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Jamming by shape in kinetically constrained models
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We derive expressions for the critical density for jamming in a hyper-rhomboid system of arbitrary shape in
any dimension for the Kob-Andersen and Fredrickson-Andersen kinetically constrained models. We find that
changing the system’s shape without altering its total volume or particle density may induce jamming. We also
find a transition between shapes in which the correlation length between jammed particles is infinite and shapes

that have a finite correlation length.
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I. INTRODUCTION

Increasing the density of particles in granular materials
causes them to undergo a transition from an unjammed state,
in which the particles can move relatively freely, to a jammed
state, in which almost none of the particles can move [1-4].
Systems of interest in nature and in industrial applications
typically have complicated geometries which strongly affect
jamming in them [5-8], and it is thus important to understand
how confinement influences the jamming of granular matter.
Here we investigate the effects of confinement on the jamming
transition, and in particular test how the shape of containers,
and not only their volume, determines how they jam. Most
theoretical work so far was done on square and cubic systems,
or even in the infinite system size limit [9-14].

There are numerous laboratory experiments that deal with
nonsquare two-dimensional systems [15-18]. For example,
Daniels and Behringer conducted an experiment on polypropy-
lene spheres in an annulus [19], which is large enough to be
considered a rectangle with infinite length and finite width.
A different experiment by Bi et al. [20] consists of shearing
a square system such that it becomes a rectangle with the
same area and particle density as the original square. Other
experiments, such as [21-24], considered colloids confined
between quasiparallel plates.

In this paper we examine the effects of confinement
on jamming by studying these phenomena in kinetically
constrained models in d-dimensional hyper-rhomboids. The
essence of jamming is captured by the various kinetically
constrained models [25-42]. Such simple models, and other
related models [43-54], have exact solutions, which help us
to obtain deep insights into the physical processes responsible
for the corresponding phenomena in real systems.

A. Models

We consider the Kob-Andersen (KA) [55] and Fredrickson-
Andersen (FA) [56,57] models on hypercubic lattices of
arbitrary dimension d. The system is confined to a hyper-
rhombus of size L x --- X Ly, such that L; < L;4; for all
1 < i < d — 1.Inthe KA model each site may be occupied by
at most one particle, and a particle can move to a neighboring
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vacant site if it has at least m neighboring vacancies before and
after the move. In the FA model a site can change its state from
occupied to vacant or vice versa if it has at least m neighboring
vacancies. If m = 1, then even a single vacancy can facilitate
the movement of the entire system, and thus all the particles
can move eventually regardless of the system’s shape or size.
If m is less than or equal to the system’s dimension d, there
are no frozen particles in an infinite system. However, if at
least d — m + 1 of the system’s sides are of finite size, there
is a finite probability that there will be a frozen structure
spanning the system from one edge to the other. If m is
larger than the system’s dimension, consider a completely
occupied d-dimensional small hypercube inside the system.
Each particle in this hypercube has at most d neighboring
vacancies and so will never move. Hence, there is always a
finite fraction of frozen particles even for an infinite system.
Moreover, these frozen particles are not necessarily connected
to the system’s edges and can be “free floating” in the middle,
and we do not refer to this situation as jammed. In general,
there is a finite probability for having frozen particles as long
as at least d — m + 1 of the rhomboid’s sides are finite.

For infinite systems, the critical density is the density at
which the fraction of frozen particles is singular [31-33].
Although no real phase transition occurs in finite systems, there
is a crossover transition between an almost unfrozen regime,
in which almost all of the particles on average are unfrozen, to
a frozen regime, in which almost all the particles are frozen.
We use the average fraction of frozen particles, np, as the
order parameter, and define the critical density as the density
at which on average half of the particles are frozen, np = 1/2.
With hard-wall boundary conditions, our order parameter can
be thought of as a point-to-set correlation function [58,59],
because it measures the probability that a particle is frozen
given that the outside edges of the system are blocked.

Balogh et al. showed that for the FA model in a hypercube
with L; = L, the critical vacancy density is [60]

A " d—m+1
Vd,m = (L> s (1)

ln(m,l) L
where Ing(x) = In{In[- - - In(x) - - - ]} is the In function iterated
k times,

o0
A = [ (2N, @)
0

©2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevE.89.032204

EIAL TEOMY AND YAIR SHOKEF

and

L—e™ 4+ /(1 +e k) - 4e_(k+1>z:| )
. .

g(z) =—1In |:

In particular, for d = 2, the only nontrivial case is m = 2, for
which
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This is correct only asymptotically for very large systems.
For finite systems, there is some effective value of A, ,, which
converges to these values for extremely large L [61]. In what
follows, whenever A, , appears, it should be understood as
this effective Az ;.

Although for m < d the critical vacancy density in the
thermodynamic limit (L — o00) is v, = 0, it is still important
to know the effects that the size and shape of the system
have on v, since real and simulated systems are of finite
size and can be of different shapes. It is also interesting to
investigate systems which are infinite or very large in some
directions and finite or small in other directions, such as very
long tunnels that have a finite width. In [62] we investigated
two-dimensional rectangular systems in the m = 2 FA and KA
models, and found that the critical vacancy density in infinitely
long tunnels with a finite width W scales as vy » \/;W which
is qualitatively different from v, o< 1/1In L for square systems
in Eq. (4). Here, we expand our previous work by considering
d-dimensional hyper-rhomboids with any 1 < m < d.

B. Outline

In this work we distinguish between weak confinement
and strong confinement, depending on the number of ef-
fective dimensions of the hyper-rhomboid, deg. A tunnel,
for example, has one effective dimension, d. = 1, while
a three-dimensional (3D) system confined between closely
separated parallel walls has d.s = 2. Consider a system in
which d.g of its sides are infinite, and the other s = d — dq¢r
sides are finite. If desr > m, then none of the particles in
the system are frozen, while if d.r < m a finite fraction of
the particles is frozen. When the system is of finite size, its
critical density is mainly governed by the size of the largest
desr dimensions if deir = m, or by the size of the smallest s
dimensions if d.ss < m. Hence, we define a weakly confined
system as a system with der > m (since the confinement in
the s small dimensions has only a weak effect), and a strongly
confined system as a system with degr < m.

A weakly confined system is characterized by long-range
correlations. By making a small, local change in the configu-
ration, the entire system can change from being unjammed
to jammed and vice versa. In a strongly confined system,
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the correlations are short ranged. There are clusters of frozen
and unfrozen particles, such that a small local change in the
configuration may change the state of the local cluster, but not
of the entire system.

We also find analytical expressions for the critical density
for different hyper-rhomboids. By changing the system’s
shape, but not its total volume or particle density, the critical
density also changes, such that it may be above the particle
density for some shape but below it for a different shape.
Hence, a system may jam and/or unjam by changing only its
shape.

The remainder of this article is organized as follows. In
Sec. II we analyze the critical densities for hyper-rhomboids.
We present here a derivation of the critical density for three-
dimensional systems, and reserve the derivation for general
dimensions for Appendix C. In Sec. III we show how changing
the shape of a system induces jamming by studying the
m = 2 model in three-dimensional rhomboids. In Sec. IV we
study the correlation between frozen sites in strongly confined
three-dimensional systems in the m = 3 model. Section V
summarizes our work.

II. CRITICAL DENSITY

In this section we show the derivation of the critical
density for d-dimensional rhomboids in any m < d. We first
present a sketch of the derivation, and later show the full
details. Those not interested in the more technical details
can read only the beginning of this section and skip the
subsections. A detailed derivation of the critical density for
general dimensions appears in Appendix C.

Consider first a special case of weakly confined systems,
namely, hypercubes. The system is unfrozen if it contains at
least one critical droplet, which is a small unblocked region
that can cause the entire system to become unblocked [63].
We denote the probability that a site is part of a critical droplet
which unblocks a hypercube of size LY by P[L x --- x L].
The average number of sites which seed a critical droplet is thus
L4P[L x --- x L]. The system is unfrozen when it contains
at least one critical droplet. Therefore, the critical density is
found by solving the equation

1=L‘P[Lx---xLJ]. (6)

Holroyd [63] showed that for two-dimensional systems with
m = 2 the probability of seeding a droplet is

P[L x L] = exp[—2422/ (1 = p)], @)

where A, is given in Eq. (4) above. Thus Eq. (1) is retrieved
for the two-dimensional square with m = 2. Balogh et al. [60]
used the same idea for d-dimensional hypercubesinany m < d
to derive Eq. (1) for hypercubes in any dimension.

The main idea is to start from a very small unblocked
region and try to expand it isotropically in all directions by
checking if the sites adjacent to the unblocked region satisfy
some condition (which depends on d and m). Therefore,
the most probable shape that a droplet can unblock is a
hypercube. However, other shapes, as long as they are not
too deformed, can also be unblocked by a single droplet,
because the system’s edges do not impede the expansion of
the droplet. We show below (for d = 3) and in Appendix C
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(for d > 3) that for weakly confined systems (deg > m), if
there is a critical droplet, it will unblock the entire system
with high probability. The implication of this is that if a
particle is frozen, there is no critical droplet, and thus the
other particles in the system are highly likely to be frozen as
well. Hence, the correlation between frozen particles spans
the entire system, no matter its size. By calculating the
probability that a particle in a hyper-thomboid is part of a
critical droplet, P [L; x --- x Ly], and solving the analog to
Eq. (6):

1=VPI[L; x---x Lg4], (8)

where V is the volume of the system, we find the critical
vacancy density
degg—m+1
) , 9

pVeak _ i Adegr,m
¢ Vi ll‘l(m_l) V V/det

where s = d — dq¢ and
v =[]L (10)
i=1

is the volume associated with the small dimensions. Except for
the prefactor of 1/ V,, the critical density is the same as for a
hypercube with d.; dimensions. Note that for weakly confined
systems the critical density depends on the ratios between the
lengths L; only via the number of effective dimensions. This
means that as long as the hyper-rhomboid is not too deformed,
its critical density is equal to the critical density of a hypercube
of equal volume.

As will be explained in Secs. Il A and II B, due to the way
the droplet is constructed and expanded, it needs at least m
dimensions in order to expand indefinitely. Therefore, in a
strongly confined system (desr < m), the system’s edges block
the expansion of the critical droplet, and thus each droplet
unblocks only part of the system. These unfrozen clusters have
acharacteristic size £, and we assume that at the critical density
the frozen and unfrozen clusters have the same characteristic
size. The critical density is found by evaluating the density at
which half of the clusters contain a droplet, i.e., by solving the
equation

% = Veuster P [cluster], (11)

where Vipger 1S the volume of a typical cluster and
P [cluster] is the probability that a site will seed a criti-
cal droplet that unblocks the cluster. The solution to this
equation is

. _n1—-d -1
vztrong ~ [ln(m—Z) Vsl/(d t)] +t+m ’ (12)

where ¢ is the number of very small dimensions (for example,
a 3D system with L3 > L, > Ly hass =2 and r = 1), and
Ing)y x = x. This expression is similar to the critical density
of a weakly confined system with d — ¢t — 1 dimensions in an
m — 1 model. In effect, the strong confinement removes one
degree of freedom.

Itis important to note that the value of the parameter A given
in Eq. (2) is valid only for very large systems. For m = 2 in
d = 2 it is well known that even for the largest systems that
have been simulated (L &~ 10°) A, is equal to roughly half
of its asymptotic value [61,64]. By considering other ways to
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FIG. 1. (Color online) The effective valuesof 13, = ,/v. In L for
cubes of size L? (a) and of Ay, = v.In L for squares of size L2
(b) in the KA (blue squares) and the FA (red circles) models. The
values of A in the sizes sampled are far from their asymptotic values
of A3, ~ 0.99 and X, , ~ 0.54, and they appear to behave as ~In L.

expand the droplet, Gravner and Holroyd [61] evaluated the
asymptotic corrections to this value, and estimated that systems
as large as L = 10?° would be needed to observe convergence
in the numerical value of A, ;. Here we see a similar behavior
ford = 3.

Figure 1 shows the effective value of A3, = /v;InL in
cubes of size L3 and of A2 =7v.InL in squares of size
L?. Under our current computational limits (L¢ < 10°, which
requires 30 Gbytes of memory), the effective A3, has a value
of approximately 0.45 in the KA model and 0.42 in the FA
model, far from its asymptotic value of ~0.99. However, it is
clear that it grows with L. Theoretically, the value of A for both
models should be the same. The added constraint in the KA
model reduces the probability of unblocking the entire system,
and thus increases A, and this effect is non-negligible in small
systems. Figure 2 shows the critical vacancy density and the
effective A3 3 for cubes of different sizes in the m = 3 model.
Similarly to the m = 2 model, the effective X is far from its
asymptotic value of 0.4.

In order to find the critical densities numerically, we first
calculated the fraction of frozen particles, np, for many
densities. The critical density was estimated by a linear
interpolation between the two densities for which nr was the
closest to 0.5. For each density, n r was calculated as an average
over several thousands of random configurations, such that the
relative error in the critical vacancy density v, /v, is 1% or
lower.
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FIG. 2. (Color online) The critical vacancy density v. (a) and
the effective A3 3 = v.Inln L (b) for three-dimensional cubes as a
function of the cube size L in the m = 3 model. The effective A3 3 is
far from its asymptotic value of 0.4.

A. Derivation of the critical density for the m = 2 model

In this section we first sketch the derivation of Eq. (1) given
in [60] for hypercubes in arbitrary dimensions for the m = 2
model. For simplicity we give it here for three dimensions.
The generalization to higher dimensions is straightforward.
We will then consider three-dimensional rhomboids.

1. Cubes

When m = 2, a cube (L; = L, = L3 = L) is either com-
pletely unfrozen or almost completely frozen. The system can
become unfrozen if it contains at least one critical droplet.
We denote the probability that a site is part of a critical
droplet which unblocks a system of size L x L x L by
P[L x L x L]. The average number of sites which seed
a critical droplet is thus L3P [L x L x L]. The system
is unfrozen when it contains at least one critical droplet.
Therefore, the critical density is found by solving the equation

1=LP[LxLxL]. (13)

In order for a site to be in a critical droplet, we first consider
asmall 2 x 2 x 2 cube and randomly choose one of the eight
3 x 3 x 3 cubes that contain it. We then check whether this
3 x 3 x 3 cube is frozen or not. We want to continue this
process to a 4 x 4 x 4 cube and so on until the entire system
is unfrozen. The original 2 x 2 x 2 cube is a critical droplet
only if it is possible to expand it to the system’s size. Assume
that we now want to check whether a box of size (I + 1) x
(I + 1) x (I + 1) is frozen or not. The probability that it is not
frozenis P [(I +1) x (I + 1) x (I 4+ 1)]. We start from a cube
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FIG. 3. (Color online) An example of the expansion of a critical
droplet in d = 2. We start from panel (a) with a 3 x 3 system. The
particles shown in green (gray) are unfrozen, and the black particles
are those that either are blocked at that stage of the expansion or
are newly considered. Now, expand it to the right (b). The rightmost
column is not full, and the 3 x 2 rectangle is unfrozen. This means
that the 3 x 3 square satisfies the second condition, and the 3 x 4
rectangle is unfrozen (c). We now expand it one row upwards (d). The
top row is not full, which means that the first condition is satisfied,
and thus the entire 4 x 4 square is unfrozen (e).

of sizel x [ x [ and expand it in three steps: first to a rhomboid
ofsizel x I x (I 4+ 1),thentol x (I + 1) x (I 4+ 1), and lastly
to(l + 1) x (I + 1) x (I + 1). In the first step, the rhomboid is
unblocked if one of two disjoint conditions occur: either the
[ x [ x [ box is unblocked and the added side is not full, or the
[ x I x (I — 1) rhomboid is unblocked, the sites in the side of
thel x [ x [ box butnotinthe! x [ x (I — 1) rhomboid are all
occupied, and the added side of the / x [/ x (I + 1) rhomboid
is not full. See Fig. 3 for an illustration of the expansion
process in two dimensions. Hence P [l x [ x (I + 1)] satisfies
the equation

PlxIx(A+D]=PlxIxIl](1-p")
+P[IxIx(I=D]p"a—p",
(14)
where p is the particle density.
The assumption that these probabilities have the form

b I3

I
PlhxbhxBl=[]p ][]  (5)

=1 =1 =1

yields
PlUxIx(+D]=P[xIx—D]BII+1*BU?
(16)
and
Pl xIxI]=P[lxIx(—1]8. (17)

Using this assumption in Eq. (14) yields

BIU+ 1183 = (BUH + p)(1 = p5).  (18)

Further assuming that for large /, 8 depends weakly on it,
namely, B[(I + 1)*] ~ B(I?) in Eq. (18), we have a quadratic
equation for 8 with the solution

1— o + 14207 —3p2"
py=——L7 2+p . (19)

The other two steps of the rhomboid expansion yield similar
equations for 8. By assuming that 8 depends weakly on [ for
large [, the solution of these two equations is the same as in
Eq. (19).
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Therefore, the probability that a certain site is part of a
critical droplet, i.e., that it can unblock the entire system, is

L 3 L
PILxLxL]= []‘[ /3(12)] = exp [3 Zln,B(lz):| .
=1 =1
(20)

Since the critical density in an infinite system is 1 and
the critical density in finite systems is close to 1 we can
approximate ,0’2 by

ol ~ exp[—vi?], 1)
where v =1 — p is the vacancy density. For large enough
L (L > 10), the value of the probability P[L x L x L],
calculated via Eq. (20), is very close to the probability of
expanding the droplet to infinity, P[co X oo x oco] as shown
in Fig. 4, so we can use the latter even for finite systems.

Changing the summation in Eq. (20) to an integration over
z = /vl yields according to the Euler-Maclaurin formula

P[00 X 00 x 00]
~ {3]001 [ (é)}£+§1 (00) +1 (1)}
vew 3 [ n|B( )] 55 Ao +inpD]

e’} Z2 dZ 3

Taking the limit v < 1 yields

Jv

P[ooxooxoo]:exp{—

3[raz+ V(g )] }

(23)

where

[00 (1 —e T 14207 — 3e212)
)\3,2 = — In
0

2

~ 0.9924. (24)

Using this result in Eq. (13) yields Eq. (2). The transition from
the sum to the integral is valid for very small v and large L as
shown in Fig. 4.

2. Three-dimensional rhomboids: Weak confinement

We now assume that the three length scales L; < L, < L3
are not necessarily equal. We repeat the derivation of the
critical droplets, such that the critical density is found from
the relation

1= L]L2L3P [Ll X L2 X L3] . (25)

‘We assume that the form of P is

L, L, Ls
PILy x Ly x L3] =[] B¢ ] B [ B(LiL2).
I=1 Li+1 Lo+l
(26)
The derivation of the expansion of the critical droplets is the
same as in cubes until/ = L;. At that point, we can expand the
rhomboid in only two directions and the size of the third side is
fixed to be L;. Then, when ! = L,, we can expand in only one
direction and the sizes of the other two sides are L; and L.
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FIG. 4. (Color online) (a) The relative difference between P’ =
P [1000 x 1000 x 1000] and P = P[L x L x L] for L = 10 (dot-
ted red) and L = 30 (dashed green) as a function of the vacancy den-
sity v, and (b) a comparison between the sum —/v ZIL:I In (%) =
—(Wv/3)In P[L x L x L] and the integral in Eq. (24), A3, +
/v[(Inv)/4 — 1], as a function of the vacancy density v for different
sizes. The black continuous line is A3, + 4/v[(Inv)/4 — 1]. The
symbols mark the critical density for L = 10 (red circle, v, ~ 0.029),
L =30 (green square, v, ~ 9,912), and L = 100 (blue triangle,
v, ~0.007). The relative difference is very small at the critical va-
cancy density (v, &~ 0.029 for L = 10 at which the relative difference
i$ 0.0003 and v. ~ 0.012 for L = 30 at which the relative difference is
3 x 10719). For a given L, A is very close to A3, + 1/v[(Inv)4 — 1]
until a certain value of the density where it drops rapidly. It is clear
that for each L, around v, the approximation is valid.

Therefore, when [ < L, P satisfies the same equation as in a
cube, Eq. (14), and the function 8 is given by Eq. (19). When
Ly <l < Ly and L, <1 < L3, the probability P satisfies
similar recursion relations, such that in all three cases

1 —p*+/1+2p% = 3p*
Bx) = 2 . ©2))

In order to find the critical density we use Eqs. (26) and (27)
in Eq. (25),

L, L,
0=InV+3> Inpd*+2 Y WAL
=1

I=L+1
Ls

+ Y WB(LLy), (28)

I=L,+1
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where V = L L,L3 is the volume of the system. We now
change the first two sums to integrals over z = /vl and
z = vL,l, respectively, and calculate the third sum explicitly,

UL1L2

3 ﬁLl ) 2
0=1nV——/ 81(z)dz — — g1(2)dz
v

x/_ vl vL (L,+1)
+ (L3 — Ly)In B(LL>). (29)

We assume that v is sufficiently small such that the lower
limit of the first integral can be taken to zero. If L3 is not too
large compared to L and L,, we can neglect the third term.
Assuming again that L, and L, are large enough this last
condition can be written as

Ly < In"' B(LiL,) ~ exp[2vLLo] . (30)

For now, we assume that it is satisfied, and thus implicitly
assume that L, ~ Lj, i.e., that the system has at least
der > 2 = m and so is weakly confined. The case when this
condition is not satisfied, and thus the system is strongly
confined, is dealt with in the next section.

‘We now look at vL% and vLL,. If L, is large enough that
va >> 1, the system behaves as a cubic system, since L is
large enough to be considered similar to L,. If UL% is small
but vLL, is large, then the system behaves as a quasiplanar
system. The third option, that vL,L, < 1, cannot exist near
the critical density under the assumption that L, ~ L.

If \/vL; > 1, the upper limit of the first integral can be
taken to be oo and the second integral can be neglected. Thus,
the equation for the critical density is

O0=InV — = 31
NG G
and the solution is
3r2 )\’
pbulk — <—3’2> . (32)
InV

Note that in a cube V = L3, and so we retrieve Eq. (1) for
m = 2 in three-dimensional systems. This result means that in
the bulk regime, the ratio between the different length scales
is unimportant, and the only relevant quantity is the system’s
volume.

If ./vL| < 1, the first integral can be neglected and the
limits of the second integral can be taken to be 0 and oo

222
0=InV - =, (33)
UL]
such that the critical density is
2X
v2f = 222 (34)
Ll InV

which is similar to the behavior of a bulk two-dimensional
system,

2D _ 22
¢ InVv

We will now consider what happens when Lj is very large,
such that L3 > exp[2vLL,].

(35)
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3. Strong confinement

When L3 > exp[2vL;L,], we cannot use the notion of
critical droplets as is, but must first note that the tunnel is di-
vided into independent sections, similarly to two-dimensional
systems [62]. We note that if two or more adjacent planes lying
in the short directions are completely occupied, then they are
permanently frozen. We call w (w > 2) adjacent full planes a
wall of width w. Between each two walls there are a number of
planes, which do not contain two or more adjacent occupied
planes, and we call these planes a section of length [. Each
section is independent of the others, i.e., its state (whether it
is frozen or not) is independent of the configuration of the
other sections. We assume that each section behaves as a bulk
system of size L; x L, x [, and take the average value of [
as a representative for the whole system. Using combinatorial
calculations very similar to those detailed in [62], we find that
the relative probability of finding a section of length [ is

1—pht ! !
= —-B_1 36
o) NS E By — B8] (36)
with
1 —phila £ /1 42pLiLs — 3p2LiLs
Br = v 2 . 37)
The average section length in the L3 direction is
oo
<l3> — ZZO:OI Q(l)l — 1072L1L2 +p7L1L2 -1
2= 20
~ p2hl v exp [2uL Ly . (38)

Hence, the division into sections is valid if L3y > ([3).

We can now consider a system of size L x Ly x (l3),
which behaves as either a bulk system or a quasiplanar system.
If it behaves as a bulk system, i.e., /vL; > 1, the critical
density satisfies the equation

3230 :
vlunnel — ( ’ ) , (39)
¢ In(LiL; (13))
which is equivalent to the following cubic equation on ,/v,:
In (L]Lz) \/U_C + 2L1L2v3/2 - 3)\.3’2 =0. (40)

In the limit L L, > [In (L L,)]’, the solution to this equation

1S

2/3

ot = (a2 )7 @)
2LL,

If the section behaves as a quasiplane, i.e., ,/vL; < 1, the
system is a quasitunnel (QT), the critical density satisfies the
equation

2A
vQT 2,2

or _ 22 (42)
LiIn(L{L> (l3))

and the solution is

or \/16L%L2x2,2 4 L21n% (L Ly) — Ly In (L Ly)
< 4131,

py
~ |22 (43)
L’L,

v
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If (I3) > L, then there are no more divisions, since the
section is built such that it is not divided further. However,
if (l3) < L,, then a priori it may be that L, is so large
that the section is again divided into subsections in the L,
direction similarly to what was done before. In Appendix A
we show that in fact the section is not divided into smaller
subsections.

B. Critical density in the m = 3 model

We now turn to the m = 3 model, which is always jammed
ford = 2butnotford > 3. We firstrederive the critical density
for 3D cubes of size L x L x L [60], again using the notion
of critical droplets.

Consider an unblocked cube of size L x L x L. The cube
can be expanded if the layers adjacent to its sides satisfy some
condition which allows them to be unblocked. To construct
these conditions, consider a system composed of two 2D
layers, each layer of size L x L. These layers correspond to
the layers adjacent to one side of the cube. A particle on the
bottom layer (the one closer to the original cube) can become
unblocked if it has at least two neighboring vacancies in the two
layers, and a particle on the top layer can become unblocked
if it has at least three neighboring vacancies. This is similar
to the 2D case with m = 2, so we again use the notion of a
critical droplet inside the two layers. An empty rhombus of
size [ x [ x 2 can be expanded in one direction if one of two
conditions is satisfied, similarly to the m = 2 case: (1) At least
one site in the two rows (the one on the top and the one on the
bottom) adjacent to the square is empty, or (2) at least one site
in the next-to-nearest bottom row is empty. Figure 5 illustrates
these conditions.

-

HEEEEEE

w =)

<
o

y 4

N W
N

1 2 3 4 5 6 7

X

(a)Top layer

(b)Bottom layer

FIG. 5. An example for the two layers above the empty cube.
Black squares are occupied and white squares are empty. The 3 x
3 x 2 rhombus depicted here can be expanded in three of the four
possible directions. The rhombus can be expanded in the positive
y direction, because its top layer has an adjacent vacancy in that
direction in site (4,6). It can be expanded in the positive x direction,
because its bottom layer has a vacancy in the next-to-nearest column
in site (7,3). It can be expanded in the negative x direction, because
its bottom layer has a vacancy adjacent to it in site (2,5). It cannot be
expanded in the negative y direction, because its top layer does not
have an adjacent vacancy, it only has a vacancy in the next-nearest
row at site (4,1), which is not enough.
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Therefore, assuming that the probability of a rhombus of
size L x L x 2 to be emptyable is

L
Py(L x L) =[] 850, (44)
=1

we find that the function B3(/) satisfies the recursion relation
Bil) = (1 = p™)Bs(D) + p*(1 = ph), (45)
and is thus equal to

1— o2 1 22 _ 43
Ba(l) = o+ (2+p) L (46)

The face of the cube can be expanded if at least one of the
sites on the two layers adjacent to it is a critical droplet. The
entire cube can be expanded if it can be expanded in all three
directions. Hence, the probability that a cube can be expanded
tosize L x L x L is

P3(L x L x L)

i 212
=[]|t- (1 —]_[ﬂf(k)>

=1 k=1

= exp <312j;1n {1 - [1 - exp(zglnm(k))rz} >

(47)

3

Changing the sums to integrals and taking the upper limit to
oo yields

s
Py(L x L x L) ~ exp [—m exp (ﬁﬂ . (48)
v
where
o0
w=— / In[1 — exp(—2z%)]dz ~ 1.6. (49)
0

See Appendix B for the full details.
The critical density is found from the equation

A3,3
InlnL’

1=L3Py(LxLxL)= v~ (50)

Strong confinement in 3D rhomboids

In order to estimate the critical density in quasiplanes
we consider the typical size of the unfrozen clusters. We
consider only square clusters and assume that averaging over
all possible shapes is the same as averaging over squares.
Similarly to the m = 2 case in 2D, we assume that the relative
probability of clusters of size I is the probability of expanding
a critical droplet to size Ly x [ x . We now fix L; and
take L, and L3 to infinity, and expand a droplet. Up to size
L x Ly x Ly, the expansion is the same as in a bulk system.
After that, the droplet can be expanded in only two directions,
and each side of the rhomboid is of size L x /. The probability
that each side is unblocked is ,B_Q(L 1), where 3 was defined in
Eq. (46). However, the side of the thomboid may be divided
into subsections, similarly to the division of subsections in
the m = 2 model in two dimensions, by walls consisting of
two or more adjacent full walls of size L; x 2. The average

032204-7



EIAL TEOMY AND YAIR SHOKEF

length of these subsections is ~p~*'1, and above that length
some of the sites in the rhomboid’s side are very likely to
be frozen. Therefore, the characteristic size of the sections is
L; x p~*1 x p~*L1 Note that this characteristic size does not
depend on A3 3. The critical density is found from the equation

A33 A33

oP ~
v ~ ~ . 51
InlnL;p- %5 In(InL; +8L;v.) Gh
In the limit of 8L v, >> In L, the solution is
1 1
er (52)

v = oA S
¢ WoBAz3L1)  In(8A33L)

where W (x) is the product-log function [65].

When the system is confined to a tunnel, the side of the
rhomboid is not divided into subsections, because it is of
constant size L| x L,. In that case, the tunnel is divided into
sections by walls, which are one or more adjacent planes
of size L; x L, that are frozen. Assuming that L; and L,
are large enough, the probability that a plane is frozen is
1 —exp[—L;L;exp(—2x33/v)]. This is very similar to a
tunnel in the m =2 model in which the probability that a
plane is frozen is 1 — p*'%? &~ 1 — exp(—vL,L,). Therefore,
we can use the known results for tunnels in m = 2 and replace
v with exp(—AX3 3/v). The average section length is

(I) ~ exp[L1L; exp(—2233/v)]. (53)

The critical density is found from the equation
el g 2 (54)

Inln(L;Ly {I))
and thus
3
Zunnel ~ 3,3 . (55)
In(LiL>)

III. JAMMING BY SHAPE IN 3D RHOMBOIDS
IN THE m = 2 MODEL

In this section we show how changing only the shape of the
system can change its behavior and induce jamming. Although
we show this only for three-dimensional systems in the m = 2
model, the conclusions are valid for any dimension and any m.

We focus on four possible relations between the three length
scales L{,L,, and L3. If L &~ L, & L3 the system behaves as
a cubic (bulk) system. If L; <« L, =~ L3 we call the system
a quasiplanar (QP) system. If L; & L, <« L3 the system is
atunnel. If L} < L, < L3 we call the system a quasitunnel
(QT). The critical vacancy densities in the four regimes are
given by (see Sec. IT A)

bulk 332\’ op _ 2Mp
T e )
InV LilnV

2/3
ptunnel _ 3h3.2 ! QT — A2
¢ 2LL,) ¢ LiL,

Bulk (dest = 3) and QP (degr = 2) systems are weakly
confined, while tunnels (der = 1, = 0) and QT (degr = 1,
t = 1) systems are strongly confined. As noted before, a
strongly confined system is divided into clusters. In the
m = 2 model, we call these clusters sections, as they behave

(56)
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somewhat differently than do clusters in the m > 2 models.
Only in the m = 2 model are the sections independent of each
other, in the manner that the state of a section (whether it is
frozen or not) is completely independent of the state of the
neighboring sections. These sections are separated by at least
two adjacent fully occupied planes perpendicular to the long
direction.

By changing the different length scales L,L,, L3 for fixed
volume V = LL;,L3, the system crosses over between the
different regimes. For example, by changing the value of L,
the system will cross over from bulk behavior to quasiplanar
behavior. This transition occurs when the critical density
satisfies both the bulk equation and the QP equation. Equating
the two yields the crossover length for L:

21
LOeQr _ 222 gy

=2 57
! 9.3, 57)

Similarly, by decreasing L3, the system will change from
a tunnel into a bulk system or from a quasitunnel into a
quasiplane. By equating the relevant expressions for the critical
density we find that the crossover length is

exp [(1823,L1L2) "]
LiL,

In Sec. IT A, we showed that the average section size is equal
to Livktmnel Hence, the transition between bulk and tunnel
occurs at the point where the system contains on average one
section. The third crossover length is between tunnels and
quasitunnels,

Lbulk-lunnel _
3 =

(58)

3)\3'2

2
2)\'3/2
L?T-tunnel _ <i> \/E 59)

To show this behavior graphically, we define the three
following parameters describing the shape of the system:

943, ’ L}
a= 202 ) PV’

2.\’ 12
=222 4, (60)

4)\2’2 L2

L\L,

— 1822, 12

o P2y

such that ¢, > 1 implies L; > L™ %, ¢, > 1 implies

Ly > L™ and g3 > 1implies L3 < LAvik-tumnel Also, we
note that g,q3 = g /)L% ,. Therefore, the state of the system
can be determined by afny two of the three parameters ¢;,¢g>,
and g3, as shown in Fig. 6.

As each regime has a different critical density, by changing
the system’s shape but not its volume or density, a system
may become jammed if the density was lower than the critical
density at the original shape, but higher than the critical density
at the new shape. Consider a system of size W x L x L and
define the aspect ratio r = L/ W. The system has constant
volume V = WL? and constant density, p. By changing the
aspect ratio between 0 and oo the system changes from a tunnel
(r <« 1)to abulk system (r & 1) and to a quasiplane (r > 1).
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2.0

1.5¢ QP Bulk

0.5F QT

Tunnel

0.09 2 4 6 8
q2
FIG. 6. (Color online) Phase diagram of the four possible states
of a 3D system (bulk, QP, tunnel, and QT), as a function of
the two shape parameters ¢, = (943 ,/4A3,)*(L1/L,) and g3 =
1802,L L,/In’ V.

These transitions can be seen in Fig. 7, where the aspect ratio is
changed in a system of volume V = 10° and density p = 0.99.
This density was chosen so that the bulk system is unjammed,
but the tunnel and quasiplanar systems are jammed. In the
KA model in the bulk, the chosen density is very close to the
critical density p ~ p. and so ny = 0.2 and not O or 1. Even
near p., nr does not change much with » and depends only on
V as long as the system is in the bulk regime. Fluctuations in
np appear since V is not exactly the same for all aspect ratios,
but varies from V =994 194 at L = 171to V = 1011240 at
L = 159, since the system must be a thomboid.

In general, for a given volume V and density p there are four
possible behaviors: (1) neither a tunnel, nor a 2D plane, nor a
cube is jammed; (2) a tunnel is jammed, but not a plane or a
cube; (3) atunnel and a plane are jammed, but not a cube; (4) all

1.0 5
110
3
0.8F 1 ’]04
d> . 1103
0.6 .
e } 1100
& 7 [ >
L e e 410
04 ar
L7 ' 11
02r" \
o \ ; 10.1
0.0kL ‘ \ ‘ J 10.01
10-¢ 104 0.01 1 100
r=L/W

FIG. 7. (Color online) Average fraction of frozen particles np
and the three g parameters vs aspect ratio r = L/ W for a system
of constant volume V = WL? = 10% and particle density p = 0.99.
The thick lines are ny for the KA (blue solid line) and FA (purple
dashed line) models, while the thin lines are the ¢, (red dashed), ¢,
(green solid), and g3 (blue dotted) parameters. The system changes
from tunnel to bulk at r &~ 0.01 (W =~ 2100, L = 21, g3 = 1) and
from bulk to quasiplanar at r ~ 70 (W = 6, L ~ 420, gq; ~ 10). The
value of ¢, at the transition from bulk to quasiplanar is not 1 but larger,
because the values of the A parameters are far from their asymptotic
values.
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0.12

0.10} Only tunnel jammed
0.08
0.06

0.04} Only cube unjammed

vacancy density,v

0.02F  Always jammed

0.00

10* 10° 100 107 108 10° 1010
Volume,V

FIG. 8. (Color online) The behavior of a 3D system in the m = 2
models as a function of its volume and vacancy density. This plot was
drawn using the asymptotic values of A, and A3 ,. If we knew their
values for any volume and density, the plot would be more accurate.
Hence, the values chosen in Fig. 7 (V = 10°,v = 0.01) appear here
in the “Always jammed” region, while they should be in the “Only
cube unjammed” region.

possible shapes are jammed. The first behavior, that a tunnel
is unjammed, occurs only for very low densities, since the
critical density of an infinite tunnel is approximately 0.3 [62],
and the critical densities for large planes and cubes are much
higher. Therefore, we disregard that possibility. By varying
either the system’s volume or the particle density, the behavior
of the system changes among the other three possibilities. The
crossover occurs along the lines in which the density is equal to
the critical density for 2D planes of that volume and for cubes
of that volume. Note that for each combination of volume
and density, the transition between bulk and quasiplanes
occurs at a different aspect ratio. Figure 8 shows the behavior
of the system as a function of its volume and vacancy
density.

The crossover from QP behavior to bulk behavior is
illustrated in Fig. 9(a), which shows ,/v:InV as a function
of W for systems of size W x 103 x 10°. When W > 15, the
value of ,/v:InV is approximately constant, which fits the
behavior of bulk systems; see Eq. (56). In QP systems, we see
from Eq. (56) that ,/v;In V ~ /In(V)/ W which qualitatively
agrees with the results for W < 15. However, for small values
of W the simulation results do not scale as expected, because in
these relatively small systems the effective value of A depends
strongly on the system’s size.

Figure 9(b) shows the critical vacancy density of tunnels
of size W x W x L, where L is large enough so that the
system is practically infinitely long. We see that the results
from the simulations agree with the exact solution of Eq. (40).
In order to see the scaling of v;”““el ~ W43 the condition
W2 > 8 (In W)* should be satisfied. Our results are only up
to W =29, for which W2 = 841 and 8 (In W)3 ~ 300, and
so the asymptotic scaling is not satisfactory. In order to
get, say, W2 =10 x 8(In W)3, we need to go to W = 83,
which requires a system of length L ~ 10° to be considered
infinite, and thus approximately 1 Pbyte (10° Gbytes) of
memory.
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FIG. 9. (Color online) (a) The value of 313, = ,/v.InV as a
function of W for systems of size W x 10 x 10° for the KA and
FA models. Above W > 15, A3, does not depends on W, which
fits the behavior of a bulk system. Below W < 15, the system is
a quasiplane so it does not correspond to the bulk behavior. (b)
The critical vacancy density v, for tunnels of size W x W x L
as a function of the width W for the KA and FA models. The
length L is long enough for the tunnel to be considered infinite
(L=10° for W <9, L=2x10* for W < 16, L =4 x 10 for
W =18, L =2 x 10* for W =20,23, L =5 x 10* for W = 26,
and L = 2 x 10° for W = 29). The continuous line is the value of v,
according to Eq. (40) with A3, = 0.4.

IV. STRONGLY CONFINED 3D RHOMBOIDS
IN THE m = 3 MODEL

A. The correlation length

In the m = 3 model, a strongly confined system is divided
into frozen clusters which are not independent. Consider a
“view from above” on a three-dimensional system, such that
it appears to be a two-dimensional system, say in the x-y
plane. Each “site” in this effectively 2D system represents a
column which is either completely full or not. Any closed
shape formed by full columns is frozen, and the sites confined
by this wall are independent of the sites outside the wall. The
most probable closed shape is a 2 x 2 square. If two such
vertical pillars are close to each other, there is a possibility
that they are connected by a horizontal scaffold, which is
also frozen if it is at least two sites wide. These scaffolds
can also connect between themselves, and thus form frozen
clusters. The clusters are not completely independent, but
their correlation decreases with the distance between them.
Figure 10 shows an example of a configuration and the frozen
sections in it. The 2D projection of the frozen clusters is very
similar to the results of continuous models in 2D [66], in which
particles form dense regions reminiscent of our frozen clusters.

PHYSICAL REVIEW E 89, 032204 (2014)

FIG. 10. (Color online) Two-dimensional projection of the
frozen particles in a system of size 1000 x 1000 x 8 in the FA
model with m = 3 with periodic boundary conditions. The density
is p = 0.881 and the fraction of frozen particles is np = 0.46. The
colors represent the number of frozen particles in each column, as
shown in the lower panel. The full columns do not create closed
sections, but when they are close they create a frozen cluster by
scaffolding. The second panel is a zoom-in on a portion 200 x 200
of the projection.

Moreover, with hard-wall boundary conditions both the frozen
clusters in the KA and FA models and the dense regions in the
continuous model form near the edges of the system.

As an approximation, we consider the frozen areas as
adjacent frozen clusters of typical size &, and similarly for
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the unfrozen areas. We assume that at the critical density, the
typical size of the frozen and unfrozen clusters is the same.
We further assume that the typical cluster size is equal to the
correlation length between frozen sites. In order to obtain the
correlation length, we assume that the correlation between
sites i and ; being frozen decreases exponentially with their

distance:
i = Jjl
. 61)
§

The numerical results, shown in Fig. 11(a), support this
assumption. Finding the correlation length numerically using
Eq. (61) is very costly. Instead, we find it using a related
quantity which is easier to evaluate numerically, namely, the
average correlation in the system,

1
Cav =13 =—Zexp[ VT2 + 22 /E]L (62)

;/’ X,y,Z

¢; ;= pnp(l — pnp)exp |:—

where ¢y = pnp (1 — pnp), x,y,z are the distances along
the three directions between two sites, and when using
periodic boundary conditions, the three sums are from
—[(L; +1)/2] + 1 to | L;/2], with | q] being the integer part
of g.

c(r)

0.1

0.001

1074+ 2 4 6 8 10 12 14

Log[£]
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= QP

0.5
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15.0 20.0

FIG. 11. (Color online) (a) The correlation ¢; ; as a function of

the distance r = |?— j| for a quasiplane of size 3 x 100 x 100
in the FA model near the critical density p = 0.81. The straight
line is pnp (1 — pnp)exp[—r/&], with & ~ 1.66 calculated by the
fluctuations in ny. The deviation from the line is due to the large
weight of the few nearby points whose correlation requires corrections
to the exponential decay. (b) The estimated correlation length & as a
function of the width W for quasiplanes of size W x co x oo (blue
squares) and tunnels of size W x W x oo (red circles) at the critical
density. The continuous lines are a fit to & = y, exp [y, W"3].
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Appendix D shows that C,, is related to the fluctuations
in the fraction of frozen particles np between different
configurations by

2
1 1
Cup = ol = Z Z (,Ol’ll;;)z _ (Z an‘;) s (63)

where the summation is over A different realizations « of
the system, and n% is the fraction of frozen particles in
configuration «.

In quasiplanes, we assume that L,,L3 > &, such that the
sums of y and z in Eq. (62) may be changed to integrals with
the limits of the integrals taken to infinity. We now change
the integration variables from y and z to r = \/y2 + z% and
6 = tan~! z/y, such that

0 2
cor = C_‘f 5 / / rdrd6 expl—/x* + r?/£]
—Jo Jo

LL1/2]
> &E +IxDexpl—

x=—[(L1+1)/2]+1

21y

lx[/&]

__ 7méco .
N Vsinhz(l/Zé){l & sinh(1/£)

2
—exp[——Lng/ J][1+(E+LL1/2J)

x (sinh (1/8) = 281, oaa sinh® (1/25»1}. (64)

For wide quasiplanes we find that £ >> L, such that

2L
CoP ~ —”"EV 10, 65)

In tunnels we assume that L3 > &, such that the sum of z
in Eq. (62) may be changed to an integral with the limits of
the integral taken to infinity. Hence

Co *
crm — 0 expl—+/x2 2 2/61d
av VXZ/OO Xpl—vx* 4 y° +z°/§ldz
26‘0
Z exp[ Vx2+ y2+72/€1dz.  (66)
Changing the integration variable tor = /x2 + y2 + z2 yields
Clul’l — @ Z/m dr
av V | fere 22
_ 2 Vx4
OZ\/2+yK( y>, (67)

exp [—r/&]

X,y é:
where K; is the modified Bessel function of the second
kind [67]. The sums over x and y are done numerically. In wide
tunnels, we also find that & > L,L,, suchthatrK(r/§) ~ &,
and thus

2 26LL
clon 00521: &Ly 260 68)

Vv Vv

X,y
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TABLE 1. The values of the y parameters obtained by the
numerical fit to £ = y; exp [y W3] at the critical density.

Vi V2 V3
Quasiplane 0.923 0.0948 1.55
Tunnel 0.861 0.0861 1.49

By calculating o> numerically, and using Eq. (63) and either
Eq. (64) (for quasiplanes) or (67) (for tunnels), we found the
correlation length £. We fitted the value of £ to a function of
the form

& = y1exply,W"], (69)

where W is the width of the system for either a quasiplane of
size W x oo x oo or a tunnel of size W x W x oo. The result
is shown in Fig. 11(b). As shown in Table I, the values of the y
parameters for quasiplanes and tunnels are similar. Note that
the correlation length in Eq. (69) has a similar functional form
as the average section length in tunnels in the m = 2 model
(see Sec. ITA)

(1) = exp[2™ 4 (dhrg ) W14, (70)

such that ford = 3, y; = 1, y» = 1.64, and y3 = 2/3.

As an approximation, we assume that a cluster of size & is
unfrozen if it contains a critical droplet, such that the critical
density may be obtained for large W from the relation

1 =EWP[E xE x W] (71)
for quasiplanes, and
1=EW?P[Ex W x W] (72)

for tunnels. Solving these equations for large W yields in both
cases

A33
Ve = , (73)
V3 InW

which is of the same functional form as the critical density
for two-dimensional systems in the m = 2 model but with
a different prefactor, and agrees qualitatively with Eqgs. (52)
and (55). Interestingly, we obtain the same expression for
quasiplanes and for tunnels. We cannot compare Eq. (73),
which is valid for very large systems, to our numerical results,
because our simulations are done on relatively small systems
(W =13 for QPs and W =20 for tunnels) in which the
effective value of A3 3 varies significantly and is very far from
its asymptotic value.

B. Transition from bulk to quasiplanar behavior

Since the critical density changes very slightly in the
system sizes we investigated, another technique was used to
see the crossover between bulk and quasiplanar behavior. In
the bulk, the system is either almost completely unfrozen or
almost completely frozen, and thus its probability of being
frozen can be approximated by a binary distribution. In this
case, the variance o2 of the fraction of frozen particles over
many configurations is approximately o> ~ ng(1 — ng), or
1/4 at the critical density. In a two-dimensional system,
however, the frozen structures are very local, and thus a
large enough system can in itself be considered an average
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FIG. 12. (Color online) (a) The variance o2 in the fraction of
frozen particles and (b) the distribution p(ny) at the critical density
for a system of size W x 1000 x 1000 in the m = 3 FA model. At
small width (W = 6, p. = 0.8536, blue dotted curve) there is a sharp
peak around 0.5. Near the crossover region (W = 11, p, = 0.888 06,
green dashed curve) the peak is still visible, but is much broader.
During the crossover (W = 13,p. = 0.896 61, red dash-dotted curve)
the distribution almost flattens, but the emergence of the peak at 1 can
be seen. At W = 14 (p. = 0.900 06, orange solid curve) the peak at
1 is clearly seen, and a broad peak centered around 0.1 is also visible.
As the width is further increased (W = 15, p, = 0.902 05, black solid
curve) the system shows almost bulk behavior and the two peaks at
1 and near O are obvious. At that point (W = 15) there is a crossover
from quasiplanar behavior, in which o> & 0, to a bulk behavior, in
which 0% &~ 1/4.

over many small systems. In this case, the distribution of np
over the different configurations is almost constant and thus
the variance is almost zero. The distribution of ny and its
variance at the critical density are plotted in Fig. 12 for a
system of size W x 1000 x 1000. At that size, the crossover
occurs at W & 15, which means that for systems of width 15,
the characteristic size of the sections is of the same order of
magnitude as the system size. The characteristic cluster size,
calculated by Eq. (69) is approximately & ~ 500, which is
expected given the system size (L = 1000). For small widths
(W < 11), there is a pronounced peak in the distribution at
0.5, which becomes broader as the width increases. At larger
widths, the emergence of the two peaks at 0 and 1 is visible.
Note also that the distribution is not symmetric: while the
peak at 1 is very large, the peak near O is broad and is centered
around a small positive value, which nears 0 as the width
increases. This means that the number of frozen particles
in the almost unfrozen configurations vary, while those that
are almost completely frozen have very small and negligible
unfrozen regions.
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V. SUMMARY

In this paper we investigated the effects of the system’s
shape on the jamming transition. We derived an analytical ap-
proximation for the critical density in a d-dimensional hyper-
rhomboid system in both the Kob-Andersen and Fredrickson-
Andersen kinetically constrained models, and showed that it
scales differently with the system’s length scales depending
on the relation between them. We distinguished between two
general classes of systems depending on the model’s parameter
m and the number of effective dimensions in the systems, deg:
a weakly confined system (d.s > m) and a strongly confined
system (dgf < m). In the weakly confined regime, the system
is either completely unfrozen or almost completely frozen, and
the correlation length between frozen sites is the entire system
size. The critical density in a weakly confined system depends
on the volume of the system V and the volume associated
with the s small dimensions V;, but not on the ratios between
the small dimensions or the large dimensions. In the strongly
confined regime, the system is divided into frozen and unfrozen
clusters, such that the correlation length between frozen sites
is the size of the clusters, not of the system. The critical density
in a strongly confined system depends on Vi, but not on the
large dimensions or the ratios between the small dimensions.

We also showed how changing the system’s shape without
altering its total volume or the particle density can induce
jamming. This was done by utilizing our result that the critical
density depends on the system’s shape, such that a certain
density may be below the critical density at a particular shape
but above it for a different shape. We emphasize that this is
derived by averaging over ensembles of different realizations,
not by exerting forces on the system. Although we considered
only the Kob-Andersen and the Fredrickson-Andersen models,
this conclusion may be applicable to other models as well,
including continuous models. It may be interesting to inves-
tigate this phenomenon in other, more physical, kinetically
constrained models such as the Jackle-Kronig model [27]
on the triangular lattice, the east model [41], the north-east
model [42], or the spiral model [32].

The results presented in this paper regarding the effect of
the shape on the static properties of the models will be the
groundwork for an investigation of the effect of the shape on
the dynamic properties of these models.
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APPENDIX A: PROOF THAT SECTIONS INTHE m =2
MODELS IN d = 3 CANNOT BE FURTHER DIVIDED

In order for a section to be divided into subsections, it needs
to satisfy the condition

Ly > exp[2vLy (13)]. (AL)

or equivalently

W() (L2 In L2)
< —

UL1
2L,

, (A2)
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where Wy(z) is the product-log function [65] defined as the
solution to

z = Wo(z) exp [Wo(2)] - (A3)
For large L, we can approximate this by
vL; < lan. (A4)
2L,

The critical vacancy density in this case is larger than or equal
to that of a tunnel (because the subsection is smaller and thus
easier to jam), and so the condition can be written as

3\ InL
32 L <vl; < 2 2, (AS5)
2L L, 2L,
or equivalently
1113 L2
1< =5 (A6)
923,L>

The right-hand side is bounded by 3/ (63)\.32) ~ 0.15. This
means that L; cannot possibly satisfy the condition, and
therefore no further partitions are possible.

APPENDIX B: CALCULATION OF P;

In this section we show that
A3,3
Py(L x L x Ly~exp|—3uexp|—]|. (B1)
v

In Eq. (47), the contribution to the main sum from small /
is negligible, so we can take the upper limit of the inner sum

on k to be oo and approximate it by an integral over z = kv,

using the approximation p* ~ ¢~

Py(L x L x L)

= exp <3gln {1 — |:1 — exp (—%/Ooogz(z)dzﬂ%z} )
— exp (3%:111 {1 - [1 —exp (_2)\5,3”2’ } )
~ exp (3iln {1 — exp |:—2l2 exp (_ 2)»1)3,3>] } )

(B2)

We now change the sum over / to an integral over z =/
exp[— )\37'3] and take the upper limit to be oo,

P3(L x L xL)

)\‘ o0
A exp {3 exp (%) / In[1 — exp(—2z2)]dz}
0

= exp |:—3u exp <)Liv3>] , (B3)

w= —/ In[1 — exp(—2z%)]dz ~ 1.6. (B4)
0

where
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APPENDIX C: DERIVATION OF THE CRITICAL
DENSITY IN HYPER-RHOMBOIDS

1. Hyper-rhomboids in the m = 2 model

We consider a hyper-rhombus of size L X - -+ x Ly, such
that L;; > L; for all i. The treatment here is very similar to
that in the three-dimensional case. For brevity we define

Ve=]]L: (CI)

The expansion of the critical droplet is done analogously
to the three-dimensional case such that the probability of the
hyper-rhomboid to be unfrozen is

L;

d
p=[] [T #“"a Vi, (C2)
i=11

=L; 1+1

where Ly = 0 and V) = 1. Setting this in the recursion relation
on P yields

1 —p"+/14+2p% —3p%
5 .

B(x) = (C3)
The equation for the critical density is then
d L;
O=InVs+Y d—i+1) > WU~V
i=1 I=L;_1+1
d—i+1 V)L, )
AV, -y ——— / 1 )dz.
i:zl Vi)V Jv e,
(C4)

We now check whether the system is divided into sections
or not. It is not divided if L; < (l;), for which

(la) = expQuVy_1). (C5)

Assuming that it is not divided, we further assume that
there is a 0 < s < d — 1 such that (vV,_1)"/“™ L, « 1 and

J

L ! 20971 d
Py =[] {1 - (1 - ]_[ﬁé"l(k“)> ]
k=1

=1
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(V)/@=s=D [ 1 > 1. Then we can approximate Eq. (C4)

by
d—s * d—s—1
Ozand—W/O g1z )dz

(d —5)ha—s2
The critical density in this case is

1 d — s)A s d—s—1

vo= o (G ima) (€7)
Vx In Vd

which is similar to the behavior of a hypercube in deiy = d — s
dimensions with a single length scale, Eq. (1).

If the system is divided into sections, i.e., Ly > (l;), it is
not further divided into smaller subsections for the exact same
reasons as in three-dimensional systems. We can again assume
thatthereisaQ < ¢t < d — 1 that satisfies the above conditions,
such that the critical density satisfies the equation

1 ((d=Dhgyn )\
= A2 . C8
Ty, <1H(Vd1 (ld))) )

If V;_; is large enough such that InV,; | <« 2v.V,;_4, the
solution to Eq. (C8) can be approximated by

1 ((d - r)xd[,z)“/“’”

= — C9
Vi 2V )

c

2. Hyper-rhomboids in the m = 3 model

We consider a hyper-rhomboid of arbitrary size and repeat
the derivation of the critical droplet. In a hyper-rhomboid, each
hyperside consists of two layers which must be unblocked. Up
to size L, the derivation is the same as in the bulk. Above
that size and up to size L,, there are only d — 1 directions to
consider, and one of the sides of the hyperside is set to L.
Above L,, there are only d — 2 sides, etc. In analogy to the
derivation of critical droplets in cubes, Eq. (47), and in hyper-
rhomboids in the m = 2 models, Eq. (C2), the probability that
a site is part of a critical droplet is

! 20972 L 2 d—1
I1 [1 — (1 - Hﬁ;‘—2(k“L1)) }
k=1

I=L+1

Lg-i ! 2Va22
xox [ [1—<1—1_[/33<Vd2)> }
k=1

I=L4—+1

d—1 L;

=[1 I1

The equation for the critical density is

d—1
O:and—i—Z(d—i—i—l)
i=1

I=Li_1+1

d—1
~InVy+ Y (d—i+1)
i=1 I=L;_1+1

) ! 204V, qd+1—i
{1 - (1 - ]"[ﬁ;“’(k"—l-fv,-o) ] :
i=11=L; 1+1 k=1

(C10)

Li i 2V
> ln{l - [1 — exp ((d—i)Zlnﬁ3(kd‘i_'\/i_1)):| }
k=1

(i—d)

L; (WV;_p)/d=i=Dy 21y,
B - (V. /@d=i—1) d—i—1
In {1 [1 exp <(vV,-1)1/<di1) /(UVH),/(,,[,) 82z )>:| } ’ 1)
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where we changed the sum over k to an integral over z = k (vV;_;)"/“~"~1_ We now assume that the system is not strongly
confined and that there are s small sides such that (vV,_1)"/“~D L « 1 and (vV,)/ @52 Ly > 1. The equation for the

critical density can then be further approximated by

=1 e
[ e

Lyt

0=and+(d—s)Zln
=1

Ls+l
O:and—i-(d—s)Zln
=1

Lot

%and+(d—s)Zln
=1

Changing the sum over / to an integral over z =/ /==

expl—Ad—s.3/ (V)" P yields

(d — §) explha—y 3/ WV

0=In Vd +
yl/d=s=D

o0

X / In{1 — exp[—2z¢7*"1]}dz. (C13)
0
Solving this equation yields
1 )"d—v 3 d—s—2

e N — . Cl14
v Vs <ln In Vd) (€14

If the two largest sides L, and Ly are much larger than
the other sides, i.e., d.if = 2, the system is quasi-2D. In this
case, since the expansion of the droplet in m = 3 requires at
least three dimensions, the droplet can unblock only a finite
region. Hence, the system is divided into clusters, each of
which either contains a droplet or not. At the critical density
we assume that the size of the frozen and unfrozen clusters is
the same and equal to p~*#"4-2, such that the critical density
satisfies the equation

1 rdr d—1=2
Vi \Inln (Vy_; exp [8v: Vi_2])
Ad—1,3

1 d—t-2
Ty, <ln 8chd_2> '

If there is one large side, degr = 1, the system behaves as a
tunnel. Similarly to tunnels in three dimensions, the average
section length is

(d—1t—=Dra,
(l) = exp {2Vd1 eXp [_WM]} y (C16)

~
’Ucr\/

(C15)

and thus the critical density satisfies the equation

l )Ld—t,S d—t1—-2
Vi \Unln (V4 (1))

1 (d=0hi3 77
Vi \ In[2V, 4] '
which is similar to that for a (d — r — 1)-dimensional system
in the m = 2 model.

~
UCN

= v (C17)

(S + 1 _d) 00 L 24—y,
g™ 2)dz>:|

(v‘/s)l/(d—S—Z) 0

Ai—s3(s +1—4d) 27
(Vo) /d==2

- Ai-s3(s +1—d)
d—s—1 ,
1-— exXp |:—2l Vs exXp (W)]} .

(C12)

(
3. Critical density in general hyper-rhomboids

Since the full derivation of the critical density in m > 3 is
very cumbersome, we provide here only a sketch, which is
very similar to the derivation of the critical density in m = 3.
Consider a hypercube in d > m dimensions. This hypercube
can be expanded if each of its sides has two hyperlayers of
d — 1 dimensions which can be emptied in a manner similar
to a m — 1 model. Now look at the (d — 2)-dimensional
sides of these layers. They must be emptied in a manner
similar to that in an m — 2 model, etc. At the end, there
is a (d —m + 2)-dimensional hypersurface which must be
emptied as in an m = 2 model. Each such iteration of surfaces
of lower dimensions adds another exponent to the probability
of a site belonging to a critical droplet, and therefore the critical
density Eq. (1) depends on m — 1 iterations of the In function.
More specifically, we can write the probability of expanding a
hypercube up to linear size L as

L

Py =[] ri.0, (C18)
I=1

where f, (1) is defined by the recursion relation
l (m—1)d+n—1
furrm@® =1— (1 -T1 fn,mac)) :
k=1
Jom(D) = Bu(l)
1 — pm=nI 1 (m=DIy2 _ 4 oml
_1=p" T A+ pe D2 — 4p 19

2

Approximating P,, as was done before (changing the products
to integrals of In functions, etc.) and solving the equation
1=1LpP, yields Eq. (1).

If the number of effective dimensions of the hyper-
rhomboid is at least m, the system is either almost completely
frozen or almost completely unfrozen and there is no division
into sections or clusters. Assuming that there are s small sides,
then in the integrals of g,_; [as in Egs. (C4) and (C11)]
the upper limits of the first s integrals can be taken to zero
and the lower limits of the last d — s — 1 integrals can be
taken to infinity, such that only one integral remains, which
yields Ay—s.m/ (v V,)//d=s=m+D) The other outer integrals yield
unimportant constants (similarly to w in the m = 3 case), and
each iteration of the f function gives another exponent, such
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that in the end the critical density is

1 )\d d—s—m+1
= — __ Tamsm , C20
" Vs <1n(m—1) Vl/(ds)) ( )
which is similar to the behavior of a (d — s)-dimensional
system.

If deir < m, the hyper-rhomboid is divided into clusters.
If dof =m — 1, the characteristic size of the clusters is
determined by the characteristic size of the clusters on the
d — 1 dimensional hypersurfaces, which ultimately depends
on the size of the subsection on the hypersurface unblocked via
the m = 2 process, which is now a tunnel. The characteristic
cluster size is thus p~<%¢-»+ in this case, where ¢ is some
constant which depends on d and m. If dey = m — 2, the
characteristic size of the clusters is ultimately determined
by the size of the subsections on the hypersurface (which
is a tunnel) unblocked via the m = 3 process, which is
~ exp[Vi—m+2 exp(—2A4,,/v)]. In general, the characteristic
cluster size is determined by the size of the subsections
on the hypersurface (which is a tunnel) unblocked via the
m — deg + 1 process, whichis ~ exp® [V, exp(—2Ag.m /)],
with exp” being an exponential iterated n times. Due to the
combination of the iterated In functions and the exponents, the
critical vacancy density in all cases scales as

Ve ~ [ln(m_2)Vsl/(d,t)]—d—FH—m—l’ (CZI)

which is similar to the result in a (d — ¢t — 1)-dimensional
system in an m — 1 model.

APPENDIX D: THE RELATION BETWEEN THE
CORRELATION BETWEEN FROZEN SITES
AND THE FLUCTUATIONS OF np

Consider the correlation between sites i and f,
1
Gy = 5 30 (0 — one)(n% — pnr),
o

where the sum is over all configurations «, the total number
of configurations is A, for each site n¥ is equal to 1 if the
site contains a frozen particle in configuration « and is equal
to zero in all other cases, and pny is the average fraction of
frozen sites,

(D)

ponp = — n?. (D2)

i,a
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The average correlation is

Cov = ¢ 7 (D3)

1
V2

&lM
\..

where V is the volume of the system. Using the definition of
¢; 7> Eq. (DD), in Eq. (D3) yields

1
Cop = mz (nj-" —pnp)(n‘;—,‘ — pnr)

i,j,a
1 o o a o 2.2
= A_Vz_Z: [n;n; —nipnEp —nspng +p nF]. (D4)
i,j,o

In the second term we sum over ] in the third term we sum
over i, and in the fourth term we sum over i, ] and o, such

that
C.. = 1 o o 1 o
n =z LM gy e

i,j,0

1 o
- Wan,on,v+,ozzﬁ,. (D5)
],
Using Eq. (D2) in the second and third terms yields
Cop = Av2 Z n¥n® — p*nl. (D6)
i j o
Now consider the fluctuations in pn g
1 w2
P= Z (on%)” = p*ni, (D7)

where pn% is the fraction of frozen sites in configuration o,

1
== <. D8
np = 20 (D8)
Using Eq. (D8) in Eq. (D7) yields
2 1 1 a 1 a 2.2
o i ;

which is equal to Eq. (D6), and thus 0% =Cg.

Note that this result is valid in more general conditions:
n?‘ can receive values other than zero or 1, the different
configurations can have different weights, and the system can
be continuous.
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