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Motivation 

Higher-resolution models will address 
knowledge gaps in emergent behaviors of 
multiscale systems

Current classical computing abilities are limited 
in time and scale due to the large number of 
degrees of freedom (grid points, species)

Quantum algorithms for classical large-scale 
dynamic systems are underdeveloped and 
have potential speed up when dealing with 
large systems containing many parameters

We find that the error between the Carleman solution and 

RK4 remains small across most stable, biologically 

relevant parameter regimes.
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Future objectives

1. Circuit-based end-to-end resource estimation

2. Hybrid quantum–classical algorithms

3. Implementation on quantum hardware with O(100) qubits

For additional information, contact:
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MULTIPHASE TURBULENT 

TRANSPORT

REACTION–DIFFUSION IN 

BIOLOGICAL SYSTEMS

Quantum Accelerated Clouds and Climate (QuACC)

APPROACH

• Quantum computers are extremely efficient at solving systems with N≫1 degrees of freedom, provided the system is 
described by linear differential equations.

• The atmosphere is governed by nonlinear differential equations (Navier–Stokes).

• Can we make the physics problem fit the computer?  If so, resolved microphysics simulations of cloud systems are 
within the realm of possibility!

Trade linearity for degrees of freedom using the lattice Boltzmann formalism
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FIG. 1. Left: Breakup regime map for jets in immiscible liquid-liquid systems. Right: Corresponding visualization images: Regime 0,

dripping; Regime I, varicose breakup; Regime IIa, sinuous breakup without entrainment; Regime IIb, sinuous breakup with entrainment; and

Regime III, atomization [22].

available in the literature. As a first attempt, Richards et al. [23]

investigated the axisymmetric steady-state laminar jet based

on the volume-of-fluid (VOF) method [24]. Thakre et al. [25]

also used the VOF method provided by a commercial code,

FLUENT, to simulate a melt jet into water. They successfully

reproduced a variation in the breakup length [26]; later, a sim-

ilar variation was confirmed by experiments [22,27]. Homma

et al. [28] numerically investigated liquid-liquid-jet breakup

using a front-tracking method [29,30]. They mapped different

breakup modes on a plot of Weber number versus viscosity

ratio. The drawback of their front-tracking simulations was

that they neglected the coalescence of generated drops. The

aforementioned numerical simulations [23,25,28] were limited

to two-dimensional cases.

A completely different approach is the use of a lattice

Boltzmann method. Several authors have investigated liquid-

liquid-jet flows using multiphase lattice Boltzmann mod-

els [31–33]. In recent years, this method has been recognized

as a powerful tool for analysis of complex fluid dynamics,

including multicomponent and multiphase flows [34]. Com-

pared with other macroscopic CFD methods based on the

Navier–Stokes equations, the lattice Boltzmann method, which

is constructed using mesoscopic kinetic equations, has several

advantages. For instance, it is easy to incorporate mesoscale

physics, such as interfacial breakup or coalescence. Moreover,

the computational cost for simulating realistic fluid flows

is reasonable compared with particle-based methods (e.g.,

molecular dynamics). The relations of the scale properties in

fluid flows are schematically illustrated in Fig. 2.

Two-phase or multiphase lattice Boltzmann models can be

classified into four categories:

(1) Color-fluid model [35,36],

(2) Pseudopotential model [37,38],

(3) Free-energy model [39,40],

(4) Mean-field model [41].

This classification may not be exhaustive, for instance, the

latter two models are sometimes identified as phase-field

models [42], since the Cahn–Hilliard or similar interface

tracking equations can be derived from them. For details about

the multiphase lattice Boltzmann models, interested readers

can refer to the comprehensive review papers [34,42–46] and

references therein. In this paper, we focus upon the color-fluid

model. This model possesses many strengths in simulations of

multiphase or multicomponent flows, including strict mass

conservation for each fluid and flexibility in adjusting the

interfacial tension [47]. A static drop test is no longer needed

to determine the interfacial tension; it can be directly obtained

without any analysis or assumptions. Moreover, the color-fluid

model shows a very small dissolution property for tiny droplets

or bubbles [46].

Color-fluid models, which are often referred to as

R-K or color-gradient models, were first developed by

Gunstensen et al. [35], who extended the two-component

lattice gas automata model of Rothman and Keller [48].

Later, Grunau et al. [36] enabled the introduction of density

and viscosity ratios by modifying the forms of the distri-

bution functions. Latva-Kokko and Rothman [49] replaced

Gunstensen’s maximization-recoloring step with a formulaic

segregation algorithm. Instead of widening the interface width,

Latva-Kokko–Rothman’s recoloring algorithm solves some

issues with the previous color-fluid-type model, namely, the

Molecular dynamics Lattice Boltzmann Navier–Stokes

Microscopic Mesoscopic Macroscopic

FIG. 2. Relationship between multiscale properties of a fluid

flow and a simulation method. The lattice Boltzmann method is the

so-called mesoscopic simulation method between the microscopic

particle-based (e.g., molecular dynamics) and macroscopic Navier–

Stokes-based methods.
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I Model mass/internal energy flows as “fluid particles” with

discrete velocities; these particles obey a Boltzmann

equation

@

@t
fm(x) + vm · r fm(x) = ⌦m(x), (m = 0, 1, ..., M), (2)

from which the dynamics/thermodynamics

(Navier–Stokes/temperature diffusion) of the PBL can be

recovered.

I Solution requires diagonalizing (MN) ⇥ (MN) matrix for N

spatial grid points, M velocities −! quantum solver

I M = O(10); want N to be as large as the computer can

handle

I As proof of concept, we have implemented the smallest

possible system (N = 4) as a 12-qubit circuit on a

(simulated) quantum computer (and also simplified to the

steady-state solution)
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Multiscale physics requiring high resolution, while 

covering a wide range of spatiotemporal scales

Transforming the Navier-Stokes equation to the 

lattice Boltzmann formulation to make an efficient 

quantum algorithm for turbulence

Can we couple turbulent flows to particle-

particle interactions?

“Reactions” involving two phases (i.e., droplet 

collisions) bring additional complications 

associated with density gradients

Boltzmann equation: Trading nonlinearity for degrees of freedom

Quantum Accelerated Clouds and Climate (QuACC)

APPROACH

• Quantum computers are extremely efficient at solving systems with N≫1 degrees of freedom, provided the system is 
described by linear differential equations.

• The atmosphere is governed by nonlinear differential equations (Navier–Stokes).
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@f (x,⇠, t)

@t
+ ⇠·

@

@x
f = ⌦(f )

h⇠f i / hf i = O(Ma) ⌧ 1

Saito et al. (Phys. Rev. E 2017) 13 / 21

Can we couple diffusion with interconnected  

of biological entities?

Our work provides an efficient quantum algorithmic 

framework path for multiscale nonlinear complex systems.

Computational cost of the quantum 

algorithm scales logarithmically in 

the number of grid points N in the 

simulation domain:

compared to polynomial scaling in 

classical algorithms

Final quantum results

Query complexity

Using the Gierer-Meinhardt (GM) model with one activator and 

one inhibitor as a benchmark:   

NON-LINEAR TO LINEAR TRANSFORMATION

https://doi.org/10.1103/PhysRevResearch.7.013036

https://arxiv.org/abs/2509.20668
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