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Key Points

Question: Can quantum computing reduce
the cost of radiative transfer?

Answer: In this 2D DOM setting, the dependence
on spatial resolution 1s low (good), while on angular
resolution 1s comparatively high.

The heating profile from our quantum algorithm matched Computing
that from a reference solution within a few percent. Time

2D Radiative Transfer

Wavelength (Np;y,): lineV

m———

Quantum Computing e

Radiative Transfer Equation (RTE)

T : spatial coordinate,

c : speed of light, P,(Q,Q")

Readout remains a key challenge

Introduction

Quantum computing (QC) can be advantageous for

Bases

Degree of Freedom
2D grid 1n (x;, z3,)
Discrete angles (),
L(r, Q) = ikn

Calculations i €{0,...,N, — 1}: horizontal grid index

Classical Bits

. !

some structured problems, but 1s constrained by unitarity
and measurement overhead [1,2] (Fig. 1).

Radiative transfer is costly because it depends on space,
direction, and wavelength. The discrete ordinate method

k € {0, ..., N, — 1}: vertical grid index
n e {O, ...,Nang — 1}: angular index
A €10, ..., Np;,, — 1}: wavelength index

(DOM) yields a large, sparse linear system. Quantum Bits (Qubits)

T

superposition

Can QC accelerate steady-state DOM radiative transfer?

Goal: An 1initial assessment of the accuracy and resource

Problem Setting (Fig. 2)

2D cloudy atmosphere in x — z

Q-VL(r,Q) = —0.,(r) LT, Q) +j,(r, Q) + 0, ,(r) | PA(Q, Q) (1, Q")dQ’

o; 2 . extinction coefficient,
Q : unit vector in the propagation direction, 0y, : scattering coefficient,

Discretization (Discrete Ordinate Method; DOM [3])

Nearly block diagonal 1n space,

Quantum Algorithm

Quantum Solver Idea
Quantum Singular Value Transformation (QSVT [4], Fig. 4)
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Sparse matrix
System size: Ny XN, XNy g X Npip
Block diagonal in wavelength

Fig. 4. Quantum circuit for solving a linear system using Quantum Singular Value
Transformation (QSVT) [4].
Horizontal lines represent qubits, and boxes denote unitary operations on these qubits.

Block Encoding [4,5] of K Polynomial Degree: d

except for streaming terms.

K/a =*
\ Ug = ( i *) d = O(kefrlog(Kefs/€)), Kett = @/ Omin
vAg
< > . .
PvO“ sl Raliion * Ug: unitary encoding of K/« * Ko effective condition number

Top solar mput

scaling of a quantum algorithm for 2D radiative transfer.

New in this work: 1) explicit DOM block encoding,
2) condition-number and cost-scaling analysis

Results

Simulation Results (Fig. 5)

We run the new QSVT-based quantum circuit on a QC emulator on a classical
computer and the results are compared with those by a direct solver.

The heating rates derived from the radiance field agree between the two
methods within a few percent.

Condition Number Analysis (Fig. 6)

We analyzed the dependence of the effective condition number
Koff = /0pmin ON the discretization parameters.
* Kefr 18 nearly constant with respect to N, and N, and scales linearly with N, ;.

Quantum Gate Counts of Uy (Fig. 7)

We use the Toffoli count as a representative measure of circuit cost.
The circuit cost scales logarithmically with N, and N,, and linearly with
Nang and Nbin-

Total QSVT Cost

Approximately logarithmic in spatial resolution (N,, N,).
Approximately quadratic in angular resolution N, , (dominant cost).

Approximately linear in wavelength bins Ny;,,.

Fig. 1: Characteristics of classical computing (above) and
quantum computing (below).

Lambertian reflection at the bottom

Fig. 2: Problem setting for RTE.
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Fig. 5: Comparison of heating-rate profiles obtained from the QSVT-based simulation and a
direct solver. For simplicity, the absorption and scattering coefficients are assumed to be uniform
inside and outside the cloud. The QSVT parameters are set to k = 3000 and d = 30001.
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Fig. 6: Dependence of the effective
condition number Kqff = @ /0yip ON
the discretization parameters.

Fig. 7: Scaling of the Toffoli count with the
discretization parameters after decomposing the full
circuit, including multi-controlled gates. The Toffoli
count 1s used here as a representative measure of
circuit cost.

emission

Scattering and absorption o

e «:normalization factor Omin. Smallest singular value of K

Sg)c:lasttlc * Atmospheric scattering, absorption, Q "eoo * The structure of K determines * €: tolerance error
utputs and thermal emission M cloud aerosol the cost of implementing Uy.

Reflection at the bottom surface

The total cost 1s governed mainly by the polynomial degree (d)
and the implementation cost of Uy.

Discussion

Simplified Setting: The present analysis assumes uniform absorption and scattering coefficients
both inside and outside the cloud, as well as a rectangular cloud geometry aligned with the spatial
grid. This setting 1s simple, but the algorithm can be easily extended for more general media and
geometries.

Readout Cost: The present resource analysis does not include the cost of extracting classical
output from the final quantum state. Extracting the full radiance field can be expensive, so it may be
practical to target selected observables, such as radiance at specific locations or summary quantities.

Future Work: Future work includes extensions to more realistic heterogeneous fields,
alternative discretization methods, fully three-dimensional problems, and end-to-end resource
analysis including readout cost.
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