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GENERAL DESCRIPTION OF THE WORK 
Thermodynamics, an empirical science developed in the 19th century by Carnot, Clausius, and 
Kelvin, describes energy and matter transformations in quasi-equilibrium macroscopic systems, in­
troducing key concepts such as entropy and irreversibility [1-3]. Thermodynamic systems consist 
of microscopic components governed by quantum or classical dynamics, necessitating the founda­
tions of phenomenological thermodynamics to be based on statistical mechanics. This field bridges 
macro and micro descriptions and addresses non-equilibrium phenomena in physics [4-8]. 

The Gibbs distribution is central to equi librium statistical mechanics, linking the probability of 
system states in phase space to its Hamiltonian, with thermodynamic quanti ties derived as averages 
over this distribution. 

This thesis explores the influence of external static magnetic fields, which do not affect classical 
systems in thermodynamic equilibrium. The magnetic field's inherent connection to rotations is 
evident in classical electrodynamics, where it acts as a pseudo-vector similar to angular momentum 
[9]. Thus, the second aim of this thesis is to identify open problems in the statistical mechanics of 
rotating systems and investigate non-equilibrium relaxation of angular momentum. 

In equilibrium classical statistical mechanics, static magnetic fields have no effects as they do 
not perform work or appear in the system's energy expression, resulting in an equilibrium distri­
bution independent of magnetic fields [10]. This insight, known as the Bohr-van Leeuwen theo­
rem, underscores the necessity of quantum mechanics to explain magnetism [2, 11, 12]. However, 
magnetic field effects can be considered within classical mechanics by relaxing the assumption of 
equilibrium [13, 14]. 

Non-equilibrium systems are widespread, evident in living organisms, fluid flows, and chem­
ical reactions, among other phenomena [ 15-17]. Although equilibrium states are rare in nature, 
quasi-equilibrium concepts such as Langevin and Fokker-Planck equations are useful for studying 
non-equilibrium systems [4,6] . These equations uphold fluctuation and fluctuation-dissipation the­
orems (FDT), linking equilibrium and non-equilibrium thermodynamics [18]. The FDT connects 
equilibrium fluctuations with the system's response to small external perturbations, exemplified by 
the Einstein relation for the diffusion coefficient [18]. 

Statistical mechanics problems often consider a large system divided into a smaller subsystem 
of interest (the "system") and a larger quasi-equilibrium subsystem (the "thermostat" or "bath") 
[2]. The system interacts with the.thermostat, exchanging energy, particles, linear momentum, and 
angular momentum. Non-equilibrium can arise either from the system's perturbation and relaxation 
or from the thermostat's non-equilibrium state, leading to non-equilibrium steady states (NESS) [4, 
18]. NESS generalizes equilibrium states, lacking time-reversal symmetry and supporting persistent 
currents. 

In recent years, studying the processes within living cells has garnered significant attention due 
to its fundamental importance in understanding biological functions and behaviors [19] . The main 
motivation of our work is to understand the function of ATPase, a group of enzymes responsible for 
generating ATP molecules, the energy currency of the cell Even the tiniest change in the function 
of ATPase can significantly impact the growth and function of the entire organism. Rotation plays 
a pivotal role in the function of ATPase [20-22] : the flow of protons drives the rotation of the 
central stalk, which subsequently induces conformational changes in the catalytic part, thereby fa­
cilitating ATP synthesis (Figure 1). However, in such a microscopic system, rotation does not occur 
in a purely mechanical sense but rather should be understood through the principles of statistical 
mechanics [23]. 
We develop advanced tools and extend the principles of non-equilibrium statistical mechanics to 
study rotating systems out of equilibrium [13 , 14, 23]. Our research not only enhances the under-
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Figure 1: (left) Schematic models of the F-ATPase. The membrane extrinsic (1' 1) \t'l'IOI, ca rnlytic 
hexamers (a3/1)}, stalk, and membrane domain (Fo) are shown. Red arrows 1cp1L'\C lll the direction 
of the chemical reaction, subunit rotation (C, y, E}, and proton transport 1n physmlo!' •ral conditions. 
(right) The rotation of ATPase is analogous to that of a watermill . F0t /\Tl'a"" w1.111on 1s driven 
by the flow of protons along the electrostatic potential gradient across a lllL'lllhi.1111' . whc1eas a wa­
termill rotates due to water flowing along a gravitational potential g1adtl'lll lJ11hkl' the macroscopic 
watermill, ATPase operates on a microscopic scale, and its rotational dynam1" .llL' OC\I understood 
within the framework of statistical mechanics. This molecu lar 1111h11w din 11wly rnnvc1 ts the energy 
from the proton gradient into the chemical energy of ATP, mino1111g how a wa1c 1111111 transforms the 
energy of falling water into mechanical work. 

standing of biological systems but also has potential apphcat1ons 111 olhl'1 li c l<.l s beyond biology 

(plasma physics, astrophysics, turbulence and classical mcchanu:s) 
This thesis explores three physical systems connected to a non l'q11d1h1111111 thcrmostat [13, 14, 

23), emphasizing rotational motion and angular momentum Maf•llt'tll field s can impact non­
equilibrium systems, creating rotating NESS for charged pa1 ti cks and 111d11c 111 g NESS in ther­
mostats based on their non-equilibrium traits [13, 14]. Furthc1 lllOIL'. 11011 L'qutltbrium states with 

kinetic origins unveil unique stochastic dynamics of angular 1110111L·nt11111 12 .l ] 
We investigate the effects of weak magnetic field s on living 01 gan"m'· addn~ss1ng the credibility 

and reproducibility of experimental reports [24-27]. The physical 1tt l'd1: 1111 sms underlying these 
effects in molecular biology remain unclear [28-30) . We propose a mcd1a111 s111 for the influence 
of weak magnetic fields on the stochastic motion of ions, crucial 111 bt0log1ca l processes [9, 31), 
showing that ions acquire non-zero average angular momentum when cqu 1hh1111111 1s disrupted by 

active processes. 
Further, we revisit the Bohr-van Leeuwen theorem by examining a classical charged Brownian 

particle interacting with an equilibrium thermal bath. Although the particle docs not " feel" the 
magnetic field per the theorem, its interaction with the bath induces non-equilibrium states in the 
bath. Using the Caldeira-Leggett model, we show that a magnetic field induces long-term changes 
in the bath, leading to average angular momentum in uncharged bath oscillators [8, 11 , 32-34] . 

Our final investigation examines the persistence of rotation in systems where the confining po­
tential is not perfectly symmetrical, leading to the decay of angular momentum. We extend the ques­
tion of integrals of motion under weak perturbations [35, 36), deriving a coarse-grained stodwstic 
differential equation describing the decay of angular momentum. Our results ali f!n w1 1h n11n1c11cal 
simulations, enhancing the understanding of integrals of motion in weakly pc11111 hrd 'Y'tt'lll\. 

Relevance of the research topic 
The research topic presented in the thesis, focusing on the non-cqu1hh11111 11 ,1, 111 , t11 ' :tl lltl'L: hanics of 

rotating systems, is of significant relevance for several reasons: 
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• Biological Implications of Magnetic Fields. The study of weak magnetic fields' effects on 
biological systems is crucial for understanding magnetobiology and its implications for cellular 
processes and medical applications [13, 24). 

• Advancement in Non-Equilibrium Physics. This research contributes significantly to non­
equilibrium physics by exploring systems far from equilibrium and elucidating the role of 
fluctuation-dissipation theorems, bridging the gap between macroscopic and microscopic de­
scriptions [4, 14, 18]. 

• Conservation Laws. Understanding the behavior of conserved quantities, such as angular mo­
mentum, in systems with weak.ly violated symmetries is vital for refining our understanding of 
symmetry and conservation laws in physical systems [13, 14,35,36]. 

• Practical Applications. The practical applications of this research range from biomedical di­
agnostics and therapeutics to nanoscale device design, industrial process optimization, and ad­
vancements in aerospace engineering and robotics [13, 14, 16]. 

• Future Research Directions. Future research directions include determining the adiabatic in­
variant in rotating systems, refining the Caldeira-Leggett model to incorporate the Generalized 
Gibbs distribution, and exploring fluctuation-dissipation relations in active matter systems, of­
fering new theoretical insights and practical advancements in various scientific and engineering 
disciplines. 

In summary, this research addresses fundamental questions in statistical mechanics and thermody­
namics, offering new insights into non-equilibrium phenomena and the effects of magnetic fields. 
The implications span from biological systems to advanced technologies, making this an essential 
area of study for both theoretical and applied physics. 

The aims of the thesis 
• Equilibrium vs. Non-Equilibrium: This thesis explores the complex dynamics of non­

equilibrium systems influenced by external perturbations, bridging the gap between equilibrium 
and non-equilibrium statistical mechanics using tools like the Langevin and Fokker-Planck equa­
tions [ 4, 6). 

• Magnetic Field Effects and Magnetobiology: Investigating the influence of weak magnetic 
fields on non-equilibrium biological systems, this research proposes a mechanism where ions 
accumulate angular momentum, potentially altering protein functions and explaining observed 
magnetic field effects in biology [13, 24]. 

• Angular Momentum and Conservation Laws: Focusing on the dissipation of angular mo­
mentum in nearly symmetric systems, this thesis derives a stochastic differential equation for its 
behavior, extending the Caldeira-Leggett model to provide a microscopic foundation for macro­
scopic observations in rotating systems [22, 23) . 

Scientific novelty. 
The scientific novelty of this thesis lies in its significant contributions to the field of non.equilibrium 
statistical mechanics, particularly in the context of magnetobiology and rotating systems. Here are 
the key points of novelty: 

• Explaining the effects of weak magnetic fields on biological systems: This research proposes 
a new mechanism for weak magnetic fields influencing ion motion in biological systems, po­
tentially altering protein function. This mechanism addresses the gap in understanding magne­
tobiological effects, often overshadowed by thermal fluctuations , thereby advancing the field of 
magnetobiology [13,27]. 
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• Long-term impact of magnetic fields on thermostats: By extending the Caldeira-Leggett 
model to include the effects of an external magnetic field, this study demonstrates that magnetic 
fields induce a non-equilibrium steady state in the bath oscillators, challenging the traditional 
view that magnetic fields have no effect on equilibrium states [14, 32-34]. 

• Stochastic dynamics of angular momentum in weakly rotationally symmetric systems: In­
troducing a novel stochastic differential equation to describe the decay of angular momentum 
in systems with weakly violated rotational symmetries, this research provides new insights into 
the persistence and dissipation of angular momentum, validated through numerical simulations 
[23, 35, 36]. 

Overall, these findings push the boundaries of our understanding in non-equilibrium statistical me­
chanics, with implications across diverse fields from biophysics to materials science. 

Practical and theoretical significance. 
The research presented in this thesis holds significant theoretical and practical importance. Theo­
retically, it advances our understanding of non-equilibrium statistical mechanics, especially in the 
context of rotational systems and the effects of magnetic fields. By challenging the constraints of 
the Bohr-van Leeuwen theorem, the work opens new avenues for exploring how classical systems 
can exhibit magnetism when driven out of equilibrium [13, 14, 23]. Practically, the findings have 
profound implications for fields such as magnetobiology, where the observed non-equilibrium rota­
tion of ions under weak magnetic fields offers a plausible mechanism for altering protein functions, 
potentially explaining many experimentally observed yet poorly understood phenomena in living 
organisms [24, 27]. Additionally, the insights gained into the behavior of thermostats and the con­
servation of angular momentum in nearly symmetric systems could influence the design and anal­
ysis of molecular machines and other technologies reliant on rotational dynamics [22]. Thus, this 
research not only bridges fundamental gaps in our understanding of thermodynamics and statistical 
mechanics but also provides a basis for future technological innovations. 

Approbation of the work. 
The results of the thesis were reported at the conferences "4-th MATINYAN Seminar" (Yerevan, 
2022), "5-th MATINYAN Seminar" (Yerevan, 2023) and have been discussed at the seminars of 
the Alikhanian National Science Laboratory. 

Publications. 
Three papers are published on the topic of the thesis [ 13, 14, 23]. 

Structure of the thesis. 
The thesis consists of an introduction, three additional Chapters, a conclusion and a list of refer­
ences. It contains 130 pages, including 16 figures. 
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CONTENT OF THE THESIS 

Introduction 
We reviewed the scientific literature related to the topic of the thesis. We established a high-level 
overview of the research and provided the general aims of the study. Moreover, scientific signifi­
cance, novelty and practical value are also established. Short overview is provided for widely used 
topics in the thesis, such as Langevin and Fokker-Planck equations, Bohr-van Leeuwen theorem and 
Caldeira-Leggett model. The thesis is organized into chapters and they can be read independently. 

Chapter 1 

§1.1: Introduction 

The introduction discusses the controversial effects of weak, static magnetic fields on biological sys­
tems, often supported by irreproducible experiments [25-27]. Significant effects of weak diamag­
netism in biological systems occur only at high magnetic fields (- 20 T). Though theories suggest 
weak fields could influence ion motion [9]. the minimal theoretical impact is due to the large dispar­
ity between friction-induced relaxation time (less than 10-9 s) and the magnetic timescale (greater 
than 10-3 s) [28, 30]. This study proposes mechanisms for weak magnetic fields to influence ion 
motion by including cellular white noise, sustaining cyclotron motion, and affecting cation-driven 
protein processes [37], bypassing the Bohr-van Leeuwen theorem. It also explores stochastic tra­
jectories and autocorrelation functions, examining overdamped and underdamped regimes with the 
thermal bath's memory effects. 

§1.2: The Model 

This section examines the Langevin equation for ions in external potentials generated by membranes 
or proteins, disregarding electrostatic interactions between ions to focus on thermal bath interactions 
and external forces [9]. The Langevin equation, normalized by mass m, incorporates terms for 
friction with memory, potential gradient forces, Lorentz force from an external magnetic field B, 
an equilibrium thermal noise 11(1) , and a non-equilibrium noise ~(t) from fluctuating potentials 
[6, 38, 39]: 

1r , Q l I 
v(t) = -y dt' Ke-Klt-t lv(t') - Vr V(r) + -v x B + -11(t) + -~(t) . (I) 

r0 m m m 

The Gaussian noises 11(1) and ~(t) have defined properties, with 11(t) adhering to the fluctuation­
dissipation relation (FDR): it has autocorrelation (IJ; (l)IJJ (t')) = Oijq ( (} /2) exp (-K It - t' I) with 
intensity q = 2myksT, ensuring noise correlation and friction memory share the same exponential 
decay [38, 39]. 

Estimates of model parameters are given, which help to elucidate the physical behavior of the 
ions in these conditions. 

§1.3: Diamagnetism in Harmonic Potential 
This section discusses the transition from the Langevin equation (1) to the Fokker-Planck (FP) 
equation to determine the stationary regime for a particle, where the probability density of ion 
motion becomes time-independent [6, 39]. In the context of a confining harmonic potential, this 
stationary state is achieved swiftly, within approximately 10-9 seconds. For a magnetic field along 
the z-axis (B = ezb), we get the key result 

(L) = -b--5!:!!_ 
ym2K2 ' 

(2) 
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Figure 2: Random trajectories in the (x , y) plane. The darker (brighter) points refer to recent 
(earlier) times, total trajectory time is r , er= ../(x2 ) = .,/(y2 ). (a) underdamped due to memory: 
b = I, y = 100, K = 10, wo = 90, T = 30, (b) moderately damped: b = I, y = 100, K = 10, wo = 
IO, T = 30, (c) underdamped due to strong potential confinement: b = l , y = 100, K = 1000, wo = 
I 000, r = 3, and (d) overdamped: b = I, y = 100, K = I 000, wo = 20, r = 30. 

together with expressions form (v~ + v~) and (x2 + y 2). These results indicate a diamagnetic 

response, where (L) / B < 0. The magnetic moment is given by M c = -'lf!. ~. Comparison q 111. K 
with quantum diamagnetic and paramagnetic moments indicates that while M c is smaller than the 
electronic diamagnetic moment of water, it may exceed the spin paramagnetic moment at the same 
temperature [ 12]. 

§1.4: Autocorrelation, Characteristic Times, and Numerical Results 
In this section, the stochastic motion of an ion in a harmonic potential with a magnetic field is 
studied using the complex coordinate ( = x + iy, where rotations in the xy plane are described 
by the phase of(. The autocorrelation function (((t1)(*(r2)) is derived, showing that the ion 's 
motion can be distinguished between underdamped (rotational) and overdamped regimes based on 
the roots of the characteristic equation. 

Numerical solutions using the Euler-Maruyama method [39] arc presented , showing the influ-
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ence of parameters such as K , y , and wo on the ion's trajectory. Various regimes are visualized: 
underdamped due to memory (Figure 2 (a)), moderately damped (Figure 2 (b)), underdamped due 
to strong potential confinement (Figure 2 (c) ), and overdamped (Figure 2 (d)). The spread of the 

angle variable (turns) fo1 
Q(s) ds is used to visualize these different behaviors across figures. 

§1.S: Summary 

In this section, the chapter is summarized. Future research directions include the study of stochastic 
cyclotron motion fluctuations, the metastability of nonequilibrium states, resonance phenomena 
under time-dependent fields, electrostatic interactions between ions, and potential applications to 
active matter and ion channels, especially in the context of COYID-19 related research [9, 28, 29]. 

Chapter 2 

§2.1: Introduction 

The introduction introduces the concept and sets the stage for a detailed exploration of how a static 
magnetic field can influence the random motion of particles in a fluid, a phenomenon that is central 
to understanding various biological and physical processes. 

According to Bohr-van Leeuwen (BvL) theorem, charged classical particles do not experience 
magnetic fields in equilibrium, implying that equilibrium magnetic influences should be explained 
by quantum mechanics [2, 10,40]. This theorem precludes equilibrium classical magnetism, which 
has potential applications in fields such as plasma physics and biophysics, where magnetic fields 
influence systems like fusion research, charged colloidal liquids, and biological processes involving 
metal ions (Na+, K+, Ca2+) crucial for molecular biology [9, 25,27, 28, 31]. Biophysical responses 
to static magnetic fields might be looked for in the quantum domain, however, it is not likely that all 
biophysical influences of magnetic fields can be accounted for by quantum models [28]. Classical 
effects of a static magnetic field on the Brownian motion of a charged particle, described by the 
Langevin equation, are investigated using the Caldeira-Leggett model [8, 11, 32-34]. The study 
reveals that the magnetic field induces long-term changes in the bath state, such as a sizable average 
angular momentum in bath oscillators, distinct from linear momentum and energy behaviors [8,41]. 
This analysis extends to understanding the behavior of angular momentum, linear momentum, and 
energy at the system-bath interface, emphasizing that while the bath can store angular momentum 
long-term, linear momentum is eventually dissipated from its observables. 

§2.2: The Model 

This section presents the Caldeira-Leggett model, which we use to describing the motion of ions 
in external potentials within a biological context [8, 11, 32-34]. We consider a classical particle 
with position vector R, unit charge, and unit mass interacting with a magnetic field B. Subject to a 
rotation-symmetric harmonic potential, the particle's Lagrangian is 

I . 2 l 2 2 . 
Ls = 2.R - 2w0R + A(R)R , (3) 

where vector potential A(R) generates a static, homogeneous magnetic field B = curl A. The 
particle couples to a bath of N harmonic oscillators with coordinates r ko masses mko frequencies 
wk. The potential energy of the particle-bath interaction is assumed to be bilinear with coupling 
constants ck. Thus, the bath+interaction Lagrangian reads 

Ls= '\'N [mk ;-2 - mkw~ (r - ckR )2] 
L..k=I 2 k 2 k 2 • 

mkwk 
(4) 
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And the full Lagrangian is L =Ls+ Ls. Due to rotational symmetry around the axis of uniform 
B, there is a modified angular momentum conservation. 

Solving the Euler-Lagrange equations, we derive a Langevin equation for the particle, incorpo­
rating a friction kernel .;(t) and noise ~(t) due to the bath's random initial state. Given the initial 
Gibbsian density of the bath and the arbitrary initial density of the particle, a fluctuation-dissipation 
relation (~a(t)~p(t')) = Toap.;(t - t') holds. 

In the thermodynamic limit with N --+ oo, and under a dense frequency limit ow --+ 0 and weak 
coupling Cn --+ 0, an Ohmic friction and white noise are reproduced in the Langevin equation by 

the specific choice Wn =own and Cn = ~2yw~mnow/n. 
§2.3: The Bohr-van Leeuwen theorem 
This section discusses the Bohr-van Leeuwen theorem, which states that in classical mechanics, 
static magnetic fields have no effect on the net magnetization of electrons in thermal equilib­
rium [2, 10,40]. The theorem highlights the necessity of quantum mechanics to explain magnetic 
phenomena, as classical physics cannot account for magnetism. It also mentions that the theorem 
does not apply to non-equilibrium steady states, allowing for magnetization in classical mechanics 
under certain conditions [13]. 

The fluctuation-dissipation relation ensures that the particle's state, governed by the Langevin 
equation, relaxes to a Gibbsian density (8, 11, 32-34]. This steady-state density is proportional to 

exp (-! (V2 + w6R2) /T) and notably does not include the magnetic field B. Consequently, the 

average angular momentum calculated with respect to steady-state distribution is zero, illustrating 
the Bohr-van Leeuwen theorem for Brownian motion. This exclusion of the magnetic field B from 
the equilibrium density applies to any confining potential [I0,40]. 

§2.4: Angular momentum of bath modes 
This section discusses the angular momentum of bath modes, which are the collective motions of 
particles in a fluid that act as a thermal bath. Writing position R = (X , Y, Z), se start from a initial 
distribution with the following moments: 

_ (x2
) = (Y2

) =ax T/w6, (vI) = (v;) =av T, (5) 

where ax = av = I refers to the equilibrium second moments of the initial state. 
The long-time average angular momentum L(w) (the component along the magnetic field B) 

of a bath oscillator with frequency w = wk evaluates to 

4ylBIT (w2 - w6) ((I - av)w2 +(I - crx)w6) 
L(w)=ow--x (6) 

rr (cw2-w6-bw)2+y2w2) (Cw2-w6+bw)2+y2w2) 

This shows that even though bath oscillators are not charged, they acquire a non-zero angular mo­
mentum. This means that the long-time state of the bath feels the magnetic field B. The dependence 
of the angular momentum on the oscillator frequency is plotted in Figure 3. 

We emphasize that L(w) * 0 due to initially non-equilibrium state of the particle, since L(w) = 
0 whenever crx = crv = I; cf. (6). Next, we confirm that (6) is consistent with the average angular 
momentum conservation (2.4) between t = 0 and t = oo: 

fo 00 

dw L(w) = Tb( I - crx) = IBI [ (X2)0 - (X2)oo ]. 
w2 

0 

(7) 
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where (X2)o and (X2)oo are the initial and final values; cf. (5) . Even for crx = I we can have 
L(w) * 0 due to crv * I in (6). Hence, L(w) * 0 need not be driven by the conservation law; see 
Fig. 3. Now L( w) changes its sign at w = wo and goes to zero as - w-4 for w » max [ wo, y, b]; 
i.e. two sets of oscillators rotate in different directions, as Fig. 3 shows. 
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Figure 3: L(w)/ow versus w for T = 1, wa = 1, y = 0.1 , crx = 1, av= 0.1; cf. (6, 5). 
Curves refer to different magnetic fields (2.2) (from bonom to top): B = 0.3 (black), B = 0.1 (blue), 
B = 0.03 (red). 

§2.5: Energy of bath modes 
This section delves into the magnetic field's influence on interaction-induced corrections to the 
energy of a bath mode. The average energy E(wk) of the bath mode with frequency w = wk is 
defined as 

2 2 
mk ( 2) mkwk ( 2) ( 2) ck 

E(wk) =T tk + - 2- rk + R 2mkw~ - Ck (R · rk), (8) 

where the averages are taken over the initial distribution. The full conserved energy of the particle 
I . 2 w2 

plus the bath is the sum of E(wk) over all modes, plus the mean energy ( 2R + -fR2) of the 
particle. In the limit t--+ oo, E(w) is derived as 

E(w) = 3T- ow (2c:(w) + c:(w)ls=o) , where (9) 

Ty w2(b2 +y2) + (w2 -w6)2 (I - crv)w2 + (l -crx)w2 
c:(w) = -x 0 (10) 

2rr (w2 - w6- bw)2 + y2w2 (w2 - w6 + bw)2 + y2w2 . 

The thermal energy 3T is consistent with the equipartition theorem. The interaction-induced factor 
proportional to ow comprises 2c:(w) from the (x,y)-components influenced by the ll!agnetic field 
B, and s(w)IB=O from the z-component. This factor vanishes for crx = crv = l. Thus, the long­
term mean energy of the mode, in contrast to the particle's mean energy, exhibits a magnetic field 
dependence, albeit weaker than the dependence observed in (6), where the magnetic field effect 
predominates due to the zero angular momentum without interaction. The interaction-driven term 
in E(w) represents a small correction to the leading term 2T. 

§2.6: Linear momentum 
The conservation of linear momentum in a Brownian particle system is explored by analyzing 
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how the linear momentum is transferred from the particle to the bath. The study reveals that 
for a free Brownian particle (wo = B = 0), the linear momentum conservation is expressed as 
fr [L:Z=I ~ tk (t) + V(t)] = 0., where V(t) is the momentum of the Brownian particle and 

k 

.Eiyfk(t) is part of the mode's momentum mktk . For long times, the particle's velocity thermal­
wk 

izes, but its position does not. The average linear momentum of a bath mode, .Eiy(rk). oscillates 
wk 

over time. When considering the collective momentum in the thermodynamic limit, the integral 
L:~~ .Ely (f k) shows that the collective momentum for non-zero frequencies decays as O(t- 1) for 

wk 

large times. However, the total bath momentum remains non-zero and equals the initial particle 
momentum (V(O)), as derived from L:Z=l ~tk(t) = (V(O)). This suggests that the momentum 

k 
is transferred to the zero-frequency mode, resulting in no observable motion for long times. 

Comparison with angular momentum reveals key differences: single mode angular momentum 
converges to a time-independent value, while linear momentum oscillates and dissipates in the long­
time limit. 

§2.7: Brownian charge in viscous fluid 
This section investigates the behavior of a spherical Brownian charge (radius a) in an incompressible 
viscous fluid. We write the Navier-Stokes equation [ 42], where the center of mass R of the particle 
follows the Langevin equation. The fluid's velocity field u(r, t) satisfies 

81u + (u · V)u = -Vp+vV2u with V · u = 0 (11) 

and the boundary condition u(r, t) = R(t) = V(t) on the surface of the sphere (lr-R(t)I =a) [42]. 
Assume the Reynolds number Re= IVla/v « 1 and the product St· Re« 1, with Strouhal number 
St = a/(rlVI), where r is a characteristic time of the Brownian motion. Then the Stokes flow 
approximation yields u(r, t) = u(r - R(t), t) [42], where 

urt--- l+- t+l--'( )-3a(( a2
)V() ( a

2
)(V(t)·r)r) 

' 4 r 3r2 r2 r2 
(12) 

lntegrating the average flow over time results in a non-zero net displacement of the fluid, described 

by fo"" (u(r, t))dt = -
4
3"i T(l-f"xl -Y1 (Bx r), despite the equilibrium state yielding (u(r, t)) = 0. 
r w0 

§2.8: Summary 
This section provides a concise summary of the findings of Chapter 2. The main unresolved question 
is whether these findings are specific to the Caldeira-Leggett model, which is pertinent for liquid 
descriptions [8], or if they extend to more realistic bath models. Preliminary hypotheses suggest 
that the non-spontaneous nature of bath angular momentum might persist in more general models 
due to the conservation law, whereas the spontaneous aspect could be unique to linear models. 

Chapter 3 

§3.1: Introduction 
The conservation of angular momentum modifies the equilibrium statistical mechanics, described 
by a microcanonical density that includes angular momentum conservation and a generalized Gibbs 
distribution for subsystems [2]. Practical applications include rotary molecular motors, like the ATP 
synthase enzyme, rotating atomic clusters, and classical Brownian charges under magnetic fields 
[14, 22]. The study aims to extend insights into turbulence, where large vortices decay into smaller 

'l 
) 

' ) 
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ones due to viscous forces, and relate to the Kolmogorov-Arnold-Moser theorem on integrable 
systems [17,35,36]. 

This section introduces the idea of canonical and microcanonical distributions, as well as es­
tablishing their equivalence for non-rotating thermodynamics systems . 

§3.2: Mesoscopic description of the system 
This section delves into the intermediate scale between microscopic and macroscopic levels, where 
the behavior of systems is described in terms of collective variables. This mesoscopic approach 
is crucial for understanding the weak non-conservation of angular momentum in the context of 
statistical mechanics, particularly when the systems is not in equilibrium. 

The ergodic microcanonical ensemble o(E - H(()) with ( the phase-space coordinates, 
where only the total energy is conserved, corresponds to the Gibbs canonical distribution 
exp(-.BHsub (?sub)) for subsystem phase-space coordinates ?sub• with .B = T- 1 inverse tempera­
ture. A single particle in a closed system is described by the Langevin equation 

d 
dtr = v frv = -Vr V(r) - yv +,/¥Ht)' (g; (1)g 1<t')) = Oij o(t - 11

)' (13) 

combining deterministic friction -yv and stochastic white noise ..j2Yi g(t), where y and noise am­
plitude satisfy the Fluctuation-Dissipation relation [6] . The subsystem Hamiltonian HsubCssub) = 

~ + V(r) leads to the canonical distribution as the stationary solution [6]. Extending this to a 
particle in a rotating environment with angular velocity Q = ez!! and temperature T, the Langevin 
equation (13) is modified to 

d dtr = V, frv = -VrV(r) -y (v -Qxr) + ,/¥ g(t), (14) 

accounting for local equilibrium and isotropic thermal noise by adjusting the friction term to 
y(v - Q x r). Through the corresponding Fokker-Planck equation, we confirm that the modified 
canonical distribution Pc(ssub) oc exp (-.B HsubCssub) - a Lz.subCssub)) is a stationary solution if 
potential V(r) is rotation symmetric, indicating consistency with the rotational framework. 

The model's limitations include the typically constant phenomenological friction coefficient y, 
which realistically depends on temperature and density, increasing with temperature due to more 
frequent particle collisions, as observed in the temperature-dependent viscosity of the Lennard­
Jones gas [43]. We also study the case of space-dependent y(r). 

§3.3: Weak non-conservation of angular momentum 
We investigate the dynamics of N interacting particles subjected to an external potential V(r) 

! ( a2 (1 + E)2 x2 + a2( 1 - E) 2 y2 +a~ z2 ), where E * 0 breaks the rotational symmetry around 

the z-axis, leading to a non-conservation of the angular momentum component Lz. 
We consider weak pairwise interactions via translationally and rotationally invariant potentials 

.l:i<J 'U(lr; -r 1D and this makes the system ergodic so that it will approach equilibrmm. Deriving 
from the Newton equations, the rate of change of Lz is shown to depend on the external potential's 
torque, yielding ~T = 4a2E L:f: 1 x;y; where (x;, y;, z;) = r; is the position of i-th particle. As­
suming a separation of timescales, we express .l:; x;y; as a sum of its time-average term (xy) and 
a fluctuating term h(t). For large N, the fluctuating term is approximated as Gaussian noise by the 
Central Limit Theorem. The deterministic part of ~T depends on the time-averaged (xy), which is 

calculated to be non-zero due to E. The decay rate of Lis derived as TL oc E-2 , assuming ergodicity 
and a quasi-stationary distribution for the system. Furthermore, fluctuations are characterized by 
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Figure 4: This figure illustrates the relaxation of total angular momentum L. The solid line is the en­
semble average over 1200 simulations with the same initial E and L. The shaded region surrounding 
the line corresponds to one standard deviation of the values within the ensemble. The inset shows the 
relaxation just after the violation of the rotational symmetry. For a different perspective, the same 
plot is presented on the right side with a logarithmic scale. 
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Figure 5: (left) Autocorrelation function of L(t) in the steady state, when L fluctuates around 
0. The horizontal axis corresponds to the time, scaled by decay rate a. The horizontal dashed 
line corresponds to the steady-state fluctuations , while the other dashed line denoted the -1 slope, 
demonstrating exponential decay of the autocorrelation function. Deviation from the slope is due to 
statistical noise. Inset provides a magnified view of the same plot at smaller times. (right) Calculated 
spectral density (points) is compared to the analytical Lorentzian spectral density. The discrepancy 
at high w is due to short-time correlations of colored noise, which we assumed to be white in (15). 

the autocorrelation function of h(t), leading to a Langevin equation for l = lz that includes a drift 
term and a diffusion term with Gaussian noise: 

d 4a2 E2 2QNT a2(a 2 + y2) 2 -l=----- +4a E 
dt y a2 _ Q2 a4 + y2Q2 

NT2(a2 +y2) 
y(a2 _ Q2) (a4 + y 2Q 2) ~h (t), (15) 

This is a stochastic differential equation for l, but the right-hand side depends on Q and T. In the 
next section, we derive the angular velocity and temperature as a function of the angular momentum: 
Q(l) and T(l), thus (15) will be a closed Langevin equation for l. 

§3.4: Canonical and microcanonical distributions 
This section explores the relationship between the microcanonical and canonical ensembles, par-
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ticularly focusing on how the parameters of the microcanonical distribution l and E relate to the 
canonical parameters T and Q to form a closed stochastic differential equation for l, c.f. (15). 
By considering a partitioned N-particle system into a subsystem and a bath, and leveraging the 
equivalence of ensembles under conditions such as N » I, small subsystem energy, and weak 
subsystem-bath interactions, it is shown that the canonical distribution is a valid approximation of 
the marginalized microcanonical distribution for the subsystem [l, 5]. The Hamiltonian of the sys­
tem is expressed as H = Hsub + Hbath + Himeraction• with Hinteraction being negligible among the 
rest. 

Using this framework, the conserved total energy E and angular momentum l are related to 
subsystem quantities T and Q: 

Q(L,E) = f ( + -- 1 l 3a2L2 ) 
£2 - and E (2-T(L,E) = 3N 

l 3a2l2 + --­
£2 

(16) 

This illustrates that temperature increases as angular momentum decays when angular momentum 
decays with conserved energy, indicating a conversion of rotational motion into chaotic motion. 
Furthermore, during relaxation, the system monotonically contracts in the x-y plane but expands 
along the z direction. 

§3.5: Numerical Simulations 
This section presents our results from molecular dynamics simulations validating mesoscopic de­
scriptions (14). We simulate 523 particles in an external quadratic potential with weak Lennard­
Jones interactions. The ensemble equivalence at low densities is established, while it breaks down 
at high densities due to strong interactions and non-Gaussian distributions. 

We also examine the relaxation of angular momentum under anisotropic potentials (Figure 4) 
and find that the friction constant y evolves, because the temperature of the system increases. We 
present various methods of estimation of phenomenological y coefficient from the numerical sim­
ulations. 

We further investigate angular momentum fluctuations, deriving autocorrelation and spectral 
density functions, which match analytical predictions, wee Figure 5. 

§3.6: Summary 
This section provides a concise summary of the findings of Chapter 3 and sets up the future re­
search directions, which include exploring non-uniform friction constants, collisionless relaxation 
scenarios, and the implications of trivial microcanonical ensembles, while also considering prac­
tical applications like work extraction from rotating systems and determining the correct adiabatic 
invariant for such systems. 

• 



16 

CONCLUSIONS 
This thesis investigates a range of non-equilibrium phenomena influenced by magnetic fields. Our 
exploration begins with the contentious topic of weak magnetic fields affecting living organisms. 
The primary challenge lies in the competition between weak magnetic fields and strong thermal 
fluctuations within the cellular environment. By closely examining the stochastic movements of 
ions under weak static magnetic fields, we reveal that ions can accumulate a certain average angu­
lar momentum. This rotational motion is proposed as a mechanism for altering protein function, 
potentially explaining observed phenomena in magnetobiology. 

Next, we delve into the interaction of charged particles with a thermal environment. Using 
the Caldeira-Leggett model to represent the thermal bath of numerous oscillators, we study the 
minimal influence of a charged particle on the thermostat. In the presence of an external magnetic 
field, the final equilibrium state of the particle does not sense the magnetic field , consistent with 
the Bohr-van Leeuwen theorem. However, during relaxation, the charged particle induces a non­
equilibrium steady state (NESS) in the thermal bath. Uncharged bath oscillators acquire significant 
average angular momentum, segregating into two groups with different oscillation directions based 
on frequency. Thus, while the magnetic field's impact on the Brownian charge is imperceptible in 
equilibrium, it manifests in the surrounding environment over the long term. 

Finally, we address the non-equilibrium statistical mechanics of rotating systems, focusing on 
the behavior of conserved quantities when symmetries are weakly violated. By investigating the 
non-conservation of angular momentum in nearly rotationally symmetric systems, we derive a 
stochastic differential equation for the total angular momentum and validate it through extensive 
numerical simulations. This work enhances our understanding of how minor imperfections in rota­
tional symmetry affect the conservation and dissipation of angular momentum. 

Our research has raised numerous intriguing questions for future investigation . The field 
of statistical thermodynamics in rotating systems, though well-established, still holds significant 
unanswered questions that warrant thorough exploration using modern statistical physics tools and 
methodologies. One key question involves identifying the adiabatic invariant in systems with multi­
ple conserved quantities. In a microcanonical ensemble where only energy is conserved, the phase­
space volume serves as the adiabatic invariant, with entropy linked to the logarithm of this volume. 
This principle extends to quantum systems, where the number of states is proportional to the state 
space volume. However, identifying the adiabatic invariant in rotating systems, where both energy 
and total angular momentum are conserved, remains a challenge. Our objective is to determine this 
invariant form in rotating systems. 

Another promising direction is extending the Caldeira-Leggett model to accommodate the Gen­
eralized Gibbs distribution. The Caldeira-Leggett model provides a microscopic description of the 
thermostat, reproducing the Langevin equation. In Chapter 3, we extended the Langevin equation 
for rotating systems. Our next goal is to derive this Langevin equation from a microscopic model 
of a rotating bath, such as the Caldeira-Leggett model. 

Additionally, I am exploring active matter, particularly the fluctuation-dissipation relations in 
active systems and their potential generalizations. Starting with a mesoscopic model that explicitly 
introduces activity, 1 aim to observe its effects on the macroscopic scale. 
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liw13l.muJwb Uzmn Up13mpr 

U4U1pq bbpp22wJpb u.ipngbubbpp ~6w4wqpw4wb Ubtuwbp4wb 

Uulflmflwqpp 
1cTbruin11rtrwU]iljwtr b.IUjtJflr4 q_tJlllnqaJml.J t, nrQ uzwljl{bL t Liwr'llnJr, liLwmqrmur 

u. -i2bL4.titrr 4nri.U]ig 19-r11 11wrmu: UJ'll ti4wrwq_rmu t ttibrq_rwJr u_ 'uJmrar 
Ljintuw4bflUjnLUl.Jb[lQ Ql{wqti-hwl{wuwrw42n.l{wo uwljrnuljnl.l.jr4 hwuwljwrq_brmu' 
uwhuw'ubLmJ. WJ'uUjtJur htJUtrwljw'u hwuljwgmraJm'u'ub[l, tJ'u2UjtJurQ b'u t'ulll[lnUjtJw'u 
u_ w'u11wr6blJimraJm'uQ: ra-brun11rtiwU]i4w4wti hwuwljwrq_b[lQ pwri.4wgwo b'u 
Li]ilj[lnUljnUjtJlj pWl'J.W'1flr2'ub[ltJg, n[ln'uQ m'ub'u Ql{W'ulllWJtJ'u ljwu '1WUWljw'cJ '1r'uwLij1ljw, 
r'u2Q UjWhw'u2mu t, nr ~b'unt.lb'unlnq_rwljw'u rabrun11rtiwU]iljwJr htJt.IQb[lQ htJUtrl{wo 
lJi'ub'u 4.ti6wljwq_rwljw'u Ubluw'utJljwJr 4.flw: 4.br2tJ'uu ljWUjnLU t uwlj[ln u_ Li]ilj[ln 
'u4wrwq_rmraJm'utibrQ. titi2Ujbu tiwU. 'u4wrwq_rmu t ~tiqti4wJr n2 hwl{wuwrw42rn. 
brU.mJra'ubrQ: 

<i-tJputJ pwztumUQ wn.w'ugQWJtJ'u '10[1 m'utJ hwl{WUW[lWljztJn. 4.ti6wljWq_[1WljW'u 
Ubtuwtir4wJmt.I. WJ'u ljwl.l.j t hwulllwlllmu ~wqwJr'll lllwrwomraJw'u Ub2 pwztuuw'u 
~m'u4grwJr u_ <wU]iLllln'uJw'ur U]i2U.: 

UjU [OOqQ mumUtrwurrmu t W[llllWQti'u hWUlllWlJlm'u uwq_'uruwljw'u '1W2ll10flr 
wq11bgmraJm'uQ, nrn'uQ 2b'u wq11mu 11wuw4wti hwl{wuwrw42rn. hwuwljwrq_brr 4.flw: 
UjUUjtJunl{, WJU rabqti br4rnr11 'uUjWlllWlj'u t pwgwhWJlllOL pwg tuti11rr'ub[lQ Ujlllllll{nri. 
hwuwljwrq_orr 4.ti6wljwq_rw4w'u Ubluw'ur4wJmu U. mumUtrwurrbL rul.l.jnqur unt.lb'ulllr 
n2 hwl{wuwrw42n.l{wo uwrmt.IQ: 

<wl{wuwrw42rn. 11wuwljw'u 4.ti6wljwq_rw4w'u Ubluw'ur4wJmt.I hwulllwlllm'u 
uwq_'uruwljw'u '1W2ll10[1Q wq11bgmraJm'u lm'ub'u, QW'uti nr Lnrbtigti mctQ wztuwlllW'uQ 
2r ljwlllW[lnLU: .::'.blll!J.wpw[l, hwl{wuwrw4zrn. pwztumt.IQ w'uljwlu t uwq_'utJuwljw'u 
'1W2lllrg: UJU UjWlllljbrwgmt.IQ, nrQ hWjlll'ur t n[ll.l.jOU Pnr-4.wtr l.Jml{b'ur rabnrbu, 
Q'u"lq_OmU t Ql{W'ulllWJtJ'u Ubluw'utJljwJr w'uh[1Wd-02lllnL[OJnL'uQ UWq_'uruwljw'um[OJnLl.JQ 
pwgWlll[lOLnL hwuwr: Uj'umwt.lb'uwj'utJl{, uwq_'utJuwljw'u '1W2lllr wq11bgmraJm'u'ub[lQ 
4wrblJi t '1rlllwr4bL 11wuwljw'u Ubtuwtir4wJr 2r2w'uwljtibrmu' tuwtulllbLnt.l 
hwl{wuwrw4zn.mraJw'u UjWJUW'uQ: 

n2 hwl{wuwrw42n.mraJw'u hwuwljwrq_b[lQ pwquwqw'u b'u, ortitiw4 ljb'u11wtir 
O[lq_w'utJqUtrb[lnQ, hnunri. hbri.mlj'ub[lQ u_ QtJU]iwljw'u n.bwljgtJw'ub[lQ, ti rarl{u WJ[ 
brU.mJra'ubrr: <i-nJnL[OJnL'u m'ub'u q_nroti2tibr n2 hwl{wuwrw42rn. hwuwljwrq.brr 
mumUtrwurrmraJw'u hwuwr. titi2Ujrur2 b'u Lw'uctU.tititi U. &n4br-fT1tw'u4r 
hwl{wuwrmUtrbrQ: UJu hwl{wuwrmUtrbrQ pwl{wrwrmu b'u ~tm4lllmwgrnti-
'1rurl.l.jwgrnti rabn[lbUQ (&'1-lcT), nrn'uQ UO[lllln[lb'u ljWUjnLU t hwl{wuwrw42rn. u_ 
nl hwl{WUW[lWljztJn. [OO[lLin"ltJ'uwU]iljw'u: &'1-f'a--Q ljWUj t hWUlllWlllnLU hwl{WUW[lWljztJn. 
~Lm4lllmwgtiwtibrr u_ Ljin2r wrlllwQrti tunlJlnrmUtrbrr tiljwllluwup hwuwljwrq_r 
wr6wq_wti2r U]i2U.: 'Luw'u orrtiw4 t tJ'u2ll10J'ur wn.'u2mraJm'uQ 11r~mqrnl1 q_nrowljgr 
hwuwr: 

4.br2rti lllwflr'ub[ltJ'u ljb'u11wtir p2r2tibrmu lllbl'J.ti m'ubgnri. q_n[lOQ'urawg'ubflr 
mumUtrwurrmraJm'uQ qq_wlJi m2w11rmraJm'u t q_rwt.lbt ljb'uuwpw'uwljw'u 
q_nrown.mJratiorr u_ t.1.wr2wq_or Qt.lpn.tiuwtr hwuwr 11rw htJUtrwrwr 4wrU.nrmraJw'u 
UjWll16wn.nl{: LJbr w2tuwlllw'uJ2r hrUtrw4w'u unlllrl{wgtiwti ATPase-r ~m'u4grwti 
hwu4wtiwl'u t' Ul.l.jrlllw4mgwJr'u hwuw4w[lq_, n[lQ utitirabqmu t t'ub[lq_w4rfl ATP 
unLb4mL'ubrQ' P22r ttibrq_rwJr U]inl{nrQ: 'LmJ'uru4 ATPase-r ~m'u4grwJr wt.lb'uwLjlnJ2[l 
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Ljim,PntumroJmb[! ljwrnri. t qq.wltrnrbu wqrJ.bl wupn'l.2 orq.wutiqUJi w6ti LL ~muljgtiwJti 
4Jiw: "lLnmJLn[! wnwugnwJtiti rJ.br t tuwri.mu ATPase-ti q.nrownmJromu. L411nlllnutibrti 
hnun[! turowumu t ljbulllrnuwljwu nnlllnl1ti L4lllnLJlll[!, nr[! hbLnwq.wjntU wnw2wgumu t 
ljnu~nruwgtinu Lj'lnLj'lntumroJmuubr ljwLnwl]1Lntilj uwumu' 'll1Wum.J. tiulj turowumu ATP-ti 
utitirobqQ: UJumwUbuwJutil.J., tiuwti UJi4rnulJnL4ti4 hwuwljwrq.mu L4lllnLJlll[! Lnb'l.ti t 
mubumu ni rob qmlll Ubtuwtitiljwljwu tiuwulllnl.J., WJl w4_bl]1 2nllll L4bllln t hwuljwuwl LL 
uljwrwq.rbl l.J.ti6wljwq.11wljwu UbtuwutilJwJti uljqpmunubrti U)i2ngn4_: 

4.ti6wljwq.rw4wti uttuwtiti4wJti tuti'ltirtibrr:! hw6wtu rJ.tiLnwrlJmu bu Ubo 
hwuwljwrq., nr[! pwctwu4_wo t w4_bl]1 Ljinnfl bu13whwuwljwpq.ti (WJUnthblJl 
«hwuwljwpq.») LL w4_bl]1 Ubo n4.wqti-hw4_wuwrw42tin burowhwuwljwrq.ti (WJUnthblJl 
«[ObpunUlllWlll»): (.wuwljwpq.[! Ljintuwql').ntU t 13b11unulJ1Wlllti hblll' Lj'lntuwuwlJblnl.J. 
ttibrq.tiw, uwuutiljubp, tiul.4nLlU LL tiul.4ntluti unUbulJl: 

UJu 13bq[! mumuuwutirmu t bpbn ~tiqtiljwljwu hwuwljwpq.bp' LjintuwqrJ.n'l. 
ni hw4_wuwrw42tin robrunUlllWlllti hblll' ljbulllrnuwuwlnl.J. l.4lllllll.J.nri. 2wrctuwu LL 
WUljjntUWJtiu tiul.4nquti 4Jiw: lfwq.utiuwljwu l').W2lllbl1[! ljWfln'l. bu WqrJ.bl ni 
hw4_wuwrw42tin hwuwljwpq.brti 4.rw WJU ljwu WJu llLLbpn4_: Pwgti WJrJ., ni 
hw4_wuwpwlJ2tin 4_ti6wljubp[!, nrnun mubu lJtiubLntilj owq.mu, pwgwhWJlllnLU bu 
WUljjntUWJtiu tiul.4nquti JnLi1WhWlllntlj UlllntuwuLntilj rJ.tiuwU)iljw: 

Lfbun mumuuwutirmu bun [OnLJl uwq.utiuwljwu l').W2lllbflti wql').bgnt[OjnLLI[! ljbul').wuti 
opq.wutiquubrti 4Jiw' wurJ.rwrJ.wntiwln4. Ljinpllwrwrwljwu hw24_bLnl.J.mroJmbubrti 
wrctwuwhw4_wlllnL[OJWU[! LL 4.bflWfllllWl').flbl]imroJWU[!: Lfnlb4ntlWJtiu ljbuuwpwumroJWU 
Ub2 WJU Wql').bgnt[OjnLUUbl1ti htiunmu [!UljWO ~tiqtiljwljwu iJbtuwutiqiJUbp[! UUnLU bu 
wuhwuljwuwl]i: lfbun W11W2WflljnLU bun [OnLJl UWq.utiuwljwu l').W2lllbflti' tinuubpti 
uLnntuwuLnti4 2wrctuwti 4Jiw wqrJ.bgmroJwti uttuwtitiqu: UJu tintitibrQ ljwpLLnr 
ti2wtiwljmroJmti mtibti ljbtiuwpwtiwljwti q.npoQtirowgtibrmu: Lfbtin gmJg bun 
lllwl]iu, nr tinuubp[! llbnn bu pbpmu ni qpnjwljwu UJi2titi tiul.4nquti unUbulJl, bpp 
hw4_wuwrw42nmroJmb[! tuwtuLnl.J.mu t wljLnti4. q.n110Qu13wgubpn4_: 

UJbmhbLnlL, Ubun 4.brwuwJmU bun Pnp-4_wu Ljm4_buti 13bnpbi.1[!' mumuuwutiflblnl.J. 
l').WUwljwu l]1gnwl.J.np4_wo ppnntujWU uwuutilj[!, np[! Lj'lntuwql').ntU t hw4_wuwpwlJ2tin 
[ObpunUlllWlllti hblll: fa-bu UWuutilj[! iti «qq.ntU» uwq.utiuwljwu rJ.W2lll[!' (!Ulll 13bnpbU)i, 
upw Lj1ntuwql').bgm13Jntb[! 13bpunulllwlllti hblll wnw2wgumu t ni hw4_wuwpwlj2nl.J.wo 
l.J.ti6wljtibr robrunuLnwLnti hwuwr: Oq.Lnwq.npoblnl.J. '-twlrJ.btirw-l...bq.bLnti unrJ.blf!, Ubtin 
9nLJ9 bun ll1Wl]"1U, np uwq.utiuwljwu l').W2lll[! Wl1W2W9UnLU t [ObflUnUlJlWlllti bpljwp4Jwg 
Lj1nlj1ntumfOJnLUUbl1, npti hbll1Uwunn4_ [ObpunUlllWlllti ill19nw4_np4_wo lllWlllWUWljubp[! 
llbnn bu pbpmu L4lllnLJLn: 

Lfbr 4.b112titi hbLnwqnLnmtoJmb[! mumuuwutirmu t l.4llllllwljwu hwuwljwpq.brti 
ljWJnLUnL[OJnLLI[!, nrlllb'l. Wfllllwntiu l.4nlllbugtiwlf! ljWlllWflJWl utiiJbLnfltilJ it, tiui[! 
hwuq.bgumu t tiul4nquti unUbuLnti uwruwu[!: Lfbun [!LirJ.lWJumu bun 2w11ctuwu 
tiuLnbq.flWlUbflti hwpg[! [OnLJl tunLnnpmUUbflti rJ.bl.4nmu' UlllWLIWlnl.J. uwljpnulJnL4ti4 
Ulllntuwullltilj rJ.ti~bpbugtiWL hw4_WUWi1nLU, nr[! uljwrwq.rmu t tiul.4nquti UniJbulJlti 
UWflnLU[!: Lfbr WflrJ.JnLUnubp[! hWU[!uljumu bu ro4.wJtiu utiumuwgtiwubrti hblll' 
QLirJ.LWJbbtn4. utr L4Wlllljbpwgmuubp[! 2wrctuwti titiLnbq.rwttibrti 4.brwpbflJWl romJt 
tunLnnpl.J.wo hwuwljwpq.brmu: 
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AwoT MaTesocsrn ApTypoBM'l 

CTan1CTH'iecKa.A MexaHHKa aKTHBHblX BHYTPHKneTO'iHblX npol.\eccos 

PeJIOMe 

TepMOAHHaMi-tKa - 3Mni-tpi-tYecKaR HayKa, pa3pa6oTaHHaR s 19 seKe KapHo, KnaYJi-tycoM 
"' KenbBHHOM, oni-tcb1saeT npespaw,eHi-tR 3Heprni-t i-t sew,ecrsa s KBa3i-tpasHosecHblX 
MaKpOCKOni-t'lecKHX CHCTeMax, BBOAR TaKi-te Knto4eBble noHRrnR, KaK 3HTpOnHR H 
Heo6parnMOCTb. TepMOAHHaMH4ecKi-te CHCTeMbl COCTORT H3 MHKpOCKOni-t4eCKHX 
KOMnoHeHTOB, ynpasnReMblX KBaHTOBOH i-tnH KnaCCH'leCKOH AHHaMHKOH, '!TO rpe6yer, 
4T06bl OCHOBbl cpeHOMeHonornYeCKOH repMOAHHaMHKH OCHOBblBani-tCb Ha CTarncrn4eCKOH 
MeXaHHKe. 3ra o6naCTb o6beAHHReT MaKpO- H MHKpooni-tcaHHR H paccMaTpi-tsaeT 
HepaBHOBeCHble RBneHHR B cpi-t3HKe. 

PacnpeAeneHi-te li-t66ca JaHi-tMaer u,eHrpanbHOe MeCTo B pasHosecHoH crarncrnYecKOH 
MeXaHHKe, CBR3blBaR sepORTHOCTb COCTORHHH CHCTeMbl B cpa30BOM npocrpaHCTBe c ee 
raMi-tnbTOHHaHOM, a repMOAHHaMi-t4eCKHe seni-t4HHbl BblBOARTCR KaK cpeAHHe 3Ha4eHHR no 
3TOMY pacnpeAeneHi-tto. 

B 3TOH pa6ore i-tccneAYeTCR BnHRHHe BHeWHHX CTarn'lecKHX MarHHTHblX nonei1, 
KOTOpble He BnHRIOT Ha KnaCCH4eCKHe CHCTeMbl, HaXOARUJ,HeCR B repMOAHHaMi-t4eCKOM 
pasHoseci-ti-t. HeoTueMneMaR CBR3b MarHHTHoro nonR c spaw,eHi-teM OYeBi-tAHa s 
KnacCi-t4eCKOH 3neKTPOAHHaMi-tKe, rAe OHO Aei1crnyer KaK nceBAOBeKTOp, aHanorn4HblH 
MOMeHTY HMnynbca. TaKHM o6pa30M, BTOpaR u,enb AaHHOH pa6oTbl - BblRBHTb 
OTKpblTble npo6neMbl B crarnCrn4eCKOH MexaHi-tKe spaw,atoUJ,HXCR CHCTeM H HCCneAOBaTb 
HepaBHOBeCHYIO penaKCaU,HIO yrnosoro MOMeHTa. 

B pasHosecHOH Knacci-t'leCKOH crarncrnYecKoH MexaHi-tKe crarnYeCKi-te MarHHTHble nonR 

He OKa3blBalOT HHKaKoro BnHRHHR, nOCKOnbKY OHH He BblnOnHRIOT pa6ory H He npORBnRIOTCR 
B Bblpa>KeHHH 3Heprni-t CHCTeMbl, '!TO npi-tBOAHT K paBHOBeCHOMY pacnpeAeneHHIO, 
He3aBHCHMOMY OT MarHHTHblX nonei1. 3TO OTKpblrne, H3BeCTHOe KaK reopeMa 6opa-BaH 
neseHa, nOA4epKi-tBaeT He06XOAHMOCTb KBaHTOBOH MexaHHKH AnR 06bRCHeHHR MarHernJMa. 
0AHaKO 3cpcpeKTbl MarHHTHOro nonR MO>KHO paccMaTpi-tBaTb B paMKax Knacci-t'leCKOH 
MexaHi-tKH, ocna6i-ts npeAnono>KeHi-te o pasHoseci-ti-t. 

HepaBHOBeCHble rncreMbl wi-tpoKo pacnpocrpaHeHbl, npORBnRRCb, cpeAi-t npoYero, 
B >KHBblX CHCTeMax, nOTOKax >KHAKOCTeH H XHMH4eCKHX peaKU,HRX. XoTR paBHOBeCHble 
COCTORHHR peAKH B npi-tpOAe, KBa3i-tpaBHOBecHble KOHu,enU,HH, TaKi-te KaK ypaBHeHHR 
naH>KeBeHa H ¢>OKKepa-nnaHKa, none3Hbl AnR i-t3y4eHHR HepaBHOBeCHblX CHCTeM. 3rn 
ypasHeHHR nOAAep>t<i-tBalOT reopeMbl cj:lnyKryau,i-ti-t H cj:lnyKryau,i-tOHHO-AHCCi-tnarnBHOH 
reopi-ti-t (FDT), CBR3b1Batow,i-te pasHosecHyto i-t HepasHosecHyto repMOAi-tHaMi-tKy. FDT 
CBR3b1Baer KOne6aHHR pasHOBeCHR c peaKu,i-teH CHCTeMbl Ha He6onbwi-te BHeWHHe 
B03MyUJ,eHHR, npi-tMepoM Yero MO>KeT cny>Ki-tTb COOTHOWeHi-te 3HHWTeHHa AnR 

K03cpcpi-tu,i-teHra Ai-tcpcj:lyJi-ti-t. • 
B nocneAHi-te roAbl i-tJyYeHi-tto npou,eccos, npoi-tcXOARUJ,HX s >KHBblX KnerKax, yAenReTCR 

3Ha4i-tTenbHOe BHHMaHi-te B CBR3H c ero cj:lyHAaMeHTanbHOH Ba>KHOCTblO AnR nOHHMaHHR 
6i-tonorw-1ecKi-tx cj:lyHKU,HH i-t noseAeHi-tR . OcHOBHaR u,enb Hawei1 pa6orb1 - noHRTb cj:lyHKU,HIO 
ATPase, rpynnb1 cj:lepMeHTOB, orsercrseHHblX 3a Bb1pa60TKy MoneKyn AT<P, 3HeprernYecKoH 
santoTbl KneTKH. ,IJ,a>t<e Manei1wee i-t3MeHeHi-te s cj:lyHKU,HH ATPase MO>Ker cyw,ecrseHHO 
nosni-tRTb Ha pocr i-t cj:lyHKU,HOHi-tposaHi-te scero opraHi-tJMa. Bpaw,eHi-te i-trpaer KntoYesyto 
ponb s cj:lyHKU,HOHi-tposaHHH ATPase: noTOK npoTOHOB spaw,aer u,eHrpanbHblH crep>t<eHb, 
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KOTOpblH snocneACTBll1111 Bbl3b1Baer KOHcj:JOpMaU,1110HHble 1113MeHeHll1R B Karan111rn4eCKOH 
Yacrn, reM caMblM cnoco6crnyR c111Hre3y ATP. 0AHaKo B raKOH M111KpocKon111YeCKOH rncreMe 
spaw,eH111e npo111CXOA111T He B 4111CTO MexaHll14eCKOM CMblCne, a CKOpee AOnlKHO 6b1Tb nOHRTO 
c noMOW,blO np111Hu,111nos crarncrnYecKOH MexaHll1Kll1. 

B 3aAaYax crarncrnYecKoH MexaH111K111 Yacrn pacCMarp111saercR 6onbWaR c111creMa, 
pa3AeneHHaR Ha MeHbWYIO nOAClllCTeMy, npeACTaBnRIOW,YIO 111HTepec ("c111creMa"), 111 
6onee KpynHylO KBa3111paBHOBecHy10 noArncreMy ("repMocrar" 11111111 "saHHa") . C111creMa 
B3all1MOAeHcTByer c repMOCTaTOM, 06MeH111BaRCb 3HeprneH, 4acrnu,aM111, 11111HeHHblM 
111MnynbCOM 111 yrnOBblM MOMeHTOM. HepaBHOBerne MOlKeT B03Hll1KaTb n11160 1113-3a 
B03Myw,eHll1R ClllCTeMbl , n11160 1113-3a HepaBHOBeCHOro COCTORHll1R repMocrara, 4TO np111BOA111T 
K HepasHosecHblM ycTOH4111BblM cocroRHll1RM (NESS). NESS o6o6w,aer pasHosecHb1e 
COCTORHll1R, B KOTOpblX orcyrcrsyer Cll1MMerp111R o6paw,eHll1R speMeHll1 111 nOAAep1K111Ba10TCR 
nOCTORHHble TOKll1. 

B AaHHOH pa6ore paccMarp111sa10TCR rp111 cp1113111YecK111e rncreMbl, nOAKn10YeHHb1e K 
HepaBHOBeCHOMY repMOCTary, c aKU,eHTOM Ha spaw,arenbHOe ABll11KeH111e 111MOMeHT111Mnynbca. 
MarH111THb1e nonR Moryr sn111RTb Ha HepasHosecHble c111creMbl, np111AaBaR spaw,arenbHOe 
ABll11KeH111e 3apRlKeHHblM 4acrnu,aM 111 Bbl3blBaR spaw,eH111e repMOCTaTOB B 3aBll1Cll1MOCrn OT 111X 
HepasHosecHblX xapaKrep111crnK. KpoMe roro, HepaBHOBeGHble cocroRHll1R c K111HernYeCKll1M 
npo111cxo1KAeH111eM 06Hapy1K111Ba10r oco6y10 croxacrnYecKylO All1HaM111Ky yrnosoro MOMeHra. 

Mb1 111ccneAyeM B03AeHCTB111e cna6b1x MarHll1THblX noneH Ha lKll1Bb1e opraHll13Mbl, 
nposepRR AOCTOBepHOCTb 111 socnp01113BOA111MOCTb pe3ynbTaTOB 3Kcnep111MeHTOB. 
¢11131114ecK111e MexaHll13Mbl , ne1Kaw,111e B OCHOBe 3Tll1X 3cpcpeKTOB B MOneKynRpHOH 6111onorn111 , 
OCTalOTCR HeRCHblMll1 . Mbl npeAnaraeM MexaHll13M Bnll1RHll1R cna6blX MarHll1THblX noneH 
Ha croxacrnYecKoe ABll11KeH111e 1110HOB, 111Me10w,ee pewa10w,ee 3Ha4eH111e B 6111onorn4ecK111x 
npou,eccax, noKa3blBaR, 4TO 1110Hbl np11106pera10T HeHyneBOH cpeAHll1H yrnoBOH MOMeHT, 
KOrAa pasHosec111e HapywaercR aKrnBHblMll1 npou,eccaM111 . 

,ll,anee Mbl nepecMarp111saeM reopeMy 6opa-saH neseHa, 111ccneAyR Knacc1114ecKy10 
3apRlKeHHYIO 6poyHOBCKYIO Yacrnu,y, B3all1MOAeHCTBYIOW,YIO c paBHOBeCHOH repManbHOH 
saHHOH . Xorn Yacrnu,a, cornacHo reopeMe, He "yyscrsyer" MarHll1THoe none, ee 
B3all1MOAeHCTBll1e c BaHH04KOH Bbl3b1Baer B BaHH04Ke HepaBHOBeCHble COCTORHll1R . 
V1cnonb3YR MOAehb KanAeHpb1-nerrerra, Mbl noKa3b1saeM, 4TO Marn111rnoe none Bbl3b1saer 
AOnrospeMeHHble 1113MeHeHll1R B BaHHe, np111BOARW,111e K cpeAHeMy yrnoBOMY MOMeHTY B 
He3apR1KeHHb1x reHeparopax bath . 

B HaweM 3aKnl04111TenbHOM 111ccneAOBaH111111 pacCMarp111saercR ycrOH4111BOCTb spaw,eH111R B 
Cll1CTeMaX, rAe orpaHll14111BalOW,111H noreHu,111a11 He RB/lReTCR 111AeanbHO Cll1MMeTp1114HblM, 4TO 
np111BOAll1T K yMeHbWeH11110 yrnosoro MOMeHra. Mb1 pacw111p111n111 sonpoc 06 111Hrerpanax 
AB111lKeHll1R np111 cna6blX B03Myw,eHll1RX, BblBeAR KpynH03epH111CTOe croxacrn4eCKOe 
A111cj:Jcj:JepeHu,111anbHOe ypasHeH111e, on111cb1Ba10w,ee yMeHbweH111e yrnosoro MOMeHra. Haw111 
pe3ynbrarb1 cornacy10rcR c pe3ynbraraM111 Y111c11eHHoro MOAen111posaH111R, 4TO ynyYwaer 
noH111MaH111e 111HTerpanoB AB111lKeHll1R B cna6oB03Myw,eHHblX Cll1CTeMax. 


