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Abstract

The central focus of this thesis is understanding small fluctuating active systems,
particularly through a thermodynamic perspective. Our approach includes a dual
strategy: first, we explore the theoretical and numerical approaches to studying the
dynamics of stochastic systems, exploring both Gaussian and non-Gaussian noises.
Secondly, we explore the realm of stochastic heat engines to investigate various
thermodynamic properties and explore the factors contributing to the enhancement

of their performance.

First, we examine the dynamics of a confined overdamped Brownian particle im-
mersed in a thermal bath and subjected to a non-equilibrium bath containing a
dilute solution of active particles. Due to confinement, the Brownian particle en-
counters a harmonic potential. Additionally, it undergoes Poisson shot-noise im-
pulses with a defined amplitude distribution resulting from collisions with active
particles within the bath. We derive the stationary solution for the displacement
distribution by analyzing the Fokker-Planck equation. We also calculate the mo-
ments, including mean, variance, skewness, and kurtosis. Additionally, we calculate
an effective temperature using the fluctuation-dissipation theorem and demonstrate
the validity of the equipartition theorem for all zero-mean kick distributions, even
those resulting in non-Gaussian stationary statistics. In the scenario of Gaussian-
distributed active kicks, we observe a transition from Gaussian to non-Gaussian and
again re-entry to the Gaussian stationary states with a heavy-tailed leptokurtic dis-
tribution across various parameters, consistent with recent experimental findings.
Further, we analyze the system’s irreversibility by calculating the time asymmetry
of cross-correlation functions. In our investigation, we conducted a comprehensive
study of the system to lay the groundwork for building a heat engine in the future.
We aim to identify the regions where non-Gaussian behavior can be attained and

subsequently analyze its impact on engine performance.

Later, we perform an extensive analysis of passive as well as active micro-heat engines
with different single-particle stochastic models. Using stochastic thermodynamics,
we calculate thermodynamic work, heat, entropy production, and efficiency of pas-

sive and active Brownian heat engines through analytical calculation and simulation



techniques and compare both results. We discuss a group of protocols for which ex-
act non-quasistatic calculations can be done, entirely in the passive engine case and
partially in the active engines. Then, we summarize our results for a particular pro-
tocol. We study the position distributions of the Brownian particle in both passive
and active engines. We compare their characteristics in terms of the parameter that
measures the competition between the active persistence in the particle position
and the harmonic confinement. Our goal is to uncover the correlation between non-
Gaussian attributes and efficiency through the computation of excess kurtosis. Our
findings indicate that the efficiency of thermal machines can enhanced or reduced
based on the activity within the model, and determining the exact cause solely from

the excess kurtosis is not straightforward.

Therefore, we further investigate the model of an active heat engine involving Brow-
nian particles in an active bath, resulting in active Poissonian noise. The positional
distribution displays a non-Gaussian leptokurtic fat-tailed shape, and we assess its
non-Gaussianity through the calculation of excess kurtosis. Our objective is to di-
rectly measure a parameter that correlates with the non-Gaussian behavior of the
system, establishing a direct link with the excess kurtosis. For this model, we study
two different protocols. We calculate exact analytical expressions for work, heat,
and efficiency, which further helps to understand many physical insights about the
system. Our research reveals that while there is a general trend of increasing effi-
ciency with increasing excess kurtosis initially, but no particular correlation can be
established between these two quantities. This indicates that other factors influ-
enced by activity, besides non-Gaussianity and excess kurtosis, contribute to the

observed enhanced efficiency.
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CN, the distributions are Gaussian, but widths are still larger than
the passive case. The parameters are k1 = 4.0, ks = 2.0, 7 = 100,
v = 1.0, 55 = 2.0, T = 0.2, T, = 0.1, D; = 10.0, Dy = 4.0,
A =X =04and 7, =25 (for B < 1), \y =Xy =5.0and 7, = 0.2

(for > 1) andAfzﬂ/zT—lzl,A;: 2

Efficiency 1 as a function of the cycle time 7. (Left panel) for § < 1.

(Right panel) for 5 > 1. We see that for these parameters, RT and

CN engines always perform better than passive engines. For new

images The parameters are ky = 4.0, ky = 2.0, 7 = 100, v, = 1.0,

v = 2.0, Ty = 1.0, Ty = 0.5, Ay =9.0, Ay =1.0, \; = Ay = 0.4 and

T, = 2.5 (for § < 1), Ay = Ay = 5.0 and 7, = 0.2 (for § > 1) and
(A7) (43)*7a
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(Left), (Center), (Right) shows schematic illustration depicting mul-
tiple cycles of a specific type of time-dependent protocol governing
stiffness, denoted as k(t), temperature profile denoted as 7'(t) and
active temperature T,(t). The parameters x; and ks represent the
minimum and maximum values of the trap strength. T., T}, and T,
T, denote the cold and hot temperatures of the thermal and active
reservoir, respectively. At the same time, 7 signifies the total cycle

Plots represent the scenario where we have bacterial activity through-
out the cycle time but with different active temperatures at different
cycle times. In this case, we always observe engine behavior, which is
discussed above. (Left panel) we show how the mean of excess kurto-
sis KC with the activity w calculated using Eq. (5.7). (Right panel)
Represents total extracted work W and input heat (), to the system
and the rejected heat (). to the cold bath. The analytical results are
plotted (solid lines) using the equations Eq. (5.39), Eq. (5.40) and

Eq. (5.41).. . o oo
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5.3

5.4

5.5

5.6

5.7

Plots represent the scenario where we have bacterial activity through-
out the cycle time but different active temperatures at different cycle
times. Plotted the efficiency as a function of k5 and compares Carnot
efficiency n¢- and Carnot efficiency with effective temperature denoted
as ngf I The analytical results of 7 are plotted (solid lines) using the
equations Eq. (5.30). The parameters used are m, = 0.3, T,. = 0.1,
Top =05,T.=0.1,7T, =0.5 k1 =0.1, w = 1.0 and v = 0.2, number

of simulations 10° and simulation time step dt = 1074, . . . . . . ..

(Left), (Center), (Right) shows schematic illustration depicting mul-
tiple cycles of a specific type of time-dependent protocol governing
stiffness, denoted as k(t) changes with time, temperature profile de-
noted as T'(t) and active temperature T,(t). The parameters x; and
kg represent the minimum and maximum values of the trap strength.
T., T}, and T,., T, denote the cold and hot temperatures of the ther-
mal and active reservoir, respectively. At the same time, 7 signifies

the total cycle time. . . . . . . .. . ... Lo

The probability distribution of particle displacements P(x) for the
non-Gaussian reservoir and compared with a Gaussian thermal reser-
voir at the four-state points. A Stirling cycle between a hot non-
Gaussian (k = 4.0 and T, = 1.0) and a cold non-Gaussian reservoir
with (k = 0.6 and 7, = 0.1). The trap stiffness x(t) varies linearly
in compression and expansion steps. The Stiriling cycle includes,
isothermal compression at T, (Step:1 — Step:2), expansion (Step:3
— Step:4) at T, and connected with two isochoric process (Step:2

— Step:3) and (Step:d — Step:1) . . . ...

Plots represent the scenario where we have bacterial activity only in
the 3" (1/2 < t < 7) half of the cycle time. (Upper left) Repre-
sents the mean excess kurtosis ¥, calculated using Eq. (5.7) (Upper
right) Total extracted work W and the intake heat @} and rejected
heat as a function of the kick rate w. The analytical results of work
are calculated using Eq. (5.56), Eq. (5.57). The analytical expres-
sion(solid lines) of heat intake @, is calculated using Eq. (5.58) and
rejected heat is calculated using Eq. (2.7) and then matched with
simulation(symbol). (Central) The efficiency is plotted against ac-
tivity using Eq. (2.21). Parameters used are m, = 2.0, T,;, = 2.0,
T. = 1.0, T, = 4.0 Ky = 2.0, ke = 4.0 and v = 2.0, number of

simulations 10° and simulation time step dt = 1074, . . . . . . . . ..

Plots represent the scenario where we have bacterial activity only in
the 3" (7/2 < t < 7) half of the cycle time. Represents the efficiency
1 as a function of the kick rate w. The analytical results are plotted
using Eq. (2.21). Parameters are used m, = 0.01, T,;, = 0.05,
T. = 0.02, T, = 0.04, Ky = 0.1, ko = 0.3 and v = 0.01, number of

simulations 10° and simulation time step dt = 1074, . . . . . . . . ..
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0.8

(Left) Represents efficiency with KX as a function of activity level w
for the case where bacterial activity is present with the same active
temperature (7,.=7,5). (Right) Represents efficiency with KX as a
function of activity level w for the case where bacterial activity is
present only in the 3" (7/2 < t < 7) half of the cycle time. The
parameters used are the same as those used in the Fig.5.6 . . . . ..
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Th

RT

CN

AOUP

PSN

UCNA
PDF

FPE

FDR

Thermal system

Run and Tumble

Colored Noise

Active Ornstein Uhlenbec Process
Poisson Shot Noise

Unified Colored Noise Approximation
Probability Distribution Function
Fokker Planck Equation

Fluctuation Dissipation Relation
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Symbols

Qc (Q2)
W and P

nc and nca

n and n!

S and S
kp

U

K

&(t)

n(t)

w

Y

Temperature of the hot reservoir

Temperature of the cold reservoir

The amount of heat absorbed from the hot reservoir
The amount of heat rejected to the cold reservoir
Total extracted work and Power output

Carnot efficiency and Curzon and Ahlborn efficiency
efficiency and effective Carnot efficiency

entropy and entropy production rate

Boltzmann Constant

Internal energy

Stiffness of harmonic oscillator

Gaussian white noise

Active noise

Average no of kick per unit time

Friction coefficient
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