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The genome contains genetic information essential for a cell’s life. The genome’s spatial organization
inside the cell nucleus is critical for its proper function including gene regulation. The two major genomic
compartments, euchromatin and heterochromatin, contain largely transcriptionally active and silenced
genes, respectively, and exhibit distinct dynamics. In this work, we present a hydrodynamic framework that
describes the large-scale behavior of euchromatin and heterochromatin and accounts for the interplay
of mechanical forces, active processes, and nuclear confinement. Our model shows contractile stresses
from cross-linking proteins lead to the formation of heterochromatin droplets via mechanically driven
phase separation. These droplets grow, coalesce, and, in nuclear confinement, wet the boundary. Active
processes, such as gene transcription in euchromatin, introduce nonequilibrium fluctuations that drive long-
range, coherent motions of chromatin as well as the nucleoplasm and, thus, alter the genome’s spatial
organization. These fluctuations also indirectly deform heterochromatin droplets, by continuously
changing their shape. Taken together, our findings reveal how active forces, mechanical stresses, and
hydrodynamic flows contribute to the genome’s organization at large scales and provide a physical

framework for understanding chromatin organization and dynamics in live cells.
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I. INTRODUCTION

The spatial organization of the genome inside the cell
nucleus is critical for the genome’s proper function [1-8].
The genome is present in the cell in the form of chromatin, a
complex of DNA and histone proteins [1]. Chromatin exists
in two major structural and functional states: euchromatin,
which is loosely packed and transcriptionally active, and
heterochromatin, which is densely packed and transcription-
ally silent [8—10]. These two chromatin states are spatially
segregated, with euchromatin generally located in the
nuclear interior and heterochromatin near the nuclear
periphery and nucleolar surface [11-13]. This compartmen-
talization is a hallmark of nuclear organization across a wide
range of cell types and plays a key role in gene regulation,
affecting processes such as gene expression, genome rep-
lication, and DNA damage repair [5,10,14,15].
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The genome’s organization arises from a multifaceted
interplay of biochemical and physical effects. Examples of
the former include histone posttranslational modifications,
DNA methylation, and chromatin interactions with chro-
matin-binding proteins [16-22], while the latter include
mechanical forces, geometric constraints, and hydrody-
namic flows [23-26]. These interactions collectively
govern the formation and maintenance of chromatin func-
tional compartments, euchromatin and heterochromatin,
while enabling their dynamical remodeling [25-28].
Understanding how these factors contribute to chromatin
organization is essential for elucidating the mechanisms
that regulate the genome’s proper function [25,29].

Adding to this complexity, chromatin is highly dynamic,
being continually remodeled by molecular motors of tran-
scriptional machinery and other active processes [30-32].
These active forces generate nonequilibrium stresses,
introducing persistent fluctuations that alter the genome’s
spatial organization [30]. Despite significant advances in
chromosome conformation capture and imaging tech-
niques, which revealed new insights into chromatin organi-
zation and dynamics [5,12,15], the physical principles
underlying the genome’s spatial organization remain far
from understood [23,29].
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Theoretical models offer a powerful framework to
explore potential governing principles, providing insights
into how chromatin dynamics, active stresses, and
mechanical forces interact to shape the genome’s organi-
zation. To date, several different classes of chromatin
models have been developed. Among them, continuum
models provide a broad perspective by describing chro-
matin as a fluid subjected to active stresses and hydro-
dynamic interactions [26,33-36]. These models identified
hydrodynamically interacting dipolar forces as a mecha-
nism that can lead to large-scale coherent motions of the
chromatin. Phase separation models describe chromatin
compartmentalization through liquid-liquid or microphase
separation, where segment-specific interactions and nuclear
confinement drive euchromatin and heterochromatin seg-
regation [37-40]. Polymer models extend this by incorpo-
rating cross-linking and epigenetic modifications, often
assuming quasiequilibrium conditions [41-50]. Active
polymer models go beyond this framework by introducing
nonequilibrium forces exerted on the chromatin fiber and
ambient fluid by molecular motors such as RNA polymer-
ase II, recapitulating chromatin coherent motions driven by
ATP-dependent activity [S1-55].

In this work, we develop a continuum framework that
describes the large-scale organization of euchromatin and
heterochromatin inside the cell nucleus. While earlier
hydrodynamic models treated chromatin as a single active
fluid [33,35,36], our approach accounts for both euchro-
matin and heterochromatin as distinct compressible viscous
fluids, which interact with the surrounding incompressible
nucleoplasm. It also differs from polymer-based models
[51,52], adopting here a coarser, continuum description of
chromatin organization. This level of description enables
analytical treatment and systematic mapping of stability
boundaries, phase behavior, and the associated morpho-
logical and dynamical regimes, which were not accessible
by the previous models. Our model reveals that chromatin
phase separation into euchromatin and heterochromatin is
driven mechanically, facilitated by contractile stresses from
the heterochromatin cross-linking proteins. This leads to
the formation and growth of heterochromatin droplets,
merging into larger ones over time. In addition, active
processes in euchromatin regions (e.g., transcription)
introduce persistent nonequilibrium fluctuations, which
drive the spatial organization of chromatin in the nucleus
[30,31]. These fluctuations generate long-range, highly
anisotropic structures within euchromatin, which, in turn,
can deform the heterochromatin droplets. Unlike open
systems, where phase separation produces a single large
droplet, nuclear confinement causes the heterochromatin to
wet the nuclear boundary, forming a dynamic, shell-like
layer. Notably, such peripheral heterochromatin organiza-
tion is ubiquitously observed in living cells [11], which
here arises from the boundary conditions imposed on
chromatin fluids. We find that the heterochromatin is

continuously deformed by active stresses acting through
euchromatin. Overall, our findings show how the interplay
of active processes, mechanical forces, and hydrodynamic
flows shapes the genome’s spatial organization.

II. MODEL AND EQUATIONS OF MOTION

We consider a spherical nucleus of radius R, with an
undeformable nuclear envelope. The chromatin within the
nucleus is treated as a continuous medium on spatial scales
larger than the mesh size of its polymeric structure and
on temporal scales longer than the stress relaxation time
7 ~ 1 s of the chromatin network [26,56]. On deformation
timescales much longer than z, the chromatin behaves as a
viscous fluid. In contrast, on timescales comparable to
or shorter than 7, its rheological behavior becomes more
complex, exhibiting viscoelastic properties [26,56]. In
addition, ATP-dependent processes, such as transcription
and chromatin remodeling, drive nonequilibrium positional
fluctuations of chromatin; live-cell imaging reports micron-
scale correlated chromatin motions that are eliminated upon
ATP depletion [30]. These observations are consistent with
an effective fluidization of chromatin at long-time, meso-
scopic scales [26,56]. Within this regime, we model
chromatin as an active viscous continuum hydrodynami-
cally coupled to the nucleoplasmic solvent.

Beyond its polymeric nature, chromatin has a highly
heterogeneous composition. In general, it has been catego-
rized into two functional types: euchromatin and hetero-
chromatin, which differ in their structure and biological
functions [8]. Euchromatin is loosely packed and transcrip-
tionally active, while heterochromatin is densely packed and
transcriptionally silent, due to chromatin cross-linkers like
heterochromatin protein 1 (HP1) and epigenetic modifica-
tions [27]. Since euchromatin and heterochromatin are
defined by distinct components and microstructures, we
model them as separate continuum media. These two media
interact through local stresses, as well as frictional forces
with the surrounding fluid (nucleoplasm), which are both
mediated by the local chromatin composition. Here, the
composition of each type of chromatin is characterized by a
local density of its components, distributed throughout
the whole nuclear volume. We denote by pg and py the
number density of euchromatin and heterochromatin, respec-
tively, as depicted in Fig. 1.

By conservation of total euchromatin material in the
nucleus, we have

dp
PE LV (ppug) = dedp, (1)
where up(r, t) is the local euchromatin velocity. Similarly,
the conservation of heterochromatin gives

dp
TV (o) = dApy. (2)
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FIG. 1. Illustration of the cell nucleus, with chromatin com-
partmentalized into euchromatin (cyan) and heterochromatin
(pink). We define the local density of euchromatin and hetero-
chromatin by py and py, respectively, and their corresponding
velocity fields u and uy. At a microscopic level, euchromatin is
loosely packed and transcriptionally active chromatin. Here,
molecular motors bound to the euchromatin exert extensile
stresses onto the neighboring aqueous environment, resulting
in solvent flows (see the inset). In contrast, heterochromatin
consists mostly of transcriptionally silent genes, being densely
packed by cross-linking molecules, which exert contractile
stresses, also resulting in solvent flows.

where uy(r,t) is the local velocity of heterochromatin.
Here, the density of chromatin components evolves not
only through diffusion, but also through advection by their
respective velocity fields. For simplicity, we assume that
the diffusivity of both euchromatic and heterochromatic
elements is governed by the same diffusion constant d_.,
a coarse-grained parameter describing random local rear-
rangements of chromatin density due to polymer conforma-
tional fluctuations and other small-scale mixing processes.
Given initial data for the densities prp and py, their
evolution can be readily obtained once the velocities ug
and uy are known. The latter are determined by the
momentum equations associated with euchromatin and
heterochromatin, respectively, which themselves depend
explicitly on the chromatin densities.

The momentum equations are given by the balance of
internal forces and friction with the surrounding solvent
(nucleoplasm). Here, we neglect the inertial terms, assum-
ing that their dynamics is dominated by the frictional forces
with the solvent. The momentum conservation equation for
the euchromatin is given by

V-op =Topp(ug —us), (3)

where I’ is a drag coefficient that controls the strength of
the friction force with the solvent, ug(r, ) is the solvent
velocity, and o is the euchromatin stress tensor, which is
given by the following constitutive relation [57-60]:

6 = —pel + 2n.pgEg, (4)

where 7.pg is the density-dependent viscosity of euchro-
matin, with 7, a viscosity coefficient, E is the rate-of-
strain tensor of the euchromatin material, that is,

1
Ep = 3 [VuE + (V"E)T} ; (5)
and the euchromatic pressure is given by

PE= %BPE(AOE + Pu)s (6)
where B captures the strength of steric interactions between
euchromatin and total chromatin. Note that we do not
subtract the trace of the strain tensor and, thus, include both
shear and volumetric contributions. This corresponds to a
two-constant approximation, using a single coefficient for
both shear and dilatational viscosity.

Similarly, we write the force balance equation for the
heterochromatin to be

V.oy = FO,DH(“H - "S)7 (7)

where the heterochromatin stress 65 is given by

6y = —pul +2n.pyEy, (8)

with 77.py as the heterochromatin density-dependent vis-
cosity and the rate-of-strain tensor

E, = % [Vu,, + (VuH)T} . 9)

The heterochromatic pressure pg is given by [61,62]

Pu = %BPH(PE + pu) — Bpcpu, (10)
where B is the same as in Eq. (6) and the contractility pc
parametrizes an isotropic contractile stress that favors
heterochromatin condensation and opposes steric repulsion.
While HP1 oligomerization mediates passive condensation
[21], the establishment of heterochromatin also depends
on ATP-consuming processes. These include events during
differentiation, when repressive histone marks such as H3K9
(together with other epigenetic modifications) are deposited,
as well as transitions of facultative heterochromatin, when
genetic loci are silenced or reactivated. Specific mechanisms
include reader-writer feedback linking H3K9 methyltrans-
ferases such as SUV39H1/2 to HP1 binding at H3K9me?2/3
marks [63,64] and, more broadly, ATP-dependent chromatin
remodelers that restructure nucleosomes and regulate acces-
sibility [65]. HP1 has low affinity for unmarked chromatin,
binding strongly after H3K9 methylation [63,64]. Thus, p is
an effective compaction parameter, incorporating both
the history of these energy-dependent contributions and
passive condensation by HP1. Physically, p sets the density
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threshold beyond which contractile stresses dominate over
steric repulsion [61].

We assume that euchromatin and heterochromatin are
dilute phases within the ambient solvent (nucleoplasm).
Thus, we treat the solvent as an incompressible viscous
fluid satisfying the condition

V-ug=0. (11)

Although chromatin occupies an appreciable fraction of
nuclear volume (about 10%—-30%), it forms a deformable,
solvent-permeated network rather than a dense medium.
From a coarse-grained hydrodynamic perspective, the
nucleoplasm remains the dominant carrier of volume,
and, thus, treating chromatin components as dilute dis-
persed phases is a reasonable first approximation. The
effect of crowding is captured by the chromatin viscosity
coefficient 5, and drag coefficient I'j, which define a
screening length 7. = (./Ty)"/?. This length sets how
far disturbances are transmitted through the chromatin
before being damped by drag against the solvent. At
distances shorter than 7., chromatin viscosity dominates,
and disturbances spread in a Stokes-like fashion. At larger
distances, friction dominates, relative velocities are sup-
pressed, and the chromatin phases move together with
the solvent (ug,uy = ug). In the limiting cases, Iy — 0
(¢, — o0) corresponds to unscreened propagation across
the entire nucleus, while I’y —» oo (£, — 0) corresponds to
complete locking of chromatin to the solvent.
The force balance equation of the solvent is given by

V.o =Topy(us —uy) +Topp(us —ug), (12)
with the solvent stress tensor
65 = —psl + 2nEg + 64, (13)

where py is the solvent pressure [66], 5, is the viscosity of
the solvent, and Ej is the rate-of-strain tensor:

Es— % [Vus + (VuS)T} . (14)

Similarly, in deriving Eq. (12), we neglect the inertial
terms, assuming that friction is the dominant relaxation
mechanism. In addition to the Newtonian stress given by
the first two terms on the right-hand side of Eq. (13), the
solvent is also driven by an active stress 6,4, arising from
ATP-dependent nuclear enzymes bound to euchromatin:

64 = —aopeQ, (15)

where « is the coupling strength associated with enzyme
activity, negative for contractile stresses and positive for
extensile stresses. The active stress depends on the local
density of euchromatin and on a nematic order parameter
Q(r, 1), which is a second-rank tensor that characterizes the
alignment of dipolar forces exerted onto the solvent by

nuclear enzymes (e.g., transcriptional machinery and chro-
matin remodelers) associated with euchromatin [51].
Specifically, Q is a symmetric tensor, @ = Q, with trace
tr(Q) = 1, and it satisfies [67-69]

v
0 =d.AQ-200: Ej, (16)
where v denotes the upper convective derivative:

v 00 .
Q:E"i_uS‘VQ_Q'(VuS)_(VuS) 0. (17)

At the microscopic level, the active forces exerted onto the
solvent originate from enzymes bound along segments of
euchromatin. Each such segment, with its bound nuclear
motors, acts as a force dipole [33,51]. Equation (16) is
derived from a kinetic theory which describes the spatial
and orientational distribution of these active dipolar units
[67—69]. These units are modeled as geometrically aniso-
tropic, rodlike structures that are advected, rotated, and
aligned by the solvent flow and undergo translational
diffusion with a diffusivity taken to be the same as the
chromatin diffusivity d.. By averaging over the orientational
degrees of freedom, the kinetic equation for their distribution
can be expressed in terms of orientational moments. The
resulting equation for @ then involves the fourth-order
moment, which we approximate by QQ (quadratic closure)
70]] to obtain Eq. (16). Other closures may differ in detail
but generally lead to the same qualitative dynamics [71].
Although the actual microscopic force distribution along
chromatin segments is likely more complex, the present
description provides a minimal anisotropic model that cap-
tures fiber-aligned activity and couples local force generation
to solvent flow. This leads to a long-wavelength instability
[68] and, as shown below, is consistent with nucleus-scale
displacement correlations observed in experiments [30].

Note that the overall system is force-free. Indeed,
combining Egs. (3), (7), and (12) leads to

V'[O’S—FO'E—FO'H}:O. (18)

Note also that, by eliminating contractility (p- = 0) and
activity (@ = 0) and then assuming a common velocity for
the two chromatin phases, up = uy = u, we obtain a
consistent single-phase description of chromatin with
velocity u and density pp + py by adding together the
respective momentum and number conservation equations.

The governing equations are nondimensionalized,
as summarized in Table I, using the nucleus radius R
as the length scale, the diffusion time 7 = R?/d, as the
timescale, and a characteristic chromatin density scale

po=+/(n,d.)/(R*B) as derived in Appendix A. This
leads to only four independent dimensionless parameters:
the activity parameter o = agR/+\/n,d.B, the reduced
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TABLE L

Dimensionless equations for the number conservation of solvent (SL), euchromatin (EC), and heterochromatin (HC)

components and their corresponding dimensionless momentum balance equations. Also, we include the dimensionless dynamical
equation of the nematic order parameter Q, conditioned to be a symmetric tensor with trace one.

Continuity equation

Momentum balance equation

EC % + V- (peug) = Apg
HC %14V (pyuy) = Apy

=Vp + Aug = V- (appQ) = Ulpy(us —up) + pplus —ug)|
—3Vlpe(pe +pu)) + V - lipp(Vug + (Vug)")] = Tpp(ug — ug)
—3Vou(pe + o) = 20cpu) + V - npr (Vuy + (Vuy)")] = Tpy(uy — us)

Order parameter conditions

Dynamics of nematic order parameter

Q=0 and r(Q) = 1

%+ ug-VQ - Q- (Vug) - (Vus)T- 0 = AQ —200: Vus

viscosity 7 = n./d./(n,R*B), the friction coefficient
I'=TyR+\/d./(nsB), and the contractility parameter

pc =pcR+/B/(n,d.). Parameter estimates and their
physiological ranges are discussed in Appendix B, with
dimensional values summarized in Table II.

III. HETEROCHROMATIN COARSENING

To understand the dynamics of the system (summarized
in dimensionless form in Table I), we first consider the
activity strength @ = 0 and study the dynamics only in the
presence of contractile stresses due to heterochromatin
cross-linking (pc # 0). We restrict our system to a three-
dimensional periodic domain of equal side lengths L. = 2R,
corresponding to the nuclear diameter, and volume V = L3.
This allows us to study the linear stability of the system
about its stationary and homogeneous state, which is given
by up =uy =ug =0, and pg = pg and py = py, where
pr and py are constant densities, which correspond to the
overall number of euchromatin and heterochromatin com-
ponents, respectively, in the system (i.e., N = pgV and
Ny = pyV, respectively).

We perturb the system around the homogeneous state
by introducing small density fluctuations in euchromatin
and heterochromatin; that is, pg(r, ) = pg + Spg(r, t) and
pu(r,t) = py + Spy(r, 1), with Spy and Spy as the density
perturbations. This also induces perturbations in the veloc-
ity fields of euchromatin, heterochromatin, and solvent,
which we denote by dug, dupy, and doug, respectively.
The linearized equations associated with these density
and velocity perturbations can be derived as shown in
Appendix C. In particular, the spatiotemporal evolution of
density perturbations can be reduced to two coupled linear
partial differential equations in terms of only dpg and dpy
(see Appendix C 1). This is achieved by explicitly elimi-
nating their dependence on the velocity perturbations using
the linearized momentum equations of euchromatin and
heterochromatin, together with the incompressibility con-
dition of the solvent in Eq. (11). Since we consider a
periodic domain, these linear equations can be decomposed
into Fourier modes; namely, dpg  (r.1) =Y e*"pk (1),

where §p% and 6p¥, are the density amplitudes associated
with the Fourier wave vector k. By orthogonality, each
amplitude at a specific frequency is independent of the
amplitudes at other frequencies and satisfies the following

equation:
J 5% =8 6%{5 (19)
E sy | k s |
P P
where
o -
1 +?E+7p1; WE .
+2nk T+25k>
S=-k o (20)
PH +/’H Pc3PE
T+2nk? T+2nk>

and k is the magnitude of k. The eigenvalues of S;
correspond to the growth rates of the Fourier amplitudes
of density perturbations. We find that one of the eigenval-
ues is always negative, while the other eigenvalue that we
denote by A, can become positive over a finite band of
Fourier modes, as shown in Fig. 2(a). This means that
the Fourier modes with k < k, are linearly unstable. The
largest unstable mode k, can be used to determine the
region of instability (k, > 0) and the stability boundary
(k, = 0) by varying the constant densities prp and py at
fixed I" and p; see Fig. 2(b). The instability condition can
be found in exact form (Appendix C 1):

(T + pe + pu) (2T + pe + py)
2(T'+ pg) + Py

pc>pe = (21)

Thus, the system is unstable if the contractility p. is greater
than a threshold p{, corresponding to a regime in which the
contractile forces due to heterochromatin cross-linking
dominate over the frictional forces.

In the linearly unstable region, the system is driven
away from the homogeneous state. To study the behavior
far from the linear regime, we solve numerically the
governing equations by initially applying a density pertur-
bation in euchromatin and heterochromatin about their
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FIG. 2. (a) Growth rates A, of density perturbations for each Fourier mode k, perturbed around the homogeneous densities px and py;
here, we choose pp = py. (b) Linearly unstable (red) and stable (green) regions, where the stability boundary is shown by the dashed
curve. Contour lines in the unstable region indicate the largest unstable mode &, , while the three points correspond to those in (a) using
the same color convention. (c) Density snapshots of the heterochromatin in a three-dimensional periodic domain of equal lengths L, by
initially applying small density perturbations about the base state pg ; = 10. Only high-density regions are shown (see the color bar);
low-density regions are rendered transparent, with opacity indicated by the grayscale bar. The instability leads to the formation of small
heterochromatic droplets, which subsequently coalesce into a single spherical droplet at long times. The red-highlighted slice indicates
the two-dimensional plane used in (f), and the overlaid arrows indicate the x and y directions. All coordinates are nondimensionalized by
the box size L, which corresponds to the nuclear diameter. (d) Total interfacial area A of droplets, rescaled by the effective area

Ay = &/ﬁvé/ 3, where V) is the volume of all droplets at time z. The blue stars correspond to the snapshots in (c). At long times, A/A
relaxes to one, that is, a single spherical droplet. (e) Two-point correlations of density fluctuations from their mean, normalized by their
standard deviations, at a radial separation distance r, where the average is taken over all possible points separated by r and all snapshots
with /T > 0.20. The size of shaded regions corresponds to the standard deviation of the sample. (f) Densities py y, and total density
pr = pe + pu, shown on the two-dimensional slice highlighted in red in (c). Streamlines represent the projected velocity fields ug, ug,
and uy on this slice. The streamlines are colored by the velocity magnitude, scaled to the domain-wide maximum speed at that time,
while the background color shows the density. Here, # = 0.01, p. = 100, and I" = 25.

homogeneous densities. Here, we choose initial density
perturbations such that [ 8pg (r,0)d*r = 0, leaving the
total number of euchromatin and heterochromatin compo-
nents unchanged, with Ng 5 = pr yV. We employ a fast
spectral method (Dedalus) with Fourier domain discretiza-
tion in three dimensions and an implicit-explicit fourth-
order Runge-Kutta scheme for time stepping [80].
Selecting homogeneous densities pr and py, along with
parameters 7, I, and pc, such that the system is linearly
unstable, Fig. 2(c) presents snapshots of heterochromatin
density from a numerical simulation, corresponding to

Video 1 in Supplemental Material [81], with density
pey = 10. This reveals how the instability leads to the
coarsening of heterochromatin, beginning with the forma-
tion of small droplets that grow and merge over time,
ultimately resulting in a single spherical droplet at long
times. At higher concentrations, the finite size of the
periodic domain significantly influences the long-term
morphology of heterochromatin. For instance, at pg ; = 20
(see Video 2 [81]), heterochromatin forms an elongated
cylindrical structure that spans the domain in one direction,
maintaining a radius smaller than L. At even higher pg,
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heterochromatin adopts a planar configuration spanning
two dimensions of the domain, with a finite thickness less
than L (see Video 3 [81]), where pp 5 = 40.

Since heterochromatin rapidly reaches its maximum
equilibrium density pjH™ and forms sharp interfaces
between euchromatin-rich and heterochromatin-rich
regions [see Fig. 2(c)], we identify each droplet by its
interfacial surface. Specifically, we define the interface as
the region where the heterochromatin density py equals
half of its maximum value, py = % py™. By triangulating
this surface, the area and enclosed volume of each distinct
droplet can be obtained. Figure 2(d) shows the total
interface area as a function of time, normalized by the

effective spherical area Ay = v/ 367zV3/ 3, where V, is the
total volume of heterochromatin droplets at time ¢. For
cases where heterochromatin forms a single spherical
droplet at long times, A/A, relaxes to one, while for
cylindrical and planar morphologies, it stabilizes slightly
above one due to finite-size effects. In all cases, the
interface behavior reflects an effective surface tension
emerging from the model. The reduced viscosity #
|

W e 1) = pe)(pu (. 1) = p)o(r — ¥ =" )& dr”

primarily controls the interface thickness, as the viscous
terms in the momentum equations (see Table I) dominate at
the interface, where density and velocity gradients are the
steepest, thereby regulating the interface structure.

Figure 2(f) shows the two-dimensional projection of the
velocity fields of solvent, euchromatin, and heterochro-
matin, at a single snapshot in time [in Fig. 2(c), this
projection slice is highlighted in red]. Additional slices
can be found in Supplemental Material (see Fig. S1) [81].
The flows of heterochromatin are directed toward the
high-density regions of heterochromatin, whereas euchro-
matin flows out of these high-density regions, being
depleted within the heterochromatin droplets. This is
due to the steric repulsion terms, which together with
the viscous and contractile stresses result in a maximum
steady-state value for the total density py of chromatin, as
shown in Fig. 2(f).

The demixing between euchromatin and heterochroma-
tin can be quantified by studying the two-point correlations
of density fluctuations from the mean, measured at a fixed
radial separation distance r; namely,

COV[pE’pH] =

In Fig. 2(e), the correlation in Eq. (22) is shown by
averaging over all simulation snapshots, ignoring the
early dynamics (chosen here as t/T > 0.2). This shows a
negative correlation between euchromatin and hetero-
chromatin densities at short-range separations because of
the chromatin demixing, which becomes positively cor-
related at a separation commensurate with the effective
size of the spherical droplet of heterochromatin at long
times. Similarly, we compute the correlations correspond-
ing to heterochromatin densities, Cov[py, py|, and those
associated with euchromatin densities, Cov|pg, pgl,
which we define in an analogous way to Eq. (22). A
time average of these correlations is shown in Fig. 2(e),
which are both positively correlated on short-range
separations.

IV. EUCHROMATIN ACTIVITY

We now examine the case of nonzero euchromatin
activity strength @, focusing on positive values that corre-
spond to extensile active stresses while keeping the same
three-dimensional periodic domain of side length L. In
addition to the instability driven by contractile stresses
(controlled by pc), this activity introduces a distinct linear
instability governed by the activity parameter a.

By perturbing the nematic order parameter about its
isotropic state, thatis, Q(r, 1) = %I + 80(r, 1), its linearized
dynamics is found to be (Appendix C 2)

5 [ (pelr.t) = pe)(pu (r.t) = pa)&r| [ 6(r = [ =) dPrd®r”

9 (60) = 2 5B + 5(60). (23)
where OE is the linearized rate of strain corresponding to
a velocity perturbation dug in the solvent. Since Q is a
symmetric tensor of trace one (see Table I), we must require
00 to be a symmetric and traceless tensor. Equation (23)
can be rewritten in terms of the Fourier amplitude 6Qy
associated with the wave vector k. Together with the other
linearized equations in Fourier space, we can show that the
independent components of Q) and the Fourier density
perturbations Sp% and Sp¥, form a closed set of linear
equations (as derived in Appendix C2). In three spatial
dimensions, this leads to a linear dynamical system of
dimension seven. Two of its eigenvalues are identical to
the eigenvalues of S;, three are purely diffusive and equal
to —k?, and the remaining two are given by

apg(T + nk?)

A= -k + .
! 3[(C +nk?) +Tn(pe + pp)]

(24)

This shows that the isotropic state is always unstable at low
wave numbers for extensile active stresses (a > 0). As
shown in Fig. 3(a), the fastest growing mode is found to be
k = 0 if the activity parameter

021009-7



RAUTU,

ZIDOVSKA, SAINTILLAN, and SHELLEY

PHYS. REV. X 16, 021009 (2026)

(a) 600F : : : - — (b) 1.0F ™ (c) 10F

_ 500f 1 os} 025 Fe el i 08} 0301
 4o00p T osf & 015 T o6l © 025

8 300 N 05 T 0.20f¢

S o0k O 04F 0.05}¢ 1 » 04F 015 1
s . = ] 0 100 200 | & 4 70 100 200
= 0.2 0.2

= 100} 2 a g a

£ of Q 00f----—TT—e—Se S 00f------ - S ]
& —100k —o2h 0 0 0 ok A 0 0 0

0 00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 07
Separation distance, /L Separation distance, /L

(d)

- 3.0

I

<

< 2.0

]

—

[

g

& 1.0

~

£

— 0.0p.

0.0 0.2 0.4 0.6 0.8
Time, /T

FIG. 3. (a) Growth rates 4; associated with perturbations in the nematic order parameter Q about the isotropic state %I for different

values of the activity strength a. (b) Two-point correlation of the solvent velocity ug at a separation r, as a function of @, normalized by
the variance, and averaged over all snapshots with /7 > 0.25. Correlation length &g in units of the system size L is shown in the inset
plot. (c) Two-point correlation of the barycentric velocity of the chromatin ue = (ppup + pyuy)/pr at a separation distance r,
normalized by the variance, and averaged over all snapshots with ¢/T > 0.20. Its associated correlation length £ (in units of L) is shown
in the inset. In both (b) and (c), the size of shaded regions corresponds to the standard deviation of the sample. (d) Net interface area A in
terms of the spherical area A as in Fig. 2(d) for different @. For nonzero activity, the ratio A/A fluctuates about some mean value which
increases as we increase a, since at large activity a the shape of the droplets is continuously deformed and occasionally split into smaller
droplets. (e) Heterochromatin density for different values of « at snapshots indicated by the stars in (d). The color and opacity scheme

and axis conventions are the same as in Fig. 2(c). Herein, n = 0.01, pc = 100, I' = 25, and pg 5 = 10.

_ 3 +n(pe + pu))?
n°pe(pe + Pu)

a < ay (25)

If a > a,, we find that the fastest growing mode corre-
sponds to a finite, nonzero wave number k = k,, which is
obtained by solving 4;(ky) = 0. An analysis of how the
instability of the isotropic state depends on the spatial
dimension is discussed in Appendix C3, which also
provides the linear instability analysis of other homo-
geneous base states in @, such as an uniaxial aligned state.
This is closely related to the standard instability of active
nematics, where active stresses destabilize ordered states,
driving spontaneous flow and defect formation [67,82,83].

To investigate the role of active stresses beyond the linear
regime, we numerically solve the system of equations
(Table I) for different values of a. As before, the system
is initially perturbed about the stationary and homogeneous
state, with the density fluctuations having a vanishing
mean; that is, the number of components remains
unchanged and given by Ny = pg yV. Furthermore, we
choose initial data for the nematic order parameter such that
its mean is given by V=! [Q(r,0)d*r = 1I. Figure 3(e)
presents snapshots of the heterochromatin density at long
times for o = 50, 100, and 150, with the corresponding

dynamics shown in Videos 4-6 [81]. While for @ = 0, the
heterochromatin coarsens and forms a stable spherical
droplet, for a # 0, droplets initially form and merge into
larger droplets, undergoing continuous shape deformations.
At high activity levels, the droplets are significantly
deformed and stretched out, occasionally splitting into
smaller droplets. This highlights how active stresses intro-
duce persistent fluctuations, preventing the emergence of
stable, steady-state structures. On the other hand, euchro-
matin spans the entire domain and is only locally depleted
within heterochromatin droplets (see Supplemental
Material [81], Figs. S2-S5, for planar slices of pg ).

As before, this can be quantified by computing the
interface total area A of all heterochromatin droplets as a

function of time, normalized by Ay = v/36zVZ/>, with V,
as the enclosed volume of all droplets. As shown in
Fig. 3(d), the ratio A/A, fluctuates around an average
value greater than one, and this average increases with
increasing activity. The coarsening dynamics, however, are
nonmonotonic in activity: At low activity (e.g., a = 50),
active flows accelerate droplet encounters and mergers, so
A/A, decays faster than in the inactive case (@ = 0); at
higher activity (e.g., @ = 100), strong stresses continually
deform and split droplets, regenerating the interface, and
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A/A, instead saturates at an elevated level, remaining
above both a = 0 and a = 50. Therefore, activity can both
facilitate and hinder coarsening.

The two-point correlation function of the solvent veloc-
ity ug shows substantial dependence on «, as shown in
Fig. 3(b). The covariance Covlug,ug] is defined analo-
gously to Eq. (22), where the product between the velocity
fields is interpreted as a vector dot product. We define
the correlation length as the radial separation at which the
correlation function decays to 1/2. This provides a con-
sistent measure of the spatial range of correlations without
assuming a specific functional form. The inset in Fig. 3(b)
shows the correlation length &g of the solvent velocity,
which initially increases sharply with increasing a, before
gradually saturating and exhibiting a slight decline at
higher values of a.

While the correlation lengths of euchromatin and hetero-
chromatin velocities vary with a, a clearer and more
interpretable trend emerges from the barycentric velocity,
defined as uc= (ppup+pyuy)/pr- As shown in Fig. 3(c),
the corresponding correlation length £~ in u, displays a
pronounced increase with increasing «, followed by a
gradual saturation and a slight decline at larger values,
as highlighted in the inset. This behavior indicates that low
to moderate activity levels enhance the spatial coherence of
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chromatin dynamics, facilitating collective motion over
extended distances.

To understand the euchromatin dynamics induced by
active stresses, we analyze the nematic order parameter.
The tensor field @ is characterized by its maximal non-
negative eigenvalue A, which satisfies 1/3 < A < 1.
Assuming that 4, is isolated, we define its associated unit
eigenvector as the director field n, and we introduce the
scalar order parameter: ¢ = (34, — 1)/2. By these def-
initions, in the sharply aligned limit, we have that ¢ = 1
and Q = nn, whereas ¢ =0 in the isotropic state. In
Fig. 4(b), we plot the scalar order parameter for the same
configuration and simulation time as those in Fig. 3(e),
revealing large, highly aligned regions, with ¢ close to 1.
Additional planar slices of g are shown in Supplemental
Material [81], Figs. S6-S9. The snapshots in Fig. 4(b)
correspond to a statistically steady state, reached after an
initial transient during which the volume-averaged scalar
order parameter relaxes to a constant mean and fluctuates
around it; see Fig. S12(a) in Supplemental Material [81].
The size of the highly aligned regions can be quantified
by computing the two-point spatial correlation in ¢
and determining its associated correlation length £,; see
Fig. 4(a). The results indicate that the correlation length &,
of the scalar order parameter decreases as a increases.

(a) Two-point correlation of fluctuations from the mean of the scalar order parameter ¢, at a radial separation r, normalized by

the variance. The inset shows the correlation length &, in the scalar order parameter ¢ at increasing values of a. (b) Three-dimensional
plot of g for different a, where only the high values (¢ > 0.96) and low values (¢ < 0.36) are opaque, while the rest is transparent; see the
color bar and the corresponding opacity levels. (¢c) Two-point correlation in fluctuations of the director field n around its mean, at a radial
separation r, and normalized by the variance. The inset shows the associated correlation length &, of the director field. (d) The highly
aligned regions in (b), shown in yellow, are instead colored by the orientation of the director field n, as shown by the inset legend.
By interpolating between three colors (cyan, magenta, and yellow), antipodal points on the unit sphere are associated with the same color
(e.g., pure yellow corresponds to both north and south poles). The dark gray display the high-density regions of heterochromatin, as in
Fig. 3(e); see the color bar of py and opacity levels. In both (b) and (d), the same axis convention as in Fig. 3(e) is used. Here, we use

n=0.01, pe = 100, T =25, and p 5 = 10.
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A similar trend is observed for the correlation length &, of
the director field, which also decreases with increasing «;
see Fig. 4(c). We also find that the spatial correlation of ¢
and pp is short-range anticorrelated, with a correlation
length that decreases with activity «, as shown in
Supplemental Material, Fig. S12(b) [81].

To visualize the orientation of the director field within
the highly aligned regions, as depicted in Fig. 4(b), we
map each orientation on the unit sphere to a distinct color,
ensuring that the antipodal points share the same color.
This mapping, while not unique, is achieved by inter-
polating between three base colors—cyan, magenta, and
yellow—based on the squared components of the director
field n = (n,.n,,n,). Specifically, the fractions nZ, n?,
and n? determine the contributions of cyan, magenta,
and yellow, respectively, as illustrated in the legend in
Fig. 4(d). This color scheme reveals coherent structures
within the director field, highlighting that each highly
aligned region is also found to be spatially oriented in
the same direction. These are plotted in Fig. 4(d), along
with the highly dense regions of heterochromatin, shown
in dark gray (see the legend). The snapshots correspond
to the dynamics shown in Videos 7-9 [81]. To aid
interpretation of the color map, planar slices of the
director field n are shown alongside g in Supplemental
Material [81], Figs. S6-S9, where n is projected onto
the slice and overlaid as short rods whose length indicates
the in-plane component.

V. HETEROCHROMATIN WETTING AT
NUCLEAR BOUNDARY

So far, we have investigated the behavior of the system in
an open, periodic domain, which enabled the study of linear
instabilities around a homogeneous state and the analysis of
the nonlinear regime through simulations. These revealed
the formation of heterochromatin droplets and the emer-
gence of large, highly aligned regions of euchromatin
activity. We now aim to extend this study to a closed
domain with an undeformable boundary, such as the
nuclear envelope, which is assumed to be a sphere of
radius R. In this configuration, the governing equations (see
Table I) must be supplemented with boundary conditions at
the nuclear boundary. By conservation of euchromatin and
heterochromatin in the nucleus, no-flux boundary condi-
tions for their densities are imposed:

=0, (26)

where 7 is the outward normal unit vector to the nuclear
spherical surface. Moreover, we require a boundary
condition on the nematic order parameter Q at the
nuclear envelope. Assuming conservation of molecular

motors in the nucleus, we require a no-flux boundary
condition:

#-vol  =o. (27)

Irl=R

Lastly, the momentum equations must be augmented
with boundary conditions. Here, we impose a no-slip
condition on each fluid velocity:

ug =0, up =0, and uy =0, (28)
on the nuclear surface |r| = R. At the microscopic level, the
nuclear envelope is reinforced by the lamin network, a
meshwork of intermediate filaments bound to the inner
membrane that interacts with chromatin. Here, we impose
impermeable, no-slip boundary conditions as a coarse-
grained description of interfacial friction, such that both
chromatin fluids have zero velocity at the boundary.
Although euchromatin and heterochromatin may differ in
their molecular affinity for lamins [9], the present model
does not account for such differences, and both phases are
treated identically at the boundary.

By using the boundary conditions in Eqs. (26)—(28),
we solve numerically the governing equations. Here, we
make use of a fast spectral method (Dedalus) with domain
discretization in spherical coordinates and an implicit-
explicit fourth-order Runge-Kutta scheme for time integra-
tion [80]. As before, we start from a stationary state (with
ug gy = 0 everywhere in the nucleus) and initially apply a
perturbation in the chromatin densities about the homo-
geneous state (pz and py) and a perturbation in the nematic
order parameter about the isotropic state. Note that the
initial perturbations are chosen such that the total number
of euchromatin and heterochromatin components remains
unchanged; namely, we have Ny =ppyVy = ///pE!HdV,

where Vy = [(4x)/3]R? is the nuclear volume and the
integral is taken over the whole nucleus. Similarly, the
initial perturbation in the nematic order parameter is chosen
such that its mean value is given by V' [[f QdV =3I
We begin by investigating the system in the absence of
euchromatin activity (¢ = 0). The homogeneous densities
pe and py are chosen, along with parameters 7, pc, and I,
such that the system becomes linearly unstable; see
Eq. (21). This drives the formation of heterochromatin
droplets, which rapidly coalesce into larger structures.
Unlike the behavior observed in an open, periodic system,
where a single large droplet typically forms, the hetero-
chromatin in a closed domain redistributes along the
nuclear boundary. To assess this difference more directly,
we compared spherical and periodic domains under iden-
tical parameters (see Supplemental Material, Fig. S11 [81]).
Both show droplets of comparable size during the early
growth phase, consistent with the linear instability, while
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FIG. 5. (a) Total interface area A of heterochromatic droplets in a spherical nucleus, rescaled by Ay = mVé/ 3 where Vy is the
volume of all heterochromatic droplets at time #/7. Note that A/A, does not approach one, even in the absence of activity (a« = 0).
Herein, n = 0.01, p- = 100, T" = 25, pp = 10, and py = 40. (b) Snapshots of the heterochromatin density py (see the color bar) and
its associated projected velocity uy onto the surface of a spherical cut, with @ = 0. As before, we observe coarsening of the initial
droplets; however, at long times, the material is completely localized near the nuclear boundary, wetting the entire surface and
forming a spherical shell. The shell thickness is determined by the initial amount of heterochromatin. (c) Time evolution of the
averaged radial position of heterochromatin, (r),; = Ng' [ rpy(r.0,¢)dV, rescaled by the nucleus radius R. (d) Snapshots of p; for

nonzero activity strength (a = 250), using the same color bar as in (b), and the corresponding projected velocity fields of

heterochromatin uy onto the spherical cuts.

confinement in the sphere affects only the later coarsen-
ing, leading to surface wetting. Snapshots of this are
depicted in Fig. 5(b), which are taken from the numerical
simulation shown in Video 10 [81] (with py = 40). The
extent of surface wetting and the thickness of the
heterochromatin layer depend on the total heterochroma-
tin content, quantified by Ny = pyVy, and the saturation
density pi** achieved at long times (see Videos 11 and 12
[81], where py = 10 and 20, respectively). By assuming
that heterochromatin uniformly covers the entire nuclear
surface and that the interface is sharp, the thickness of
the spherical heterochromatin layer can be analytically
approximated: ry = R(1 — /1 — py/pH**). We find that
the saturation density p** increases with pc. Varying pe
in simulations (see Supplemental Material, Fig. S10 [81])
does not affect the peripheral localization of heterochro-
matin at long times but changes its shell thickness, which
decreases with increasing p., consistent with the ana-
lytical estimate for ory.

As before, the surface of the interface can be identified
by its half maximum density points, p};** /2. Using surface
triangulation, we compute the net area A, as shown in
Fig. 5(a), normalized by the effective spherical area

Ay = mvg/ 3, where Vo is the total enclosed volume.
Contrary to the case in an open, periodic domain, the ratio
A/A, does not converge to one. Instead, we find that A/A,
approaches  (pI™/py — 1)*3 at long

times when

heterochromatin wets entirely the nuclear surface boun-
dary. This limit follows directly from the exact expression
derived for the heterochromatin thickness orp.

Figure 5(c) depicts the averaged radial position of
heterochromatin, (r), = N7 [rpy(r.0,¢)dV, where r
is the radial position within the nucleus, # and ¢ are the
inclination and azimuthal angles, respectively, and the
volume element dV = r?sin@dfdp. The figure shows
directly the mean radial position of the interface, with
heterochromatin wetting entirely the nuclear surface at
long times.

For comparison, we additionally solved the system with
no-penetration and stress-free tangential conditions on both
chromatin phases while retaining no slip for the solvent.
Under this choice, heterochromatin coarsens into a single,
compact, spherical-cap-like domain that merely contacts
the spherical boundary rather than forming a peripheral
shell (Video 13 [81]). This indicates that some form of
frictional tangential boundary condition is necessary for
peripheral redistribution of heterochromatin, with no slip
providing the minimal mechanism.

We now solve the governing equations for extensile
activity (a > 0) and find that heterochromatin no longer
uniformly wets the nuclear surface at long times. Instead,
its interface undergoes continuous deformations, forming
protrusions that often break away and rapidly remerge with
the wetted region. The dynamics of this behavior are shown
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(a) Two-point correlation of heterochromatin density fluctuations from the mean, and normalized by their variance, at different

values of py, with pp = 10 and a = 500. This is computed for all points in the sphere of radius R at a separation distance r. Hereinafter,
we use 7 = 0.01, pc = 100, and I" = 25. Its associated correlation length £y (in units of R) is shown in the inset. (b) Two-point
correlation of director field fluctuations from the mean for different values of a, at a separation distance r/R, using py = 40 and the
same parameters as in (a). The inset shows its correlation length &, (in units of R). (¢) Three-dimensional plots of the director field n by
varying a and density py, at fixed pg, and using the color scheme shown in the inset—the same as in Fig. 4(d). Here, only the points with
q > 0.96 are shown, while the rest are transparent. Dark gray shows the high-density values of the heterochromatin; see the legend for

color and opacity levels.

in Videos 14 and 15 [81], corresponding to a = 250 and
500, respectively. Snapshots illustrating this, taken from
Video 14 (a¢ = 250) [81], are shown in Fig. 5(d).

The interface deformations result in fluctuations of the
area ratio A/A, and the average radial position of hetero-
chromatin, as shown in Figs. 5(a) and 5(c), respectively,
highlighting how activity disrupts the distribution of
heterochromatin along the boundary. The heterochromatin
dynamics can be further quantified by measuring the two-
point spatial correlation of the heterochromatin density,
Cov|py,pyl, defined similarly to Eq. (22), with the
integrals now taken over the entire nuclear volume.
Figure 6(a) shows this correlation averaged over various
time snapshots, excluding the early dynamics (¢/7 > 0.1),
where we vary the net amount of heterochromatin at fixed
values of a and pg. The inset in Fig. 6(a) shows that the
correlation length & remains relatively short at intermedi-
ate heterochromatin densities but increases sharply at
higher densities under high activity. This suggests that
active processes, combined with crowding, lead to a more
uniform distribution of heterochromatin.

The time-averaged correlation associated with the direc-
tor field n is shown in Fig. 6(b), which reveals that its
correlation length £, decreases as we increase the activity @
(see the inset), at fixed density pg. Similar to the open
system, the closed system exhibits large, highly aligned
regions (with ¢ near 1) that share closely the same director
field orientation n. Figure 6(c) illustrates these coherent
structures, showing the highly aligned regions alongside

areas of high heterochromatin density by varying activity
levels @ and heterochromatin content py at fixed euchro-
matin density pg. The corresponding dynamics for @ = 250
are presented in Videos 16—18 [81], which correspond to
pu = 20, 40, and 60, respectively (equatorial-plane slices
of g and n corresponding to these configurations are shown
in Supplemental Material, Figs. S13 and S14 [81]).
Snapshots in Fig. 6(c) are taken from a steady regime,
where the volume average of ¢ over the sphere fluctuates
around a constant mean; see Supplemental Material,
Fig. S12(c) [81]. These results reveal a complex interplay
between a and py in shaping the heterochromatin profile.
At low density py, heterochromatin forms disconnected
patches that wet the nuclear surface, which are moved
along the boundary by the euchromatin activity. As py
increases, heterochromatin becomes sufficient to coat
entirely the nuclear surface, although euchromatin activity
may intermittently displace it from the boundary. At even
higher py, the heterochromatin layer thickens, compressing
the euchromatin into a smaller volume. This increased
euchromatin density amplifies the active stress, further
deforming the heterochromatin interface. Thus, even with-
out explicitly increasing a, heterochromatin can indirectly
enhance the euchromatin activity by reducing its available
volume. In extreme cases of both high heterochromatin
content and large activity, euchromatin may displace
heterochromatin entirely from the nuclear boundary. The
limited overlap between heterochromatin and highly
aligned regions in Fig. 6(c) suggests an anticorrelation
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FIG. 7. Morphological regimes of heterochromatin in a spherical nucleus as a function of activity strength a (other parameters fixed),
under the no-slip conditions. At a = 0, heterochromatin forms a continuous peripheral shell. Small « yields smooth, small-amplitude
undulations of the interface. Moderate a produces larger deformations, with protrusions undergoing scission into smaller droplets.
Large a generates highly dynamic morphologies with elongated filaments, stretched droplets, as well as partial boundary loss.

Heterochromatin is shown in magenta. Blue and red arrows indicate fusion and scission events, respectively.

between g and py (that is, regions of high g coincide with
low heterochromatin density). As shown in Supplemental
Material Fig. S12(d) [81], the spatial correlation between
q and ppy exhibits short-range anticorrelation and a
correlation length that decreases with a, reflecting
stronger active stirring and fragmentation of heterochro-
matin at higher activity.

VI. DISCUSSION

Our continuum framework captures how active, con-
tractile mechanics drive the formation of chromatin com-
partments, leading to the demixing of euchromatin and
heterochromatin and their ensuing morphological changes.
We show that heterochromatin can spontaneously form
droplets through a mechanically driven phase separation
governed by frictional, viscous, and contractile forces. This
demixing is primarily controlled by contractile stresses
arising from heterochromatin cross-linking proteins, lead-
ing to the formation of nascent droplets that subsequently
coalesce into larger ones. This provides a physical mecha-
nism for chromatin phase separation, where heterochro-
matin-rich regions segregate from transcriptionally active
euchromatin-rich domains.

In an open or periodic system, such coarsening typically
yields a single large heterochromatin droplet. In a confined
spherical nucleus, by contrast, heterochromatin relocates to
the nuclear periphery, wetting the boundary and forming
a shell-like layer; this matches observations across many
cell types in which heterochromatin is enriched at the
periphery [11]. While earlier polymer models reproduced
this enrichment by assuming direct binding to the nuclear
lamina [37,52], it has also been shown that even a
nonspecific envelope attraction can favor peripheral hetero-
chromatin owing to its higher compaction and greater areal
density of binding elements [48]. In our framework, both
chromatin phases satisfy no-penetration and tangential

no-slip boundary conditions. Interestingly, despite this
nonpreferential treatment, only heterochromatin accumu-
lates at the periphery, consistent with Ref. [48]. In contrast,
if the tangential condition for both phases is replaced by a
stress-free one, heterochromatin instead coarsens into a
compact, spherical-cap-like domain that merely contacts
the envelope (see Video 13 [81]), which resembles the
partially inverted morphologies reported in lamin pertur-
bation experiments [37]. Thus, no slip provides a minimal
form of tangential anchoring, showing that some anchoring
is required to sustain a peripheral shell of heterochromatin.
Experimental studies [9,84,85] show that heterochromatin
generally has a higher affinity for the nuclear lamina. Such
preferential binding could, in principle, be incorporated
into our framework by adding a phase-specific surface-
anchoring term to the tangential momentum balance at the
boundary. This term would enter as an interfacial traction
acting on the chromatin phase, with a strength proportional
to the product of the lamin concentration and the boundary
density of that phase. Depending on the relative magnitudes
of these anchoring strengths, one might expect stronger
heterochromatin anchoring to promote a more stable
peripheral shell, whereas comparable euchromatin anchor-
ing could lead to competition for boundary occupancy and
reduced heterochromatin enrichment.

Introducing euchromatin activity disrupts this peripheral
localization, driving a sequence of distinct morphological
regimes, as depicted in Fig. 7. For small euchromatic
activity, the peripheral heterochromatin shell develops
smooth, small-amplitude undulations. At moderate activity,
these deformations grow into protrusions that can undergo
scission into smaller droplets. At large activity, the hetero-
chromatic morphology becomes highly dynamic, with
elongated filaments and stretched droplets undergoing
frequent fusion and breakup and regions of partial boun-
dary loss. This phenomenology is consistent with cycling
cells, where a peripheral heterochromatin layer coexists
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with interior droplets [23]. Nevertheless, the nuclear
interior also contains other large subnuclear bodies (e.g.,
nucleoli and nuclear speckles) that interact with chromatin
and can serve as internal anchoring sites [11]; their
inclusion in our model could produce more realistic spatial
patterns and further promote interior droplets.

The progression shown in Fig. 7 arises from the com-
petition between three mechanical effects: (i) heterochro-
matin contractility, which compacts and smooths the
peripheral shell; (ii) active euchromatin stresses, which
drive flows that destabilize the interface; and (iii) the
presence of a confining boundary, which biases hetero-
chromatin toward the nuclear periphery. Whether the
heterochromatic shell remains stable, deforms, or frag-
ments depends on the relative magnitude of active stresses
(set by @) compared with response stresses from contrac-
tility and the effects of confinement. Interface undulations
emerge when these contributions are comparable, while
fragmentation or filament formation occurs when active
stresses are larger in scale. Viewed in reverse, decreasing
activity strengthens heterochromatin compartmentaliza-
tion, which is phenomenologically similar to the chromatin
condensation observed in ATP-depletion experiments [30].
Experiments using transcriptional inhibition often show
chromatin decondensation and its increased mobility.
However, these perturbations can have confounding effects,
including activation of the DNA damage response, and,
thus, it may not be straightforward to interpret the observed
changes in chromatin compaction and dynamics as a
direct consequence of reduced transcription [§6-90]. ATP
depletion might also have confounding effects [91-93],
as it can increase free Mg2+ in the cell, which could aid
chromatin condensation. However, the relative contribution
of this effect versus reduced ATP-dependent activity to the
observed condensation is presently unknown. Therefore,
in our model, we interpret ATP depletion primarily as a
decrease in the activity a. If, instead, the amount of
heterochromatin is increased at fixed a, as in Fig. 6(c),
the shell thickens as heterochromatin occupies more
nuclear volume. This confines euchromatin, raising its
density and amplifying the active stress, even though «
is unchanged; this destabilizes and remodels the hetero-
chromatin much like raising . We note that all of these
morphological changes are not driven by an explicit
interfacial tension; rather, in our model, an effective surface
tension emerges self-consistently from contractility and
from stress and velocity gradients across the interface, and,
therefore, surface tension is not an independent parameter.

Another major consequence of euchromatin activity in
our model is the emergence of long-range coherence in
chromatin motion: As activity increases, the correlation
length of the barycentric chromatin velocity grows to
micron scales, comparable to the nuclear size. The main
driver of this behavior is the extensile stress associated with
euchromatin, which self-organizes into large coherent

domains spanning extended regions of the nucleus.
Through hydrodynamic coupling, these domains act as
coherent force densities that drive nucleoplasmic flows and
entrain both chromatin phases. Accordingly, the solvent
velocity shows an activity-dependent increase in its corre-
lation length. These predictions are consistent with live-cell
measurements, which reveal ATP-dependent chromatin
motions over micron scales [30] and show that, in low-
compaction chromatin, a transcriptionally active locus
moves coherently with the nearby chromatin over micron
scales [31]. Such long-range coherence is difficult to
explain by purely elastic stresses transmitted through the
polymer network, which tend to weaken as the network is
diluted. By contrast, experiments reveal strong correlations
in active, low-compaction regions, consistent with solvent-
driven hydrodynamics. Our results support this interpreta-
tion and are corroborated by prior active-polymer hydro-
dynamic models [51,52].

Previous continuum models that described chromatin as
a two-fluid system accounted for chromatin and nucleo-
plasm as two separate phases [33,35,36]. Our current
approach distinguishes euchromatin and heterochromatin
as two distinct compressible fluids, which interact with an
incompressible nucleoplasm via friction. This distinction
allows us to capture the separate mechanical roles of
heterochromatin condensation and euchromatin-driven
extensile stresses. In contrast to free-energy-based models
[37-40], which describe phase separation in equilibrium or
near-equilibrium settings, our mechanical approach is
based on mass and momentum conservation laws. This
naturally accommodates both passive and active stresses,
which enter the equations of motion for solvent and
chromatin. Their coupling drives chromatin density varia-
tions and shapes nuclear organization.

An additional advantage of this continuum formulation
is that it supports analytical interrogation alongside sim-
ulations, providing methods that are largely unavailable in
discrete polymer and particle-based models. In particular,
linear analysis yields stability boundaries, and phase
diagrams map the associated morphological and dynamical
regimes across parameter space. Furthermore, the main
phenomenology observed here does not require fine-
tuning. Over a broad parameter range the model robustly
reproduces euchromatin-heterochromatin demixing, coars-
ening, peripheral wetting, and activity-driven coherent
flows. The formulation is minimal yet modular, providing
a generic framework in which additional biochemical
or mechanical ingredients can be incorporated in a prin-
cipled way.

We note that the model focuses on the fluidlike behavior
of chromatin observed at timescales longer than its elastic
stress-relaxation time (measured to be on the order of
seconds [26]) and, therefore, neglects the corresponding
elastic response. There remains an active debate over
whether chromatin is effectively solidlike versus a slowly
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relaxing viscoelastic fluid at these longer timescales [94].
Different assays emphasize different operational signatures,
such as limited mixing [95] versus stress relaxation under
controlled load [56]. These observations are not inconsistent,
since very viscous or soft-glassy materials can show neg-
ligible mixing over the time and length scales of such
experiments yet still flow under sustained forcing.
Chromatin rheology is highly heterogeneous, with relaxation
times that vary widely with local compaction and enzymatic
activity. In our model, the density-dependent viscosity
allows dense heterochromatin to appear arrested without
invoking an elastic scaffold, as increasing the viscosity scale
n. shifts relaxation times in these dense regions to arbitrarily
slow regimes. Viscoelasticity, however, can introduce fea-
tures absent from a purely fluid description, including stress
storage and release, transient recoil, and frequency-depen-
dent responses that alter instability thresholds. Such effects
can slow the coarsening of heterochromatin droplets, stabi-
lize intermediate morphologies, and maintain nonspherical
shapes. Incorporating an explicit viscoelastic constitutive
law is a natural extension for future studies.

Our coarse-grained formulation also omits molecular
specificity (e.g., HP1 binding and unbinding, chromatin
modifiers, and ATP-dependent remodelers). Such factors
can be effectively treated as regulatory concentration fields
with their own advection-diffusion-reaction dynamics:
Unbound species advect with the solvent velocity ug,
while chromatin-bound species advect with up or uy
and exchange with the unbound pool via binding and
unbinding kinetics. These fields can modulate parameters,
such as the contractility parameter p.- or the activity
strength a, or drive interconversion between pr and pg.
Lamina tethering can be modeled similarly by a boundary-
bound field with surface advection-diffusion-reaction,
coupled to the bulk via phase-specific anchoring terms
in the tangential momentum balance. Such extensions are
compatible with our framework and would link biochemi-
cal regulation to the mechanical processes described here.

Taken together, our results show how active processes,
mechanical forces, and geometric constraints can collec-
tively organize chromatin at the nuclear scale. These findings
lead to testable predictions for how activity and confinement
influence chromatin dynamics and morphologies, which can
be probed experimentally in live cells. On the theoretical
side, the framework could be extended to incorporate the
viscoelasticity of chromatin, explicit molecular interactions,
and further explorations of chromatin-lamina coupling. Such
efforts will advance our understanding of how physical and
biochemical mechanisms together regulate genome organi-
zation in the nucleus.
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APPENDIX A: DIMENSIONLESS GROUPS

By rescaling time and space using a characteristic
timescale 7 and a length scale L, respectively, the con-
tinuity equations can be rescaled, yielding a single dimen-
sionless parameter: d.T/L?. Thus, by choosing that

T=1L%d,, (A1)
the dimensionless continuity equations can be rewritten as
in Table I. Note that we also rescaled the local densities by a
characteristic density scale p,. Moreover, rescaling each of

the momentum equations by a force-density scale f,, we
find the following dimensionless friction coefficient:

TopoL
[ — 0Pt
foT

From the momentum equation of the solvent, we get two
additional dimensionless parameters: a rescaled activity

(A2)

o = %P0
fol

and a rescaled solvent viscosity #,/(foLT). Setting the
latter to unity, we find the following force-density scale:

(A3)

_ s nd.

ho=1r="3

(A4)

where the last equality follows from Eq. (Al). Also, from
the momentum equations of euchromatin and heterochro-
matin, we find the following dimensionless parameters:
first, a rescaled compressibility Bpj/(foL), which is set to
unity and gives the following characteristic density:

f()_L _ V 77sdc_

= —; A5
second, a rescaled chromatin viscosity coefficient
g Pl _ NevVde (A6)
foLT L\/ﬂxB’
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where the last equality follows from Egs. (A4) and (A5);
and lastly a dimensionless cross-linking density

pcLVB

nsd,

Be = Bpcpo _ pe
JoL Po

, (A7)

where the last two equalities follow from Egs. (A4) and
(A5). The solvent pressure is rescaled as p = L?pg/(n,d.).
Thus, by means of Egs. (Al), (A4), and (AS), the
dimensionless friction coefficient I' can be written as

_ ToLy/d,.
VnsB

whereas the dimensionless activity strength a reads

r (A8)

aoL
= . A9
¢ Vnsd.B (49)

Note that a natural length scale L could be defined by
setting either I, a, or p. to one; however, here we choose L
to be given by the radius of the cell nucleus R. Table I
shows the continuity and momentum equations, and the
dynamical equation of the nematic order parameter Q,
rescaled by their characteristic scales (7, L, and p,), in
terms of the dimensionless parameters a, 7, p., and I

APPENDIX B: PARAMETER ESTIMATION

Nuclear sizes vary across higher eukaryotes: In human
interphase cells, equivalent-sphere radii are found to be in
the range of 4—7 pm [72], while some large embryonic cells
can exceed 10 pm [97]. Here, we use radius R = 5 pm as a
conservative choice.

Chromatin tracer diffusivity measured by fluorescence
correlation spectroscopy and live-cell tracking lie in the
range 1073-1072 pm?/s [73-75]. This corresponds to a
timescale T = R?/d. spanning 0.7-14 h. We take the
geometric mean d, = 3.2 x 1073 um?/s as a representative
value, which gives T ~ 3.1 h.

Nucleoplasmic viscosity 7, has been estimated with inert
2-10 nm probes in fluorescence correlation spectroscopy
and fluorescence recovery after photobleaching, with
reported values in the range 3-10 mPa-s [76-79]. We
take the geometric mean n, = 5.5 mPa - s as a representa-
tive value.

Euchromatin density can be estimated (in terms of
nucleosomes per unit volume) from the genome size,
which is 6.4 Gbp for human diploid [72]. By assuming
0.5-0.9 of the genome is euchromatin and taking 200 bp
per nucleosome, we find the euchromatin density to be in
the range of 1.1 x 10*-5.5 x 10* pm~3. Since densities in
the model are expressed relative to the characteristic scale
pPo, in simulations we set the initial homogeneous

euchromatin density to pr = 10 (in dimensionless units).
This choice fixes pg, and we use the geometric mean as a
representative value py ~ 2.5 x 10*> pum=>. This rescaling
ensures that the dimensionless densities in the simulations
correspond to physiological values. By construction, p, is
defined such that Bp3R*/(n,d..) = 1. Hence, fixing p, from
the euchromatin density implicitly sets B, which lies in the
range 10712-3 x 10~ mPa - pm°®. Here, we use the geo-
metric mean, B ~ 107'° mPa - pm®, as a working estimate.
We emphasize that this is not a microscopic prediction but
an effective parameter determined self-consistently from
the choice of density scale.

Another parameter we fix in the model is the dimension-
less contractility p- = 100. Since pc = pcpy, this corre-
sponds to pe~2.5x10° um™3. The corresponding
isotropic cross-linking pressure is given by pc = Bpcpn,
which for py = 150 (highly condensed heterochromatin in
our simulations) yields pc =~ 7.4 mPa. This can be com-
pared with the steric pressures pg y = — %BpE, upPr, Where
pr = pp + py is the total density. In pure euchromatin
(pg = 0), the cross-linking pressure p. vanishes identi-
cally, and the steric term is a small baseline pressure,
Pr =~ —0.1 mPa. In heterochromatin-rich regions, the steric
term py =~ —5.7 mPa, which competes with the cross-
linking pressure, and their contributions are of the same
order (a few mPa).

Microscopically, the cross-linking pressure arises from
HP1 dimers bridging pairs of H3K9me3 nucleosomes [98].
We assume that a bridge exerts a force f, over a lever &},
corresponding to a force dipole f},¢},, which results in an
isotropic pressure pc = %cbr furlr Dy averaging over all
dipole orientations, where ¢y, is the density of bridges. We
take ¢}, = 10-20 nm as the spacing of adjacent nucleo-
somes [98]. Experiments on HP1-DNA condensates with
optical tweezers reveal force-extension curves with char-
acteristic responses of several to tens of pN, depending on
DNA length and condensate size [99]; we take conserva-
tively the single-bridge force to lie in the range of
Sor = 1-5 pN. Based on quantitative proteomics [100],
the total HP1 concentration is estimated to be about cyp; =
1-3 pM  (or 600-1800 molecules/pm?). Fluorescence
recovery after photobleaching experiments shows that only
a fraction ¢oung = 0.1-0.3 of this pool is bound to
chromatin [101,102]. Hence, the density of bridges can
be expressed as ¢y = cpp1PooundPor» Where ¢y, is the
probability that a bound dimer simultaneously engages
two nucleosomes. This probability is not directly known;
here, we take ¢, = 0.1-0.5 as a plausible range, since
bound dimers may lack neighbors or exchange too rapidly
to form bridges. This yields a bridge density of about
6270 pm™3, corresponding to a cross-linking pressure
in the range of p- = 0.1-9 mPa, which is consistent with
the effective value of approximately 7 mPa implied by our
nondimensionalization.
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TABLE II. Dimensional parameters and their estimated physio-
logical ranges. Values are drawn from experimental measure-
ments where available and otherwise estimated from theoretical
considerations and scaling arguments.

Nucleus radius

Chromatin diffusivity
Diffusive timescale
Nucleoplasm viscosity
Characteristic density
Compressibility coefficient
Contractility parameter
Friction coefficient
Chromatin viscosity
Activity strength

R =4-7 pm [72]

d, = 10731072 pm?/s [73-75]
T=1-14h

ny = 3-10 mPa - s [76-79]

po = 1.1-5.5 x 10* pm3
B=10""2—-10"° mPa- pm°®
pe = 1.1-55 x 10° pm™3

'y =1-40 mPa - s-nm

7. = 5-90 x 107® mPa - s - pm?
ay=10"*— 107! pN - nm

The solvent viscosity 7, and friction coefficient I define
a solvent screening length ¢, = [n,/(Topr)]'/?, which
characterizes how far hydrodynamic disturbances propa-
gate before being damped. Since ; decreases with increas-
ing chromatin density, propagation is shorter ranged in
heterochromatin-rich regions than in euchromatin. As Z is
not directly measurable, we take it to be proportional to
structural scales of the interchromatin space, as expected
from porous-medium hydrodynamics. Single-particle
tracking of inert probes reveals confinement and caging
on the order of 100 nm, and electron microscopy together
with superresolution imaging shows interchromatin chan-
nels of about 100-300 nm [103-107]. These length scales
place the dimensionless friction coefficient I" in the range
20-500 (that is, I'ly = 1-40 mPa - s - nm). In simulations,
we fix I' =25, which corresponds to a screening length
¢y~ 0.3 pm (being near the upper end of the range).
Alongside the solvent screening length, we define a

chromatin screening length 7. = +/5./T'y = R\/n/T,
which characterizes the decay length of chromatin momen-
tum under solvent drag. We assume it is of the same order
but smaller than #,; here, we set to £, ~ 0.1 pm, which
fixes the dimensionless chromatin viscosity coefficient at
n~0.01. The chromatin viscosity scales linearly with
phase density, giving an euchromatin viscosity np =
ne.pe =~ 0.1, (in pure euchromatin, pg = 10) and a hetero-
chromatin viscosity ny = n.py ~ 1.5y, (in the dense
regions of heterochromatin, py = 150).

To estimate the activity strength a of the active stress
o, = —ayppQ, we make the microscopic identification
aopg = nyf €4 where n, is the density of nuclear
enzymes, f, is their effective dipolar force transmitted
along the chromatin chain, and 7, is the characteristic
separation length of the dipole. Single-molecule assays
provide measurements of stall forces for nuclear enzymes
such as helicases, RNA polymerases (Pol II), and DNA

polymerases [108—110], but the effective force f, relevant
here depends on how much of this load projects along
the chromatin chain direction and may be reduced by
geometric factors, local compliance, and load sharing.
As a conservative working estimate based on Pol II,
we take f, =1-10pN and 7, =3-10 nm [110,111].
Experimentally, the density of active Pol II foci has been
measured to be approximately 1 pm~2 [30]; by using a
confocal depth of approximately 0.5 pm and assuming
1-10 Pol II per focus yields n, = 2-20 um~3. With a =
(ny/pe)fa€s and a = agR/\/n,d.B, we obtain a=
10>-10° (that is, ay=10"*—10"! pN-nm), and the
values used in our simulations lie toward the lower end
of this range. Nevertheless, measurements for other active
nuclear enzymes, such as DNA polymerases, report larger
forces in the tens of pN [109], so the estimates of a based
on Pol II should be regarded as a lower bound.

Table II lists all dimensional parameters in our model
with their associated physiological ranges, some obtained
from experiments, while others are estimated indirectly
from microscopic considerations.

APPENDIX C: LINEAR STABILITY ANALYSIS

The homogeneous and stationary state of the governing
equations in Table I is given by pp and py, together with
vanishing velocities: iy =0, uy =0, and uy = 0. We
perturb the densities about their homogeneous state:

pe=pp+edpp and pp=py+edpy, (Cl)
where dpyr and Spp are the linear perturbations in the
euchromatin and heterochromatin densities, respectively,
while € is a perturbation parameter, which is immaterial
purely keeping track of the perturbation order. Similarly,
we perturb the velocities about their stationary state

ug = edug, (C2)

up =edup, and wuy = eduy.

1. Linearized chromatin density equations

To first order in &, the continuity equations for the
chromatin components can be written as follows:

d _

5 (8pg) + PV - dup = A(dpg), (C3)
d _
—(6p) +puV - duy = A(dpy), (C4)

ot
while the solvent incompressibility condition becomes

V.- dug =0. (C5)
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Similarly, by expanding to first order in € the momentum
equations of euchromatin and heterochromatin compo-
nents, we find

ﬂﬁE[AfSuE + V(V-dug)| + lﬁl_’E(éus -

npu(Aduy + V(V - uy)| +Tpy(Sug — duy)

V[z SpE + (pH pc+ 2)&)4 =0, (C7)

5uE)

(Co)

respectively. By applying the divergence operator onto
Egs. (C6) and (C7), we obtain the following equations:

] ] p
20pA(Y - dug) =Tpg(V - dug) +=7 Adpy)

¥ [pE ¥ ”7"] A(6pe), (c8)
20y AV - Susy) = Tpy(V - dury) + 72 A(5p)
+ |:ﬁH —Pc+ %E} A(Spn)- (C9)

Therefore, the divergence terms V - Sug and V - duy can be
expressed solely in terms of density fields by means of
Egs. (C3) and (C4), respectively, which by substitution into
Egs. (C8) and (C9) leads to

d
or — (' =2nA)dpg = [F +PE+ :|A(5PE)

+2E A(dpy) ~ 208%(5pg). (C10)
J PE
o (L= 208)0py = |U'+ p = pe + | Adpn)

ﬁ

— A(dpg) - 2’7A2(5PH), (C11)

where A? is the biharmonic operator.
By expressing the linearized densities dpr and dpy in
Fourier series, namely,

= Zeik"éﬁ’é(t),

k

= > M op (o),

k

Sp(r.1) (C12)

Spu(r. 1) (C13)

where k is the Fourier wave vector and 8p% ,, are the
corresponding Fourier amplitudes of 6pg 5, we can rewrite

Egs. (C10) and (C11) solely in terms of 5pk. and 5p%;. This
can written in the following matrix form:

d | op 6A
9\ Pk | _ g | 9Pk
or | apky 5%

where the matrix & is shown in Eq. (20) and k is the
magnitude of k. The eigenvalues of S, are the growth rates
of the Fourier amplitudes of density perturbations. These
eigenvalues are found to be

L= -5 bt et @-nr|. @

where a; and b, are diagonal components of the matrix in
Eq. (20), thatis, a; = k=2[8;], | and b, = k2[S;],,, while
¢y = 4k™*[8;],,[Si]>1- The solution A, is always neg-
ative, while the other could become positive, displaying a
band of linearly unstable modes. We denote the latter by 1.
The instability condition is determined by the sign of the
growth rate A¢-(k) near k = 0; namely,

(C14)

2pc—4r

34 \/1 4pc+4pc pE—pH)
_ Ppetpu (PE+Pu)?
Ac =

PE +/7H

K+ OK%).

We find that the system remains stable to linear density
perturbations whenever

_ T+ pp+pu) 2L + pg + pr)
2(T'+ pg) + Py

pe <Pt . (c16)
with the equality corresponding to the onset of instability.
The system is linearly unstable if p- > pg, which is shown
in Fig. 2(b). Note that this criterion is independent of the
viscosity ratio . However, the fastest growing mode k
satisfies A;-(ky) = 0 and depends on viscosity as
ko o 71/, (C17)
This scaling is readily obtain by noting that A-(k) = 0 can
be rewritten as a polynomial in terms of k,/7.
Also, note that this instability is completely independent
of the activity parameter «, as the extensile active stresses

act only on the solvent (nucleoplasm), which is treated here
as an incompressible fluid.

2. Linearized solvent equations
Lastly, we also expand to linear order in ¢ the momentum
equation of the solvent, using Egs. (C1) and (C2), and a
perturbation in the nematic order parameter,

0 =0+e50(r, 1), (C18)
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about a homogeneous state Q, where 6Q are the corre-
sponding linear perturbations. This leads to the following
expansion to first order in &:

A(Sug) — Vop = Ipy(dus — duy) + Ipg(ous — dug)
+ V- (ap6Q) + aQ - Vépg. (C19)

where the solvent pressure p = p + e5p(r, ). To zeroth
order in &, any constant and symmetric tensor Q satisfies
Eq. (16). To first order in &, the rescaled nematic order
equation (see Table I) becomes

%(5@ = Q- (Véug) + (Véug)" - Q0

+ A(50) - 20 0 : Véus. (C20)

By Fourier transforming the linearized solvent momen-
tum equation in Eq. (C19), we find

ikopy, + kK*oik = Tpy (sak, — sak) + Tpp(sak. — sak)
— ik - (appoQy) — o - (ikopk). (C21)
while the incompressibility condition in Eq. (C5) becomes

k- oik = 0. (C22)
Similarly, linearized dynamics of the nematic order
parameter in Eq. (C20) can be written in Fourier space as

0 . _ _
E(‘SQk) = Q- (iksik) + (iksak)™ - Q

— K2 (50)) — 20 Q : (iksik), (C23)
where 6py(f) and 8Q(t) are Fourier amplitudes of the
linearized pressure op and linearized nematic order param-
eter 5Q, respectively. Similarly, oak (1), ik (), and 5a%, (1)
are Fourier amplitudes of the linearized velocity fields of
solvent, euchromatin, and heterochromatin, respectively.
The latter two velocity amplitudes 6@k and ¥, are
determined from the Fourier transform of momentum
equations in Egs. (C6) and (C7), namely,

npe[k*oitf; + k(k - 6ity)] + Tp (5, — Sitk)

+ik % 5, + (pE + %) 5;3’;] —0,

(C24)
npu(k>6iyy + k(k - 5fy)] + Tpy (S — sa§)
+ ik {%{5&’,‘5 + (p,, —pc+ %) 5;3’;,] =0. (C25)

From Egs. (C21), (C22), (C24), and (C25), we can
analytically determine the pressure op; and the solvent

velocity éﬁlg, as well as the euchromatin velocity 5@% and
the heterochromatin velocity &@%;, purely in terms of the
densities 6p% and 5p%,. Thus, the linearized dynamics of the
order parameter in Eq. (C23), together with continuity
equations in Fourier space, that is,

9, . _ . A

5, (00%) + pelk - dilp) = —k>6pf,  (C26)
0 ok - Nk 25k

— (0pf) + pu(k - Sity) = —k“0py;, (C27)

ot

forms a closed set of linear differential equations in §pk,

5p%,, and the independent components of 5Qk (specifically,
3 in two dimensions and 5 in three dimensions).

3. Nematic order parameter

The base state of @ is a symmetric, constant tensor, but
its components are not entirely unconstrained, as

_ Jpp¥(p)dp
J¥@p)dp

where p is a unit vector in dimension d, ¥ is an orienta-
tional distribution, and the integration is performed over
the d-dimensional unit sphere [67-70]. The definition in
Eq. (C28) implies that the trace of Q is unity: tr(Q) = 1. We
denote the distribution at zeroth order in the perturbation

as W, which can be described by either a constant,

0 (C28)

P(p) =¥, (isotropic state), (C29)
or a fixed orientation 7, that is,
P(p) =08(p —n) (aligned state) (C30)

with ¢ as the Dirac-delta function. Specifically, we find
Q,=d'I (isotropic) and Q4 =i (aligned),  (C31)

where I is the identity tensor. In two dimensions,

2

Q>
~
I
—
S I=

0 _ 0 O
1] and QA—{O 1], (C32)

where we choose 72 to be aligned with the y axis, without
any loss of generality. Similarly, in three dimensions,

=)

0, =

S O wi=

000
and Q,= |0 0 0, (C33)
00 1

S W=
w= O O

where in the latter we choose 72 to be along the z axis.
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(a) Isotropic state — extensile active stress
6

FIG. 8.

(b) Aligned state — extensile active stress

(c) Aligned state — contractile active stress

Diagrams showing instability regions in two dimensions as a function of components of the Fourier vector k = [k,, k, ], where

X2 vy

the color shows only the positive values of the growth rates associated with linear perturbations in the nematic order parameter Q about
(a) an isotropic state for extensile active stresses with @ = 5; (b) an aligned state along the y direction, for extensile active stresses with
a = 5; and (c) an aligned state along the y direction, for contractile active stresses with @ = —50. Here, we choose 7 = 0.01 and I" = 25,

while the homogeneous densities pr = 10 and py = 40.

In two dimensions, the first-order perturbation in nem-
atic order parameter 6Q and its corresponding Fourier
transform can be written as

50 — 6q1  6q; 5Q - 521’f 531’5
— ) k — N N )
6q3  —6q, 5ql§ —5qlf

where 8¢;(r, t) and 621’;(t) are their respective independent
components. Note that the trace of 6Q must be zero such
that we maintain tr(Q) = 1. Thus, the linear system
associated with perturbations about the two-dimensional
isotropic state @, in Eq. (C32) is given by

54} 54}
o | 6k HE 05, | 68
9 | oh :[ I “] AR (D)
ot | spk 0, S || opk

5k, 5k,

where &, is the matrix from Eq. (20), O, is a zero matrix
of a rows and b columns, and H¥ is found to be

1
HE = -k, + EA(k)Rk, (C35)
where I,,, is the identity matrix, the function
_ apg
A(k) o 1+ N (pe+pu)’ (C36)
T+nk*
and the matrix
sin?(2 —Lsin(4
ri— [ .( ?) 22(¢) o)
—5sin(4gp)  cos*(2¢)

with polar angle ¢ defining the components k, = kcos ¢
and k, = ksin ¢ of the wave vector k = [k,, k,]. One of the
eigenvalues of ’H’,‘ is given by —k?, while the other is
(k) = =k*> + A(k)/2, (C38)

which shows that the isotropic state is always stable for the
contractile case (a < 0), whereas for the extensile case
(a > 0) it is always unstable; see Fig. 8(a).

Similarly, the linear system associated with perturbations
about an aligned state @, is given by

5q% 5o
o | 6% HE  C 54
2% :[ A "] qlzc . (C39)
or | spk 02, S| ok
5Pl 50y
with matrices
HE = KL, + A(K)RK, (C40)
0 0
RE = sin? . (C41
A =sin <<">Lm<z¢) —cos<2¢>] (c4)

0 cos/(_)(i) sin’ (¢) [(1’ g]. (C42)

In addition to the eigenvalues associated with density
perturbations, as derived in Eq. (C15), the remaining
eigenvalues of the stability matrix in Eq. (C39) are given
by a purely diffusive eigenvalue —k? and

Ia(k) = =k? — A(k) sin®(p) cos(2¢).  (C43)
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(a) Isotropic state (a > 0) (b)  Aligned state (o > 0) (c)  Aligned state (o > 0) (d) Aligned state (a < 0)
6

A S

4

10

8
6«'\10
4

2

FIG.9. Diagrams of instability regions in three dimensions as a function of components of the Fourier vector k = [k,, k,, k], showing
cross-sectional cuts at k, = 0. The regions are rotationally symmetric around the k, axis. Here, the color shows only the positive values
of the growth rates associated with linear perturbations in the nematic order parameter Q. (a) The unstable growth rate 1; about an
isotropic state for extensile active stresses with @ = 5. (b) and (c) show unstable growth rates A} and 13, respectively, about an aligned
state along the z direction, for extensile active stresses with @ = 5. (d) The unstable growth rate A3 for perturbations about an aligned
state along the z direction, for contractile active stresses with @ = —50 (note that /1/14 < 0 for a < 0). Here, we choose 7 = 0.01 and
I' = 25, while the homogeneous chromatin densities pp = 10 and py = 40.

The region of instability is given by 1, > 0 and shown in
Figs. 8(b) and 8(c) for the extensile (¢ > 0) and contractile
(a < 0) stresses, respectively. It can be shown that the fast-
est growing mode in the contractile case is found when the
angle ¢ = n/6, 5Sx/6, 7x/6, and 11z/6, while k satisfies

ME = 25, s + A(k)UY /3, (C45)

where Is, 5 is the five-dimensional identity matrix, A(k) is

the equation A’(k) + 16k = 0. In the case of extensile
stresses, the fastest growing mode is given by angle
@ = /2 and 37/2, with k satisfying A'(k) — 2k = 0.

In three dimensions, the first-order perturbation 6Q and
its Fourier transform take the form

6q1 6493 044
00 = | 693 69> 0qs >
| 694 6q5s  —6q1 — g, |
K I
50 = | o4 oa sk |,
| 595 8g%  —64k — 65 |

where 8g;(r.7) and 54%(r) are independent components.
The linear system associated with perturbations about the
three-dimensional isotropic state Q; in Eq. (C33) is

(5 [ 65~ ]

al - ME 05,1

ot 56/5{ B |:02><5 S ] 56]15( ’ (C44)
spk. spk.
| 5Pl | | 57 |

defined in Eq. (C36), and matrix U¥ is given solely in terms
of the angles ¢ €0,2z] and 9 € [0, z] by expressing the
components of k = [k,,k,,k.] in spherical coordinates:
k, = ksin(89)cos(¢), k, = ksin(9)sin(¢), and k, = kcos(9).
The expression of L% is cumbersome and will not be shown
here. Three of the eigenvalues of M¥ are —k?, and the
other two are both given by

Ar(k) = —k2 + A(k)/3. (C46)

Again, we find the isotropic state to be unstable (stable) for
extensile (contractile) active stresses; see Fig. 9(a).

The linear system associated with perturbations about
the aligned state Q, in Eq. (C33) reads as follows:

[ 54" [ 54" ]
ol - MBI
o | %45 | = |:02><5 Sy %5 | 7
5Pk 5%
5Py | | 57 |
ME = —I2H5, 5 + AU, (C48)
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with matrix U’jl defined solely in terms of the angles J and
@ (not shown), while the matrix By is given by

0 0]
A(k)cos?(9) sin(9 00
B —— ( )cos_( ) sin(9) o ol (C49)
PE
cosp O
| sing O]

We find that three eigenvalues of the matrix Mk are
—k?, whereas the remaining two are given by

AV (k) = =% + A(k) cos?(8), (C50)

AP (k) = =k + A(k) cos?(9) cos(29).  (C51)
If @ > O (extensile case), then both /lil) and )&2) are strictly
positive within the same range of k, modes; see Figs. 9(b)

and 9(c). However, if @ < 0 (contractile case), then /11(41) <0
for any k, and only the eigenvalue 15 can become strictly
positive, as shown in Fig. 9(d).

The fastest growing mode for a > 0 is found when
the angle 9 =0 and 7 and k satisfies A'(k) —2k =0.
Likewise, the fastest growing mode for the contractile case
(a < 0) is found at the angle 9 = /3, 2x/3, 47/3, and
5z/3, where k satisfies A'(k) + 16k =0 (as in two
dimensions). Note that the eigenvectors associated with

/1/(41) and /122) in Egs. (C50) and (C51) are found to be

egl) =[0,0,0, —sin g, cos ¢, 0, O]T, (C52)
eff) =[0,0,0,cos @, sing,0,0]", (C53)

respectively.
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