Flux QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

Classical Foundations for Quantum Dynamics Simulations
Victor S Batista
Yale University, Department of Chemistry and Yale Quantum Institute

Part I: Intuition and practical workflows for qguantum dynamics

OFlux provides a unified framework where the same physical model—
Hamiltonian, state, and observables—can be propagated using multiple
methods on classical or quantum computers

https://aflux.batistalab.com
JCTC l.ipynb
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This tutorial is based on the manuscript

QFlux: Classical Foundations for Quantum Dynamics Simulation

Part | - Building Intuition and Computational Workflow

Authors:

Brandon C. Allen, Xiaohan Dan, Delmar G. A. Cabral, Nam P. Vu, Cameron Cianci, Alexander V. Soudackov,
Rishab Dutta, Sabre Kais, Eitan Geva, and Victor S. Batista
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Flux QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

Motivation - The Big Picture

Why quantum dynamics matters ?
Dynamics underlies spectra, coherence, transport, relaxation
Challenges: exponential scaling, environments, memory

Need unified classical + quantum workflows

Key message: dynamics is the shared strategy across methods
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FlUX QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

Where QFlux Fits

QFlux as glue: same physics, different solvers, comparable outputs

* Fragmented ecosystem: QuTiP, MQSQD tensor networks, Qiskit circuits
* Gap: nosingle framework for apples-to-apples benchmarking
* Qflux goal: One model - many dynamical descriptions
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FlUX QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

What Is QFlux?

Open-source Python framework
Supports:
* Closed systems (TDSE)
* Open systems (Lindblad, GQME)
Classical, tensor-network, quantum-ready solvers in a single architecture
Emphasis on validation and cross-comparison
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Flux QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

Design Philosophy
* Model-centric abstraction: Backend is an implementation detail
— Same Hamiltonian
— Same initial state Reproducibility and interoperability first

— Same observables
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QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

Core modules:

* closed _systems

* open_systems

* GQME

e variational _methods

Dependencies:

*  NumPy, SciPy
* QuTiP

* Qiskit

* MPQSD

Victor S. Batista -

.

QFlux Architecture

qflux.closed_systems

classical_methods.DynamicsCS
closed system dynamics on classical computers

Model systems:
potential_type="harmonic”
potential_type=“"quartic”

qubit_methods.QubitDynamicsCS
closed system dynamics on quantum computers

direct_method
Pauli string Hamiltonians on quantum computers

spin_dynamics_oo.SpinDynamicsS
spin system dynamics on quantum computers

VarQTE
variational dynamics on quantum computers

spin_prnpagators]

qflux.open_systems

quantum_simulation.QubitDynamics0S
open system dynamics on quantum computers

dilation_circuit

circuits for Sz.Nagy/SVD dil Iaﬁon}

numerical_methods.Dynamics0S
numerical_methods.DVR_grid

trans_basis walsh_gray_optimization
basis transformations Wialsh-Gray for diagonal unitaries

params
parameters/constants

¢

qf lux. GQME

dynamics_GQME.DynamicsGQME
Generalized Quantum Master Equation dynamics

params tt_tfd
parameters/constants tensor train thermo-field dynamics

qf lux

¢

qflux.variational_methods.gmad

gmad.solver.solve_avq_vect
Unrestricted Adaptive Variational Quantum Dynamics

gmad.solver.solve_avq_trajectory
Dynamics via Stochastic Schrodinger Equation (SSE)

gmad.ansatz

UAVQD classes
SSE classes

Yale University -

I ( gnad. effh J
Model systems:
tdvp 1-gubit with amplitude damping channel
( TDVP time evolution FMO complex
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Flux

QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

State preparation

¢ molecular Hamiltonian
e basis set
e initial state / vector

Classical
preprocessing

e integral generation
e state mapping
¢ initial wavefunction

Unified Workflow

Time propagation

Time evolution
(Trotter, varQTE, ...)

Three stages (always the same):

1. State preparation
2. Time propagation
3. Observable analysis

Victor S. Batista -  Yale University

Analysis of
observables

expectation values

population dynamics
spectra

metrics ‘ q

results, plots

Classical vs quantum-ready components
share the same workflow

Department of Chemistry
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Flux QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

Closed-System Dynamics Refresher

Time-dependent Schrodinger equation
Formal propagator exp(-iHt/h)
Observables from expectation values

Correlation functions - spectra
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Flux QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

ODE Solvers: Quantum Dynamics on Classical Computers

e Basis expansion - coupled ODEs
 Example: Runge—Kutta (Adam, VODE, etc.)
* Adaptive timesteps, High-accuracy reference

i 100) = B O 19(0). - a0

é@zf@@g—%ﬂ@dﬂ
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Flux QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

= F(tn, c), Adaptive-step update
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Flux QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

Benchmark: Harmonic Oscillator
2.0
* Analytical solution available = g”aT'fica' ——p gni'.vtica'
1.5 - O <X> QuUll O <p=> Qulip
*  Track (x(t)), (p(t))
. . Y 1.0
* Diagnostics: =
>
— Correct Frequency & SRy
— Correct phase § a9
Q
— Norm conservation & -0.5
-1.0
JCTC l.ipynb (Section 2) 45

00 25 50 75 100 125 150 17.5 20.0
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Flux QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

Split-Operator Fourier Transform (SOFT)

Exploits the Hamiltonian split into kinetic and potential terms

e Split kinetic and potential pz

* FFT-based basis switching H = om + V(z)

* (O(NlogN) scaling on grids
Naturally exposes operator structure

—iV(x)T

(z,tin) =€ F [e;ﬁhrf(e_”;gh w(w,t@))]

Y(t+ 7)) = Uy Uqer Ur Ubpr Uy |9(t))
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Flux QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

SOFT as Conceptual Bridge

Potential and kinetic diagonal operators €< Phase rotations
FFT €2 Quantum Fourier Transform
Operators €= Direct circuit mapping: quantum algorithms (Part Il)

L OV — repeat Ny, times (1))
|0> ] g : - e ( : ~—A
8| ’
- r={ I : I
o 1= [ — ~X
0) }g | Uy Uqgrr Uke Ug)FT Uy |: :
= E
ot |
z | '
0 —& - S
— | I
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Flux QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

Validation Philosophy

Cross-check methods (e.g., linear solvers vs SOFT)
Agreement # coincidence but correctness

Validation is routine 50
—— <x> analytical —— <p> analytical
1.5 | o <x> SOFT o <p> SOFT

OFlux makes El

. o Z 0.5 1
cross-checking routine 5

£ 00

u% -0.5

JCTC lipynb (Section 3) ~1.01

-1.5

00 25 50 75 100 125 150 17.5 20.0
time, a.u.
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Flux QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

Beyond Pure States

Finite temperature
Environments
Density matrices required

Why Go Beyond Pure States?
* Real systems = finite temperature + environments
* Need density matrices, not wavefunctions

*  Mixed-state dynamics - open-system formalisms
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Flux QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

Thermo-Field Dynamics (TFD)

Purify thermal density matrix

Map mixed state - pure state in doubled Hilbert space
Enables Schrodinger-like propagation

Exact recovery of physical density matrix by tracing

5(0;8) = Z7le P 5 [9(0;8)) = 252> e P n, 1)
0 = H,50) > S (s,0) = —1 H(s,0)
|
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Flux QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

Tensor-Network Acceleration

Exponential Hilbert space — compressed representation

* Tensor trains / MPS representation

e TDVP, TEBD time evolution

* Practical for short-time, numerically exact dynamics
* Key enabler for finite-temperature simulations

(B, 1)) =~ S ANAZ AN iyiy i)
{ir}
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Quantum Dynamics Simulations

Flux QFlux: An Open-Source Python Package for

Case Study: Qubit + Harmonic Bath

e Spin—boson model

e TT-TFD workflow (Bath discretization, Thermal state prep, TDVP propagation)

e Stable populations and coherences

N‘H -'- Nn -|-
H=eo,+To, + Y wialar + 0. gk (a} + ax)
k=1 k=1
Spin populations vs time Spin coherences vs time
JCTC lipynb (Section 4) Tl |08 Tt
%0,4- \i/ \ % :: /
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Flux QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

Key Takeaways (Part 1)

e Classical methods are not just baselines:
— They prototype quantum algorithms
e Operator structure matters
* Cross-validation is essential
* QFlux = connective tissue between:
— classical simulation
— tensor networks

— quantum hardware

Victor S. Batista -  Yale University - Department of Chemistry - Yale Quantum Institute
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Flux QFlux: An Open-Source Python Package for
Quantum Dynamics Simulations

Roadmap of the Qflux Series

Quantum Computing

Quantum circuits:

e Partll: Closed Systems

* Part lll : State preparation & unitary decomposition
 Part IV :Open systems & Lindblad dynamics

* Part V: Variational guantum dynamics

e Part VI : Non-Markovian GQMEs
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