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Quantum algorithm for the radiative-transfer equation
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The radiation transfer equation is widely used for simulations, for example, heat transfer in engineer-
ing, diffuse optical tomography in healthcare, and radiation hydrodynamics in astrophysics. By combining
the lattice Boltzmann method, we propose a quantum algorithm for radiative transfer. This algorithm
encompasses all the essential physical processes of radiative transfer: absorption, scattering, and emis-
sion. Although a sufficient number of measurements are required to precisely estimate the quantum state,
and the initial encoding of the quantum state remains a challenging problem, our quantum algorithm expo-
nentially accelerates radiative-transfer calculations compared to classical algorithms. In order to verify the
quantum algorithm, we perform quantum circuit simulation using IBM Qiskit Aer and find good agree-
ment between our numerical result and the exact solution. The algorithm paves the way for applications,
such as fault-tolerant quantum computers for plasma engineering, telecommunications, nuclear-fusion
technology, healthcare, and astrophysics.
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I. INTRODUCTION

Many studies have utilized the lattice Boltzmann
method (LBM) as one of the numerical methods in
fluid dynamics [1–4]. Notably, the advent of the single-
relaxation-time model has significantly developed the
field of LBM [5]. Although LBM, which discretizes
space, resembles the finite-difference method, it does not
directly compute macroscopic quantities, such as density
and velocity. Instead, LBM calculates particle-distribution
functions, from which we can derive macroscopic quanti-
ties. Therefore, LBM is often referred to as a mesoscopic
method. In addition, many studies developed LBM for
various applications, such as compressible hydrodynam-
ics [6–9], thermal hydrodynamic analysis [10,11], and
multiphase flow [12–14].

Some recent studies have proposed quantum algorithms
employing the LBM on fault-tolerant quantum computers
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(FTQCs) for fluid dynamics [15–18]. In the quantum
algorithm for LBM, the nonlinearity of the collision term
poses a challenge. Budinski assumed a low fluid veloc-
ity, such that the equilibrium distribution function of the
collision term becomes linear, and constructed a quantum
algorithm [15]. This algorithm involves two distinctive
steps. The first collision step computes the collision term of
the LBM and updates the distribution function. The circuit
depth of this step is independent of the number of lattice
points M . In the second propagation step, the updated dis-
tribution function is transferred to adjacent lattice points.
The circuit depth of this step is on the logarithmic order
of M , indicating the exponential speedup. A challenge
remains for the considerable circuit depth required for
the initial encoding [19]. Also, many similar studies pro-
posed various other quantum algorithms for fluid dynamics
[20–24] and partial differential equations [25–29].

In classical computing, the LBM began to be utilized for
radiative transfer in the 2010s [30–35]. Radiative trans-
fer is the physical phenomenon of energy transfer in the
form of electromagnetic (photon) radiation, and becomes
necessary to analyze radiative heat transfer and radiation
hydrodynamics. The radiative transfer equation takes the
form of the Boltzmann equation, allowing for a direct
application of the LBM. In contrast to conventional fluid
particles, electromagnetic waves (photons) do not col-
lide with each other. Therefore, the Boltzmann equation
for radiative transfer involves only linear terms for the
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interactions between photons and medium instead of a
nonlinear collision term in fluid dynamics. The three prin-
cipal interactions are absorption, scattering, and emission.
These processes depend on the properties of the medium
through which the photons travel and also on the fre-
quency. The linearity of radiative transfer avoids the non-
linearity problem for quantum algorithms, such as in fluid
dynamics [36–38].

Furthermore, radiative transfer has many applications
in various other fields. Many studies applied radiative
transfer in medical imaging, specifically in diffuse opti-
cal tomography. In diffuse optical tomography, one can
determine the condition of bodily tissues from images of
near-infrared light that has permeated through the tissues
[39–42]. This technique represents an inverse problem in
radiative-transfer calculations. In the field of astrophysical
hydrodynamics, many studies applied radiative-transfer
analysis to convection of stellar atmospheres [43–45] and
supernova explosions [46–49], along with the interactions
between explosions and circumstellar materials [50,51]. In
addition, the radiative-transfer equation is used for analyz-
ing the telecommunication network [52], soler cell [53],
and extreme ultraviolet (EUV) lithography [54]. Acceler-
ation of radiative-transfer calculations is expected in these
industrial fields.

In this paper, a quantum algorithm for radiative trans-
fer is proposed. Previous studies show the exponential
speedup of quantum algorithms for fluid dynamics based
on the LBM [15–17,21]. We demonstrate that such an
exponential speedup is also possible for radiative transfer.
Therefore, we can expect fast calculation of radiative-
transfer phenomena using FTQCs.

The paper is structured as follows. In Sec. II, we trans-
form the radiative-transfer equation into the LBM form
and modify it to a form suitable for a quantum algorithm.
Section III introduces a quantum algorithm for radiative
transfer derived from this form. In this section, we show
quantum circuits. In Sec. IV, we compute a simple one-
dimensional problem using the quantum algorithm and
compare it with the classical algorithm and analytical
solutions. Sections V and VI encompass discussions and
conclusions, respectively.

II. FORMULATION

Radiative transfer (also known as radiative transport) is
the physical phenomenon in which electromagnetic waves
(photons) transmit energy through a medium [55]. Radi-
ation propagation includes processes, such as absorption,
emission, and scattering (see Fig. 1). The radiative-transfer
equation mathematically describes these processes. Ana-
lytical solutions to this equation exist only for sim-
ple cases, and more realistic cases require numerical
methods. The radiative-transfer equation is given by an

FIG. 1. Essential physical processes for radiative transfer.

integrodifferential equation:

∂Iν(�x, ��, t)
c∂t

+ �� · ∇Iν(�x, ��, t)

= κa,ν(�x, ��, t)
{

Ib,ν(�x, ��, t) − Iν(�x, ��, t)
}

+ σs,ν(�x, ��, t)
{∫

4π

Iν(�x, ��′, t)�( ��, ��′)∂ ��′

− Iν(�x, ��, t)
}

+ Se,ν(�x, ��, t), (1)

where c, �x, t, ��, and Iν represent the speed of light, posi-
tion, time, angular direction, and radiative intensity at
frequency ν, respectively. On the right-hand side, κa,ν , σs,ν ,
Se,ν , Ib,ν , and � represent the absorption coefficient, the
scattering coefficient, the emission source, the black-body
radiative intensity, and the scattering phase function. The
left-hand side of Eq. (1) describes the time evolution of the
radiative intensity Iν , similar to the Boltzmann equation
for fluid dynamics. The right-hand side represents changes
by various physical processes. The first term describes
absorption, the second term for scattering, and the third
term for emission. In contrast to the Boltzmann equation
for fluid dynamics, which contains the nonlinear collision
term, the radiative-transfer equation has linear terms only.

We assume the isotropic scattering and modify the
general form, Eq. (1), to the tractable form:

∂Iν(�x, ��, t)
c∂t

+ �� · ∇Iν(�x, ��, t)

= −κν(�x, ��, t)Iν(�x, ��, t)

+ σν(�x, ��, t)
∫

4π

Iν(�x, ��′, t)∂ ��′ + Sν(�x, ��, t). (2)

The coefficient κν(≡ κa,ν + σs,ν) denotes a decrease of
Iν due to absorption and scattering, while σν(≡ σs,ν/4π)

denotes an increase of Iν due to scattering. The source
term Sν(≡ κa,νIb,ν + Se,ν) represents an increase due to
absorption and emission.
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FIG. 2. One-dimensional model for radiative transfer.

In this paper, we propose the quantum algorithm for the
LBM of radiative transfer. We show the quantum circuit
for a simple case, which is a one-dimensional radiative-
transfer problem (see Fig. 2). This model is similar to
the D1Q2 model (one-dimensional flow with two dis-
crete velocities) in the LBM-based fluid dynamics [56].
Equation (2) can be transformed into the one-dimensional
LBM form:

I±μ(x ± δx, t + δt) − I±μ(x, t) = −κδtI±μ(x, t)

+ σ

2
δt

{
I+μ(x, t) + I−μ(x, t)

} + 1
2
δtS±μ(x), (3)

where ±μ indicates the two angular directions of radiative
transfer, δt and δx(≡ cμδt) represent the time step and the
grid width between lattice points. For simplicity, we have
assumed that each coefficient (κ , σ ) is constant and has a
fixed frequency ν. In Eq. (3), 1/2 is the weight factor due
to the presence of two directions.

In order to develop the quantum algorithm for the lattice
Boltzmann Eq. (3), we decompose this equation as

I±μ(x ± δx, t + δt) = I ASE
±μ (x, t), (4)

I ASE
±μ (x, t) ≡ I AS

±μ(x, t) + 1
2

S±μ(x)δt, (5)

where

I AS
+μ(x, t) ≡

(
1 − κδt + σ

2
δt

)
I+μ(x, t) + σ

2
δtI−μ(x, t),

I AS
−μ(x, t) ≡ σ

2
δtI+μ(x, t) +

(
1 − κδt + σ

2
δt

)
I−μ(x, t).

(6)

The above equations indicate that the quantum algorithm
involves three steps: an absorption-and-scattering step
(I±μ → I AS

±μ) as Eq. (6), an absorption-and-emission step
(I AS

±μ → I ASE
±μ ) as Eq. (5), and a propagation step (I ASE

±μ →
I±μ) as Eq. (4).

III. QUANTUM ALGORITHM

The quantum algorithm consists of the following four
steps: the encoding step, the absorption-and-scattering
step, the absorption-and-emission step, and the propaga-
tion step. We summarize all steps of the quantum algorithm
in Fig. 3. First, we encode the classical state I±μ(x, t) of
Eq. (3) into the quantum state. We define the classical state
vector �φ as

�φ ≡
(

I 0
+μ, . . . , I M−1

+μ , I 0
−μ, . . . , I M−1

−μ ,
1
2
δtS0

+μ, . . . ,

1
2
δtSM−1

+μ ,
1
2
δtS0

−μ, . . . ,
1
2
δtSM−1

−μ

)
, (7)

where M is the number of lattices and the superscript (0 ∼
M − 1) denotes the lattice site. The encoded quantum state
is

|φ0〉 = |000〉a
1

‖φ‖
M−1∑
i=0

(
I i
+μ |0〉s |0〉d |i〉l + I i

−μ |0〉s |1〉d |i〉l

+1
2
δtSi

+μ |1〉s |0〉d |i〉l + 1
2
δtSi

−μ |1〉s |1〉d |i〉l

)
,

(8)

where i denotes the binary representation of the lattice
site (= 0 ∼ M − 1). We scale amplitude by the norm ‖φ‖
for normalization. The three qubits labeled as a repre-
sent ancillary qubits. In this quantum algorithm, we have
to measure the state after each time step (Fig. 3) and
the ancillary qubits are indexes to distinguish the desired
amplitudes. The s-labeled qubit indicates I and S, where
0 corresponds to I and 1 corresponds to S. The d-labeled
qubit distinguishes left and right, where 0 represents the
+μ direction, and 1 represents the −μ direction. The
n qubits labeled as l denote lattice points (M = 2n, i ∈
{0, 1}⊗n). As a result, we need n + 5 qubits for the quantum
algorithm.

From Eqs. (6), the calculations for the absorption-and-
scattering step (I±μ → I AS

±μ) are as follows:

(
I AS,0
+μ , . . . , I AS,M−1

+μ , I AS,0
−μ , . . . , I AS,M−1

−μ

)T

= A
(
I 0
+μ, . . . , I M−1

+μ , I 0
−μ, . . . , I M−1

−μ

)T
. (9)

In this equation,

A ≡
(

1 − κδt + 1
2σδt

1
2σδt

1
2σδt 1 − κδt + 1

2σδt

)
⊗ IM , (10)

where A is the 2M × 2M nonunitary matrix and IM is
M × M identity matrix. We utilize the linear combination
of unitaries (LCU) method employed in Ref. [15]. This
approach decomposes the 2M × 2M nonunitary matrix A
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l
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FIG. 3. Quantum circuit for all steps. The brackets |0〉⊗n
l ,

|0〉d, |0〉s, and |0〉⊗3
a represent lattice qubits, a direction qubit, a

switching qubit, and ancilla qubits, respectively.

into two 2M × 2M unitary matrices, denoted as C1 and C2,
i.e., A = (C1 + C2)/2, where

C1,2 ≡ A ± 1
2

i
√

I − A2

=

⎛
⎜⎝

a0 ± 1
2

ib0 a1 ± 1
2

ib1

a1 ± 1
2

ib1 a0 ± 1
2

ib0

⎞
⎟⎠ ⊗ IM . (11)

In this equation,

a0 ≡ 1 − κδt + 1
2
σδt,

a1 ≡ 1
2
σδt,

b0,1 ≡
√

1 − (1 − κδt + σδt)2 ±
√

1 − (1 − κδt)2,

(12)

where a0,1 and b0,1 are dimensionless constants. The two
matrices C1 and C2 can be decomposed using X gate, P
gate (phase gate), and RX gate as follows:

C1,2 = eiα1,2RX (β1,2) ⊗ IM

= XP(α1,2)XP(α1,2)RX(β1,2) ⊗ IM , (13)

where α1,2 and β1,2 are real constants. Here, X , P, and RX
gates are

X =
(

0 1
1 0

)
, (14)

P(α) =
(

1 0
0 eiα

)
, (15)

RX (β) =
(

cos (β/2) −i sin (β/2)

−i sin (β/2) cos (β/2)

)
. (16)

We can determine α1,2 and β1,2 from a0,1 and b0,1 by
solving

eiα1 cos
β1

2
= a0 + 1

2
ib0,

−ieiα1 sin
β1

2
= a1 + 1

2
ib1,

eiα2 cos
β2

2
= a0 − 1

2
ib0,

−ieiα2 sin
β2

2
= a1 − 1

2
ib1.

(17)

It should be noted that b0,1 can be complex.
Figure 4 shows the quantum circuit for the absorption-

and-scattering step. Applying this circuit to |φ0〉 results in
a quantum state:

|φ1〉 = |000〉a
1

‖φ‖
M−1∑
i=0

(
I AS,i
+μ |0〉s |0〉d |i〉l

+ I AS,i
−μ |0〉s |1〉d |i〉l + 1

2
δtSi

+μ |1〉s |0〉d |i〉l

+ 1
2
δtSi

−μ |1〉s |1〉d |i〉l

)
+ |000⊥〉a,s,d,l , (18)

where |000⊥〉a,s,d,l represents the component orthogonal
to |000〉a. Because we require the amplitude of |000〉a,
|000⊥〉a,s,d,l is not of interest in this calculation.

Next, we proceed to compute the absorption-and-
emission step. This step can be expressed using Eq. (5) as
follows:

(
I ASE,0
+μ , . . . , I ASE,M−1

+μ , I ASE,0
−μ , . . . , I ASE,M−1

−μ ,
1
2
δtS0

+μ, . . . ,

1
2
δtSM−1

+μ ,
1
2
δtS0

−μ, . . . ,
1
2
δtSM−1

−μ

)T

= B
(

I AS,0
+μ , . . . ,

I AS,M−1
+μ , I AS,0

−μ , . . . , I AS,M−1
−μ ,

1
2
δtS0

+μ, . . . ,
1
2
δtSM−1

+μ ,

1
2
δtS0

−μ, . . . ,
1
2
δtSM−1

−μ

)T

. (19)
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FIG. 4. Quantum circuit for the absorption-and-scattering step. The state vectors |Ln〉, |D〉, |S〉, |A0〉, |A1〉, and |A2〉 represent lattice
qubits (n qubits), a direction qubit, a switching qubit, and three ancilla qubits, respectively. Determination of the parameters α1,2 and
β1,2 inside the gates are described in the main text.

In this equation,

B ≡
(

I2M I2M
0 I2M

)

=
(

I + 1
2

X + 1
2

ZX
)

⊗ I2M , (20)

where B is the 4M × 4M nonunitary matrix and I2M is
2M × 2M identity matrix. We compute B using a combi-
nation of X gate and Z gate with two ancillary qubits. The
Z gate is

Z =
(

1 0
0 −1

)
. (21)

Figure 5 shows the quantum circuit for the absorption-and-
emission step. By applying this circuit to |φ1〉, the resulting
quantum state is given by

|φ2〉 = |000〉a
1

2‖φ‖
M−1∑
i=0

(
I ASE,i
+μ |0〉s |0〉d |i〉l

+ I ASE,i
−μ |0〉s |1〉d |i〉l + 1

2
δtSi

+μ |1〉s |0〉d |i〉l

+1
2
δtSi

−μ |1〉s |1〉d |i〉l

)
+ |000⊥〉′a,s,d,l , (22)

where again |000⊥〉′a,s,d,l is irrelevant for our purpose.
Finally, we compute the propagation step, Eq. (4), by

shifting the lattice points. In this step, we adopt the quan-
tum circuits for the LBM of fluid dynamics from [15].
The combination of CNOT gates constructs this circuit (see
Figs. 5 and 6 in Ref. [15]). In the case of radiative trans-
fer, a switching qubit |S〉 must be added as a control bit to
shift the radiative intensity selectively. We illustrate this
quantum circuit in Fig. 6. This circuit assumes periodic
boundary conditions. This circuit changes the state |φ2〉 to
the final state |φ3〉.

After this operation, we can obtain the frequency distri-
bution by performing measurements of all n + 5 qubits:
|Ln〉, |S〉, |D〉, and |A3〉. We convert this distribution to
the amplitude distribution and multiply it by a constant
2‖φ‖. Then, we obtain the radiative intensity I±μ at t =
t + δt. A number of measurements is needed for this step
and severely influences the efficiency of the quantum
algorithm.

IV. NUMERICAL SIMULATION

In order to validate the quantum algorithm proposed in
this paper, we consider a simple one-dimensional problem
using a quantum circuit simulator IBM Qiskit [57]. We set
the fake backend to Aer simulator. We set κ = 2.5, σ =
0.5, and define the source term as

S±(x) =
⎧⎨
⎩

0 for 0 ≤ x ≤ 1/4
1 for 1/4 < x < 3/4
0 for 3/4 ≤ x ≤ 1

. (23)

The intensity distribution reaches a steady state for t → ∞.
We consider five lattice qubits (i = 0 ∼ 4) and set c = 1,
μ = 1, therefore δt = δx = 1/25. We perform calculations
up to t = 2 (t/δt = 64 time steps). After the propagation

A
B
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R
P

T
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N
&

E
M

IS
S
IO

N

=

|Ln

|D
|S X X Z

|A0

|A1 H • • • H

|A2 H • • H

FIG. 5. Quantum circuit for the absorption-and-emission step.
The symbols within the brackets are the same as in Fig. 4.
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FIG. 6. Quantum circuit for the right and left propagation steps. The symbols within the brackets are the same as in Fig. 4. The last
bracket |A3〉 represents three ancilla qubits.

step, we measure the final quantum state |φ3〉. In this cal-
culation, we measure 106 times for each time step (see the
Appendix).

Figure 7 shows our numerical result. This figure also
shows the result obtained using the classical method to
directly solve the LBM Eq. (3) to compare classical numer-
ical method to our quantum algorithm. The computational
time t and the number of lattice points M = 25 are the
same for both numerical calculations. The lines indicate
the steady-state solutions derived analytically (refer to the
Appendix). Both numerical methods reproduce the ana-
lytical solutions, which validate our quantum algorithm
proposed in this paper. In addition, we show the time
evolution of the radiative intensity distribution in Fig. 8.
The evolution is almost identical for both methods. These
results indicate that our quantum algorithm can efficiently
solve the LBM Eq. (3) as compared with the classical
algorithm.

V. DISCUSSION

While this paper has addressed a one-dimensional
model, we can extend it to a two-dimensional model.
For instance, in two-dimensional space (x, y), the model
encompasses four directions (±μ, ±ν). This model is anal-
ogous to the D2Q4 model (two-dimensional flow with four
discrete velocities) in the LBM of fluid dynamics. Equation
(3) for the one-dimensional model can be extended to the
two-dimensional model as

I±μ,±ν(x ± δx, y ± δy , t + δt) − I±μ,±ν(x, y, t)

= −κI±μ,±ν(x, y, t)δt + σ

4
{
I+μ,+ν(x, y, t)

+I−μ,+ν(x, y, t) + I+μ,−ν(x, y, t) + I−μ,−ν(x, y, t)
}
δt

+ 1
4

S±μ,±ν(x, y).δt, (24)

The factor of 1/4 on the right-hand side represents a weight
factor corresponding to the four directions. The number of
direction qubits |D〉 is 2. The number of ancilla qubits |A〉
is 4. The switching qubit |S〉 remains the same as in the
one-dimensional model. Moreover, to maintain the exact
resolution as in a one-dimensional model, the number of
lattice points M becomes squared in a two-dimensional
model, doubling the lattice qubits |L〉.

In actual quantum computers, errors accumulate dur-
ing the computational steps due to decoherence and noise,
resulting in a solution that deviates from the exact solution.
In order to keep the errors sufficiently small, the num-
ber of gates in the implemented quantum circuit should be
minimized. We utilize the transpile function of Qiskit to
estimate roughly the circuit depth used in Fig. 7. The depth

FIG. 7. Distribution of radiative intensities I± for each
method. “Analytical” represents analytical solutions, “Classi-
cal” denotes classical algorithm, and “Quantum” shows results
from the Qiskit Aer simulator based on the quantum algorithm
presented in this paper. We show the results of numerical simu-
lations at t = 2. Refer to the main text for simulation parameters.
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FIG. 8. Time evolution of radiative intensities I± for each
time. Refer to Fig. 7 for symbols.

depends on the Qiskit version and also the fake backends
mimicking actual IBM’s quantum computers. Because of
the randomized algorithm implemented in some backends
[57], the depth varies at some level. With the 28-qubit
heavy-hex-lattice backend FakeCambridge, we find that
the depth is around 2200 gates with a maximum of 2236 to
a minimum of 2102. The propagation steps dominate the
depth at around 1600 gates. In order to perform radiative-
transfer calculations on a real quantum computer, the
reduction of gates is necessary. Furthermore, if we can use
quantum random-access memory (QRAM), it might solve
the problem associated with initial encoding [58,59].

This quantum algorithm utilizes three ancillary qubits
and does not reuse them in a single time step. The
final state |φ3〉 includes the unnecessary state |000⊥〉′a,s,d,l,
which decreases the probability of measuring the state
with |000〉a. This increases the necessary number of mea-
surements for the accuracy. Reusing ancillary qubits has
the potential to reduce ancillary qubits and construct a
more efficient quantum algorithm. In addition, this quan-
tum algorithm requires measurements for each time step
because of the ancillary qubits. If the quantum algorithm
does not contain any ancillary qubits, we can perform all
the time steps successively without measurements. Con-
struction of the quantum algorithm without using ancillary
qubits is a future problem.

It is possible to apply radiative-transfer analysis to the
industrial field related to radiation phenomena. In heat-
transfer analysis, radiative heat flux becomes crucial along
with thermal conduction. The energy equation for com-
bined conduction-radiation heat transfer is given by

ρcp
∂T(�x, t)

∂t
= λ∇2T(�x, t) − ∇ · �q(�x, t), (25)

where ρ, cp, T, λ, and �q denote density, specific heat
capacity, temperature, thermal conductivity, and radiative
heat flux, respectively. The left-hand side represents the

temperature change. The first term on the right-hand side
represents thermal conduction. The second term indicates
heat movement due to radiation, and �q depends on the
radiative intensity. Equation (25) is nonlinear due to this
term. By coupling the heat transfer Eq. (25) to the radiative
transfer Eq. (1), one can perform radiative heat-transfer
analysis and determine the temperature distribution accu-
rately. Conversely, since Ib,ν in Eq. (1) is temperature
dependent, thermal analysis is necessary for more accu-
rate radiative-transfer calculations. Additionally, Eq. (25)
becomes linear without the second term on the right-hand
side. For such a linear case, a quantum algorithm for heat
transfer can be used [60,61].

VI. CONCLUSION

We have formulated a quantum algorithm for radia-
tive transfer. In our quantum algorithm, we apply the
LBM used in fluid dynamics to the radiative-transfer
equation. This equation encompasses all essential pro-
cesses: absorption, scattering, and emission. We decom-
pose the radiative-transfer equation into three steps. Both
the absorption-and-scattering step and the absorption-and-
emission step do not act on lattice qubits (the quantum bits
representing lattice points). Therefore, in these steps, the
number of gates remains unchanged even if the number
of lattice points M increases. The subsequent propagation
step acts on the lattice qubits n. The depth of this oper-
ation is proportional to n, not to the number of lattice
points (M = 2n). In classical algorithms, one must cal-
culate for each lattice point (M ) in the propagation step.
Therefore, there is a potential for the quantum algorithm
to accelerate calculations exponentially compared to clas-
sical algorithms. It is worthwhile to note that challenges
remain regarding the expensive computational resources
required for initial encoding (the QRAM problem) and
final measurement as pointed out in previous quantum
algorithms based on Harrow-Hassidim-Lloyd algorithms
[24,25,58,59].

To check the validity of this quantum algorithm, we
have solved a simple problem using the Qiskit Aer sim-
ulator and compared it with the exact solution. This test
problem incorporates all essential processes in radiative
transfer: absorption, scattering, and emission. Addition-
ally, we compare our quantum algorithm to the classical
algorithm. Both numerical methods well reproduce the
exact solutions for radiative intensity distribution. More-
over, the time evolution of these distributions in both
quantum and classical methods is almost identical. These
results show the validity of this quantum algorithm based
on LBM.

Radiative transfer is essential in various fields, such as
industrial engineering, nuclear-fusion technology, health-
care, telecommunications, and astrophysics. Consequently,
the acceleration of radiative-transfer calculation using

034010-7
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FTQCs has the potential to enhance industrial applications
of FTQCs significantly.
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APPENDIX A: ANALYTICAL SOLUTION

In this Appendix, we derive the steady-state solutions
for the test problem. In the absence of a source term, the
system of differential equations takes the following form:

μ
∂I+μ

∂x
= −κI+μ + σ

2
(
I+μ + I−μ

)
, (A1)

−μ
∂I−μ

∂x
= −κI−μ + σ

2
(
I+μ + I−μ

)
. (A2)

Solving these equations yields

I+μ = C+eωx + C−e−ωx, (A3)

I−μ = C+

{
2
σ

(κ + μω) − 1
}

eωx

+ C−

{
2
σ

(κ − μω) − 1
}

e−ωx, (A4)

where

ω ≡
√

κ(κ − σ)

μ2 , (A5)

and C+ and C− are integration constants. In the presence of
a source term, the system of differential equations becomes

μ
∂I+μ

∂x
= −κI+μ + σ

2
(
I+μ + I−μ

) + S0

2
, (A6)

−μ
∂I−μ

∂x
= −κI−μ + σ

2
(
I+μ + I−μ

) + S0

2
. (A7)

Solving these equations results in

I+μ = C1eωx + C2e−ωx + S0

2(κ − σ)
, (A8)

FIG. 9. Distribution of radiative intensities I+ with a variety of
shots. The shots represent the number of measurements for each
time step. Refer to Fig. 7 for symbols.

I−μ = C1

{
2
σ

(κ + μω) − 1
}

eωx

+ C2

{
2
σ

(κ − μω) − 1
}

e−ωx + S0

2(κ − σ)
, (A9)

where C1 and C2 are integration constants.
In the test problem, we divide the system into regions

with and without a source term, specifically the central
region (1/4 < x < 3/4) and the nonsource regions (0 <

x < 1/4, 3/4 < x < 1). Therefore, it is necessary for I±μ

to match at the boundaries of these regions (x = 1/4, 3/4).
Additionally, due to periodic boundary conditions, I±μ

must match at both domain ends (x = 0, 1). These condi-
tions allow us to determine the values of the six integration
constants. We show the analytical solutions in Fig. 7.

APPENDIX B: SHOTS FOR ACCURACY

The number of measurements (shots) should be suffi-
ciently large to estimate the intensity distribution with a
sufficient accuracy. In Fig. 9, we show the intensity dis-
tributions with a variety of shots. Figure 9 shows that the
number of measurements around 106 provides a sufficient
accuracy. Also, the case of 105 can give a certain degree of
accuracy.
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