closed systems



Quantum simulations of QCD?
Problem 1: complexity in classical treatment => approximations 
Problem 2: real-time dynamics in QCD on the lattice? - sign problem

Real-time dynamics
Traditional Lattice QCD cannot simulate dynamics due to a sign problem

∫ eiℒt t → it

Quantum computers: directly simulate the Hamiltonian formulation of QCD

Jordan, Lee, Preskill `11, Preskill `18,  
Klco, Savage et al.`18-`20 
Davoudi et al. 

Non-equilibrium dynamics are key to heavy-ion collisions

In vacuum: calculate scattering of asymptotic states using perturbative QCD 
In medium: must combine probe evolution with hydrodynamic evolution of the QGP 
In addition to real-time dynamics: sign problem in high-density systems

Spacetime picture of jet fragmentation 
Transport coefficients 
Thermalization



Quarkonia in quark-gluon plasma - probe of temperatureQuarkonia and the Quark-Gluon Plasma
• Heavy quarks

‣ produced in the initial hard-scattering process

‣ Debye screening in QGP leads to melting of  quarkonia

• Different binding energy of  bound states lead to
sequential melting of  the states with increasing temperature

‣ also observable in the rates of  the ground state due to suppression of  feed down contribution

• The beginning: Matsui & Satz, PLB 178 (1986) 416
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Ágnes Mócsy: Potential Models for Quarkonia 5

Fig. 5. The QGP thermometer.

In principle, a state is dissociated when no peak struc-
ture is seen, but the widths shown in spectral functions
from current potential model calculations are not physi-
cal. Broadening of states as the temperature increases is
not included in any of these models. At which T the peak
structure disappears then? In [27] we argue that no need
to reach Ebin = 0 to dissociate, but when Ebin < T a state
is weakly bound and thermal fluctuations can destroy it.
Let us quantify this statement.

Due to the uncertainty in the potential we cannot de-
termine the binding energy exactly, but we can never-
theless set an upper limit for it [27]: We can determine
Ebin with the most confining potential that is still within
the allowed ranges by lattice data on free energies. For
the most confining potential the distance where deviation
from T = 0 potential starts is pushed to large distances
so it coincides with the distance where screening sets in
[12]. From Ebin we can then estimate, following [28], the
quarkonium dissociation rate due to thermal activation,
obtaining this way the thermal width of a state Γ (T ).
At temperatures where the width, that is the inverse of
the decay time, is greater than the binding energy, that is
the inverse of the binding time, the state will likely to be
dissociated. In other words, a state would melt before it
binds. For example, already close to Tc the J/ψ would melt
before it would have time to bind. To quantify the dissoci-
ation condition we have set a more conservative condition
for dissociation: 2Ebin(T ) < Γ (T ). The result for differ-
ent charmonium and bottomonium states is shown in the
thermometer of figure 5. Note, that all these numbers are
to be though of as upper limits.

In summary, potential models utilizing a set of poten-
tials between the lower and upper limit constrained by
lattice free energy lattice data yield agreement with lat-
tice data on correlators in all quarkonium channels. Due
to this indistinguishability of potentials by the data the

precise quarkonium properties cannot be determined this
way, but the upper limit can be estimated. The decrease
in binding energies with increasing temperature, observed
in all the potential models on the market, can yield sig-
nificant broadening, not accounted for in the currently
shown spectral functions from these models. The upper
limit estimated using the confining potential predicts that
all bound states melt by 1.3Tc, except the Upsilon, which
survives until 2Tc. The large threshold enhancement above
free propagation seen in the spectral functions even at high
temperatures, again observed in all the potential models
on the market, compensates for melting of states (yielding
flat correlators), and indicates that correlation between
quark and antiquark persists. Lattice results are thus con-
sistent with quarkonium melting.

And What’s Next?

Implications of the QGP thermometer of figure 5 for heavy
ion collisions should be considered by phenomenological
studies. This can have consequences for the understanding
of the RAAmeasurements, since now the Jψ should melt
at SPS and RHIC energies as well. The thermometer also
suggests that the Υ will be suppressed at the LHC, and
that centrality dependence of this can reveal whether this
happens already at RHIC. So measurements of the Υ can
be an interesting probe of matter at RHIC as well as at
the LHC.

The exact determination of quarkonium properties the
future is in the effective field theories from QCD at finite
T. First works on this already appeared [14] and both real
and imaginary parts of the potential have been derived
in certain limits. In these works there is indication that
most likely charmonium states dissolve in QGP due ther-
mal effects, such as activation to octet states, screening,
Landau-damping.

The correlations of heavy-quark pairs that is embedded
in the threshold enhancement should be taken seriously
and its consequences, such as possible non-statistical re-
combination taken into account in dynamic models that
attempt the interpretation of experimental data [24].

All of the above discussion is for an isotropic medium.
Recently, the effect of anisotropic plasma has been con-
sidered [29]. Accordingly, quarkonium might be stronger
bound in an anisotropic medium, especially if it is aligned
along the anisotropy of the medium (beam direction).
Qualitative consequences of these are considered in an up-
coming publication [30]. Also, all of the above discussion
refers to quarkonium at rest. Finite momentum calcula-
tions are under investigation. It is expected that a moving
quarkonium dissociates faster.
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QGP signature proposed by Matsui and Satz, 1986 
In the plasma phase the interaction potential is expected to be screened beyond 
the Debye length λD  (analogous to e.m. Debye screening): 
Charmonium(cc) and bottonium(bb) states with r > λD will not bind; their 
production will be suppressed (qqbar states will “melt”) 



Quarkonia in QGP - experimental observations
Nuclear modification factor - suppression of yields in AA as compared to pp

Cartoon of dissociationSuppression (less yield in AA)

Less suppression at low-pT 
SHM: recombination at hadronization 

(possible only if “enough” charm in the system)

Process correlated with charm in-medium 
energy loss (and thermalization)





Quarkonia in QGP - Open Quantum System
Open-quantum-systems approach to in-medium heavy quarkonium dynamics
Alexander Rothkopf
https://arxiv.org/abs/2211.10676

https://arxiv.org/search/hep-ph?searchtype=author&query=Rothkopf%2C+A
https://arxiv.org/abs/2211.10676


Bremsstrahlung in QCD: Formation time <-> coherence effects 

May 31st, 2012 –  Hard Probes 2012, Cagliari Alessandro Buzzatti – Columbia University 4 

Energy loss – Radiative 

Incoherent limit: Gunion-Bertsch 
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– Incoming quark is on-shell and massless 
– The non-abelian nature of QCD alters the spectrum from 

the QED result 
– Multiple scattering amplitudes are summed incoherently 
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– ࢌ࣎ < ࣅ <  Incoherent multiple collisions   ࡸ
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Landau-Pomeranchuk-Migdal effect 
Formation time important 

Radiation sees  
length ~τf at once 





Outline
Main target: simulation of some relevant processes but mitigate classical computations shortcomings 
Non-relativistic QCD - many-body problems => quarkonia dissociation in hot colored medium 
Quantum Field Theory - thermalization (equilibration), hadronization, jet quenching, … 

Towards hadronization:

String breaking mechanism in Schwinger model


Jet quenching in light front QCD
https://arxiv.org/abs/2205.07902 

Towards quarkonia in hot QGP: open quantum 
system - proof of principle calc. - 
PhysRevD.104.L051501

Themalization/non-eq. dynamics
Schwinger model: QED in 1+1D

PhysRevD.106.054508 

https://arxiv.org/abs/2205.07902
https://doi.org/10.1103/PhysRevD.104.L051501
https://doi.org/10.1103/PhysRevD.106.054508


Open Quantum Systems
Study the real time dynamics of the quantum evolution 
of probes in the nuclear medium (LHC/RHIC/EIC) 

H(t) = HS(t) +HE(t) +HI(t)

In the Markovian limit, the subsystem is 
described by a Lindblad equation:

⇢S = trE [⇢]
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Environment (HE) = Nuclear matter
Subsystem (HS) = Probe (jet or heavy quarks)



Open Quantum Systems
Study the real time dynamics of the quantum evolution 
of probes in the nuclear medium (LHC/RHIC/EIC) 

Environment (HE) = Nuclear matter

In the Markovian limit, the subsystem is 
described by a Lindblad equation:

⇢S = trE [⇢]

d

dt
⇢S = �i [HS , ⇢S ] +
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Subsystem (HS) = Probe (jet or heavy quarks)

H(t) = HS(t) +HE(t) +HI(t)

Interactions



A probe in the medium - open q. system

H(t) = HS(t) +HE(t) +HI(t)

Full System Environment Interaction

HS = HS0 + HS1

Formulate the complete H of the system

Split Hs into free and interacting part 
(interacting only within sybsystem not environment)  

HS1 example: collinear radiation off of a parton

Comment: instead of simulating the dynamics of fields, we 
focus on simulating the dynamics of particle states (valid 
for hard probes) 

Use multi-particle states as the basis with momentum p and A all discrete quantum 
numbers then HS0 and HS1 are matrices (HS0 is diagonal) |p1, A1⟩ ⊗ . . . ⊗ |pn, An⟩

Total density matrix of the subsystem and the environment evolves under the von Neumann 
equation in the interaction picture BUT for the environment system it is Heisenberg picture 

Assume that the initial density matrix 
factorizes and the environment density 
matrix is a thermal state  

β = 1/T is the inverse of the QGP temperature  
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Quantum simulations

26

• Decompose a given unitary into elementary gates

• Optimization algorithms for a relatively 
small number of qubits

• Here
<latexit sha1_base64="IuiEjXskANDqLimh7nOwK8/SlfU=">AAACKXicbZBNSwMxEIazftb6VfXoJVgEPVh2RdSLUPTSY0VbhbaWbDpbg9nskswKZe3f8eJf8aKgqFf/iGm7iFYHAi/PO8NkXj+WwqDrvjsTk1PTM7O5ufz8wuLScmFltW6iRHOo8UhG+tJnBqRQUEOBEi5jDSz0JVz4NycD/+IWtBGROsdeDK2QdZUIBGdoUbtQvmvGRmzhdlMz1ZVwRGt0hNxvBFfpjqCVdnrWp9gfc9uFoltyh0X/Ci8TRZJVtV14bnYinoSgkEtmTMNzY2ylTKPgEvr5ZmIgZvyGdaFhpWIhmFY6vLRPNy3p0CDS9imkQ/pzImWhMb3Qt50hw2sz7g3gf14jweCwlQoVJwiKjxYFiaQY0UFstCM0cJQ9KxjXwv6V8mumGUcbbt6G4I2f/FfUd0vefmn3dK9YPs7iyJF1skG2iEcOSJlUSJXUCCf35JG8kFfnwXly3pyPUeuEk82skV/lfH4BDo2l6g==</latexit>

| (t)i = U | (0)i = e�iHSt| (0)i

• Trotter decomposition

qsearch - optimization with a unitary loss function

Davis, Smith, Siddiqi et al. `20



Toy for quarkonia in a QGP on a QC
Aim at qualitative features; circuit depth limitation

Markovian Lindblad

HL denotes a thermal correction to HS generated by loop 
effects of HI , and the Lj are called Lindblad operators  

Simulate the Lindblad equation => quantum algorithm based on the 
Stinespring dilation theorem - in terms of the evolution operators J and HS 

X, Z to denote the single qubit Pauli gates (Pauli matrices)  
Hamiltonian HS is a two level system with energy difference ∆E  
environment HE is a 3 + 1D scalar field theory  
Π is the canonical momentum conjugate to φ  
for simplicity, we set m=λ=0  
interaction strength g between the subsystem and the environment is unitless  



OQS - non-unitarity
Intermezzo…

Issue: in OQS evolution of the subsystem is NOT unitary…

Stinespring dilation theorem 
Any allowed quantum operation can be written as a unitary evolution acting on a larger space (after 
coupling to appropriate ancilla), and reducing back to the subsystem  
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Quantum algorithm for non-unitary evolution

29

see also e.g. Cleve, Wang `16
Hu, Xia, Kais `20

Jong, Metcalf, Mulligan, Ploskon, FR, Yao `20
Metcalf, Kemper, Jong et al. `21

• Time evolve the density matrix instead of pure states

•Stinespring dilation theorem

• Evolve for           in small time steps
<latexit sha1_base64="pgpCV8JT9HJNl/qO+OTJoiUBb/g=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14l1Uqvfn5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGRv4+r</latexit>
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Ncycle

where
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p
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• Time-irreversible
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evolve to    in     time steps

Trotter decomposition

30

•Need to map both              to quantum gates
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UHS , UJ

with Pauli strings

and coefficients

• Trotter decomposition
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each factor can be mapped to quantum gates



Toy for quarkonia in a QGP on a QC
Aim at qualitative features; circuit depth limitation

Markovian Lindblad

HL denotes a thermal correction to HS generated by loop 
effects of HI , and the Lj are called Lindblad operators  

Simulate the Lindblad equation => quantum algorithm based on the 
Stinespring dilation theorem - in terms of the evolution operators J and HS 



Toy for quarkonia in a QGP on a QC
Aim at qualitative features; circuit depth limitation
H(t) = HS(t) +HE(t) +HI(t)

Two level system in a thermal environment 
(Proxy for ccbar pair)

Pauli matrices X, Y, Z  

Interaction strength g  

Lindblad operators  



Quantum Circuit Synthesis
Approximate unitary operations with a compiled circuit of one- and two-qubit gates
Optimization problem w/unitary loss function - qsearch Siddiqi et al 2020 (LBNL)  

Resulting circuit: 10 CNOT gates/cycle 



Error mitigation



Toy for quarkonia in a QGP on a QC
Aim at qualitative features; circuit depth limitation

Note: stronger coupling - faster thermalization



Toy for quarkonia in a QGP on a QC
Aim at qualitative features; circuit depth limitation



Toy for quarkonia in a QGP on a QC
Aim at qualitative features; circuit depth limitation

Qualitative connection - time dependence of nuclear 
modification factor / suppression in hot QGP…



Outline
Main target: simulation of some relevant processes but mitigate classical computations shortcomings 
Non-relativistic QCD - many-body problems => quarkonia dissociation in hot colored medium 
Quantum Field Theory - thermalization (equilibration), hadronization, jet quenching, … 

Towards hadronization:

String breaking mechanism in Schwinger model


Jet quenching in light front QCD
https://arxiv.org/abs/2205.07902 

Towards quarkonia in hot QGP: open quantum 
system - proof of principle calc. - 
PhysRevD.104.L051501

Themalization/non-eq. dynamics
Schwinger model: QED in 1+1D

PhysRevD.106.054508 

https://arxiv.org/abs/2205.07902
https://doi.org/10.1103/PhysRevD.104.L051501
https://doi.org/10.1103/PhysRevD.106.054508


Towards QCD on quantum computers?



Towards QCD… Schwinger model

• Time continuous, 1-dimensional spatial lattice x=na 
• Continuum limit for a->0



Towards QCD… Schwinger model



Towards QCD… Schwinger model
# physical states

# Lattice
sites



Towards QCD… Schwinger model - open system!
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Towards QCD… Schwinger model - open system!



Outline
Main target: simulation of some relevant processes but mitigate classical computations shortcomings 
Non-relativistic QCD - many-body problems => quarkonia dissociation in hot colored medium 
Quantum Field Theory - thermalization (equilibration), hadronization, jet quenching, … 

Towards hadronization:

String breaking mechanism in Schwinger model


Jet quenching in light front QCD
https://arxiv.org/abs/2205.07902 

Towards quarkonia in hot QGP: open quantum 
system - proof of principle calc. - 
PhysRevD.104.L051501

Themalization/non-eq. dynamics
Schwinger model: QED in 1+1D

PhysRevD.106.054508 

https://arxiv.org/abs/2205.07902
https://doi.org/10.1103/PhysRevD.104.L051501
https://doi.org/10.1103/PhysRevD.106.054508


Quantum simulation of string breaking?
Remaining within Schwinger model

QCD string breaking Pythia Lund string hadronization

<latexit sha1_base64="Xu501lERNllHJ99jJQKEfxVpH/A="></latexit>

L =  (i /D �m) � 1

4
Fµ⌫Fµ⌫
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• Related to hadronization in QCD 

• Study real-time dynamics of hadronization

• Whether the string breaks or not 
depends on the fermion mass & charge <latexit sha1_base64="QuOy7jpYtSueMVK/U7Ty7BH1oOk=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRahgpRdKeqx6MVjBbcttEvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8d3Mbz9RpVksH80koYHAQ8kiRrCxkl8VF/S8X664NXcOtEq8nFQgR7Nf/uoNYpIKKg3hWOuu5yYmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvmxU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJboKMySQ1VJLFoijlyMRo9jkaMEWJ4RNLMFHM3orICCtMjM2nZEPwll9eJa3LmndVqz/UK43bPI4inMApVMGDa2jAPTTBBwIMnuEV3hzpvDjvzseiteDkM8fwB87nD8VhjgQ=</latexit>

(m, e)
see also Zoller et al, Magnifico et al

• Time continuous, 1-dimensional spatial lattice x=na 
• Continuum limit for a->0
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trivial vacuum evolution subtracted, see also Zoller et al, Magnifico et al

<latexit sha1_base64="3DxPmasXH1kOrr+tZC2V7hRLk7E=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIrkpSRF0WRXBZwV6giWUynbRDJ5MwMxFL6Ku4caGIW1/EnW/jNM1CW38Y+PjPOZwzf5BwprTjfFsrq2vrG5ulrfL2zu7evn1Qaas4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknGF/P6p1HKhWLxb2eJNSP8FCwkBGsjdW3Kx7HYsgpunmoezLHvl11ak4utAxuAVUo1OzbX94gJmlEhSYcK9VznUT7GZaaEU6nZS9VNMFkjIe0Z1DgiCo/y2+fohPjDFAYS/OERrn7eyLDkVKTKDCdEdYjtVibmf/VeqkOL/2MiSTVVJD5ojDlSMdoFgQaMEmJ5hMDmEhmbkVkhCUm2sRVNiG4i19ehna95p7X6ndn1cZVEUcJjuAYTsGFC2jALTShBQSe4Ble4c2aWi/Wu/Uxb12xiplD+CPr8wdXJpP/</latexit>

hE2i

Vacuum
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String tension & medium effects
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Fischler, Kogut, Susskind `79, Pisarski, Alvarez `82, 
Buyens, Verstraete, van Acoleyen `16
Xie, Guo, Xing, Xue, Zhang, Zue `22

• Static case - finite temperature or chemical potential 
lead to a reduced string tension
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Vacuum
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hE2i

Medium

•Melting because of high temperature

•Delay of the string breaking 
mechanism analogous to classical 
drag

•Potential impact on simulations of 
heavy-ion collisions?

see e.g. Loshaj, Kharzeev `13



Instead of summary / outlook / challenges
Strong interest in QC for heavy-ion collisions - enormous potential for use and resolution of long 
standing questions - hand in hand with the experimental program: simulations of real-time dynamics, 
high-/low-density systems (synergy with some of the EIC physics) 

Reasonable (?) shorter term goal: Need for quantum-classical hybrid simulations - complexity of heavy-
ion collisions / medium (simulate critical elements processes with quantum computers) + need for 
classical computing resources (not only validation checks etc) 

Challenges: Availability and evolution of the physics driven toolkits / investment in effort 

Can we bring quantum computer simulation to the standards/high-level of known particle/event 
generators? - simplifying the problem of interfacing => quantum simulations as a mainstream tool? - 
need for substantial funding initiative / timing? 

Development of (high level) tools for nuclear particle physics 

Not discussed in detail: Non-equilibrium & relaxation dynamics; Decoherence & late-time dynamics; Non-
equilibrium & relaxation dynamics; Decoherence & late-time dynamics



AI/ML on QC: ChatGPT answering…
Question: Main use cases for quantum computers?

Quantum computers have the potential to revolutionize various fields by providing computational capabilities beyond what is achievable with classical computers. While the 
technology is still in its early stages, there are several promising use cases for quantum computers:


1. Cryptography and Security: Quantum computers have the potential to break many of the cryptographic algorithms that currently secure our digital communications and 
transactions. On the flip side, quantum computing can also offer new cryptographic protocols that are resistant to attacks from classical computers.


2. Optimization and Simulation: Quantum computers can potentially solve optimization problems more efficiently than classical computers. Applications include optimizing 
complex systems such as supply chains, logistics, financial portfolios, and drug discovery. Quantum computers can also simulate quantum systems, providing insights into 

quantum chemistry, material science, and the behavior of quantum systems in general.


3. Machine Learning and AI: Quantum computers could enhance machine learning algorithms by processing and analyzing large datasets more efficiently. They can also help in 
developing new algorithms for solving complex machine learning problems, leading to advancements in AI.


4. Quantum Communication and Cryptography: Quantum computers can enable secure quantum communication protocols such as quantum key distribution (QKD), which allows 
for unbreakable encryption based on the laws of quantum physics. These technologies can enhance the privacy and security of data transmission.


5. Financial Modeling and Portfolio Optimization: Quantum computers can potentially analyze vast amounts of financial data and optimize investment portfolios, risk 
management, and portfolio hedging strategies more effectively. This can help financial institutions make better-informed decisions and improve their financial models.


6. Particle Physics and Quantum Simulation: Quantum computers can simulate the behavior of particles and quantum systems, allowing for advancements in fundamental 
physics research, quantum field theory, and understanding the properties of complex physical systems.


It's important to note that while these potential use cases are promising, the development and realization of practical quantum applications are still ongoing. Quantum computing 
is a rapidly evolving field, and more applications are likely to emerge as the technology advances and quantum algorithms and error correction techniques improve.
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Additional slides



Schwinger model - Hamiltonian formulation
Kogut, Susskind `70s

1. Staggered fermions

+ Jordan-Wigner transformation
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N ! 2N = Nf

2. Electric flux         , gauge link

Solve like a harmonic oscillator
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L±
n

Local Hilbert space requires truncation



Schwinger model - Hamiltonian formulation

•Number of physical states (periodic boundary conditions)

Combinatorial result for               , spatial sites

# physical states

# Lattice
sites
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N
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N

•Enforce Gauss’s law directly Klco, Savage et al. `18
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@1E = �e † 

see e.g. Shaw, Lougovski, Stryker, Wiebe `20 
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• Decompose a given unitary into elementary gates

• Optimization algorithms for a relatively 
small number of qubits

• Here
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| (t)i = U | (0)i = e�iHSt| (0)i

• Trotter decomposition

Qsearch - optimization with a unitary loss function

Davis, Smith, Siddiqi et al. `20
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Quantum algorithm for non-unitary evolution
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see also e.g. Cleve, Wang `16
Hu, Xia, Kais `20

Jong, Metcalf, Mulligan, Ploskon, FR, Yao `20
Metcalf, Kemper, Jong et al. `21

• Time evolve the density matrix instead of pure states

• Stinespring dilation theorem

• Evolve for           in small time steps
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Ncycle

where
<latexit sha1_base64="UIMBzYzfz+B/QD4QNek8J/aMPVs=">AAACBHicbVA9SwNBEN3zM8avqGWaxSDYGO6CqI0Q1EJSRfCSQBLD3maSLNn7cHdOCEcKG/+KjYUitv4IO/+Nm49CEx8MPN6bYWaeF0mh0ba/rYXFpeWV1dRaen1jc2s7s7Nb0WGsOLg8lKGqeUyDFAG4KFBCLVLAfE9C1etfjvzqAygtwuAWBxE0fdYNREdwhkZqZbJuq3QOd8mRoKWGvleYNK5AIqM4HLYyOTtvj0HniTMlOTJFuZX5arRDHvsQIJdM67pjR9hMmELBJQzTjVhDxHifdaFuaMB80M1k/MSQHhilTTuhMhUgHau/JxLmaz3wPdPpM+zpWW8k/ufVY+ycNRMRRDFCwCeLOrGkGNJRIrQtFHCUA0MYV8LcSnmPKcbR5JY2ITizL8+TSiHvnOQLN8e54sU0jhTJkn1ySBxySorkmpSJSzh5JM/klbxZT9aL9W59TFoXrOnMHvkD6/MH9eGXrg==</latexit>

UJ = e�iJ
p
�t

<latexit sha1_base64="yyyir1OTDxxJyLudWiiyVAXhFZI=">AAACCnicbZC7SgNBFIZnvcZ4W7W0GQ2CjWE3iNoIQS0sFU0UsnGZnZzokNmLM2eFsGxt46vYWChi6xPY+TZOki28/TDw8Z9zOHP+IJFCo+N8WmPjE5NT06WZ8uzc/MKivbTc1HGqODR4LGN1GTANUkTQQIESLhMFLAwkXAS9w0H94g6UFnF0jv0E2iG7jkRXcIbG8u21hp8d+2f5PlxlW4Ia9PStwsw7AomMYp77dsWpOkPRv+AWUCGFTnz7w+vEPA0hQi6Z1i3XSbCdMYWCS8jLXqohYbzHrqFlMGIh6HY2PCWnG8bp0G6szIuQDt3vExkLte6HgekMGd7o37WB+V+tlWJ3r52JKEkRIj5a1E0lxZgOcqEdoYCj7BtgXAnzV8pvmGIcTXplE4L7++S/0KxV3Z1q7XS7Uj8o4iiRVbJONolLdkmdHJMT0iCc3JNH8kxerAfryXq13katY1Yxs0J+yHr/Aqb2mkI=</latexit>

UHS = e�iHS

p
�t

• Time-irreversible

<latexit sha1_base64="wGk9n/XO9LYgoj4Ogm1X4luo1uI="></latexit>

d

dt
⇢S = �i [HS , ⇢S ] +

mX

j=1

✓
Lj⇢SL

†
j �

1

2

n
L
†
jLj , ⇢S

o◆
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evolve to    in     time steps

Trotter decomposition

62

• Need to map both              to quantum gates
<latexit sha1_base64="n2y7J7Mt0dN/QzUXbFLkoyp53eM=">AAAB9XicbVBNT8JAEJ3iF+IX6tHLRmLigZDWEPVI9EI8YbRAArXZLgts2G6b3a2GNPwPLx40xqv/xZv/xgV6UPAlk7y8N5OZeUHMmdK2/W3lVlbX1jfym4Wt7Z3dveL+QVNFiSTUJRGPZDvAinImqKuZ5rQdS4rDgNNWMLqe+q1HKhWLxL0ex9QL8UCwPiNYG+nB9dO6fzcpd8vI9W/8Ysmu2DOgZeJkpAQZGn7xq9uLSBJSoQnHSnUcO9ZeiqVmhNNJoZsoGmMywgPaMVTgkCovnV09QSdG6aF+JE0JjWbq74kUh0qNw8B0hlgP1aI3Ff/zOonuX3opE3GiqSDzRf2EIx2haQSoxyQlmo8NwUQycysiQywx0SaoggnBWXx5mTTPKs55pXpbLdWusjjycATHcAoOXEAN6tAAFwhIeIZXeLOerBfr3fqYt+asbOYQ/sD6/AH49JGH</latexit>

UHS , UJ

with Pauli strings

and coefficients

• Trotter decomposition

with error
<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t <latexit sha1_base64="dNaRbtHUcByh+nWByrC7ShFQ0BQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4A+M/w==</latexit>r

each factor can be mapped to quantum gates
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Non-unitary evolution & Trotter errors

63

1.    Necessary number of cycles
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Non-unitary evolution & Trotter errors

64

2.    Trotter errors for the closed & open system

More gates & qubits but Trotter error not necessarily larger!
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Small-scale simulation on IBMQ

65

• Up to 4 cycles with each 50 CNOT and 
500 single-qubit gates

• Approximate preparation of thermal 
state from non-equilibrium dynamics


