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Abstract

The study of active systems is an active area of current research in soft matter physics.
Active systems show fascinating collective behavior and statistical properties which in-
clude both living and non-living matter. These systems are composed of self-driven units,
self-propelled particles, and each has the ability to transduce stored energy into systematic
movement, for example: a swarm of myxobacteria, cytoskeleton of living cells, bacterial
suspensions, cell layers, terrestrial and aquatic animals, aerial flocks, and colloidal systems.
A distinct feature of active matter systems compared to other nonequilibrium systems is
that the energy input at the level of each particle drives the system out of equilibrium.

In this thesis, we discuss various properties of a collection of polar particles and also the
dynamics of a single polar particle. Further, we study the effects of intrinsic inhomo-
geneities in polar systems and also the growth kinetics of the polar systems. Moreover,
we also use the mean-field theory and linearization approximation to solve hydrodynamic
equations of motion written from the symmetry arguments and the associated conservation
laws. This thesis is organized into seven chapters.

Chapter 1 is the introduction which describes active systems and the historical background
of the problem. This chapter includes definition and basic properties of active systems.
We also discuss the different approaches to study the active systems like: agent-based
simulation and hydrodynamic equations of motion. The rest of the chapters are organised
as follows:

In chapter2, we model a binary mixture of self-propelled particles moving with variable
speed. The variable speed model is introduced, where the propulsion speed of each particle
varies with their neighbour’s orientation () (z)) through a power exponent y such that
v(t) = vo|x(t)|”. Where v(¢) is the self-propulsion speed of the particles at time t and v,

is the maximum self-propulsion speed. Two types of particles can be characterised by
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different power exponents ¥; and 7> . In the ordered state, we find phase separation when
the difference in the two’s exponent is large. In the disordered state, when the difference in
the two’s exponents is large, one type of particle with a large exponent forms static clusters,
which act as a nucleation site for another type of particle with smaller exponents.

In chapter3, we introduce a minimal model for a collection of polar self-propelled particles
with the bond disorder in the deep-ordered state. We find that the presence of the disorder
does not destroy the usual long-range ordering in the system. Further, density clustering
is enhanced, hence there is more cohesion in the presence of the disorder. Furthermore,
ordering kinetics and giant number fluctuation does not change with bond disorder.
Chapter4 describes the study of the polar flock with bond disorder near the order-disorder
transition. We find that the nature of the phase transition changes from discontinuous to
continuous by tuning the strength of the disorder. The bond disorder also enhances the
ordering near the transition due to the formation of a homogeneous -flock state for the large
disorder. It leads to faster information transfer in the system and enhances the systems’
information entropy.

In chapter5, we study the properties of polar self-propelled particles along a thin junction.
Inside the junction, particles experience a high noise-disorder state, and outside they are in
the ordered state. The width of the junction is adjusted by the junction width parameter
‘d’. The model is motivated by the Josephson junction, an analogous equilibrium system.
At the junction, we have found the current orientation reversal for a critical width of the
junction, which is a common feature of the Josephson junction. Further, the particle current
at the junction decreases with an increase in the junction width.

In chapter6, we studied the phases of passive disk-shaped particles of different sizes with
external potential on a two dimensional substrate using overdamped Langevin dynamics.
Where the potential is obtained from the binary mixture of active and passive particles for

variable size ratio S and activity. We find potential is an attractive type for small distances
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for large size ratio and activity. Four different phases are found: (1) homogeneous disorder
phasec(HDP), (2) homogeneous crystal phase (HCP), (3) disordered phase separated phase
(DPS), and finally, (4) ordered phase-separated phase (OPS). Moreover, the system is
studied in two ways viz: microscopic and coarse-grain simulation. The observed phases
are consistent in both ways.

Finally, in Chapter7, we conclude the thesis with a brief summary of all the chapters

discussed above with future prospects.
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long axis. They can order in polar states (bottom left) or nematic states
(bottom center). The polar state is also a moving state with a non-zero
mean velocity. Apolar active particles (top center image) are head-tail sym-
metric and can order in nematic states (bottom right). Self-propelled rods
(top right image) are head-tail symmetric, but each rod is self- propelled
in a specific direction along its long axis. The self- propulsion renders
the particles polar, but for exclusively apolar interactions (such as steric

effects), self-propelled rods can order only in nematic states (bottom center). 9
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p =0.5and n =0.7. (b) At time ¢ = 500, For small densities and noise
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L =50, N=1340, p = 0.5 and n = 0.2(c) After some time at higher
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L =100, N =2430, p = 1.0 and n = 0.7. (d) For higher density and
small noise, the motion becomes ordered L = 100, N = 2430, p = 1.0
and 1 = 0.2. All of our results shown in Figs.(a)-(d) were obtained from
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(1p =0.51 =0.2, (d) is for disordered mixed (}» = 0.5, n = 0.62) and
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four different phases. All snapshots are collected in the steady state and
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3.2 (color online) (a) Plot of the global orientation order parameter y vs. 1/N
for different € in semi— log X scale. (b) Probability distribution function of
the mean orientation fluctuation P(AQ) vs. % for different € in semi— log
Y scale. N = 62500. The filled black circles, red squares, green diamonds
represent data for € = 0.0, 1.0, and 2.0, respectively. (c,d) Plots of P(A0)
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3.3 (color online) Horizontal panel: top to bottom panels are real space snap-
shots of the local number density of the SPPs for different € at different
times t. The topmost panel is for € = 0, middle one is for € = 1 and bottom
is for € = 2. Vertical panels: from left to right, (a) to (c), are real snapshots
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The color bar represents the local number density of the particles. . . . . . 58



XXVi

List of figures

3.4 (color online) (a,b) Plots of P(n,€) vs. n and P(n,€)/P,(€) vs. n/n. in

3.5

semi-log Y scale for different €, respectively. The black, red, orange,
blue and green lines represent € = 0.0,0.5,1.0, 1.5, and 2.0, respectively.
Inset of (a) is zoomed near to the peak of the distribution of main plot.
N = 62500. In the inset of (b) Plot of An.(€) =n.(&) —n.(0) vs. €. Voilet
circles represent the data obtained from the fitting function exp(—n/n.(€))
and orange dashed line indicates the linear variation. (c) Variation of local
density fluctuation A®(¢g) with €. The filled black circles, blue squares
and red triangles represent the numerical data points for pg = 0.5, 1 and
2, respectively. Error bars are in the order of symbol sizes. N = 62500.
The black (pp = 0.5), red (pp = 1.0) and blue (pg = 2.0) dashed line
indicate the variation of A®(€) obtained from the analytical calculations,
as shown in Appendix.3.5 in Eq ~((3.23)). (d) Plot of the global number
fluctuation (A./") vs. the mean number of particles (.#") in log —log scale.

N = 62500. The dashed line represents slope =1.6. . . . . . .. ... ..

(color online) (a) Snapshot of the neighbour particles within the interaction
radius (R = 1.0) of a tagged particle in the steady state for disorder strength
€ =2.0. N =10000. The filled black circles, red squares, green diamonds,
and blue triangles denote 0 < J < 0.5,0.5<J<1.0,1.0<J < 1.5, and
1.5 <J <2.0, respectively. At the centre of the box, yellow triangle indi-
cates the tagged particle. (b,c) Plots of P(n;(;)) and P(A8);)) distribution
for different J(i) ranges, respectively. N = 62500. Color lines and sym-
bols in (b,c) indicate same things as in (a). (d) Plot of normalise effective
transport speed v(&,7) /v vs. t. Black, red, green and blue lines represent

€ =0.0, 1.0, 1.5 and 2 respectively. N =10000. . . . . . ... ... ...

61



List of figures

xxvii

3.6 (color online) (a,b) Plots C(r,t) vs. r/L, for € =0 and 2, respectively

4.1

in semi-log Y-scale. Black, red, green, blue, cyan, brown and Violet
lines represents time t = 2,4,16,32,64,128 and 256, respectively. In the
inset of (a) and (b), the variation C(r,¢) with r is shown at different time.
Different colored lines represent same thing as the main figure. Dashed
line with color magenta is drown parallel to x-axis and intersect y-axis at
0.17 (crossing point) . N = 262144 (c) Plot of L,(t) with time ¢ in log —log
scale. The dashed line represents the slope 0.5. N = 262144. (d) Plot of
mass of the largest cluster m(z) with time ¢ in log — log scale. N = 40000.
The dashed line represents the slope 0.5. The filled black circles, red

squares, and green diamonds represent € = 0.0, 1.0 and 2.0, respectively. .

(color online) (a) The plot of the mean orientation order parameter Y
vs. noise strength 1, inset: zoomed plot shows enhanced ordering on
increasing €. (b) Variation of susceptibility & vs. €. (c) The probability
distribution function of order parameter P(y) vs. ¥ at the transition point
(nc(€) = 0.625, 0.640, and 0.654 for € = 0, 1 and 2, respectively. (d)
Variation of fourth-order Binder cumulant V vs. 7. Different symbols
imply different values of disorder strength € = 0(o), 1.0(0J), 2.0(A) for

the system size L=150 and the density py =1.0.. . . . . ... ... ...

64

76



xxviii

List of figures

4.2

4.3

4.4

(color online) Plot (a)-(c) show orientation order parameter ¥ vs. 1 and
(d-f) represent Binder cumulant V vs. 1 for € =0, 1 and 2. In plots (a)-(f)
the black o, red [J, green A and blue « are for system sizes L = 90, 120,
150 and 200, respectively. (g)-(i) are plots of orientation order parameter
distribution P(y) keeping system size L = 120 for three different 1 values.
(g) for e =0, n = 0.6245, 0.6260 and 0.6275, (h) € =1, n = 0.6375,
0.6390 and 0.6420, and (i) € = 2 for n = 0.6490, 0.6520 and 0.6540,
respectively. Symbols with color black ‘+’, red ‘x’ and blue ‘A’ show the
increase in 1) values with their respective € values. In all the cases system

densityisfixedpy =1.0. . . . . . . . . ... o

(color online) (a) Time series of y(¢) for disorder € = 1.0 (black line) and
€ = 2.0 (magenta line). The two types of quenched impurities with orien-
tations :l:% are introduced at time r = 10,000. (b) PDF for the oricantation
distribution P(60) vs. mean orieantation 6, for € = 1.0 ((J) and € = 2.0
(A). All the plots are for system size L = 100, noise strength 1 = 0.62

andthedensity py =1.0. . . . . . . ... Lo oL

(color online) Plot (a), (b) and (c) are the real space snapshots for three
€ =0, 1 and 2, respectively. The color bar shows the number of particles

in the subshells. All the parameters are the same as in Fig.4.3. . . . . ..

77

78



List of figures

XXix

4.5

4.6

4.7

(color online) (a) Plot of density phase separation order parameter 0 ¢ vs.
€ with blue squares. The blue dotted line shows the linear decay of d¢.
(b) P(n) vs. nfor € =0, 0.5, 1, 1.5 and 2. Different colors with lines black,
red, green, blue and magenta are for € =0, 0.5, 1.0, 1.5 and 2.0. The inset
of Fig.(b) shows the mean number of particles N, vs. € where the blue
dotted line shows linear decay of N,. (c) and (d) show the zoom plot of
(b) near to the head and tail where the tail parts are fitted with exponential
function with dotted lines. Symbols with black (circles), red (squares),
green (diamonds), blue(triangles up) and magenta (triangles left) colors
are for € =0, 0.5, 1.0, 1.5 and 2.0 in (c) and (d). Also, (b), (¢) and (d) are

in semi-log y-axis. All the parameters are the same as in Fig.4.3. . . . . .

(color online) (a) Plot of OACF Cy(r,t) vs. t. for € = 0.0 (circles),
0.5 (squares), 1.0 (diamonds), 1.5 (triangles up) and 2.0 (triangles left).
Dashed lines are fit to exponential to the data (symbols). (b) Plot for
Co(r,t) vs. scaled time 7 /t.; and t, vs. € (inset) where the dashed lines are

a linear fit to the data. All other parameters are the same as in Fig. 4.3 . .

(color online) (a), (b) and (c) show the variation of X (¢) vs. r. Black, blue
and magenta colors are for € =0, 1 and 2, respectively. (d) Variation of
neighbour fluctuation autocorrelation C,(r,t) vs. t. Symbols with black
(circles), red (squares), green (diamonds), blue (triangles up) and magenta
(triangles left) colors are for € =0, 0.5, 1.0, 1.5 and 2.0, respectively.
Dashed lines are fit to exponential. (e) The plot of #, vs. € shows linear
decay with &; inset; the plot of correlation Cy(r,7) vs. scaled time 7/1,.
(f) The plot of the systems’ information entropy AS(t) vs. f. (g) Time

evolution of y/(¢) with time ¢ where colors black, blue and magenta are for

80

82

€ =0, 1 and 2, respectively. All other parameters are the same as in Fig. 4.3 83



XXX

List of figures

4.8

5.1

5.2

(color online) The plot shows the probability of newly visited particles
p(€,t) with respect to time t for three values of €. Black o, red [J, and blue
A are for € =0, 1 and 2, respectively. Color dotted lines show the data
fit with fitting function p(g,7) = m(g) -t where m(¢) is the slope. In the
inset, we show the m vs. € which increases linearly. Other parameters are

thesameasinFig4.3 . . . . . .. ... oo

(color online) We show a cartoon picture of the model. Left and right most
box show the particles (SPPs) with arrows are, in the deep ordered state.
Middle section shows the particles in disordered state. Noise strength for

middle region 7 = 0.7 and for rest of the regionn =03 . . ... .. ..

(color online) All the plots (a)-(d) shown here for without perturbation. (a)
We plot the global orientation order parameter ¥ vs. width of the disorder
region d. (b) Plot shows the global order parameter distribution P(\¥) for
different width of the junction ‘d’. Different colored break lines are for
d=4 (black), d=8 (red), d=12 (green) and d=18 (green). Plot (c) and (d)
show the space snapshots of the system for width d=2 and 18 respectively.

Pink line shows the boundry of the junction and blue lines with arrow show

the mean orientation of the local flock. LxW =200 x5andp =1.0. . .
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53

54

5.5

5.6

(color online) All the plots (a)-(d) shown here for with perturbation. (a)
We plot the global orientation order parameter ¥ vs. width of the disorder
region d with perturbation. (b) Plot shows the global order parameter
distribution P(¥) for different width of the junction ‘d’. Different colored
break lines are for d=4 (black), d=8 (red), d=12 (green) and d=18 (green).
Plot (c) and (d) show the space snapshots of the system for width d=2 and
18 respectively. Pink lines show the bounry of the junction and blue lines

with arrow show the mean orientation of the local flock. L x W =200 x 5

(color online) Plot (a)-( show the time variation of event current ¥, ; along
the long axis with increasing width d. (d) event current distribution P(¥,y).
(e) Shows the x-orientation current autocorrelation for three junction width
‘d’. Black, red and green colors show the results for junction width d=4,8

and 12 respectively. LxW =200x5andp=1.0. . ... ... ... ...

(color online) Plot (a)-(c) show the time variation of orientation event
current ¥y, along the long axis with increasing width d. (d) Orientation
event current distribution P(P'y;). Black, red and green colors show the

junction width d=4,8 and 12 respectively. Lx W =200 x5S and p =1.0. .

(color online) Plot (a) show the global orientation order parameter ¥, with
junction width ’d’, and (b) show the probability distribution P(¥;) for
junction width d=4 (black), 8 (red) and 12 (green) respectively. L x W =
200xSand p=1.0. . . . ...
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6.1

6.2

6.3

(color online) Plot shows the model picture of small and big ABPs and
passive system of S = 10 to calculate the effective potential V57(r) on
passive particle separated by distance ‘r’, exerted by the active depletant.
Red particles show the ABPs. Blue and red particles show passive particles
and ABPs. The blue arrow line show the surface to surface distance ‘r’
between two passive particles. Number of ABPs and passive particles are

Ni=1000and Mo =2 . . . . . ...

(color online) Plot shows the potential V5" on passive particles in the
presence of active depletant for different parameters (S,7v). Black curve
(5,60), green curve(10,40), blue curve (5,160) and red curve (10, 160)
respectively. In all cases number of passive particles N, = 2 and active

particlesare Ny =1000. . . . . . . . . . ... L

(color online) Steady-state snapshots for four phases of the passive particles
interacting through the potential obtained with different combinations of
activity v and size ratio S. (a) HDP, for S,v = 5,60 and packing fraction
¢, =0.07. (b) HCP for S,V = 10,40 for ¢, = 0.2. (c) DPS , for §,v =
5,160 for ¢, = 0.07. (d) OPS for §,v = 10,160 and packing fraction

¢p = 0.2. In all cases total number of passive particles are N =400 . . .
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6.4

6.5

6.6

(color online) We plot cluster size distribution CSD, P(n) vs. mean number
of particles cluster n for four distinct phases. For HDP: (a) show the CSD
for fixed S=4 for different activity v = 60 (black circles), v = 80 (red
square), vV = 100 (orange diamonds) and (b) is for fixed v = 60 for different
size ratio S=2 (black circle), S=3 (red square) and S=4 (orange diamond).
For HCP:(c) show the CSD for fixed S=10 for different activity v = 20
(black circles) and v = 40 (red square) and (c) is for fixed v = 40 for
different size ratio S=8 (black circle), S=9 (red square) and S=10 (orange
diamond). For DPS:(e) show the CSD for fixed S=7 for different activity
v = 120 (black circles), v = 140 (red square), v = 160 (orange diamonds)
and (f) is for fixed v = 160 for different size ratio S=5 (black circle), S=6
(red square) and S=8 (orange diamond). Finally, for OPS:(g) show the
CSD for fixed S=10 for different activity v = 120 (black circles), v = 140
(red square), v = 160 (orange diamonds) and (h) is for fixed v = 160 for
different size ratio S=8 (black circle), S=9 (red square) and S=10 (orange
diamond). Other details are same as in Fig.6.3. Blue and pink lines show
the slope of 2.0 and 3.5 respectively. . . . . . .. ... ... ... ....
(color online) In this plot (a),(b), and (c), we show the phase diagram in
S-v plane for yg, mean cluster size m, and mean normalise distance r. In
all the plots number of passive particles are 400. . . . . . ... ... ...
(color online) Plot (a)-(d) show the distinct four phases obtained from
microscopic simulation of ABPs and passive mixture with packing fraction
¢, = 0.5 and ¢, = 0.2. (a) represents the HDP for (S,7v) = (5,60). (b)
shows the HCP for (S,v) = (10,40). (c) represents DPS for (S,v) =
(7,160). (d) shows the OPS for (S,v) = (10,160). Smaller black particles

are ABPs, and bigger are passiveone. . . . . ... ... ... ... ...
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