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The large-scale organization of the genome inside the cell nucleus is critical for the cell’s function.
Chromatin – the functional form of DNA in cells – serves as a substrate for active nuclear pro-
cesses such as transcription, replication and DNA repair. Chromatin’s spatial organization directly
affects its accessibility by ATP-powered enzymes, e.g., RNA polymerase II in the case of transcrip-
tion. In differentiated cells, chromatin is spatially segregated into compartments – euchromatin
and heterochromatin – the former being largely transcriptionally active and loosely packed, the
latter containing mostly silent genes and densely compacted. The euchromatin/heterochromatin
segregation is crucial for proper genomic function, yet the physical principles behind it are far from
understood. Here, we model the nucleus as filled with hydrodynamically interacting active Zimm
chains – chromosomes – and investigate how large heterochromatic regions form and segregate from
euchromatin through their complex interactions. Each chromosome presents a block copolymer
composed of heterochromatic blocks, capable of crosslinking that increases chromatin’s local com-
paction, and euchromatic blocks, subjected to stochastic force dipoles that capture the microscopic
stresses exerted by nuclear ATPases. These active stresses lead to a dynamic self-organization of the
genome, with its coherent motions driving the mixing of chromosome territories as well as large-
scale heterochromatic segregation through crosslinking of distant genomic regions. We study the
stresses and flows that arise in the nucleus during the heterochromatic segregation, and identify their
signatures in Hi-C proximity maps. Our results reveal the fundamental role of active mechanical
processes and hydrodynamic interactions in the kinetics of chromatin compartmentalization and in
the emergent large-scale organization of the nucleus.

I. INTRODUCTION

The genome stores information essential for life. This
information exists in the form of the DNA molecule,
which together with histone proteins, forms the chro-
matin fiber inside the cell nucleus [1, 2]. The chro-
matin fiber is intricately folded into a hierarchical three-
dimensional structure that is dynamical in nature [3, 4].
Its organization and dynamics directly affect vital pro-
cesses such as transcription, replication and DNA repair
[5–7], yet the physical principles underlying chromatin’s
dynamical self-organization remain elusive.

In differentiated cells, the genome is further organized
into euchromatin and heterochromatin compartments,
comprised of predominantly transcriptionally active and
inactive genes, respectively [4, 8]. The former is packed
loosely, hence readily accessible to the transcription ma-
chinery, while the latter is densely packed [9, 10]. In most
nuclei, heterochromatin forms throughout the nuclear in-
terior and is enriched near the nuclear periphery, where
it binds to the lamin filament network at the nuclear en-
velope [11, 12]. Notably, this organization is inverted in
nuclei of photoreceptor cells of some nocturnal mammals,
where chromatin–lamin interactions are missing [13, 14].
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The biochemistry of heterochromatin formation is
rooted in gene silencing associated with the methyla-
tion of histone tails (H3K9me3), which in turn enables
the binding of heterochromatin protein 1 (HP1) [15–
18]. Bound HP1 proteins then dimerize, bridging nearby
chromatin fibers [19–22]. Remarkably, HP1 proteins have
been found to undergo liquid-liquid phase separation
from the nucleoplasm, forming liquid condensates sur-
rounding the heterochromatin [23, 24]. In contrast to its
biochemistry, physical principles behind the heterochro-
matin formation are far from understood.

Recent computational models have provided consid-
erable insights into chromatin compartmentalization, by
employing equilibrium simulations with chromatin repre-
sented as a block co-polymer, with euchromatin and het-
erochromatin segments having different respective affini-
ties. Brownian dynamics and Monte Carlo simulations
suggest that heterochromatin forms dense aggregates in
the center of the nucleus in the absence of attractive in-
teractions with the nuclear envelope [25, 26]. The ad-
dition of attractive interactions with the nuclear enve-
lope (lamins) results in heterochromatin accumulation
near the boundary [25, 27]. This is consistent with hete-
rochromatin localization observed in conventional nuclei,
confirming a key role of chromatin–lamin interactions in
genome organization [14, 28]. These models considered
equilibrium statistics, thus neglecting the role played by
ATP-driven active processes in the kinetics of heterochro-
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matin formation and its final morphology. Equilibrium
polymer simulations, which account for activity using an
effective temperature, suggest that local differences in
chromatin activity may lead to genome compartmental-
ization [29, 30].

The importance of activity in nucleus-wide chromatin
dynamics was first discovered in experiments by Zidovska
et al. [31], who developed displacement correlation spec-
troscopy (DCS) to quantify chromatin positional dynam-
ics simultaneously across the entire nucleus in live human
cells by imaging histones H2B-GFP. These observations
revealed that chromatin moves coherently within large
regions of 3–5 µm for several seconds. These correlated
motions were found to be ATP-dependent, but indepen-
dent of the cytoplasmic cytoskeleton [31]. Perturbation of
major nuclear ATPases such as DNA polymerase, RNA
polymerase II and topoisomerase II caused local displace-
ments to increase and eliminated the large-scale coher-
ence [31].

Motivated by these experiments, Bruinsma et al. [32]
proposed a hydrodynamic theory of chromatin dynamics
that coarse-grained the action of nuclear ATPases into
two types of active events: vector events that describe
force dipoles generated by nuclear enzymes such as poly-
merases and helicases, and scalar events corresponding to
the local de/condensation of chromatin caused by chro-
matin remodelers. This mean-field continuum theory pre-
dicts that dipolar activity is responsible for large-scale co-
herent motions [31, 32]. An alternative hydrodynamics-
free approach to modeling chromatin activity has been
developed using a 3D-conformational space of the chro-
matin fiber, which emerges from a quasi-equilibrium en-
ergy landscape generated by Langevin dynamics at an
effective temperature [33]. Another hydrodynamics-free
model, informed by Hi-C data of human chromosomes,
described chromatin as a heteropolymer and mimicked
chromatin activity as isotropic white noise [34, 35]. Both
models successfully recapitulated large-scale coherence of
chromatin motions.

In recent work, Saintillan, Shelley and Zidovska [36]
built upon the concept of vector events to develop a
computational model of active chromatin hydrodynamics
that accounts for the role of ATP-driven processes. In
this model, a long flexible polymer was confined inside
a spherical cavity, immersed in a viscous fluid (nucleo-
plasm) and subjected to stochastic force dipoles along
the polymer. These force dipoles generated fluid flows
in the surrounding nucleoplasm, which drove a local ne-
matic alignment of the polymer chain and consequently
of the dipoles as well [36]. Moreover, such dipolar forces
were found to lead to spontaneous straightening of the
polymer [37]. This positive feedback occurred only for ex-
tensile dipoles and caused large-scale coherent motions of
the polymer by a mechanism similar to the generic bend
instability of extensile active nematics [38]. These sim-
ulations assumed a homopolymer chain, thus no macro-
scopic self-organization was observed beyond the align-
ment induced by hydrodynamic interactions [36].
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FIG. 1. Model schematic: Mc bead-spring polymer chains
representing individual chromosomes are confined inside a
spheroidal nuclear envelope. Heterochromatic (HC) blocks
can form inter- and intra-chromosomal crosslinks, whereas eu-
chromatic (EC) blocks are decorated with active force dipoles
that drive nucleoplasmic flows.

Here, we extend this computational approach to
investigate the role of dipolar activity and nucleo-
plasmic flows in the spatial segregation of euchro-
matin/heterochromatin in differentiated cells. To do
so, we perform large-scale coarse-grained simulations of
a model nucleus containing multiple chromosomes im-
mersed in a viscous nucleoplasm. The chromosomes are
modeled as diblock copolymers composed of segments of
active euchromatin subject to dipolar activity, alternat-
ing with segments of inactive heterochromatin subject
to inter- and intra-chain crosslinking. Our numerical re-
sults reveal the role of activity-driven coherent motions
and nucleoplasmic flows on the formation, spatial dis-
tribution and compaction of heterochromatin inside the
nucleus. We present the coarse-grained chromatin model
used in our simulations in Sec. II, and a detailed discus-
sion of computational methods in Appendix A. Numeri-
cal results and their predictions for the spatial organiza-
tion of euchromatin and heterochromatin are presented
in Sec. III, where we show stress distributions and hydro-
dynamic flows due to chromatin activity as well as exam-
ine their consequences for the observed genomic contact
probabilities. We discuss these results and their implica-
tions in detail in Sec. IV.

II. COARSE-GRAINED CHROMATIN MODEL

We simulate a system of Mc confined polymers rep-
resenting individual chromosomes inside the interphase
nucleus (Fig. 1). The nuclear envelope, which encloses
the chains, is modeled as a prolate spheroidal cavity
with bounding surface S of eccentricity e and equivalent
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radius Rs, and is filled with a viscous Newtonian nu-
cleoplasm with viscosity η. Each chromosome is coarse-
grained as a self-avoiding active Zimm bead-spring chain
composed of Nb hydrodynamically interacting beads of
radius ah, which are connected by finitely extensible elas-
tic springs. In this coarse-grained description, a bead
should be viewed as a mesoscopic chromatin sub-domain
containing a large number of nucleosomes and associated
proteins at a resolution of ∼ 50 kbp. As depicted in
Fig. 1, each chromosome further consists of alternating
blocks of heterochromatin (HC) and euchromatin (EC),
with an HC fraction αc. Transcriptionally active euchro-
matin experiences microscopic active stresses generated
by the ATP-powered action of nuclear enzymes such as
RNA polymerase II. We model these stresses in terms
of stochastic active force dipoles distributed along EC
blocks and applied to the viscous fluid in which they drive
an active flow [36]. On the other hand, the transcription-
ally inactive HC blocks are characterized by the absence
of active force dipoles and by the ability to form inter-
and intra-chain crosslinks, which represent a macroscopic
model for the crosslinking of the HC blocks by the hete-
rochromatin protein 1 (HP1) [20, 26, 39].

The position xi(t) of bead i = 1, ..., N (where N =
Nb×Mc) is governed by the overdamped Langevin equa-
tion [40]

dxi
dt

=
1

ζ
Fi(t) + u(xi, t) + ξi(t). (1)

The first term on the RHS is the velocity contribution
arising from the net deterministic force on bead i, to be
specified below, where ζ = 6πηah is the corresponding
friction coefficient. The second term captures advection
of the bead by the viscous flow inside the nucleus, with
contributions from activity as well as hydrodynamic in-
teractions resulting from viscous drag on the beads. Fi-
nally, the last term captures Brownian displacements and
is calculated to satisfy the fluctuation–dissipation theo-
rem.

The net deterministic force Fi on bead i accounts for
entropic spring tensions, crosslink forces as well as ex-
cluded volume interactions between neighboring beads:

Fi = Fsi + Fci + Fei . (2)

Entropic spring forces Fsi are modeled using the FENE
spring law [41], and excluded volume forces Fei are cap-
tured using a soft repulsive potential; see Appendix
A for details. Crosslink forces Fci are used to model
binding interactions between beads that belong to HC
blocks. These crosslinks represent HP1 dimers bridging
two heterochromatic fibers, their binding facilitated by
the histone methylation H3K9 of heterochromatin [19–
22]. These binding interactions, which can occur inter-
or intra-chain, are also captured using FENE springs
but with a stiffer spring constant. These links can form
stochastically between pairs of heterochromatic beads
that are within a cutoff radius ac of one another and

both are in an activated state, where activation occurs
stochastically as a Poisson process with rate kcon. Each
bead can form at most one crosslink, and crosslinks are
permanent once formed.

A key aspect of our model is the inclusion of hydro-
dynamic flows induced by the activity of ATP-powered
enzymes and from interactions between chain segments.
Following our past work [36], microscopic active stresses
are coarse-grained in the form of active dipolar forces ap-
plied to the fluid along euchromatic portions of the chro-
mosomes and occur on the scale of one chain link. Specifi-
cally, active dipoles are switched on and off stochastically
as a Poisson process with rates kaon and kaoff , which set
the probability pa = kaon/(k

a
on + kaoff) for a link to be

active. When a euchromatic link i is in the on–state,
two equal and opposite forces are applied to the viscous
nucleoplasm at the positions of the end beads:

Fai = −fan̂i(t), Fai+1 = fan̂i(t), (3)

where n̂i = ni/ni is the unit vector pointing from bead
i to i + 1 obtained from the connector ni = xi+1 − xi
between the two beads. The pair of forces constitutes a
dipole of magnitude σ = fani, which is extensile (←→)
for σ > 0 and contractile (→←) for σ < 0. In simula-
tions, we fix fa, meaning that the actual dipole strength
fluctuates with the distance ni between the beads. We
define a characteristic dipole strength as σ0 = fa`s,
where `s is the equilibrium length of an isolated passive
spring.

Both passive and active forces contribute to the nucle-
oplasmic flow field u and corresponding pressure p, which
satisfy the Stokes momentum equation

−∇p+ η∇2u =
N∑

i=1

(Fi + Fai ) δ(x− xi) (4)

along with the incompressibility constraint ∇ · u = 0.
In Eq. (4), active forces on the right-hand side are only
included for beads that are in the active state. The ve-
locity field is subject to the no-slip condition u = 0
on the surface of the nuclear envelope and is obtained
using an accelerated algorithm based on the kernel-free
fast-multipole method [42], allowing us to simulate large
systems over long periods of time. In the following, we
present results in dimensionless form based on charac-
teristic thermal (equilibrium) scales. Further details of
the computational methods and scalings are provided in
Appendix A.

III. RESULTS

In this section, we consider simulations in a spheroidal
nucleus of equivalent radius Rs = 28, filled with Mc = 23
identical chains (or chromosomes) of 1305 beads for a to-
tal of ∼ 30k beads, with each bead representing ∼ 50 kbp
of the human haploid genome. Each chromosomal chain
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FIG. 2. Long-time evolution of chromatin in simulations of two systems, one with passive euchromatin (σ0 = 0) and another
with active euchromatin (extensile, σ0 = 30). Top row: initial system configuration at t = 0, which is identical in both
simulations; second and third rows: system configurations at dimensionless time t = 700. The four columns show, from left
to right: (a) the full chromatin system, with colors corresponding to distinct chromosomes; (b) the crosslinks within and
between HC blocks, shown as grey beads and overlayed on top of the chains; (c) the location of HC regions (HCRs), defined
as regions in space where the crosslink density exceeds 50% of its maximum measured value in the simulations, and colored by
chain membership; and (d) a subset of four chromosomes and associated crosslinks. Also, see videos of the dynamics in the
Supplemental Material [43].

contains four equally spaced linear HC blocks that in
total occupy a fraction αc ≈ 30% of each chromosome.
Recall that crosslinks can form within and between HC
blocks, but not with or within the EC blocks. Each chro-
mosome is initially prepared as a confined random walk,
then all chromosomes are distributed within the nucleus
to establish distinct chromosomal territories. This sys-
tem is then equilibrated under thermal fluctuations and
excluded volume forces to establish initial data. Simula-
tions were also performed on smaller systems, in which
the chromosomes were initially prepared as fractal glob-
ules [44] instead of random walks (not shown), with no
discernible differences found in the large-scale dynamics
discussed below.

A. Dynamics of heterochromatin segregation

Figure 2 shows the results of two long-time simulations
proceeding from identical initial data (top row). In the
first case, the EC blocks are entirely passive (σ0 = 0, mid-

dle row), and the dynamics largely results from crosslinks
forming within and between HC blocks. In the second
case, the EC blocks are active (σ0 > 0, bottom row),
being stochastically populated with extensile dipoles; see
videos of the dynamics in the Supplemental Material [43].

In the passive case, the chromosomes roughly main-
tain their initial spatial territories (Fig. 2(a)), with only
slight mixing, mainly due to thermal fluctuations, taking
place near their boundaries. The stochastically nucleat-
ing crosslinks, being long-lived, have led progressively to
crosslink-rich regions (Fig. 2(b)). These form a loose net-
work that spans the entire system and alternates with
crosslink-free euchromatin. However, the dynamics of
crosslinking, together with any attendant change in the
mechanics of the chromatin in response to thermal fluc-
tuations and excluded volume forces, has not led to any
large-scale rearrangements of chromosomes or HC blocks.
We suspect that, being rapid in comparison to rearrange-
ments by thermal effects, crosslinking may be rigidifying
the system, leading to fewer opportunities for crosslink-
ing between distant HC blocks. At any rate, heterochro-
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(a)
<latexit sha1_base64="X/qnRvMwhjWbXpmRy4/PIWPyG6U=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN6yBxv29i67cybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCobeJUM95isYx1J6CGS6F4CwVK3kk0p1Eg+WMwvpn5j09cGxGrB5wk3I/oUIlQMIpWuq/S83654tbcOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6Rdr3kXtfpdvdK4zuMowgmcQhU8uIQG3EITWsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8weJWY1M</latexit>

t = 112
<latexit sha1_base64="a9vGbqIYVyp3RdiBVl3T/sBQ68A=">AAAB8HicbVA9SwNBEN2LXzF+RS1tFhPBKtydhTZC0MYygvmQ5Ah7m71kye7esTsnhCO/wsZCEVt/jp3/xk1yhSY+GHi8N8PMvDAR3IDrfjuFtfWNza3idmlnd2//oHx41DJxqilr0ljEuhMSwwRXrAkcBOskmhEZCtYOx7czv/3EtOGxeoBJwgJJhopHnBKw0mMVqvgae57fL1fcmjsHXiVeTiooR6Nf/uoNYppKpoAKYkzXcxMIMqKBU8GmpV5qWELomAxZ11JFJDNBNj94is+sMsBRrG0pwHP190RGpDETGdpOSWBklr2Z+J/XTSG6CjKukhSYootFUSowxHj2PR5wzSiIiSWEam5vxXRENKFgMyrZELzll1dJy695FzX/3q/Ub/I4iugEnaJz5KFLVEd3qIGaiCKJntErenO08+K8Ox+L1oKTzxyjP3A+fwAa+o6j</latexit>

t = 700
<latexit sha1_base64="oA1C9MYZFtsSGxyHvbSWLWjLVKU=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsssDEh2lhiIoiBC9lb9mDD7t1ld86EEH6FjYXG2Ppz7Pw3LnCFgi+Z5OW9mczMCxIpDLrut5NbW9/Y3MpvF3Z29/YPiodHLROnmvEmi2Ws2wE1XIqIN1Gg5O1Ec6oCyR+C0c3Mf3ji2og4usdxwn1FB5EIBaNopccylskVqblur1hyK+4cZJV4GSlBhkav+NXtxyxVPEImqTEdz03Qn1CNgkk+LXRTwxPKRnTAO5ZGVHHjT+YHT8mZVfokjLWtCMlc/T0xocqYsQpsp6I4NMveTPzP66QYXvoTESUp8ogtFoWpJBiT2fekLzRnKMeWUKaFvZWwIdWUoc2oYEPwll9eJa1qxbuoVO+qpfp1FkceTuAUzsGDGtThFhrQBAYKnuEV3hztvDjvzseiNedkM8fwB87nDx+RjqY=</latexit>

t = 12
<latexit sha1_base64="tTARExD4+qTTE3AuuGmWDQPO43o=">AAAB73icbVDLSgNBEOyNrxhfUY9eBhPBU9hdD3oRgl48RjAPSJYwO5lNhsw+nOkVwpKf8OJBEa/+jjf/xkmyB00saCiquunu8hMpNNr2t1VYW9/Y3Cpul3Z29/YPyodHLR2nivEmi2WsOj7VXIqIN1Gg5J1EcRr6krf98e3Mbz9xpUUcPeAk4V5Ih5EIBKNopE4Vq+SaOG6/XLFr9hxklTg5qUCORr/81RvELA15hExSrbuOnaCXUYWCST4t9VLNE8rGdMi7hkY05NrL5vdOyZlRBiSIlakIyVz9PZHRUOtJ6JvOkOJIL3sz8T+vm2Jw5WUiSlLkEVssClJJMCaz58lAKM5QTgyhTAlzK2EjqihDE1HJhOAsv7xKWm7Nuai5926lfpPHUYQTOIVzcOAS6nAHDWgCAwnP8Apv1qP1Yr1bH4vWgpXPHMMfWJ8/qhqOaA==</latexit>

P
as

si
ve

<latexit sha1_base64="OMxAeRduy+NTPJ9kxJ7NTBdCyKU=">AAAB7nicbVA9TwJBEJ3DL8Qv1NJmIzGxIndYYEm0scREPhK4kL1lDjbs7V1290jIhR9hY6Extv4eO/+NC1yh4Es2eXlvZnbmBYng2rjut1PY2t7Z3Svulw4Oj45PyqdnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7hd+Z4pK81g+mVmCfkRHkoecUWOlTpNqzac4KFfcqrsE2SReTiqQozkof/WHMUsjlIYJO6PnuYnxM6oMZwLnpX6qMaFsQkfYs1TSCLWfLdedkyurDEkYK/ukIUv1d0dGI61nUWArI2rGet1biP95vdSEt37GZZIalGz1UZgKYmKyuJ0MuUJmxMwSyhS3uxI2pooyYxMq2RC89ZM3SbtW9W6qtcdapXGXx1GEC7iEa/CgDg14gCa0gMEEnuEV3pzEeXHenY9VacHJe87hD5zPH2rmj50=</latexit>
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<latexit sha1_base64="WtOwl9sKfcVxB1HirrmrtXAe4hg=">AAAB+XicbVA9SwNBEJ3zM8avU0ubxSBYhbtYaBm1sYxgPiA5wt5mkizZ2zt294LhyD+xsVDE1n9i579xk1yhiQ8GHu/NMDMvTATXxvO+nbX1jc2t7cJOcXdv/+DQPTpu6DhVDOssFrFqhVSj4BLrhhuBrUQhjUKBzXB0N/ObY1Sax/LRTBIMIjqQvM8ZNVbquu4NM3yMBJ8MSs0Fdt2SV/bmIKvEz0kJctS67lenF7M0QmmYoFq3fS8xQUaV4UzgtNhJNSaUjegA25ZKGqEOsvnlU3JulR7px8qWNGSu/p7IaKT1JAptZ0TNUC97M/E/r52a/nWQcZmk9i+2WNRPBTExmcVAelwhM2JiCWWK21sJG1JFmbFhFW0I/vLLq6RRKfuX5cpDpVS9zeMowCmcwQX4cAVVuIca1IHBGJ7hFd6czHlx3p2PReuak8+cwB84nz+ODpOa</latexit>

(b)
<latexit sha1_base64="+ztJnr+tGUTNHl6HB1D2mRcIYE0=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN6yBxv29i67cybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCobeJUM95isYx1J6CGS6F4CwVK3kk0p1Eg+WMwvpn5j09cGxGrB5wk3I/oUIlQMIpWuq8G5/1yxa25c5BV4uWkAjma/fJXbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JmVUGJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbzyM6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWXV0m7XvMuavW7eqVxncdRhBM4hSp4cAkNuIUmtIDBEJ7hFd4c6bw4787HorXg5DPH8AfO5w+K3o1N</latexit>

λmax
Q

<latexit sha1_base64="CmBWAwxUO7Fj6ywxrOo2Az+8N2M=">AAACBXicbVC7TsMwFHXKq5RXgBEGixaJqUrKAGMFC2Mr0YfUhshxnNaqnUS2g6iiLCz8CgsDCLHyD2z8DU6bAVqOZOnonHPle48XMyqVZX0bpZXVtfWN8mZla3tnd8/cP+jKKBGYdHDEItH3kCSMhqSjqGKkHwuCuMdIz5tc537vnghJo/BWTWPicDQKaUAxUlpyzePakOm0j9y0nd2lQ47UWPCUo4csq7lm1apbM8BlYhekCgq0XPNr6Ec44SRUmCEpB7YVKydFQlHMSFYZJpLECE/QiAw0DREn0klnV2TwVCs+DCKhX6jgTP09kSIu5ZR7OplvKRe9XPzPGyQquHRSGsaJIiGefxQkDKoI5pVAnwqCFZtqgrCgeleIx0ggrHRxFV2CvXjyMuk26vZ5vdFuVJtXRR1lcAROwBmwwQVoghvQAh2AwSN4Bq/gzXgyXox342MeLRnFzCH4A+PzBwn2mOs=</latexit>

Time average
<latexit sha1_base64="NfUahxcbkfw/x4/w0pebTm3hZ60=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclZm60GXRjcsKfUE7lEx6pw1NMkOSEUrpb7hxoYhbf8adf2PazkJbDwQO55yb3JwoFdxY3//2Nja3tnd2C3vF/YPDo+PSyWnLJJlm2GSJSHQnogYFV9i03ArspBqpjAS2o/H93G8/oTY8UQ07STGUdKh4zBm1Tuo1uERCXYAOsV8q+xV/AbJOgpyUIUe9X/rqDRKWSVSWCWpMN/BTG06ptpwJnBV7mcGUsrG7u+uoohJNOF3sPCOXThmQONHuKEsW6u+JKZXGTGTkkpLakVn15uJ/Xjez8W045SrNLCq2fCjOBLEJmRdABlwjs2LiCGWau10JG1FNmXU1FV0JweqX10mrWgmuK9XHarl2l9dRgHO4gCsI4AZq8AB1aAKDFJ7hFd68zHvx3r2PZXTDy2fO4A+8zx/BG5F+</latexit>

t = 550
<latexit sha1_base64="/58IkkVNNQgYJu/iH0HyovB7bsM=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BFvBU9mtFL0IRS8eK9gPaZeSTbNtaJJdklmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXhALbsB1v53c2vrG5lZ+u7Czu7d/UDw8apko0ZQ1aSQi3QmIYYIr1gQOgnVizYgMBGsH49uZ335i2vBIPcAkZr4kQ8VDTglY6bEMZXyNazW3Xyy5FXcOvEq8jJRQhka/+NUbRDSRTAEVxJiu58bgp0QDp4JNC73EsJjQMRmyrqWKSGb8dH7wFJ9ZZYDDSNtSgOfq74mUSGMmMrCdksDILHsz8T+vm0B45adcxQkwRReLwkRgiPDsezzgmlEQE0sI1dzeiumIaELBZlSwIXjLL6+SVrXiXVSq99VS/SaLI49O0Ck6Rx66RHV0hxqoiSiS6Bm9ojdHOy/Ou/OxaM052cwx+gPn8wckHo6p</latexit>

(d)
<latexit sha1_base64="rfnaQVugt7qUimZxKo3ANBt1uoU=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN7eHmzY27vszpkQwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCobZJMM95iiUx0J6CGS6F4CwVK3kk1p3Eg+WMwupn5j09cG5GoBxyn3I/pQIlIMIpWuq+G5/1yxa25c5BV4uWkAjma/fJXL0xYFnOFTFJjup6boj+hGgWTfFrqZYanlI3ogHctVTTmxp/MT52SM6uEJEq0LYVkrv6emNDYmHEc2M6Y4tAsezPxP6+bYXTlT4RKM+SKLRZFmSSYkNnfJBSaM5RjSyjTwt5K2JBqytCmU7IheMsvr5J2veZd1Op39UrjOo+jCCdwClXw4BIacAtNaAGDATzDK7w50nlx3p2PRWvByWeO4Q+czx+N6I1P</latexit>

(c)
<latexit sha1_base64="Zg9SzxQYTZq3+U3BzjvxJ4sdGWU=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN6yBxv29i67cybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCobeJUM95isYx1J6CGS6F4CwVK3kk0p1Eg+WMwvpn5j09cGxGrB5wk3I/oUIlQMIpWuq+y83654tbcOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6Rdr3kXtfpdvdK4zuMowgmcQhU8uIQG3EITWsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8weMY41O</latexit>

σ0 = 0 σ0 = 20 σ0 = 30 σ0 = 50

P
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ve

<latexit sha1_base64="OMxAeRduy+NTPJ9kxJ7NTBdCyKU=">AAAB7nicbVA9TwJBEJ3DL8Qv1NJmIzGxIndYYEm0scREPhK4kL1lDjbs7V1290jIhR9hY6Extv4eO/+NC1yh4Es2eXlvZnbmBYng2rjut1PY2t7Z3Svulw4Oj45PyqdnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7hd+Z4pK81g+mVmCfkRHkoecUWOlTpNqzac4KFfcqrsE2SReTiqQozkof/WHMUsjlIYJO6PnuYnxM6oMZwLnpX6qMaFsQkfYs1TSCLWfLdedkyurDEkYK/ukIUv1d0dGI61nUWArI2rGet1biP95vdSEt37GZZIalGz1UZgKYmKyuJ0MuUJmxMwSyhS3uxI2pooyYxMq2RC89ZM3SbtW9W6qtcdapXGXx1GEC7iEa/CgDg14gCa0gMEEnuEV3pzEeXHenY9VacHJe87hD5zPH2rmj50=</latexit>
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le
<latexit sha1_base64="WtOwl9sKfcVxB1HirrmrtXAe4hg=">AAAB+XicbVA9SwNBEJ3zM8avU0ubxSBYhbtYaBm1sYxgPiA5wt5mkizZ2zt294LhyD+xsVDE1n9i579xk1yhiQ8GHu/NMDMvTATXxvO+nbX1jc2t7cJOcXdv/+DQPTpu6DhVDOssFrFqhVSj4BLrhhuBrUQhjUKBzXB0N/ObY1Sax/LRTBIMIjqQvM8ZNVbquu4NM3yMBJ8MSs0Fdt2SV/bmIKvEz0kJctS67lenF7M0QmmYoFq3fS8xQUaV4UzgtNhJNSaUjegA25ZKGqEOsvnlU3JulR7px8qWNGSu/p7IaKT1JAptZ0TNUC97M/E/r52a/nWQcZmk9i+2WNRPBTExmcVAelwhM2JiCWWK21sJG1JFmbFhFW0I/vLLq6RRKfuX5cpDpVS9zeMowCmcwQX4cAVVuIca1IHBGJ7hFd6czHlx3p2PReuak8+cwB84nz+ODpOa</latexit>

t ∈ [350, 700]
<latexit sha1_base64="mZvPiGMzYZl1TUn9bWfde3UD0mo=">AAAB+nicbVBNS8NAEJ34WetXqkcvi63gQUrSIvVY9OKxgv2ANJTNdtsu3WzC7kYpsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMC2LOlHacb2ttfWNzazu3k9/d2z84tAtHLRUlktAmiXgkOwFWlDNBm5ppTjuxpDgMOG0H45uZ336gUrFI3OtJTP0QDwUbMIK1kXp2oaRRlwnkVS+di5rj+KWeXXTKzhxolbgZKUKGRs/+6vYjkoRUaMKxUp7rxNpPsdSMcDrNdxNFY0zGeEg9QwUOqfLT+elTdGaUPhpE0pTQaK7+nkhxqNQkDExniPVILXsz8T/PS/Tgyk+ZiBNNBVksGiQc6QjNckB9JinRfGIIJpKZWxEZYYmJNmnlTQju8surpFUpu9Vy5a5SrF9nceTgBE7hHFyoQR1uoQFNIPAIz/AKb9aT9WK9Wx+L1jUrmzmGP7A+fwCRepGZ</latexit>

ρhc
<latexit sha1_base64="cSIfO/0t9yGJYMWXdA7ajSDo/Us=">AAAB+3icbVC7TsMwFHXKq5RXKCNLRIvEVCVlgLGChbFI9CE1UeS4TmvVj8h2EFWUX2FhACFWfoSNv8FpM0DLkSwdnXOv7vGJEkqUdt1vq7KxubW9U92t7e0fHB7Zx/W+EqlEuIcEFXIYQYUp4biniaZ4mEgMWUTxIJrdFv7gEUtFBH/Q8wQHDE44iQmC2kihXW/6cipCn0E9lSyborwZ2g235S7grBOvJA1QohvaX/5YoJRhrhGFSo08N9FBBqUmiOK85qcKJxDN4ASPDOWQYRVki+y5c26UsRMLaR7XzkL9vZFBptScRWayyKhWvUL8zxulOr4OMsKTVGOOlofilDpaOEURzphIjDSdGwKRJCarg6ZQQqRNXTVTgrf65XXSb7e8y1b7vt3o3JR1VMEpOAMXwANXoAPuQBf0AAJP4Bm8gjcrt16sd+tjOVqxyp0T8AfW5w/hxJRV</latexit>
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<latexit sha1_base64="ov1TxRddEq2OL3r4kfFSBPGGRSw=">AAAB83icbVC7SgNBFL3rM8ZXVLCxGQyCVdiNhVYSYmOZgHlAdgmzk9lkyMzsMjMrhCW/YWOhiG3+wi+ws/FbnDwKTTxw4XDOvdx7T5hwpo3rfjlr6xubW9u5nfzu3v7BYeHouKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLyb+q1HqjSL5YMZJTQQuC9ZxAg2VvJ9zfoCd110i9xuoeiW3BnQKvEWpFg5rX+zSfWj1i18+r2YpIJKQzjWuuO5iQkyrAwjnI7zfqppgskQ92nHUokF1UE2u3mMLqzSQ1GsbEmDZurviQwLrUcitJ0Cm4Fe9qbif14nNdFNkDGZpIZKMl8UpRyZGE0DQD2mKDF8ZAkmitlbERlghYmxMeVtCN7yy6ukWS55V6Vy3StWqjBHDs7gHC7Bg2uowD3UoAEEEniCF3h1UufZeXPe561rzmLmBP7AmfwATR2UPg==</latexit>

σ0 < 0
<latexit sha1_base64="U6czcN9d1B8qP4V2rnSHQJW7JNw=">AAAB83icbVC7SgNBFL3rM8ZXVLCxGQyCVdiNhRYWITaWCZgHZJcwO5lNhszMLjOzQljyGzYWitjmL/wCOxu/xcmj0MQDFw7n3Mu994QJZ9q47peztr6xubWd28nv7u0fHBaOjps6ThWhDRLzWLVDrClnkjYMM5y2E0WxCDlthcO7qd96pEqzWD6YUUIDgfuSRYxgYyXf16wvcNdFt8jtFopuyZ0BrRJvQYqV0/o3m1Q/at3Cp9+LSSqoNIRjrTuem5ggw8owwuk476eaJpgMcZ92LJVYUB1ks5vH6MIqPRTFypY0aKb+nsiw0HokQtspsBnoZW8q/ud1UhPdBBmTSWqoJPNFUcqRidE0ANRjihLDR5Zgopi9FZEBVpgYG1PehuAtv7xKmuWSd1Uq171ipQpz5OAMzuESPLiGCtxDDRpAIIEneIFXJ3WenTfnfd665ixmTuAPnMkPShGUPA==</latexit>

∆/Rs
<latexit sha1_base64="BX9wGohfTjwzvI6yq1xG4Z9Vx0U=">AAAB83icbVC7TsNAEFzzDOEVoKQ5kSBRBTsUUEZAQRkQeUixFZ0v5+SU80N3a6TIym/QUIAQLT9Dx99wSVxAwkgrjWZ2tbvjJ1JotO1va2V1bX1js7BV3N7Z3dsvHRy2dJwqxpsslrHq+FRzKSLeRIGSdxLFaehL3vZHN1O//cSVFnH0iOOEeyEdRCIQjKKR3Ip7yyXS84eervRKZbtqz0CWiZOTMuRo9Epfbj9macgjZJJq3XXsBL2MKhRM8knRTTVPKBvRAe8aGtGQay+b3Twhp0bpkyBWpiIkM/X3REZDrcehbzpDikO96E3F/7xuisGVl4koSZFHbL4oSCXBmEwDIH2hOEM5NoQyJcythA2pogxNTEUTgrP48jJp1arORbV2XyvXr/M4CnAMJ3AGDlxCHe6gAU1gkMAzvMKblVov1rv1MW9dsfKZI/gD6/MHvdKQ1Q==</latexit>
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<latexit sha1_base64="oW9dFWXG+yfFO2MFpGxygs5Vb9w=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhCswl0stAzaWEYwH5AcYW8zSZbs7R67e0o48jdsLBSx9c/Y+W/cJFdo4oOBx3szzMyLEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jUo1wwZTQul2RA0KLrFhuRXYTjTSOBLYisa3M7/1iNpwJR/sJMEwpkPJB5xR66Tu00gJJEOUKsZeqexX/DnIKglyUoYc9V7pq9tXLI1RWiaoMZ3AT2yYUW05EzgtdlODCWVjOsSOo5LGaMJsfvOUnDulTwZKu5KWzNXfExmNjZnEkeuMqR2ZZW8m/ud1Uju4DjMuk9SiZItFg1QQq8gsANLnGpkVE0co09zdStiIasqsi6noQgiWX14lzWoluKxU76vl2k0eRwFO4QwuIIArqMEd1KEBDBJ4hld481LvxXv3Phata14+cwJ/4H3+AAvTka4=</latexit>

0.2
σ0 = 0 σ0 = 20 σ0 = 30 σ0 = 50
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FIG. 3. (a) Left: Standard deviation d =
√
〈|x|2〉 of the polymer mass distribution normalized by the equivalent nucleus radius

Rs for EC and HC blocks as a function of time, where HC blocks are seen to migrate towards the center of the system. The
inset shows the migration offset, defined as ∆ = dec − dhc, at steady state as a function of activity σ0. Right: Mean density
ρhcr of HCRs (see Fig. 2(c)). Insets show the fraction of the number of beads contained in HCRs, as well as the fraction of the
total volume that they occupy. (b) For the simulations in Fig. 2, time snapshots of the heterochromatin density field in a plane
containing the major axis of the nucleus, for the active euchromatin case (σ0 = 30, top row), and the passive euchromatin case
(σ0 = 0, bottom row). (c) Left: nematic order parameter λmax

Q , averaged over spheres of radius δ at late times, for various
levels of activity σ0. Right: nematic order parameter for EC blocks, HC blocks, and for the whole genome, in simulations
with σ0 = 30. (d) For the same simulations as shown in Fig. 2, the structure of nematic alignment for δ = 5 in a plane
containing the major axis of the nucleus, for the active euchromatin case (σ0 = 30, top row) and the passive euchromatin case
(σ0 = 0, bottom row). The colormap is of the scalar nematic order parameter, while black segments depict the nematic director
projected onto the viewing plane. The left column shows a snapshot at t = 550, whereas the right column shows a time average
for t ∈ [350, 700].

matin is distributed across the nucleus with approximate
uniformity, corresponding to the initial placement of the
HC blocks; see Fig. 2(c).

The dynamics and distribution of heterochromatin is
very different for a system that contains active euchro-
matin (Fig. 2, bottom row). There, extensile dipoles in
EC blocks drive large-scale coherent flows that draw
neighboring chain segments into alignment, while mix-
ing chromosomal territories. As a consequence of these
active flows, the morphology of crosslinked heterochro-
matic regions (HCRs, defined as the regions in space
where the crosslink density exceeds 50% of its maximum
measured value in the simulations) is also quite different:
mixing indeed facilitates crosslink formation between dis-
tinct HC blocks, resulting in a more compact crosslinked
network that progressively densifies near the center of the
nucleus. These distinct morphologies are especially visi-
ble in Fig. 2(c), where we show the spatial boundaries of
HCRs. It is important to note that while each HC block
represents a part of one chromosome, an HCR can con-

tain HC blocks from several different chromosomes. We
find that HCRs have a much more compact and dense
structure in the active case, with most of the active eu-
chromatin expelled from the nuclear center towards the
nuclear envelope. Snapshots of four individual chromo-
somes are also shown in Fig. 2(d) and further highlight
the role of active nucleoplasmic flows that promote the
compaction of heterochromatin while opening up and un-
folding active euchromatic chain segments.

We further quantify the spatiotemporal evolution of
the system in Fig. 3. The migration of heterochromatin
towards the nucleus center in the active case is evident in
Fig. 3(a,left), showing the time evolution of the standard
deviation d =

√
〈|x|2〉 of the polymer mass distribution

normalized by the equivalent nuclear radius Rs = 28,
for both EC and HC blocks. While the spatial distri-
bution of euchromatin shows only a minor shift towards
the nuclear boundary, heterochromatin is found to con-
centrate near the center of the nucleus in the active ex-
tensile case, as evidenced by the decay of dhc with time
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and corresponding growth of the migration offset defined
as ∆ = dec − dhc. This inward migration is also accom-
panied by an increase in chromatin number density in-
side heterochromatic regions as shown in Fig. 3(a,right),
where we define ρhcr = Nhcr/Vhcr as the ratio of the num-
ber of beads of any type contained in the HCRs identified
in Fig. 2(c) over the corresponding volume. In the absence
of activity (σ0 = 0), the number density remains close to
the average number density of the system, whereas it in-
creases significantly when extensile dipoles are applied
along EC blocks (σ0 > 0). As shown by the insets in
Fig. 3(a,right), this density increase is due to both an
increase in Nhcr and a decrease in Vhcr, suggesting that
activity not only drives a spatial compaction of HCRs
over time, but also causes these compacting regions to
recruit and trap more EC block fragments during com-
paction. Spatial maps of the heterochromatic density in
a plane cross-section are shown in Fig. 3(b) and confirm
these findings: crosslinked regions are relatively sparse
and evenly distributed across the nucleus in the passive
case, but concentrate into a dense and compact structure
near the center of the nucleus with extensile activity. The
case of contractile activity (not shown) is qualitatively
similar to the passive case, with no discernible segrega-
tion of HC and EC blocks.

As observed in the snapshots of Fig. 2, euchromatic
extensile activity not only facilitates the segregation and
compaction of crosslinked heterochromatin, but it also
induces its own unfolding and alignment as first pre-
dicted in our past work [36, 37]. We quantify this align-
ment by calculating the tensorial nematic order param-
eter Q = 〈n̂n̂− I/3〉δ, where n̂ = n/n is the unit di-
rector between successive beads inside the chains, and
the average is performed over spherical domains of ra-
dius δ. Its largest eigenvalue λmax

Q ∈ [0, 2/3] defines the
scalar nematic order parameter and is a measure of the
degree of euchromatin alignment on the length scale δ.
Figure 3(c,left) shows λmax

Q as a function of δ for differ-
ent levels of activity. In passive simulations (σ0 = 0),
nematic alignment is negligible except on short length
scales (δ/Rs . 0.2), where it is induced by steric in-
teractions between neighboring chain segments. In the
presence of extensile activity, the nematic order signifi-
cantly increases on all scales as active force dipoles within
EC blocks induce local flows that draw nearby chain seg-
ments into alignment. This emergent alignment increases
the spatial coherence of the active dipolar flows via a pos-
itive feedback loop, generating nematic order on length
scales that greatly exceed the scale of one dipole ∼ O(1).
The precise mechanism for these coherent flows was dis-
cussed in our past work [36] and is similar to the generic
instability occurring in various other active nematic sys-
tems [45–47]. As shown in Fig. 3(c,right), nematic align-
ment primarily occurs among EC blocks, where dipolar
activity takes place, as these sections of the chromatin
are not crosslinked and therefore relatively free to reorga-
nize in response to hydrodynamic flows. Alignment inside
HC blocks is much weaker and comparable to the pas-

sive case, as the internal structure of heterochromatin is
strongly constrained by the presence of crosslinks. These
observations are amplified in Fig. 3(d), which shows spa-
tial maps of the scalar order parameter and dominant
alignment direction in a plane across the system. Nematic
alignment is strong in euchromatic regions on the nuclear
periphery and tends to conform to the system boundary.
These features remain present in the time-averaged ne-
matic order parameter map, where the average was per-
formed over t ∈ [350, 700]. The strong heterogeneity of
the average map on this timescale suggests long-lived in-
ternal dynamics in the system, despite its very dynamic
nature on short timescales.

In summary, our results reveal the central role of ATP-
powered activity, taking place along the EC blocks of
each chromosome, in determining the density, structure
and positioning of heterochromatic regions (HCRs) in-
side the nucleus. We find that activity enhances the HCR
compaction as well as the trapping of euchromatic seg-
ments within HCRs, relative to the passive case. More-
over, activity creates a large-scale nematic alignment out-
side of HCRs, where EC blocks are largely unconstrained
and free to align with themselves and with boundaries of
the nucleus as well as HCRs. The mechanistic origin of
this complex organization lies in the emergent stress fields
– both active and passive – and attendant nucleoplasmic
flows, which we now analyze.

B. Active stresses and hydrodynamic flows

The dynamics of heterochromatin region formation
and euchromatin nematic ordering are tightly linked to
the hydrodynamic flows driven by active stresses and
the resulting elastic stresses they generate inside the
chains. We first analyze the internal stress distributions
in Fig. 4(a), showing maps of the radial (Σrr) and shear
(Σrθ) components of the active and tensile stress ten-
sors in a plane across the nucleus, where (r, θ) are po-
lar coordinates in that plane. The distribution of ac-
tive dipoles along EC blocks results in an effective active
stress [48, 49] that can be defined, based on the Irving–
Kirkwood formula [50], as

Σa(r, θ) =
1

Vδ

∑

active
links

−σ0ni(n̂in̂i − I/3), (5)

where the sum is over all active links inside the local
averaging volume Vδ, taken to be a sphere of radius δ = 5.
Similarly, the tensile stress is calculated as a local average
over the FENE springs comprising the chromatin and
crosslinks as

Σs(r, θ) =
1

Vδ

∑

springs

Hcn
2
i

1− (ni/n0)2
(n̂in̂i − I/3). (6)

In the active extensile case (σ0 > 0), active stresses
are dominant in the nuclear periphery, where euchro-
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FIG. 4. Analysis of the stress and flow fields: (a) Stress field exerted by dipolar active forces (first row) and internal tensile
forces (second and third rows) in a plane containing the major axis of the nucleus, for the active euchromatin case (extensile,
σ0 = 30, top two rows) and the passive euchromatin case (σ0 = 0, bottom row). The two columns show the radial (Σrr) and
shear (Σrθ) components of the stress averaged over t ∈ [350, 700], where (r, θ) are polar coordinates in the plane. (b,c) Radial
variation of active (b) and tensile (c) stress components averaged over the azimuthal direction for extensile (σ0 = 30), passive
(σ0 = 0) and contractile (σ0 = −30) systems. (d) Snapshots of the disturbance flows induced by deterministic forces along EC
blocks (uec) and HC blocks (uhc), as well as total disturbance flow (utotal = uec + uhc), for an active extensile system with
σ0 = 30. The colormap shows the magnitude of the force distribution, and the vector plot shows the projections of the velocity
field in a plane containing the major axis of the nucleus. Insets show zoomed-in regions where the flows induced by euchromatin
and heterochromatin forces clearly oppose one another. (e) Top: Temporal evolution of the root mean square velocity

√
〈u2〉,

showing the stronger flow induced by the euchromatin due to the presence of active dipole forces. Bottom: Time evolution
of the correlation between the directions of the euchromatin and heterochromatin velocity fields, defined as 〈ûec · ûhc〉 where
û = u/|u|, showing a strong negative correlation. These panels use the data from the simulations in Fig. 2. Also see videos of
the flow fields in the Supplemental Material [43].

matin is primarily located and organized, and their dis-
tribution closely follows that of the nematic tensor in
Fig. 2(d). Indeed, in the mean-field limit, the active stress
of Eq. (5) can be approximated as Σa ≈ −ρaσ0〈na〉Q
where ρa is the local number density of active links and
〈na〉 ∼ O(1) is the mean length of active links, which is
activity dependent. In simulations with σ0 = 30, we mea-
sure 〈na〉 ≈ 1.3. As shown by Fig. 4(a), a strong positive
radial stress Σarr (similar to a negative active pressure)
exists near the boundary and is consistent with the ne-
matic alignment of the active extensile euchromatin chain
segments along the boundary as found in Fig. 2(d). An
active shear stress Σarθ is also observed near the boundary,
albeit less intense and not uniformly distributed, with
both Σarθ > 0 and < 0 over distinct euchromatic regions.
As is evident in Fig. 4(a), the response of the elastic
chromatin chain network to dipolar activity involves an
oppositely signed tensile stress Σs with radial and shear
components that closely mirror the active stress distribu-
tion. This indicates that the fluid flows driven by active
stresses tend to stretch and shear the chromatin network
resulting in the observed tensile stress. In the passive
system, there are no active stresses and the tensile stress
distribution shows no clear structure except very close
to the system boundary, where weak alignment occurs

due to steric effects. These various findings are summa-
rized in Fig. 4(b,c) showing the radial dependence of the
various stress contributions in extensile, passive, and con-
tractile systems. In all cases, average stresses are quite
weak inside heterochromatin (r/Rs < 0.5) but display a
peak near r/Rs ≈ 0.7 − 0.9, where active stresses in ex-
tensile systems dominate the tensile stresses they induce
inside the chain. With contractile activity, active stresses
are of the opposite sign and are much weaker in mag-
nitude due to the lack of nematic ordering in that case,
other than very close to the nuclear envelope.

Figure 4(d) shows typical snapshots of the nucleoplas-
mic flow fields in the active extensile case; see videos of
these flow fields in the Supplemental Material [43]. To
analyze the distinct contributions of EC and HC blocks,
we display separately the two flow fields induced by each
type of chromatin as well as their sum, which is the net
flow experienced by the system. The nucleoplasmic flow
induced by euchromatin, which is distributed throughout
the system, is found to be the strongest as a result of the
active stresses present along these chain segments and is
characterized by large-scale jets and recirculating flows.
On the other hand, heterochromatin is primarily local-
ized near the center of the system, and the disturbance
flows it exerts are strongest there, where they are found
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to oppose the active flow driven by euchromatin. This
is especially visible in the insets in Fig. 4(d), and is con-
sistent with the discussion of stresses above: active flows
tend to stretch and deform the heterochromatin network,
which responds by developing tensile forces that oppose
the flow. The net nucleoplasmic flow in the system, shown
in the third panel of Fig. 4(d), is the sum of the two and
indeed appears weaker and less coherent than the flow in-
duced by euchromatin alone. This damping of active flows
is indicative of hydrodynamic screening by the passive
heterochromatic regions, which act as a porous elastic
network. These findings are confirmed in Fig. 4(e), where
we observe that the root mean square velocity of the to-
tal flow falls between those of the contributions from eu-
chromatin and heterochromatin, and that the directions
of these two velocity contributions tend to oppose one
another: 〈ûec · ûhc〉 < 0, where û = u/|u|. Interestingly,
the same negative correlation exists in the passive case,
even though the motion in that case is purely thermal at
steady state, and thus spatially uncorrelated and much
weaker.

In summary, we find that the chromatin segregation
into dense HCRs surrounded by nematically aligned eu-
chromatin occurs concomitantly with the development
of stress fields inside the nucleus. These stresses are
strongest outside of HCRs and involve opposing contri-
butions from euchromatic activity and internal tensile
forces. The resulting fluid flows are coherent on large
length scales and show evidence of hydrodynamic screen-
ing by the crosslinked HCR networks. These flows, to-
gether with crosslinking interactions, result in dynamic,
yet highly structured chromatin conformations, whose
impact on the genome organization we now examine.

C. Hi-C proximity maps

The genome’s physical interactions can be quantified
across different length scales by assessing the proximity
probabilities between different genomic loci using chro-
mosome conformation capture techniques such as Hi-C
[51, 52]. We examine such interactions between chromo-
somes 1 and 4 in our model by measuring the proxim-
ity or near-contact of genomic loci along the two chro-
mosomes. The resulting heat map (or Hi-C map) vi-
sualizing the contacts among genomic loci is shown in
Fig. 5, with color ranging from red to white indicating
high to low proximity, respectively (see Appendix B for
details of the method used to calculate Hi-C maps). Fig-
ures 5(a,b) below the diagonal show snapshots at a late
time for a passive (σ0 = 0) and active extensile simu-
lation (σ0 = 30), respectively, whereas above the diago-
nal they show time averages over t ∈ [350, 700] for the
same simulations. The blue colored segments along the
axes highlight the location of the HC blocks, while the
green colored dots along the diagonal label portions of
the genome that are spatially located inside the HCRs
identified in Fig. 2(c). The relative size of these green

high-interaction regions exceeds that of the HC blocks
due to chain connectivity, which ensures that proximal
genomic segments become trapped inside the HCRs as
the permanent crosslinks form and compact the chain lo-
cally. This is especially true in the active extensile case
(Fig. 5(b)) and is consistent with Fig. 3(a), which showed
that the fraction of beads contained in HCRs increases
with activity.

On the one hand, the fraction of the genome that is
contained inside HCRs has a higher probability of inter-
action with itself due to its compacted nature; on the
other hand, euchromatin away from HCRs tends to be
unfolded and thus has little interaction, beyond a few
links in distance, with itself or with the chromatin inside
HCRs. This results in a checkerboard patterning of high
and low interaction. The diagonal squares in our simula-
tions are one signature of the highly crosslinked HCRs,
which have high inter-region interaction frequency. The
variable size of those squares in Fig. 5(b) reflects the
number of sequential HC blocks that are occupants of
the same HCR as well as the amount of trapped eu-
chromatin. The off-diagonal squares arise from genomi-
cally distant HC blocks being bound together into a sin-
gle HCR. We find that extensile activity also promotes
inter-chromosomal interactions as a result of mixing, as
evidenced by the off-diagonal blocks in the Hi-C maps.
Checkerboard patterning, at a resolution of a 0.1−1 Mb,
is a prominent feature of experimental Hi-C maps and is
characteristic of the spatial compartmentalization of two
main types of chromatin: active and open euchromatin
and inactive and compacted heterochromatin [51, 53–56].
Clear square patterns are absent in the passive simula-
tion (σ0 = 0), where crosslinked heterochromatin forms
throughout the nucleus and remains evenly distributed
(see Fig. 2), resulting in a relatively stronger probability
of interaction with neighboring euchromatin.

Another prominent feature evidenced in Fig. 5(b) is
the formation of temporary loops inside euchromatin re-
gions. In experimental Hi-C maps, the evidence of loops
is also commonplace, where they are formed by active
proteins known as loop-extruding factors such as con-
densin and cohesin [57, 58]. Here, the loops we observe
have a different origin and derive from the unfolding of
non-crosslinked chain segments by active hydrodynamic
flows. In some cases, these loops occur in pairs as high-
lighted in Fig. 5(c), showing two examples of loop pairs
and close-ups of their signatures in the Hi-C map of
Fig. 5(b), where they appear as closed semi-circles along
the diagonal. These structures bear resemblance to the
star-shaped Hi-C patterns observed by Brandão et al.
[59], where they were explained as a consequence of spe-
cific interactions between two condensin motors. Each
yellow arrow emanating from the diagonal in the detailed
Hi-C maps of Fig. 5(c) describes one loop, whereas the
lines parallel to the diagonal and bridging the two ar-
rows correspond to the adjoining bases of the two loops.
The size and intensity of each semi-circle depends on the
length of the loops and their compactness. We note that
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(b)
<latexit sha1_base64="+ztJnr+tGUTNHl6HB1D2mRcIYE0=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN6yBxv29i67cybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCobeJUM95isYx1J6CGS6F4CwVK3kk0p1Eg+WMwvpn5j09cGxGrB5wk3I/oUIlQMIpWuq8G5/1yxa25c5BV4uWkAjma/fJXbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JmVUGJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbzyM6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWXV0m7XvMuavW7eqVxncdRhBM4hSp4cAkNuIUmtIDBEJ7hFd4c6bw4787HorXg5DPH8AfO5w+K3o1N</latexit>

(c)
<latexit sha1_base64="Zg9SzxQYTZq3+U3BzjvxJ4sdGWU=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN6yBxv29i67cybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCobeJUM95isYx1J6CGS6F4CwVK3kk0p1Eg+WMwvpn5j09cGxGrB5wk3I/oUIlQMIpWuq+y83654tbcOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6Rdr3kXtfpdvdK4zuMowgmcQhU8uIQG3EITWsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8weMY41O</latexit>

FIG. 5. Hi-C proximity maps for (a) a passive euchromatin system (σ0 = 0) and (b) an active euchromatin system (extensile,
σ0 = 30); see Appendix B for details of the method. The maps show chromosomes 1 and 4 that were not in direct contact
in the initial condition (pink and orange chains in Fig. 2(d)). In each case, the lower diagonal (red) shows a time snapshot,
whereas the upper diagonal (pink) shows an average over t ∈ [350, 700]. Blue segments along the axes indicate the HC blocks
(four per chromosomes), which are the locations where crosslinks can form. Green segments along the diagonal show sections
of the chain that are spatially contained inside the HCRs identified in Fig. 2(c). (c) Two examples of loops forming inside
euchromatin in the extensile case and a zoom on their signature in the Hi-C map of (b), where their location is highlighted by
purple and cyan triangles along the diagonal of chromosome 4 in (b). These panels use the data from the simulations in Fig. 2.

these patterns do not persist on long time scales and in-
deed disappear in the time-averaged Hi-C maps due the
dynamic nature of the loops, whose fate is governed by
the nucleoplasmic flows.

In summary, the proximity maps of Fig. 5 recapitu-
late many qualitative features observed in experimental
Hi-C maps, from checkerboard patterns resulting from
compaction of HCRs, to the formation of transient loops
inside euchromatin due to the stretching and unfolding of
the chromatin by the nucleoplasmic flows. ATP-powered
extensile dipolar activity is found to play a key role in set-
ting these genomic features, with consequences for gene
interactions as well as the regulation of gene expression
that remain to be explored.

IV. DISCUSSION

Our simulations reveal the key role of ATP-dependent
active processes and long-ranged hydrodynamic interac-
tions in the spatial segregation of heterochromatin and
euchromatin in the cell nucleus. By modeling chromatin
as an active Zimm polymer, consisting of euchromatin
blocks decorated with stochastic force dipoles and pas-
sive heterochromatin blocks subject to inter- and intra-
chain crosslinks, we find that large-scale chromatin orga-
nization is profoundly affected by extensile euchromatic
activity. This activity enhances both spatial segrega-
tion and compaction of heterochromatin, leading to for-
mation of dense heterochromatin regions (HCRs). The
segregation originates from nucleoplasmic flows, induced
by active euchromatin, which lead to an increased mix-
ing between chromosomes and, hence, intensified hete-

rochromatin cross-linking within and between chromo-
somes. Nucleoplasmic flows display long-ranged coher-
ence in systems with extensile dipoles, due to their spon-
taneous alignment in their own self-induced flow fields,
which gives rise to the emergence of nematic alignment
and unfolding of the polymer chain within euchromatin
regions [36].

Our model for active stresses – stochastic force dipoles
– is built on the premise that ATP-powered nuclear en-
zymes exert microscopic forces locally on chromatin seg-
ments that are transmitted to the nucleoplasm via vis-
cous drag, that is, the force dipole acts entirely upon
the nucleoplasm. More detailed microscopic modeling
may suggest that forces are also transduced onto the
chromatin strand directly. In that case, recent work
in modeling cytoskeletal assemblies suggests that dense
cross-linking can also yield long-range transmission of
stress and material motion [60, 61]. The nuclear ac-
tive events occur on the scale of individual genes in
the human genome, the scale of a single bead in our
model. Such events could be quite complex and involve
active processes such as: RNA polymerase II transloca-
tion along DNA accompanied by the steric repulsion due
to mRNA polymerization or local chromatin reorganiza-
tion by chromatin remodellers and loop extruders such
as cohesin and condensin [6, 56].

Despite this richness and complexity, the stress signa-
ture of each of such active events can be formally coarse-
grained from first principles as driving a dipolar nucle-
oplasmic flow. This flow is the leading-order contribu-
tion in the multipole expansion conserving local momen-
tum of the flow field generated by the active event at its
chromatin chain segment. Presently, the type of dipole
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(i.e., extensile or contractile), its magnitude, duration
and orientation with respect to the chromatin chain is
unknown for different types of active events. Yet, the
emergent properties of active polymers closely depend
on the coupling of these active events to their confor-
mational degrees of freedom [62, 63]. Such knowledge
could be gleaned by performing microscopic molecular-
scale simulations of protein-chromatin interactions and
systematically coarse-graining the stress and flow fields
they generate.

In our simulations, we observe heterochromatin to seg-
regate in the center of the nucleus – a likely consequence
of the symmetry of the initial data, where a randomly
placed HC block is more likely to find and bind to an-
other HC block in the nuclear interior as opposed to
the periphery. This central heterochromatin placement
is consistent with earlier equilibrium simulations of het-
erochromatin formation [25, 26]. Yet, the heterochro-
matin distribution observed in experiments is more com-
plex, with heterochromatin regions located in the nu-
clear interior, but also along the nuclear envelope and
surface of subnuclear bodies such as nucleoli [7]. This
suggests that other interactions, such as chromatin-lamin
interactions at the nuclear envelope [28] and chromatin-
nucleolus interactions at the nucleolar surface [64], affect
heterochromatin localization in the nucleus. Indeed, ac-
cumulation of heterochromatin near the nuclear envelope
has been observed in equilibrium simulations accounting
for chromatin-lamin interactions [14, 27]. Interestingly,
both the nuclear envelope and the nucleolar surface were
found to undergo dynamical shape fluctuations in vivo
[65, 66], which could also affect the heterochromatin ac-
cumulation at these boundaries [67, 68]. Furthermore,
in our model we observe an increased mixing of chromo-
some territories compared to experimental observations
[51, 69]. This likely occurs due to high levels of activity
as well as absence of physical tethering of chromatin to
the nuclear envelope in our simulations.

Taken together, our model demonstrates that hete-
rochromatin segregation is driven by an intricate in-
terplay between the local variations in chromatin’s
crosslinking and activity. Our results highlight the key
role of the large-scale mechanics of chromatin and nu-
cleoplasmic fluid, which interact via active and passive
stress fields distributed across the entire nucleus. The
heterogeneity of chromatin organization across the nu-
cleus suggests a complex, spatially dependent rheological
behavior, with crosslinked heterochromatin behaving like
an elastic porous solid and unconstrained active euchro-
matin behaving like an active fluid with local nematic
order [7, 49]. These two segregated materials interact
via mechanical stress at their interfaces as well as viscous
stresses due to nucleoplasmic flows, which permeate both
phases. This picture is in good agreement with recent in-
vivo experiments by Eshghi et al. [70], which used a new
methodology of noninvasive microrheology that employs
intrinsic chromatin dynamics to map spatially resolved
rheological behavior [70, 71], and revealed that fluid-

like and solid-like phases, corresponding to euchromatin
and heterochromatin, respectively, coexist in differenti-
ated cell nuclei. Modeling of these two phases revealed
that euchromatin behaves as a Maxwell fluid, while het-
erochromatin can be described by a Kelvin solid [70]. A
numerical characterization of effective rheological prop-
erties in simulations could elucidate the micromechan-
ics underlying these measurements, as well as provide a
basis for developing self-consistent continuum models of
nuclear mechanics that could be used for mathematical
analysis as well as mean-field simulations [72].

The discussion above begs the question as to whether
there is a functional role for the organized euchromatic
flows generated by dipolar activity. For example, they
could facilitate the distribution of the transcription ma-
chinery in the cell nucleus by advective, in addition to
diffusive, transport. Revealing biological origins of the
extensile activity may provide fundamental insights into
biophysical mechanism(s) behind dynamical genomic in-
teractions and their role in gene regulation. To this
end, illuminating the dynamics of the genome’s self-
organization holds great promise, assisted by a close in-
terplay between experimental and theoretical approaches
across different length scales.
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Appendix A: Details of the computational model

1. Chain mechanics: deterministic forces

The spring forces Fsi in Eq. (2) are modeled using the
FENE spring law [41], which gives linear Hookean behav-
ior at short extensions but prevents stretching beyond a
maximum extension n0. Within a given chain, the net
spring force on bead i is

Fsi =
Hcni

1− (ni/n0)2
− Hcni−1

1− (ni−1/n0)2
, (A1)

where ni = xi+1 − xi is the connector from bead i to
i + 1 and Hc is the entropic spring constant. Crosslink
forces Fci are captured using the same force law, but with
a stiffer spring constant of 10Hc.

Excluded volume forces Fei prevent overlap of distinct
sections of the polymer and are captured using a soft
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repulsive potential:

Fei = −
∑

j 6=i

∇iΦ(xi − xj), with Φ(x) =
Φ0

|x|n , (A2)

with n = 3. The choice of the parameter Φ0 is ad hoc
and chosen to ensure that the chain does not cross it-
self. The potential is truncated whenever |xi − xj | > `s,
where `s is the equilibrium spring length, and three ad-
ditional equally-spaced repulsive nodes are placed along
each link in addition to the beads when calculating these
interactions. A cell list algorithm is employed for efficient
calculation of these forces with O(N) complexity [73].

2. Hydrodynamic interactions

The calculation of the nucleoplasmic flow field u ap-
pearing in the Langevin equation (1) involves solving the
Stokes equation (4) subject to the no-slip condition on
the nuclear envelope and evaluating the solution at the
location of each bead. Due to the linearity of the Stokes
equations, that solution can be written in terms of a
Green’s function G as

u(xi) =
N∑

j=1

G(xi; xj) ·
(
Fj + Faj

)
, (A3)

where the forces on the right-hand side are known. While
analytical expressions for G exist in spherical domains
[36, 74], a numerical solution is required in the spheroidal
domains considered here. Rather than evaluating G di-
rectly, we instead decompose the velocity of Eq. (A3) into
two parts [75]: u = us + uc. The first contribution is de-
fined as the velocity induced by the distribution of point
forces in free space,

us(x) =
N∑

j=1

Gs(x; xj) ·
(
Fj + Faj

)
, (A4)

expressed in terms of the Oseen tensor or Stokeslet

Gs(x; x0) =
1

8πη

(
I

|x− x0|
+

(x− x0)(x− x0)

|x− x0|3
)
.

(A5)
The second contribution uc is a correction velocity cal-
culated to satisfy the correct boundary condition. Note
that uc satisfies the homogeneous Stokes equations with
boundary condition uc(x) = −us(x) for x ∈ S. It can be
calculated as a single-layer boundary integral equation
for Stokes flow [76]:

uc(x) = −
∫

S

Gs(x; x0) · f(x0) dS(x0), (A6)

where f(x0) is an unknown traction distribution on the
surface of the domain boundary. Evaluating Eq. (A6) on
the surface S and using the boundary condition uc(x) =

−us(x) yields an integral equation for the traction field
f that can be solved numerically. Once f is known on the
surface for a given point force distribution, the velocity
correction uc is obtained by evaluating Eq. (A6) at the
locations xi of the beads, and can be added to the free-
space velocity us of Eq. (A4) to provide the desired veloc-
ity (A3). The boundary integral equation (A6) is evalu-
ated by quadrature after discretization of the surface into
a mesh of 6-node triangular elements [76]. The algorithm
was tested by comparison to the analytical Green’s func-
tion inside a spherical domain [74]. Simulations shown
were performed with 5120 elements, with a numerical er-
ror of less than 2%. Finally, the calculation of both us

and uc is accelerated using a kernel-free fast multipole
algorithm [42, 77, 78], resulting on an overall O(N) com-
plexity with respect to the total number of beads in the
system.

3. Thermal fluctuations

The Brownian displacements ξi(t) in Eq. (1) are cal-
culated to satisfy the fluctuation-dissipation theorem,
which specifies their mean and variance as

〈ξi(t)〉 = 0, 〈ξi(t)ξj(t′)〉 = 2kBTMijδ(t− t′), (A7)

where Mij denotes the grand mobility tensor that cap-
tures viscous resistance on the chain as well as long-
ranged hydrodynamic interactions:

Mij = ζ−1Iδij + G(xi; xj) (1− δij) . (A8)

Equation (A10) is satisfied by calculating the Brownian
displacements as

ξi(t) =

N∑

j=1

Bij ·wj , (A9)

where wj is an uncorrelated Gaussian white noise with
zero mean and unit variance, and the tensor Bij is related
to the grand mobility tensor as

N∑

p=1

Bip ·BT
jp = 2kBTMij . (A10)

In general, solving for Bij from Eq. (A10) involves either
a costly Cholesky decomposition, an iterative scheme
such as the Lanczos method [79], or a numerical ap-
proximation [80]. In the present work, we make the
local approximation Mij ≈ ζ−1I δij when calculating
Brownian fluctuations, and under this approximation the
right-hand side in Eq. (A10) becomes 2DbIδij , where
Db = kBT/ζ is the Brownian diffusivity of one bead in
isolation. Numerical comparison between the full solu-
tion of Eq. (A10) using the Lanczos method and the lo-
cal approximation were carried out in small systems and
showed negligible differences in the relevant statistical
quantities.
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4. Scalings and parameters

In all the results of Sec. III, we scale lengths with the
equilibrium length `s of a FENE spring, forces by the
corresponding spring force Fs, and times by the charac-
teristic time ts for one isolated bead to diffuse a distance
of `s:

`s =

√
kBT

Hc
, Fs =

√
kBTHc, ts =

ζ

Hc
. (A11)

Note that ts is also the spring relaxation time. Upon scal-
ing of the system of equations, the dimensionless param-
eters governing the dynamics of the system are the di-
mensionless rate constants for active and crosslink forces,
the dimensionless hydrodynamic radius ah/`s, the di-
mensionless maximum spring extension n0/`s, and the
dimensionless active dipole strength

σ0 =
fa√
kBTHc

. (A12)

All simulations shown are for Mc = 23 chains of Nb =
1305 beads (total of 30,015 beads), with four alternating
blocks of euchromatin (945 beads) and heterochromatin
(360 beads) per chain, for a fraction αc ≈ 0.28 of het-
erochromatin. The dimensionless effective radius of the
nucleus is Rs = 28, and its eccentricity is e = 0.36. The
hydrodynamic bead radius is ah/`s = 0.1, the maximum

spring extension is n0/`s = 2.5, and the various dimen-
sionless rate constants are set to kcon = 0.02, kaon = 2.0,
and kaoff = 5.0. The corresponding fraction of active links
along EC blocks is pa = 0.285.

Appendix B: Hi-C map calculation

The algorithm used to calculate the Hi-C proximity
maps of Fig. 5 follows [51, 81] and is based on the spatial
distance between pairs of genomic loci along the chro-
matin chains. Specifically, entries in the matrix are eval-
uated based on a Gaussian kernel, such that

Hij =
1

σ
√

2π
exp(−r2

ij/2σ
2), (B1)

where rij = |xi−xj | is the distance between beads i and
j, and where we choose a standard deviation of σ = 6
for the Gaussian. In practice, successive beads along the
chains are binned into groups of 5, and the entries Hij are
averaged over each bin to generate a matrix of linear size
Nb/5 = 261 per chromosome. This matrix is then shown
as a color plot in Fig. 5(a,b), using a linear color map
from white to red (or pink) over the range of values of the
matrix entries. Green dots on the diagonal in Fig. 5(a,b)
highlight sections of the chromosomes that are spatially
located inside HCRs, where a dot is added to the Hi-C
map if at least 2 beads out of 5 inside a given bin fall
inside an HCR.
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