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Glassy dynamics in a confluent monolayer is indispensable in morphogenesis, wound healing, bronchial
asthma, and many others; a detailed theoretical framework for such a system is, therefore, important.
Vertex-model (VM) simulations have provided crucial insights into the dynamics of such systems, but their
nonequilibrium nature makes theoretical development difficult. The cellular Potts model (CPM) of confluent
monolayers provides an alternative model for such systems with a well-defined equilibrium limit. We combine
numerical simulations of the CPM and an analytical study based on one of the most successful theories of
equilibrium glass, the random first-order transition theory, and develop a comprehensive theoretical framework
for a confluent glassy system. We find that the glassy dynamics within the CPM is qualitatively similar to that
in the VM. Our study elucidates the crucial role of geometric constraints in bringing about two distinct regimes
in the dynamics, as the target perimeter P, is varied. The unusual sub-Arrhenius relaxation results from the
distinctive interaction potential arising from the perimeter constraint in such systems. The fragility of the system
decreases with increasing P, in the low-FPy regime, whereas the dynamics is independent of P, in the other
regime. The rigidity transition, found in the VM, is absent within the CPM; this difference seems to come from
the nonequilibrium nature of the former. We show that the CPM captures the basic phenomenology of glassy
dynamics in a confluent biological system via comparison of our numerical results with existing experiments on

different systems.
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I. INTRODUCTION

Collective motion of cells in a confluent monolayer is
important in morphogenesis [1-3], cancer metastasis [3,4],
wound healing [5-8], bronchial asthma [9,10], vertebrate
body axis elongation [11], and many other processes. Re-
cent experiments [3,9,11-15] have shown that the dynamics
in such cellular systems has remarkable similarities to that
in a glassy system. Glassy dynamics refers to an extreme
slowing-down, of the order of 12—14 orders of magnitude,
with a small change in the control parameter without any
discernible structural signature or phase transition [16,17].
The key characteristics of a glassy system, such as the
complex stretched exponential relaxation [9,10,13], increas-
ing dynamic heterogeneity characterized through higher-order
susceptibilities [9,10,12,14], non-Gaussian nature of the dis-
placement distribution [18], etc., are also displayed in the
collective dynamics of cellular systems. The importance of
the problem calls for a detailed theoretical framework for
the glassy dynamics in such systems. A confluent monolayer
of cells is different from particulate systems in at least two
crucial aspects: first, the packing fraction is always unity and,
thus, cannot be a control parameter [19,20]; and second, the
interparticle interaction potential can be varied as a function
of the control parameter.
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Inspired by the physics of soap bubbles, vertex mod-
els [21,22] that represent individual cells by polygons have
provided important insights into the dynamics of such sys-
tems [19,20,23-29]. Within vertex models, the vertices of
the polygons evolve with certain rules. The cellular perime-
ter between vertices either is straight by construction or has
a constant curvature, whereas in experiments it can deviate
arbitrarily from a straight line [10,22,30]; how this deviation
affects the dynamics remains unknown. An important pro-
cess governing dynamics in a confluent cellular monolayer is
the 7'l transition or the neighbor exchange process [25,31],
where an edge between two cells shrinks to 0 and a new one
appears perpendicular to it [see Fig. 1(a) for a schematic].
Within vertex models, this process is implemented by the
perpendicular flip of an edge whenever its length becomes
smaller than a predefined value, dj; such an implementation
necessarily makes the model nonequilibrium. Moreover, the
dynamics crucially depends on dj [32], making extension of
equilibrium theories for such systems nontrivial, and an equi-
librium variant of the model is important. Confluent systems
have been shown to exhibit some unusual glassy properties;
understanding the dynamics of such systems should, there-
fore, also be interesting from the perspective of equilibrium
glass transition theories.

Lattice-based cellular Potts models (CPMs) [33-35] de-
fine another important class of models for cellular dynamics
and have been applied to single and collective cellular be-
havior [36-39], cell sorting [33,34], dynamics on patterned
surfaces [40], gradient sensing [40,41], etc. Despite the
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FIG. 1. (a) Schematic of the T'1 transition where the length of
the common edge, in (i), between two cells, S; and S, shrinks to 0 in
(i1), and finally, a common edge between two cells, N, and N,, that
were not neighbors earlier, forms, as shown in (iii). This process is
represented in vertex models by the flipping of an edge, that is, going
directly from (i) to (iii) when an edge length becomes smaller than a
predefined value, leading to a nonequilibrium nature of the dynamics.
(b) Observed shape index, g, as a function of P, at three values of
T; Pnin = 26 in our simulations. The lowest value of ¢ is given by
geometric restriction in the low-P, regime and by P, in the large-Py
regime. (c) g at T, as a function of P, tends to saturate in the low-F,
regime and increases linearly with P, in the large-FP, regime. The
right y axis shows that (P;) — P, decreases linearly with increasing
Py in the low-P, regime and then tends to 0. Each point in (b) and
(c) is an average over 10° #,. (d) Snapshots of neighbor exchange or a
T'1 transition process in the CPM. Upper and lower panels show two
T1 transition events in systems with Py =25 at 7 =2.0 and P, =
32 at T = 0.5, respectively; we follow the time evolution of four
cells shown by the marked regions in the system (leftmost figures)
and show the configurations of these cells at three times. In the first
snapshots, S; and S, share a common boundary, whereas N, and N,
do not. The scenario reverses in the last snapshots.

widespread applicability of the CPM, its glassy aspects re-
main relatively unexplored. To the best of our knowledge,
there exists only one such simulation study [42], which, how-
ever, did not consider the perimeter constraint, and as we show
below, models with and without this constraint are qualita-
tively different.

The primary difference between CPMs and vertex-based
models lies in the details of energy minimization [43]. Two
crucial aspects of the CPM, however, make it advantageous
over vertex-based models: it allows arbitrary shapes of cell
perimeters, and 7'1 transitions are naturally included within
the CPM. The latter feature allows us to study the dynamics
of the model at equilibrium, which is the focus of this cur-
rent study. Although biological systems are inherently out of

equilibrium and activity is crucial, it is important to first un-
derstand the behavior of an equilibrium system in the absence
of activity, which can be included later [44,45]. Furthermore,
we find that the dynamics in the CPM is similar to that in a
vertex model and the theoretical framework developed here
can be applied to the results of vertex-based models [46].

The dynamics of the CPM in the glassy regime provides
an alternative and complementary angle to vertex models to
understand the glassiness in confluent systems. Simulation
studies of vertex models have established a rigidity transition
that controls the glassy dynamics and the observed shape
index (average ratio of perimeter to square root of area) has
been interpreted as the structural order parameter of glass
transition [9,19,20]. We show that these results are not generic
in confluent systems and, possibly, are a consequence of the
nonequilibrium nature of the vertex models. Our aim in this
work is twofold: first, we bridge the gap in numerical results
through detailed Monte Carlo (MC)-based simulation study
of the CPM in the glassy regime; and second, we develop the
random first-order transition (RFOT) theory [47,48], one of
the most popular theories of glassy dynamics in particulate
systems, for a confluent system.

The results of the current work can be summarized as
follows: (i) We simulate the CPM for a confluent system in
the glassy regime and find that the qualitative behaviors of the
dynamics are similar to those in vertex models. (ii) The target
perimeter Py, which parameterizes the interaction potential,
plays the role of a control parameter. Geometric restriction
brings about two regimes as Py is varied; the dynamics de-
pends on Py in the low-Py regime and is independent of P,
in the other, large-Fy regime. (iii) One striking result of our
study is the presence of glassy behavior in the large-P, regime,
where vertex models show an absence of glassiness. (iv) The
rigidity transition of vertex models is absent within the CPM;
this possibly comes from the difference in how 7'1 transitions
are included within the two models. (v) We develop the RFOT
theory for confluent systems and the theory agrees well with
our simulation results. (vi) The perimeter constraint is crucial
for the unusual sub-Arrhenius behavior and the system being
confluent alone is not sufficient for such behavior. (vii) The
velocity distribution is non-Gaussian in the glassy regime, in
agreement with existing experimental results.

The rest of the paper is organized as follows: We introduce
the CPM in Sec. II and describe some basic characteristics
of the system in Sec. III. The main results of the work,
development of the RFOT theory for confluent systems and
simulation results in low-Py and large-P, regimes, are pre-
sented in Sec. IV. We show some critical tests of our theory in
Sec. V and a comparison with experiments in Sec. VI. Finally,
we conclude the paper in Sec. VII via a discussion of our
results.

II. CELLULAR POTTS MODEL

The cellular Potts model, also known as the “extended
large-g Potts model” or the “Glazier-Graner-Hogeweg”
(GGH) model [33,34,49], is a lattice-based model to simulate
the behavior of cellular systems [33,35,40]. For the CPM
in two dimensions, we use a square lattice of size L x L to
represent a confluent cell monolayer. Each cell in this lattice
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consists of a set of lattice sites with the same integer Potts spin
(o), also known as the cell index, where o € [0, N], N being
the total number of cells; o = 0 is usually reserved for fluid
that is absent in our model. The cells in this model are evolved
by stochastically updating one lattice site at a time through
MC simulation via an effective energy function H [35,43],

N
M= [ha(Ai — A)* + 2p(P = P’ 1+ Y (1 = 85,.0),

i=1 (kI)

(1)
where oy, (i € 1, ..., N) are cell indices, N is the total number
of cells, A; and P, are the area and perimeter of the ith cell, and
Ay and P, are the target area and target perimeter, chosen to be
the same for all cells. A4 and Ap are elastic constants related
to area and perimeter constraints. The summation in the last
term is taken over all nearest-neighbor sites (kl); d, 5, is the
Kronecker delta function. J gives the strength of intercellular
interactions; positive values of J signify repulsion, whereas a
negative J represents an attractive interaction.

Cells can be treated as incompressible in three dimen-
sions [50]. It has been found in experiments that the height of a
monolayer remains almost constant [23]. These two findings
together allow a two-dimensional description of the system
with an area constraint leading to the first term in Eq. (1); Ag
gives the target cell area and A4 determines the strength of the
area fluctuation from Ay. On the other hand, mechanical prop-
erties of a cell are mostly governed by the cellular cortex [50]
and this can be encoded in a perimeter constraint with a target
perimeter Py in the form of the second term in Eq. (1), with
Ap determining the strength of the perimeter fluctuation. In-
tercellular interactions through different junction proteins like
E-cadherins and effects of pressure, contractility, cell adhe-
sion, etc., can be included within an effective interaction term,
the third term in Eq. (1). The last term in H is proportional to
P; and can be included within the second term with a renor-
malized value of Py, however, for ease of discussion we treat
it separately. The CPM represents the biological processes
for dynamics through an effective temperature 7' [33,35,51].
Fragmentation of cells is forbidden [52] in our simulation to
minimize noise. We mainly focus on the model with J =0
and return to the model with J £ 0 and Ap = 0, which was
simulated in Ref. [42], later in the paper (in Sec. V).

II1. BASIC CHARACTERISTICS OF THE DYNAMICS

We next describe some basic characteristics of the dynam-
ics in a confluent system from the perspective of our numerical
study of the CPM.

A. Dynamics is independent of A,

When the total area of the system is fixed, H in Eq. (1)
becomes independent of Ay. The change in energy coming
from the area term alone for an MC attempt o; — o; be-
tween the ith and the jth cells is AHyea = 244(1 — A; +A)),
which is independent of Ag. Since Ay dependence of dynam-
ics can only come through AH,e,, the dynamics becomes
independent of Ay. This argument can also be extended for
a polydisperse system. The input shape index, so = Py/+/Ao,
therefore, cannot be a control parameter for the dynamics and

should be viewed as a dimensionless perimeter; this result was
also found for Voronoi model dynamics [53]. Py, on the other
hand, parameterizes the interaction potential and plays the role
of a control parameter.

B. Two regimes of P,

The observed shape index, g = (P;//A;), where {...) de-
notes the average over all cells, tends to a constant with
decreasing Py [Fig. 1(b)]. ¢ seems to be the structural order
parameter of the glass transition in vertex models [9,19,20],
however, as we show below, such an interpretation is not
applicable for the CPM. P; for a fixed A; has a minimum
value, Pnin, that depends on geometric constraints, here the
confluency and underlying lattice. When Py is below Puyin,
the P; of most cells cannot satisfy the perimeter constraint in
Eq. (1) as they remain stuck around Py;,. In the high-7" fluid
regime, when dynamics is fast, cell boundaries are irregular,
leading to larger values of P, and g; but in the low-T glassy
regime, when dynamics is slow, cell boundaries tend to be
regular, leading to lower values of P; and g. Figure 1(b) shows
q at three T’s as a function of Py; g decreases with decreasing
Py at a fixed T and saturates to 4.11 (the quantitative value is
lattice dependent, however, the qualitative behavior we expect
to be independent of the lattice). The lowest value of ¢ is
dictated by the geometric restriction in the low-P, regime.
Our interpretation is consistent with the simulation results in
Voronoi models [27,54] as well as the fact that ¢ in a large
class of distinctly different systems has similar values [10,55].

On the other hand, when Py > Pn;,, the large-Py regime,
most cells are able to satisfy the perimeter constraint and the
lowest value of ¢ is governed by Py, as deviation from Py,
costs energy. We show ¢ at the glass transition temperature,
T, (defined as the T when the relaxation time becomes 10%),
as a function of Py in Fig. 1(c); ¢ tends to a constant in
the low-FPy regime, whereas it increases linearly with Py in
the large-Py regime. The geometric restriction is clearer in the
plot of (P;) — Py; it decreases linearly with increasing P in
the low-Py regime and then tends to 0. The interfacial tension,
defined as y = 0H/9P; & (P; — Py) [37], is nonzero along
cell boundaries in the low-P, regime and becomes 0 in the
large-P, regime as P, increases.

C. T'1 transitions within the CPM

Dynamics in a biological tissue proceeds via a series of
complicated biochemical processes that are simply repre-
sented via an effective temperature 7' within the CPM [35,51].
This is an extreme level of simplification from the biolog-
ical perspective, however, it is convenient from theoretical
aspects. At the coarse-grained level, T 1 transitions where cells
exchange their neighbors [25] are crucial for dynamics in a
confluent system. As discussed in Sec. 1 and illustrated in
Fig. 1(a), implementation of the 7'l transition within vertex
models is nonequilibrium in nature. On the other hand, T'1
transitions are naturally included within the CPM. We show
two such T'1 transition processes from our simulations in
Fig. 1(d) for Py = 25 at T = 2.0 (upper panel) and for Py = 32
at T = 0.5 (lower panel). The T'1 transitions within the CPM
are equilibrium processes and their rates depend on T and Py;
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this crucial difference, compared to vertex models, is impor-
tant from the theoretical perspective as it allows a well-defined
equilibrium limit of the model and makes it easier to extend
equilibrium theories of glassy dynamics for confluent sys-
tems. More important, as discussed in Sec. IV, this difference
in how T'1 transitions are implemented is, possibly, related to
the absence of glassy dynamics in the large-Py regime as well
as the identification of g as the structural order parameter of
glassy dynamics within the vertex models.

IV. RESULTS

We now present our theory for the glassy dynamics in a
confluent monolayer. The simulation results for glassy dy-
namics within the CPM, in both the low-P, and the large-Py
regimes, are presented along with the theory.

A. RFOT theory for the CPM

The physics of glassy dynamics, even for particulate sys-
tems at equilibrium, continues to be debated, leading to many
theories of glass transition [17,56]. One of the most success-
ful theories is the random first-order transition theory due to
Wolynes, Kirkpatrick, and Thirumalai [47,48,57-59]. Despite
the intricate microscopic phenomenology, the theory leads to
a simple set of predictions that agree well with experiments
on a wide set of glassy systems [48]; our goal in this work is
to develop this theory for a confluent system to understand the
effect of Py on glassy dynamics.

Within RFOT theory, a glassy system consists of mosaics
of different states; a nucleationlike argument gives the typical
length scale of these mosaics [48]. Consider a region of length
scale R in dimension d; the energy cost for rearrangement
(changing state) of this region is

AF = —fQuR* + TSR, )

where f is the decrease in energy per unit volume due to the
rearrangement; 2, and Sy, the volume and surface of a unit
hypersphere; I', the surface energy cost per unit area; and
0 < (d — 1), the exponent relating the surface area and the
length scale of a region. Within RFOT theory, the drive to
reconfiguration is entropic in nature and given by the configu-
rational entropy, s., which can be thought of as the difference
between the total entropy of the system and its entropy if it
were allowed to crystallize. Thus, f = kgT's., where kg is the
Boltzmann constant. Minimizing Eq. (2) with respect to R, we
get the typical length scale, &, for the mosaics as

X MR
&= <dekBTsC> '

In general, the interaction potential, ®, of the system de-
termines both s. and I'. Within the CPM, the interaction
potential is parameterized through Py, thus, ® = ®(F)). The

temperature dependence of I' is assumed to be linear [60],
thus, I' = E[D(P)]T, and we write Eq. (3) as

- (DE[CD(Po)]>”(d_9’
T\ s [@(Py)] ’

where D = 60S,/dkg2; is a constant. Within RFOT theory,
relaxation dynamics of the system refers to relaxations of

3)

“4)

individual mosaics. The energy barrier associated with the
relaxation of a region of length scale £ is A(£) = A¢EY,
where A is an energy scale and ¥ is an exponent. The re-
laxation time then becomes T = 19 exp(AgéY /kgT), where 1,
is a microscopic time scale independent of 7' but can depend
on the interatomic interaction potential, hence, on Py. Taking
Ay = «T, where « is a constant [47,48], and setting kg to
unity, we obtain t as

n(Z) =« { DE[P(Py)] }W(“)
w/ | sl @(R)] '

Following Refs. [47] and [57] we take & = ¥ = d /2 and then
Eq. (5) can be written as

In (1) _ EE[®(P)]
0/ s [®P)]’

where E = kD is another constant. The theory presented here
is similar in spirit to that for a network material obtained by
Wang and Wolynes [61]. Equation (6) gives the general form
of RFOT theory for the CPM; we obtain the detailed forms
of E(Py) and s.(Fy) for different systems and regimes that we
consider below. Our approach is perturbative in nature and we
look at the effect of Py by expanding the potential around a
reference state.

(&)

(6)

B. Low-P, regime

As discussed above, P; values for most cells are less than
Py in this regime. Figure 2(a) shows a typical configuration
of cells and their centers of mass for a system, close to the
glass transition. The mean square displacement (MSD) and
the self-overlap function, Q(¢), (defined in Appendix A) as a
function of the time 7 show typical glassy behavior [Figs. 2(b)
and 2(c)]. We define the relaxation time, 7,as Q(t = t) = 0.3.

We now develop the RFOT theory for the CPM in this
regime, where cells are not able to satisfy the perimeter
constraint and the dynamics depends on Py. Within our per-
turbative approach we treat a confluent system with Py = Pgef
as our reference system around which we expand the effect of
varying Py on s, and E. Thus, we have

_ ref 3s:[DP(Po)]
sc[®(Py)] = s.[ D (P )]+—5¢(P0) Péef(SCD(SPo)-f-...,
- et (o], SELP(R)]
Blo)) = B[@(A7)] + — 7S IRECOAE
)

where §Py = (Py — Pgef) and we have ignored higher-order
terms. Within RFOT theory, glassiness, which is the abrupt
slowing-down of dynamics at low T, results from a thermo-
dynamic transition taking place at an even lower 7', known
as the Kauzmann temperature [62], Tx, where the configura-
tional entropy of the system vanishes and 7 diverges. Thus,
sc[®(Py")] can be written as

sc[@(PFN)] = AC(T — Tx)/ Tk, 8)

where AC, is the difference in specific heat between the
liquid and the periodic crystalline phase. Within linear order,
SO(Py — Pgef ), the change in potential due to a variation in Py
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FIG. 2. Behavior of the CPM in the low-F, regime. (a) Typical configuration of a system at Py = 25 and T = 2.5, close to 7. Due to
the underlying lattice structure, the minimum perimeter configuration for a certain area is a square that shows up in the low-7 configuration.
(b) The mean square displacement (MSD) and (c) self-overlap function, Q(#), as a function of the time ¢ for Py = 25 show typical glassy
behaviors where growth of the MSD and decay of Q(¢) become slower with decreasing 7. (d) Relaxation time t as a function of T for different
values of Py; symbols show simulation data and lines represent the corresponding RFOT theory plots [Eq. (11)]. (¢) An Angell plot in this
regime shows sub-Arrhenius relaxation; symbols show data and lines represent RFOT theory predictions. (f) Simulation data (symbols) for the
kinetic fragility, k (P), in this regime also agree well with the RFOT theory prediction (line).

from the reference state, can be taken to be proportional to
(Py — P51

5.1 D()] o
T oD SP(Py — P, = P,—P
Sq)(PO) P0=P(§Ef ( 0 0 ) %C( 0 0 )’
ERG) P
300 |y PP I) = (BT O)

Using Egs. (7)-(9) in Eq. (6), we obtain

In (l) B ki — kz(Po — P(;ef)
w0/ T —Tg + (P — P&’

(10)

where k; = Ty EE[P(PF)]/AC,, ko = TxE3,/AC,, and
s = Tg ./ AC, are all constants. The value of Pgef depends
on the average cell area; for the results presented in this work,
the average cell area is 40 and we find that Pi*" = 23 provides
a good description of the data. Thus, using Pgef =23, we
obtain

m(t)_ ki — ka(Py — 23)
0/ T —Tx + ».(Py —23)

(11)

The constants k;, k», Tx, and s, are independent of 7" and
Py; they depend only on the microscopic details of a system
and dimension. For a given system, we treat these constants
as fitting parameters in the theory and obtain their values from
a fit with simulation data. Note that 7y depends on the high-
T properties of the system, which is nontrivial and will be

explored elsewhere. Our analysis in the low-Fy regime shows
that the Py dependence of 7 is weaker and can be taken as a
constant.

The minimum possible perimeter in our simulation is 26
(Appendix A) and we expect the critical Py separating the
two regimes to be somewhere between 27 and 28. We first
concentrate on the results for Py = 24 to 26.5 and present T
as a function of T for different Py’s in Fig. 2(d). We fit one
set of data presented in Fig. 2(d) with Eq. (11) and obtain
the following parameters: 1o = 45.13, k| = 14.78, k, = 1.21,
Tx = 0.0057, and sz, = 0.31. Note that with these constants
fixed, there is no other fitting parameter in the theory; we
show the plot of Eq. (11), as a function of T for different
values of Py, with lines in Fig. 2(d). Figure 2(e) shows the
same data in an Angell plot representation that shows 7 as
a function of 7,/T on a semilog scale. All the curves meet
at T = T, by definition. The simulation data agree well with
RFOT predictions at low T where the theory is applicable.

When 1t ~ exp[Cs/T], where Cy4 is a constant, we obtain
a straight line in the Angell plot representation of 7, as in
Fig. 2(e); this is the well-known Arrhenius behavior [16,17].
Super-Arrhenius behavior, where t changes more rapidly than
the Arrhenius law, leads to the relaxation time curves below
this straight line, whereas sub-Arrhenius behavior, which is
slower than the Arrhenius law, appears as the curves above
this line in the Angell plot representation. In most equilib-
rium glassy systems, t increases similarly to or more rapidly
than the Arrhenius law [16,17,48]. One striking feature of
the Angell plot in Fig. 2(e) is the sub-Arrhenius nature of 7.
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FIG. 3. Behavior of the CPM in the large-F, regime. (a) Typical configuration of the system with Py =34 and T = 0.5 close to T,. The
cell boundaries become irregular to satisfy the perimeter constraint. (b) Relaxation time 7 as a function of 7'; symbols show data and lines
represent RFOT theory fits [Eq. (12)]. (c) 7o as a function of P,. The line is a fit with a function In 7o(Py) = a + b/(Py — ¢), with a = 3.79,
b =12.58, and ¢ = 27.72. (d) Angell plot for the same data (symbols) as in (b); lines represent RFOT theory plots [Eq. (12)]. (e) T /7y values
for different Py’s follow a master curve; the line shows the RFOT theory result. The data collapse illustrates that glassiness in this regime is
independent of P,. (f) Schematic of the dynamics as a barrier crossing between two equal-energy minima.

Similar results were reported for Voronoi and vertex models
in Refs. [27] and [63], demonstrating similarities between
the CPM and vertex-based models. Within our RFOT theory,
the sub-Arrhenius relaxation appears due to the distinctive
interaction potential imposed by the perimeter constraint, in a
regime controlled by geometric restriction, and appears when
the system is about to satisfy the perimeter constraint. An im-
portant characteristic of this regime is that [Tx — 2. (Py — 23)]
becomes negative. We get back to this point in Sec. V where
we subject our RFOT theory to more stringent tests.

One can define a kinetic fragility, «(Fy), and fit the sim-
ulation data for different Py values with the form In(t/7y) =
1/ (e (P)IT JTE™ — 1]). We present « (Py) in Fig. 2(f), where
symbols represent values obtained from fits with simulation
data and the dotted line shows the theoretical prediction; the
agreement, again, is remarkable. The fragility of the system
decreases as Py increases and k (Py) becomes more negative,
consistent with stronger sub-Arrhenius behavior.

C. Large-P, regime

In this regime most cells satisfy the perimeter constraint,
cell boundaries are nonlinear [Fig. 3(a)], and the dynamics
becomes independent of Py, implying constant values of E
and s.. Then the RFOT theory, Eq. (6), after straightforward

algebra, becomes
T g
In ( ) = .
T0(FPo) T —Tx

Although P, = Py on average, there are fluctuations of P
around Py when T 5 0. The interaction potential is governed

(12)

by these fluctuations, which are stronger at higher 7'. Thus, P,
dependence of 1 is important in this regime.

Figure 3(b) shows 7 as a function of T'; they clearly vary
for different values of Py and this difference comes from the
Py dependence of 7. We fit Eq. (12) with one set of data and
obtain E = 1.54, Tx = 0.052, and a corresponding value for
70(Po). Keeping B and Tk fixed, we next fit the rest of the data
to obtain t(Fp). The fits are shown by lines in Fig. 3(b) and
79(Py) is shown in Fig. 3(c), where the line is a proposed form:
In 7p(Py) ~ 1/(Py — constant). Figure 3(d) shows the Angell
plot representation of the same data as in Fig. 3(b) and lines
represent the corresponding RFOT theory plots. Figure 3(e)
shows t/19 as a function of T for different values of Py; all
the data following a master curve supports our hypothesis that
Py dependence in this regime comes from to(Fp).

More importantly, one would expect no glassy behav-
ior in this regime if a rigidity transition, as in the vertex
model [19,20], controlled glassiness. In contrast, the CPM
shows the presence of glassy behavior even in this regime,
where g at T, is proportional to Py [Fig. 1(c)], thus, g cannot
be an order parameter for the glass transition in the CPM. As
is apparent in Fig. 3(a), the configuration in this regime is dis-
ordered; at strictly zero T, the minimum energy of the system
is 0, as cells are able to satisfy the area and perimeter con-
straints. However, the ground state is degenerate with a large
multiplicity [24]. Dynamics in this regime can be viewed as an
exploration of the system among these equal-energy ground-
state configurations. Consider two such states, shown by a and
b in the schematic energy landscape plot [16] in Fig. 3(f).
The energy difference between the states is 0, but they are
separated by a barrier; any dynamics necessarily requires a
change in area, even for the moves where the perimeter can
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FIG. 4. Tests of our extended RFOT theory. (a) The theory predicts super-Arrhenius behavior for Py < 23. The Angell plot for low-F,
simulation data (symbols) agrees well with the RFOT theory predictions, Eq. (11) (lines). (b) Comparison of 7, at different P, values between
simulation (symbols) and RFOT theory (dashed line). (c) 7 for the model with A, = 0 and different values of J; symbols show simulation data
and lines represent the RFOT theory [Eq. (13)]. (d) Simulation data (symbols) for this system show super-Arrhenius behavior and constant
fragility and agree well with the RFOT theory (lines). (e) Stretching exponent § for P, = 25 as a function of 7. Fit of simulation data with the
RFOT theory expression, Eq. (14), gives A = 0.62 and B = 0.3. (f) Trends of S as a function of P, at different 7 values agree well with the
RFOT theory predictions, Eq. (14), with A and B obtained from the fit in (e).

be kept constant, leading to such barriers. Within the vertex
model, the nonequilibrium implementation of 7'1 transitions
may allow transition between two such states [going from (i)
to (iii) in Fig. 1(a)] without a cost; this is, possibly, the source
of dynamics even at zero T, leading to the rigidity transition.
However, the absence of this nonequilibrium process within
the CPM forbids any dynamics at strictly zero T as barrier
crossings are not allowed; this rules out the rigidity transition
of vertex models [19] in the CPM. In contrast to the vertex
models, this rigidity transition is also absent in equilibrium
Voronoi models [27,54]; the source of this difference remains
unclear. A more detailed understanding of the effect of the 7'1
transitions in vertex models is outside the scope of the current
work.

V. FURTHER TESTS OF EXTENDED RFOT THEORY

Having demonstrated that our RFOT theory captures the
key characteristics of glassiness in a confluent system, we now
subject our theory to stringent tests through three questions.

() Within the theory sub-Arrhenius behavior is found
when the effective T is negative, i.e., Tx — ».(Pp —23) < 0
[Eq. (11)]. This implies super-Arrhenius behavior for Py <
(Tx + 235¢.)/ 5. = 23. We now simulate the system in this
regime and show the Angell plot in Fig. 4(a), where sym-
bols represent simulation data and the corresponding lines
show RFOT theory predictions. We emphasize that these
curves are not fits; we simply plot Eq. (11) with the con-
stants obtained earlier. All the relaxation curves for different
values of Py are super-Arrhenius as predicted by the theory.

Reference [63] shows super-Arrhenius behavior in Voronoi
model simulations in the low-P, regime, consistent with our
theory. Figure 4(b) shows a comparison of 7, obtained from
simulation and RFOT theory, for different values of F.

(i1) Next, we illustrate that the sub-Arrhenius behavior
and negative kinetic fragility are a result of the perimeter
constraint in Eq. (1) and confluency alone is not enough for
such behavior. We simulate a confluent system with Ap =0
and study the glassy behavior as a function of J [Eq. (1)].
Considering the reference system at a moderate value of J, a
similar calculation as above gives the RFOT expression for t
as

(%)= _kirk (13)
7 T —Tg — ».J

where ki, ky, T, and s, are constants. Fitting Eq. (13) with
simulation data for J = 1, we obtain k; = 0.284, k, = 0.84,
Tx = 0.048 56, and s, = 0.157. Figure 4(c) shows simulation
data for t as a function of T for different values of J (sym-
bols) as well as the corresponding RFOT theory [Eq. (13)]
predictions (lines). The Angell plot corresponding to these
data are shown in Fig. 4(d). The system demonstrates that
super-Arrhenius relaxation and data for different J’s follow
a master curve, in agreement with theory. These results are
important from at least two aspects: they show, first, that
systems with and without the perimeter constraint are qual-
itatively different [42] and, second, that the presence of the
perimeter constraint is crucial for the sub-Arrhenius behavior
of the system.
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FIG. 5. Comparison with experiments. (a) The van Hove function, Eq. (15), for the one-dimensional displacement AX within a time At
in units of t/5. Py = 30 and T = 1.2 for these results. Symbols show simulation data and lines represent fits to the Gaussian function. The
non-Gaussian nature of G(AX, Ar) at large AX is also found in experiments [18,64]. (b) 2(v) as a function of v for different Py and T values.
(c) Q(v) for v/v,, values for the data in (b) follow a master curve that is well described by a g-Gaussian, and not Gaussian, distribution. (d) The
standard deviation as a function of v,, at various P, and T values follows a straight line. We chose different colors for 7 in the three regimes
shown here. The point in the plot corresponding to a system with a higher t shifts towards the origin. The dotted line is a linear fit to the data:
f(x) = a+ bx with a ~ 5.5 x 107> and b ~ 0.55. The results in (c) and (d) are in agreement with experiments [65]. (e) Q(¢) at different P,
and T values. The simulation parameters are chosen in such a way that Q(¢) values qualitatively agree with the experimental data in Ref. [10]
[in Fig. S1(e) there]. Lines represent CPM results; symbols, experimental data. (f) Comparison of x4(¢) in the CPM (lines) corresponding to
the same Py and 7T as in (e) and experimental data (symbols) from Fig. S1(f) in [10].

(iii) Finally, we compare the stretching exponent 8 [66,67],
which describes the decay of the overlap function Q(z) ~
exp[—(¢/7)?]. The RFOT expression for 8 (Appendix B) is

Blki — ka(Py —23)] 1*1°°

T—TK+%C(P0—23)H ’

B= A[l + { (14
where A and B are two constants; we fit Eq. (14) with
the simulation data for Py = 25, as shown in Fig. 4(e), and
obtain A = 0.62 and B = 0.3. We then compare the RFOT
predictions with simulation data for different Py’s as shown in
Fig. 4(f) for four T’s. Again, the trends for 8 agree quite well
with theoretical predictions.

VI. COMPARISON WITH EXPERIMENTS

We now demonstrate the applicability of the CPM to bio-
logical systems through comparison of theoretical predictions
with existing experimental data. Instead of a detailed compar-
ison with a particular system, as is common for biophysical
modeling, our aim here is to illustrate that the CPM captures
the key characteristics of dynamics in a wide class of confluent
cellular monolayers. An important characteristic of glassi-
ness is the non-Gaussian nature of the van Hove function,
G(AX, Atr), which is the probability distribution of displace-
ments, within time At, of the constituent cells in the system,

defined as
G(AX, At) = (3(AX — [XG,(to + A1) = X5 (t0) D)t
(15)
where the averaging is over all cells and 7). G(AX, At) is
Gaussian at small AX and deviates from the Gaussian behav-
ior at large AX as shown in Fig. 5(a). Similar non-Gaussian
behavior of the van Hove function at large displacement
has been reported for the dynamics in a confluent cellular
monolayer of MDCK (Madin-Derby canine kidney) cells in
Ref. [18] and for breast cancer cells in Ref. [64].

We next compare our simulation results for the probability
distribution function (PDF) of cell velocities, v, with the ex-
periments in Ref. [65]. The tail of the PDF is important, as rare
events are crucial in glassy dynamics. Following Ref. [65], we
denote the PDF of v as ©2(v), the circumferentially averaged
PDF, which is defined in Appendix C. Figure 5(b) shows that
the Q(v) for v at different Py and T values in our simulation
and the Q(v) for the scaled velocity, v/v,,, where v, is the
averaged velocity, follow a master curve [Fig. 5(c)]. We find
that 2(v) deviates from a Gaussian distribution [Fig. 5(c)] and
is well described by a g-Gaussian distribution, f,g, defined in
Appendix D. This result also highlights the distinctive nature
of glassiness in a confluent system from that in particulate
systems, where 2(v) follows a Gaussian distribution [68].
Further, we find that the standard deviation (S.D.) of the
velocity distribution linearly depends on v,, at different P,
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and T values [Fig. 5(d)]. In the simulations, we have used
state points in both the low-P; and the large-P, regimes at
different 7’s and the symbols in Fig. 5(d) are shown in three
different colors based on 7 at that particular (Py, 7). As the
system becomes more glassy, that is, T increases, the points
in the (v,y,S.D.) plot move towards the origin. As shown in
Fig. 5(d), this behavior is similar in both the low-P, and the
large-P, regimes. These results, i.e., the data collapse of 2(v)
as a function of v/v,, and the master curve being described by
a g-Gaussian function, linear variation of the S.D. with v,,,
and movement of data points in the (v,,,S5.D.) plot towards
the origin as the system becomes more glassy are also found
in experiments in Ref. [65].

Finally, we compare the dynamics within the CPM with
the experiments in Ref. [10]; in particular, we use the data for
Q(t) to obtain the values for the control parameters and then
compare the data for four-point correlation functions, x4(t)
(defined in Appendix A), in Figs. 5(e) and 5(f), respectively.
We have chosen different values of Py and T to best represent
Q(r) presented in Fig. S1(e) in the Supplemental Material to
Ref. [10], as shown in Fig. 5(e) by symbols, with lines rep-
resenting CPM data where we have rescaled and shifted time
in the theory. Note that the time scale in an MC simulation
is arbitrary, therefore, a scaling of this time is not important.
We have rescaled the simulation time (on a logarithmic scale)
by a factor of 2.5 and shifted it by & 1.9 to show them on
the same scale as the experimental data. We plot the corre-
sponding yx4(¢) from our simulation as a function of the same
rescaled time as in Fig. 5(e) along with the experimental data
in Fig. 5(f). The qualitative agreement of x4(z) between CPM
results and experimental data [10] in Fig. 5(f) demonstrates
that the CPM does qualitatively capture the information on
dynamic heterogeneity, given by x4(¢) [69], in the experimen-
tal system.

VII. DISCUSSION AND CONCLUSION

Complete confluency imposes a strong geometric restric-
tion, bringing about two different regimes as Py is varied.
Our theory traces the unusual sub-Arrhenius behavior to the
distinctive nature of the interaction potential resulting via
the perimeter constraint and shows up in a regime where the
system is about to satisfy this constraint. Qualitative similar-
ities of the results presented here to those from vertex-based
simulations [19,27,63] suggest that glassiness in such systems
depends on two key elements—first, the energy function and,
second, the confluent nature—and not the microscopic details,
of the models. We believe that the RFOT theory that we
have developed is applicable to a general confluent system
and not restricted to the CPM. In particular, the simulation
results of vertex-based models can be understood within the
RFOT theory that we have developed here [46]. The three
predictions of the theory that we have discussed, namely, the
super-Arrhenius behavior in a different region of the low-Py
regime, super-Arrhenius and constant fragility in a model with
Ap = 0, and stretching exponents at different values of P,
agree well with our simulation data within the CPM. These
predictions can be easily tested in vertex-based simulations;
such results will further establish the similarity (or lack of it)
of such models to the CPM.

Vertex-model simulations have argued that the rigidity
transition controls the glassy dynamics, and the observed
shape index, g, has been interpreted as a structural order pa-
rameter for the glass transition [9,19,20]. Our study shows that
these results are not generic for confluent systems. The rigid-
ity transition in vertex models as geometric incompatibility
in the two regimes has been studied in the literature [70,71];
our results, however, seem to indicate that this transition is
a result of the nonequilibrium nature of the 7'1 transitions
within the vertex model. The lowest value of ¢ is determined
by the geometric restriction in the low-P, regime, whereas it
is proportional to Py in the large-F, regime, although glassi-
ness is found in both; thus, ¢ cannot be treated as an order
parameter for glassy dynamics within the CPM.

Control parameters of glassiness in a confluent system are
different from those in particulate systems. The experiments
in Ref. [13] on human mammary epithelial MCF-10A cells
show that expression of RABSA, which does not affect the
number density, fluidizes the system. Careful measurements
reveal that RABSA affects the junction proteins in the cortex
that determines the target perimeter Py [13,14], which is a
control parameter for glassiness in such systems. We empha-
size that the presence of a lattice in the CPM only affects the
quantitative values of the parameters: for example, on a square
lattice the minimum perimeter configuration for a certain area
is a square. However, this, we believe, does not affect the
qualitative behaviors or the physics behind them.

Apart from its biological importance for simulating con-
fluent systems, the CPM provides an interesting system to
study from a purely theoretical point of view to understand
glassy dynamics in a new light; the well-defined equilibrium
limit and discrete nature of the model are advantages over
vertex models. It is important to understand the source of the
sub-Arrhenius nature of relaxations in more detail; though it
is unusual in particulate systems, it is not unique to confluent
systems. Is it possible to define models of point particles with
a specific interaction potential to find similar behavior?

We have demonstrated that simulation results of the
CPM agree well with existing experimental data on diverse
confluent cellular systems: the non-Gaussian van Hove func-
tion [18,64], nontrivial velocity distribution [65], relation
between the standard deviations of velocities and their av-
erages [65], behavior of two- and four-point functions [10],
limiting value of the observed shape index in the low-Py
regime [9], etc., have also been found in experiments. The
non-Gaussian velocity distribution highlights the distinctive
nature of glassiness in confluent systems compared to that
in particulate systems [65,68]; agreement of this distribution
between the CPM and experiments on a variety of systems
is, therefore, encouraging. A crucial result of our simulations
is the presence of glassy behavior in the large-P, regime,
where vertex-model simulations suggest an absence of glassi-
ness [19,20]; the difference seems to come from the details
of how T'1 transitions are included within the two models.
The complex biochemical reaction that governs dynamics in
a biological system is represented by 7 in the CPM. As
metabolic activity decreases, self-propulsion, which is absent
in the current model, and T' also decrease. Therefore, experi-
mental verification of the presence or absence of glassiness in
the large-P, regime as metabolism is decreased in a biological
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system along the lines in Refs. [14] and [72] can be a critical
test for applicability of the CPM.
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APPENDIX A: SIMULATION DETAILS

For the results presented here, unless otherwise specified,
we use a system of size 120 x 120 with 360 cells and an
average cell area of 40. The minimum possible perimeter for
a cell with area 40 on a square lattice is 26. We start with a
rectangular cell initialization with 5 x 8 sites having the same
Potts variable and equilibrate the system for at least 8 x 10°
MC time steps before collecting data. We have set A4 = 1 and
Ap = 0.5 for the results presented here. We have checked that
the behavior remains the same for other values of Ap as well
as cell sizes (data not presented).

Mean square displacement and self-overlap function

Dynamics is quantified through the mean square displace-
ment and the self-overlap function, Q(¢). The MSD is defined
as

1 N
MSD = — D (X, (t +10) — X8, (10))y,. (AL)

o=1

where X? (1) is the center of mass of cell o at time 7, (.. .),
denotes averaging over initial times #y, and the overbar implies
an averaging over ensembles. Unless otherwise stated, we
have taken 50 #, averages and 20 configurations for ensemble
averaging. Q(t) and x4(¢) are defined as

N

Q@) = le ;(W(a — X2, +10) — X7, (10)))s,
= (0",
xa(t) = N((Q()), — (O))7), (A2)
where W (x) is a Heaviside step function,
W) = {1 oo (A3)
0 if x<0O,

and a is a parameter that we set to 1.12.

APPENDIX B: STRETCHING EXPONENT FOR THE
DECAY OF THE SELF-OVERLAP FUNCTION

It is well known that the decay of the self-overlap func-
tion, Q(¢), in a glassy system can be described through a
stretched exponential function [66], the Kohlrausch-Williams-

Watts (KWW) formula [73,74], given by
Q1) = Aexp[—(t/7)"], (B1)

where A is a constant, of the order of unity, 7 is the relaxation
time, and B is the stretching exponent. RFOT theory allows
the calculation of 8 through the fluctuation of local free en-
ergy barriers AF [67]. We assume that AF follows a Gaussian
distribution given by

P(AF) =

_ 2
ex |:_(AF AFy) j|, (B2)

2
27 a% 20

where AF; is the mean of the distribution and or is the
standard deviation, which gives a measure of the fluctuation.
Following Xia and Wolynes [67], we obtain 8 as

241
— oF ’
@] w

where we have set the Boltzmann constant kp to unity. For the
Gaussian distribution of AF, we obtain [67]

8s, oF

(sc) AFO '
with és. ~ ,/AC,/V, where V ~ £ is the typical volume of
the mosaics. In the low-P,) regime, where we have compared

our RFOT theory predictions with the simulation results, the
length scale & of the mosaics, Eq. (3), is given by

ki — ko (Py — Pref 1/(d—6)
‘5’\’ |: 1 2( 0 0 ) - ] (BS)
T — Tx + ».(Py — Py')

(B4)

and
(s¢) ~ AT—?’[T — Tk + s (Py — B})]. (B6)

Using Eqs. (B5) and (B6), we obtain
O o [k — ka(Po — PI)] . (B7)

(sc)
The mean free energy barrier (AFp) is obtained, by using R =
& in Eq. (2), as

T[k — ka(Po — PFT)]° ] (BS)

T — Tk + ».(Py — Py')
Using Egs. (B7), (B8), and (B4) in Eq. (B3), we obtain § as

_ Bk — ko (Py — Pi) ] ﬂ”z
p= [1 i { T —Tx + (P — Py) -

AF()O(|:

where 5 is a constant. It is well known that RFOT theory pre-
dicts the correct trends of S, but the absolute values differ by
a constant factor even for a particulate system [67]. Since we
are interested in the trend of 8 as a function of Py, we multiply
Eq. (B9) by a constant A to account for this discrepancy and
obtain

_ Blk — ka(Po — Pf)] 12772
IB_A|:1+{T—TK+%C(PO_P66f)} ] . (B10)

The constants k1, k,, Tk, and s, are already determined; .4 and
B are obtained through the fit of Eq. (B10) with the simulation
data for Py = 25 as a function of T'.
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APPENDIX C: CALCULATION OF £(v) IN OUR
SIMULATION

Reference [65] looks into the circumferentially averaged
PDF [2(v)]. Following Ref. [65], we have obtained the Q2(v)
as follows: We calculate the velocities of different cells from
the displacements, r, of their centers of mass after 100 MC
steps and define v = r/100. We then use a velocity grid la-
beled i and obtain the number of velocity events, O;, within a
range v’ and v'*!. Finally, we obtain

1 O;

Q) = ———\
(vi) N, 2mv;dv;

(ChH

where v; = (v +v"1)/2, dv; = (V' — '), and N, is the
total number of velocity events.

APPENDIX D: ¢-GAUSSIAN DISTRIBUTION

The Q(v) is well described by a g-Gaussian distribution,
JqG. defined as

fi6(v) = Ag(1 + Bv*) ™, (D1)

where Ay =1/(q—1), Ay =1/m)(A; —1)B,, and B, =
(/T (Ay —3/2)/T(xy — DJ?. I'(...) is the Gamma func-
tion. From the fit we obtain ¢ = 1.06 (g here is different from
the shape index).
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