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We show that dry scalar-order active field theories (AFTs) are universally hyperuniform, i.e., density fluc-
tuations are anomalously suppressed in the long-time limit regardless of the integrability or functional form

of the active contributions up to third order in gradient terms. These AFTs include active model B, active
model B+, and effective Cahn-Hilliard models. Moreover, density variances and spectral densities are virtually
indistinguishable from that of passive phase-separated hyperuniform fields. Higher moments of the density
fluctuations, however, reveal activity-dependent higher-order correlations that are not captured by conventional

two-point measures that characterize hyperuniformity.

DOI: 10.1103/PhysRevResearch.6.L.032056

Active systems are driven out of equilibrium by the con-
tinuous consumption and dissipation of energy [1-3]. These
include all biological living matter and a growing number of
synthetic systems realized across various length scales [4-6].
Entropy in active matter is produced locally [7,8], which
results in dynamics and collective behavior that differs signif-
icantly from passive systems, constituting robust frameworks
for self assembly of complex structures or the emergence of
novel material properties [9—11]. In particular, active matter
composed of self-propelled particles can separate into co-
existing density-differentiated phases in the absence of any
microscopic attractive or alignment interactions [12—14]. This
remarkable behavior known as “motility induced phase sepa-
ration” (MIPS) [12], has since become a hallmark of active
phenomena. To understand the underlying mechanisms for
symmetry breaking in MIPS, several continuum models have
been proposed to represent the dynamics in the hydrodynamic
limit of the density field ¢(r, 7). These active field theories
(AFTs) [15-18] come in the form of extending a (passive)
field theory for Brownian motion, model-B [19], by intro-
ducing an additional scalar-order active term gxAx[¢] to
the Cahn-Hilliard (CH) equation that models passive phase
separation in the study of binary fluids [20]

dp(r, 1) = DV u[p] + gxAx[], (1

where the chemical potential u[¢] = f'[¢p] — y.V>¢ is the
functional derivative of the equilibrium free-energy
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that is locally bistable for phenomenological reasons [18] and
written in Ginzburg-Landau form: f[¢] = i(fi’z — 1)? where
D and y, control diffusivity and width of the segregated
phases at long times, respectively.

The functional form of Ax[¢] has previously been pro-
posed by coarse graining the microscopic equations of motion
such as in the effective Cahn-Hilliard model—Agcy = V -
(@ Vo) [15]. However, this form of Ax[¢] remains integrable
in that the dynamics can still be written in an effective free
energy form through modification of (2). Hence, alternate rep-
resentations for Ax[¢] have subsequently arisen from more
field-theoretic approaches that invoke minimal nonintegrable
terms that violate detailed balance, such as active model B
Aame = VZ[(V¢)?] [16], or active model B4+ Apvp, = V -
[(V2¢)V¢] [17]; see Fig. 1. While these variants produce
striking differences in ¢(r, ) at short cluster-sized length
scales—/; (¢), little is known of their spatial structure at larger
scales, where nontrivial long-range correlations may exist in
both AFTs and the underlying atomistic active matter they
represent. Moreover, the degree to which these generic AFTs
describe structural characteristics of agent-based simulations
or experiments that involve nonstandard interactions or envi-
ronments [21-24] is also unknown.

At the same time, recent studies in chiral or circle micro-
swimmers [25-31] indicate that certain active systems possess
a form of hidden long-range order known as hyperuniformity
[32-34] in which density fluctuations are anomalously sup-
pressed even at infinite length scales. Here, the scalar density
field ¢ (r, t) in the long-time limit is of interest, i.e., the scaling
regime where ¢(r, t) becomes independent of ¢ except for a
trivial rescaling by /;(¢). In other words, our results hold in
the thermodynamic limit, for arbitrary times in the scaling
regime. We hence drop the time dependence in our notation
hereafter. For scalar fields, hyperuniformity is character-
ized by a vanishing spectral density in the long wavelength
limit, limy_,o ¥ (k) = 0, where (k) is the Fourier transform
of the density auto-covariance function ¥ (r) = ((¢(r;) —
®)(p(r;) — ¢)) where r =r; —r; [34,35], analogous to the
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FIG. 1. ¢,—.(r) of scalar-order AFTs for various active terms: gxAx[¢(r)]. (a) gecu/D = 0.2, (b) gams/D = —0.5, and (¢) gams+/D = 2;

for all samples, L = 1024, D = 0.01, y, = 2, and 7 = 103y,,/2D.

static structure factor S(k) = +| szv e~*7i|2 defined for point
patterns {r;}. Alternatively, disordered hyperuniformity can
also be defined by the index A > d in the power-law scal-
ing dependence of the variance limg_ o 0>(R) ~ R~ for
coarse-grained density ¢p = 1% fQR ddr¢(r), where d is the
spatial dimension, R the coarse-graining length scale, and Qg
the corresponding observation window. These results come
especially surprising, given that activity typically induces
phase separation and density inhomogeneities at macroscopic
lengths [12-14], while collective behavior in polar active
matter, such as flocking, leads generically to giant number
fluctuations [36-39]; both of which, conceivably, only serve to
enhance density fluctuations. Recent discoveries of hyperuni-
formity in several hydrodynamic formulations of other active
systems (e.g., [40,41]) add further intrigue to the riddle. These
seemingly paradoxical observations hint at a more fundamen-
tal connection between hyperuniformity and activity.

In this Letter, we establish such a connection by show-
ing that dry scalar-order AFTs are class I hyperuniform (the
strongest class of hyperuniformity). In particular, we show
that v/ (k) ~ k* and o?(R) ~ R~“*D for AFTs up to V3¢
terms in Ay (for d = 2), regardless of the integrability or
functional form of the active contribution. This universal sup-
pression of large-scale density fluctuations occurs in spite of
stark differences in structure at shorter, cluster-sized length
scales [/, which are comparable in scale to the hyperuni-
form length &, that characterizes the onset of fluctuation
suppression. Additionally, while AFTs are indistinguishably
hyperuniform, hidden correlations that lie beyond &), exist
and are revealed through examining central moments of the
coarse-grained probability density P(¢g, R). These features
differentiate AFTs and persist even at R > &;,, and may thus
be used to establish correspondence with fluctuation behav-
ior in atomistic active matter that involve novel interactions,
geometry, or dynamics [21-24].

We begin by solving Egs. (1) and (2) for the various
AFTs in two dimensions using a finite (central) difference

method with step size of unit time [42]: (i) effective Cahn-
Hilliard model Agcy = V - (¢ V@), gecu/D = 0.2; (ii) active
model-B Aamp = Vz[(V¢)2], gams/D = —0.5; and (iii) ac-
tive model-B+ Aamp: = V - [(V29)Ve], gamss/D = 2.0.
Collectively, these systems represent active contributions up
to third order in gradient terms of ¢(r) exhaustively and
include variants that are not physically motivated by micro-
scopic equations of motion [18]. The parameters governing
passive diffusive behavior in (1) are identically fixed for all
models considered (D = 0.01, y, = 2), while the initial field
¢(r,t = 0) deviates locally from zero by random displace-
ments drawn from a uniform distribution bounded by £10~*.
This choice corresponds to what is known in binary fluids as
the “critical quench” [35] condition. The system is integrated
on a L x L grid for a total time of T = 103y,/2D, where the
lattice spacing is the unit of length. Note that long-range order
in ¢(r, t) is convergent int — 0o, even in the absence of fixed
points to the CH dynamics [35]. Examples of ¢, (r) display-
ing activity-dependent variability in structure are shown in
Fig. 1 for gx values chosen to accentuate structural variabil-
ity. In particular, observe the “bubbly” phase separation [17]
and inversion in relative density of the fully connected phase
for ﬂAMBJr.

The spectral density for various AFTs are shown in
Fig. 2(a) to vanish in the limit of k — 0 as power laws (k) ~
k®. Moreover, ¥ (k) for all AFTs considered are within sample
variability, indistinguishable from that of passive model-B
(gx = 0) (black circles) [20] which is known to be class I
hyperuniform («cy = 4 for d = 2) [35,43]. Least-square free
fits [44] to the data are consistent with «x = 4 and comparable
to acy for all X. In fact, constrained fits where o« = 4 is fixed
yield better fits in some instances from a reduced- x> measure
perspective, indicating that class I hyperuniformity (o > 1)
is universal across AFTs (See the SM). Hyperuniformity
is further corroborated in Fig. 2(b), by a presence of re-
gions where the autocovariance in real space is negative [i.e.,
Y (r) < 0], since f Y(r)dir=0isa necessary condition for
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FIG. 2. (a) kfx/?(k) and (b) ¥ (r) for [black] passive model-B
(CH), and various AFTs: [blue] ggcy/D = 0.2, [red] gams/D =
—0.5, and [green] gams./D = 2.0. Colored-symbols in (a) indi-
cate mean values of kfl/?(k) obtained from N; = 50 realizations of
¢,—.(r). The gray shaded area and error bars represent, respectively,
sample-to-sample variation for model-B and corresponding AFTs,
characterized by the first and third quartiles of sample values of
klzlﬁ(k). ki = 2w /I, characterizes structure at cluster length /; =
arg min, ¥ (r), where peak anticorrelation in ¥ (r) occurs in (b). The
black dashed line in (a) represents the fit to v/ (k) ~ k* for model-B.

hyperuniformity [35]. Note that /; = arg min, /() at which
peak anticorrelation occurs [45] is used to characterize the
cluster length scale and defines the wave number k; = 27 /];
used in scaling v/ (k) in Fig. 2(a) [46]. Note that gx considered

in this work span a significant range (gx/D ~ 10~! — 10°)
where active strengths gy are scale comparable to the passive
contribution D in (2). Hence, these results represent systems
near the soft upper bound for any realistic scenario of AFTs
because the phase separation is driven by the diffusive part,
and g/D > 1 would result in unphysical dynamics. The pa-
rameters we have considered thus already include the regime
of strong activity. This broad range suggests that emergence
of « =4 is universal and cannot be understood as a mere
perturbative result to the passive CH model, which would
only be valid in the limit gx/D — 0. The gx dependence for
various AFTs is further detailed in the SM which confirms
that v/ (k) ~ k* holds across wide ranges of gy.

Universality is also verified through o2(R) of the coarse-
grained density ¢z shown in Fig. 3(a), which are again
indistinguishable from model-B. While fluctuations are en-
hanced (6% ~ R®) at shorter lengths, a continuous crossover
occurs at R ~ &, to an anomalous hyperuniform scaling
regime (0> ~ R™*) that is consistent with class I hyperunifor-
mity (« > 1) and prior numerical results derived from (k)
[46]. Note that &, for various AFTs are similar in scale, and
are thus represented in Figs. 3(a)-3(c) by a single vertical dot-
dashed line. Moreover, &, /1, < 2 for all AFTs considered (See
the SM), and are thus comparable to /; ~ y,'/? arising from
short-ranged structural order present in the passive CH model
[20]. This broad range suggests that fluctuation suppression
should readily be observable in agent-based models at length
scales not significantly larger than respective cluster sizes,
which in turn questions the extent to which existing AFTs
correctly describe long-ranged order of the underlying active
systems they purportedly represent, especially for systems
where the cluster length scale remains finite and observable
(i.e., I} < L). Here, we remark that emergence of hyperunifor-
mity in AFTs is unlike the behavior of hyperuniform complex
systems associated to self-organized or driven critical phe-
nomena [47-53]. In these near-critical systems, short length
scale density fluctuations are anomalously suppressed below a
hyperuniform length £; and conversely scale like uncorrelated
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FIG. 3. (a) Variance o>(R), (b) skewness y%(R), and (c) kurtosis k>(R) of P(¢r). (a) Universal suppression of density fluctuations
02 ~ R73 indicates that AFTs are indistinguishably class I hyperuniform. &,(vertical dot-dashed lines) characterizes the onset of fluctuation
suppression in o?(R) and are scale comparable for all models considered. (b), (c) Deviations in the higher moment from their respective
Gaussian values (yy = 0, k5 = 3) at R > §, indicates the presence of hidden correlations beyond what is revealed by two-point functions.
(d) Convergence of o (R)P(¢g) to the standard Gaussian—N (0, 1) (black dashed line) in the limit of R — oo for gamp /D = 2. (e) Generalized
AFTs for n = 2 preserve universal hyperuniformity. Statistics are obtained from 10> R x R windows, for each of N; = 50 realizations.
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fields above ;. Hence, these systems become hyperuniform
only at the critical point as &, grows and diverges on approach
to criticality. This contrasts with hyperuniformity in AFTs
where fluctuations are instead suppressed above &, and do
not involve diverging lengths.

Now, despite the convergence of (k) and o>(R) that
render AFTs indistinguishable in the long wavelength limit,
hidden higher-order correlations exist that are not captured
by these two-point correlation functions of the coarse-grained
variable ¢g. These correlations are often revealed by exam-
ining the higher central moments ffooo dprpy P(pr) of the
probability density P(¢r), where the second moment (m = 2)
or variance o>(R) was used previously to establish hyperuni-
formity [53,54]. In Figs. 3(b) and 3(c) we show skewness
¥y (R) (for m = 3) and kurtosis «(R) (for m = 4) for various
AFTs as a function of the coarse-graining length scale R.
At large R, a convergence to their respective Gaussian limits
(y — 0 and ¥ — 3), in accordance to the central limit theo-
rem (CLT) is recovered. However, at shorter length scales, y
and k exhibit qualitative and graded differences in their behav-
ior that are not present in o2(R), and that are direct imprints of
higher-order spatial correlations of the various AFTs [53,54].
For example, the convergence to CLT can be nonmonotonic
in R and sgny (R) can take on intermittent positive or negative
values; in contrast, y (R) & 0 for passive CH [black solid line
in Fig. 3(b)], where P(¢g) remains symmetric for all R.

Moreover, these deviations from a Gaussian are sensitive
to Ax and persist even at R > &, in Figs. 3(b) and 3(c), which
indicates that P(¢g) at R = &, remains highly non-Gaussian.
To examine this behavior, we show P(¢g) for gamp+/D = 2.0
in Fig. 3(d) (see the SM for other Ax), where a nontrivial
bi-modal to unimodal transition occurs with increasing R,
and a departure of P(¢r=;, ) and P(¢r=¢,) from the standard
normal distribution N (0, 1) is observed, revealing origins for
the negative skewness and the platykurtic kurtosis (i.e., x < 3)
observed in Figs. 3(b) and 3(c). In fact, we find that while
[ly EDI < 1y (p)]] for all Ax[¢], distributions remain signif-
icantly non-Gaussian ||y (&,)/y(10%)|| ~ O(1) [55]. Hence,
while AFTs are indistinguishably hyperuniform, P(¢r) at
R = &, remain distinguishable and non-Gaussian. We stress
that features in P(¢g) cannot be associated to a particular
AFT simply by a visual inspection of the spatial structure of
¢(r) in Fig. 1 given the oscillatory and highly complicated
behavior of the higher moments at various R. These features
are representations of extended spatial structure not captured
by pair-wise relations in two-point measures such as v (k) and
o2(R) and go beyond simply characterizing [;. They are in-
stead, indicative of many-body correlations at varying length
scales [53,54], and thus could further serve to assess the extent
to which various AFTs agree with model-specific atomistic
active matter in simulations or experiments.

Here, we remark that universal class I hyperuniformity
extends even to generalized-AFTs [35] where F [¢] (2) is not
given by Ginzburg-Landau, but instead assumes a generalized
double well, i.e., F(n, [¢]) = [dr{;-(¢* — )" + £|Ve|*},
where n is a positive integer and F(n, [¢]) reverts to the
conventional AFTs for n = 1; see Fig. 3(e) and the SM.
Moreover, universal class I hyperuniformity is also robust
in the presence of thermal fluctuations, which can be mod-
eled by an additional contribution of Dt;V -5 to 9,¢ in (1),

ECH,ggcn/D =05

10° : 10°

PN € N~RY— .
'\ 510.2 (N =102
oy n-d : "oy nd

AMB, gayp./D = —08 AMB+,ganp+/D = 1.0

S \N
S10 f=r=s ®10 i ®10
1
t :SIR: A ; iR=4& r
10° - . 10° 0 1I 2& 10° 0 1 2
10° 10'p 102 10° 10'p 10 10° 10'g 10

FIG. 4. (a) 0(R) in the presence of thermal noise at temperature
T = thz- /2kp, indicate that passive CH remains class I hyperuniform.
(b) Best fit (black solid line) of ¢2R* ~ [1 4+ (R/&,)™*]7*/* to the
data indicate (c) a growing &, with increasing f;. Universal class I
hyperuniformity in the presence of thermal fluctuations extends to
all variants of activity: (d) ECH, (e) AMB, and (f) AMB+.

where (n;n;) = 8;;6(t —t’) such that the equilibrium temper-
ature is parametrized T = Dt? /2k,. Conceivably, the presence
of dissipation could alter fluctuation suppression or com-
pletely destroy long-range order. However, we see in Fig. 4(a)
that hyperuniformity is still preserved for passive model-B.
Thermal fluctuations serve instead to progressively destroy
short-range order (lim,, .o 6%(R) — R™?) and increases &,
see Figs. 4(b) and 4(c), but still always preserves class I
scaling, i.e., o%(R) ~ R73, for its long-range behavior. This
robustness of class I hyperuniformity extends to the AFTs
[Figs. 4(d) and 4(f)], and can be understood by considering the
high-T' limit of the dynamics (1), lim;, o ¢(7) ~ Jo dtV -,
for which its Fourier transform yields ¢(k) ~ ik [ dtij(k) ~ k
since [ dtij(k) = N(0, 1). Hence, (k) ~ ((¢xd_x) ~ k* and
class I hyperuniformity is always preserved in AFTs even in
the high-7 limit.

In this work, we show that scalar-order AFTs which
describe dry, active phase-separated matter are class I hype-
runiform. Specifically, v/ (k) vanishes in the hydrodynamic
limit as ¥ (k) ~ k*, and density fluctuations are suppressed
02(R) ~ R73, regardless of the integrability or form of the
active contribution Ax[¢] in (1). This occurs despite (i) strong
variability in short-range structure of ¢ (r), (ii) holds generally
for a wide range of activity, and (iii) persists even in the
presence of strong thermal dissipation. This ubiquity in long
wavelength fluctuations across all dry, scalar-order AFTs and
their generalizations suggest that hyperuniformity may be a
more generic property of active matter that goes beyond the
context of existing literature on chiral or circle microswim-
mers [26-29,31]. The robustness of hyperuniformity in the
presence of stochastic noise [47,56], external driving [52,57],
or hydrodynamic interactions such as active model H [58], or
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in field theories with spatially dependent diffusion or mobility,
are interesting avenues for future exploration.

Our work also raises the question as to whether generic
models of atomistic active matter such as active Brown-
ian or run-and-tumble particles [2] which AFTs purportedly
model [18] are truly hyperuniform [59], or that perhaps,
while &,/l; ~ O(0) for AFTs, fluctuations in agent-based
models only become anomalously suppressed at much larger
length scales beyond observational limits of current sim-
ulations, as indicated in [25]. Our study thus calls for a
greater understanding of &,/ for various existing contin-
uum and atomistic active models, especially at time scales
where the transition to anomalous fluctuation suppression
remains observable. Lastly, higher-order correlations that lie
beyond what is indicated by two-point functions exist. These

correlations manifest as deviations in the higher central mo-
ments of P(¢g), and persist at R for which the AFTs are
already indistinguishably fluctuation suppressed. Our results
thus provide a pathway to identify correspondences between
predictions of particular AFTs and the underlying micro-
scopic models they purportedly represent, or toward inferring
the presence of novel interactions in experiments where the
microscopic behavior is unknown.

Y.Z. acknowledges support from the Alexander-von-
Humboldt Stiftung. The work of M.A.K. and H.L. was
supported by the SPP 2265 within the Project No. LO 418/25.
M.A.K. also acknowledges support via the Project No. KL
3391/2 and by the Initiative and Networking Fund of the
Helmbholtz Association through the Project “DataMat.”

[1] M. Marchetti, J. Joanny, S. Ramaswamy, T. Liverpool, J. Prost,
M. Rao, and R. A. Simha, Hydrodynamics of soft active matter,
Rev. Mod. Phys. 85, 1143 (2013).

[2] C. Bechinger, R. Di Leonardo, H. Lowen, C. Reichhardt, G.
Volpe, and G. Volpe, Active particles in complex and crowded
environments, Rev. Mod. Phys. 88, 045006 (2016).

[3] S. Ramaswamy, The mechanics and statics of active matter,
Annu. Rev. Condens. Matter Phys. 1, 323 (2010).

[4] 1. Theurkauff, C. Cottin-Bizonne, J. Palacci, C. Ybert, and
L. Bocquet, Dynamic clustering in active colloidal suspen-
sions with chemical signaling, Phys. Rev. Lett. 108, 268303
(2012).

[5]J. Yu, B. Wang, X. Du, Q. Wang, and L. Zhang, Ultra-
extensible ribbon-like magnetic microswarm, Nat. Commun. 9,
3260 (2018).

[6] C. Scholz, S. Jahanshahi, A. Ldov, and H. Léwen, Inertial delay
of self-propelled particles, Nat. Commun. 9, 5156 (2018).

[7] D. Mandal, K. Klymko, and M. R. DeWeese, Entropy produc-
tion and fluctuation theorems for active matter, Phys. Rev. Lett.
119, 258001 (2017)

[8] E. Fodor, C. Nardini, M. E. Cates, J. Tailleur, P. Visco, and F.
van Wijland, How far from equilibrium is active matter? Phys.
Rev. Lett. 117, 038103 (2016).

[9] C. Scheibner, A. Souslov, D. Banerjee, P. Suréwka, W. T. M.
Irvine, and V. Vitelli, Odd elasticity, Nat. Phys. 16, 475 (2020).

[10] A. Zottl and H. Stark, Emergent behavior in active colloids,
J. Phys.: Condens. Matter 28, 253001 (2016).

[11] J. Schwarz-Linek, C. Valeriani, A. Cacciuto, M. E. Cates, D.
Marenduzzo, A. N. Morozov, and W. C. K. Poon, Phase sep-
aration and rotor self-assembly in active particle suspensions,
Proc. Natl. Acad. Sci. USA 109, 4052 (2012).

[12] M. E. Cates and J. Tailleur, Motility-induced phase separation,
Annu. Rev. Condens. Matter Phys. 6, 219 (2015).

[13] Y. Fily and M. C. Marchetti, Athermal phase separation of
self-propelled particles with no alignment, Phys. Rev. Lett. 108,
235702 (2012).

[14] G. S. Redner, M. F. Hagan, and A. Baskaran, Structure and
dynamics of a phase-separating active colloidal fluid, Phys. Rev.
Lett. 110, 055701 (2013).

[15] T. Speck, J. Bialké, A. M. Menzel, and H. Lowen, Effective
Cahn-Hilliard equation for the phase separation of active Brow-
nian particles, Phys. Rev. Lett. 112, 218304 (2014).

[16] R. Wittkowski, A. Tiribocchi, J. Stenhammar, R. J. Allen,
D. Marenduzzo, and M. E. Cates, Scalar ¢* field theory
for active-particle phase separation, Nat. Commun. 5, 4351
(2014).

[17] E. Tjhung, C. Nardini, and M. E. Cates, Cluster phases and bub-
bly phase separation in active fluids: Reversal of the Ostwald
process, Phys. Rev. X 8, 031080 (2018).

[18] M. E. Cates, Active field theories, in Active Matter and Nonequi-
librium Statistical Physics: Lecture Notes of the Les Houches
Summer School, edited by J. Tailleur, G. Gompper, M. C.
Marchetti, J. M. Yeomans, and C. Salomon (Oxford University
Press, Oxford, 2022), Vol. 112.

[19] P. C. Hohenberg and B. I. Halperin, Theory of dynamic critical
phenomena, Rev. Mod. Phys. 49, 435 (1977).

[20] J. W. Cahn and J. E. Hilliard, Free energy of a nonuniform
system. I. Interfacial free energy, J. Chem. Phys. 28, 258
(1958).

[21] J. Zhang, R. Alert, J. Yan, N. S. Wingreen, and S. Granick,
Active phase separation by turning towards regions of higher
density, Nat. Phys. 17, 961 (2021).

[22] C. Tung, J. Harder, C. Valeriani, and A. Cacciuto, Micro-phase
separation in two dimensional suspensions of self-propelled
spheres and dumbbells, Soft Matter 12, 555 (2016).

[23] C. Anderson and A. Fernandez-Nieves, Social interactions lead
to motility-induced phase separation in fire ants, Nat. Commun.
13, 6710 (2022).

[24] E. Kalz, A. Sharma, and R. Metzler, Field theory of active chiral
hard disks: a first-principles approach to steric interactions,
J. Phys. A: Math. Theor. 57, 265002 (2024).

[25] Q.-L. Lei, M. P. Ciamarra, and R. Ni, Nonequilibrium strongly
hyperuniform fluids of circle active particles with large local
density fluctuations, Sci. Adyv. 5, eaau7423 (2019).

[26] Q.-L. Lei and R. Ni, Hydrodynamics of random-organizing
hyperuniform fluids, Proc. Natl. Acad. Sci. USA 116, 22983
(2019).

[27] S. Torquato, Swimming in circles can lead to exotic hyperuni-
form states of active living matter, Proc. Natl. Acad. Sci. USA
118, e2016862118 (2021).

[28] M. Huang, W. Hu, S. Yang, and H. P. Zhang, Circular
swimming motility and disordered hyperuniform state in an
algae system, Proc. Natl. Acad. Sci. USA 118, 2100493118
(2021).

L032056-5


https://doi.org/10.1103/RevModPhys.85.1143
https://doi.org/10.1103/RevModPhys.88.045006
https://doi.org/10.1146/annurev-conmatphys-070909-104101
https://doi.org/10.1103/PhysRevLett.108.268303
https://doi.org/10.1038/s41467-018-05749-6
https://doi.org/10.1038/s41467-018-07596-x
https://doi.org/10.1103/PhysRevLett.119.258001
https://doi.org/10.1103/PhysRevLett.117.038103
https://doi.org/10.1038/s41567-020-0795-y
https://doi.org/10.1088/0953-8984/28/25/253001
https://doi.org/10.1073/pnas.1116334109
https://doi.org/10.1146/annurev-conmatphys-031214-014710
https://doi.org/10.1103/PhysRevLett.108.235702
https://doi.org/10.1103/PhysRevLett.110.055701
https://doi.org/10.1103/PhysRevLett.112.218304
https://doi.org/10.1038/ncomms5351
https://doi.org/10.1103/PhysRevX.8.031080
https://doi.org/10.1103/RevModPhys.49.435
https://doi.org/10.1063/1.1744102
https://doi.org/10.1038/s41567-021-01238-8
https://doi.org/10.1039/C5SM02350E
https://doi.org/10.1038/s41467-022-34181-0
https://doi.org/10.1088/1751-8121/ad5089
https://doi.org/10.1126/sciadv.aau7423
https://doi.org/10.1073/pnas.1911596116
https://doi.org/10.1073/pnas.2016862118
https://doi.org/10.1073/pnas.2100493118

ZHENG, KLATT, AND LOWEN

PHYSICAL REVIEW RESEARCH 6, L032056 (2024)

[29] B. Zhang and A. Snezhko, Hyperuniform active chiral fluids
with tunable internal structure, Phys. Rev. Lett. 128, 218002
(2022).

[30] N. Oppenheimer, D. B. Stein, M. Y. B. Zion, and M. J. Shelley,
Hyperuniformity and phase enrichment in vortex and rotor as-
semblies, Nat. Commun. 13, 804 (2022).

[31] Y. Kuroda and K. Miyazaki, Microscopic theory for hyperuni-
formity in two-dimensional chiral active fluid, J. Stat. Mech.
(2023) 103203.

[32] S. Torquato and F. H. Stillinger, Local density fluctuations,
hyperuniformity, and order metrics, Phys. Rev. E 68, 041113
(2003).

[33] S. Torquato, Hyperuniform states of matter, Phys. Rep. 745, 1
(2018).

[34] S. Torquato, Hyperuniformity and its generalizations, Phys.
Rev. E 94, 022122 (2016).

[35] Z. Ma and S. Torquato, Random scalar fields and hyperunifor-
mity, J. Appl. Phys. 121, 244904 (2017).

[36] S. Ramaswamy, R. A. Simha, and J. Toner, Active nematics
on a substrate: Giant number fluctuations and long-time tails,
Europhys. Lett. 62, 196 (2003).

[37] H. Chaté, F. Ginelli, and R. Montagne, Simple model for active
Nematics: Quasi-long-range order and giant fluctuations, Phys.
Rev. Lett. 96, 180602 (2006).

[38] V. Narayan, S. Ramaswamy, and N. Menon, Long-lived giant
number fluctuations in a swarming granular nematic, Science
317, 105 (2007).

[39] Y. Kuroda and K. Miyazaki, Anomalous fluctuations in homo-
geneous fluid phase of active Brownian particles, Phys. Rev.
Res. 5, 013077 (2023).

[40] X. Ma, J. Pausch, and M. E. Cates, Theory of hyperuniformity
at the absorbing state transition, arXiv:2310.17391.

[41] H.-H. Boltz and T. Ihle, Hyperuniformity in deterministic anti-
aligning active matter, arXiv:2402.19451.

[42] W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P.
Flannery, Numerical Recipes: The Art of Scientific Computing,
3rd ed. (Cambridge University Press, Cambridge, 2007).

[43] S. Wilken, A. Chaderjian, and O. A. Saleh, Spatial organization
of phase-separated DNA droplets, Phys. Rev. X 13, 031014
(2023).

[44] Unconstrained fits to the power law—o2 ~ agR™* for ao and A.

[45] The global minimum of ¥ () for a given Ay.

2

[46] See Supplemental Material http://link.aps.org/supplemental/10.
1103/PhysRevResearch.6..032056 for numerical details and
estimates for &, A, [}, k;, and «, as well as measures of goodness
of fits, and discussion on the absence of finite-size effects for
various Ay.

[47] D. Hexner and D. Levine, Noise, diffusion, and hyperunifor-
mity, Phys. Rev. Lett. 118, 020601 (2017).

[48] Y. Zheng, Y.-W. Li, and M. P. Ciamarra, Hyperuniformity and
density fluctuations at a rigidity transition in a model of biolog-
ical tissues, Soft Matter 16, 5942 (2020).

[49] D. Hexner and D. Levine, Hyperuniformity and critical absorb-
ing states, Phys. Rev. Lett. 114, 110602 (2015).

[50] D. Hexner, A. J. Liu, and S. R. Nagel, Two diverging length
scales in the structure of jammed packings, Phys. Rev. Lett. 121,
115501 (2018).

[51] D. Hexner, P. M. Chaikin, and D. Levine, Enhanced hyper-
uniformity from random reorganization, Proc. Natl. Acad. Sci.
USA 114, 4294 (2017).

[52] S. Wilken, R. E. Guerra, D. J. Pine, and P. M. Chaikin, Hype-
runiform structures formed by shearing colloidal suspensions,
Phys. Rev. Lett. 125, 148001 (2020).

[53] Y. Zheng, A. D. S. Parmar, and M. P. Ciamarra, Hidden order
beyond hyperuniformity in critical absorbing states, Phys. Rev.
Lett. 126, 118003 (2021).

[54] S. Torquato, J. Kim, and M. A. Klatt, Local number fluctuations
in hyperuniform and nonhyperuniform Systems: Higher-order
moments and distribution functions, Phys. Rev. X 11, 021028
(2021).

[55] See the SM for estimates of y(R) and «(R) at R =1}, R =&,
and R = 10? for various Ay.

[56] H. Ikeda, Correlated noise and critical dimensions, Phys. Rev.
E 108, 064119 (2023).

[57] H. Ikeda and Y. Kuroda, Continuous symmetry breaking of
low-dimensional systems driven by inhomogeneous oscillatory
driving forces, Phys. Rev. E 110, 024140 (2024).

[58] A. Tiribocchi, R. Wittkowski, D. Marenduzzo, and
M. E. Cates, Active model H: Scalar active matter in a
momentum-conserving fluid, Phys. Rev. Lett. 115, 188302
(2015).

[59] J. Stenhammar, D. Marenduzzo, R. J. Allen, and M. E. Cates,
Phase behaviour of active Brownian particles: The role of di-
mensionality, Soft Matter 10, 1489 (2014).

L032056-6


https://doi.org/10.1103/PhysRevLett.128.218002
https://doi.org/10.1038/s41467-022-28375-9
https://doi.org/10.1088/1742-5468/ad0639
https://doi.org/10.1103/PhysRevE.68.041113
https://doi.org/10.1016/j.physrep.2018.03.001
https://doi.org/10.1103/PhysRevE.94.022122
https://doi.org/10.1063/1.4989492
https://doi.org/10.1209/epl/i2003-00346-7
https://doi.org/10.1103/PhysRevLett.96.180602
https://doi.org/10.1126/science.1140414
https://doi.org/10.1103/PhysRevResearch.5.013077
https://arxiv.org/abs/2310.17391
https://arxiv.org/abs/2402.19451
https://doi.org/10.1103/PhysRevX.13.031014
http://link.aps.org/supplemental/10.1103/PhysRevResearch.6.L032056
https://doi.org/10.1103/PhysRevLett.118.020601
https://doi.org/10.1039/D0SM00776E
https://doi.org/10.1103/PhysRevLett.114.110602
https://doi.org/10.1103/PhysRevLett.121.115501
https://doi.org/10.1073/pnas.1619260114
https://doi.org/10.1103/PhysRevLett.125.148001
https://doi.org/10.1103/PhysRevLett.126.118003
https://doi.org/10.1103/PhysRevX.11.021028
https://doi.org/10.1103/PhysRevE.108.064119
https://doi.org/10.1103/PhysRevE.110.024140
https://doi.org/10.1103/PhysRevLett.115.188302
https://doi.org/10.1039/C3SM52813H

	Titelblatt_Zheng_final
	Zheng_Universal

