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Abstract Photo-induced reaction-diffusion systems provide a valuable theoretical framework for exploring nonequilibrium self-organization
under external energy input. Most existing studies have focused on binary mixtures subjected to globally uniform driving, whereas realistic
chemical and biological systems are typically multicomponent and experience strongly localized energy supply. In this work, we extend photo-
induced reaction-diffusion models to a multicomponent setting and systematically investigate pattern formation in a minimal three-component
system. By combining numerical simulations with linear stability analysis, we find illumination can induce periodic nonequilibrium structures,
whose characteristic length scales can be tuned by the input energy density and intrinsic molecular energetic parameters. We further introduce
localized illumination to capture the effects of spatially heterogeneous energy input. Under such conditions, a theoretical phase diagram for pat-
tern formation is constructed, revealing distinct spatial morphologies, including dot patterns and target-like structures. In addition, we explicitly
examine the nonnegativity of entropy production for both globally and locally illuminated systems. These results provide a unified and physical-
ly consistent framework for understanding photo-induced pattern formation in multicomponent nonequilibrium systems and are also applica-

ble to photoexcitation-controlled supramolecular systems such as persulfurated-arene/block-copolymer assemblies.
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INTRODUCTION

The origin of life remains a central question in natural sciences.
Living systems are generally believed to have emerged from
early chemical processes on primitive Earth, where simple or-
ganic molecules have gradually evolved into increasingly com-
plex assemblies through reaction networks and self-organiza-
tion.!"] During both their emergence and subsequent evolution,
living systems continuously exchange matter and energy with
their surroundings, giving rise to highly ordered structures
maintained under nonequilibrium conditions.” To investigate
the nonequilibrium thermodynamics underlying such biologi-
cal organization, a wide range of theoretical models have been
developed with the aim of capturing the essential features of
living systems while remaining as simple and general as possi-
ble2=1 Among these approaches, reaction-diffusion models
constitute one of the most widely adopted theoretical frame-
works.[%

Over the past half-century, reaction-diffusion models have
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been successfully applied to a broad spectrum of biological
phenomena, including spatial pattern formation in animal
skin and plant organs,7:8! cell polarization and chemotaxis,!
phytoplankton-oxygen systems, inflammatory signal propa-
gation,['%7 and spatiotemporal population dynamics in eco-
logical systems.'l Early reaction-diffusion models often
adopted idealized mixtures and neglected the intermolecular
interactions. Over the last three decades, reaction-diffusion
models have been systematically refined by incorporating in-
teraction and chemical activity corrections.l'2-141 Recently, a
systematic classification of instabilities in non-ideal reaction-
diffusion systems distinguishes diffusion-driven instabilities
(E-type) leading to phase-separation-like behavior and reac-
tion-driven instabilities (R-type) originating from oscillating
chemical reactions,'>! which provides a rigorous foundation
for the construction and stability analysis of multicomponent
reaction-diffusion models. However, most previous discus-
sions have focused on thermally induced reaction-diffusion
models, while photo-induced chemical reactions may show
different results, disobeying this R/E-type classification.
Photochemical reactions represent a ubiquitous class of
nonequilibrium processes in nature; however, their role in re-
action-diffusion systems has received comparatively limited
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attention. Some theoretical studies have demonstrated that
photo-driven reactions can drive systems away from thermo-
dynamic equilibrium in oscillating chemical reaction systems
(R-type instability).[®17) Qur previous work focused on binary
interconversion systems under continuous illumination. The
emergence of stable dissipative structures has also been re-
ported,l'®! and the dependence of their characteristic length
scales on the negative entropy flux, quantified by the inci-
dent light intensity, has been systematically analyzed. These
results indicate that photochemical reactions provide a physi-
cally grounded and externally controllable driving mecha-
nism for nonequilibrium structure formation, which is not due
to the E-type instability in thermal reaction systems. However,
realistic chemical and biological systems are inherently multi-
component, with reaction networks that are substantially
more complex than those captured by binary models. This
limitation becomes particularly evident in photoexcitation-
controlled supramolecular systems, such as persulfurated-
arene/block-copolymer assemblies, where irradiation contin-
uously tunes the effective phase-volume ratio and enables ac-
cess to a wide range of ordered structures.['” In such con-
texts, binary descriptions are no longer sufficient to capture
the essential physics.

Moreover, most reaction-diffusion models focus on homo-
geneous energy and material supply or supply through the
boundary, whereas spatially localized input has been much
less studied.292" |In biological systems, such as eukaryotic
cells, most of the energy to be utilized is released from the lo-
calized organelle mitochondria.

In this work, photo-induced reaction-diffusion models are
extended to multicomponent systems, and the mechanisms
of pattern formation driven by photoisomerization reactions
are systematically investigated. A minimal three-component
system is employed as a representative model to establish a
generalizable framework for higher-dimensional multicom-
ponent systems and to provide physical insight into the
emergence of biological order under nonequilibrium condi-
tions. In addition, the concept of localized illumination is in-
troduced to account for spatially heterogeneous energy in-
put, enabling the exploration of structure formation in con-
fined reactive regions and extending the relevance of reac-
tion-diffusion models in the context of the origin of life.

LIGHT-INDUCED PATTERN FORMATION UNDER
GLOBAL ILLUMINATION

Model Construction

In our previous work,'® the reaction kinetics for photo-induced
processes with a clear microscopic origin were systematically
derived, and the resulting model was shown to accurately de-
scribe light-induced pattern formation in binary systems. To im-
prove generality while retaining essential physical ingredients,
theoretical models of biological organization are preferably for-
mulated in a minimal manner. In this study, we consider a
ternary mixture with a photo-excited intermediate composed of
components A, B, C, and M. The system undergoes a reversible
photo-induced interconversion reaction A = M = B with M as
the transition state of photoreaction.”? Component B is as-
sumed to be fully miscible with both A and C, whereas phase
separation occurs only between A and C, characterized by a

nonzero interaction parameter x,, whereas x,z and xgc vanish.
This separation of structural and reactive roles is motivated by
recent light-regulated supramolecular and polymer assembly
experimental results,'%>>=2%] which suggest that light often con-
trols the morphology by changing the effective composition or
transient activity of the system. Therefore, in our model, A and C
are assigned the role of structural components that provide the
dominant thermodynamic incompatibility, whereas B acts as a
miscible photo-regulated species that redistributes composi-
tion through the reaction pathway. Retaining only x,. allows
isolation of the coupling between structural phase separation
and photo-driven conversion. Restricting the model to a single
nonzero interaction parameter can be understood as a coarse-
grained minimal and controllable description of the multicom-
ponent behavior.

Within the Flory-Huggins framework, the free energy of the
system can be written as

FpokaT [[Ar[Ypcan (I + i)+
b b b
Xoud+ 2180+ 2104 + 17|

where p, is the averaged density of the system, kg is the Boltz-
mann constant, T is the temperature, ¢, is the volume fraction
of component X, ¢, is the molecular internal energy, and b, is
the gradient coefficient.

To evaluate the thermodynamic quantities associated with
photoreaction process, the light intensity is parameterized
using blackbody radiation. For relatively weak incident light
with angular frequency w, the intensity is as follows:(26]
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where T, is the equivalent blackbody temperature. The solid ra-
diation angle Q, represents the geometric angle at which the
external light source illuminates the system. To account for the
environmental effects, an ambient light contribution /7 g is in-
troduced, satisfying Q; + Q, = 4. The angular frequency of the
emitted photon is determined by the energy gap between the
transition states, w = AE/h . Finally, the photoreaction-diffusion
dynamics of the ternary system can be written as
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where Dj is the diffusion coefficient between components i and
jo and p;=p; -y is the chemical potential difference.
E; = u; — kgTsIng;, and Basg are the Einstein coefficients for the
A/B = M light processes. These equations have forms similar to
the dynamic equations for catalysis-induced phase
separation?”? but the interactions between components are al-
so considered. We parameterize the incident spectrum using
the equivalent blackbody temperature T, (b = A,B). The numeri-
cal computation of Eq. (3) confirms that global illumination can
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drive the ternary mixture into robust periodic states, extending
the binary framework to multicomponent photopatterning.

In the following, we aim to determine the critical condi-
tions for the onset and disappearance of periodic structures,
as well as the relationship between their characteristic length
scale and incident light intensity.

Linear Stability Analysis

Linear stability analysis determines the critical conditions for the
onset of periodic structures. The perturbations are expanded in
Fourier space as follows:

8¢i(rt)=) 64 (k t)e

Although the model contains four species, A, B, C and the
photoexcited intermediate M, the incompressibility con-
straint allows one variable to be eliminated. Here, we use
O =1—¢p— P — dc, so that the linear stability problem is
formulated in terms of the three independent perturbations
8¢, Odg, 8¢, consistent with the numerical implementation.
The linearized equations then decouple for each wave vector
k, giving

ik-r ( 4)
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5 Spg(kt) |=r(k)| 665 (k1) (5)
8¢ (k. ) 8¢ (k. t)

where I (k) is the growth-rate matrix determined by the Jaco-
bian of the reaction kinetics and diffusion operators evaluated
at the steady state. The explicit form of the linearized operator is
written as a 3x3 matrix as follows:

an (k) ax (k) aiz(k)

F(k)=| ax(k) ay(k) axs(k) (6)

a (k) as; (k) as3(k)
where each matrix element is defined by the linear response of
the evolution operator with respect to the composition fields,
a;j = 6R;/6¢; i,j € {A,B,C}. Here, R; denotes the right-hand
side of the evolution equation for component i, 9¢,/dt = R;
and the explicit expressions of all a; are provided in the elec-
tronic supplementary information (ESI).

The linear stability of the homogeneous steady state is de-
termined by the three eigenvalues Ay, A, and A; of I (k).
Rather than assigning the instability to a prescribed eigenval-
ue branch, we characterize the stability using the maximal re-
al part, A, (k) = max Re[A; (k)]. The homogeneous state is lin-
early stable if )L:(k) < 0 for all nonzero k, whereas finite-
wavelength instability occurs when A, (k) > 0 for at least one
finite k. Further analysis shows that A, = 0 holds identically at
k = 0. Consequently, a Turing bifurcation can occur only if the
slope of A, at the origin is negative, that is, dA,/dk < 0 at
k =0,and A, (k) > 0 for some k.

Thus, the critical light intensity for the emergence of peri-
odic structures is identified as Ty, at which 0A,/dk =0 at
k = 0. In addition, the upper critical point at which periodic
structures disappear, T, is obtained by first imposing the
marginal-stability condition that A, (k) < 0 for all k # 0. The
detailed derivation is provided below and in the ESI. For the
globally illuminated case, our linear stability analysis is re-
stricted to perturbations around the steady homogeneous
state; the stability of strongly nonstationary, far-from-steady
morphologies is beyond the scope of the present analysis.
The critical intensity T predicted by the linear stability analy-

sis is in quantitative agreement with those extracted from the
numerical simulations.

Pattern Formation and Scaling Relations

The numerical simulation results for the three-component sys-
tem are shown in Fig. 1(a). Self-organized structures are clearly
observed. With increasing equivalent blackbody temperature,
periodic structures persist and their characteristic length scale
remains continuously tunable. To sustain dissipative structures,
B molecules generated within A-rich regions must be transport-
ed over distances comparable to the domain size toward the B-
rich regions. Increasing illumination enhances B production and
increases the dissipation demand at interfaces; both effects fa-
vor smaller domains, thereby reducing the characteristic length
scale. The characteristic length scale can be extracted from the
simulated concentration fields using Fourier-space scattering
analysis. Additional parameter effects and statistical analysis
methods are provided in the ESI. In all cases, the characteristic

structural length scale satisfies & ~ exp|:;A—TE:|. From the slope

Blb

extracted in Fig. 1(a), the parameter s=0.275 in the
labyrinthine phase was found to be in agreement with previous
studies on ternary phase-separating systems coupled with ideal
reactions.?#?°! Because component C is not photoactive but can
still be microphase-separated, the effective slopes extracted in
the multicomponent system is smaller than that in the binary
case. Lattice-based discretization is employed to better capture
the diffusive coupling between components, as discussed in the
DISCUSSION section.

Entropy Production and Nonequilibrium Phase
Transitions
Fig. 1(b) shows that the entropy production rate exhibits a dis-
tinct jump during a nonequilibrium phase transition. A similar
phenomenon, accompanied by a phase transition and a discon-
tinuous change in entropy production, was reported by Tomé et
alP% For photo-driven systems, the system is maintained far
from equilibrium, and the total entropy production arises pri-
marily from two distinct contributions: entropy production as-
sociated with diffusive transport and that generated during
photo-induced interconversion reactions, S = S, + S,. In a pre-
vious study,!'® the entropy production for binary systems was
systematically derived for both contributions. In our system, the
entropy production associated with diffusion inside the reac-
tive and nonreactive regions can be expressed separately as:
A/B/C/M

So= 2 [ar ) Dl v
ij

Within the illuminated region, Bose-Einstein statistics im-
ply that the entropy associated with a photon depends on
the blackbody temperature, giving § = hw/T,.B" Accordingly,
the total entropy change arising from photon emission and
absorption can be written as:

. AE
$, = poks / Ay Bolr, (@) [Ingyy ~ Ingy + kB%A] x
AE AE
(¢mexp ) - Ba) + Bolr, (wg) [Ingpy — Ingpg + MB] X (8)
kBTX kBTX

A
(Buexp | T2 - )
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Fig. 1 (a) Relationship between the characteristic length scale and
the equivalent blackbody temperature. The equivalent blackbody
temperature T, is expressed in units of T,. The slope in the
labyrinthine pattern is given by sAE,/ (kgT;) = 28.9, with s = 0.275.
The cutoff corresponds to 1/T, = 0.068 ~ 1/14.7, which coincides
with the result of linear stability analysis. Simulations are performed
on a 514 x 514 system under periodic boundary conditions with
parameters kgT, =1, Tg=155T;, D=05, x=4.0, bpgc=1,
Ba=Bg=1, ey = 15kgT,, g = 0, ey = 120kgT,, and t = 5 x 10°7. (b)
Relationship between the total entropy production and the
equivalent blackbody temperature. In both phases, the entropy
production exhibits an approximately linear dependence on the
incident light intensity. Although the two fitted lines appear visually
similar, their slopes differ substantially, with slopes of
approximately —68 (labyrinthine) and —100 (dot). (c) Relationship
between the characteristic length scale and the total entropy
production. During pattern transitions, $ changes accordingly,
while within each pattern regime a linear relation holds between
In€ and InS.

In Fig. 1(c), entropy production provides a sensitive de-
scriptor of the nonequilibrium phase transition: when the
transition occurs, § exhibits a pronounced jump, consistent
with the step-like change in the characteristic length scale at

the same point. Although the system displays distinct mor-
phologies across the transition, overall linear scaling remains
valid. In the labyrinthine phase, Iné and In$ obey a linear rela-
tionship with slope 1/2, that is, § . 2. By contrast, the scal-
ing exponent in the dot phase is approximately 1/6, that is,
§ ~ &8 We speculate that the emergence of the dot pattern is
associated with suppressed Ostwald ripening, combined with
nucleation-and-growth effects. The detailed mechanism and
scaling relations between the entropy production rate and
characteristic length will be discussed in our future work.

These results show that global illumination provides a con-
trollable route to periodic structures in multicomponent
nonequilibrium mixtures and may extend to more complex
reaction networks.

PHASE DIAGRAM UNDER LOCAL ILLUMINATION

Model Construction

Most existing studies on photo-driven reaction-diffusion sys-
tems are restricted to globally homogeneous reaction condi-
tions. In contrast, realistic chemical and biological systems are
typically characterized by spatially localized energy input, which
gives rise to confined reactive regions and, consequently, strong
reaction-diffusion coupling accompanied by pronounced spa-
tial gradients. Such heterogeneous energy injection may in-
duce nonequilibrium ordered structures that cannot emerge
under uniform global driving.*? Localized illumination pro-
vides a minimal yet physically reasonable model for describing
spatially confined energy acquisition and signal activation in liv-
ing systems, thereby offering insight into how a spatially het-
erogeneous energy supply regulates nonequilibrium self-orga-
nization.

Based on these considerations, localized illumination is in-
troduced into the simulation framework. Specifically, the cir-
cular region of radius r centered at the middle of the system
is subjected to external illumination and is defined as the re-
active domain D,, representing a localized energy-input re-
gion under natural conditions. Outside this domain, only
weak ambient illumination /; is present, whose correspond-
ing photoreaction rate is negligible compared with that in-
side D,, as schematically illustrated in Fig. 2.

Considering components A and C as representative exam-
ples, the corresponding rate equations can be written sepa-
rately for the regions inside and outside the reactive domain:

D ond sacnli¥ [41670] D,
% _ + ZXEb,SBAITerx (wA) |:¢Mexp( kBTX ) _ ¢A:|

o | ZI=AZj=B,C,MDijv [¢f¢iv“ij]
o]
%%c _

AF,
+Balr, 0, (wa) |:¢M9XP( oA
ot Xi:CZ':A,B,MDijV [¢f¢iv“’i] ©)

When the photoreaction rate significantly exceeds the dif-
fusion rate (the crossover regime, in which both processes are
comparable, is beyond the scope of the present study), the
pattern formation behavior induced by photo-driven reac-
tion-diffusion coupling is clearly revealed in the phase dia-

out of D,
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Fig. 2 (a) Phase diagram of periodic structures formed in the system under localized illumination. The simulations are performed on a 514 x 514
domain with a reaction-domain radius of r = 96 under periodic boundary conditions. The parameters are kgT; =1, D=1, x = 4.0, bpg,c =1,
Byr=Bg=1,cpp =0, ey =120kgT;, and t = 3 X 10°T. (b) Schematic illustration of localized illumination. (c) A cell-like structure exhibiting an intact
membrane-like boundary with periodic patterns emerging at the center. (d) A strictly centrosymmetric target pattern formed at the center.

gram shown in Fig. 2(a). By varying the incident light intensi-
ties associated with components A and B, a sequence of
nonequilibrium ordered structures emerges. Throughout the
following discussion, the initial concentration of component
A is kept sufficiently low to suppress the macroscopic phase
separation. Under this condition, increasing the incident light
intensity of component B progressively enhances the photo-
induced conversion from B to A.

At a low photoreaction strength of component B, charac-
terized by a small Tg, no pronounced pattern formation is ob-
served; instead, the concentration fields exhibit only weak
spatial heterogeneity arising from the non-uniform illumina-
tion. Upon increasing the incident light intensity, reaction-
driven instabilities are amplified and eventually destabilize
the homogeneous state, leading to the spontaneous emer-
gence of spatially periodic structures. Under localized illumi-
nation (as demonstrated in Fig. 2b), two representative class-
es of nonequilibrium patterns are observed: spot patterns
and target-like patterns. This classification is further support-
ed by the corresponding Fourier-space scattering spectra.
The pattern selection sequence is consistent with pattern-se-
lection behavior. Under globally uniform illumination, in
which dot patterns with relatively short characteristic wave-
lengths typically emerge first, as shown in Fig. 2(a).

Pattern Formation under Localized Illlumination

Within the spot-pattern regime, a distinct morphology charac-
terized by a closed boundary enclosing a stable dissipative inte-
rior structure is observed (Fig. 2¢c). These structures exhibit a

clear separation between the boundary and interior regions and
bear a qualitative resemblance to microscale cellular organiza-
tion. Their formation can be attributed to the continuous in-
crease in negative entropy input induced by illumination. As the
photoreaction strength increases, the interfaces within the spot
patterns sharpen and evolve into membrane-like structures,
promoting the emergence of more regular and strongly period-
ic ordered states. Within an appropriate parameter range, the
characteristic length scales of these nonequilibrium structures
remain continuously tunable.

In contrast, target-like patterns frequently exhibit periodic
structures that contain defects. Owing to the spatial confine-
ment imposed by the localized illumination, periodic order-
ing cannot readily extend beyond the reactive domain. In this
regime, diffusion-driven instabilities alone are insufficient to
sustain large-scale ordered structures outside the illuminated
region, and the resulting patterns can be regarded as spatial-
ly truncated lamellar-like phases.

In addition to target-like morphologies, localized target
patterns are occasionally observed (Fig. 2d), indicating that
reaction kinetics continue to play a decisive role in pattern se-
lection. When the incident light intensity of either compo-
nent A or B is too low, photo-induced reactions are insuffi-
cient to destabilize the homogeneous state, and the system
remains in a disordered or weakly inhomogeneous regime.

The cell-like structures shown in Figs. 2(c) and 2(d) should
be emphasized, as these results suggest a possible mecha-
nism for membrane formation. In this simple model, B acts as

https://doi.org/10.1007/510118-026-3753-z
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an amphiphilic component and accumulates at the bound-
aries of the structures, separating A and C. Furthermore, the
B-rich boundaries spontaneously enclose the photoreactive
regions (active regions), resembling the function of mem-
branes in cells.3!

Derivation of the Theoretical Phase Diagram
The theoretical phase boundaries obtained from the linear sta-
bility analysis are shown to be in reasonable quantitative agree-
ment with those extracted from the numerical simulations (red
curves in Fig. 2a). For a localized system, phase separation and
photoreaction are mainly confined to the illuminated region.
The theoretical curves in Fig. 2(a) should be interpreted as semi-
quantitative local stability estimates for the illuminated interior
region, rather than as exact finite-domain stability boundaries of
the full non-uniform localized system. Therefore, we perform
linear stability analysis as a local interior stability analysis within
the reactive domain. When the illumination radius r is signifi-
cantly larger than the characteristic pattern wavelength, the in-
terior of the reactive domain can be approximated as macro-
scopically homogeneous to the leading order. The steady state
used in the linear stability analysis is then determined by the lo-
cal photoreaction balance, such that the gradient and diffusive
terms are not explicitly included in the steady-state calculation.
This approximation is appropriate in the present parameter
regime, in which the photoreaction rate is much larger than the
diffusive relaxation rate. Therefore, boundary effects are weak-
ened in the interior, although they may still influence the outer
shell, defect arrangement, and confined morphology. In addi-
tion, owing to the sharply localized concentration profiles,
which are primarily determined by x and b, the interfacial width
is much smaller than the pattern length scale.
Under these assumptions, the temporal evolution of com-
ponent ¢,(Z = A,B) can be written as
% = zxe{b,s}BolTX'ox (wz) |:¢Mexp (%) - ¢zi| =0 (10)
where AEyz = Ey —E; and wyz = AEyz/h. In the parameter
regime considered here, the contribution of background radia-
tion is negligibly small. Although the factor exp (AEyz/ (ksTs))
can be large for the background temperature Ty, the corre-
sponding spectral intensity Ir o (wz) is vanishingly small.
Therefore, the contribution of background radiation to the stim-
ulated reaction term is neglected, and the reaction is dominat-
ed by externally imposed illumination. We then define the reac-
tion rates as k = kOQb/4Tre_AE/(kBT"), where ko = Boh(AE/ (he))*/
. With these definitions, the local photochemical reaction
term can be written as Ry = (koz + kz) ¢y — kz$,. By using the
four-species incompressibility constraint ¢, + ¢g + ¢c + @y = 1
and ¢ = ¢¢ in the equations, the local detailed-balance rela-
tions give
0 1_¢g 0 KA(1_¢2) 0 KB(1_¢(C))
¢M=1+KA+KB’¢A=1+KA+KB’¢B=1+KA+KB an
where KA = (kOA + kA) /kA and KB = (kOB + kB) /kB
—(koa +2kn)  —(koa +kn) = (koa + k)
lo=| —(kos+ks) —(kos+2ks) ~—(Kos+kg) (12)
0 0 0
Based on the linear stability framework introduced above,
we define g = k’ is defined as follows: The eigenvalues A; (q)

of I'(g) determine the stability of the homogeneous state and
the maximal growth rate is defined as A, (g) = max Re[A;(q)]-
The lower critical intensity Ty is determined from the long-
wavelength behavior of A, (q) (orange curve in Fig. 3). At
g = 0, all diffusion terms vanish, and I (q) is reduced to the re-
action matrix.

— Ta<Tho
= Tpo<Ta<Tac
T Ta=Tac
T Tp>Thc

0.5 1.0 1.5
|kl/a™

Fig. 3 Results of the linear stability analysis showing the growth
rate A, as a function of the wave number for different effective light
intensities, with Tz = 15.0T;. For T, = 13.8Tj, the system undergoes
macroscopic phase separation (blue curve). At T, = 15.37;, a finite-
wave-number instability develops, giving rise to periodic structures
(orange curve), with Ty, = 14.07,. The critical light intensity at which
the periodic instability vanishes is Tp. = 15.5T;(green curve). For
Ta = 16.0T;, all growth rates remain negative, and no pattern
formation is observed (red curve).

Although component C does not participate directly in the
photoreaction, it enters the reaction Jacobian through the in-
compressibility constraint. Therefore, a perturbation in ¢
changes ¢,, and modifies the local photoreaction rates. Con-
sequently, the reaction matrix at g = 0 generally contains
nonzero elements in the third column. (0) has one zero
eigenvalue A; and two strictly negative eigenvalues A, and
A3. We expand the growth matrix near g =0 as follows:
r(g)=r(0)+qr" +0(q’), where r=dr/dgl,_, and o(q?)
denotes the terms of the second and higher orders in g. The
coefficient 1" is determined by the first-order correction to
this neutral branch. The eigenvalue branch emerging from
the zero eigenvalue has the small-g expansion A, (q) = go+
O(qz), where ¢ = a(313) - ¢2/(1 - ¢g)a(311) - 43/ (1 - ¢2)a?2).
For a diffusion operator with equal diffusivities D; = D, the
long-wavelength neutral branch is unstable to the first order
in g when

2nche (1= 42) (kon + k) ks
konaks + knkop + 3kaks

The upper critical intensity T, which corresponds to the
disappearance of finite-wavelength periodic structures, is ob-
tained from the finite-q neutral stability condition (green
curve in Fig. 3). For I'(g), the characteristic polynomial is
X -T(@A +S(q)A-P(g) =0 where T(q)=t(q), S(q) is
the sum of the second-order principal minors, and
P=detl(g). A neutral finite-wavelength mode satisfies
A(gc) = 0 and therefore P(q.) = 0. P(g) contains a factor g
Therefore, P(q) = gQ (q) with Q(q) = P; + P,g + Psq” + Pyq +
P5q4 +P6q5. Nonzero neutral modes are obtained from

(13)
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P+ Pyg+ P3q2 + P4q3 + P5q4 + P6q5, g > 0. The physically rel-
evant g is selected as Q(q.) =0, Q (gc) =0, g, > 0 together
with the branch-consistency conditions T(q.) <0, S(g.) > 0.
The corresponding critical wavenumber is |k | = /g.. The ex-
plicit form of I'(q) the coefficients P, — Ps and the detailed
derivation of the lower and upper critical conditions are pro-
vided in the ESI.

Overall, linear stability analysis captures the main parame-
ter window in which locally illuminated systems support fi-
nite-wavelength periodic structures. The smaller instability
window predicted by the theoretical phase diagram is due to
the nonlinear and spatially inhomogeneous processes
present in the simulations, including boundary-induced con-
centration gradients and finite-domain effects, which are not
fully included in the homogeneous linear stability analysis.

Nevertheless, under appropriate conditions, localized ener-
gy input is sufficient to induce distinct characteristic struc-
tures that are otherwise inaccessible in homogeneous envi-
ronments. Experimental studies have consistently shown that
photochemical reactions can drive phase behavior and gen-
erate unique microstructures under nonequilibrium condi-
tions,[1934-36 lending additional support to the mechanisms
identified here. Although a direct connection with biological
systems remains to be established, these findings suggest
that a spatially heterogeneous energy supply may play a con-
structive role in promoting structural diversity in active and
living matter. In this sense, our study extends the applicabili-
ty of reaction-diffusion models to nonequilibrium scenarios
relevant to prebiotic chemistry, origin of life, and biological
organization far from equilibrium.

DISCUSSION

Nonnegativity of Entropy Production

Nonnegativity constitutes a fundamental theoretical require-
ment for reaction-diffusion models, as it ensures that the pro-
posed dynamics provide a physically realistic description of
nonequilibrium processes. Egs. (7) and (8) can both be cast into
the form (ex - eY) (X =Y) , which is strictly non-negative. There-
fore, the entropy production rates associated with both diffu-

sion and photoreaction processes are non-negative. Fig. 4
shows that the entropy production obtained from the numeri-
cal simulations under both global and localized illumination
conditions remains non-negative and is dominated by contri-
butions arising from the emergence and stabilization of period-
ic structures, which are primarily generated by photo-induced
reactions.

Comparison between Two Diffusion Terms

For multicomponent incompressible mixtures, diffusion can be
represented by different mobility approximations, provided that
the resulting mobility matrix preserves the free-energy dissipa-
tion. A commonly used choice is the constant-mobility form
D,jvzy,-j, which is analogous to the standard Model-B-type ap-
proximation. In this work, we consider a composition-depen-
dent pairwise mobility, D;V [¢,¢j Vu,j]. This form is motivated by
the Onsager picture of local exchange between species and is
well suited to Flory-Huggins-type phase-separating mixtures.””!
The two diffusion operators should be regarded as two thermo-
dynamically admissible but physically different approximations.
However, systematic comparisons have been limited. In prac-
tice, the influence of the mobility choice is often weak at the lev-
el of the initial linear instability but becomes evident during
nonlinear evolution and in the final steady patterns.

The distinction becomes clear in numerical simulations,
where species that do not participate directly in the photore-
actions may still be coupled through diffusion and thus influ-
ence the post-instability evolution. This behavior is illustrated
in Fig. 5, where non-coupled and coupled diffusion yield
qualitatively different steady states, and two-phase coexis-
tence is strongly suppressed in the coupled case.

The origin of this discrepancy can be traced to the distribu-
tion of dissipation during droplet evolution. For the constant-
mobility form D,-,-Vzu,-j, dissipation associated with chemical
potential fluctuations occurs throughout both the bulk and
interfacial regions, leading to bulk-mediated coupling be-
tween domains.B7! After phase separation, a substantial frac-
tion of the free-energy decrease is consumed by the bulk re-
laxation modes, while the coarsening and droplet interac-
tions continue toward the steady state. Under these condi-

x10*

16

— 0

Fig.4 Spatial distribution of the entropy production rate. The total entropy production rate of the system is given by $ = S, + S, . In the bottom-
plane morphology map of component A, blue denotes A-rich regions, where higher entropy production is also observed. (a) Spatial distribution of
the entropy production rate under homogeneous illumination. (b) Spatial distribution of the entropy production rate under localized illumination.
Under realistic conditions, the presence of ambient light leads to a small but finite entropy production rate in the non-reactive region; this

contribution is treated as background noise and is therefore not shown.
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Fig. 5 Morphological comparison for two diffusion formulations. Panels (a—c) show results obtained with the constant-mobility (non-coupled)
diffusion operator, whereas panels (d—f) correspond to the multiplicative (coupled) diffusion operator. For (a, d), T = 11.07T;, Tz = 15.5T;, D = 0.5,
ep = 15kgT;, and t =5 X% 106T; for (b, e), To = 13.7T;, Tg = 15.5T;, D = 0.5, €5 = 15kgT;, and t =5 X 1061',‘ for (¢, f), Ta = 11.8T, Tg = 13.5T;, D =0.5,
ep = 15kgT;,and t = 5 X 10°7. All other parameters are identical for the two diffusion operators.

tions, dot-like domains tend to grow and gradually connect,
producing labyrinthine patterns in space (Figs. 5a and 5b).

By contrast, the multiplicative form DV [¢,¢j VH;,J intro-
duces a degenerate, state-dependent mobility that vanishes
in pure-phase regions, thereby confining dissipation primari-
ly to narrow interfacial zones. As a result, the non-intersect-
ing domains interact only weakly and remain pinned as long-
lived droplet states.[38] Once the external negative entropy in-
put is sufficiently strong to promote extended interfacial con-
nectivity, the ensuing coarsening becomes strongly biased
and drives the system toward labyrinthine-pattern-dominat-
ed behavior (Figs. 5d and 5e).

A closely analogous trend is observed under localized illu-
mination (Figs. 5¢ and 5f): the coupled diffusion operator is
required to reproduce the dot microstructures, whereas the
constant-mobility form mainly yields coarse, bulk-separated
domains with larger characteristic length scales. Moreover,
the constant-mobility operator may become numerically ill-
conditioned as ¢; = 0, because the ideal-mixing term implies
In(¢;) = —o0. In practice, mild regularization is often neces-
sary to avoid spurious transport.

Taken together, these results show that diffusion opera-
tors may lead to different pattern selections at long times in
multicomponent reaction-diffusion systems. These phe-
nomenological consequences motivate the use of thermody-
namically consistent composition-dependent diffusion oper-
ators when modeling multicomponent reaction-diffusion sys-
tems in the nonlinear regime. The finite-difference discretiza-
tion used for the diffusion terms is provided in the ESI. A
mathematically rigorous comparison of the two diffusion for-
mulations will be pursued in future studies.

Application in Polymer Systems

The present photoreaction-diffusion model can be viewed as a
coarse-grained framework for light-regulated morphology con-
trol in polymeric soft matter. Several generic control parame-
ters that are broadly relevant to photoresponsive polymer sys-
tems are identified. In photoresponsive polymer blends, pho-

topolymerization-induced phase separation, photo-crosslinking
systems, and supramolecular block copolymer assemblies, irra-
diation can modify the effective composition, mobility, or tran-
sient molecular states. These light-induced changes are often
coupled with phase separation and interfacial transport,
leading to reaction-diffusion-controlled morphology
selection.['%253940]

Beyond these experimental motivations, an increasing
number of light-responsive polymers and supramolecular
systems can be interpreted within the minimal framework
proposed herein. In this picture, light does not merely trigger
a chemical event but also continuously regulates the local
composition and activity of the system. The resulting imbal-
ance between photoreaction, diffusion, and phase separa-
tion provides a general route to nonequilibrium self-assem-
bly.

The value of the proposed model for polymer systems lies
in its design principles. Under global illumination, the charac-
teristic length scale follows a light-controlled scaling relation,
suggesting that the domain spacing can be tuned by adjust-
ing the photon energy, effective light intensity, or molecular
energy parameters. Under localized illumination, spatially
confined energy inputs produce dot-like, target-like, and cell-
like dissipative structures, which are relevant to polymer
films, hydrogels, photocurable resins, and soft materials pat-
terned by masks or focused beams. Therefore, the multicom-
ponent photoreaction-diffusion model may serve as a theo-
retical template for understanding and designing light-driv-
en self-assembly of polymer chains under nonequilibrium
conditions.

CONCLUSIONS

In this study, we extend photoreaction-driven reaction-diffu-
sion coupling models from conventional binary systems to a
multicomponent framework. Using a ternary system as a mini-
mal model, numerical simulations combined with linear stabili-
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ty analysis systematically demonstrate that illumination can
drive the system into periodically ordered nonequilibrium
states. Moreover, the characteristic length scale of the resulting
structures can be continuously tuned by adjusting the incident
light intensity or molecular internal energy parameters, satisfy-

ing In§ ~ SA—E Motivated by the fact that energy input in real-

istic chemicaland biological systems is often spatially heteroge-
neous, we introduced localized illumination to model energy in-
jection within confined reactive regions. Under localized illumi-
nation, a theoretical phase diagram for pattern formation was
constructed based on numerical simulations and linear stability
analysis. Multiple classes of spatially ordered structures were
identified, including dot and target-like patterns. Within specific
parameter regimes, confined dissipative states with well-de-
fined boundaries and internally ordered structures were ob-
served. These morphologies exhibit qualitative similarities with
the microscale cellular structures. These findings extend the ap-
plicability of reaction-diffusion models in the context of the ori-
gin of life and provide a physical picture of how localized ener-
gy inputs may facilitate the emergence of spatial order in
nonequilibrium systems.

In addition, the entropy production was examined in both
globally and locally illuminated models. By explicitly evaluat-
ing the nonnegativity of entropy production, we verified that
the system dynamics satisfy the fundamental constraints of
nonequilibrium thermodynamics, thereby ensuring the physi-
cal reliability of the proposed framework. Finally, we com-
pared pattern-formation behaviors arising from different dif-
fusion coupling forms within the reaction-diffusion model.
This comparison shows that the choice of diffusion operator
can qualitatively influence the resulting steady-state patterns,
even when the reaction kinetics and linear stability condi-
tions are identical.
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