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野⼝研究室ではソフトマター、⽣物物理を理論、シミュレー
ションを⽤いて研究しています。⽣体内ではまだ理解できて
いない現象が起こっています。分⼦スケールから細胞スケー
ルまでの様々な構造変化、ダイナミクスを物理の視点から調
べています。

主な研究テーマ
○ ⾮平衡下での構造形成
○ ⽣体膜の形態変化
○ 複雑流体のダイナミクス
○ アクティブマターの協同現象
○ 計算⼿法の開発、改良

タンパク質の吸着によって
⽣成される様々な膜構造

相転移を伴う流れ
カルマン渦における気泡⽣成
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FIG. 5. Persistent gas bubble appearing in the phase-separated state of the uniaxial ABPs. In all figures, the parameters are chosen as ⇢ = 0.765,
(µk, µ?, µ✓) = (1.0, 0.3125, 2.75), and Pe = 100.0. (a) Typical snapshot in the steady state at (Lx, Ly) = (1440.0, 720.0) for three ✏s. Colors
represent the particle density from 0 (blue) to 1.5 (red). (b) Bubble fraction fb as a function of ✏, calculated for (Lx, Ly) = (1440.0, 720.0). (c)
Bubble size distribution divided by the total liquid area n(a)/S liq for the isotropic system (✏ = 0.0). (d) Same as (c), but for the anisotropic
system with ✏ = 0.002. (e) Comparison with n(a)/S liq for three ✏s, calculated for (Lx, Ly) = (2880.0, 1440.0).

relationship between the bubble fraction fb and the size distri-
bution n(a) expressed as

fb =
1
S

Z
S

0
an(a)da, (17)

we can derive the system-size dependence of the bubble frac-
tion fb as[79]

fb ⇠ �liqS
↵+2. (18)

Here, �liq := S liq/S represents the area fraction of the liquid
phase, which is nearly independent of S . Thus, as the system
size S increases to infinity, it is reasonable to expect that the
bubble fraction fb increases until it reaches the gas fraction
�g. This implies that all the gas phases exist as the gas bubbles
inside the liquid phase. Shi et al. have defined this state as the
microphase-separated state.

Remarkably, the gas bubbles are still observed at small but
finite values of ✏ as seen in Fig. 5 (a). This raises the ques-
tion of whether the gas bubbles nucleating under such finite
✏ share similar properties with that appearing in the isotropic
ABPs (i.e., ✏ = 0.0). To answer this question, in Fig. 5 (e),
the bubble size distribution n(a)/S liq is plotted for ✏ = 0.002.
It is evident that the distribution is di↵erent from the isotropic
case as it does not exhibit the power-law behavior. This re-
sult is not attributed to finite-size e↵ects because n(a)/S liq for
the di↵erent system sizes fall on a universal curve. Notably,
n(a)/S liq for ✏ = 0.002 decays faster than a

�2. In this case,
from Eq. (18), we find that the bubble fraction fb converges
to zero in the large system size limit, implying that the uni-
axial ABPs undergo the standard phase separation rather than
the microphase separation. Thus, we confirm that the prop-
erties of the phase-separated state significantly change by the

anisotropic self-propulsion, even if there are slight nucleations
for finite ✏.

In Fig. 5 (e), we plot the ✏-dependence of the size distri-
bution n(a)/S liq, obtained with the fixed value of Lx = 2880
and Ly = 1440. This figure shows that the size distribution
n(a)/S liq changes sensitively by small ✏. It suggests that the
possibility of microphase separation is eliminated even for ex-
tremely small values of ✏ (such as ✏ = 0.0005). However, to
draw a conclusion, a more detailed finite-size scaling analysis
is required.

Finally, we comment that the RDLG does not display
the persistent microbubbles and consequently undergoes the
macroscopic phase separation. This can be observed in the
typical snapshot of the large system, as shown in Fig. ??. It
is evident that the nucleation of microbubbles is not observed.
Indeed, the previous studies examining the RDLG have not
reported the occurrence of microphase separation. This fact
is consistent with our results observed in the uniaxial ABPs,
where the anisotropic self-propulsion leads to the emergence
of the macroscopic phase separation.

B. Nonlinear coarse-grained model

Though the homogeneous state far from the critical point
can be well described by Eq. (3) as discussed in Sec. III,
it fails to explain phase separation since nonlinear terms are
not included. In the previous studies [60], which investigated
the isotropic system (i.e., ✏ = 0.0), the qualitative features of
microphase separation and the mechanism underlying the oc-
currence of the persistent gas bubbles were successfully cap-
tured using a coarse-grained model called Active Model B+
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FIG. 1. Four types of phase separation. The row and column correspond to the type of phase separation (attraction- or motility-induced) and
the type of dynamics (isotropic or anisotropic), respectively. In each panel, a typical particle configuration obtained from model simulations
is shown with schematic figures of the single particle motion and small cluster formation. (a) Brownian particles show overdamped dynamics
with attractive interactions (wavy lines) and random forces. (b) In the randomly driven lattice gas, particles stochastically move with attractive
interactions (wavy lines) and external driving force (red arrow) along an axis (i.e., y-axis in the figure). (c) Active Brownian particles show
self-propulsion (red arrow) with exclusive interactions and random forces. (d) Uniaxial active Brownian particles show self-propulsion that is
favored along an axis (i.e., x-axis in the figure) with interactions and random forces similar to (c) [see Eq. (1) for the detail].

Given the similarities in collective phenomena between
MIPS and well-known equilibrium phase separation, it is nat-
ural to search for possible connections between two kinds of
nonequilibrium phase separation: MIPS and phase separation
under external driving. In the previous work [71], performing
simulations of a lattice gas model with spatially anisotropic
self-propulsion, one of the authors has proposed similarities
between anisotropic MIPS and phase separation under ex-
ternal driving. In brief, long-range density correlation and
anisotropic phase separation have been observed as found in
DLG and RDLG, and the corresponding critical phenomena
have been expected to belong to the same universality class
as that for RDLG [71]. To examine the generality of such
observations toward experimental verification using biologi-
cal or artificial systems, the next step is to elucidate whether
the observed similarities can appear in other models, espe-
cially in o↵-lattice particle models and coarse-grained models.
Moreover, it is still unclear how the isotropic MIPS changes to
anisotropic as the strength of spatial anisotropy is increased.
Though spatial anisotropy of self-propulsion has been shown
to change the phase behavior in flocking [72, 73], systematic
studies of the e↵ect of anisotropy are still scarce [74, 75], es-
pecially on gas bubbles or microphase separation in MIPS.

In Fig. 1, we show typical particle configurations obtained
from model simulations for the above-mentioned four types
of phase separation: attraction/motility-induced phase sepa-
ration with isotropic/anisotropic dynamics. In each panel of
Fig. 1, we also schematically show the single particle mo-
tion and typical configuration of small clusters, which can
grow up to a macroscopic scale and lead to phase separation.

Our present focus is on the relation between the two kinds of
anisotropic phase separation in the right panels of Fig. 1.

In this paper, we perform simulations of active Brownian
particles (ABPs) [54, 60], a prototypical model of particles
with self-propulsion. We find that spatial anisotropy of self-
propulsion causes long-range correlation, anisotropic phase
separation, and critical phenomena that are presumably in
the same universality class as those for RDLG, as expected
from the previous study [71]. Furthermore, spatial anisotropy
suppresses the growth of gas bubbles in MIPS [60] and sta-
bilizes macroscopic phase separation. Developing a coarse-
grained model for particles with anisotropic self-propulsion in
a heuristic way, we corroborate the generality of the observed
phenomena.

II. MICROSCOPIC MODELS

In this section, we explain the numerical implementation of
ABPs with uniaxial anisotropy (uniaxial ABPs) and RDLG,
which are anisotropic extensions of the standard ABPs and
equilibrium lattice gas, respectively. Importantly, as sug-
gested in the right panels of Fig. 1, both uniaxial ABPs and
RDLG exhibit enhanced translational motion along a specific
axis due to anisotropic self-propulsion or driving force (see
Appendix ?? for further comparisons between these two mod-
els). We also present phase diagrams for the two models,
which provide preliminary insights into collective behaviors.
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