
Universal Jamming Criticality and Self-Organizing Principles from Disorder
to the Limit of Perfect Crystalline Order

Jianhua Zhang ,1 Jiaqi Si,1,2 Ning Xu,1,2 and Hua Tong 1,*

1Department of Physics and Anhui Center for Fundamental Sciences in Theoretical Physics,
University of Science and Technology of China, Hefei 230026, China

2Hefei National Laboratory for Physical Sciences at the Microscale and
CAS Key Laboratory of Microscale Magnetic Resonance, University of Science and Technology of China, Hefei 230026, China

(Received 17 December 2025; revised 3 June 2026; accepted 21 July 2026; published 14 August 2026)

While crystals are defined by periodic order, the nature of amorphous solids remains elusive due to their
disordered, diverse, and nonequilibrium structures. Here, we focus on jammed elastic packings and
systematically tune structure from crystalline to fully disordered to unveil the universal underlying
characteristics. We demonstrate that their mechanical properties are universally governed by jamming
criticality, featuring characteristic scaling behaviors near the jamming transition, except for the singular
close-packed point. This is facilitated by random nonaffine elasticity arising from contact-level disorder.
Consequently, the jamming density can approach close packing, suggesting a fundamental decoupling
between jamming criticality and the glass transition physics. Moreover, we uncover a universal
coordination-number distribution and contact hyperuniformity in marginally jammed states, independent
of particle-level structure. These findings suggest a general organizing mechanism for emergent rigidity in
disordered solids, underscore the broad relevance of jamming physics, and complement principles of
mechanical self-organization.
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Introduction—All crystals are alike, but each amorphous
solid is disordered in its own way [1,2]. While translational
periodicity enables robust theoretical descriptions of crys-
tals, amorphous solids—including diverse systems from
molecular glasses to granular matter, colloids, and foams—
lack such a unified structural basis [2,3]. Jammed packings
of elastic particles have been a fertile playground for
elucidating common features of amorphous solids, providing
insights into universal glassy phenomena from elastoplas-
ticity to low-temperature anomalies [4–7]. Although initially
focused on random close packings, jamming physics has
recently proven effective in describing the mechanics of
highly ordered solids [8–12]; however, its exact range of
applicability remains elusive. Here, we address this problem
by characterizing jamming criticality across the spectrum of
structural order, seeking a unified understanding of the
organizing principles in marginally jammed solids.
In its purest form, jamming transition occurs at zero

temperature when particles get stuck upon quasistatic
densification and gain rigidity [4–6]. While the physics
of jamming carries on at finite temperatures or during
dynamic processes driven by shear or compression
[13–19], we restrict our focus to the classical zero-
temperature jamming in this Letter. According to the
Maxwell criterion, this happens when the average

coordination number reaches isostaticity, Zc ¼ 2d (d is
the spatial dimension). This resembles rigidity percolation,
but the jamming transition is unique [20,21]. In the case
of harmonic interaction, the coordination number Z and
bulk modulus B jump discontinuously, whereas the
shear modulus G grows continuously [22]. By contrast,
all these quantities grow continuously for standard rigidity
percolation [23,24]. This distinction implies nontrivial
structural self-organization in jammed solids beyond
mean-field isostaticity, driven by strong steric constraints
[7,20,21,25]. While lattice models incorporating compres-
sion-resistant subsets have been proposed to explain this
mixed character [26], their correspondence to apparently
disordered solids is unclear. Revealing the hidden structural
characteristics is thus crucial for understanding the distinct
mechanism of emergent rigidity in jammed solids.
Mean-field (MF) approaches, like the replica theory of

hard-sphere glasses in infinite dimensions, have provided
valuable insights into the nature of marginally jammed
solids [27–29]. It predicts a Gardner transition into a
marginal state upon compression, which explains the mar-
ginal stability of jammed solids [28–30]. It sets a maximum
jamming packing fraction ϕGCP, corresponding to jammed
states compressed from ideal glasses. When generalized to
physical dimensions, it predicts ϕGCP ¼ 0.8745 (2D) and
0.6836 (3D) [27]. However, strong steric constraints in
low dimensions may introduce nonperturbative many-
body correlations [31,32], potentially altering these MF*Contact author: huatong@ustc.edu.cn
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predictions. Meanwhile, variational arguments and effective
medium theory applied to soft-particle packings yield
consistent results with replica theory [33–37]. However,
traditional effective medium theory fails to capture the
critical scaling of B andG near jamming because it averages
out crucial spatial fluctuations [23,35,38]. Therefore, iden-
tifying underlying constraints in mechanical networks is
essential for accurate theoretical descriptions in physical
dimensions.
In this Letter, we investigate how disorder dictates the

mechanical nature of marginally jammed packings. By
continuously modulating structural order, we realize pack-
ings from near crystalline to fully disordered and reach two
major findings. First, jamming criticality universally domi-
nates below a critical pressure pj for any finite polydisper-
sity η, with pj ∼ η2.5 (2D) and pj ∼ η2 (3D) in the weak-
disorder regime. This implies that (i) no finite-disorder
threshold separates crystal and jamming behaviors, but
instead the domain of jamming physics scales with dis-
order; (ii) the jamming density can approach close packing,
significantly extending the J line beyond MF predictions
related to glass transition; (iii) random nonaffine elasticity
underlies the jamming behavior, controlled by contact-level
disorder. Second, we find a universal coordination-number
distribution and contact hyperuniformity in marginally
jammed packings, regardless of particle-level structure.
These results strongly support a unified definition and
understanding of amorphous solids based on their universal
mechanical self-organization.
Methods—Jammed packings are generated by quasistati-

cally increasing polydispersity η from perfect crystals
(hexagonal in 2D and face-centered cubic in 3D)
[9,39,40]. Here, η controls the width of the particle-size
distribution and in turn the degree of structural disorder (see
End Matter for details). This modulates structural order
continuously from near crystalline to fully disordered while
maintaining overall homogeneity, ensuring our systems are
pure phases according to the Gibbs definition rather than
mixtures of ordered and disordered components [41].
Randomly jammed binary packings are studied as a
reference [4,22]. Particles interact via harmonic or
Hertzian repulsion. The distance to jamming transition is
then controlled by pressure p at fixed η. All quantities are
expressed in reduced units (see End Matter for detailed
definitions). To overcome the tremendous slowing down in
the weak-disorder limit, a hybrid fast inertial relaxation
engine (FIRE) algorithm with self-activation and swaps is
used to generate truly stable configurations [42]. More
details are in End Matter. Unless noted, we present results
for 2D harmonic systems with uniform particle-size dis-
tributions. Results from 2D binary and polydisperse sys-
tems with Gaussian particle-size distributions, and 2D
Hertzian systems are also included in Fig. 3(b), and those
from 3D harmonic systems are given in Supplemental
Material to validate the generality of our findings [43].

Phase diagram—Figures 1(a) and 1(b) show the pressure
dependence of excess coordination number ΔZ ¼ Z − Zc
and G=B across a wide range of polydispersity η, including
near crystalline (η ≤ 0.1) to fully disordered structures
(η ¼ 0.6) [9]. Three characteristic regimes separated by
two crossovers emerge for near-crystalline packings:
(i) crystal regime at high pressures, with nearly constant
ΔZ and G=B; (ii) disordered crystal regime below pd, with
intermediate scalings ΔZ ∼ pβ and G=B ∼ pγ , where β ≈
0.83 and γ ≈ 0.7 in both 2D and 3D; and (iii) jamming
critical regime below pj, with universal jamming scalings
ΔZ ∼ p0.5 and G=B ∼ p0.5. The first crossover at pd ∼ η
corresponds to a hidden transition reported previously from
crystals to disordered crystals, which are solids with
extremely high crystalline order in structure but mechanical
and vibrational properties resembling amorphous solids
[9]. Crucially, we identify pj as the second hidden cross-
over where solids become marginally stable and governed
by jamming criticality. We find pj ∼ ηδ, with δ ¼ 2.5 (2D)
and δ ¼ 2 (3D). This demonstrates the applicability of
jamming physics even at infinitely small η, refuting a finite-
disorder threshold separating crystal and jamming behav-
iors. The close-packed point is therefore a singular point
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FIG. 1. Jamming criticality in solids from order to disorder.
Pressure dependence of (a) the excess coordination number ΔZ
and (b) the modulus ratio G=B for varied polydispersity η.
Horizontal dotted lines indicate crystal behavior. Dashed and
solid lines denote intermediate scalings (ΔZ ∼ p0.83,
G=B ∼ p0.71) and jamming scalings (ΔZ ∼ p0.5, G=B ∼ p0.5),
respectively. Crossover pressures pd and pj are determined by
intersections of different scaling relations. (c) Phase diagram in
(η, p) space. Three regions with distinct mechanical behaviors are
identified, separated by pd ∼ η (green line) and pj ∼ η2.5 (red
line). Error bars indicate uncertainty of crossover pressures
determined by ΔZ and G=B. (d) Phase diagram in
(η; jϕ − ϕcpj) space, showing the unjammed region below ϕuj.
Crossover packing fractions ϕd and ϕj correspond to pd and pj,
respectively.
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where the mechanical properties are controlled by crystal
physics upon jamming. Our result is consistent with a
recent MF model of disordered crystals [12], though the 2D
exponent δ ¼ 2.5 deviates from MF prediction δ ¼ 2.
While d ¼ 2 has been suggested as the upper critical
dimension of the jamming transition [34,44], our result
echoes previous observations of dimensional differences in
jamming criticality. In particular, different scaling behav-
iors of correlation lengths [45] and diverging viscosity
driven by shear or compression [17,18] have been reported
in 2D and 3D.
The resulting phase diagram for weakly disordered

solids is given in Fig. 1(c), with three characteristic regimes
highlighted in the space of polydispersity, i.e., the degree of
disorder, and pressure. The conjugate phase diagram in the
space of polydispersity and packing fraction is shown in
Fig. 1(d), with additional information of (un)jamming
packing fraction ϕuj. Both ϕuj and ϕj approach close
packing ϕcp as η → 0, pushing the jamming packing
fraction and the relevance of jamming physics to ϕcp.
This significantly extends the J line beyond previous
numerical results [46,47] and replica theoretical predictions
[27] based on amorphous packings.
Therefore, particle-level glassy (noncrystalline) structure

is not a prerequisite for jamming criticality, suggesting that
jamming physics can be essentially decoupled from the
physics of glass transition. Instead, contact-level disorder,
here controlled by polydispersity, is expected to determine
the mechanics of marginally jammed solids via nontrivial
self-organization [48,49]. Our model with near-crystalline
geometry thus provides a unique platform to reconsider the
defining character of amorphous solids and unveil universal
organizing principles across the entire order-disorder spec-
trum [50–53].
Nonaffine elastic response—The consistent jamming

scalings in solids across near crystalline to fully disordered
structures imply a general underlying mechanism of elastic
responses. This we analyze via nonaffine deformation crucial
for critical jamming scalings [20,54]. We define vectorial
nonaffinity as the nonaffine displacement normalized by the
affine part to resolve the influence of underlying geometric

structures μ⃗i ¼ δr⃗NAi =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

j ðδr⃗Aj Þ2=N
q

, where δr⃗NAi and δr⃗Ai
are the nonaffine and affine displacements of particle i upon
compression, respectively [43,55]. Figures 2(a)–2(e) show
the probability distribution of μ⃗i for near-crystalline packings
(η ¼ 10−2) as pressure decreases. At high pressures, the
distribution exhibits clear sixfold symmetry due to strong
constraints by the underlying lattice. However, around and
below pj ≈ 10−5, the distribution becomes essentially iso-
tropic, indicating that the system responds flexibly, free from
the particle-level structure.
Quantitatively, we define C6 to measure the sixfold

anisotropy of the distribution (see Supplemental Material
[43] for definition and discussions). C6 ¼ 0 describes

isotropic distributions, whereas C6 ¼ 1 indicates a perfect
sixfold symmetry and therefore a strong influence from the
triangular lattice. As shown in Fig. 2(f), C6 drops sharply
near pj (indicated by arrows) for near-crystalline packings
(η ≤ 0.1), while maintaining almost zero across the whole
pressure range for fully disordered packings (η ¼ 0.6). The
crossover pj thus corresponds to a mechanism change of
elastic responses: once the mechanical environment (over-
laps and gaps between neighbors), as determined by the
interplay of polydispersity and pressure, is sufficiently
disordered at the contact level, the elastic response becomes
dominated by random nonaffinity, regardless of particle-
scale geometric order. We further confirm from the static
structure factor that the particle-level structure is irrelevant
for the observed crossover into the jamming critical regime
(see Supplemental Material [43]).
Universal coordination-number distribution—The uni-

versal jamming behavior observed in jammed packings
with near-crystalline to fully disordered structures [Fig. 3(a)]
poses a stringent question: what hidden feature unifies
these apparently distinct geometries? Characterizing the
coordination network of the mechanical structure, we
discover a universal probability distribution of the co-
ordination number fz for marginally jammed solids as
p → 0, as shown in Fig. 3(b). For all 2D harmonic
systems, we find f3 ≈ 0.308, f4 ≈ 0.416, f5 ≈ 0.237,
and f6 ≈ 0.039. We confirm the same result for 2D
Hertzian systems, while 3D harmonic systems exhibit a
weaker form of a universal distribution [43], possibly due
to weaker steric constraints in higher dimensions. Our
result thus unveils an additional constraint on the
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FIG. 2. Nonaffinity in solids from order to disorder.
(a)–(e) Probability distribution of normalized nonaffine deforma-
tion pðμx; μyÞ for η ¼ 10−2 with decreasing pressures. (f) Sixfold
anisotropy C6 of pðμx; μyÞ versus pressure p for different η.
Arrows indicate pj, below which the system is controlled by
jamming criticality.
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mechanical network for achieving rigidity [21], comple-
menting the global Maxwell criterion (Zc ¼ 2d). This
should arise from strong steric constraints in low-dimen-
sional jammed configurations, which are crucially absent
in MF models, explaining the observed deviations of
scaling exponents in 2D from MF predictions [12]. The
absence of such constraints in typical lattice models may
also underlie the distinct nature of rigidity percolation
compared to jamming transition [20,21,26].
We further investigate how this universal distribution

emerges as jamming transition is approached. Since the
average coordination number and each component are
linked by definition Z ¼ P

zfz, one might expect all fz
components to approach limiting values following the
same scaling as ΔZ. As shown in Figs. 3(c)–3(f), this is
true for z ≠ 4, which exhibit the jamming scaling for
fully disordered packings and the characteristic cross-
overs for near-crystalline packings. However, the frac-
tion of isostatic particles, i.e., f4 (z ¼ Zc ¼ 4 in 2D),
behaves differently: f4 approaches its plateau value
faster and remains constant over a wide pressure range.
This is likely because z ¼ 4 particles naturally satisfy
the global Maxwell criterion, while particles with z ≠ 4
require a more delicate balance as isostaticity is
approached.

Hyperuniformity of contacts and density—It has recently
been unveiled numerically and proved theoretically that the
spatial fluctuation of coordination numbers is strongly
suppressed near the jamming transition, leading to contact
hyperuniformity [45,56,57]. This is akin to density hyper-
uniformity, which has also been proposed to be an intrinsic
feature of randomly jammed solids [58,59]. Here, we
examine if contact and density hyperuniformity are uni-
versal for marginally jammed solids across the order-
disorder spectrum. We quantify contact hyperuniformity
by the fluctuation of average coordination number within
subsystems of size Ld, σ2ZðLÞ, and the coordination
structure factor SZðqÞ [45]. In addition, we characterize
the fluctuation of the coordination-number distribution,
σ2fzðLÞ, and the component structure factor Sz¼3;4;5;6ðqÞ.
Considering the particle-size dispersity, we quantify the
density fluctuation by the spectral density χVðqÞ [58].
Detailed definitions are given in End Matter.
Figure 4 compares a polydisperse system (η ¼ 10−2) and

a quenched binary system near jamming, representative for
solids from near crystalline to fully disordered. We first
consider contact hyperuniformity. Both systems exhibit
σ2ZðLÞ ∼ L−1 at large L and SZðqÞ ∼ q1.5 as q → 0 in
Fig. 4(a). This confirms universal contact hyperuniformity
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FIG. 3. Universal coordination-number distribution in marginally jammed solids. (a) Representative configurations at p ¼ 10−6 for
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in marginally jammed solids, independent of particle-level
structure. The component analysis in Figs. 4(c) and 4(d)
further confirms this generality. In particular, we find σ2fz ∼
L−ν with 0 < ν < 1 for z ≠ 4 and ν ¼ 0 for z ¼ 4 in
Fig. 4(c), and correspondingly, Sz¼3;4;5;6ðqÞ ∼ qμ with μ ≈ ν
for all components in Fig. 4(d). This indicates that the
fluctuations of coordination-number distribution are sup-
pressed to different extents, being weakly hyperuniform for
z ≠ 4 but fully random for z ¼ 4. Thus, the class I hyper-
uniformity of all coordination numbers is not contributed
by the same level of hyperuniformity of individual com-
ponents, but rather a delicate balance between them. This is
illustrated by detailed analyses of cross-correlations
between different coordination-number components in
Supplemental Material [43].
We then examine density hyperuniformity. As shown in

Fig. 4(b), the spectral density of the quenched binary
system shows a power-law scaling χVðqÞ ∼ q2=3 over an
intermediate range of q, suggesting effective hyperuni-
formity at corresponding length scales. However, χVðqÞ
saturates or weakly upturns as q further decreases, indicat-
ing finite density fluctuations at large scales. This lack of
true hyperuniformity is consistent with previous studies,
often attributed to the sensitivity of density hyperuniform-
ity to rattlers and nonequilibrium protocols for packing
generation [58,60,61]. The absence of density hyperuni-
formity is even more evident in near-crystalline packings.
Our results thus suggest that, although conjectured to be a

unique signature of maximally random jammed packings,
density hyperuniformity is not a generic feature of margin-
ally jammed solids and is not necessarily linked to jamming
criticality across the spectrum of order and disorder.
Conclusions and discussions—By continuously tuning

the structural order of jammed packings from near crys-
talline to fully disordered, we unveil universal mechanical
and structural characteristics of marginally jammed solids.
Our key finding is that jamming criticality universally
dominates the mechanics below a critical pressure pj for
any finite disorder, demonstrating that no finite-disorder
threshold separates crystal from jamming behaviors. The
jamming point (or “J line”) can thus approach ϕcp, signifi-
cantly exceeding the upper bound predicted by MF theories
related to ideal glasses. This indicates a fundamental
decoupling between jamming criticality and glass transition
physics (not only that jamming transition is decoupled with
glass transition), with the former driven by contact-level
disorder and the latter more related to particle-level structure.
We identify a universal coordination-number distribution

and contact hyperuniformity in marginally jammed pack-
ings regardless of particle-level geometry. These universal
signatures in the mechanical network provide strong
evidence of general self-organization principles for emer-
gent rigidity upon jamming in physical dimensions. Such
nontrivial constraints, absent in mean-field and lattice
models, likely cause the observed deviations from mean-
field predictions (e.g., δ ¼ 2.5 in 2D), as well as the
distinction between jamming transition and standard rigidity
percolation. Our work thus suggests a fundamental shift of
focus for defining amorphous solids from particle-level
structure to contact-level mechanical self-organization.
An important next step is to elucidate the precise origin

of the universal coordination-number distribution. This is
expected to be a central ingredient of a microscopic theory
for emergent rigidity in jammed solids. How the incorpo-
ration of such steric constraints into MF and effective
medium theories would improve the description of jam-
ming criticality in physical dimensions are intriguing
problems to explore. Meanwhile, it is interesting to check
how these universal characteristics evolve when the
requirement of overall homogeneity is lifted, by mixing
particles with significantly different sizes or patches with
distinct geometries. To establish a more general under-
standing of amorphous solids, it is also essential to go
beyond simple athermal packings of frictionless disks or
spheres, and clarify the role of complex particle shapes,
interactions, and frictions, as well as thermal fluctuations at
finite temperatures. We hope that our findings will initiate
further studies in this direction.
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End Matter

Simulation methods—We study zero-temperature
jammed packings of frictionless particles in two (2D)
and three dimensions (3D) with periodic boundary
conditions. Particles interact via finite-range repulsion,

VðrijÞ ¼ ϵð1 − rij=σijÞα=α; ðA1Þ

for rij ≤ σij and zero otherwise, where rij is the
distance between particles i and j, and σij is the sum of
their radii. α ¼ 2 and 2.5 correspond to harmonic and
Hertzian systems. The length unit is denoted as σ and
set by the average particle diameter for polydisperse
systems and the small particle diameter for quenched
binary systems. The mass, energy, and pressure are in
units of m, ϵ, and ϵ=σd, respectively.
To continuously modulate the structural order, packings

were evolved from perfect crystalline structures (hexagonal
in 2D with ϕ ¼ 0.92, and face-centered cubic in 3D with

ϕ ¼ 0.75) by quasistatically increasing the particle-size
polydispersity η while keeping the packing fraction ϕ fixed
[9]. To study how solids with distinct structural order
behave when approaching the jamming transition, we
modulate the packing fraction at fixed polydispersity to
achieve pressures ranging from p ¼ 2 × 10−2 to 5 × 10−7.
To ensure perfect crystalline order, the simulation box
aspect ratios are set to Ly ¼

ffiffiffi
3

p
Lx=2 in 2D and Lx ¼ Ly ¼

Lz in 3D.
We consider two types of particle-size distribution to

examine their influence on the mechanism of self-organi-
zation. The diameter of particle i is set as σi ¼ ð1þ xiηÞσ,
with η being the polydispersity. For the uniform distribu-
tion, xi is uniformly distributed within ½−0.5; 0.5�; whereas
for the Gaussian distribution, xi is drawn from a standard
Gaussian distribution. Note that the random numbers fxig
are fixed during the change of polydispersity and pressure,
and different sets of fxig give independent realizations of
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jammed packings. In addition, the classical model of
amorphous solids, i.e., randomly jammed packings of
50∶50 binary mixtures in an equilateral simulation box,
is studied as a reference [22]. To be simple, all particles
have the same mass. Rattlers, i.e., particles that do not
contribute to the rigidity of the system, are excluded from
all analyses. To ensure good statistics, results are averaged
over many independent realizations: 5000 for N ¼ 1024
and 100 for N ¼ 102 400.
The FIRE algorithm is typically very efficient for the

relaxation of particle systems [42]. However, for near-
crystalline packings with very small η, we find that the
computational time to reach mechanical equilibrium tends
to diverge near the jamming transition. Mechanically
unstable states are reached even when the residual unbal-
anced force reaches fun < 10−30 for all particles (using
quadruple precision), such that the Hessian matrix contains
negative eigenvalues. This instability stems from particles
with 0 < z ≤ d coordination neighbors, forming nearly
collinear or coplanar geometries (typically, z ¼ 2 in 2D
and z ¼ 2 or 3 in 3D), due to the underlying crystalline
structure. Such unstable particles can preclude the precise
determination of the critical scalings and the coordination-
number distribution near the jamming transition.
To ensure stable mechanical equilibrium, we develop a

hybrid FIRE algorithm with particle self-activation and
swaps. First, the system is relaxed using standard FIRE
until fun < 10−12, i.e., force balance is realized to a good
approximation. Then, we check for unstable particles with
0 < z ≤ d. If yes, we perform two local operations for all
unstable particles: (i) a slight displacement toward the
nearest noncontacting neighbor, and (ii) a diameter swap
with the neighbor having the most different size. The above
two procedures are repeated until all unstable particles are
eliminated, ensuring that the system reaches a stable
mechanical equilibrium.

Characterizations of contact and density
hyperuniformity—We consider two measures of contact
hyperuniformity [45]. The real-space fluctuation of the
average coordination number within subsystems of size
Ld is measured by

σ2ZðLÞ ¼ Ld
D
ðZL − ZÞ2

E
; ðB1Þ

where ZL ¼ PNL
j¼1 zj=NL and Z ¼ P

N
j¼1 zj=N are the

average coordination number within the subsystem
containing NL particles and the whole system,

respectively. The angular brackets denote the ensemble
average over subsystems in a given configuration as well
as many independent realizations. The corresponding
Fourier-space characterization is the structure factor of
the coordination-number fluctuation,

SZðqÞ ¼
1

N

*�����
XN
j¼1

δzje−iq⃗·r⃗j

�����
2
+
; ðB2Þ

where q is the amplitude of wave vector q⃗, δzj ¼ zj − Z,
and the average is over different realizations.
To further resolve the contribution from particles with

different coordination numbers, we characterize the fluc-
tuation of each component. The real-space fluctuation of
the coordination-number distribution in subsystems of size
Ld is defined as

σ2fzðLÞ ¼ Ld
D
ðfLz − fzÞ2

E
; ðB3Þ

where fLz and fz are the fraction of particles with z
coordination neighbors within the subsystem and the whole
system, respectively. The component-resolved structure
factor of the coordination-number fluctuation is then
defined as

Sz¼mðqÞ ¼
1

Nm

*�����
XNm

j¼1

δzje−iq⃗·r⃗j

�����
2
+
; ðB4Þ

with the summation going over the Nm particles
with z ¼ m.
We quantify the density fluctuation by the spectral

density χVðqÞ, which correctly takes into account the
particle-size dispersity [58]

χVðqÞ ¼
1

V
hϕðq⃗Þϕð−q⃗Þi; ðB5Þ

where V is the system volume (or area in 2D) and the
density field in Fourier space is given by

ϕðq⃗Þ ¼
XN
j¼1

Jd=2ðqRjÞ
�
2πRj

q

�
d=2

e−iq⃗·r⃗j : ðB6Þ

Here, Rj is the radius of particle j, d is the spatial
dimension, and JnðxÞ is the Bessel function of order n.
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