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Long-range correlations in pinned athermal networks
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We derive exact results for displacement fields that develop as a response to external pinning forces in
two-dimensional athermal networks. For a triangular lattice arrangement of particles interacting through soft
potentials, we develop a Green’s function formalism which we use to derive exact results for displacement fields
produced by localized external forces. We show that in the continuum limit the displacement fields decay as 1/r
at large distances r away from a force dipole. Finally, we extend our formulation to study correlations in the
displacement fields produced by the external pinning forces. We show that uncorrelated pinned forces at each
vertex give rise to long-range correlations in displacements in athermal systems, with a nontrivial system size
dependence. We verify our predictions with numerical simulations of athermal networks in two dimensions.
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I. INTRODUCTION

Networks composed of athermal constituents such as
jammed particles arise in a variety of contexts [1], including
in granular [2,3] and glassy systems [4], active matter [5], as
well as biological tissues [6—8]. Such materials are robust to
thermal agitations and differ from thermal systems in their
response to external perturbations, as well as fluctuations in
positions and forces [9]. The response of athermal materials
to external perturbations has many industrial as well as bio-
logical applications [10—15] and continues to be the subject of
active research. Similarly, athermal systems driven by local
active forces arise in various contexts in physics and biol-
ogy [16-20]. Although many properties of athermal systems
have been extensively studied over the past few decades, the
fluctuations in displacement fields, as well as the long-range
correlations that develop in such systems, are relatively less
well understood [21-25]. Developing theories for the collec-
tive behavior of athermal systems in the presence of external
forces such as gravity or active internal forces therefore rep-
resents a new challenge [26,27].

The quasistatic response of athermal materials to local pin-
ning forces is also important in the study of granular materials
as well as glasses [28-30], where local force perturbations
can be used to extract lengthscales [31]. In such systems, the
constraints of mechanical equilibrium alone do not provide
enough equations to solve for the stress tensor, which can lead
to nontrivial stress transmission properties [32,33]. Although
theories of continuum elasticity posit constitutive relations
between the microscopic stress and strain fields, it is as yet
unclear how such relationships emerge at large lengthscales
in disordered athermal materials. For example, the continuum
equations that emerge can be elliptic, or hyperbolic [34], de-
pending on the nature of the underlying medium, but a clear
understanding of this phenomenon is still lacking. Moreover,

*debankurd @tifrh.res.in
Tpappuacharya@tifrh.res.in
*kramola@tifrh.res.in

2470-0045/2021/104(1)/014503(9)

014503-1

predicting fluctuations and correlations in athermal ensembles
remains a challenging theoretical task. In this context it is
useful to appeal to systems where the strain field can be
computed exactly to determine the nature of the correlations
and response in athermal systems.

The stress response of triangular networks with micro-
scopic force balance constraints has been a paradigmatic
model of stress transmission in granular systems [32,35,36],
and it has been used to model continuum athermal elasticity at
large lengthscales [37]. However, incorporating the effects of
microscopic disorder, such as in the external forces, within an
exact framework has remained difficult owing to the nontrivial
spatial arrangements of particles in minimum energy config-
urations. In this context it is important to appeal to systems
where exact results can be obtained. In this paper we present
exact results for displacement fields and their correlations in
athermal networks using a model of frictionless soft particles
in an initial triangular lattice arrangement. Our exact results
demonstrate that in the athermal systems where mechanical
equilibrium is exactly imposed at the local level, uncorrelated
external forces can give rise to large correlated regions in the
system. Indeed, as we show, in addition to being long-ranged,
the displacement correlations have a nontrivial system size
dependence.

II. PINNED NETWORK MODEL

We study a system of equal-sized particles with initial
positions {7; 0} = {x;.0, yi.0}, arranged in an L x L triangular
lattice with lattice constant Ry. We impose periodic boundary
conditions in both the x and y directions. Each particle inter-
acts with its nearest neighbors through a distance dependent
force law. We consider these interactions to be harmonic, with
a spring constant K and an equilibrium bond length L. Our
results can be easily generalized to other types of interactions
as well. The Hamiltonian of the system is given by

> 5 L?
Di K o o
H= E T3 E E (7 = Fjl = Lees)®, (1)
i=1 ! i=1 (ij)
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FIG. 1. The displacement response of an athermal membrane
composed of soft particles to the presence of pinning (external)
forces imposed on each site (depicted with arrows). The particles
are colored according to their displacements from the crystalline
positions along the x direction. The external forces are drawn from
uncorrelated underlying distributions. The displacements of the sites
from their crystalline positions as a response, displaying large cor-
related regions. The separation between the particles in the initial
crystalline state is Ry = 1.2, and the equilibrium bond lengths are
Lieg = 1.1

where m; is the mass and 7; represents the instantaneous posi-
tion of the ith particle. The brackets () in the above summation
denote nearest neighbors on the triangular lattice network with
j > i. We define Ry = L (1 + ), where o quantifies the
compression of the initial crystalline state. When o < O the
system is overcompressed and the forces between the vertices
(particles) are repulsive, whereas when « > 0 the system is
under-compressed and the forces are attractive. We consider
the athermal version of this system, i.e., the zero temperature
limit in which the momentum term in Eq. (1) is irrelevant,
and we only deal with the minimum of the potential energy.
In addition to the interparticle forces, we impose forces fi,ext
at every vertex i that represent the external pinning forces
acting on the system. We display a typical force balanced
configuration of such a network in the presence of random
pinning forces in Fig. 1.

III. SIMULATION DETAILS

To verify that the predictions from our theory are able to
capture the nontrivial nature of the response in such systems,
we simulate the athermal triangular network in the presence
of external forces. We consider an ideal triangular lattice with
lattice parameter Ry # L. At every vertex i, we impose
an external force ﬁ,ext. We consider force balanced configu-
rations, i.e., configurations at energy minima. We minimize
the energy of the system using the fast inertial relaxation
engine (FIRE) algorithm [38], which can naturally incorpo-
rate externally imposed forces. The implementation of the

j=2 j=1
j=3 j=20
j=4 J=3

FIG. 2. The labeling convention used in our computation. The
six neighbors of every node i of the lattice are labeled j = 0 to 5.
The angles of the bonds between nodes in the reference crystalline
state can take any of six values (depending on j) with the positive
x-axis, 6;; = 27 j /6.

algorithm is simple and rapidly leads to a minimum energy
configuration. At every time step we compute the power
P = F. in the entire system. If P > 0, then the velocity
is set to ¥ — (1 — B)v + BF|D|, the time step is increased
as At = Af fine, up to the maximum value At = Afyax and
B is changed to Bfg. If P <0, then the velocity is set to
zero, the time step is decreased At = At fgc and B is reset
back to its initial value By, In our simulations, we use
B = Bsar = 0.01, At =0.0001, Aty =0.001, fz =0.99,
fine = 1.1, and fgec = 0.5.

IV. LINEARIZED FORCE BALANCE

We begin by analyzing the response of the ideal triangular
lattice in the limit of weak external forces. The interparticle
forces are determined from Eq. (1) and are given by

X
fix‘ = _K(\/xizj +y[2j - Lrest)%y

L

! Vi
i)j = _K(\/xizj +y%/' - Lrest)ﬁ- 2)

L

Here fi);.(y ) are the x(y) components of the force between
nodes i and j and x(y);; = x(y); — x(y); represents the dis-
tance between particles i and j along the x(y) directions. The
ground state of the system is determined by the condition of
mechanical equilibrium, i.e., each site is in force balance with

5 5
Z 1'§' + i),Cext = 0’ Z i)])' + i},]ext = 0’ Vi’ (3)
j=0 j=0

where the sum includes the six neighbors j = 0 to 5 of the ith
site (Fig. 2). In addition to the above force balance equations
at every site, we also impose global force balance on the
system with

L? L?
D e =0 D fle=0 )
i=1 i=1

In the absence of external forces, the ground state con-
figuration is the unperturbed triangular lattice with particle
positions {F;o}. We next treat the introduction of external
forces as a perturbation to the crystalline ordered state [9,39].
As a response to this perturbation, the positions of the vertices
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change as
Xi = Xi,0 + 8x;,
Yi = Yio + 8. &)
Here éx; and 8y; are the x and y displacements of the ith
site from their positions in the initial triangular lattice. The
force law in Eq. (2) is a nonlinear function of the interparticle
distances x;; and y;;. In the limit of small perturbations, we can
expand Eq. (2) up to linear order in the relative displacements
3x(y)ij = 6x(y); — 8x(y);, leading to
) i);' = Cf;‘éxij + Cf]yéiy,],
(Sf;-)j = Cf;“ax,-j + Cl-};-y(syij. (6)
Without loss of generality we may set K = 1. The linear
coefficients C};" are then given by

C¥ — —2Ro + Lrest — Liest COs (ZJTﬂ)
ij — ’

2Ry
cY — _Lresl sin (ZJTH)
Y 2Rq '
Cw — _Lrest sin (ZJTT[)
ij 2Ry
cY = —2Ro + Lrest + Liest cOs (ZJTT[) 7
i 2R, ' ™

We note that the coefficients C!:” represent the elements of
the Hessian matrix of the crystalline system. Crucially, these
coefficients Ci’;”, being drawn from the unperturbed crys-
talline arrangement are translationally invariant, i.e., they do
not depend on the site index i. Next, using these linearized
expressions we can relate the changes in positions to the
external forces as

5 5
ZC;C]?C(SXJ' —6x;) + Zcixjy((s)’j —8y1) = —fiexo
j=0 =0
5 5
D Cij6xj = 8x) + ) Gy =8 = ~flew ®)

=0 j=0

These translationally invariant equations of force balance
can be simplified in Fourier space. To define a Fourier
transform we assign the displacement field (8x;, §y;) =
[6x(7), 8y(F)] to every site i at the unperturbed lattice po-
sitions 7 = 7; . The Fourier transform of the displacements

is 83(7)(k) = > exp(ik.7)8x(y)(7) and external forces is
Fo&) = X, exp(ik.F) f9). Here k = (ky, ky) = (2L, 22m)

i,ext* 2L L
are the reciprocal lattice vectors of the triangular lattice and
the volume of the systemis V = 2L7 [40]. It is also convenient
to define the basic translation coefficients in Fourier space (see

Supplemental Material for details [41]),
Fi(k) = exp(—ik.i)), ©)

where ©; represent the lattice translation vectors given
by Fo=(2,0), Fi=(,1), fa=(-1,1), 73=(-2,0),
ry = (—1,—1), ©’s = (1, —1). Next, multiplying Eq. (8) by
exp(il?.?) and summing over all sites of the lattice, we arrive at

the following matrix equation at each reciprocal lattice point:

AR AV (6x(K)\ [ Fau®) (10)
Ak B J\5®) N\ ~Fe®
The above matrix elements A*¥ can be expressed in terms of
the coefficients C};" as

5
A% (k) = = [ = FiRICy,
Jj=0
5
AV (k) = =Y [1 = F(0IC?,
j=0
5
ARy = =) 11 = Fboic,
j=0
5
A (k) = — Z[l - ]-'j(k)]Cltvjy. (11)
Jj=0
The solution for the displacements in Fourier space in

response to externally imposed forces can then be obtained
by solving Eq. (10).

V. RESPONSE GREEN’S FUNCTIONS

We can interpret the matrix elements of A~! as Green’s
functions in Fourier space as

Gl = (Gxx(li)

nyai))
I . 12
ny (k) (12)

Gy (k)

These Green’s functions can then be used to derive the Fourier
transformed displacements as

85(k) = =G (k) 2, (k) — Gy (k) f (K,
85(k) = =Gy () £ (B) — Gy () 2, (). (13)

The external forces therefore play the role of a source term
that generate the displacement fields at every site. To obtain
the actual displacements up to linear order, we perform an
inverse Fourier transform of Eq. (13). Defining the Green’s
function in real space 7 = (x, y) as

1 2L—1 L—1 -
Gu(@) =, D Y "G, (14)
=0 m=0

we arrive at the following form of the displacement field in
real space

8x(F) = — Y [Gua(F = F)S L2 (F) + Gy (F = F)8 f2, ()],

7

7

8Y(F) = = Y [GuulF = D357 + Gy 7 — 73 f(P)].

7
15)

The advantage of our technique can be described as fol-
lows. There are two constraint equations at each vertex
corresponding to forces in the x and y directions. Therefore,
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to solve for the displacements of the L? vertices in the x
and y directions, one needs to simultaneously solve the 212
constraint equations. A Fourier transform reduces the problem
to an inversion of a 2 x 2 matrix at each reciprocal lattice
point k.

As mentioned above, the elements of the matrix A~! in
Eq. (12) can be interpreted as the Green’s function of the
response to a point charge in Fourier space. To obtain simpli-
fied expressions for these Green’s functions, it is convenient
to define the following quantities

[y (ky, ky, ) = =3 — 60 + 2 cos(2k,)
+ (3 4 4a) cos(k,) cos(ky),
[a(ky, ky, o) = =3 — 6a + 2(1 + a) cos(2k,)
+ (1 4 4a) cos(k,) cos(ky),
n(ky, ky, o) = V3 sin(ky) sin(ky). (16)
Here o represents the compression in the system, with lattice
constant of the crystalline system given by Ry = Ly (1 +

a). In terms of the above functions, the expressions for the
Green’s functions simplify to

= 1
Gualky, ky, o) = —=(1 + @) =———,
’ (T'iT2) —n?

= n

Gk, by, @) = —(1 + @) ———,
e () — n?

P n

Gylke, ky,a) = —(14+0)———,

? Y (I' 1) — n?

Pu 2

Gylke, ky,o) = —(1+a)——. 17
(e ey @) = —( )(Fan)—n2 (17)

A. Continuum Green’s functions

We next use the framework developed above to derive the
continuum behavior of this system. To obtain the behavior
at large distances r, we analyze these expressions at small
values of k. In the limit k — 0, we obtain the following
expression for the Green’s functions in Fourier space, with

(ky, ky) = [kcos(y), ksin(yr)]
1 24 2x)[3 4+ 8a + 4 cos(Ryr)]

Oulk V) = =13 (3 + 160 + 16a2)(2 4 cos(2y))?’

- 1 2v3(1 + a)[sin(2y)]

Ok ¥) = =13 (3 + 16a + 1662)[2 + cos(2y)]2’
Gl ) = 1 (2420)[5 + 8 +4(1 + @) cos(2y)]

k2 (34 16a + 16a2)[2 + cos(2)]?
(13)

The transverse Green’s functions of the response are equal
with ny (12) = ny (75). We note that all the Green’s functions
display a ~1/k? behavior at small k. Therefore, in the small
k limit we have G, (k, V) = 8,,(¥)/k*, where g,,(}) en-
codes the angular dependence of these functions. The above
expressions make it clear that the response of the medium has
a nontrivial dependence on the compression «. In Fig. 3 we
plot these Green’s functions in Fourier space, for small values

(a) (b) 1073 Gay
0.03 pr
00 003 50
ky ky E
0.0 75 0.0 =00
i s 12.5 i_30
0.03 — 0.03
-0.15 00 015
-3
() 1073Gyy
0.03
ky Y
0.0 || B
-0.03
-0.15 0.0k, 0.15

FIG. 3. The Green’s functions of the response GW(I?) in Fourier
space k = (ky, ky) = [k cos(y), ksin(y)]. (a) G (k), (b) Gy (k). (c)
ny(k). Note that the limits are different along different angles v as
k — 0. (d) All the Green’s functions display a ~1/k* behavior at
small &.

of k. We note that the expressions in Eq. (18) have different
limits as k — 0 along different directions. Such singularities
are linked to the tensorial nature of the mechanical equilib-
rium constraints governing the stress tensor [33].

B. Green’s functions in real space

We next study the Green’s function in real space 7 = (r, 6),
which can be obtained as an inverse Fourier transform of the
expressions in Eq. (17). In the infinite system size limit L —
00, Eq. (14) can be expressed as an integral:

1 T T . N
Gu(F) = s / / e *7 G (k)dkedky.  (19)

We can now use these equations to predict the continuum
response at large r. We convert this into an integral over the
radial and angular coordinates in Fourier space as (ky, k,) =
[k cos(¥), k sin()]. Using Eq. (18) we have

1 g T3 v oo R
G = 5 [ ) [ ) g”k(;p)exp(—lk-r)dzk, (20)

which can be simplified to yield

_ 1 T g (Y)
Gt = oo [ [

X exp[—ikrcos(0 — ¥ )]dkd . 21

Since for point forces fgxl(%) and fg(t(lz) are constant fields
in Fourier space, the individual Green’s functions can be in-
verted in Fourier space, and represent the solution to the point
charge. As the integral over the radial coordinate in Eq. (21)
diverges as k — 0, we regularize it by adding a constant in

the numerator that cancels this divergence. The large distance
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FIG. 4. Plots of (a) the displacements of each particle along the x direction produced by a force dipole obtained from simulations, (b) x
displacements from theory, (c) difference in x displacements from theory and simulations. (d) The displacements along the y direction obtained
from simulations, (e) y displacements from theory, (f) difference in y displacements from theory and simulations. The external forces are placed
on adjacent sites at the origin, with an orientation along the x direction (¢ = 0). The magnitude of the force dipole is fo = 0.005.

behavior can then be derived using the relation

71— ik
f %dk = y + log[mx] — Coslntegral(;rx)
0

— iSinIntegral(r x), 22)
where y = 0.5772... is the Euler-Mascheroni constant. Using
the fact that log(r) > Coslntegral(r) for large r, we have
G,» ~ log(r) at large distances r. Therefore, the predicted
displacement fields due to a single unbalanced force in the
system diverges at large distances, as force balance is not
satisfied. One therefore needs to consider a pair of Green’s
functions, i.e., a force dipole, that produces a convergent an-
SWer.

VI. RESPONSE TO A FORCE DIPOLE

Having developed an exact framework for the response
of the athermal network to external forces, we apply our
theory to the case of a single force dipole. This represents
the simplest possibility of externally imposed or active forces
that obey the global force balance constraint. We model the
external dipole as forces f;,em and f;,ext exerted on two ver-
tices p and g of the lattice. The forces act along an angle
¢ with respect to the x direction as shown in Fig. 7(a). To
ensure mechanical equilibrium, we have ﬁ,,m =— ﬁ],m. The
strength of the dipole is then | £, exi| = | fy.ext| = fo. The field
of external forces is given by

Fiext = Jo(Sip — 8ig)- (23)

We consider the general case of a dipole of length 2d
centered at the origin, with forces along an angle ¢ = 0 with
respect to the x axis. The two external forces are placed at
Pp = —d and Py = d, respectively. We can then use Eq. (15)
to obtain the displacement fields §x(y)(r, 6) at a general po-
sition 7 = (r, 0). For the simple case of ¢ = 0 illustrated in
Figs. 4(a)—4(f), we have

8x(r, 0) = folGuu(F +d) — Gou(F — )],
8y(r, 0) = folGyu(F + d) — Gy (F — d)]. (24)

The displacement fields §x(7) and 8y(¥) generated as a re-
sponse to the external force dipole can be represented in
polar coordinates 7 = (r,0), with r = \/x2+y? and 0 =
tan~! ()y—c) respectively as dx(r, ) and 8y(r, ). To characterize
the behavior of these displacement fields we define radially
averaged and angular averaged displacement fields as

DB) = / " Sx(y)(r, 0)rdr,
’ (25)

2
D)= [ 180 1o,

0
where r,, = mjn[%, %] is the maximum value of r in the
system. We calculate these quantities in our simulations and
compare them with results from our theory. In Fig. 5, we
plot Dg(y )(r) and D2°(0) for three different system sizes with
L = 32, 64 and 128 obtained from numerical simulations. The
dipole is placed at locations (—d, 0) and (d, 0) with d = 0.5.
In these simulations, the rest length of the springs is set
to Lyt = 1.1, while the interparticle distance in the initial
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(b)

0.1 1 10 100 0.1 1 10 r 100

FIG. 5. Comparison of the radially averaged D**’(9) and angu-
lar averaged displacement fields Dg@)(r) as a response to a single
force dipole, obtained from the theory (solid lines) and numerical
simulations (points). (a) Variation of D;(6) with 6. (Inset) Collapse
obtained by scaling with the system size. (b) Variation of D) (6) with
6. (Inset) Collapse obtained for different system sizes. (c) Variation
of D4 (r) and (d) D) (r) with r for different system sizes, displaying a
r! decay at large distances. The parameters chosen are L. = 1.1,
length of the dipole 2d = 1 and orientation ¢ = 0. The strength of
the dipole is fy = 0.005.

configuration is Ry = 1.2. We also plot results obtained from
our theory, which match the numerical simulations exactly.
We have also verified our theory for different orientations
¢ and lengths d of the dipole as well as for different pre-
compressions in the lattice (see Supplemental Material for
details [41]).

Continuum response to force dipole

We next derive the continuum limit of the displacement
response to a force dipole. We consider the simplest case of
a dipole of length 2d centered at the origin (0,0). The field of
external forces is then expressed as

8f5(7) = focos(@)S(F — d) = 8(F + )],

8f25(F) = fosin(®)SF — d) — 8GF + d)]. (26)
For simplicity, we consider the external forces to be acting
along the x direction (¢ = 0), however the generalization to
nonzero ¢ is straightforward. The displacement fields at a

distance 7 = (r, ) from the center of the dipole (see Fig. 6) is
then given by

8x(r, 0) = folGux(F1) — Gur(P2)],
dy(r,0) = fO[ny(?l) - ny(72)]~ 27

Next, using the identity in Eq. (22), and keeping only the real
terms, the displacement fields can be expressed as

2 T 9 —_
012 28 [ g [ 2020
+ Coslntegral[m | cos(6) — V)]

(r,0)

FIG. 6. Schematic of the geometry used in the computation of
displacement fields as a response to a force dipole. The two circles
(purple) represent the positions of the external forces which are at
a distance 2d apart. The displacements are measured at a position
(r, 8) away from the center of the dipole.

— Coslntegral[7 r; cos(6; — )] }dlﬁ,

s ry cos(6r — ¥r)
(Sy(r, 0) — m /_ﬂ gyx(w){ IOg [m]

+ Coslntegral[mr| cos(6; — ¥)]

— Coslntegral[mrr; cos(6r — V)] }dw. (28)

Next, we express the distances and angles ry, r;, 61, 6, in
terms of r, 0, d (see Fig. 6) to get the following:

ricos(0; — ) = r[(cos 4 B)cos ¥ + sin 6@ sin Y],
(29)
r5¢c08(6, — Y¥) = r[(cos@ — B)cos ¥ + sin 6 sin ],

where 8 = 5;’. Using Eq. (29), and using the fact that at large 7,
log(r) > Coslntegral(r), the limiting solution to the displace-
ment field at large r is given by

) P 0—v)—
5101:0) = 225 [ vzt | og| G|

008(0—1#)—;3“
cos(0 —y)+B])
(30

2 T
sy(r,0) = 210 / dwgyx(w{log[

472 J_

As is clear from the above expressions, the r dependence in
the displacement fields in the continuum limit arises due to
B = d/r which emerges as the only relevant lengthscale in
the system. Therefore, using the expression for the continuum
Green’s function in Eq. (30), it is easy to show Sx(r) ~ ‘—:
and 8y(r) ~ % at large distances r away from the dipole. In
Fig. 7 we display the displacement fields obtained using the
above theory, which is identical to the response found from
simulations. We also display the convergence of the numerical
results to the continuum theory predictions as larger system
sizes are approached. The changes in interparticle forces as a
response to the external force dipole can now be computed at
every bond using Eq. (24) and the linearized expressions in
Eq. (6).
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(2) (b)
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FIG. 7. (a) The displacement §x of every vertex along the x-axis
as a response to external forces at two sites (force dipole) with an
orientation ¢. (b) These displacement fields decay as 1/r at large
distances away from the dipole. (c) The angular behavior of the
displacement field 5x(0) with ¢ = 0, and (d) 5y(0) at a fixed r = 25
and B =d/r =1/50 for different system sizes L = 64, 128, 256
obtained from simulations. The predictions from the theory (solid
lines) match the simulations exactly. The numerical results converge
to the continuum limit predictions in Eq. (30) (black line) at larger
system sizes. Here the compression of the system is & = 1/11.

VII. RANDOMLY PINNED NETWORKS

Finally, we turn our attention to randomly pinned athermal
networks. Such a situation naturally arises in systems of active
particles at high densities where large jammed regions can
arise, such as in systems displaying motility induced phase
separation [42]. In such systems a large collection of particles
become “actively jammed” with the directions and magnitude
of the individual active forces of each particle being randomly
distributed, with fixed orientations [43,44]. For near-rigid par-
ticles, the limit that we are interested in, it is reasonable to
assume that the relaxation timescale of the system to settle
into a force balanced configuration is much smaller than the
timescale of the fluctuations in the directions and magnitude
of the forces. Jamming occurs as a result of local as well as
global force balance on the network. To model such a situa-
tion, we start with a compressed lattice (o # 0), and external
forces § f;((ly) (7) at each vertex are chosen from a §-correlated
Gaussian distribution such that

(8PS fa ) = 028, 8(F — 7)), 31)

where the angular brackets () denote the average over
realizations of the disorder. These random forces may
lead to a nonzero total force on the system, therefore
to ensure global force balance, we impose an additional

force —1/L? Zf:, fm,i at each vertex. This ensures that

8 f;’;t(lz = 0) = 0 in Fourier space. The force correlations are
then given by

S(K)S(K)
T] (32)

(8 fLe (RS o (K)) = 0280 [5(1}' Ty

oL =16
. oL =32
=4 o[ =064
& o[ =128
8
220
Elq
0.5
0 05 /L 10
i @ o
5: T ~,—0.03151In(p) S =~ —0.1851n(p)
7008 g 704 .,
S 2 o[ =327
N oL =32 S oL = 64
< oL =64 S L eL=128
-0l oL =128 RS IR %
-5.0 25 In(p) 00 50 30 In(p) 05

FIG. 8. Correlations in the displacement fields produced by un-
correlated pinning forces at each site. (a) The dx correlations along
the x direction C,(x,0) = (8x(7)éx(¥ 4+ x&)) for different system
sizes display long-ranged behavior, following the scaling prediction
in Eq. (44) as displayed in panel (b). The scaled correlation functions
ﬁ[cxx(o, 0) — ¢ (p, 0)] with p = r/L along two different angles

(c) ® =0 and (d) 0 = 7. These scaled correlations display different

logarithmic corrections along different directions.

The translation invariance of the system ensures that the
correlations are nonzero only when k+k =o. Using these
external force correlations, we can compute the correlations
in the displacement fields

CamtnF = F) = (8x()(F)3x()(F)). (33)

In Fourier space the correlations are given by C~,w(l_<') =
> Cun(F)exp(ik.F),  therefore  Cp (k) = (8%(k)8x(—k)).
Using the expressions in Eqs. (13) and (32) we have

Con®) = 62 [Gua(k)Gro (K], (34)

where o = x,y. Finally, using the expressions in Eq. (18)
with G, (k) ~ & in the limit k — 0, we arrive at the small
k behavior of the correlation functions C}Al?) ~ k]—4 The cor-
relations in real space can now be computed as an inverse
Fourier transform. Using Eq. (34) we arrive at the following
form for the displacement correlations:

2
Con(F — 7)) = "7 3 [ G,w,(k)ém(—k)}

3
x exp[—ik - (F — 7).

The displacement fields obtained using the above expressions
are plotted in Fig. 8(a). These correlations display long-ranged
behavior and scale with the size of the system as shown in
Fig. 8(b).

Displacement correlations in the continuum limit

Finally, we derive continuum limit expressions for the
displacement correlations in randomly pinned athermal
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networks. Transforming the sum in Eq. (35) to an integral in
the L — oo limit, the displacement correlation function can
be expressed as

. . O_2 T T 5 oo R
€)= o | ) / ] [ZGM@GW(—I«)}

x exp[—ik - (F — 7))d’k. (35)

We can then express Eq. (35) in radial coordinates in
Fourier space k=lk cos(), ksin(y)] as

2

o
o f dyr / dk|:ZG,m(k)Gua( k)}

X exp(—ik - 7). (36)

Cw(P) =

Since the k = 0 point is excluded, € = ZT”E represents the
system-size dependent lower limit in radial coordinates in
Fourier space. & represents an O(1) tuning parameter that
accounts for the transformation to radial coordinates. Next,
using the relation Gw(k) g“‘( and g, (Y) = 8u(m + )
we can express the correlatlons in terms of the angular factors

() as
2
CuP) = 553 / [Zgw(w)gw( w]
x f ndk%jk'?). (37)
Z(e,r,0,¢)

To derive a scaling form for the displacement correlations, we
analyze the behavior of the integral

I(e, r.6,v) =/ dkw (38)

e k3

in the limit » > 1 and er <« 1. We perform a variable trans-
formation k = ’g‘ and p = 7. In terms of these variables, the
integral can be expressed as

L? /Z exp[—i2m &k p cos(6 — w)
(2JT)2§2 K%

1(¢.p.0.9) =
(39)

In the € — 0 limit we can extend the limit of the integral = —
00, therefore

exp[—i2m &k p cos(6 — 1//)]

L2
(2m)2E? / i3

Next, using the identity

1, p.0,9) =
(40)

00 ,—ikR 1 R2 ) 3
dk——=— = >+ —(ogR"* +2y —3) + O(R’), (41)
1 o274

for small R, along with R = 2 p& cos(6 — ), Eq. (40) can
be expressed as

2
(2m)2E?
x {log[cos*(0 — y)]

¢, p,0,¢)= ( + - (271/)%‘) cos* (0 — )

+2log(27&p) + 2y — 3}). 42)

Substituting this form back into Eq. (37) leads to the following
scaling form for the correlations

Con(F) = 02\/%(%, 9) = azmv(%, %) (43)

Using Eq. (42), the scaled correlations can be shown to have
the following form:

cuv(p, 0) ~ consty, — (a,,(0) + b, () log p)p?, (44)

where the coefficients const,,, a,,(6), and b,,,,(6) depend on
the angle 6 at which these correlations are measured (see
Supplemental Material for details [41]). Finally, to elucidate
the nature of the logarithmic terms in the scaled correlation
functions, in Figs. 8(c) and 8(d) we plot 62p?[c (0, 0) —
cx(p, 0)] as a function of log(p) for two different angles 6 =
0and 6 = 7 /2, where p = 7. The asymptotic behavior in the
p — 0 limit displays a logarithmic behavior with different
slopes along different directions. The ratio b, (7t /2)/b,,(0) &~
6 is consistent with the prediction using our continuum limit
expressions.

A surprising aspect of these displacement correlations is
their long-range nature, which in addition to scaling with the
system size, also diverges as the volume of the system. We
can interpret these as arising from the long-range nature of the
response to localized forces, as demonstrated by the example
of the force dipole. The displacement correlations obtained
from the above analysis are plotted in Fig. 8. We also sim-
ulate actively pinned networks by averaging over 1000 force
balanced configurations with uncorrelated external forces for
each system size with o = 10~ (see Fig. 1). Our numerically
obtained correlations match exactly with the theory developed
above (see Supplemental Material for details [41]).

VIII. DISCUSSION

In this paper we have characterized the response of
athermal networks to the presence of external or active
forces. Using a triangular lattice arrangement, we developed
a Green’s function formalism that relates the displacement
“fields” produced as a response to the external “charges”
imposed by the active forces. This enabled us to derive ex-
act results for the displacement fields and correlations as a
response to external force perturbations. Our analytic results
demonstrate that uncorrelated active or pinning forces gener-
ate long-range correlations in such athermal systems. These
results are also relevant in biological networks, where con-
tractile forces are important in many processes such as wound
healing and the motion of cytoskeletons mediated by active
internal forces [18-20]. Our analysis can be generalized to
incorporate transverse forces [16,17,45], as well as different
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periodic backgrounds, in two as well as three dimensions. The
techniques introduced in this paper can also be used to study
the response of athermal networks in the presence of disorder,
such as in disordered crystals [9,39,46]. Finally, it would be
interesting to study the effect of thermal fluctuations on the
correlations in such systems to understand the emergence of
lengthscales associated with amorphous disorder [30,31].
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