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ABSTRACT 

Understanding the origin of irreversibility in thermodynamics has been a fundamental 

scientific challenge and puzzle for nearly a century. Initially, the discussions related to 

classical thermodynamic systems, but recently quantum systems became the main focus. 

Explanations have often been sought by reference to classical equations of motion, which 

are time-reversible. We conjecture that the origin of irreversibility lies in energy dissipation, a 

term that is at the core of the Second Law of thermodynamics. However, thermodynamic 

irreversibility is distinct from time-irreversibility. A system in thermodynamic equilibrium may 

have reached this state via a deterministic, integrable and therefore time-reversible process, 

or, alternatively, via an irreversible route, both resulting in thermodynamically 

indistinguishable states. The process with time-reversible history may become irreversible by 

a process called thermalization, which occurs when the system loses memory of its history 

without the necessity of energy dissipation. Quantum systems do this by losing phase 

coherence; for classical systems the decoherence is at zero frequency, due to loss of time 

correlation. More generally, not only equilibrium systems may have lost memory of their 

history. A common cause of memory loss are probabilistic/stochastic events, which are not 

deterministic and take place only with a certain probability at any given time. In contrast to 

thermalization, equilibration involves energy dissipation within a system or to the 

surroundings or by decrease of concentration of the system. Time-reversibility is not related 

to system size, and the fluctuation theorem is a probabilistic and not a deterministic 

phenomenon and therefore not suited to provide an understanding of the irreversibility of 

time in thermodynamic systems. There are also processes which are both dissipative and 

probabilistic, such as the radiative or non-radiative decay of electronically excited states. 

Dissipation of a given energy into multiple smaller energy quanta (heat) is by itself not fully 

reversible for kinetic reasons. It is kinetically a first-order probabilistic process, whereas the 

reverse is a second- or higher-order process. Thermodynamics provides empirical laws, 

developed for conventional matter as we know it on planet Earth and in our laboratories. Of 

relevance here is the Second Law, also called the arrow of time, stating that spontaneous 

processes take place for isolated systems with increasing entropy. It is assumed to hold also 

for the universe as a whole. However, over the distances of individual galaxies, self-

gravitation leads to conditions where the kinetic energy of the system decreases while the 

total energy increases, pretending negative heat capacity, and it allows the formation of black 

holes. This requires an extension of the Second Law. This review aims at presenting an 

overarching tutorial clarification of the subject. 

Keywords:  

Thermodynamic equilibration is independent of time-reversibility; 
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Equilibration and the arrow of time are related to dissipation of heat or the decrease of 
concentration; 

Thermalization is distinct from equilibration and reflects the loss of memory and thus of time-
reversibility; 

A common cause of the loss of time-reversibility are probabilistic events; 

Time-irreversibility is reflected by quantum decoherence and by classical loss of spatial correlations; 

 

 

Contents 

1. Introduction 

2. Fundamentals 

2.1. Tools for the description of matter and processes 

2.1.1. Newtonian mechanics 

2.1.2. Thermodynamics 

2.1.3. Quantum mechanics 

2.2. Reversibility and system size 

2.3. Thermodynamic systems and ensembles 

2.4. The origin of dissipation 

2.5. The Second Law of thermodynamics  

2.6. The Carnot cycle: a reversible process embedded in a non-equilibrium environment 

2.7. The Arrow of Time for systems near equilibrium 

2.8. Pseudo-equilibria and steady states 

2.9. Systems far from equilibrium 

3. A system in equilibrium represented by the Maxwell-Boltzmann distribution and by 

Planck’s hollow black body  

      3.1. The Maxwell-Boltzmann distribution of molecular speeds 

      3.2. Planck’s black body radiation 

      3.3. Einstein’s absorption and emission kinetics 

4. Isolated time-reversible and time-irreversible systems in thermodynamic equilibrium 

       4.1. Equilibration versus thermalization 

       4.2. Illustration for Maxwell-Boltzmann equilibria 

       4.3 Rapid expansion of an ideal gas upon removal of a partition 

       4.4 Time-reversible and time-irreversible interdiffusion 

       4.5 The fluctuation theorem in its failure to reverse the arrow of time 



3 
 

5. Dissipation and the entropy of the universe 

5.1. Maxwell’s demon reversing the direction of spontaneous heat flow 

5.2. Spontaneous and driven processes in a closed system 

5.3. Dissipation of energy as photons and as heat 

5.4. Heat death and the entropy of the universe 

5.5. Stellar galaxies: the gravitational potential requiring an extension of the Second Law 

5.6. Cluster physics: negative specific heat of evaporative ensembles 

6. Irreversibility of dissipation: a probabilistic phenomenon 

6.1. Photon emission from excited states: a first-order probabilistic process 

6.2. Quantum coherences: damped and undamped oscillatory behavior 

      6.3. Experimental time-reversal and relaxation of a spin system 

6.4. Reversal of photon dissipation: a higher-order process 

6.5. Heat flow from cold to hot without external intervention 

6.6. Converting heat to higher forms of energy 

7. Irreversibility and thermalization in quantum systems  

     7.1. Real systems in a heat bath 

     7.2. Isolated quantum systems 

 7.2.1 Eigenstate thermalization hypothesis 

 7.2.2 Quantum integrable systems 

 7.2.3 Many-body localization 

 7.2.4 Quantum scars 

 7.2.5 Hilbert space fragmentation/shattering 

8. Irreversibility of biological evolution 

9. Conclusions 

Declaration of competing interests 

Acknowledgments 

References 

 

1. Introduction 

The equations of motion in Newton’s classical mechanics are symmetric with respect to time 

reversal. Maxwell’s equations of electromagnetism, Einstein’s equations of special and 

general relativity and Schrödinger’s original equations of quantum mechanics are also time-

reversible, and therefore deterministic and (time)integrable, meaning that for a known 

equation of motion the system is fully defined for each point in the future and in the past. 
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Such a picture may be useful for simplified model systems but is clearly incompatible with the 

real world. Thus, these time-reversible equations provide an incomplete description of real 

processes. 

In the absence of friction, a pendulum will interconvert potential and kinetic energy infinitely 

in an oscillatory manner. The pendulum can be seen as a classical analogue of a quantum 

coherence. In contrast, any thermodynamic process occurs in a single direction towards 

equilibrium where it comes to rest, although non-linear (auto-catalytic) feedback in the kinetic 

equations may lead to transient oscillating concentrations [1,2] while the free energy of the 

entire system nevertheless approaches its equilibrium value monotonously.  

Irreversible thermodynamic processes, whether spontaneous or driven (forced), are dictated 

by the Second Law, also called the “arrow of time”, based on the entropy of an isolated 

system that never decreases but increases until equilibrium is reached, while the total energy 

is nevertheless conserved within the range given by the Heisenberg uncertainty relation. 

Surely, there must be a smooth transition from a reversible classical or quantum-mechanical 

description to an irreversible thermodynamic description of a system, but how this happens 

has puzzled generations of scientists [3-6].  Implying that reversibility has to do with the size 

of the system, Jarzynski [7] formulated the core question similar to Lebowitz [6] as follows: 

“How can microscopic equations of motion that are symmetric with respect to time reversal 

give rise to macroscopic behavior that clearly does not share this symmetry?” We suggest 

here that this is perhaps not the adequate question, and that one should instead ask, “Why 

are dissipation and decoherence not time-reversible?”  Ever since Eddington coined the term 

“arrow of time” to describe the direction of dissipation [8] numerous investigators who were 

possibly misled by this term have focused on the mathematical description of the original 

time-reversible equations in their search for an explanation of irreversibility of thermodynamic 

systems [9-11] and they ignored the nature of dissipation and decoherence, which are the 

true cause of thermodynamic irreversibility. 

Dissipation of heat that occurs spontaneously from a warmer to a colder part of the system or 

to the surrounding is the key term in the Second Law. The Newtonian equations of motion 

are based on very general concepts of distance, time and mass, essentially pretending to 

first principles. To accommodate irreversibility, one can add empirical terms that represent 

dissipation. This seems an adequate strategy to build a bridge to the real world, since the 

laws of thermodynamics are also fully empirical and not based on first principles.  

 

The aim of this review is to bring various floating aspects on the topic together under an 

overarching view and in a didactical manner, without attempting to be comprehensive. We 

suggest that the focus should not be on the mathematical treatment of time-reversal 

symmetry and the arrow of time but more directly on the nature of decoherence and 

dissipation and the low probability to reverse them. To develop the picture, we shall in 

Chapter 2 first revisit a number of fundamentals, introducing the main concepts and some 

nomenclature. Chapter 3 compares two descriptions of an equilibrium system of a 

monoatomic gas, the kinematic Maxwell-Boltzmann (MB) ensemble of a monoatomic gas 

and the photonic system of Planck’s hollow black body. Since such a system has only a 

single equilibrium that must be conserved during both collisional energy transfer and photon 

absorption and emission, the two pictures are complementary. This is the origin of the 

equivalence of energy in the form of heat and of photons. Chapter 4 outlines two variants of 

a Gedankenexperiment in which two MB systems at different temperatures are equilibrated, 

one under retention of time-reversibility of a Newtonian system and the other one with broken 

time-reversibility. This reveals that equilibration depends neither on time-reversibility nor on 

the size of the system. The conclusion is supported by a discussion of two further processes, 
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the expansion of an ideal gas into empty space and the interdiffusion of different particles 

upon removal of a partition. Both processes are spontaneous but occur without heat 

dissipation. Chapter 5 deals with dissipation, heat death and the entropy of the universe, 

including the surprising finding that the Second Law needs an extension for the description of 

systems with negative heat capacities. Chapter 6 discusses the probabilistic and irreversible 

nature of dissipation. Chapter 7 concentrates explicitly on irreversibility and thermalization in 

real and in isolated quantum systems. Biological evolution of life, introduced in Chapter 8, 

also appears to be to a large extent a directed, irreversible process, although not related to 

the thermodynamic Second Law. The final Chapter summarizes the main take-home 

messages. 

 

2. Fundamentals 
 

2.1 Tools for the description of matter and processes 

Neglecting electromagnetism, the prominent traditional tools for the description of matter are 

classical Newtonian mechanics, thermodynamics and quantum mechanics. They are based 

on fundamentally different concepts and related to each other only to a limited extent. It may 

be possible to describe a small sample of matter by all of these tools. Each of them provides 

different insight that is complementary to that of the others, but there is often no seamless 

transition between them. 

2.1.1. Newtonian mechanics  

Classical mechanics describes the motion of macroscopic objects under the influence 

of forces. Solving Newton’s equations of motion requires knowledge of the initial 

coordinates and velocity (or momentum) vectors of all involved bodies as well as all 

interacting forces between them and all external forces, e.g. gravity. An important 

parameter is time but usually not temperature. 

Molecular dynamics (MD) and molecular mechanics (MM) is a numerical simulation 

method that is mainly based on classical Newtonian mechanics. The vast 

development of computer capacity and speed of calculations allows calculating large 

systems consisting of billions of particles [12] based on Newtonian mechanics and 

empirical, classical, time-independent force fields describing interatomic and 

intermolecular interactions [13]. The positions of all particles and the corresponding 

energy are calculated iteratively over hundreds of nanoseconds in time steps of 

typically one femtosecond from a chosen starting configuration until equilibrium is 

reached. The method has a broad range of applications. For example, it can be used 

to visualize the dynamics of liquids, and the structure of biomolecules. MD is a 

numerical version of classical mechanics for a multi-body system, but it is not so 

much the dynamics of the individual bodies that is of interest; rather, one would like to 

know the structure (coordinates) at equilibrium and the thermodynamic parameters at 

different temperatures which are also accessible. MD thus has the advantage that it 

provides bulk properties based on an atomic or molecular picture. 

 

2.1.2. Thermodynamics (TD) 

Exact solutions of the classical equations of motion are possible for two-body 

systems; more bodies can be treated approximately. However, knowing the initial 

conditions of all participating bodies and handling their individual motion becomes 

extremely complex already for very few bodies. Macroscopic amounts of atomic or 

molecular matter in a solid, liquid or gaseous state are therefore described by means 

of classical thermodynamics. It neglects the information of the individual particles and 

describes only their ensemble average in thermal equilibrium. Parameters describing 
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the systems are the state functions pressure, volume, temperature (reflecting kinetic 

energy of thermal random motion), composition, internal energy, and entropy, but 

time is normally excluded. 

Statistical thermodynamics builds a bridge between bulk thermodynamic properties of 

materials and the properties of its constituting atoms or molecules. In quantum 

statistical thermodynamics the properties are based on molecular data derived from 

spectroscopy or calculated by quantum chemical methods. It accepts that the bulk 

material consists of atoms and molecules and assumes that the bulk properties can 

also be found as the sum of molecular properties plus their interactions. Each 

molecule can occupy dynamically a large number of translational, rotational, 

vibrational and electronic states. This assumes that there is a most probable state in 

the ensemble average that dominates the behavior to an extent that other states can 

be neglected already for a relatively small system. The probability that this state is 

occupied is given by the Boltzmann distribution, or at low temperature by the Fermi-

Dirac or the Bose Einstein distributions. Statistical thermodynamics assumes that the 

system changes its microstate energy stochastically, spontaneously or prompted by 

collisions. Like classical thermodynamics, it is also not time-reversible.  

The ergodicity theorem lies at the basis of statistical mechanics. It states that the 

long-time average of a randomly fluctuating property of an individual subsystem 

(atom, molecule) is identical to the ensemble average of a large number of identical 

subsystems at any given time. The mismatch between the two expectation values 

decreases exponentially with time while the degree of equilibration increases. It is 

commonly expected that the ergodic theorem holds for most interacting systems. 

However, it should be stressed that many exceptions are known [5]. For example, a 

one-dimensional chain of anharmonic oscillators shows no or extremely slow 

equilibration. 

Also central is the H-theorem that goes back to Boltzmann and requests a tendency 

of the ensemble of states to evolve towards maximum entropy, as required by the 

Second Law [6,14].  

2.1.3. Quantum mechanics (QM) 

A Hamiltonian containing exact coordinates is typically defined for single electrons in 

the effective field of the other electrons and the nuclei of the system, and then 

extended to many-electron systems. The Schrödinger equation (SE) is solved for 

single-electron wave functions in the effective potential of the other particles. 

However, since it is impossible to know the initial coordinates and velocity (or 

momentum) vectors simultaneously, the time dependence is usually separated off, 

and only the time-independent Schrödinger equation is solved for a set of 

eigenenergies 𝐸𝑖 (for bound systems) and wave functions, 𝜓𝑖. This reduces the 

number of variables per particle from six to three. |𝜓𝑖|2 is the observable property, a 

time-averaged distribution function, called the probability distribution of particle 𝑖. 

Historically, the interpretation of the wave function caused intense debates. Einstein 

called it incomplete [15]. It was Bohm who resolved the issue, regarding the systems 

as ensembles with unknown position and momentum of individual particles, which he 

termed “hidden variables” [16].  
 

It is often overlooked that already Heisenberg pointed out that in analogy to classical 

theories “as long as the phase of the atom is not known the position of an electron 

can be given only as a probability” [17]. The unknown phase is equivalent to Bohm’s 

“hidden” variable. Nevertheless, von Neumann claimed to have disproved the 



7 
 

necessity of hidden variables [18], but Hermann [19], and later Bell trashed this 

attempt on the ground of a faulty assumption [20]. Non-local hidden variables, 

represented by random numbers for the phase constants of wave packets, are still 

promoted [21].  

For sufficiently simple systems where the initial conditions of position and momentum 

are known and which can even be prepared experimentally, the full solution can be 

calculated exactly as a trajectory. With this aim, Dirac and later Feynman formulated 

an alternative view of quantum mechanics, the path integral method, stating “A 

probability amplitude is associated with an entire motion of a particle as a function of 

time, rather than simply with a position of the particle at a particular time.” [22]. The 

time integral of the classical Lagrangian along the path is a function of velocity and 

position of a point-like quantum particle and is an explicit function of time. Feynman 

demonstrated that considering all possible paths that a particle can take between two 

given positions leads to a description that satisfies the Schrödinger equation. 

The above methods view matter from quite different angles. It is a dream to put them all on 

the same foundation and obtain a unified theory for the description of matter. The most 

important impediment to this is the understanding of how time-reversible systems transform 

into time-irreversible ones. Classical mechanics and quantum mechanics in their original 

forms, i.e. in the absence of added dissipative terms (Section 2.4), are time-reversible and 

therefore deterministic. Thermodynamics is by definition not time-reversible due to the 

dissipative term that is included in the Second Law (see Section 2.5).  

Originally, statistical thermodynamics was formulated by Gibbs as a landmark new theory 

describing the relation between the macroscopic and the microscopic point of view of 

complex classical systems [23]. However, as soon as quantum mechanical descriptions had 

been established, the theory was extended by von Neumann to quantum statistical 

thermodynamics [24].  

A rough overview of the main methods and their typical parameters is given in Table 1. The 

methods are being developed further in various directions. A hybrid method that has become 

quite valuable for complex systems treats the center of interest, e.g. a catalytic center, and 

its immediate surrounding by high accuracy QM methods and the remaining environment by 

less accurate MM. 

Table 1: Typical parameters, reversibility and equilibration properties of common methods for 

the description of matter near equilibrium  

Method Typical parameters 
    Few body               Many body  
    systems                  ensembles 

Time- 
reversible 

Equilibration 

Newtonian mechanics a)     
  Classical mechanics 𝒓𝒊(𝑡), 𝒗𝒊(𝑡)   -- 

  Molecular dynamics  〈𝐸(𝑡)〉, 〈𝑆(𝑡)〉   

Thermodynamics (TD)     
  Classical TD (bulk)  𝑝, 𝑉, 𝑇, 𝐸, 𝑆 --  

  Statistical TD (ensemble)  〈𝑝〉, 〈𝑉〉, 〈𝑇〉, 〈𝐸〉, 〈𝑆〉 --  

Quantum mechanics a)     
  Time-independent SE b) 〈𝐸𝑖〉, 〈𝜓𝑖

𝟐〉   -- 

  Time-dependent SE c) 𝒓𝒊(𝑡), 𝒗𝒊(𝑡), 𝐸(𝑡)   -- 
a) No empirical dissipating term included 

b) Time separated off. Coordinates and velocities are “hidden variables”. 
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c) Path integral method 
 

2.2  Reversibility and system size 

Classical mechanics was historically restricted to treat small systems consisting of two 

particles or by approximate methods to very few-body cases, such as the solar planetary 

system. Thermodynamics, on the other hand, was defined for bulk matter. Time was not one 

of the central parameters, and reversibility was not used with respect to time but to energy. 

Already in 1852, William Thomson (later knighted and entitled Baron Kelvin of Largs) 

reported an imbalance in the transformation of energies and in this context coined the term 

“dissipation” [25]. He expressed this as follows: “When heat is created by any unreversible 

process (such as friction), there is a dissipation of mechanical energy, and a full restoration 

of it to its primitive condition is impossible”, a fact that was confirmed by Carnot and 

Clausius.  

In attempts to pin down the reversibility problem, the focus has often been on the size of the 
system, inferring that microscopic systems are time-reversible, while macroscopic ones are 
not [6,26,27]. The emphasis on the importance of size for the Second Law of 
Thermodynamics goes back to as far as Maxwell who pointed out that it is continually being 
violated in small groups of molecules [28]. On the same ground, this aspect has been 
discussed more recently using the fluctuation theorem that permits short time reversals away 
from equilibrium, and statistical thermodynamics predicts that this is more likely to occur in 
small systems since the probability of a short time reversal decreases exponentially with the 
number of degrees of freedom in the system [7,29-31]. Einstein was the first to investigate 
fluctuation phenomena which must exist if the statistical interpretation of the Second Law is 
sound [32]. Thermodynamic equilibria are generally dynamic, with equal rates for the forward 
and the backward reactions. This implies a stochastic, microscopic kinetic reversibility and is 
inconsistent with a deterministic and full reversibility. 
 
The more recent field of quantum thermodynamics tries to reconcile the 200 years old laws 

of thermodynamics with the laws of quantum mechanics, with the intention to build 

macroscopic (bulk) systems from small systems of quantum nature. The question is “whether 

the fundamental laws that govern heat and energy on large scales also dictate the behavior 

of nanoscale systems – or whether new laws are needed” [33]. The independence of system 

size will be further addressed in Section 4.2. 

2.3 Thermodynamic systems and ensembles 

It is customary in thermodynamics to define a system, which is the minimum part of the 

universe that is sufficient to describe the issues of interest in the given context. It may be as 

small as a molecule or just a particle. It is embedded in its environment, consisting of the 

entire “universe” with the exception of the system (Figure 1a). The universe is an isolated 

system that can change neither its mass nor its energy content, while its entropy is constant 

in equilibrium but increases for any spontaneous process in conventional, non-self-

gravitating systems. In contrast, a system that can exchange energy but not mass with its 

environment is called closed, and a system that can exchange both energy and mass is 

called open. The environment is a heat bath with an infinite capacity so that it does not 

change its temperature when it absorbs heat from the system or delivers heat to it. 

Distinguishing properly between a closed system and the universe is essential for avoiding 

confusions that are frequent in literature.  

Of high current interest to reach an understanding of the origin of irreversibility are quantum 

many-body systems which can still be handled theoretically and serve as models, bridging 

the size between small analytically integrable Newtonian and bulk thermodynamic systems 

(Figure 1b). 
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Figure 1: a) A thermodynamic system is embedded in its environment. Together they form an 
isolated system, commonly called the universe. b) Isolated quantum many body system, 
represented here by the 2,2′-azobis-(2-methyl-propan) molecule, where the azo group is a 
chromophore that may be excited and the two isopropyl groups act as the internal heat bath. 
(color online) 

In statistical descriptions of matter the systems are described from the viewpoint of a 

collection of N individual particles, called ensembles. The analog of the isolated system is the 

microcanonical ensemble Z(NVU), which is defined to be at a fixed internal energy U and 

volume V. Its equilibrium state corresponds to its maximum entropy S. Alternatively, one 

talks about canonical ensembles Z(NTV), which are the analog of closed systems at constant 

temperature because of their embedding in a large heat bath. A third system is the grand 

canonical ensemble Z(µVT), which is open and can exchange particles with the surrounding. 

Instead, its chemical potential µ = G/N is fixed, where G is the Gibbs free energy, and its 

equilibrium state is defined by the minimal value of µ.  

2.4 The origin of dissipation 

No physical system can be completely isolated from its surrounding environment and 

therefore exchanges energy and/or particles with its environment. This exchange of energy 

often occurs during processes involving partial interconversion of different forms of energy, 

for example between heat and work, or the unwanted heat generated in an electrical circuit 

(Joule heating). Usually, the heat is transferred to or from a heat bath, and since it is 

accompanied with a loss, it is an irreversible process that is called dissipation. The increase 

of the entropy of the universe is the driving factor of all irreversible, spontaneous and driven 

processes, and it is the key to understanding irreversibility in thermodynamic systems. 

Dissipation can also relate to the nonradiative relaxation of an excited electronic state of a 

molecule by redistributing the excitation energy among vibrational and rotational states of the 

electronic ground state. Recently, a non-contact cryogenic scanning probe microscopy 

technique based on a superconducting quantum interference device (SQUID) positioned on 

a sharp tip has been reported to provide thermal sensing for imaging of dissipation in 

quantum systems with nanoscale resolution at four orders of magnitude higher sensitivity 

than previous devices [34].  

The entropy of an isolated system can also increase without dissipation of heat. Entropy 

increases with decreasing concentration (increasing volume) or by mixing/interdiffusion of 
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different compounds. In analogy with dissipation of heat this may be called dissipation of 

matter, where the system particles are redistributed in a broader volume. Since this type of 

dissipation is to a good approximation, the part of the universe surrounding the system is not 

involved (see also the discussion below in context with eqns. 7 and 8). 

In classical mechanics, the magnitude of the force, f, on a particle or a body may be closely 

represented, over a limited range of velocities by a power law, f = av, where v is the velocity 

of the particle or body and a and  are constants. Depending on the value of  we have the 

following types of dissipative forces [35]:  

• Frictional force. This force is usually required to slide one surface over another. Once the 

motion is started the magnitude of the force is independent of the speed. Thus, in this 

case,  = 0. It is highly complex to understand this phenomenological continuum behavior 

at the atomic scale, but recent MD simulations have been able to shine some light on the 

fundamental nature of friction by evaluating the averaged forces and the contact area of 

atomically rough surfaces as a function of applied pressure [36].  

• Viscous force. When the force is proportional to the speed of the particle, i.e.,  = 1, we 

call the force a viscous force. 

• Newtonian dissipative force. For high speed motion of an object in the air, the force is 

proportional to the square of the velocity, i.e.,  = 2. 

Friction, diffusion, Joule heating due to electricity flowing through a resistance and heat flow 

through a thermal resistance are also relevant for dissipation in thermodynamically treated 

systems. Moreover, dissipation occurs on freezing of a liquid, in chemical reactions, and in 

probabilistic events like radioactivity and photon emission.  

2.5 The Second law of Thermodynamics 

One of the pillars of physics is conservation of energy. Various forms of energy can be 

completely interconverted, the total energy remaining constant. This holds also when mass is 

added as a form of energy according to Einstein’s mass-energy equivalence relation (E = 

mc2). The First Law of thermodynamics is a representation of energy conservation. Mayer, 

and independently only slightly later Joule, expressed this by determining the mechanical 

equivalent of heat [37,38]. However, it did not take long to find that while mechanical energy 

can be transformed completely into heat, the reverse is not true (see Section 2.2). Energy 

conservation is still in place, but a fraction of it is not convertible and dissipated as “waste 

heat”. Heat is therefore often called an inferior, degraded or fragmented form of energy. 

The above observations by Thomson, Carnot and Clausius led to the formulation of the 

Second Law of thermodynamics, 

𝑑𝑆𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑒 = 𝑑𝑆𝑠𝑦𝑠𝑡𝑒𝑚 + 𝑑𝑆𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡  ≥ 0,      (1) 

stating that the entropy 𝑆 of the universe increases in all real processes (Clausius inequality), 

and in equilibrium it is constant. Unlike in Chapter 5 where we discuss the real universe, the 

term “universe” stands here only symbolically for an ideal isolated system. Entropy depends 

on various parameters, and the driving factor can be a gradient in any of these. A 

spontaneous process will always aim at a reduction of this gradient. Most commonly, eqn. (1) 

is expressed in terms of a temperature gradient between the system and environment, so 

that  

𝑑𝑆𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑒 =
𝛅𝑸𝒔𝒚𝒔𝒕𝒆𝒎

𝑇𝑠𝑦𝑠𝑡𝑒𝑚
+

𝛅𝑸𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡

𝑇𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡
    (temperature gradient),     (2) 
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where δ𝑄 is the infinitesimal heat that is dissipated from a closed system to its environment 

at temperature 𝑇𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡. The heat that is dissipated by the system (by definition a 

negative quantity) is absorbed by the environment, i.e. −δ𝑄𝑠𝑦𝑠𝑡𝑒𝑚 = δ𝑄𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡, and 

δ𝑄 = 𝐶𝑝𝑑𝑇 for a process at constant pressure and δ𝑄 = 𝐶𝑉𝑑𝑇 at constant volume. The 

inequality in eqn. (1) holds for 𝑇𝑠𝑦𝑠𝑡𝑒𝑚 > 𝑇𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡, which is equivalent to stating that 

spontaneous flow of heat is always from hot to cold. The equality holds for 𝑇𝑠𝑦𝑠𝑡𝑒𝑚 =

𝑇𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡. Such processes are also called “reversible” (this is thermodynamic reversibility, 

not to be confused with time-reversibility). However, when the temperature gradient 

disappears the driving force is lost, and in reality, such processes therefore do not proceed.  

Alternative options to heat dissipation as indicators of the origin of irreversibility are lowering 

of gas pressure, or, equivalently, lowering of the concentration of the system: 

𝑑𝑆𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑒 = 𝐶𝑉
d𝑝𝒔𝒚𝒔𝒕𝒆𝒎

𝑝𝑠𝑦𝑠𝑡𝑒𝑚
+ 𝐶𝑉

d𝑝𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡

𝑝𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡
   (pressure gradient, T, V = const.)         (3) 

𝑑𝑆𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑒 = 𝐶𝑉
d𝑐𝒔𝒚𝒔𝒕𝒆𝒎

𝑐𝑠𝑦𝑠𝑡𝑒𝑚
+ 𝐶𝑉

d𝑝𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡

𝑐𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡
   (concentration gradient, T, V = const.)  (4) 

Figure 1a makes clear that the entropy of a system can decrease when the entropy of the 

environment increases by at least the same amount so that the Second Law is not violated. 

Such a non-equilibrium situation that leads to a gradient between system and environment is 

in fact essential for many processes occurring in daily life in the laboratory and in nature. 

Work has to be spent or heat transferred against a gradient to create this situation, and 

energy barriers prevent that it relaxes too quickly back to equilibrium [39].  

Classically, there are two distinct uses of the term entropy: (i) the thermodynamic entropy is 

obtained by performing macroscopic thermodynamic measurements, and (ii) entropy as a 

measure of the lack of information about a system’s state [40].  Boltzmann introduced a 

statistical measure of entropy by expressing it in terms of the number of accessible 

microstates, 𝑊 corresponding to a particular macrostate of the system: 𝑆𝐵 = 𝑘ln𝑊, with 𝑘 
being the Boltzmann constant. The basic assumption of this formulation is that all 

microstates are equally probable and thus have the same energy, a description that holds for 

a microcanonical ensemble of identical, non-interacting classical particles. Gibbs generalized 

the definition of the classical statistical entropy to that of a canonical ensemble to allow for 

non-equal energies of the microstates: 𝑆𝐺 = −𝑘 ∑ 𝑝𝑖ln𝑝𝑖𝑖 , where 𝑝𝑖 is the probability for the 

system to be in microstate 𝑖. The Gibbs expression was extended to quantum-mechanical 

systems by von Neumann in terms of the density matrix 𝜌, giving the von Neumann 

expression, 𝑆𝑣𝑁 = −Tr(𝜌 ln𝜌), in units of the Boltzmann constant 𝑘. Of particular recent 

interest has been the emergence of the macroscopic thermodynamic entropy from 

microscopic systems. For an isolated system consisting of a single pure state, 𝑆𝑣𝑁 = 0, 

which is consistent with the usual assumption of thermodynamic entropy at absolute zero 

temperature as expressed by the Third Law of thermodynamics.  

For quantum systems, another type of entropy is introduced, called the entanglement 

entropy. It is described by dividing the system into two (partly) entangled subsystems A and 

B and considering a pure quantum state, 𝜑, of the composite system. Reducing 𝜑 to one of 

the subsystems by introducing 𝜌𝐴 = Tr𝐵(𝜑), the reduced density matrix of 𝜑 on A, the 

entanglement entropy is defined as the von Neumann entropy of 𝜌𝐴, i.e., 𝑆𝐸(𝜌𝐴) =

−Tr(𝜌𝐴 ln 𝜌𝐴) [41]. Similarly, we can define 𝑆𝐸(𝜌𝐵) = −Tr(𝜌𝐵 ln 𝜌𝐵), where 𝜌𝐵 = Tr𝐴(𝜑). It 

can be proven that 𝑆𝐸(𝜌𝐴) = 𝑆𝐸(𝜌𝐵) [41], i.e., it is sufficient to define the entanglement 
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entropy considering the subsystem with the fewest degrees of freedom. Hence, 

entanglement entropy describes the degree of entanglement between A and B. 

Entropy is often associated with a degree of order. This is a problematic analogy. A messy 
desk or shuffled cards have nothing to do with thermodynamic entropy [42].  We regard the 
normal distribution of alternating black and white fields of a checkerboard as a highly ordered 
state, but randomizing these fields does not change the thermodynamic entropy because 
there is no energy change (no dissipation) involved in this process. The thermodynamic 

entropy of the checkerboard is related to the number 𝑊 of distinguishable ways to arrange k 

= 32 black fields over n = 64 fields, which is given by  

   𝑊 =  
𝑛!

𝑘!(𝑛−𝑘)!
=  

64!

32!32!
,          (5) 

which depends only on the number of black and white fields and is indistinguishable of their 
arrangement. However, we can define a local entropy within a given frame of e.g. 4 by 4 
fields. All fields of the same color in a frame correspond to the highest order and gives the 

lowest possible value, 𝑊=1, and thus the lowest entropy, whereas the highest entropy is 

reached with an equal number of black and of white fields. For two neighboring frames with 
unequal numbers of black and white fields this will lead to a driving force for mixing due to 
information theoretic (Shannon type, see Section 4.1) entropy in the absence of energy 
dissipation. This is the expected behavior for diffusion in the presence of inhomogeneous 
concentrations. Furthermore, if we assign to the black fields a positive charge and to the 
white fields a negative charge, this introduces an energetic interaction between the fields, 
which makes the entropy dependent on the arrangement of the fields [39]. 

It should be noted that the Second Law as described above with the entropy of isolated 

systems increasing for spontaneous processes (eqn.1) holds for conventional 

thermodynamic systems, i.e. for matter in our laboratory and more generally on the Earth or 

on planets. However, as will be described in Section 5.5, matter with astronomical 

dimensions experience a long-range attraction by gravitation, an interaction that is fully 

negligible for the conventional systems. It has the consequence that for ensembles of stars 

there are conditions under which the specific heat is negative, which causes heat to flow 

from cold to hot and spontaneous processes generally occur with decreasing entropy. 

2.6 The Carnot cycle: a reversible process in a non-equilibrium environment 

The Carnot cycle is a Gedankenexperiment that represents an idealized reversible process 

to rationalize the function of a steam or combustion engine. The process converts a fraction 

of heat 𝑄ℎ supplied by a heat bath at a high temperature 𝑇ℎ to work 𝑊 under dissipation of 

the remaining fraction of heat 𝑄𝑐 to a cooler heat bath at temperature 𝑇𝑐 (Figure 2). 
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Figure 2: Carnot cycle with isothermal expansion A-B at temperature 𝑇ℎ, followed by adiabatic 

(isentropic) expansion B-C, isothermal compression C-D at temperature 𝑇𝑐 , and adiabatic 

compression D-A. In this p-V plot, the area of the cycle corresponds to the work 𝑊, that is of 

equal magnitude but opposite sign compared with the converted amount of heat, 𝑄ℎ − 𝑄𝑐. 
(color online) 

The Carnot process is well documented in textbooks and will not be discussed further here, 

but the heat and entropy terms related to each leg of the cycle are collected in Table 2. Since 

the entropy is a state function, the round-trip value of the system entropy is always zero. For 

given temperatures, this defines which net fraction of heat 𝑄𝑐 is dissipated from the upper to 

the lower heat bath, even for a process in which all four legs are thermodynamically 

reversible. However, in the reversible case there is no temperature gradient for the heat 

transfer; the process is therefore infinitely slow. In the irreversible case, the temperature of 

the heat bath and system are different. This does not affect the round-trip entropy change of 

the system, only that of the environment (Table 2). Also, the two legs which in the reversible 

case were adiabatic can be irreversible if there is a pressure gradient between the system 

and environment. The work 𝑊 of the overall cycle is represented by the area of the cycle in a 

𝑝 − 𝑉 plot, 𝑊 = ∮ 𝑝 𝑑𝑉. This area shrinks for an irreversible cycle with the same corner points 

A, B, C, D. To compensate for this loss, an irreversible amount of heat 𝑄𝑐
′  is dissipated in 

addition to the reversible amount 𝑄𝑐. 

Table 2: Balance of heat and entropy of the Carnot cycle and its environment 

Changes Leg A-B Leg B-C Leg C-D Leg D-A Total of cycle 

System heat +𝑄ℎ 0 −𝑄𝑐 0 𝑄ℎ − 𝑄𝑐 
 

Heat bath 𝑇ℎ 

Heat bath 𝑇𝑐 
 

−𝑄ℎ 
0 

0 
0 

0 

+𝑄𝑐 
0 
0 }𝑄𝑐 − 𝑄ℎ 

System 
entropy 
 

+𝑄ℎ/𝑇ℎ 0 −𝑄𝑐/𝑇𝑐 0 𝑸𝒉/𝑻𝒉−𝑸𝒄/𝑻𝒄 ≡ 𝟎 
(S is state function) 

Entropy of 
environment 
 

−𝑄ℎ/𝑇ℎ 0 +𝑄𝑐/𝑇𝑐 0 0 (reversible case) 
 

Entropy of the 
environment a) 

−𝑄ℎ/𝑇ℎ
′ 0 +𝑄𝑐/𝑇𝑐

′ 0 𝑸𝒉/𝑇ℎ
′−𝑸𝒄/𝑇𝑐

′ > 𝟎 
(irreversible case) 

a) Irreversible case, 𝑇ℎ
′ < 𝑇ℎ, 𝑇𝑐

′ > 𝑇𝑐
 

Eqn. (1) defines the arrow of time, but only its direction; there is no timescale on the arrow. 

The rate is determined by kinetic criteria such as flow rates in the presence of activation 

barriers. Such barriers are common but often ignored in thermodynamic treatments. In the 

Carnot cycle, the work 𝑊 provides a step-like energy barrier. In an experiment, it is the fuel 

that provides the non-equilibrium conditions by creating the high temperature of the upper 

heat bath.  

 

2.7 The Arrow of Time for systems near equilibrium 

The Second Law (eqn. 1) states that the entropy of the universe never decreases; rather, it 

increases monotonically at all times, or it stays constant at equilibrium or equilibrium-like 

conditions. This implies a time-dependence of entropy [43]:  

𝑑𝑆𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑒/dt =  Π − Φ ≥ 0,        (6) 
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where Φ is the entropy flux rate from the system to the environment, and Π is the entropy 

production in the system per unit time. The Carnot cycle may serve as an example (Figure 2). 

Entropy is a state function; its change over the complete cycle is ΔΠ = 0. The entropy flux rate 

to the environment is given by Φ = 𝑄ℎ/𝑇ℎ− 𝑄𝑐/𝑇𝑐 (Table 2). For Φ = 0 , there is no driving 

force for the overall Carnot cycle.  

Like time, the entropy of the universe cannot run backward. It may be represented by an arrow 

that always points to the future. The Second Law is therefore also called the arrow of time 

[8,44]. For gases, entropy is mainly a function of temperature and volume. For conventional 

matter, an increasing volume and temperature is consistent with an increasing entropy during 

its development toward heat death, although this does not hold for an expanding universe (see 

Section 5.4). 

For chemical or biological systems, the spatial coordinates q are replaced by the 

thermodynamic state variables like volume, pressure, temperature, and concentration of 

constituent molecules. Here, the equilibrium state no longer corresponds to the most stable 

state (i.e, the lowest internal energy or enthalpy). The situation is displayed schematically in 

Figure 3. For an equilibrium state, the Second Law requires a plateau or maximum in the 

entropy, i.e. 𝑑𝑆𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑒/d𝑞 = 0. The entropy of the universe (or of any isolated system) 

increases monotonically for any process of non-zero rate since they are all irreversible. 

However, it is impractical to include the whole universe in all calculations. Since most 

processes in liquid or solid states occur at approximately constant temperature and pressure, 

the Second Law (eqn. 1) is rewritten in a way that the environment cancels out. For the 

isothermal-isobaric constraints, the new but equivalent criterion for spontaneity of a process 

in a closed system is given by the free enthalpy or Gibbs free energy 𝐺 = 𝐻 − 𝑇𝑆 (the Gibbs-

Helmholtz equation) as 

𝑑𝐺𝑠𝑦𝑠𝑡𝑒𝑚 =  𝑑𝐻𝑠𝑦𝑠𝑡𝑒𝑚 − 𝑇𝑑𝑆𝑠𝑦𝑠𝑡𝑒𝑚  ≤ 0.       (7) 

Similarly, for isothermal isochoric gaseous systems the Helmholtz free energy 𝐹 = 𝑈 − 𝑇𝑆  

can be used to obtain  

𝑑𝐹𝑠𝑦𝑠𝑡𝑒𝑚 =  𝑑𝑈𝑠𝑦𝑠𝑡𝑒𝑚 − 𝑇𝑑𝑆𝑠𝑦𝑠𝑡𝑒𝑚  ≤ 0.       (8) 

Here, 𝐻 is the enthalpy and 𝑈 is the internal energy. In short,  𝑑𝐺𝑠𝑦𝑠𝑡𝑒𝑚 and 𝑑𝐹𝑠𝑦𝑠𝑡𝑒𝑚 of a 

spontaneous process in a closed system decrease and approach zero at equilibrium. 

Self-organization and self-assembly are processes that lead to higher order, which obviously 

represents a state of lower entropy. Examples are crystallization, the formation of self-

assembled monolayers on surfaces and a rich variety of structures, among them micelles, 

bilayers, and vesicles, derived from aqueous solutions of surfactants or other amphiphilic 

molecules. These processes appear to be spontaneous, so that one is tempted to call them a 

violation of the Second Law. However, it is only an example of the situation shown in Figure 

1a. These processes occur in an open system which is coupled to its environment that acts 

as a heat bath.  It is driven by the enthalpy of formation, supported or hindered by entropic 

effects. Its complexity derives from the fact that it is often carried out in solution. In the initial, 

dispersed state, the solute molecules have enthalpic interaction (heat of solvation) with the 

solvent. The hydrophobic interaction causes partial order of solvent molecules in the first 

solvation shell, and thus often a negative entropy of solvation. On aggregation, these 

enthalpic contributions are replaced by solute-solute and solvent-solvent terms, and the 

reduced surface of the aggregate diminishes strongly the entropy of solvation, but instead we 

have a negative entropy term due to the order in the aggregate. The entropy term, −𝑇Δ𝑆, 

enters the stability criteria (eqns. 3 and 4). Positive reaction entropy of the process gives 
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preference to the dispersed form at high temperature. However, the entropy term may cross 

zero at a certain temperature, which leads to more complex behavior. Micelle formation in 

water is clearly driven by a positive entropy of formation [45].  

2.8 Pseudo-equilibria and steady states 

Self-assembled structures have many applications and are of great importance in materials 

science. Here, we only briefly mention vesicles, which are hollow spherical bilayer 

aggregates derived from surfactants, with an aqueous medium outside and inside. They form 

either as equilibrium or out-of-equilibrium metastable structures. Since the bilayers are close 

analogs of biological cell membranes which consist of phospholipids, the vesicles are simple 

models of biological cells. The thermodynamics and kinetics of their formation have been 

reviewed competently by Guida [46].  

From classical mechanics we are used to classify equilibria by judging the potential energy 

hypersurface. The absolute energy minimum corresponds to the global equilibrium (within 

the considered range of coordinates q). There are often non-global (local) minima at higher 

energy, and plateaus are called metastable equilibria.  

For thermodynamic closed systems, the criterion of equilibration is a minimum in the Gibbs 

free energy, 𝐺 = 𝐻 − 𝑇𝑆, consisting of an enthalpic and an entropic term (eqn. 7). The 

behavior of an enthalpy-neutral process along some coordinate q is displayed schematically 

in Figure 3. Point A represents a global minimum in 𝐺 and hence thermodynamic equilibrium, 

while points C and E depict local minima in 𝐺 close or far from equilibrium [47]. D is at a 

plateau where the slope of G is zero, thus there is no time evolution. It represents a 

pseudo-equilibrium.  

 

Figure 3: Schematic one-dimensional example of the change of thermodynamic parameters 

for a process along some coordinate q. For any process, the entropy of the universe increases 

monotonously with a slope given by the degree of non-equilibrium. The more familiar system 

parameter for the free enthalpy, Gsystem, has a global minimum, non-global (local) minima and 

plateaus, resembling the case of classical mechanics. If Hsystem is assumed to be zero or 

constant, TSsystem shows a complementary behavior to Gsystem. (color online) 

Equilibria look static but are always dynamic, meaning that the forward and backward rates 

are equal. This distinguishes pseudo-equilibria from steady states in which forward and 

backward rates are not equal, but the influx from the left equals the outflux to the right, and 
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vice-versa, so that the system is stable at point D. Finally, B represents a barrier that slows 

down the flux from C to A to maintain a given population or concentration at C. For example, 

the molecules formed in photosynthesis are of high energy and must be protected by barriers 

from reacting too quickly to equilibrium in the oxygen atmosphere of oxygenic organisms. 

Much of what chemists do has to do with tuning the height of such barriers. Decreasing 

barriers accelerates the process, which is called catalysis. Increasing the barrier slows the 

process down, which is called corrosion inhibition. The barriers are also crucial in living 

systems. Their height is adjusted by dedicated enzymes to tune the fluxes of reactants of a 

complex network of physiological processes so that they all occur at the needed rates within 

a narrow temperature range, the body temperature [39]. Living systems are typical steady-

state systems which require that energy of molecular fuels is continuously added to keep the 

processes going. Life is motion on a bumpy slope of the free energy surface. 

Systems at or near a local equilibrium can be treated as if they were near a global 

equilibrium. Although being far from equilibrium globally, they are near equilibrium locally 

[48]. Near-equilibrium states are predictable systems. Linear steady states near equilibrium 

are the result of gradients of one or more extensive properties, e.g. temperature, which 

create fluxes of extensive quantities, e.g. thermal energy [47]. In linear systems, the fluxes 

are proportional to the gradients (i.e. the forces), and since the gradients decrease with time 

the systems relax exponentially to equilibrium. This result derives from the assumption of 

small perturbations so that only terms linear in the deviation from equilibrium are retained. 

The vast majority of problems addressed in non-equilibrium thermodynamics are for near-

equilibrium conditions, and the solutions are consistent with the Second Law [48].  

As drawn in Figure 3, the process in the closed system is spontaneous (Δ𝐺 < 0) from the left 

to the right, and a driven process in the reverse direction. Both processes will always 

increase the entropy of the universe. 

Figure 1a is misleading in the sense that it may suggest that a “system” is a well-defined, 

homogeneous, spatially confined part of the universe. If we want to judge a sample of a 

mixture of chemical or biological molecules that looks stable, it may in fact represent a 

mixture of systems that are in different equilibrium states. The system may, for example, be 

in its global equilibrium as regards pH since proton exchange reactions are fast, but it may 

be only in a local equilibrium regarding other reactions, like oxidation by molecular oxygen in 

air. 

2.9 Systems far from equilibrium 

Isolated systems far from equilibrium are those where the proportionality of entropy 

production to a gradient is no longer valid and deviations from linearization of the perturbed 

entropy near its local maximum value, 𝑑𝑆 =  𝑆0 + 𝛿𝑆 + ½𝛿2𝑆, lead to qualitatively new 

effects. Prominent examples are the pressure, temperature and humidity patterns in 

hurricanes, or chemical reactions with oscillating concentrations of reactants [1,2,49,50]. 

Systems at equilibrium are not expected to oscillate since this would contradict the Second 

Law. Thermodynamically, such systems are described as being far from equilibrium since, 

obviously, at equilibrium there would be no concentration gradient. Furthermore, even off 

equilibrium, the concentration gradients are often monotonic, which leads us to conclude that 

the non-monotonic concentration distribution with the concomitant emerging dynamic, self-

organized pattern represents a state even more remote from equilibrium and of even lower 

entropy. Kinetically, these systems lead to non-linear rate equations. Examples are 

autocatalytic reactions, where one of the reaction products is also a catalyst of the reaction, 

in the simplest case, A + B ⇄ 2B, where B serves as a catalyst, which leads to the coupled 

non-linear rate equations 
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𝑑[A]/𝑑𝑡 =  −𝑘𝑓[A][B] +  𝑘𝑏[B]2,  𝑑[B]/𝑑𝑡 =  𝑘𝑓[A][B] −  𝑘𝑏[B]2,  (9) 

where 𝑘𝑓 and 𝑘𝑏 are the rate constants of the forward and the backward reaction, 

respectively. This does not lead to any oscillations, just to a monotonically but initially 

exponentially increasing concentration of [B] that saturates in a sigmoid-shaped curve when 

[A] is used up. This type of growth curve is quite abundant and universal [51,52]. 

The simplest and famous example of a far-from-equilibrium process leading to oscillations is 

that of the populations (conventionally given in square brackets, in analogy to chemical 

concentrations) of rabbits [R] and foxes [F], also called the predator-prey or Lotka-Volterra 

system. The rabbits reproduce at a rate 𝑟∗[R] and are eaten up by the foxes at a rate 

𝑟†[R][F], while the foxes reproduce at a rate 𝑓∗[F][R] and die in the absence of rabbits at 

𝑓†[F]. The corresponding set of coupled non-linear differential equations is 

𝑑[R]/𝑑𝑡 = (𝑟∗ − 𝑟†[F])[R],   𝑑[F]/𝑑𝑡 = (𝑓∗[R] − 𝑓†)[F]. (10) 

When the population of rabbits is high, the foxes reproduce well and their population grows, 

but this causes the population of rabbits to go down. In the absence of rabbits, the population 

of foxes decreases as well, so the population of rabbits will flourish again. Thus, the two 

populations oscillate out of phase (Figure 4a). 

As long as the populations in eqn. (10) depend only on time but not on spatial coordinates, 

i.e. as long as the populations/concentrations are homogeneous, possibly due to stirring, the 

oscillations are only temporal. For the special conditions where the eqns. (10) are set to zero, 

i.e. for 𝑟∗ = 𝑟†[F] and 𝑓∗[R] = 𝑓†, the system becomes stationary. Alternatively, if the 

concentrations are inhomogeneous at some time, they oscillate (Figure 4a). However, the 

undamped oscillations remind more of a classical time-reversible Newtonian system, not of a 

thermodynamic chemical or biological system that is not supposed to oscillate about 

equilibrium. The reason is that the scheme of eqns. (10) is incomplete. Rabbits are born from 

somewhere, and foxes die to something. By comparison with a chemical system, the 

oscillating populations [R] and [F] represent intermediates, and there is a background 

process that drives the system. In this case, rabbits live on grass that itself is a product of 

photosynthesis and solar energy. Grass fuels growth and reproduction, rabbits are then the 

fuel for foxes, leaving dead matter at the end. The entire process is accompanied by 

dissipation of heat, water and carbon dioxide. 

Somewhat more complex examples of oscillating chemical reactions are the Brusselator, 
discussed in detail by the Prigogine group in Brussels [48], and the Oregonator, involving 11 
reactions and 12 chemical species [53].  It is a truncated form of the famous Belousov-
Zhabotinsky reaction containing 21 different chemical species [54].  

On a surface or in a thin layer, these systems can develop macroscopic spatiotemporal 

patterns. The maxima and minima propagate like the fronts of wildfires. This can also happen 

in three dimensions, but it is more difficult to visualize. The novel patterns far from 

equilibrium are called dissipative structures. The term was coined by Prigogine who obtained 

the Nobel Prize in Chemistry (1977) for his work on non-equilibrium thermodynamics [49].  

Rabbits and foxes digest food and dissipate heat, chemical reactions also exchange heat. As 

for any dynamic situation, the entropy of the universe must increase monotonously without 

oscillation. Entropy is an inverse logarithmic function of concentration. Therefore, for a 

dynamic, inhomogeneous system in time and space the local entropy will oscillate while the 

overall entropy will increase monotonically. 
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Figure 4: a) Time dependence of homogeneous Lotka-Volterra system of two-component non-

linear kinetics with oscillating populations of rabbits and foxes, or of equivalent chemical 

systems (adapted from abiweb.de, www.abiweb.de/biologie-oekologie/populationsoekologie-

und-wachstum/raeuber-und-beute-lotka-volterra.html). b) Spatiotemporal dissipative structure 

of concentrations in the Belousov-Zhabotinsky reaction in a thin layer in a petri dish (reprinted 

from Ref. 50 (open access) (color online) 

A rod that is suspended flexibly at one end represents a simple undamped oscillator with 

well-defined reversible Newtonian motion. A double-rod pendulum, which has a second rod 

attached end-to-end to the first rod, is a much more complex dynamic system. It shows a 

non-periodic motion with trajectories of the tip that depend strongly on the initial conditions. 

They are deterministic and reversible, i.e. exactly the same initial condition will always lead to 

the same trajectory However, near certain values, an infinitesimal change in the initial 

condition may lead to a vastly different trajectory. Such systems are said to be chaotic, and 

this minute change is called the butterfly effect, meaning symbolically that a butterfly flapping 

with its wing can have a big effect at a large distance, for example in the weather on the 

other side of the Earth. This term, and chaos theory in general, goes back to Edward Lorenz, 

a mathematician [55,56]. The parameter set at which stable periodic motion switches to 

chaotic behavior is called a bifurcation point. The sharp transition between a disordered and 

a structured regime reminds of a phase transition. However, the bifurcation occurs far from 

equilibrium while the phase transition is near equilibrium. 

Chaos theory has applications in a variety of disciplines, including chemistry [1]. The 

deterministic (time-reversible) motion, whether periodic or chaotic, is driven by an irreversible 

background reaction. This reveals an interesting double nature of chemical or biological 

systems, which can be simultaneously time-reversible and thermodynamically irreversible, 

albeit at different length and timescales. Many aspects of these phenomena far from 

equilibrium are not yet fully understood and still issues of active research. Of interest is for 

example the symmetry breaking that allows coherent motion to emerge spontaneously from 

a homogeneous solution, perhaps by spontaneous fluctuations. Also, periodic events in daily 

life like the beating of hearts, menstruation cycles, or rhythmic firing of neurons may be 

based on oscillating chemical reactions. 

Single molecule off-equilibrium states can be generated in biological systems. It has been 

shown that the free energies of the folding and unfolding process of an RNA hairpin can be 

measured using optical tweezers or atomic force microscopes [57]. The work distributions of 

pulling the molecule from the folded equilibrium to the unfolded off-equilibrium structure was 

measured for a large number of repetitions of the experiment and analyzed based on Crooks’ 

fluctuation theorem. At the same time, this served as a verification of the theorem. 
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3. A system in equilibrium represented by the Maxwell-Boltzmann 

distribution and by Planck’s hollow black body 

3.1 The Maxwell-Boltzmann distribution of molecular speeds 

The Maxwell-Boltzmann distribution of the speeds of atoms or molecules of mass 𝑚 in the 

gas phase in equilibrium at temperature 𝑇 (Figure 5a, b) is given by 

𝑓(v, 𝑇) =  4𝜋 (
𝑚

2𝜋𝑘𝑇
)

3

2
v2 [exp (

𝑚v2

2𝑘𝑇
)]

−1

, or equivalently 

  𝑓(ε, 𝑇) = 2 (
𝜀

𝜋
)

1

2
(

1

𝑘𝑇
)

3/2

[exp (
𝜀

𝑘𝑇
)]

−1

,           (11) 

where 휀 = 𝑚v2/2 is the translational kinetic energy and  𝑑휀 = √2𝑚휀 𝑑v [58,59].  

3.2 Planck’s black body radiation 

Wilhelm Wien (1896) was the first to propose an analytical solution for the spectrum of black 

body radiation by relating the frequency of emitted radiation to the thermal energy of the 

emitting molecules as given by the Maxwell-Boltzmann (MB) distribution of molecular speeds 

[60]. Interestingly, the concept of a “finite quantum of energy” often ascribed to Planck, 

appears already in 1893 in Wien’s paper on the displacement law [58]. Wien’s law gave an 

excellent match with the observed black-body radiation at high energies but deviated at low 

values (compare Figure 5d). Shortly thereafter, Lord Rayleigh derived a different relation 

based on standing waves in a black-body cavity, and he applied the equipartition theorem 

[60], assigning a thermal energy of kT to all states instead of populating them according to 

Boltzmann. His distribution law matched well at low energies but missed out the exponential 

decay term that reflects Bose-Einstein population for the photons (see eqn. (12) below). This 

led to an unlimited increase at high energy, a behavior that was later dubbed the “ultraviolet 

catastrophe”. Planck derived his distribution law first on thermodynamic grounds, but after a 

discussion with Boltzmann about the number of ways of distributing discrete equal energy 

quanta among a number of molecules, he saw the similar structure of the resulting 

expression with his distribution. By setting the energy quanta proportional to the photon 

frequency, 휀 = ℎ𝜈, where the “Planck constant” ℎ entered as a proportionality factor, he 

obtained the number density of photons as a function of frequency that provided a perfect 

match with experiment [61,62]:  

𝑓(𝜈, 𝑇) =
𝜌(𝜈,𝑇)

ℎ𝜈
=

8𝜋𝑣2

𝑐3 [exp (
ℎ𝜈

𝑘𝑇
− 1)]

−1

, or 

𝑓(휀, 𝑇) =
8𝜋

ℎ2𝑐2 휀2 [exp (
𝜀

𝑘𝑇
− 1)]

−1

,     (12) 

where 𝜌(𝜈, 𝑇) is the spectral energy density and c the velocity of light. Eqn. (12) differs from 

Wien’s formula only by the “−1” in the exponential term in the square bracket, but becomes 

identical for ℎ𝜈 ≫ 𝑘𝑇 [61]. Photons are bosons and have integer spin equal to 1. The 

square-bracket expression reflects properly the Bose-Einstein statistics, and the high-energy 

limit and Wien’s formula represent the approximate Boltzmann distribution.  
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Figure 5: a) Schematic presentation of a system of gas phase particles with vectors of their 

speeds (blue arrows) and emitted photon in random direction with corresponding recoil vector 

(red). The walls of the box are ideally reflecting for particle energy and for photons. b) 

Maxwell-Boltzmann distribution function of molecular speeds of system (a) in equilibrium. c) 

Process of stimulated absorption and emission in a radiation field, and of spontaneous 

emission in the absence of interaction with a radiation field. d) Comparison of Wien’s, 

Rayleigh-Jeans’ and Planck’s distribution of black-body radiation with Maxwell-Boltzmann’s 

distribution law for molecular speeds, here converted to the energy scale using  = ½ mv2 for 

particles of mass m and speed v, while the photon energy equals h. (color online) 

3.3 Einstein’s absorption and emission kinetics 

A more systematic derivation was given later by Einstein [63]. In this derivation (see below), 

Wien’s formula corresponds to the absence of induced emission [64]. Atoms absorbing or 

emitting a photon experience a recoil effect that changes the velocity and thus the kinetic 

energy of the atom. A central requirement in the derivation of Planck’s law is therefore that 

these processes do not change the equilibrium energy distribution of the emitting and 

absorbing matter at the given temperature. Absorption and emission rates in a steady state 

were therefore matched to the expression of the Boltzmann distribution of a gas [63]. 

Thereby, it was recognized that the Boltzmann distribution of the population of states of a 

given energy is much more fundamental and not restricted to a gas but valid for all systems 

in thermodynamic equilibrium. The success of this treatment underlines the equivalence of 

the description of heat as kinetic energy of particles interacting with the black-body radiation 

field.  

Figure 5d compares the number densities of molecular speeds in the MB distribution as a 

function of energy with that of photons from Wien’s, Planck’s and Rayleigh-Jean’s 

distributions. Despite the fact that Planck’s curve was derived from the MB distribution and 

represents the same equilibrium, the two curves differ markedly. The initial increase of 

Planck’s distribution is quadratic in energy, while the MB curve starts off with square-root 

dependence. The origin of this apparent mismatch reveals a fundamental difference in the 

nature of the two equilibration processes. In the MB picture, a single process, the energy 

exchange during mostly bimolecular elastic collisions, governs the distribution of particle 

speeds. In contrast, radiative equilibration is based on two processes (Figure 5c) [63]: at low 

energies, it is dominated by stimulated photon absorption and emission, which are both 
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proportional to the energy density 𝜌 of the black-body radiation field at the resonant transition 

frequency 𝜈 = (𝐸2 − 𝐸1)/ℎ and a constant 𝐵 (the Einstein coefficient for induced transitions): 

𝐵12 = 𝐵21 =  4𝜋2
12

2

/6휀0ℎ,     𝐴21 = 𝐵21 ⋅ 8𝜋ℎ𝜈3/𝑐2,   (13) 

where              𝝁12 =  ∫ 𝜓2
∗  𝝁 𝜓1 𝑑𝜏 =  −𝑒 ∫ 𝜓2

∗  𝒓 𝜓1 𝑑𝜏     (14) 

is the transition dipole moment, calculated as the expectation value of the electric dipole 

operator 𝝁 = −𝑒𝒓 with the electronic wave functions of the initial and the final states, 𝜓𝑖 and 𝜓𝑓. 

The symbol 𝑒 stands for the electrical charge and 𝒓 is the position vector of the electron. 

Spontaneous emission is a first-order process, proportional to the Einstein coefficient 𝐴21 

and independent of the radiation field. It dominates stimulated emission at high energies due 

to the 𝜈3 dependence. The induced transitions (absorption and stimulated emission) are 

bidirectional and occur with the same rate constant, but the spontaneous transition occurs 

only in emission, reflecting the broken symmetry that is at the origin of irreversibility. The 

subtlety of the phase relations between stimulated and spontaneously emitted photons has 

been discussed recently by Pollnau [65].  

In thermodynamic equilibrium the rate of emission between any two states equals the rate of 

absorption: 

𝐴21𝑛2 + 𝐵21𝑛2𝜌(𝜈) = 𝐵12𝑛1𝜌(𝜈).       (15) 

For two singly degenerate levels the ratio of populations 𝑛2 and 𝑛1 is given by the Boltzmann 

distribution 

   
𝑛2

𝑛1
= 𝑒𝑥𝑝 − (

𝐸2−𝐸1

𝑘𝑇
).         (16)  

 

For a gas phase ensemble of atoms in thermal equilibrium, i.e. a MB ensemble (Figure 5a), 

eqn. (16) also gives the ratio of the number of atoms with kinetic energy 𝐸2 and 𝐸1, and 

analogously for other pairs of energies. Therefore, it is irrelevant whether the atoms possess 

kinetic energy or electronic excitation, a form of potential energy. The two forms are 

interconvertible, and neither the exchange of photons nor any collisional energy exchange 

affects the overall distribution function. The MB distribution and the energy distribution of 

Planck’s black body are equivalent and do not change as long as equilibrium is maintained. 

Off-equilibrium situations represent the case where the populations in eqns. (11) and (12) are 

represented by the system temperature being different from the temperature of the 

environment, which acts as a heat bath. This leads to collisional and/or radiative energy 

exchange between system and bath until equilibrium is restored. Equilibration is a 

spontaneous and irreversible process in which energy is conserved but entropy is not. The 

degree of irreversibility is characterized by an amount of energy that is dissipatively 

redistributed. The nature of this process is at the origin of thermodynamic irreversibility and is 

the subject of the following chapters. 

4. Isolated time-reversible and time-irreversible systems in 

thermodynamic equilibrium 

4.1 Equilibration versus thermalization 

The occurrence of dissipative structures in systems far from thermodynamic equilibrium 

(Section 2.9) is an example of equilibration far from a thermal state. It is essential for an 

understanding of the origin of irreversibility to distinguish between the terms equilibration and 
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thermalization. Equilibration refers to a process whereby one or more observables or 

properties of the system evolve toward their microcanonical expectation value and exhibit 

only exponentially small temporal fluctuations around that average value for a prolonged 

period of time [5,14]. Thermalization is a more restrictive process than equilibration. It means 

that the local memory about the initial conditions is at least partly lost, whereas 

thermodynamic equilibration does not necessarily involve memory loss, in which case it is 

time-reversible [66]. The term thermalization is not used consistently in literature and may be 

somewhat misleading; we would prefer to express it synonymously as memory loss. 

Equivalent expressions to the absence of thermalization are time-reversibility and, for most 

systems, also (time)-integrability. Equilibration and thermalization of quantum systems are 

discussed in Chapter 7. 

A thermalizing time-irreversible process and a non-thermalizing time-reversible process can 

reach the same thermodynamic equilibrium. This means that the final states of both 

processes are characterized by the same thermodynamic parameters; in particular, they also 

have the same thermodynamic entropy for an isolated system or the same free energy for a 

closed system (Figure 6). This has the important consequence that time-irreversibility is not 

related to the Second Law of thermodynamics, which determines the arrow of time; it 

represents merely a decoherence of information (a loss of memory, i.e. a loss of correlation 

between different parts of the system) without any energy dissipation or change in 

concentration. In agreement with this, Santos et al. state that the entropy flux (eqn. 6) has 

thus no contribution arising from quantum coherences: entropy (and energy) will only flow 

due to imbalances in the populations. Any loss of coherence contributes only to the entropy 

production rate and has no associated flux [43]. It has been suggested that the local non-

equilibrium free energy rate of Markovian open quantum systems (which represent most 

systems in nature) requires the presence of information-related contributions to complement 

the Second Law [67]. It is believed that the potential contribution of decoherence on chemical 

equilibria needs further attention. 

Quantum dissipation is the process of spontaneous energy transfer from the quantum 

system into the environment. During this process, the system transitions into lower energy 

states, akin to transitions to inferior forms of heat in a classical system, which requires an 

energy input to be reversed. The heat transferred into the environment is distributed among 

its large number of degrees of freedom and is thus lost in the environment. Considering an 

infinite number of environmental degrees of freedom, the environment’s temperature is 

unaffected and the environment thus serves as a thermal bath or heat reservoir.  

Decoherence or dephasing is a quantum-mechanical phenomenon that describes the 

gradual decay of oscillations in quantum systems. It is due to interaction with the system’s 

environment, during which the quantum correlations, initially confined to the quantum 

system, get delocalized among a large number of degrees of freedom in the bath. In other 

words, as the system evolves, information about its initial state becomes increasingly 

entangled with environmental degrees of freedom. The system’s memory of its initial state is 

therefore hidden or lost in the system-bath correlations, indicating that this process is a 

quantum-mechanical version of thermalization. Reversibility of this process would require full 

knowledge of the many new correlations, which would introduce new irreversible processes, 

for example by means of measurements to determine all global operators of the entangled 

system. Each such measurement will result in an apparent collapse of the wave function, 

when the values of all variables are determined at the time of collapse (see Section 2.1.3 

about the hidden variables). Decoherence leads to the transition from quantum to classical 

phenomena and is the inevitable consequence of interaction between a quantum system and 

its surrounding environment [68].  Decoherence is typically measured by the von Neumann 

entropy, 𝑆(𝜌) = −𝑇𝑟(𝜌 ln 𝜌), where  is the density matrix of the quantum system. 𝑆(𝜌) is 
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closely related to the information theoretic Shannon entropy and to the entropy of 

entanglement [69]. The classical analog is a correlation function, for example the position-

position time correlation 〈𝑥(0) 𝑥(𝑡)〉 [70].   

The distinction between equilibration and thermalization in a closed system is shown 

schematically in Figure 6. The off-equilibrium state can be near or far from equilibrium, and 

the thermodynamic equilibrium state can be a local or global equilibrium. In the scheme, we 

have split the Arrow of Time into an Arrow of Dissipation that is driven by energy dissipation 

according to the conventional Second Law, and an Arrow of Thermalization that is separated 

off, in agreement with Ptaszyński [67], representing memory loss. The Arrow of 

Thermalization has often been ignored or subsumed into the thermodynamic Arrow of Time, 

which is the origin of the confusion about time-reversibility and thermodynamic irreversibility. 

The Arrow of Thermalization has no energetic component. For quantum systems with 

coherent motion it is driven by the von Neumann entropy and for classical systems by the 

Gibbs entropy. However, classical and quantum systems in random motion can also be time-

reversible if the motion is deterministic, e.g. if a classical system is governed by Newtonian 

processes (see Gedankenexperiment in Section 4.2). The loss of memory in this classical 

case and also in quantum systems is measured by the loss of time correlation between 

different particles. 

The Arrow of Dissipation can be reversed by spending work on the system, as discussed in 

the context of Figure 1a. This reverse dissipation in the system must then be more than 

balanced by dissipation in the environment, so that the Second Law is nevertheless obeyed. 

Deterministic motion can be reversed at zero energetic cost in a thought experiment. In a 

real experiment it is technically possible by inversion of the magnetization in a spin system in 

a magnetic field. 

Any probabilistic (or stochastic) event, the time of which cannot be accurately predicted, in 

contrast to that of deterministic processes, is suitable to disturb or destroy time-reversibility of 

the correlations. This will be discussed in detail in Chapter 6.  

 

Figure 6: Schematic description of the difference between dissipation and thermalization in a 

closed thermodynamic system. The Arrow of Time is split into an Arrow of Dissipation, 
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representing the conventional equilibration process, and an Arrow of Thermalization that so far 

has been implied to be part of equilibration. (color online) 

4.2 Illustration for equilibrated Maxwell-Boltzmann equilibria 

Here we discuss a Gedankenexperiment that is outlined in Figure 7 for an isolated system 

with perfectly elastic walls. It consists of two subsystems, for simplicity each of n mol of the 

same mono-atomic gas in identical volumes V, but with subsystem 1 at initial temperature T1, 

while subsystem 2 is at T2 (Figure 7a). A heat-conductive wall separates the two subsystems, 

each of which is equilibrated and characterized by the MB distribution of atomic speeds at 

the given initial temperatures. We now perform two different experiments to reach an 

equilibrated final state of the overall system (Figure 7b).  

 
 

Figure 7: a) Isolated system with two subsystems separated by a heat-conducting wall, 

containing identical equilibrated amounts of the same gas in the same volume but initially at 

different temperature. b) Final state after equilibration by heat exchange through the wall or 

alternatively by removing the wall. c) Maxwell-Boltzmann distributions for a gas with mass 40 

a.u. at 200 K at 400 K (black broken lines), their 1:1 superposition (blue) and the equilibrated 

state at 300 K (red). d) Energy (i.e. velocity square) weighted difference between blue and red 

curve of c), showing that during equilibration, energy dissipates from high-energy gas atoms to 

a more central range, and also the fraction at very low energy diminishes. (color online) 

In the first experiment we remove the partitioning wall so that all atoms can collide and 

interdiffuse. Energy is conserved, but heat flows from the part at higher temperature to the 

one at lower temperature so that the overall entropy increases. In the absence of velocity-

dependent forces we have Newtonian systems with elastic collisions that are time-reversible, 

i.e. the motion of collision partners before and after a collision is correlated. The process can 

be simulated by molecular dynamics (MD) using equations of motion based on a time-

independent Hamiltonian. Disregarding numerical inaccuracies, reversing all the velocity or 

momentum vectors at the same instant will cause the molecules to retrace their trajectories 

back to their initial values. [5,13]. This time-reversibility is independent of the size of the 

system. 

The second experiment leaves the wall in, but since it is heat conductive, the two 

subsystems will nevertheless equilibrate at the same final state characterized by the MB 

distribution at Tf. The difference from the first experiment is that energy is now transferred 

indirectly, mediated by the wall, which prevents the correlation of the atoms between the two 
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subsystems; the overall time-reversibility is lost. Nevertheless, the final equilibrium and 

velocity distributions are identical in the two experiments. Since the memory of the initial 

conditions is lost in the second experiment, the final state is called not only equilibrated but 

also thermalized [66].  

Figure 7c shows the initial MB distributions of the gases in the two subsystems, assumed to 

be at 200 K and 400 K, and the equilibrated final state at 300 K (red). Also shown is a 1:1 

superposition of the two initial states (blue), which is basically bimodal although this is not 

resolved. The difference between the blue and the red curves shows the change in the 

fractions of atoms at a given speed during equilibration. More telling is the energy difference 

(i.e. velocity square weighted difference) shown in Figure 7d. As a plausible microscopic 

interpretation of the heat transfer from high to low temperature it shows that the atoms from 

the fast end of the initial 400 K gas dissipate energy, and the ones from the slow end of the 

initial 200 K gas become warmer, which concentrates the energy in a more central range 

corresponding to 300 K.  

The difference between the two experiments is fundamental and reminds of the early work by 

Boltzmann in which he derived the velocity distribution of equilibrated gases based on his 

“molecular chaos” assumption (H-theorem, uncorrelated velocity vectors of colliding particles 

independent of position), intended to derive the Second Law of thermodynamics from 

reversible microscopic mechanics [71]. He later admitted that the velocity vectors are no 

longer uncorrelated after collisions, and that his result was a consequence of assumptions 

about initial conditions. The two Gedankenexperiments of Figure 7 conceivably lead to 

identical equilibrium conditions, independent of whether they were conducted in the presence 

of a wall and thus without any correlation between the two subsystems, or by removal of the 

wall that leads to a fully correlated equilibration process. This means that the loss of 

correlation and thus of time-reversal symmetry is not fundamental for reaching 

thermodynamic equilibrium. The loss of correlation goes beyond equilibration and is called 

thermalization (see Section 4.1. 

Secondly, time-reversibility is not limited to small systems. However, the MB distribution is 

the result of a statistical evolution. For a small number of member atoms of the ensemble it 

may therefore be advisable to take advantage of the ergodic theorem and evaluate an 

extended time average instead of an instantaneous ensemble average that is susceptible to 

large fluctuations [7,29]. To account for the loss of time coherence, modern versions of MD 

simulation programs may include a friction term that is velocity-dependent (non-Newtonian), 

and/or empirical stochastic kicks (thermal noise) to generate time-irreversible behavior [12].  

Reversing time is easy to carry out in a computer simulation but difficult in experiments. It is 

possible in nuclear magnetic resonance (NMR) when a defined spin state is constructed by a 

preparative electromagnetic pulse in resonance with a spin transition. Because of the 

fundamental difference between the T1 and T2 relaxation times, spin systems are also ideal 

examples to explain the difference between time-irreversibility and thermodynamic 

irreversibility. This will be discussed in Section 6.3.  

4.3 Rapid expansion of an ideal gas upon removal of a partition 

The next experiment starts with a setup such as the one shown in Figure 7a, but with the gas 

confined to the left compartment. When we remove the partitioning wall, the gas will expand 

rapidly into the second compartment, reaching a final state at half the initial pressure and, for 

an ideal gas, at the same temperature as the initial state. This is obviously a spontaneous 

process in which the initial and the final states are equilibrium states. There is no heat flow, 

but the entropy increases by an amount nR ln2 due to a decrease in concentration of atoms 

by a factor 2, similar to the cases described in eqns. 3 and 4. To revert the system in a real 
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experiment to the initial state it has to be compressed, which corresponds to spending work. 

Alternatively, in a Gedankenexperiment that may be done in an MD simulation, the velocity 

vectors of all particles can be reversed simultaneously. If all collisions between the atoms 

and between the atoms and the walls are fully elastic and in the absence of numerical 

inaccuracies, all atoms will retrace their trajectories from the expansion phase, and the 

system will return to the initial state (and continue beyond if we do not stop it). Thus, 

although the state after the expansion is an equilibrium state that is thermodynamically not 

reversible, it is kinematically time-reversible [13] because the entire dynamics follows 

Newton’s laws. Thermodynamic irreversibility has nothing to do with kinematic time-

irreversibility. 

4.4 Time-reversible and time-irreversible interdiffusion 

Consider again the setup represented by Figure 7a but now with two different ideal gases at 

the same pressure and temperature, one gas confined to each compartment. When we 

remove the partitioning wall the two gases will mix by diffusion in a spontaneous process, 

reaching a fully mixed final state without a change in temperature or pressure. The increase 

in entropy is given by the mixing entropy of the gases, 2nR ln2. There is no spontaneous 

unmixing of the gases back to the lower entropy state. However, in an MD simulation we can 

again simultaneously reverse all velocity vectors, which causes the gases to unmix. The 

system has kept the memory of its kinematic history and is kinematically time-reversible but 

thermodynamically irreversible. 

We now repeat the experiment with the two gases solvated in the same liquid. There will 

again be spontaneous mixing with the same mixing entropy. However, diffusion in a liquid is 

accompanied by friction. This is a non-Newtonian interaction that erases the memory of the 

trajectory, which causes time-reversibility to be lost. This outcome is in full agreement with 

the example by Lebowitz of mixing two fluids (Figure 2 of Ref. 6).  

4.5 The fluctuation theorem in its failure to reverse the arrow of time 

The probabilistic nature of entropy is reflected by the statistical entropy formulations 𝑆𝐵, 𝑆𝐺, 

𝑆𝑣𝑁, and 𝑆𝐸 defined in Section 2.5. Hence, the smaller an isolated system, the smaller are the 

number of microstates and degrees of freedom of the system and the more prominent 

statistical fluctuations of the system’s entropy become around its average value. The entropy 

of sufficiently small isolated systems will therefore be frequently found to decrease or 

increase spontaneously for transient periods, a phenomenon that has been demonstrated 

through various experiments (see, e.g. [57,72-74]). Based on the relationship between the 

thermodynamic parameters, the same statistical fluctuations are manifested by the other 

thermodynamic parameters of microscopic isolated systems. By definition, for microscopic 

systems, the thermodynamic laws are only valid for long time averages because 

thermodynamic parameters have a clear physical meaning only when averaged over a 

sufficiently large ensemble. For example, in this context, the Second Law of thermodynamics 

is only valid when expressed as 〈𝑑𝑆〉 ≥ 0, where the angular brackets denote an ensemble 

average over all realizations of a thermodynamic process of the microscopic system, 

assuming ergodicity. Similarly, although nanomachines are able to spontaneously extract 

heat from the environment at random times and for durations determined by exponential 

probabilities (see below), such behavior does not violate the Second Law because thermal 

dissipation is positive on average. With the exception of the gravitational systems described 

in Section 5.5, claims of violations of the Second Law are therefore erroneous. 

The stochastic fluctuations of a microscopic system’s thermodynamic parameters are 

quantified by the so-called fluctuation theorem, which is a set of theorems sharing a common 

form and describing different parameters of a non-equilibrium time-symmetric 
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thermodynamic process [75]. The general form of the (transient) fluctuation theorem 

considers any entropy-producing, time-reversible process described by the trajectory 𝑥(𝑡) in 

phase space for a time duration 𝑡. The time-reversal of this trajectory, 𝑥′(𝑡), corresponds to a 

negative amount of entropy change. The ratio of the probabilities of the forward and 

backward trajectories then results in [76]:  

𝑃[𝑥(𝑡)]

𝑃[𝑥′(𝑡)]
= 𝑒𝜎𝑥(𝑡) ,      (17) 

where 𝜎𝑥(𝑡) is the amount of entropy produced by the forward trajectory 𝑥(𝑡). This equation 

states that the forward, entropy-producing trajectory is exponentially more likely to occur than 

the backward, entropy-consuming trajectory, and the longer the trajectory (i.e. the longer the 

time over which changes in the entropy are averaged), the less likely the backward trajectory 

becomes. This expression can be simplified into an expression in terms of the entropy 

production 𝜎(𝑡) of a non-equilibrium, stochastic microscopically reversible process over time 

𝑡, giving [31]  
𝑃𝐹[𝜎(𝑡)]

𝑃𝑅[−𝜎(𝑡)]
= 𝑒𝜎(𝑡), where 𝑃𝐹 and 𝑃𝑅 denote the probability of the forward and 

time-reversed processes, respectively, and −𝜎(𝑡) denotes entropy consumption. In terms of 

the change in the system’s total entropy during the process, ∆𝑆, expressed in units of the 

Boltzmann constant, the inverse probability ratio is given by 
𝑃𝑅[−∆𝑆]

𝑃𝐹[∆𝑆]
= 𝑒−∆𝑆, indicating that the 

probability for an apparent violation of the Second Law decreases exponentially. 

One of the notable successes of the fluctuation theorem is its use as a basis to derive an 

integral fluctuation theorem for the so-called dissipation function Ω𝑡   [29,77,78], expressed as 

〈𝑒−Ω𝑡〉 = 1. Given that the extended time average of Ω𝑡 is equal to the average entropy 

production, an integral fluctuation theorem for ∆𝑆 can similarly be derived, i.e. 〈𝑒−∆𝑆〉 = 1, 

representing a mathematical generalization of the Clausius inequality. Furthermore, the 

fluctuation theorem provides an elegant explanation of the transition between time-reversible 

dynamics, which occurs stochastically in microscopic systems, and thermodynamically 

irreversible dynamics (i.e. equilibration) in macroscopic systems by expressing 

thermodynamic parameters as ensemble averages.  

Despite this and in contrast to numerous claims in literature [79], the fluctuation theorem is 

the wrong framework for investigations into the thermodynamic arrow of time and does not 

provide a basis for the Second Law. Firstly, the arrow of time is defined by the direction of 

spontaneous entropy increase of an isolated system, where entropy is a macroscopic state 

function defined for a system at equilibrium, while the fluctuation theorem deals with 

microscopic systems out of equilibrium for which the notion of entropy is ill-defined [80-82]. 

One of the main assumptions of non-equilibrium thermodynamics is that the system is in 

local thermodynamic equilibrium, while experimental demonstrations of time-reversals are for 

systems driven out of equilibrium. Secondly, even if the concept of entropy can be 

extrapolated to a non-equilibrium microscopic system, time-reversibility requires a 

deterministic description, in contrast to the stochastic description provided by the fluctuation 

theorem. We therefore clearly contradict the notion expressed in literature [79] that “the 

second Law is deeply rooted in the time-reversal symmetry of the laws of microscopic 

dynamics.” Instead, the deeper, more fundamental question can be formulated as, Why does 

a transition occur between stochastic time-reversible dynamics at the microscale and 

thermodynamic irreversibility at the macroscale? Or, expressed mathematically, Why is a 

forward trajectory in phase space exponentially more likely to occur than the time-reversed 

trajectory? This review clarifies that it is due to the nature of thermal dissipation, which is not 

time-reversible due to kinetic reasons, as outlined, e.g., in Sections 3.3, 5.1 and 6.1. Built on 

this foundational aspect, the fluctuation theorem then gives a measure of the probability of 
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stochastic time-reversible processes, considering that the more degrees of freedom a system 

has, the smaller this probability becomes. 

As pointed out in Section 4.1, time-reversals are fundamentally unrelated to reversals in the 

arrow of time: time-reversibility is the result of system-bath statistical correlations (or phase 

coherences in quantum systems), while thermodynamic irreversibility, which establishes the 

thermodynamic arrow of time, is the result of energy dissipation. Decoherence and 

dissipation are distinct processes, indicating that time-irreversibility cannot be directly related 

to the arrow of time, even though the two processes often occur together. 

5. Dissipation and the entropy of the universe 
 

5.1 Maxwell’s demon reversing the direction of spontaneous heat flow 

At this point, we may make use of a variant of the thought experiment presented in Figure 7. 

We replace the wall in Figure 7a by a fully elastic wall that does not absorb any energy, but 

the wall should have a hole that allows particles from the left and the right compartments to 

exchange. If initially the gas in the left compartment is at a higher energy (𝑇1 > 𝑇2), the 

particles traveling from the left to the right carry on average a higher kinetic energy. The 

number of particles is initially the same in both compartments, but since the particles at the 

left have a higher kinetic energy, more particles are expected to travel from the left to the 

right than in the reverse direction. This net particle flow will be progressively countered by the 

increasing density gradient between the right and the left until the gradient vanishes. 

Eventually, the probability of particles to cross from the left to the right will be the same as in 

the reverse direction. However, the higher kinetic energy of the particles traveling from the 

left to the right than in the reverse direction gives rise to a situation where we have zero net 

particle flow but non-zero (positive) net heat flow from the hot to the cold compartment. 

When equilibrium is reached at 𝑇1 = 𝑇2, particles will still exchange, but there is no longer 

any net heat flow. We have a dynamic equilibrium. It is plausible that this process is not 

reversible. This would be inconsistent with experience that one of the compartments will heat 

up spontaneously at the cost of the other one. To make this possible, we would have to place 

Maxwell’s famous demon at the hole. His job is to select the particles passing the hole, 

leaving the more energetic particles to pass only from the left to the right, and the low energy 

particles in the reverse direction [83]. It may be imagined that a small machine can be 

constructed to do the job of the demon. This has inspired scientists, and the construction of a 

nanodevice based on a Brownian ratchet was reported 2007 by Leigh [84]. However, the 

device needs to be powered by an external source and therefore does not violate the Second 

Law of thermodynamics. 

It is significant that δ𝑄 in eqn. (1) is consistently expressed as “heat”, not more generally as 

“energy”. This is explained conveniently by means of the Carnot cycle, a thermodynamic 

process of a gas in which the end point is identical to the starting point and which is at all 

times conducted reversibly, meaning that the temperature and pressure of the closed system 

are at all times identical to the temperature and pressure of the environment. Since the end 

point of the process is identical to the starting point, all state functions like temperature 𝑇, 

pressure 𝑝, volume 𝑉, and the internal energy 𝑈 or the entropy 𝑆 of the system are 

unchanged after the full cycle, although they vary in between. However, heat 𝑄 and work 𝑊 

are not state functions; they depend on the path of the process.  

5.2 Spontaneous and driven processes of a closed system 

In a reversible heat engine, following a clockwise direction of the Carnot cycle in a 𝑝 − 𝑉 

diagram (Section 2.6, Figure 2), heat is absorbed from the environment during the high 

temperature (isothermal) leg of the process, partly converted into work that the engine 
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provides, while the remaining fraction is dissipated as reversible “waste heat” during the 

lower temperature (isothermal) leg. No thermal energy is lost, but there is no way to convert 

it completely into work. The dissipated heat is absorbed in full by the environment that acts 

as a bath (a thermal reservoir with infinite capacity) at the same temperature. If we reverse 

the direction of the process, we obtain a heat pump in which the environment has to provide 

work to the system so that more heat can leave the system at the high temperature leg than 

is absorbed at the low temperature. Although we talk about “processes”, reversible 

processes are infinitely slow.  

Processes occur spontaneously down a gradient, but they can also be driven to occur uphill. 

Real processes are always irreversible, with temperature and/or pressure of the system 

being different from those of the environment. For the case of the heat engine, a chemical 

fuel provides the heat during the high temperature leg. In addition to the reversibly dissipated 

heat 𝑄𝑐 there is now an irreversible fraction of heat that is dissipated to the environment, 

resulting in an increase of 𝑆𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑒, as required by the Second Law (eqn. 1).  

The heat pump represents a driven process in which the environment exerts work on the 

system, resulting in heat flow from the lower temperature system to the higher temperature 

environment. This leads to a reduction of the system’s entropy, but in an entropy increase of 

the environment. The latter fraction is larger for the irreversible process so that there is also a 

net increase of the entropy of the universe. The rate of entropy production, 𝑑𝑆𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑒/𝑑𝑡, 

(eqn. 6) is the driving force of a real process. Energy is always conserved, but entropy is 

conserved only in reversible processes. The entropy of the universe as the prototypical 

isolated system never decreases. 

Specifically, the Second Law does not forbid the entropy of a partial (closed) system to 

decrease. In fact, many processes in daily life, like driving a car uphill, chemical synthesis of 

large molecules, crystallization, distillation, and other separation processes in the laboratory, 

lead to lower entropy in a partial system. Importantly, also biological processes such as the 

growth of plants (driven by photosynthesis) or replication of organisms (driven by adenosine 

triphosphate – ATP – the energy currency of living organisms) represent vital processes 

which seemingly contradict the Second Law since they lead to partial systems at lower 

entropy [39]. Even the transformation of single cells to complex forms of life according to the 

evolutionary theory of life is not in contradiction with the Second Law (see Chapter 8). 

Kelvin recognized the importance of these processes not only for individual organisms but 

also for the development of life on our planet. He concluded with stunning clarity that “within 

a finite period of time past, the earth must have been, and within a finite period of time to 

come the earth must again be unfit for the habitation of man as at present constituted” [24]. 

This can be seen as an early and remarkable statement of the “arrow of time” and of the 

development of the universe towards “heat death” [39]. 

5.3 Dissipation of energy as photons and as heat 

A question that remains is whether the Second Law also applies to the case where energy 

dissipation is in the form of photons instead of heat. Colloquially, we identify radiation in the 

UV-visible range as photons and in the infrared as heat, but this distinction relies on human 

perception and places an arbitrary limit on a continuous energy scale. Energy is a state 

function, and the energy of 𝑛 photons amounts to 𝑛ℎ𝜈, but the heat 𝑄 is not a state function. 

A didactical comparison of a monoatomic ideal gas and a photon gas has been provided by 

Leff [85]. He points out the fundamental differences of the two systems. The MB distribution 

is based on classical physics or the semi-classical limit of a quantum ideal gas and hence 

does not provide insights on quantum or relativistic phenomena. Its internal energy is 

independent of volume, which for real gases holds only in the low-density limit. It therefore 
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gives also no insight into phase changes such as the vapor-liquid transition. In contrast, the 

photon gas is a quantum-mechanical system of particles with zero rest mass. Photons move 

with the speed of light so that the photon gas is a relativistic system. This leads to many 

differences in thermodynamic properties of the two systems, but interestingly, and most 

significantly in the present context, the comparison reveals that both systems have the same 

efficiency in a reversible Carnot cycle, and furthermore, 𝑄 = 𝐻 for the photon gas, i.e. the 

heat is equivalent to the enthalpy of a gas of 𝑛 photons [85]. This is the basis for the 

fundamental equivalence of dissipation of heat of a MB system with dissipation of photons 

from a black body. 

A second question relates to the type of matter. An MB ensemble of a monoatomic ideal gas 

seems to be a rather special type of matter. It was confirmed, however, that the distribution 

function of the black-body radiation matches any type of matter, also solids, and even the 

distribution of the cosmic radiation background [86]. This demonstrates that the radiative and 

the collisional body pictures are fully equivalent. Dissipation of heat and dissipation of 

photons are therefore also equivalent. Moreover, heat dissipation must also be time-

irreversible, just as photon dissipation, which was justified by the probabilistic nature of 

spontaneous photon emission, i.e. by the asymmetry of absorption and emission discussed 

in Section 3.3. 

Planck’s formula for radiation inside a hollow black body gives the maximum possible rate of 

absorption and emission in thermal equilibrium [87]. It holds for emission across a vacuum 

gap in the far-field limit, i.e. over distances that exceed thermal wavelengths [88]. Between 

two bodies out of equilibrium, the processes are the same, but the intensity of emission of 

the hot body exceeds that of absorption so that there is net dissipation. Wien’s law gives the 

maximum of the radiative energy distribution at 300 K from Tmax = 2.89810−3 mK in the 

infrared around 10 m, or 1000 cm−1, not too far from the bending vibration of the water 

molecule (1648 cm−1). However, the energy density in this spectral range corresponds to a 

single exchanged photon per nm in 2.5 hours, which is not a sufficiently efficient process that 

could explain radiative heat transfer in the bulk of condensed matter. By comparison with a 

90 nm wide fluorescence band with a typical fluorescence lifetime of 1 ns it falls short by 11 

orders of magnitude at 300 K. 

Recent work has reported a hundred-fold enhancement of radiative heat transfer over 

separations greater than the Wien wavelength [89]. Of more interest is work that finds giant 

heat transfer, over distances shorter than the Wien wavelength [90]. Although this heat flux is 

more than five orders of magnitude larger than predicted by Planck‘s black-body radiation of 

equilibrated systems and requires new models of heat transfer across a vacuum gap, it still 

falls short for an explanation of typical deactivation rates near room temperature. However, 

this does not matter, since the radiative and collisional mechanisms represent the same 

equilibrium. It just means that the collisional mechanism is more efficient and dominates 

equilibration at not too high energies. 

5.4 Heat death and the entropy of the universe 

The universe is homogeneous on a scale above ~100 million light years. It is therefore 

generally assumed that thermodynamics is valid also for the description of the universe, 

starting with the Big Bang. The Second Law requires the entropy 𝑆𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑒 to increase 

monotonically with all non-zero rate processes. Nothing flows, nothing blows and nothing 

grows without this increasing entropy. It will not go to infinity but reach a maximum value at 

equilibrium, where all processes come to rest. This state is called Heat Death, or also Big 

Chill or Big Freeze, and for a system with an effective radius 𝑅 the upper limit of entropy 
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scales with its total energy 𝐸 and is given as 𝑆𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑒 ≤ 2𝜋𝑅𝐸/ℏ𝑐, where 𝑐 is the vacuum 

speed of light and ℎ is Planck’s constant [91].  

A common chemical reaction, the combustion of 1 mol of glucose to carbon dioxide and 

water, may serve as a simple model system to help understand what heat death means 

(Figure 8) [39]. First, we look at the reaction in an isothermal and isobaric closed system. It is 

exothermic, with Δ𝐻𝑅
0
 = −2805 kJ. This energy is dissipated as heat. The reaction is also 

strongly exergonic and therefore spontaneous, with Δ𝐺𝑅
0

 = −2883 kJ, but it is endentropic with 

Δ𝑆𝑅
0

 = +262 J K−1. Although the reaction is thermodynamically favored, it does not readily 

occur at room temperature because it is kinetically hindered by an activation barrier 𝐸𝑎 

(Figure 8b). Nature routinely reverses this reaction by a process called photosynthesis and 

restores the situation where the less stable glucose molecule is trapped behind the barrier in 

a side minimum of the energy hypersurface. The trapping of matter behind an energy barrier 

in a metastable state is a common situation in daily life [39].  

 

 

Figure 8: a) Oxidation reaction of glucose with oxygen to water and carbon dioxide, with 

thermodynamic parameters for the reaction at standard pressure and temperature in a closed 

system. b) Schematic energy profile of the reaction. C) The same reaction in an isolated 

system with 1 L added water serving as a model universe to illustrate heat death. (Adapted 

with permission from [39], published by the Royal Society of Chemistry (open access, color 

online) 
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Figure 8c shows the same reaction, but now in an isolated system at constant volume. To 

cope with the process heat, which can no longer be dissipated, we have added 1 L of liquid 

water. The reaction is still spontaneous, as revealed by the entropy increase, Δ𝑆𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑒 = 

+7033 J K−1 per mol of glucose. But the heat of reaction heats up the water to its boiling point 

and evaporates most of it. Thus, this model reaction tells us that heat death means a much 

higher temperature and lots of water vapor in the atmosphere of our planet.  

Photosynthesis also creates molecular oxygen. The high oxygen concentration in the Earth’s 

atmosphere is unique among the planets in our solar system, and it is taken as a measure of 

the deviation from equilibrium conditions [92]. It is generally assumed that all of the molecular 

oxygen in our atmosphere originates from photosynthesis and that before the first 

photosynthetic organisms existed, the Earth had a reducing atmosphere consisting mostly of 

nitrogen, carbon dioxide and water vapor, similar to that of the other planets that have not 

lost it.  

It has been known since 1929 that the universe is expanding [93], implying that the distance 

between galaxies increases, while gravitation holds together the stars within the shorter 

length scale of a given galaxy. The entropy of an ideal gas that expands freely into space 

increases (see Section 4.3). However, the expansion of the universe is isentropic on the 

ground that entropy of relativistic particles such as photons, gravitons and neutrinos is only 

proportional to the number of such particles and does not increase with volume expansion 

[93]. Nevertheless, a monotonic increase of the entropy of the universe is often assumed 

(Figure 9). 𝑆𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑒 has various contributions which can be estimated. By far the most 

important one is the entropy of the black holes, amounting to ca. 3.1  10104 in units of the 

Boltzmann constant k [93]. It is followed by the contributions of the cosmic microwave 

background, the cosmic neutrinos, dark matter, the cosmic graviton background, the 

interstellar and intergalactic medium, and only in seventh position the contribution of all stars, 

24 orders of magnitude less than that of the black holes.  

On a scale below a million light-years, the universe is very inhomogeneous, as evidenced by 

our solar system. Considering the tiny fraction that the Earth takes in the entire universe, it is 

a brave and momentous assumption to generalize the laws of thermodynamics, which were 

derived empirically from observations of conventional matter on Earth, to hold for the entire 

universe, including objects like black holes. In this context it is perhaps significant that the 

low value of the initial entropy of the universe after the Big Bang that left matter in the form of 

a hot plasma is an unresolved issue of cosmology [93, 94]. However, the entropy of the 

entire universe did not have to be low in order for our part of the universe to have low entropy 

[93].  There are hot stars and cold objects, so the universe is not only inhomogeneous as 

regards to mass distribution but despite its age certainly also not in thermal equilibrium. 

Feynman discussed whether the low entropy part of the universe could represent an entropy 

fluctuation [95]. Reverting to Figure 8, the products of photosynthesis (a miniature analog of 

the Big Bang) are left at lower entropy, trapped behind a barrier, we suggest that the initial 

state is perhaps a trapped low-entropy fluctuation. 

The universal validity of the thermodynamic formalism is generally accepted [88,93]. In 

particular, Einstein praised it as “the only physical theory of universal content concerning 

which I am convinced that, within the framework of applicability of its basic concepts, it will 

never be overthrown." [32]. It is agreed that thermodynamics is a valuable and self-consistent 

theory. It works well in its application to ideal systems like noble gases, which have negligible 

interaction between particles. It also works for condensed matter where the interparticle 

interaction is constant if we disregard short-time oscillations or fluctuations. However, for 

systems with a pronounced dynamic variability of interactions, such as for ionic, van der 

Waals or Lennard-Jones interactions at varying concentration, e.g. near phase transitions, 
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the ideality is lost, and empirical fudge factors (fugacity, activity, virial van der Waals, or 

Lennard-Jones coefficients) have to be introduced to match experiment and theory.  

There are also alternative cosmological hypotheses for the fate of the ultimate universe. The 

factors to be considered for proposals of the ultimate fate include its structure and shape 

(which is generally assumed to be flat), the amount of dark energy that it contains, and how 

this energy density responds to the expansion of the universe. The Big Rip describes a 

situation of infinite expansion in which all matter disintegrates into elementary particles and 

radiation. The model has been criticized to rest on implausible physical properties [97].  The 

Big Crunch proposes that the expansion slows down, reverting to a contraction that ends up 

in a collapsed universe of extremely high density that leads to a new Big Bang. Such a 

repeatedly cyclic model would be in contradiction with the Second Law of Thermodynamics 

[98].  

 

 
Figure 9: Schematic drawing of the monotonically increasing overall entropy of the universe 

with time, from its initial value after the big bang to heat death [90]. The entropy of an 

ensemble of stars in a given galaxy is known to decrease spontaneously, because of the 

negative specific heat (see Section 5.5). (Reprinted with permission from [99]). 

 

 

5.5 Stellar galaxies: the gravitational potential requiring an extension of the Second Law 

 

We are used to believe that the heat capacity of matter must be positive, i.e. that the 

temperature of a sample increases when heat is added to it. However, astronomers have 

known for more than a century that adding energy to a star or a star cluster makes it expand 

and cool down [100]. This explains the absence of a local entropy maximum, called the 

gravothermal catastrophe, for stellar systems of a given energy and mass within a rigid 

sphere [101].  

 

The virial theorem (from Latin vis, meaning “force” or “energy”) describes the evolution of the 

kinetic energy of particles under a potential gradient. If the expectation value of the system’s 

total potential energy scales with  distance  𝑟 as 𝑉 ~ 𝑟−𝑛, the virial theorem takes on the 

form 2𝐾 + 𝑛𝑉 = 0, where 𝐾 is the expectation value of the total kinetic energy of the 

system. For non-interacting particles such as an ideal gas, 𝑛 = 0,  yielding zero kinetic 

energy. This is not correct since it is well known that the thermal kinetic energy of an 
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ensemble of 𝑁 particles is 𝐾 =
3

2  
 𝑁𝑘𝑇 (k being the Boltzmann constant and T the 

temperature). The kinetic energy derived from the virial theorem for 𝑛 ≠ 0 represents the 

monotonic evolution of the kinetic energy under the influence of the potential gradient when 

potential and kinetic energy are interconverted. It is thus of a different characteristic than the 

kinetic energy from random thermal motion. It may be debatable whether the kinetic energy 

of monotonic origin should also be counted as heat, but it is not debatable that an attractive 

interaction as it occurs under gravitation (𝑛 = 1) must have severe consequences for the 

state of matter and for the direction of spontaneous processes. These effects are subject to 

the following discussion.  

 

Considering the proper 𝑟−1 distance scaling of the gravitational potential, the properties of a 

cluster of stars is typically treated thermodynamically like an ensemble of gas particles. It 

follows from the virial theorem for 𝑛 = 1, given the total energy 𝐸 =  𝐾 + 𝑉 , that 𝐾 =

−𝐸 in the absence of random thermally related kinetic energy. Gravitational systems are 

bound systems since 𝐸 is negative because 𝐾 is always positive. Therefore, 

𝐾 decreases when 𝐸 increases, which, provided that 𝐾 corresponds to heat (see 

previous paragraph), means that the system has a negative heat capacity. This is the basis 

for the claim of negative heat capacities, and Lynden-Bell arrives at this conclusion using a 

slightly different justification [100]. For Sections 5.5 and 5.6 we shall adopt this nomenclature 

that has been established in the referenced literature, but we recommend to use it with 

caution. For a system at constant energy, the potential energy depends on particle density in 

the opposite direction than the kinetic energy, and temperature becomes a function of 

density. 

 

There are notable consequences of the 𝑟−1 scaling of the (unscreened, contrasting with the 

screening of the Coulomb potential in multi-particle systems) gravitational potential. Because 

of the puzzling phenomena, isolated, self-gravitating systems represent a long-held puzzle 

that has not been successfully resolved for nearly 50 years [102]. If the N particles of energy 

𝐸 are placed in a spherical box of radius re, the most probable distribution deviates from the 

homogeneous case that we have for non-interacting gas atoms. The most probable radial 

distribution function with the gravitational potential determined self-consistently assumes a 

local maximum – where the Boltzmann entropy is highest – whenever re is not too large. In 

addition, as re increases, the density at the edge, e, drops compared with the density at the 

center, c, due to gravity [100]. As determined first by Antonov [103], this maximum occurs at 

a point A (the Antonov point) where the density contrast between the center and edge, c/e 

= 709 (Figure 10a). At values of c/e  greater than A, the distribution becomes unstable and 

develops further local maxima with increasing c/e [100]. The most probable distribution at A 

corresponds to the most stable situation with the most negative dimensionless binding 

energy of the system, −𝐸𝑟𝑒/(𝐺𝑀2), where 𝑀 = 𝑁 ∙ 𝑚 is the total mass of the system and 𝐺 is 

the gravitational constant (Figure 10a). The figure also shows that the dimensionless binding 

energy of an equilibrium gravitational gas sphere never exceeds a value of 0.335 for any size 

of the sphere.  
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Figure 10: a) Dimensionless binding energy, −𝐸𝑟𝑒/(𝐺𝑀2), for a self-gravitating sphere in a 

spherical container as a function of the natural logarithm of the density contrast between 

center and edge, ln(c/e), and b) its specific heat, 𝐶𝑉  = 𝑑𝐸/𝑑𝑇. Instability sets in at the 

Antonov point A where c/e = 1/709. Redrawn and adapted from [100]. 

The calculations were made for an isolated system with constant energy. For further 

understanding, the heat capacity at constant volume is calculated by adding an infinitesimal 

amount of heat. The result, displayed in Figure 10b, is spectacular. For c=e , i.e. at  zero 

gravity, 𝐶𝑉  = 3/2 𝑁𝑘, as expected for a non-interacting monoatomic gas. Switching on more 

and more gravity increases 𝐶𝑉 until the edge density is a factor 32.2 less than the density at 

the center, at which point there is a discontinuity where 𝐶𝑉 flips to negative values, followed 

by an increase until it crosses zero from below at the Antonov point A [100]. The negative 

heat capacity occurs in the stable range of Figure 10a (between ln32.2 and ln709). Theory 

predicts in particular that under very general assumptions, stable thermal equilibrium 

configurations of isolated systems near instability always have negative heat capacities, 

which turn to be positive when systems become unstable! In classical thermodynamics a 

small thermally stable subsystem of an ensemble has always a positive heat capacity [104]. 

For classical thermodynamic systems with negative heat capacity we refer to Section 5.6. 

Thus, thermodynamic equilibrium of a self-gravitating system enclosed within a box exists 

only above a critical energy 𝐸𝑐  = −0.335 𝐺𝑀2/𝑟𝑐 or above a critical temperature  𝑇𝑐 =

𝐺𝑀/2.52𝑘𝑅 and is at most a metastable state, i.e., a local maximum of a relevant 

thermodynamic potential, i.e. the entropy in the microcanonical ensemble and the free 

energy in the canonical ensemble. For 𝑇 < 𝑇𝑐 or  𝐸 < 𝐸𝑐, the system is expected to collapse, 

which is called the gravothermal catastrophe [105,106].  



36 
 

Some of the stunning consequences of negative heat capacity systems are the following 

[96]: 

(i) Two negative 𝐶𝑉 sub-systems in thermal contact at slightly different temperatures 

cannot evolve to thermal equilibrium. The hotter part gives away energy, getting 

hotter, while the colder one gets even colder by absorbing this energy. Heat flows 

from cold to hot, in apparent contradiction to the Second Law, and the slight initial 

deviation from equilibrium is amplified, even by small fluctuations. In reality, the 

Second Law is still correct, but Clausius’ formulation that “heat can never pass 

from a colder to a warmer body without some other change” [107] is restricted to 

the classical case of positive 𝐶𝑉 and thus to matter that is not ruled by the 𝑟−1 

dependence of self-gravitational interaction. 

(ii) A negative 𝐶𝑉 system cannot equilibrate with a heat bath. When it is initially hotter 

than the bath, heat that flows to the bath will cause the system to heat up further. 

Stable isolated systems near instability are necessarily unstable if put in a heat 

bath. This well-known “non-equivalence of ensembles” has no analog in classical 

thermodynamics [104]. 

(iii) Most interestingly, a stable equilibrium can be achieved between two sub-systems 

if one of them has positive 𝐶𝑉 and the other one negative 𝐶𝑉 provided the sum of 

the two is negative. The negative 𝐶𝑉 system is initially hotter, and heat will flow to 

the cooler sub-system, which will also get hotter, but by a smaller amount since 

the combined heat capacity is negative. 

Isothermal gravitating spheres with a density contrast greater than 709 are internally 

unstable and develop spontaneously a temperature gradient with a hotter center and a cooler 

edge. This is of important consequence for stellar systems, called the gravothermal 

catastrophe, in which the central part gets hotter and denser compared with the more 

sluggish outer part. It leads to the formation of black holes, as confirmed by Hawking’s 

calculations [108].  

A remarkable and seminal conclusion about the entropy principle and its consequence for 
the Second Law of self-gravitating systems was drawn by He and Kang [102]. They 
expressed it as seemingly paradoxical, but actually complementary. The conventional 
Clausius inequality for an isolated system states that entropy never decreases 
spontaneously, but for the long-range interaction of self-gravitating systems, the entropy 
never increases. This does not conflict with the standard Second Law of thermodynamics, 
since the latter is only valid for systems dominated by short-range relaxation mechanisms. 
The result merely generalizes the Second Law to accommodate the different behavior of 
long-range, self-gravitating systems. However, the presence of regions in the universe where 
entropy increases and others where it decreases spontaneously complicates greatly the 
question about the initial state of the universe, in particular its entropy and the distribution of 
matter [94]. 

He and Kang [102] illustrate the result by a thought experiment: Take a sample of an ideal 
gas confined in an adiabatic container that resides in vacuum. Then remove the container 
walls. The gas expands into vacuum in order to increase its entropy. Next, a long-range 
attractive potential (the gravitational potential) is switched on. It initiates a time-reversal and 
pulls the gas back toward the initial location, which is accompanied by a decrease in entropy. 
Finally, the container walls are put back in place and the long-range potential is switched off, 
restoring the initial low-entropy conditions. 

We now have two different signs for the entropy change in spontaneous processes in 
isolated systems: 𝛿𝑆 < 0 for the thermodynamics of conventional matter in the absence of a 

long-range self-gravitating potential, and 𝛿𝑆 > 0 for self-gravitating systems. This suggests 
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that there must be a transition from one to the other behavior where the two behaviors are in 
equilibrium with 𝛿𝑆 =  0. It was found that this condition exists, but the entropy function is 
neither a maximum nor a minimum but a saddle point [109]. This is consistent with Antonov’s 
conclusion [103] that equilibrium states of self-gravitating systems are not maximum entropy 
states. 

On a remote but interestingly related matter, it has been pointed out that an interesting 

analogy exists between self-gravitating Brownian particles and bacterial populations. This 

biological context describes the chemotactic aggregation of bacterial colonies that can 

develop a finite time singularity [110].  
 

5.6 Cluster physics: negative specific heat of evaporative ensembles 

Negative specific heat is a property not only of long-range self-gravitating systems but also of 

species with short-range attractive interactions as described, for example, by the Lennard-

Jones potential of atoms or molecules forming nanoclusters. Potentially, the phenomenon 

must occur for any process where kinetic energy is converted to potential energy and the 

loss of kinetic energy is equivalent to cooling.  

Serving as an instructive example, cyclic S8 molecules can spontaneously ring-open above 

~430 K to form linear S8 and longer polymeric chains. The potential energy needed to break 

the bond originates in the excitation energy of vibrational degrees of freedom. The RRK 

theory of unimolecular reactions according to Rice, Ramsperger and Kassel assumes that 

energy can flow freely between vibrational modes within a molecule. The more vibrational 

modes are available in a molecule, the higher is the probability to realize a fluctuation that 

locates the required fraction of available vibrational quanta in one specific bond that allows it 

to break. [111,112].  

An example from cluster physics is the evaporative ensemble shown in Figure 11. One or 

more atoms can evaporate off an isolated cluster in the gas phase, again by conversion of 

kinetic to potential energy [113]. If the initial temperature is just above the melting point, the 

remaining cluster may crystallize when it spends some of its kinetic energy to dissociate off a 

fragment. The experiment can also be conducted in a closed system that allows the addition 

of heat, for example via infrared laser pulses. Microcanonical calculations as a function of 

energy revealed a negative heat capacity for an Al147 cluster [114]. 

 

Figure 11: Evaporative ensemble with negative heat capacity. The isolated cluster is initially 

equilibrated just above the melting point. Converting some of the kinetic energy to potential 

energy permits one or more atoms to dissociate off, leaving the cluster at a lower temperature, 
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possibly below the melting point. This is a metastable rather than an equilibrated state. (color 

online) 

A systematic analysis of caloric curves with negative heat capacities in two- and three-

dimensional Lennard-Jones-like systems has been given by Ison et al. [115]. The occurrence 

of negative heat capacities has been criticized as an artefact of applying equilibrium 

thermodynamics to small systems trapped in a metastable state [116], but this was denied 

using microcanonical calculations for the heat capacity of equilibrated Na147 clusters [117], 

which is the experimental system of Schmidt et al. [113]. The results are displayed in Figure 

12. These authors agreed that S-shaped caloric curves (lower left inset of Figure 12) can 

also give arise to non-ergodic macroscopic systems, but that this effect is rare in small 

clusters. The negative specific heat and the associated S-shaped entropy curves in these 

systems originate in the attractive shape of the Lennard-Jones potential and the 

interconversion of kinetic into potential energy when the bond length increases. As discussed 

in Section 5.5, this type of monotonic kinetic energy should perhaps not be termed “heat”. 

 

 

Figure 12: Microcanonical heat capacity of Na147. The red dots and blue line correspond to 

values obtained from microcanonical total energy densities of states calculated using 

microcanonical and canonical parallel tempering MC, respectively. The microcanonical 

temperature is shown in the lower left inset, along with the canonical curve as a dashed line. 

The lower right inset shows the variation of the kinetic temperature along an MD trajectory in 

the coexistence energy range. (reprinted with permission from F. Calvo et al. [117]. Color 

online) 

The short-range attractive interactions between atoms and molecules play a central role also 

in phase transitions, notably in liquefaction of gases. Phenomenologically, this phase 

transition is described, for example, by the van der Waals equation, in which the effective 

pressure is reduced from the ideal gas pressure as a result of the attraction by a term that is 

called internal pressure. Interestingly, using the formalism developed for self-gravitating 

systems, Kang derived an equation that is analogous to the van der Waals equation [118] 

and already Lynden-Bell showed that an element that obeys the full curve of the van der 

Waals equation inevitably has a negative 𝐶𝑝 while 𝐶𝑉  remains positive [100]. He furthermore 

suggested that perhaps all first-order phase transitions could be viewed as due to negative 

specific heat systems of molecular size. Just as in the thought experiment of Section 5.5, a 

condensing gas follows the attractive forces to reduce its volume to that of the liquid, 

accompanied with a lowering of the system entropy, but the heat of condensation is 
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dissipated to the surrounding bath to an extent that the increase in entropy of the 

surrounding is greater than the decrease by the system. The Second Law thus remains valid 

in the conventional form. 
 

6. Irreversibility of dissipation: a probabilistic phenomenon 
 

6.1 Photon emission from excited states: a first-order probabilistic process 

While the black-body radiation model addresses equilibrium systems, we now focus on 

excited electronic states for which there is a net dissipation of energy (Figure 13). The 

essential point for loss of time-reversibility is to account for probabilistic events. These are 

found typically in the interaction with radiation, as recognized early on by Einstein: “The 

process of emission of light does not have the character of reversibility” [119]. The radiative 

decay of excited states may be spontaneous or induced by collisions with other particles or 

with photons. Both types occur at a random time, and photon emission breaks the 

deterministic nature of Newtonian mechanics. Their probability is a manifestation of 

Heisenberg’s uncertainty principle, giving rise to the “natural linewidth” of a particular 

transition [120]. The transitions follow first-order kinetics, i.e. the rate is proportional to the 

concentration of the reactant, as in a radioactive decay. Calculation of their probability is 

based on Fermi’s Golden Rule that goes back to a perturbation theory approach by Dirac 

[121]. They invoke the transition moment for electric dipole allowed transitions (eqn. 14). The 

finite lifetime of a discrete state is a truly quantum mechanical effect that is not found in a 

classical energy continuum. Furthermore, the photon is emitted not only at a random time but 

also normally in a random direction as long as it is compatible with the direction of the 

transition moment. The recoil effect of the emitted photon kicks the emitting species out of its 

initial trajectory, which erases the path information in an irreversible way, as described by 

Doyle [122].  

Fluorescence is the spontaneous emission of a single photon that carries away most of the 
excitation energy (Figure 13a). It is a probabilistic process akin to radioactive decay, and it 
therefore shows first-order kinetics. Typical fluorescing molecules are planar, rigid and 
contain delocalized and aromatic motifs, and the fluorescence lifetimes in liquid solution 

(𝟏/𝒌𝑭 in Figure 13a) are about 1−20 ns [123]. This is a few orders of magnitude longer than 
the collision-free time in condensed matter and therefore suitable to destroy the collisional 
reversibility. Collisions may also shorten the lifetime of excited states because they cause a 
transient distortion of the wave functions and thus influence the transition moment that 
governs photon emission. Forbidden transitions may therefore become partly allowed. 

 
Figure 13: a) Schematic representation of energy dissipation from an excited quantum state 

E*. Excitation may have taken place by absorption of a photon, by a collision, or the molecule 

may have been created with excess energy in a chemical reaction. Shown are three 
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deactivation processes: (i) fluorescence emission of a photon at a rate 𝑘𝐹, if the transition is 

electric dipole allowed [124], (ii) vibrational relaxation at a rate 𝑘𝑣𝑖𝑏, also called non-radiative 

relaxation, via excited vibrational (and rotational) states of the ground state, and (iii) chemical 

reaction to a product state P by molecular fission or electron transfer that occurs at a rate 

𝑘𝑐ℎ𝑒𝑚.  b) Schematic 4-level system with ground state S0 that is excited with a short laser 

pulse that is wide enough to excite coherently two sublevels of the electronic excited state S1 

that is a superposition of the two substates and oscillates at the frequency  corresponding to 

their energy difference. This oscillation leads to modulation of the fluorescence intensity at the 

frequency  of the quantum coherence. (color online) 

Also non-radiative energy dissipation like vibrational deactivation is a probabilistic process 

that obeys first-order kinetics. It occurs on the picosecond or sub-picosecond timescale 

(𝟏/𝑘𝑣𝑖𝑏 in Figure 13a) [125]. Vibrational energy is dissipated as heat. Ultrafast electron-

transfer or molecular fission reactions may proceed on a similar timescale (1/𝑘𝑐ℎ𝑒𝑚 in Figure 

13a). Both of these mechanisms are thus often more efficient than radiative processes. The 

fluorescence lifetime 𝜏E∗ is given by the inverse sum of the individual rates, which are all of 

first order (or possibly pseudo-first order in the case of 𝑘𝑐ℎ𝑒𝑚) and therefore probabilistic:  

𝜏E∗ = (𝑘F + 𝑘vib + 𝑘chem)−1    (18) 

Vibrational deactivation is not directly observable, and its rate, 𝑘𝑣𝑖𝑏, can only be determined 

from variations of 𝜏E∗ in eqn. (18) if 𝜏𝐹  and 𝑘𝑐ℎ𝑒𝑚 can be varied independently via quencher 

concentrations (Stern-Volmer kinetics).  

Behavior with an extended excited-state lifetime is possible only in an energy-quantized and 

thus quantum-mechanical system but not in an energy continuum. Classical mechanics is 

continuous, deterministic and does not lead to the emission of discrete light. The quantum 

world is discontinuous (energy-quantized). Only discrete states show probabilistic, finite 

lifetimes and emission. In this sense, irreversibility is a direct consequence of quantum 

mechanics.  

6.2 Quantum coherences: damped and undamped oscillatory behavior  

Figure 13b shows the case where two vibrational sublevels of an electronic state are excited 

instantaneously and therefore coherently (i.e. in phase) with a laser pulse that is sufficiently 

short and, following Heisenberg’s uncertainty principle, energetically sufficiently broad so that 

it can excite both sublevels. The excited state is then in general a non-eigenstate, i.e. a 

superposition of two or more eigenstates that oscillates between these states. This oscillating 

behavior is called “quantum beating” or “quantum coherence” [126]. It is recorded 

conveniently as intensity oscillations of the cross-correlation between the two coherent 

states, with an oscillating frequency equal to the energy difference between the two coherent 

states, which is revealed after Fourier transformation. For how long a quantum coherence 

survives and oscillatory behavior is observable obviously depends on the rate of dissipation 

of the excited state energy. For example, remarkably long-lived (660 fs and longer) quantum 

coherences following excitation with an ultrashort, energetically broad laser pulse were 

observed in various large photosynthetic light-harvesting chromophore-binding proteins [127] 

and explained to originate mainly from Raman-active vibrational substates of the electronic 

ground state [128]. Observing the molecules in a supersonic expansion of a buffer gas allows 

cooling them to typically 5 and 50 K for rotational and vibrational temperatures, respectively, 

which dramatically reduces spectral congestion [126]. Instead of being between substates of 

the same electronic state, the oscillations can also be between degenerate singlet and triplet 

manifolds and represent intersystem crossing. This is basically a spin-forbidden process and 

therefore only weakly allowed and slow but it can be made strongly allowed by hyperfine 



41 
 

interaction. Coherent oscillations between the singlet and triplet spin states of a radical pair 

in a photoexcited molecule in the eyes of birds and various other organisms are likely at the 

basis of magnetoreception in these animals [129,130], allowing them to orient themselves 

and navigate long distances.  

More important in biological systems than the vibrational coherence explained in Figure 13b 

would be vibronic (mixed vibrational-electronic) and electronic coherences where two 

coupled adjacent electronic states are involved. The long-lived quantum coherences in 

photosynthetic macromolecular systems were originally thought to be mainly electronic 

coherences that could markedly enhance the organisms’ biological functions [131,132], but 

more recent evidence shows that these coherences are only vibrational in nature [128]. 

Although evidence for some vibronic coherent contributions was also found [133], the overall 

presence of quantum coherences in these photosynthetic systems offers no obvious 

functional benefit to the organisms [134].  

Inelastic collisions can also change the population of quantum states to higher or lower 

states without involving an exchange of photons. However, by far not every collision is 

successful in this. Success depends on the impact parameter, the relative orientation of 

collision partners and on the phase of vibrations at the instant of collision. The success may 

be captured by a probability, and this is how it is normally represented [135,136]. In contrast 

to the probabilistic events represented by first-order kinetics as discussed earlier, collisional 

deactivation is a process of second-order kinetics where the time of each deactivation 

process is defined by the precise collision time between the two collision partners, not by a 

probability. 

In summary, bound quantum systems such as atoms or molecules possess discrete energy 

eigenstates which are populated on a probabilistic basis. They have lifetimes which are 

determined by first- or second-order kinetics and are therefore probabilistic, not deterministic. 

There are plenty of mechanisms that influence the lifetime of these states and contribute to 

the loss of time-reversibility. However, we maintain that time-reversibility is not the relevant 

criterion for thermodynamic irreversibility as described by the Second Law. 

The Second Law, as all laws of thermodynamics, represents an empirical finding. Since no 

serious reports of violations have become known it is generally considered valid [32]. On the 

other hand, it is difficult to justify on a microdynamic basis this macroscopic phenomenon 

that heat cannot be converted completely to higher forms of energy without dissipation. 

Further below we will discuss this in two ways, first considering the up-conversion of lower- 

to higher-energy photons (Section 6.4), and then by considering the Carnot cycle (Section 

6.6). This reminds of the equivalence of photons with conventional heat (particle kinetic 

energy) as expressed in Planck’s relation of black-body radiation. 

6.3 Experimental time-reversal and relaxation of a spin system 

In nuclear magnetic resonance (NMR) and electron spin resonance (ESR), spin systems are 

routinely prepared in non-eigenstates by flipping the angle of the magnetization away from 

the z-axis, which coincides with the direction of the magnetic field 𝐵0. A free spin-½ system, 

such as a proton or an electron, in a magnetic field may serve as an example (Figure 14). 

The energy of an electron in a magnetic field 𝐵0 is 𝐸𝛼,𝛽 = 𝑚𝑆𝑔𝑒𝜇𝐵𝐵0 , where 𝑚𝑆 = ±½ is 

the spin quantum number of the two eigenstates α and β, 𝑔𝑒 the electron g-value, and 

𝜇𝐵 the Bohr magneton. A general state 𝛹 is written as a superposition of the two 

eigenstates: 

𝛹 =  𝑐1α + 𝑐2β,        (19) 
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with 𝑐1
2 + c2

2 = 1, and its time evolution is given by  

 𝛹(𝒓, 𝑡) = 𝛹(𝒓𝟎, 0) exp (
𝑖𝐸𝑡

ℏ
),      (20) 

          i.e., 𝛹(𝑡)  = 𝑐1α exp(½𝑖ω𝑡 + 𝜑𝛼) + 𝑐2 β exp(−½𝑖ω𝑡 + 𝜑𝛽),         (21) 

 

for ω = (𝐸𝛼 − 𝐸𝛽)/ℏ = 𝑔𝑒𝜇𝐵𝐵0/ℏ, and the initial phases are 𝜑𝛽 = 𝜑𝛼 − 𝜋/2.  

First, for a flip angle of 90°, 𝑐1
2 = c2

2 = ½, and the magnetization lies in the in the x-y-plane 

and rotates about the z-axis. For this transverse initial polarization, the 𝑀𝑧 component of the 

magnetization, 〈𝑀𝑧〉, is zero at all times, while 〈𝑀𝑥〉  and 〈𝑀𝑦〉  are time-dependent and 

oscillate between ±|𝑀|, so only their time-averages are equal to zero. If an exponential 

damping term is introduced in eqns. 20 and 21, this represents a phase decoherence that in 

magnetic resonance is conventionally called transverse relaxation rate 1/T2 (where T2 is the 

phase memory time). It does not change the eigenstate populations, does not influence the 

energies and thus does not lead to equilibration. Decoherence may be due to spatial 

inhomogeneity of the magnetic field. In this case, a 180° pulse along x or y after a period ∆𝑡 

inverts the direction of time evolution and leads to an unchanged echo of the signal after an 

additional period ∆𝑡, indicating that phase memory is not lost (Figure 14c, see also Figure 4 

of Ref. 6 for a historical illustration of this time-reversal experiment). However, if the effective 

Hamiltonian changes in time, for example due to diffusion in an inhomogeneous magnetic 

field, the echo amplitude will be diminished since memory of the phase coherence is partly 

lost. In any case, the T2 process has no energetic component since it does not change the 

population of spin states. It has no effect on the thermodynamic entropy and does not lead to 

equilibration. 

We next look at the case of a non-eigenstate with longitudinal polarization, with non-zero 

magnetization along z, following a flip angle between 90° and 180°. A two-state system in a 

non-eigenstate oscillates between the two states, and the difference in population 

probabilities, 𝑐1
2− c2

2, develops with time as cos2(𝜔𝑡 + 𝜑) (Figure 14b). The energy is 

equivalent to heat because the system does not do any work. It oscillates with ±∆𝐸 =
±½ℏ𝜔. We identify 𝜔 as 1/𝜏 or 1/∆𝑡, which allows us to rewrite this equality as 

∆𝐸 ∙ ∆𝑡 = ½ ℏ,        (22) 

which is the uncertainty relation [137], but as an equality, not an inequality. This is because 

energy and time represent a Fourier pair of parameters, i.e. their variances < ∆𝐸2 >1/2 and 

< ∆𝑡2 >1/2 are not independent; rather, they are related by Fourier transformation and are 
therefore inversely proportional, with their product obeying eqn. (22). This means that a 
system violates conservation of energy by an amount ±∆𝐸 that is proportional to the inverse 

time increment 1/∆𝑡 of this violation. The shorter the duration of a violation of energy 

conservation the larger the violation may be. In the time average, however, energy is 
conserved. Thus, while thermodynamic systems may violate energy conservation by 
statistical fluctuations, free quantum-mechanical systems do so by regular oscillations. Any 
statistical external perturbation such as inelastic collisions by Brownian motion contributes to 
dephasing of the oscillations and thus to a transition from quantum to thermodynamic 
characteristics (see Chapter 7). 

We can again introduce a damping term in eqns.19 and 20. In this case it affects the 
longitudinal polarization and is therefore called the longitudinal relaxation rate, 1/T1. It damps 
the oscillations shown in Figure 14b, diminishes the population difference of the two 
eigenstates by dissipation of energy until equilibrium is achieved (Figure 14d). The 
fundamental difference between the two relaxation times, T1 and T2, is well established in the 
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magnetic resonance communities, and the two relaxation times can adopt very different 
numerical values. T2 stands for decoherence and thus for loss of time reversibility without 
achieving thermodynamic equilibrium, while T1 represents relaxation into thermodynamic 
equilibrium by energy dissipation.   

 
 

Figure 14: a) Two-state magnetic energy level of an electron spin and b) evolution of the wave 

function (in terms of the 𝑚𝑆 = ±½ eigenstates) of a non-eigenstate prepared at the 

intermediate energy. The probability of occupancy of the two states oscillates at angular 

frequency  ω = (𝐸𝛼 − 𝐸𝛽)/ℏ. c) Decoherence of an ensemble of spins in the x-y plane. d) 

Energy dissipation to equilibrium populations. (color online) 

We furthermore note that the full solution of the time-dependent Schrödinger equation is a 

time-dependent wave function that has no hidden variables provided that the initial state is 

well-defined. It represents what is often called a “collapsed wave function”. There are no 

uncertainties of any observables described by the wave function at any time. Uncertainties 

appear only in the solutions to the time-independent Schrödinger equation, which are partial 

solutions representing the time average of the full wave function. The Heisenberg uncertainty 

principle applies only to the wave functions of the time-independent Schrödinger equation.  

 

6.4 Reversal of photon dissipation: a higher-order process 

 It has been known since Einstein’s explanation of the photoelectric effect that the threshold 

energy for ejection of a photoelectron from a metal surface has to be provided by a single 

photon, and that an increased number of lower energy photons, i.e. a higher intensity, cannot 

compensate for this [138].  

Similarly, if an excited molecular state emits a single photon, why can this process not be 

reversed by reabsorption of two (non-resonant) photons which add up to the initial excitation 

energy? The answer was given by Maria Goeppert Mayer in her PhD thesis. She showed 

that the simultaneous absorption of two photons by an atom is proportional to the product of 

light intensity at each of the two frequencies. For two photons of the same frequency it is 

proportional to the square of the light intensity. This is thus a second-order non-linear 

process and therefore highly improbable at normal light intensities [139]. By analogy, the 

phenomenon can be extended to the absorption of several non-resonant photons, which is a 

higher-order process and increasingly less probable. 

The effect was exemplified later by the molecule rhodamine B, which is an excellent 1- or 2-

photon absorber that absorbs in bright sunlight a single photon about once every second, a 
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photon pair by 2-photon absorption only once every 10 million years, while no 3-photon 

absorption is expected throughout the entire age of the universe [140].  

Frequency doubling (second harmonic generation) is a process where a selected non-linear 

optical material is excited by a given frequency. A fraction of the total energy is converted 

and emitted as photons of double the excitation frequency. This is also a second-order 

process that requires high laser intensities for efficient conversion [141].  

The effect of simultaneous absorption of two photons within the interaction time of absorption 

has to be distinguished from sequential resonant absorption of two photons via a sufficiently 

long-lived intermediate state, a process that is called upconversion [142]. 

6.5 Heat flow from cold to hot without external intervention 

In Section 5.5 it was explained that the Second Law of thermodynamics has to be amended 

for the treatment of self-gravitating systems in the context of astrophysics, and that these 

systems provide conditions where heat flows spontaneously from cold to hot. This does not 

affect the Second Law for conventional matter for which thermodynamics was developed. 

However, there have been several recent reports about spontaneous heat flow from cold to 

hot, without violating the Second Law and reversing the arrow of time [143-145].  

Schilling et al. [143] described a system that they called a “thermal inductor”. The device is 

an oscillating thermal circuit consisting of an electrical inductor, which is coupled to a Peltier 

element that creates a heat flux across a junction of two different electrically conducting 

materials when a dc voltage is applied. The two materials are initially at different 

temperatures. The process starts with heat flowing from hot to cold, but depending on the 

system parameters, this heat flow can overshoot, going from cold to hot without any driving 

force from an external source, before it reverses again. There can be several oscillations, 

passing through a quasi-equilibrium state, while the entropy was shown to increase 

monotonously. Thus, the process conforms entirely with Clausius’ postulate of the Second 

Law, stating that a flow of heat from cold to hot must be associated with “some other change, 

connected therewith, occurring at the same time” [107]. It is comparable with oscillating 

chemical reactions (Section 2.9) which are also explained based on coupled differential 

equations. 

Micadei et al. [144] demonstrate experimentally, using a nuclear magnetic resonance setup, 

the reversal of heat flow for two quantum-correlated spins-½, prepared in local thermal states 

at different effective temperatures, associated with the population of the two energy levels. 

The specific system consisting of a 13C-labelled CHCl3 liquid sample is prepared in an initially 

correlated state by application of /2 radio frequency pulses at the resonance frequencies of 

the 1H and 13C spins. The free induction decay of the coupled spin system that follows these 

preparatory pulses represents an oscillatory repopulation of the energy levels. Since no work 

on the spin system is involved, the oscillatory change in energy was interpreted as being 

equal to a change in heat. The characteristic transverse decoherence time and dissipation 

given by the transverse and the longitudinal relaxation time, respectively, are on the order of 

one to several seconds for such a small system. The system is analogous to the one 

described in Section 6.3 and in our view does not violate the Second Law but instead takes 

advantage of the Heisenberg uncertainty relation between energy and time (see Figure 14). 

Latune et al. [145] elaborated further on the system reported by Micadei et al. [144]. They 

conclude that the heat flow reversal depends only on internal coordinates of the system and 

does not need any access to a heat bath. Furthermore, heat flow reversal can happen 

without reversal of the arrow of time. Surprisingly, indistinguishability and correlations 
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between subsystems can reverse the heat flow between an ensemble and its bath. This type 

of heat flow reversal has no classical counterpart [145].  

6.6 Converting heat to higher forms of energy  

The Carnot cycle representing an internal combustion engine converts heat from a high-

temperature heat bath at 𝑇ℎ to work (Section 2.6). The process requires that a fraction of the 

absorbed heat is dissipated as waste heat to a low-temperature heat bath 𝑇𝑙. Its reversible 

efficiency, 𝜂𝑟
𝐶 = 1 − (𝑇𝑙/𝑇ℎ), depends only on the temperatures, and it never reaches 100% 

(i.e. nothing is lost, but the “waste heat” is not counted) [146]. Carnot machines are 

independent of the working medium [147]. The reversed cycle represents a driven process 

that uses an energy source (e.g. sunlight, fuel/heat, food) to operate intelligent machines or 

life-maintaining cycles in an entropy-reducing process to produce mechanical work, chemical 

synthesis of higher energy compounds, separation of mixtures, or biological self-assembly, 

but they work only when waste heat is dissipated to a heat sink, the environment. The 

reversible efficiency of the inverse Carnot process, a heat pump or refrigerator, is the inverse 

of the efficiency of the forward Carnot process given above. It is always greater than one, but 

this does of course not represent a perpetuum mobile; it merely uses energy that is free 

because it is taken from a heat bath. The generalized scheme was called the “machinery of 

life” [39].  

Low-grade heat, even if called “waste”, can nevertheless be of good use, either directly for 

heating purposes in a scheme called co-generation, or it can be converted back to higher-

grade energy such as electricity, but never to 100%. Recently, a highly interesting option has 

been demonstrated that generates electrical power “from the coldness of the universe”. The 

method is akin to the principle of a solar cell but uses the negative illumination effect when a 

semiconductor diode faces the sky at night. A Shockley-Queisser analysis predicts a 

maximum power density of 4 W m−2 when the diode is at a temperature of 293 K. This is 

several orders of magnitude more than has been reached in first experiments [148].  

Other possible options have recently been summarized by Rahimi et al. [149]. An organic 

Rankine cycle is the analogue of a steam engine, but it operates with an organic liquid of low 

boiling point and high vapor pressure. It converts low-grade heat into work that is used to 

produce electrical power. A second option is the solid-state thermoelectric generator 

(Seebeck generator). It uses the thermoelectric effect between p- and n-type semiconductors 

or of semimetals with high electrical conductivity and thermoelectric sensitivities. It produces 

a thermo-electrical voltage of the order of V K−1 based on a temperature difference on two 

sides of a device without the need of any moving parts. Both methods are well investigated 

but have not been used for large-scale conversion of low-grade heat because of low power 

densities and too large costs. 

A more promising option are thermo-electrochemical cells, which consist of a redox couple in 

an electrolyte that separates two (often identical) electrodes at different temperatures so that 

oxidation occurs at one electrode and reduction at the other one. Potential differences on the 

order of mV K−1 have been generated, making them an interesting alternative to solid-state 

thermoelectric generators [150]. A power density of 6.6 W m−2 with an efficiency near 4% of 

the Carnot efficiency was obtained [149].  

A further option is thermo-osmotic energy conversion. Water from the hot compartment 

evaporates into a hydrophobic porous membrane with air bubbles and condenses into the 

cold compartment, where it generates a pressure that drives a turbine to generate electricity. 

In theory, hydraulic pressures of 400 bar can be generated by a minor temperature 
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difference of only 5°C. Efficiencies of 34% of the Carnot value (4.1% absolute) can be 

obtained with operating temperatures at 60°C and 20°C [149].   

The above processes of harvesting low-grade heat to convert it to superior forms of energy, 

most desirably electricity, all operate between two temperatures. They can be rationalized on 

the basis of the Carnot cycle, and they only work because a fraction of the harvested energy 

is dissipated in the form of even lower-grade heat, in full compatibility with the Second Law. 

Temperature and heat are thermodynamic concepts. A microscopic interpretation must draw 

from the equality of heat as the expectation value of kinetic energy. This is done by reference 

to collision dynamics outlined in Figure 5, which requires that total energy and momentum of 

two collision partners are conserved in an elastic collision.  

7. Irreversibility in quantum processes 
 

7.1 Real systems in a heat bath 

For quantum statistical systems, an open quantum systems approach is a widely used 

framework to describe the time evolution of the quantum system as a result of its interaction 

with the environment that allows the exchange of energy and particles (cf. Figure 1), a 

characteristic of any real-life system. This interaction leads to quantum dissipation and 

quantum decoherence, the quantum-mechanical analogs of classical energy dissipation 

(such as friction) and Brownian motion. Both quantum dissipation and decoherence are 

irreversible processes (see Section 4.1). 

7.2 Isolated quantum systems  

Most isolated quantum systems can be treated in the framework of open quantum systems 

by considering that each small subsystem, which contains a small fraction of the full system’s 

degrees of freedom, interacts with the rest of the system, the latter of which is treated as a 

thermal bath (Figure 1b). Hence, the full, isolated system can act as its own thermal bath. 

Isolated quantum systems can be created in the laboratory where the system of interest is 

isolated for all practical purposes for the duration of the experiment, which typically spans 

nanoseconds to microseconds, a few orders of magnitude longer than thermalization of open 

many-body quantum systems. Although isolated systems are synthetic and not 

representative of real systems, they are excellent testbeds for theories. In reality, weak 

coupling of the system with the external world cannot be completely eliminated, even in the 

dilute gas phase, and the system will eventually thermalize. Thermalization can therefore be 

at best delayed or slowed down. Here we discuss thermalization and equilibration 

characteristic of different classes of quantum systems which have so far received attention in 

literature, and the results are collated in Table 3. 

7.2.1 Eigenstate thermalization hypothesis 

Thermalization of an isolated quantum system initially in a non-equilibrium state can be well-
explained by the eigenstate thermalization hypothesis (ETH) [151-153] by considering that 
the system behaves according to the ergodicity theorem. The ETH assumes that any initial 
state of the system is an energy eigenstate of the system’s Hamiltonian and is a thermal 
state. As a result, all subsystems – each of which is related to a different eigenstate – 
thermalize and hence the whole system thermalizes. A thermal state describes a state of a 
system in thermal equilibrium with a large heat bath at a finite temperature, while 
thermalization refers to memory loss of the system’s initial conditions. The notion that a 
thermal state can thermalize is therefore no contradiction in terms. Rigol and coworkers [153] 
explain this by considering that the initial state of a quantum-mechanical system can be 
described as a superposition of thermal eigenstates, i.e. coherences between these states 
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make the system appear to be non-thermal. As the system evolves, dephasing sets in, giving 
rise to thermalization. 

The condition that all eigenstates of the system are thermal is more rigorously expressed as 
the condition that all diagonal matrix elements of the associated observables in the energy 
basis must be smooth functions of the energy and must evolve to the microcanonical 
expectation values of the associated observables. Another necessary assumption is that the 
off-diagonal matrix elements must evolve at an exponential rate to values that are 
exponentially smaller than the diagonal matrix elements [5,14,154,155], i.e., all quantum 
coherences are rapidly destroyed.  Although the ETH has not yet been proven, it has been 
successfully applied in various numerical studies [153,156,157] and is therefore a widely 
accepted hypothesis. Examples of systems that thermalize but do not obey the ETH have 
been given by Shiraishi and Mori [158,159].  
During recent years, four classes of isolated quantum systems have been introduced that 

exhibit non-ergodic behavior and do not thermalize. These processes are at the frontier of 

current research in quantum thermodynamics and non-equilibrium statistical mechanics. 

Each process will be briefly introduced here. It is worth noting that experimental advances in 

the last two decades have allowed the realization of many of these quantum systems to a 

remarkably good degree. For example, laser beams can be used to confine ultracold atoms 

in virtually any desired geometry and to measure the states of the atoms with unprecedented 

precision [160]. These systems are, therefore, not mere academic curiosities but real 

systems, albeit under highly artificial conditions.  

7.2.2 Quantum integrable systems 

The first class of systems is called integrable [161], which implies time-reversibility in most 

cases. Although there is to date no consensus on a rigorous, inclusive definition of 

integrability in quantum systems [162,163], the definition of classical integrability provides a 

good basis. Classical integrability is based on Liouville’s theorem, stating that the equations 

of motion of a dynamical system can be solved implicitly by direct integration of known 

functions. This is possible due to a number of time-invariant quantities (also called integrals 

of motion), each of which imposes constraints on the system’s time-evolution. A classical 

system with N degrees of freedom is integrable when it possesses N functionally 

independent conserved quantities that are pairwise Poisson-commuting. To define quantum 

integrability, the classical definition is commonly translated word-by-word to a quantum 

context but suffers from ill-defined concepts such as the degrees of freedom of a quantum 

system (the hidden variables, see Section 2.1.3) and the manner of independence of the 

conserved quantities [14,162,1663].  

A sufficiently small number of conserved quantities (i.e., a sufficiently limited number of 

constraints) allows a classical system to explore every part of phase space, making the 

ergodic principle a reasonable assumption. In contrast, an extended number of conserved 

quantities will impose constraints preventing the system from sampling the entire phase 

space during its time evolution and the long-time average will not be equal to the 

microcanonical ensemble average, i.e., the ergodic principle breaks down. Similarly, 

thermalization is precluded in a quantum integrable system when it contains extensively 

many conserved quantities that prevent the system from adopting all the allowed 

configurations in Hilbert space [164,165]. Conversely, when an initially integrable system 

thermalizes, it loses integrability and therefore cannot be fully solved anymore. 

According to the Kolmogorov–Arnold–Moser (KAM) theorem [166], a classical system that is 
nearly integrable can also violate the ergodic principle. This can be understood as follows. 
Integrable classical systems are characterized by periodic motions. The KAM theorem 
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dictates that a weak perturbation transforms this motion into a quasi-periodic orbit, 
preserving most of the system’s conserved quantities but destroying some. If the system, 
after the perturbation, still contains an extended number of conserved quantities, it remains 
integrable and thermalization is (temporarily) prevented. This has been demonstrated in a 
pioneering experiment where a condensate of ultracold rubidium atoms was trapped along 
one dimension [167]. After a small perturbation, the gas failed to thermalize for an unusually 
long time, despite thousands of collisions between the individual atoms. The explanation 
offered for this phenomenon was that a perturbed integrable system can relax to an 
equilibrium state predicted by the generalized Gibbs ensemble (GGE) instead of to a thermal 
state [168], a process known as prethermalization for which Gogolin & Eisert give numerous 

experimental examples [14]. Based on the initial finding from numerical studies that a few 
other integrable systems similarly equilibrate to the GGE, it was proposed that this 
phenomenon may be a generic property of far-from-equilibrium quantum integrable systems 
[169]. In addition, by selecting energy eigenstates of the system’s Hamiltonian with similar 
conserved quantities, relaxation of the system proceeds in a manner akin to the ETH. Since 
the ETH applies typically to non-integrable systems, while the new hypothesis applies to 
integrable systems, the latter can be considered a generalization of ETH to integrable 
systems, hence the term generalized (eigenstate) thermalization was coined [169]. It is now 
widely believed that integrable systems equilibrate to the GGE and that generalized 
thermalization is the best explanation for this phenomenon [170,171], provided that 
appropriate conserved quantities are identified, which is not a trivial task for integrable 
systems [5]. 

Most commonly-studied thermalizing systems are non-integrable. It is, therefore, generally 

assumed that all non-integrable systems thermalize while integrable systems by definition do 

not thermalize but equilibrate to the GGE. However, there are systems for which this 

correlation is not true [172]. Moreover, the fate of an integrable system often depends 

sensitively on the initial conditions: special initial conditions may still cause thermalization of 

an integrable system [169].  

Only a small fraction of many-body quantum systems have an exact solution, i.e., a unique 

set of quantum numbers can be found for every eigenstate of such a system. One of the first 

examples of an exactly solvable system was introduced by Bethe using a specific form of the 

wavefunctions, known as the Bethe Ansatz, applied to the one-dimensional spin-1/2 

Heisenberg anti-ferromagnetic chain [173]. This chain consists of an array of electrons, each 

with a spin quantum number of ½, with uniform exchange interaction between nearest 

neighbors and periodic boundary conditions. The Bethe Ansatz has been generalized and 

applied to numerous other one-dimensional integrable quantum many-body systems to make 

them exactly solvable. One paradigmatic example is the integrable Lieb-Liniger model, which 

describes a one-dimensional interacting Bose gas. This system cannot be mapped to a non-

interacting system and is also a rare example of an integrable system that does not relax to 

the GGE. Based on the latter result, it was proposed that relaxation to the GGE may be 

prohibited by any continuum integrable systems with contact interactions undergoing a 

sudden perturbation [174,175].  

7.2.3. Many-body localization 

A second type of system that violates ETH is one displaying the phenomenon of many-body 

localization (MBL) [176,177]. In the past few years, this phenomenon has been demonstrated 

and investigated in various experimental settings (see, e.g. [178-181]). MBL describes an 

unusual process by which a many-body quantum system at high energy equilibrates but 

does not thermalize. It occurs when the system is subject to sufficiently strong disorder or 

quasi-periodic potentials [182] that prevent efficient exchange of information (i.e. 

entanglement) between subsystems. As a result, the information of some of the subsystems 
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remains localized and those subsystems preserve memory of their local initial conditions. In 

the context of ETH, some of an MBL system’s eigenstates do not obey ETH and, hence, the 

complete system fails to thermalize. The presence of quasi-local conserved quantities (also 

called quasi-local integrals of motion) is considered to be one of the key characteristics of 

MBL systems, giving these a different type of integrability [155], as opposed to the existence 

of only global integrals of motion in other integrable systems. In contrast to (other) integrable 

systems, an MBL system is robust to weak perturbations [183].  

MBL is characterized by a logarithmic growth in the entanglement entropy as a function of 

time, as opposed to a linear entropy growth in thermalizing systems [155]. This represents a 

relatively small rate of entropy growth but nevertheless a positive rate, indicating that MBL is 

an irreversible process, despite the reversibility of some of its subsystems. Due to the 

(logarithmic) entanglement spreading amongst the thermalizing subsystems, some quantum 

decoherence occurs, forming the basis of the irreversible time evolution. Since a pure MBL 

system is isolated, no energy transfer to an external environment can take place and thus no 

quantum dissipation occurs. 

7.2.4 Quantum scars 

A quantum scar is a third type of system that disobeys ETH. Quantum scarring refers to 

enhancements in the probability amplitude of a system’s wavefunction near the trajectories of 

classical periodic orbits, giving rise to a few non-thermal eigenstates that weakly break 

ergodicity in the system. Scarring is an example of a non-integrable process that does not 

thermalize. The phenomenon was predicted in 1984 for closed single-particle dynamic 

billiard systems [184], and a few years later verified experimentally for microwave cavities 

[185], quantum dots [186], and semiconductor quantum wells [187]. A recent, influential 

experiment was the observation of long-lived, coherent oscillations in a chain of ultracold 

interacting rubidium Rydberg atoms, representing a disorder-free many-body quantum 

system [188]. Instead of remaining entangled, the atoms oscillated between entangled and 

disentangled states for an extended period of time, a behavior indicative that the system 

retained memory of its initial state and which was found to occur only when the initial 

configuration of the system was a particular product state. This unusual behavior was 

attributed to quantum scarring [189] using a model with a few non-thermalizing eigenstates, 

and slow equilibration of the rest of the eigenstates to the GGE values of the associated 

observables [190].  

7.2.5 Hilbert space fragmentation/shattering 

Very recently, a fourth type of ETH-violating system was introduced, called Hilbert space 

fragmentation [191] or shattering [192]. In these two studies, it was shown that when both 

charge and dipole moment are conserved in a many-body quantum system, the Hilbert 

space breaks up into exponentially many disconnected subsectors, each of which 

corresponds with a non-thermal eigenstate that retains memory of the initial local structure, 

preventing the system from thermalizing. The non-thermal eigenstates equilibrate to finite 

values while the remaining eigenstates at the same energies are thermal [191]. This behavior 

is similar to the phenomenon known as Krylov fracturing [193], where a Krylov subspace 

coincides with the GGE, which may indicate that a Hilbert space fragmented system similarly 

equilibrates to the GGE.  The equilibration characteristics of Hilbert space fragmentation is 

still under investigation [193]. This phenomenon can be generalized to quantum systems with 

a finite number of constraints, a distinctive property of integrable systems. Some dynamics of 

these integrable systems are similar to those of MBL or quantum scarring systems, for 

example the strong dependence of the systems on the initial product state, a key feature of 

quantum scarring, while some other properties are different; for example, the fragmentation 

is robust to disorder, unlike MBL [191, 192]. Two numerical studies published shortly before 
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[191,192] have attributed a similar phenomenon to a special type of MBL. However, the 

unique characteristics of Hilbert space fragmentation places the phenomenon in a different 

class and the two said numerical studies have been reinterpreted instead as Hilbert space 

fragmentation [192]. It is predicted that these systems may be realized in the near future in 

ultracold atom experiments [192]. 

 

 

 

Table 3: Equilibration and thermalization characteristics of different classes of quantum 

systems 

Quantum System Equilibration? Thermalization? 

Open quantum 
system 

Yes Yes 

ETH Yes Yes 

(Near-)integrable 
quantum system 

Yes (to GGE) No 

MBL Yes No 

Quantum scarring Partly (to GGE) No 

Hilbert space 
fragmentation 

Yes No 

 

It stands out that all classes of systems represented in Table 3 show at least partial 

equilibration, but only some of them thermalize and ETH is the only type of isolated quantum 

system that thermalizes. There is no open or isolated quantum system that thermalizes 

without equilibration. This may have been the reason for overlooking thermalization as a 

process that is distinctly different from equilibration, and it may have led to statements in 

literature like “Equilibration is generally considered a necessary condition for thermalization.” 

[14]. Equilibration is a consequence of the Second Law and takes place by coincidence 

along with thermalization, but we do not see a causality. For quantum systems, this is seen 

best by the difference between the independent longitudinal (dissipation) and transverse 

(decoherence) relaxation processes in spin systems, as discussed in Section 6.3. For 

classical systems, the difference between the two processes is obvious from MD simulations 

which equilibrate without losing time-reversibility [13] and by the two Gedankenexperiments 

described in Section 4.2 and Figure 7. Furthermore, thermalization is often defined as 

equilibration to a thermal state [5,14], which is also inconsistent and is only true if both 

decoherence and dissipation take place.  

 

8. Irreversibility of biological evolution 

Life exists in an environment that is governed by chemical thermodynamics, and biological 

processes such as replication are accompanied with dissipation in order to maintain a low-

entropy living system [196]. Marchettini et al. [197], by reference to Wicken and Prigogine 

[198,199], interpret biological cells as dissipative structures, but with a higher degree of 

complexity than simple reaction-diffusion systems.  

Vesicles reflect the concept of compartmentalization of biological systems, which is important 

for securing concentration of metabolic intermediates. They are therefore often seen as 

simple inanimate analogs of living cells. We accept that they can be understood as a result of 

dissipative structures. However, the origin of life is marked by the transition from inanimate to 
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living mater, from chemistry to biology, increasing simultaneously order and complexity [200], 

and this goes along with additional principles beyond those of spontaneous thermodynamic 

processes [201]. We do not see any rigorous evidence that living cells are simply collective 

autocatalytic systems, which maintain themselves as entities capable of reproducing 

themselves and evolving. Sexual reproduction, genetically programmed structures and 

processes as well as their evolution, let alone the spiritual aspects of life, are on quite a 

different level than what can be explained by the thermodynamics of inanimate matter. 

Biological evolution starts with prebiotic chemical molecular evolution of inanimate building 

blocks to produce the first and probably simplest living cell that exhibits metabolism, 

replication and the ability to change further in an evolutionary manner. These building blocks 

are moderately complex organic molecules including amino acids, peptides, ribose sugars, 

nucleobases, fatty acids, nucleotides, and oligonucleotides [202]. The fatty acids are soap-

like amphiphilic molecules that self-assemble in aqueous environments into double layers, 

eventually leading to spherical vesicular structures that are commonly regarded as models of 

living cells because of their structural analogy [203]. This evolutionary process has been 

suggested to have taken place in channels and cracks of tectonic fault zones of the earth 

crust at a depth near 1000 m [204]. During periodic pressure changes due to geyser activity 

the carbon dioxide in mixtures with water oscillates between its gaseous and supercritical 

state, giving rise to different solubility of the organic solutes. The cyclic change in chemical 

potential imposed by the pressure oscillations periodically leads to aggregation by self-

assembly of the vesicles without violating the Second Law of Thermodynamics. These 

processes are reversible, but a fraction of the lower entropy ordered products can be 

stabilized by escaping the reactive zone. Experiments also yielded clear evidence for vesicle-

induced accumulation of membrane-interacting peptides [203]. Catalytic self-reproduction of 

vesicle protocells by dissipative self-assembly was achieved via a process fueled by a 

hydrolysis step that was introduced to destroy the surfactant [205].  

Biological evolution consists of several distinct steps. It is generally believed that once the 

first living single cell organism had stabilized, the evolutionary process followed a different 

mechanism. The Darwinian principle, Survival of the Fittest, can be considered to be the 

analog of the Second Law of Thermodynamics for living systems. However, the Second Law 

requires an increase in the entropy of isolated systems, while living organisms are open 

systems far from equilibrium, which increase complexity and therefore lower their entropy 

during the evolutionary process, fed to a large extent either directly by photosynthesis or 

indirectly by the energetic molecules formed in this process.  

It is unimaginable that dinosaurs will resurrect or fossils will come back to life. We would not 

be enthusiastic about the prospect that humans evolve back to earlier forms, which work with 

flint tools and create rock paintings. The view of irreversible evolution was expressed as 

early as 1890 in Dollo’s Law [206]. In contrast to this, a fairly high reversibility of mutations in 

Drosophila, often caused by a chain of reactions (such as the exchange of individual DNA 

base units, or the deletion or insertion or the rearrangement of larger sections of genes or 

chromosomes) was reported later by Muller [207], and a limited reverse evolution is attested 

also in more recent work [208]. Viruses with a single-strand RNA genome show much higher 

mutation rates than life forms based on the double-stranded DNA, which is stabilized by the 

interactions in the helix.  

When cereal seeds are sowed on the field, the sprouts will grow and the entire field of 

cornstalks will have approximately the same height. All grains have the same chance and the 

same success rate, apart from some that do not make it. This is programmed growth and in 

stark contrast to evolution of life that is estimated to have started over 4 billion years ago with 

simple single-celled organisms under anaerobic conditions. Survival of the fittest may be a 
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conceivable concept viewed from the proud throne of human beings or insects like bees, or 

other representatives of the animal kingdom that are sophisticated organisms with what we 

call intelligence, and with societal behavior. However, many modern-day living organisms are 

unicellular and can therefore be considered to have remained at a single cell stage, much 

closer to the Last Universal Common Ancestor (LUCA, see Figure 15). All of the roughly 53 

million named creatures of life on Earth [209] are based on the same genetic code 

represented in DNA and RNA and are therefore thought to have a single common ancestor, 

the LUCA. The large number of single-celled species like bacteria, archaea and some groups 

of algae and fungi have by far not reached the high sophistication over the same 4-billion-

year time span, despite high mutation rates, and they nevertheless proved to be sufficiently 

fit to survive. Since they are often considered to represent early stages of life they are 

sometimes called living fossils. They reveal that Darwinian evolution is not to the same 

extent compulsory and predictable for all species as in the programmed growth or in the 

evolution of chemical matter according to the Second Law. 

Trees of life are instant images representing the state-of-the-art knowledge of evolution, but 

this knowledge evolves so that trees of life have to be revised frequently. Furthermore, the 

branches of these trees are not so cleanly separated as it is often suggested. In particular 

among the bacteria, there is a frequent horizontal gene transfer between the branches which 

blurs the distinct lineages [210]. However, the generally accepted evolution of humans from 

the LUCA, the first single living cell species, represents a complex path with many key 

evolutionary steps. It is difficult to investigate, in particular its early stages, because we are 

missing numerous fossils of sufficient quality, and we cannot repeat evolution in the 

laboratory. Dying is not the reverse of getting to life, so studying the biology of dying does not 

help. A more promising approach may be based on the recognition that each human being 

starts off from a single cell, and intermediate fetal stages show organs which resemble 

earlier forms of life along the phylogenetic branch of evolution. One could therefore 

hypothesize that the evolution of an individual human being traces the phylogenetic evolution 

of humans in the sense of a fast time lapse, and that studying the evolution of an individual 

organism may reveal the phylogeny. A serious limitation to this undertaking is that individual 

evolution is a linear process, while the phylogenetic tree has many branching points. A 

fertilized human egg will after successful growth and multiplication end up in a human 

organism, but never in a fig tree or a dinosaur. Securing the linearity of embryonic and fetal 

development is obviously due to the genes, which prevent to a large extent any branching 

off. The genetic information reduces the large entropy represented by the many species in 

the phylogenetic tree to that of a single target species. 

The long-term coexistence of simple and complex forms of life, and furthermore the fact that 

in a pandemic a simple organism like a Malaria bacterium or a coronavirus can eradicate 

large fractions of human populations, raises questions about the validity of the principle of 

Darwinian evolution. For example, which of the creatures is fitter, the complex or the simple 

one? Obviously, fitness cannot be equated with complexity. The formulation of Darwinism 

has concentrated on the lineage to the complex forms of life among the Eukarya in the tree 

of life and offers a plausible explanation for an evolution that contains several key steps of 

increasing complexity. It has, however, neglected to a large extent the fact that the major 

number of species that are currently living consist of a single cell with a complexity near that 

of the LUCA. What does this mean for the survival of the fittest principle as the arrow of the 

evolution of life?  
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Figure 15: Phylogenetic tree of life after Woese et al. [211]. Human beings are subsumed 
under the Animals kingdom, together with other mammals, birds/reptiles, fish, insects, and 
roundworms. LUCA stands for the Last Universal Common (Cellular) Ancestor. (color online) 
[212 (open source).] 

9. Conclusions 

Exact or approximate solutions of the coupled Newtonian equations of motion are available 

for relatively few atoms only. They are complicated by the need of 3N coordinates and a 

three-component velocity vector for each of the N particles. In molecular dynamics and 

molecular mechanics calculations, today’s fast and large computers permit numerical 

solutions of these equations for much larger numbers of particles. In this way they bridge the 

gap to thermodynamic treatments which ignore the knowledge of all 6N parameters and 

consider only ensemble averages. Quantum-mechanical treatments take in most cases an 

intermediate approach by separating off the time dependence, which reduces the number of 

parameters to the 3N spatial nuclear coordinates but instead requires also the coordinates of 

all or at least the valence electrons. Also, these calculations rely in an essential way on the 

power of fast computers. Ignoring the time dependence has the consequence that the 

solution is incomplete and consists merely of a time-averaged wave function. 

The attempt to understand thermodynamic irreversibility and the arrow of time from the 

viewpoint of loss of time-reversibility of equations of motion has misled generations of 

scientists. In fact, the two irreversibilities have nothing in common. Loss of time-reversibility 

is defined as loss of memory of the past and is reflected by the loss of phase correlations of 

the components of quantum systems, and by loss of statistical time correlations in classical 

systems. Thermodynamic irreversibility, on the other hand, is related to dissipation, i.e. to a 

change in energy distributions, reflected by populations of energy levels, or by a change in 

concentration. 

The following statements serve as take-home messages that summarize the essence of the 

subject:  

• Time-irreversibility of the equations of motion and thermodynamic irreversibility are 

two separate subjects which are not directly related to each other. A thermodynamic 

equilibrium is attained by maximizing the entropy of an isolated system (or by 

minimizing the free energy of a closed system) and may be reached via time-

irreversible and also time-reversible processes. It involves redistribution of energy, i.e. 
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changes of the populations of energy levels or changes in concentrations. Time-

irreversibility involves the loss of memory of previous states, represented, e.g., by 

dephasing of coherent oscillations in quantum states or by the loss of time 

correlations between different parts of a classical system. In contrast to equilibrated 

states, systems that have lost memory of their past are called thermalized. 

Probabilistic events are a common cause of memory loss. In mathematical 

descriptions, the populations relate to diagonal and the decoherence to off-diagonal 

elements of the density matrix of a quantum state in the energy basis. 

• An equilibrated ensemble of matter is characterized by the Boltzmann distribution, 

described by statistical thermodynamics. This equilibrium distribution is neither 

changed by elastic collisional energy exchange (as in a Maxwell-Boltzmann 

ensemble) nor by photon exchange (as in Planck’s black body), except for temporary 

fluctuations. This results in the fundamental equivalence of heat in the form of energy 

and in the form of photons.  

• All thermodynamic equilibria are dynamic, with equal rates of forward and backward 

reactions indicating microscopic reversibility. The fluctuation theorem describes 

spontaneous random deviations of thermodynamic properties from equilibrium. The 

probability of a deviation of a certain amplitude decreases exponentially with this 

amplitude, and in a statistical ensemble it decreases with the size of the system. 

Since thermodynamics is defined for macroscopic systems, these fluctuations do not 

contradict the Second Law, and since they are random and not deterministic, they are 

also not suitable to explain time-irreversibility. 

• Off-equilibrium ensembles approach equilibrium by dissipation of heat, either in the 

form of kinetic energy and/or of photons, as described by the Second Law of 

Thermodynamics. Equivalent to the dissipation of heat is a lowering of concentration 

or gas pressure of the system. 

• Other forms of energy can be converted quantitatively into heat, but the reverse is not 

true. Heat is therefore often called an inferior form of energy. 

• Spontaneous thermodynamic processes in closed subsystems can be reversed by 

driving them. This decreases the entropy of the subsystem, while the entropy of the 

universe nevertheless increases. Driven processes are among the most important in 

daily life and in nature. 

• The main characteristics of time-irreversibility lies in the probabilistic nature of 

processes which lead to the loss of memory (quantum decoherence and loss of 

spatial correlations), not the dissipation of energy, and it is not fundamentally 

dependent of the size of a system. Only deterministic processes are time-reversible 

and therefore integrable. 

• The finite, non-zero lifetime of a discrete energetic state is a truly quantum-

mechanical effect that is not found in a classical energy continuum. The quantum 

nature is thus an important origin of both equilibration and thermalization. The main 

phenomenon that prevents a system to reverse to an excited state is the low 

probability of the simultaneous non-resonant absorption of two or several low-energy 

photons or collisional energy quanta since these are second- or higher-order kinetic 

processes.  

• Both time-irreversible and time-reversible systems equilibrate, as evidenced by 

Maxwell-Boltzmann ensembles of elastically colliding particles and by standard 

molecular-dynamics calculations. Equilibration is therefore not a criterion for 

irreversibility. Otherwise we could ask why we do not observe reversible systems 

returning from equilibrium to the initial non-equilibrium state. This is just because it is 

in many systems experimentally not possible to reverse all trajectories of an 

ensemble coherently, whereas it can be done in molecular-dynamics simulations.  
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• Magnetic resonance, manipulating and monitoring the evolution of spin systems in an 

applied external magnetic field provides the best example for experimental time 

reversal, and at the same time it demonstrates the fundamental difference between 

the loss of time-reversibility and thermodynamic irreversibility. Coherent precession of 

a spin ensemble is initiated by a preparative pulse that tilts the equilibrium 

magnetization vector away from the direction of the magnetic field, defined to lie 

along the z-axis. The perpendicular component precesses in the x-y plane. This 

motion can be reversed after a time period  and refocused to produce an echo after 

another period . This precession does not affect entropy, but the echo amplitude 

may be diminished after repeated sequences, characterized by the transverse or spin 

memory relaxation time T2, reflecting dephasing and thus the loss of time reversibility 

without changing the extent of deviation from thermodynamic equilibrium. The 

relaxation of the magnetization vector back to its equilibrium orientation is described 

by the longitudinal relaxation time T1, independent of the state of phase coherence. 

• Isolated quantum systems can temporarily violate the First Law, as described by the 

energy-time interval uncertainty relation. This may be of stochastic origin 

(fluctuations) or due to the oscillatory evolution of non-eigenstates.  

• Unlike the Coulomb force between charges of equal and opposite signs, the 

gravitational force is not shielded. This leads to conditions where matter has a 

negative heat capacity so that heat flows spontaneously from cold to hot, which is in 

contradiction with the arrow of time for conventional (non-gravitational) matter and 

requires an amendment of the Second Law. Internal coupling in a thermal inductor or 

in coupled spin systems can lead to heat flowing temporarily from cold to hot without 

external intervention. Nevertheless, the entropy of the isolated system does not 

reverse so that the Second Law is not violated in these cases. 

• Quantum coherences reveal the quanticity (quantum nature) of biological systems. 
This is more than just a characteristic of the matter but is of relevance to energy and 
charge transfer between coupled neighboring chromophores, thus providing a 
mechanism for energy and charge transport and eventually to charge separation. 
Interaction of the coherent electronic states with vibrational modes in the thermal bath 
gives rise to equilibration and thermalization.  

•  The evolution of living subsystems occurs in a thermodynamic environment, but it 

requires additional principles beyond the Second Law of thermodynamics, like 

Darwin’s principle of the survival of the fittest (which has some serious limitations). 

Since biological evolution also seems to be not fundamentally reversible, this 

principle provides an arrow of evolution that is complementary to the arrow of time. 

• A proper treatment of dissipation and thermalization may be able to link classical 

Newtonian, quantum-mechanical, statistical and thermodynamic descriptions of the 

dynamics of matter. This may potentially lead to a unified theory of matter.  

 

Declaration of competing interests: There are no competing interests to declare. 

Acknowledgments: We acknowledge fruitful discussions with Prof. Bernd Ensing and 

critical reading by Prof. Konstantinos Zoubos. 

Funding: This research did not receive any specific grant from funding agencies in the 

public, commercial, or not-for-profit sectors. 

References 



56 
 

1. R.J. Field, F.W. Schneider, Oscillating chemical reactions and nonlinear dynamics, J. 

Chem. Educ., 66 (1989) 195−204. https://doi.org/10.1021/ed066p195 

2. A. Naseri, H. Khalilzadeh, S. Sheykhizadeh, Tutorial Review: Simulation of Oscillating 

Chemical Reactions Using Microsoft Excel Macros, Anal. Bioanal. Chem. Res., 3 

(2016)169−185. https://doi.org/10.22036/abcr.2016.15812 

3. B. Gal-Or, Entropy, fallacy, and the origin of irreversibility, Annals, New York Academy 

of Sciences, 196 (1972) 307−325. https://doi.org/10.1111/j.1749-6632.1972.tb21244.x 

4. A.L. Kuzemsky, In Search of Time Lost: Asymmetry of Time and Irreversibility in Natural 

Processes, Foundat. Sci., 25 (2020) 597−645. https://doi.org/10.1007/s10699-020-

09658-0 

5. L. D’Alessio Y. Kafri, A. Polkognikov, M. Rigol, From quantum chaos and eigenstate 

thermalization to statistical mechanics and thermodynamics, Adv. Phys. 65 (2016) 239-

362. https://doi.org/10.1080/00018732.2016.1198134 

6. J.L. Lebowitz, Boltzmann’s Entropy and Time’s Arrow, Physics Today, 46 (1993) 32-38. 

doi.org/0.1063/1.881363 
7. C. Jarzynski, Equalities and Inequalities: Irreversibility and the Second Law of 

thermodynamics at the Nanoscale, Annu. Rev. Condens. Matter Phys. 2 (2011) 329–

351. https://doi.org/10.1146/annurev-conmatphys-062910-140506 

8. A.S. Eddington, The Nature of the Physical World, The Macmillan Company, New York, 

1929. ISBN 13: 9780472060153 

9. G.B. Lesovik, I.A. Sadovskyy, M.V. Suslov, A.V. Lebedev, V.M. Vinokur, Arrow of time 

and its reversal on the IBM quantum computer, Scientific Reports, 9 (2019) 4396. 

https://doi.org/10.1038/s41598-019-40765-6 

10. J.L. Lebowitz, Statistical mechanics: a selective review of two central issues, Rev. 

Modern Phys., 71 (1999) S346−S357. https://doi.org/10.1103/RevModPhys.71.S346 

11. N. Linden, S. Popescu, A.J. Short, A. Winter, Quantum mechanical evolution towards 

thermal equilibrium, Phys. Rev. E 79 (2009) 061103. 

https://doi.org/10.1103/PhysRevE.79.061103 

12. P. Español and P.B. Warren, Perspective: Dissipative particle dynamics, J. Chem. 

Phys. 146 (2017) 150901. https://doi.org/10.1063/1.4979514 

13. M.P. Allen, D.J. Tildesley, Computer simulations of liquids, Chapter 4, Oxford University 

Press (2002). ISBN: 0-19-855375-7 

14. C. Gogolin, J. Eisert, Equilibration, thermalization, and the emergence of statistical 

mechanics in closed quantum systems, Rep. Prog. Phys., 79 (2016) 056001. 

https://doi.org/10.1088/0034-4885/79/5/056001 

15. A. Einstein, B. Podolsky, N. Rosen, Can quantum-mechanical description of physical 

reality be considered complete? Phys. Rev., 47 (1935) 777−780. 

https://doi.org/10.1103/PhysRev.47.777 

16. D. Bohm, A suggested interpretation of the quantum theory in terms of “hidden” 

variables, Phys. Rev. 85 (1952) 166−179. https://doi.org/0.1103/PhysRev.47.777 

17. W. Heisenberg, Über den anschaulichen Inhalt der quantentheoretischen Kinematik und 

Mechanik, Zeitschr. Physik, 43 (1927)172−198. https://doi.org/10.1007/BF01397280 

18. J. von Neumann, Die mathematischen Grundlagen der Quantenmechanik, Springer, 

1932, p. 109. ISBN 978-3-642-61409-5 

19. M.P. Seevinck, Challenging the gospel: Grete Hermann on von Neumann’s no-hidden-

variables proof, Radboud Universität Nijmegen 2012. 

www.Aberdeen_Grete_Hermann2-2.pdf, downloaded 06.10.2020 

20. J.S. Bell, On the problem of hidden variables in quantum mechanics, Rev. Modern 

Phys., 38 (1966) 447–452. https://doi.org/10.1103/RevModPhys.38.447 

https://doi.org/10.1021/ed066p195
https://dx.doi.org/10.22036/abcr.2016.15812
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1111%2Fj.1749-6632.1972.tb21244.x
https://doi.org/10.1080/00018732.2016.1198134
https://doi.org/10.1146/annurev-conmatphys-062910-140506
https://www.abebooks.com/products/isbn/9780472060153/30845762742&cm_sp=snippet-_-srp1-_-PLP1
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1088%2F0034-4885%2F79%2F5%2F056001&v=d13a012d
http://www.aberdeen_grete_hermann2-2.pdf/


57 
 

21. A. Jabs, A conjecture concerning determinism, reduction, and measurement in quantum 

mechanics, Quantum Studies: Mathematics and Foundations, 3 (2016) 279-292. 

https://doi.org/10.1007/s40509-016-0077-7 

22. R.P. Feynman, Space-time approach to non-relativistic quantum mechanics, Rev. Mod. 

Phys., 20 (1948) 367−387. https://doi.org/10.1103/RevModPhys.20.367 

23. J.W. Gibbs, Elementary principles of statistical mechanics, C. Scribner, New York, 

1902. https://doi.org/10.5962/bhl.title.32624 

24. J. von Neumann, Beweis des Ergodensatzes und des H-Theorems in der neuen 

Mechanik, Z. Phys. 57 (1929) 30−70. https://doi.org/10.1007/BF01339852 

J. von Neumann, Proof of the ergodic theorem and the H-theorem in quantum 

mechanics. Translated by R. Tumulka, Eur. Phys. J. H. 35 (2010) 201−237. 

https://doi.org/10.1140/epih/e2010-00008-5 

25. W. Thomson, On a universal tendency in nature to the dissipation of mechanical 

energy, Proceedings of the Royal Society of Edinburgh for April 19, (1852).  

26. T.B. Batelhão, A.M. Souza, R.S. Sarthour, I.S. Oliveira, M. Paternostro, E. Lutz, , 

Irreversibility and the arrow of time in quenched quantum systems, Phys. Rev. Lett., 

115 (2015) 190601. https://doi.org/10.1103/PhysRevLett.115.190601 

27. Z. Merali, The new thermodynamics: how quantum physics is bending the rules. Nature, 

551 (2017) 20−22. https://doi.org/10.1038/551020a  

28. J.L. Lebowitz, From Time-symmetric Microscopic Dynamics to Time-asymmetric 

Macroscopic Behavior: An Overview, arXiv:0709.0724v1 [cond-mat.stat-mech] 5 Sep. 

2007. 

29. G.M. Wang, E.M. Sevick, E. Mittag, D.J. Searles, D.J. Evans, Experimental 

demonstration of violations of the Second Law of thermodynamics for small systems 

and short time scales, Phys. Rev. Lett., 89 (2002) 050601. 

https://doi.org/10.1103/PhysRevLett.89.050601 

30. A. Hofmann, V.F. Maisi, J. Basset, C. Reichl, W. Wegscheider, T. Ihn, K. Ensslin, C. 

Jarzynski, Heat dissipation and fluctuations in a driven quantum dot, Phys. Status Solidi 

B, 254 (2017) 160054. https://doi.org/10.1002/pssb.201600546 

31. G.E. Crooks, Entropy production fluctuation theorem and the nonequilibrium work 

relation for free energy differences, Phys. Rev. E, 60 (1999) 2721−2726. 

https://doi.org/10.1103/PhysRevE.60.2721 

32. M.J. Klein, Thermodynamics in Einstein’s thought, Science, 157 (1967) 509-616. 

Retrieved from: 

http://www.rpgroup.caltech.edu/courses/aph105c/2006/articles/Klein_Einstein.pdf 

33. D. Castelvecchio, Clash of the physics laws, Nature, 543 (2017) 597−598. 

34. D. Halbertal, J. Cuppens, M. Ben Shalom, L. Embon, N. Shadmi, Y. Anahory, H.R. 

Naren, J. Sarkar, A. Uri, Y. Ronen, Y. Myasoedov, L.S. Levitov, E. Joselevich, A.K. 

Geim, E. Zeldov, Nanoscale thermal imaging of dissipation in quantum systems, 

Nature, 359 (2016) 407-410. https://doi.org/10.1038/nature19843 

35. R. Mohsen, Classical and Quantum Dissipative Systems, Imperial College Press, World 

Scientific Publishing Company, Singapore, 2005. ISBN13: 9781860945304 

36. S. Cheng, M.O. Robbins, Defining contact at the atomic scale, Tribol. Lett. 39 (2010) 

329-348. https://doi.org/10.1007/s11249-010-9682-5  

37. J.R. von Mayer, Bemerkungen über die Kräfte der unbelebten Natur, Annalen Chemie 

und Pharmacie, 42 (1842) 233−240. ISBN: 30358785350/bd  

38. J.P. Joule, On the caloric effects of magneto-electricity, and on the mechanical value of 

heat, Phil. Mag. 23 (1843) 263−276, 347−355, 435−443. 

https://doi.org/10.1080/14786444308644730 

39. E. Roduner, S.G. Radhakrishnan, In command of non-equilibrium, Chem. Soc. Rev., 45 

(2016) 2768−2784. https://doi.org/10.1039/c6cs00115g 

https://doi.org/10.5962/bhl.title.32624
https://arxiv.org/search/quant-ph?searchtype=author&query=Souza%2C+A+M
https://arxiv.org/search/quant-ph?searchtype=author&query=Sarthour%2C+R+S
https://arxiv.org/search/quant-ph?searchtype=author&query=Oliveira%2C+I+S
https://arxiv.org/search/quant-ph?searchtype=author&query=Paternostro%2C+M
https://arxiv.org/search/quant-ph?searchtype=author&query=Lutz%2C+E
https://doi.org/10.1038/551020a
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1002%2Fpssb.201600546&v=2dc2c4a2
https://doi.org/10.1080/14786444308644730


58 
 

40. J.M. Deutsch, H. Li, A. Sharma, Microscopic origin of thermodynamic entropy in isolated 

systems, Phys. Rev. E, 87 (2013) 042135. https://doi.org/10.1103/PhysRevE.87.042135 

41. C.H. Bennett, H.J. Bernstein, S. Popescu, B. Schumacher, Concentrating partial 

entanglement by local operations, Phys. Rev. A 53, 2046 (1996). 

https://doi.org/10.1103/PhysRevA.53.2046 

42. F. L. Lambert, Shuffled cards, messy desks, and disorderly rooms – examples for entropy 

increase? Nonsense! J. Chem. Educ., 75 (1999) 1385-1387. 

https://doi.org/10.1021/ed076p1385 

43. J.P. Santos, L.C. Céleri, G.T. Landi, M. Paternostro, The role of quantum coherence in 

non-equilibrium entropy production, npj Quantum Information, 5 (2019) 23. 

https://doi.org/10.1038/s41534-019-0138-y. 

44. D. Wallace, The Arrow of Time in Physics, in H. Dyke, A. Bardon, Ed., A Companion to 

the Philosophy of Time, Wiley, 2013.  https://doi.org/10.1002/9781118522097.ch16 

45. E. Fisicaro, C. Compari, E. Duce, M. Biemmi, M. Peroni and A. Braibanti, 

Thermodynamics of micelle formation in water, hydrophobic processes and surfactant 

self-assemblies, Phys. Chem. Chem. Phys., 10 (2008) 393-3914. 

https://doi.org/10.1039/b719630j 

46. V. Guida, Thermodynamics and kinetics of vesicle formation processes, Adv. Colloid 

Interface Sci. 161 (2010) 77–88. https://doi.org/10.1016/j.cis.2009.11.004 

47. C. Rossi, P. Madl, A. Foletti, C. Mocenni, Equilibrium and far from equilibrium states, in 

D. Fels, M. Cifra and F. Scholkmann, Eds. Fields of the Cell, Research Signpost 37/661 

(2), Trivandrum, India, (2015) 71−94. ISBN: 978-81-308-0544-3 

47. M. Cross, Collective effects in equilibrium and nonequilibrium physics – Condensed 

Matter Physics (Lecture Notes) www.cmp.caltech.edu › ~mcc › BNU › Notes1_2 

(downloaded 05.03.2021) 

49. Prigogine, Time, Structure and Fluctuations, Science, 201 (1978) 777-785. 

https://doi.org/10.1126/science.201.4358.777 

50. E.B.P. Tiezzi, R.M. Pulselli, N. Marchettini, E. Tiezzi, Dissipative structures in nature 

and human systems, in Design and Nature, P. Davies (Ed), WIT Transactions on 

Ecology and the Environment, vol. 114, (2008) WIT Press. ISSN 1743-3541,  

51. A.I. Hanopolskyi, V.A. Smaliak, A.I. Novichkov, S.N. Semenov, Autocatalysis: kinetics, 

mechanisms and design, ChemSystemsChem, 3 (2021) e2000026, 

doi.org/10.1002/syst.202000026 

52. G. Makey, S. Galioglu, R. Ghaffari, E.D. Engin, G. Yldirim, Ö. Yavuz, O. Bektaş, Ū.S. 

Nizam, Ö. Akbulut, Ö. Şahin, K. Güngör, D. Dede, H.V. Demir, F.ÖIlday, S. Ilday. 

Universality of Dissipating Self-Assembly from Quantum Dots to Human Cells, Nature 

Phys., 16 (2020) 759-801, doi:101038/s41567-020-0879-8. 
53. R.J. Field, R.M. Noyes, Oscillations in chemical systems. IV. Limit cycle behavior in a 

model of a real chemical reaction, J. Chem. Phys. 60 (1974) 1877−1884. 

https://doi.org/10.1063/1.1681288 

54. R.J. Field, E. Körös and R.M. Noyes, Oscillations in Chemical Systems. II. Thorough 

Analysis of Temporal Oscillation in the Bromate-Cerium-Malonic Acid System, J. Amer. 

Chem. Soc. 94 (1972) 8649−8664. https://doi.org/10.1021/ja00780a001 

55. T. Palmer, Edward Norton Lorenz, Physics Today, 61 (2008) 81−82. 

https://doi.org/10.1063/1.2982132 

56. E.N. Lorenz, Atmospheric predictability as revealed by naturally occurring analogues, J. 

Atmos. Sci., 26 (1969) 636−646. https://doi.org/10.1175/1520-

0469(1969)26<636:APARBN>2.0.CO;2 

57. D. Collin, F. Ritort, C. Jarzynski, S.B. Smith, I. Tinoco Jr, C. Bustamante, Verification of 

the Crooks fluctuation theorem and recovery of RNA folding free energies, Nature, 437 

(2005) 231-234. https://doi.org/10.1038/nature04061  

https://doi.org/10.1103/PhysRevA.53.2046
https://doi.org/10.1021/ed076p1385
https://doi.org/10.1063/1.1681288
https://doi.org/10.1021/ja00780a001
https://doi.org/10.1063/1.2982132
https://doi.org/10.1175/1520-0469(1969)26%3c636:APARBN%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1969)26%3c636:APARBN%3e2.0.CO;2


59 
 

58. J.C. Maxwell, Illustrations of the dynamical theory of gases. Part I. On the motions and 

collisions of perfectly elastic spheres. The London, Edinburgh, and Dublin Philosophical 

Magazine and Journal of Science, 4th Series, 19 (1860) 19−32. 

https://doi.org/10.1080/14786446008642818 

59. L. Boltzmann, Über die Beziehung zwischen dem zweiten Hauptsatz der mechanischen 

Wärmetheorie und der Wahrscheinlichkeitsrechnung respektive den Sätzen über das 

Wärmegleichgewicht. Sitzungsberichte der Kaiserlichen Akademie der Wissenschaften 

in Wien, Mathematisch-Naturwissenschaftliche Classe. Abt. II, 76 (1877) 373–435. 

Reprinted in Wissenschaftliche Abhandlungen, Vol. II, 164–223, Leipzig: Barth, 1909. 

60. T. Suntola, On the linkage between Planck’s quantum and Maxwell’s equations, The 

Finnish Society for Natural Philosophy 25 years, K.V. Laurikainen Honorary 

Symposium, Helsinki 11.-12.11.2013. 

https://physicsfoundations.org/data/documents/2013_1111_TS_LFS_25_Symposium_P

lanck_equation.pdf, downloaded 27.03.2019 

61. J. Crepeau, A brief history of the T4 radiation law. Proceedings HT 2009, 2009 ASME 

Summer Heat Transfer Conference, July 19−23, 2009, San Francisco, California USA. 

https://doi.org/10.1115/HT2009-88060 

62. M. Planck, Über das Gesetz der Energieverteilung im Normalspectrum, Annalen der 

Physik, 309 (1901) 553−563. https://doi.org/10.1002/andp.19013090310 

63. A. Einstein, Zur Quantentheorie der Strahlung, Phys. Z., 18 (1917) 121−128.  

64. J. Ebel, Commented version of Einstein’s original paper (2010), http://www.ing-buero-

ebel.de/strahlung/Original/Einstein.pdf (retrieved 18.08.2020). 

65. M. Pollnau, Are absorption and spontaneous or stimulated emission inverse processes? 

The answer is subtle! Appl. Phys. B, 125 (2019) 25. https://doi.org/10.1007/s00340-019-

7133-z 

66. V.I. Yukalov, Equilibration and thermalization in finite quantum systems, Laser Phys. 

Lett., 8 (2011) 485-507. https://doi.org/10.1002/lapl.201110002 

67. K. Ptaszyński, M. Esposito, Thermodynamics of quantum information flow, Phys. Rev. 

Lett., 122 (2019) 150603. https://doi.org/10.1103/PhysRevLett.122.150603 

68. W. H. Zurek, Decoherence and the transition from quantum to classical, Phys. Today 44 

(1991) 36-44. https://doi.org/10.1063/1.881293 

69. M. Schlosshauer, The quantum-to-classical transition and decoherence, 

arXiv:1404.2635v2 [quant-ph] 20 Nov 2019. Downloaded 09.02.2021. 

70. W.H. Miller, Perspective: quantum or classical coherence, J. Chem. Phys., 136 (2012) 

210901. https://doi.org/10.1063/1.4727849. 

71. L. Boltzmann, Weitere Studien über das Wärmegleichgewicht unter Gasmolekülen. 

Sitzungsberichte der Akademie der Wissenschaften zu Wien, mathematisch-

naturwissenschaftliche Klasse, 66 (1872) 275−370. 

72. K. Feitosa, N. Menon, Fluidized Granular Medium as an Instance of the Fluctuation 

Theorem, Phys. Rev. Lett. 92 (2004)164301. 
https://doi.org/10.1103/PhysRevLett.92.164301 

73. D. Andrieux, P. Gaspard, S. Ciliberto, N. Garnier, S. Joubaud, and A. Petrosyan. 

Entropy Production and Time Asymmetry in Nonequilibrium Fluctuations Phys. Rev. 

Lett. 98 (2007) 150601. https://doi.org/10.1103/PhysRevLett.98.150601 

74. E.H. Feng, G.E. Crooks. Length of Time’s Arrow. Phys. Rev. Lett. 101, (2008) 090602. 

https://doi.org/10.1103/PhysRevLett.101.090602 

75. M. Campisi, P. Hänggi, P. Talkner, Colloquium: Quantum fluctuation relations: 

Foundations and applications, Rev. Mod. Phys. 83 (2011) 771–791. 

https://doi.org/10.1103/RevModPhys.83.771. 

https://doi.org/10.1080/14786446008642818
https://physicsfoundations.org/data/documents/2013_1111_TS_LFS_25_Symposium_Planck_equation.pdf
https://physicsfoundations.org/data/documents/2013_1111_TS_LFS_25_Symposium_Planck_equation.pdf
https://doi.org/10.1115/HT2009-88060
http://www.ing-buero-ebel.de/strahlung/Original/Einstein.pdf
http://www.ing-buero-ebel.de/strahlung/Original/Einstein.pdf
https://doi.org/10.1103/PhysRevLett.122.150603
https://doi.org/10.1063/1.881293
https://doi.org/10.1103/PhysRevLett.92.164301


60 
 

76. D.J. Evans, E.G.D. Cohen, G.P. Morriss. Probability of second law violations in 

shearing steady states, Phys. Rev. Lett. 71 (1993) 2401–2404. 

https://doi.org/10.1103/PhysRevLett.71.2401 

77. T. Hatano, and S. Sasa, Steady State Thermodynamics of Langevin Systems, Phys. 

Rev. Lett. 86, (2001) 3463-3466. https://doi.org/10.1103/PhysRevLett.86.3463 

78. D.M. Carberry, S.R. Williams, G.M. Wang, E.M. Sevick, D.J. Evans, The Kawasaki 

identity and the Fluctuation Theorem, J. Chem. Phys. AIP Publishing. 121 (2004) 8179–

8182. https://doi.org/10.1063/1.1802211 

79. M. Campisi, P. Hänggi, Fluctuation, Dissipation and the Arrow of Time, Entropy, 13 

(2011) 2024-2035; https://doi.org/10.3390/e13122024. 

80. A. Ben-Naim, On the Validity of the Assumption of Local Equilibrium in Non-Equilibrium 

Thermodynamics, (2018). arXiv:1803.03398v1 

81. A. Chatterjee, G. Iannacchione, The Many Faces of Far-from-equilibrium 

Thermodynamics: Deterministic Chaos, Randomness or Emergent Order? MRS 

Bulletin, 44 (2019) 130-133, https://doi.org/10.1557/mrs.2019.18 

82. R.M. Velasco, L. Scherer García-Colín, F. J. Uribe, Entropy Production: Its Role in 

Non-Equilibrium Thermodynamics, Entropy, 13 (2011) 82-116;  

https://doi.org/10.3390/e13010082  

83. C.G. Knott, Quote from undated letter from Maxwell to Tait. Life and Scientific Work of 

Peter Guthrie Tait. Cambridge University Press. pp. 213–215 (1911). Retrieved 

05.03.2021. 

84. V. Serreli, C.F. Lee, E.R. Kay, D.A. Leigh. A molecular information ratchet, Nature. 445 

(2007) 523–527, https://doi.org/10.1038/nature05452 

85. H.S. Leff, Teaching the photon gas in introductory physics, Amer. J. Phys., 70 (2002) 

792−797. https://doi.org/10.1119/1.1479743 

86. J.C. Mather, E.S. Cheng, R.E. Eplee, Jr.,  R.B. Isaacman, S.S.  Meyer, R.A. Shafer, R.  

Weiss, E.L. Wright, C.L. Bennett, N.W. Boggess, E. Dwek, S. Gulkis, M.G. Hauser, M. 

Janssen, T. Kelsall, P. Lubin, S.H. Moseley Jr., T.L. Murdock, R.F. Silverberg, G.F. 

Smoot, A preliminary measurement of the cosmic microwave background spectrum by 

the Cosmic Background Explorer (COBE) satellite, Astrophys. J., 354 (1990) L37−L40. 

https://doi.org/10.1086/185717 

87. M. Planck, The Theory of Heat Radiation (transl. M. Masius), P. Blakiston’s Son & Co., 

Philadelphia, 1914. ISBN 978-0-88318-597-1 

88. V. Fernández-Hurtado, A.I. Fernández-Domίnguez, J. Feist, F.J. Garcίa-Vidal, J.C. 

Cuevas, Exploring the limits of super-Planckian far-field radiative heat transfer using 2D 

materials, ACS Photonics, 5 (2018) 3082−3088. 

https://doi.org/10.1021/acsphotonics.8b00328 

89. D. Thompson, L. Zhu, R. Mittapally, S. Sadat, Z. Xing, P. McArdle, M. Mumtaz 

Qazilbash, P. Reddy, E. Meyhofer, Hundred-fold enhancement in far-field radiative heat 

transfer over the blackbody limit, Nature, 561 (2018) 216-221. 

https://doi.org/10.1038/s41586-018-0480-9 

90. K. Kloppstech, N. Könne, S.-A. Biehs, A.W. Rodriguez, L. Worbes, D. Hellmann, A. 

Kittel, Giant heat transfer in the crossover regime between conduction and radiation, 

Nature Commun., 8 (2017) 14475. https://doi.org/10.1038/ncomms14475 

91. F.C. Adams, G. Laughlin, A Dying universe: the long-term fate and evolution of 

astrophysical objects, Rev. Mod. Phys., 69 (1997) 337−372. 

https://doi.org/10.1103/RevModPhys.69.337 

92. A. Kleidon, Non-equilibrium thermodynamics, maximum entropy production and Earth-

system evolution, Phil. Trans. Royal Soc. A, 368, (2010) 181−196. 

https://doi.org/10.1098/rsta.2009.0188 

https://doi.org/10.1063/1.1802211
https://sciprofiles.com/profile/author/TElHNjBTZkdMY25RVlRRQldZNXNCREJkcnJTS2ZxYkNGcXBkejdpYnB1az0=
https://www.mdpi.com/search?authors=Leopoldo%20Scherer%20Garc%C3%ADa-Col%C3%ADn&orcid=
https://sciprofiles.com/profile/2298
https://doi.org/10.3390/e13010082
https://doi.org/10.3390/e13010082
https://archive.org/stream/lifescientificwo00knotuoft#page/212/mode/2up
https://en.wikipedia.org/wiki/Cambridge_University_Press
https://doi.org/10.1119/1.1479743
https://ui.adsabs.harvard.edu/#search/q=author:%22Cheng%2C+E.+S.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Eplee%2C+R.+E.%2C+Jr.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Isaacman%2C+R.+B.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Meyer%2C+S.+S.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Shafer%2C+R.+A.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Weiss%2C+R.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Boggess%2C+N.+W.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Dwek%2C+E.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Gulkis%2C+S.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Hauser%2C+M.+G.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Janssen%2C+M.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Kelsall%2C+T.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Lubin%2C+P.+M.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Moseley%2C+S.+H.%2C+Jr.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Murdock%2C+T.+L.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Silverberg%2C+R.+F.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Smoot%2C+G.+F.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/link_gateway/1990ApJ...354L..37M/doi:10.1086/185717
https://pubs.acs.org/action/showCitFormats?doi=10.1021%2Facsphotonics.8b00328
https://doi.org/10.1021/acsphotonics.8b00328
https://pubmed.ncbi.nlm.nih.gov/?term=Zhu+L&cauthor_id=30177825
https://pubmed.ncbi.nlm.nih.gov/?term=Mittapally+R&cauthor_id=30177825
https://pubmed.ncbi.nlm.nih.gov/?term=Sadat+S&cauthor_id=30177825
https://pubmed.ncbi.nlm.nih.gov/?term=Xing+Z&cauthor_id=30177825
https://pubmed.ncbi.nlm.nih.gov/?term=McArdle+P&cauthor_id=30177825
https://pubmed.ncbi.nlm.nih.gov/?term=Qazilbash+MM&cauthor_id=30177825
https://pubmed.ncbi.nlm.nih.gov/?term=Qazilbash+MM&cauthor_id=30177825
https://pubmed.ncbi.nlm.nih.gov/?term=Reddy+P&cauthor_id=30177825
https://pubmed.ncbi.nlm.nih.gov/?term=Meyhofer+E&cauthor_id=30177825
https://www.nature.com/articles/ncomms14475#auth-Nils-K_nne
https://www.nature.com/articles/ncomms14475#auth-Svend_Age-Biehs
https://www.nature.com/articles/ncomms14475#auth-Alejandro_W_-Rodriguez
https://www.nature.com/articles/ncomms14475#auth-Ludwig-Worbes
https://www.nature.com/articles/ncomms14475#auth-David-Hellmann
https://www.nature.com/articles/ncomms14475#auth-Achim-Kittel
https://www.nature.com/articles/ncomms14475#auth-Achim-Kittel


61 
 

93. C.H. Lineweaver, The entropy of the universe and the maximum entropy production 

principle. In R.C. Dewar, C.H. Lineweaver, R.K. Niven, K. Regenauer-Lieb, (Eds.) 

Beyond the Second Law, Chapter 4, Springer Heidelberg, 2014. 

https://doi.org/10.1007/978-3-642-40154-1_22 

94. R.M. Wald, The arrow of time and the initial conditions of the universe. Studies History 

Philosophy Mod. Phys. 37 (2006) 394-398. https://doi.org/10.1016/j.shpsb.2006.03.005 

95. R. Feynman, Feynman Lectures oh Physics, Vol. I, California Institute of Technology, 

Michael A. Gottlieb and Rudolf Pfeiffer, (1969) 46-8, 46-9. 

96. T. Jacobson, Thermodynamics of space-time: The Einstein equation of state, Phys. 

Rev. Lett., 75 (1995) 1260−1263. https://doi.org/10.1103/PhysRevLett.75.1260 

97. G. F. R. Ellis, R. Maartens, M. A. H. MacCallum, Relativistic Cosmology. Cambridge, 

UK: Cambridge University Press, (2012). pp. 146–147. ISBN 978-0-52138-115-4. 

98. Y. Wang, J. M. Kratochvil, A. Linde, M. Shmakova, Current observational constraints on 

cosmic doomsday, J. Cosmology Astroparticle Physics, 12 (2004) 006. 

https://doi.org/10.1088/1475-7516/2004/12/006 

99. C.H. Lineweaver, C.A. Egan, Life, gravity, and the second law of thermodynamics, 

Phys. Live Rev., 5 (2008) 225-242. https://doi.org/10.1016/j.plrev.2008.08.002 

100. D. Lynden-Bell, Negative specific heat in astronomy, physics and chemistry, Physica 

A, 263 (1999) 293-304. https://doi.org/10.1016/S0378-4371(98)00518-4 

101. D. Lynden-Bell, R. Wood, The gravo-thermal catastrophe in isothermal spheres and 

the onset of red-giant structure for stellar systems, Mon. Not. Roy. Astro. Soc., 138 

(1968) 495-525. https://doi.org/10.1093/mnras/138.4.495 

102. P. He, D.-B. Kang, Entropy principle and complementary second law of 

thermodynamics, Mon. Not. R. Astron. Soc. 406 (2010) 2678–2688. 

https://doi.org/10.1111/j.1365-2966.2010.16869.x 

103. V.A. Antonov, Original in Vest. Leningrad Univ. 7, 135 (1962); English translation in 

Dynamics of Star Clusters (IAU Symposium, Vol. 113), J. Goodman and P. Hut, ed. 

(Reidel, Dordrecht, 1985), p. 525. https://doi.org/10.1007/978-94-009-5335-2_51, ISBN 

978-90-277-1965-2 

104. J. Katz, Thermodynamics of self-gravitating systems, Foundat. Phys., 33 (2003) 223-

269. https://doi.org/10.1023/A:1023776921610 

105. P.H. Chavanis, C. Rosier, C. Sire, Thermodynamics of self-gravitating systems, Phys. 

Rev. E, 66 (2002) 036105. https://doi.org/10.1103/PhysRevE.66.036105 

106. K. Ourabah, Quasi-equilibrium self-gravitating systems, Phys. Rev. D, 102 (2020) 

043017. https://doi.org/10.1103/PhysRevD.102.043017 

107. R. Clausius, Über eine veränderte Form des zweiten Hauptsatzes der mechanischen 

Wärmetheorie, Ann. Phys., 169 (1854) 481–506. 

https://doi.org/10.1002/andp.18541691202 

108. S. Hawking, Black hole explosions? Nature, 248 (1974) 30-31. 

https://doi.org/10.1038/248030a0 

109. P. He, D.-B. Kang, Saddle-point entropy states of equilibrated self-gravitating 

systems, Mon. Not. R. Astron. Soc. 414 (2011) L21–L25. https://doi.org/10.1111/j.1745-

3933.2011.01046.x 

110. P.H. Chavanis, M. Ribot, C. Rosier, C. Sire, On the analogy between self-gravitating 

Brownian particles and bacterial populations, e-print: arXiv:cond-mat/0407386v1 [cond-

mat.stat-mech] 15 July 2004. 

111. T. Baer, P.M. Mayer, Statistical Rice-Ramsperger-Kassel-Marcus Quasi-equilibrium 

Theory Calculations in Mass Spectrometry, J. Amer. Sci. Mass Spectrom. 8 (1997) 103-

115. https://doi.org/10.1016/S1044-0305(96)00212-7 

https://doi.org/10.1007/978-3-642-40154-1_22
https://www.feynmanlectures.caltech.edu/I_copyright.html
https://www.feynmanlectures.caltech.edu/I_copyright.html
https://archive.org/details/relativisticcosm00elli
https://en.wikipedia.org/wiki/Cambridge_University_Press
https://archive.org/details/relativisticcosm00elli/page/n627
https://en.wikipedia.org/wiki/ISBN_(identifier)
https://en.wikipedia.org/wiki/Special:BookSources/978-0-52138-115-4
https://doi.org/10.1088/1475-7516/2004/12/006
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.plrev.2008.08.002
https://doi.org/10.1016/S0378-4371(98)00518-4
https://ui.adsabs.harvard.edu/link_gateway/1968MNRAS.138..495L/doi:10.1093/mnras/138.4.495
https://doi.org/10.1023/A:1023776921610
https://doi.org/10.1103/PhysRevD.102.043017
https://doi.org/10.1002/andp.18541691202
https://doi.org/10.1016/S1044-0305(96)00212-7


62 
 

112. F. Di Giacomo, A Short Account of RRKM Theory of Unimolecular Reactions and of 

Marcus Theory of Electron Transfer in a Historical Perspective, J. Chem. Educ. 92 

(2015) 476-481. https://doi.org/10.1021/ed5001312 

113. M. Schmidt, T. Hippler, J. Donges, W. Kronmüller, B. von Issendorff, H. Haberland, P. 

Labastie, Caloric curve across the liquid-to-gas change for sodium clusters, Phys. Rev. 

Lett., 87 (2001) 203402. https://doi.org/10.1103/PhysRevLett.87.203402 

114. J. Jellinek, A. Goldberg, On the temperature, equipartition, degrees of freedom, and 

finite size effects: Application to aluminum clusters, J. Chem. Phys., 113 (2000) 2570-

2582. https://doi.org/10.1063/1.1305821 

115. M.J. Ison, A. Chernomoretz, C.O. Dorso, Caloric curves in two- and three-dimensional 

Lennard–Jones-like systems including long-range forces, Physica A, 341 (2004) 389-

400. https://doi.org/10.1016/j.physa.2004.03.101 

116. K. Michaelian, I. Santamaría-Holek, Critical analysis of negative heat capacity in 

nanoclusters, EPL, 79 (2007) 43001. https://doi.org/10.1209/0295-5075/79/43001 

117. F. Calvo, D.J. Wales, J.P.K. Doye, R.S. Berry, P. Labastie, M. Schmidt, Comment on 

“Critical analysis of negative heat capacities in nanoclusters” by Michaelian K. and 

Santamaría-Holek, EPL, 82 (2008) 43003. https://doi.org/10.1209/0295-5075/82/43003 

118. D.-B. Kang, A note on the thermodynamics of self-gravitating systems and its related 

astrophysics, EPL, 98 (2012) 30011. https://doi.org/10.1209/0295-5075/98/30011 

119. A. Einstein, On the development of our understanding of the nature and composition 

of radiation, Phys. Zeitschr. 7 (1909) 817−826. 

https://doi.org/10.13140/RG.2.2.30085.70887 

120. W. Heisenberg, Über den anschaulichen Inhalt der quantentheoretischen Kinematik 

und Mechanik, Zeitschr. Physik, 43 (1927) 172−198. 

https://doi.org/10.1007/BF01397280 

121. P.A.M. Dirac, The quantum theory of emission and absorption of radiation, Proc. 

Royal Soc. A, 114 (1927) 243−265. https://doi.org/10.1098/rspa.1927.0039 

122. R.O. Doyle, The origin of irreversibility, 13 Jan. 2014, 

http://www.informationphilosopher.com/problems/reversibility/Irreversibility.pdf, 

downloaded 24.02.2019 

123. N. Boens, W. Qin, N. Basarić, J. Hofkens, M. Ameloot, J. Pouget, J.-P. Lefèvre, B. 

Valeur, E. Gratton, M. vandeVen, N.D. Silva, Y. Engelborghs, K. Willaert, A. Sillen, G. 

Rumbles, D. Phillips, A.J.W.G. Visser, A. van Hoek, J. R. Lakowicz, H. Malak, I. 

Gryczynski, A.G. Szabo, D.T. Krajcarski, N. Tamai, A. Miura, Fluorescence Lifetime 

Standards for Time and Frequency Domain Fluorescence Spectroscopy. Anal. Chem., 

79, (2007) 2137–2149. https://doi.org/10.1021/ac062160k 

124. E. Roduner, T.P.J. Krüger, P. Forbes, K. Kress, Optical Spectroscopy – 

Fundamentals and Advanced Applications, World Scientific, London, 2019. 

125. V. May and O. Kühn, Charge and energy transfer dynamics in molecular systems. 

John Wiley and Sons, Weinheim, Germany (2011). ISBN: 978-3-527-40732-3 

126. R.T. Carter, J.R. Huber, Quantum beat spectroscopy in chemistry. Chem. Soc. Rev., 

29 (2000) 305−314. https://doi.org/10.1039/A900724E 

127. A. Marais, B. Adams, A.K. Ringsmuth, M. Ferretti, J.M. Gruber, R. Hendrikx, M. 

Schuld, S.L. Smith, I. Sinayskiy, T.P.J. Krüger, F. Petruccione, R. van Grondelle, The 

future of quantum biology, J. R. Soc. Interface, 15 (2018) 20180640. 

https://doi.org/10.1098/rsif.2018.0640 

128. J. Cao, R.J. Cogdell, D.F. Coker, H.-G. Duan, J. Hauer, U. Kleinekathöfer, 

T.L.C.Jansen, T. Mančal, R.J. Dwayne Miller, J. P.Ogilvie, V.I.Prokhorenko, T. Renger, 

H.-S. Tan, R. Tempelaar, M. Thorwart, E. Thyrhaug, S. Westenhoff, D. Zigmantas, 

Quantum biology revisited, Sci. Adv., 6 (2020) eaaz4888, 

https://doi.org/10.1126/sciadv.aaz4888 

https://doi.org/10.1021/ed5001312
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1063%2F1.1305821
https://doi.org/10.1016/j.physa.2004.03.101
https://doi.org/10.1209/0295-5075/79/43001
https://doi.org/10.1209/0295-5075/82/43003
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.13140%2FRG.2.2.30085.70887
https://doi.org/10.1098/rspa.1927.0039
http://www.informationphilosopher.com/problems/reversibility/Irreversibility.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Wenwu++Qin
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Nikola++Basari%C4%87
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Johan++Hofkens
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Marcel++Ameloot
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jacques++Pouget
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jean-Pierre++Lef%C3%A8vre
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Bernard++Valeur
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Bernard++Valeur
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Enrico++Gratton
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Martin++vandeVen
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Norberto+D.++Silva
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Yves++Engelborghs
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Katrien++Willaert
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Alain++Sillen
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Garry++Rumbles
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Garry++Rumbles
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=David++Phillips
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Antonie+J.+W.+G.++Visser
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Arie++van+Hoek
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Joseph+R.++Lakowicz
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Henryk++Malak
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Ignacy++Gryczynski
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Ignacy++Gryczynski
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Arthur+G.++Szabo
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Don+T.++Krajcarski
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Naoto++Tamai
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Atsushi++Miura
https://doi.org/10.1021/ac062160k
https://doi.org/10.1098/rsif.2018.0640
https://doi.org/10.1126/sciadv.aaz4888


63 
 

129. Schulten K, Swenberg CE, Weller A. 1978 Biomagnetic sensory mechanism based 

on magnetic field modulated coherent electron spin motion. Z. Phys. Chem. 111, 1–5. 

https://doi.org/10.1524/zpch.1978.111.1.001 

130. Rodgers, C. T.; Hore, P. J. (2009). "Chemical magnetoreception in birds: The radical 

pair mechanism". Proceedings of the National Academy of Sciences of the United 

States of America. 106 (2): 353–360. https://doi.org/10.1073/pnas.0711968106 

131. E. Romero, V.E. Novoderezhkin, R. van Grondelle, Quantum design of 

photosynthesis for bio-inspired energy conversion, Nature, 543 (2017) 355−365. 

https://doi.org/10.1038/nature22012 

132. A. Chenu, G.D. Scholes, Coherence in energy transfer and photosynthesis, Ann. Rev. 

Phys. Chem., 66 (2014) 69−96. https://doi.org/10.1146/annurev-physchem-040214-

121713 

133. E. Thyrhaug, R. Tempelaar M.J.P. Alcocer, K. Zˇdek, D. Bı´na, J. Knoester, T.L.C. 

Jansen, D. Zigmantas, Identification and characterization of diverse coherences in the 

Fenna–Matthews–Olson complex. Nat. Chem. 10 (2018) 780–786. 

https://doi.org/10.1038/s41557-018-0060-5 

134. E. Z. Harush, Y. Dubi, Do photosynthetic complexes use quantum coherence to 

increase their efficiency? Probably not, Sci. Adv., 7 (2021) eabc4631. 

https://doi.org/10.1126/sciadv.abc4631 

135. D. Nielsson, S. Nordholm, Statistical theory of energy transfer in molecular collisions. 

trans-stilbene deactivation by argon, carbon dioxide, and n-heptane. J. Phys. Chem. A, 

110 (2006) 3289−3296. https://doi.org/10.1021/jp055144k 

136. P.L. Houston, R. Conte, J.M. Bowman, Collisional energy transfer in highly excited 

molecules, J. Phys. Chem. A, 118 (2014) 7758−7775. https://doi.org/10.1021/jp506202g 

137. W. Heisenberg, Über den anschaulichen Inhalt der quantentheoretischen Kinematik 

und Mechanik, Zeitschr. Physik, 43 (1972) 172−198. 

https://doi.org/10.1007/BF01397280 

138. A. Einstein, Über einen die Erzeugung und Verwandlung des Lichtes betreffenden 

heuristischen Gesichtspunkt (Concerning a heuristic point of view toward the emission 

and transformation of light), Ann. Phys., 322 (1905) 132−148. 

https://doi.org/10.1002/andp.19053220607 

139. M. Göppert-Mayer, Über Elementarakte mit zwei Quantensprüngen, Ann. Phys., 9 

(1931) 273−295. https://doi.org/10.1002/andp.19314010303 

140. W. Denk, K. Svoboda, Photon upmanship: why multiphoton imaging is more than a 

gimmick, Neuron, 18 (1997) 86 351−357. https://doi: 10.1016/s0896-6273(00)81237-4. 

141. X. Wen, Y. Han, Y. Wang, Comparison and characterization of efficient frequency 

doubling at 397.5 nm with PPKTP, LBO and BiBO crystals, Laser Phys., 26 (2016) 

045401. https://doi.org/10.1088/1054-660X/26/4/045401 

142. M. Mahboub, Z. Huang, M. L. Tang, Efficient infrared-to-visible upconversion with 

subsolar irradiance, Nano Lett., 16 (2016) 7169−7175. 

https://doi.org/10.1021/acs.nanolett.6b03503 

143. A. Schilling, X. Zhang, O. Bossen, Heat flowing from cold to hot without external 

intervention by using a “thermal inductor”, Science Adv., 5 (2019) eaat9953. 

https://doi.org/10.1126/sciadv.aat9953 

144. K. Micadei, J.P.S. Peterson, A.M. Souza, R.S. Sarthour, I.S. Oliveira, G.T. Landi, T.B. 

Batalhão, R.M. Serra, E. Lutz,  Reversing the direction of heat flow using quantum 

correlations, Nature Commun., 10 (2019) 2456. https://doi.org/10.1038/s41467-019-

10333-7 

145. A.L. Latune, I. Sinayskiy, F. Petruccione, Heat flow reversals without reversing the 

arrow of time: The role of internal quantum coherences and correlations, Phys. Rev. 

Res., 1 (2019) 033097. https://doi.org/10.1103/PhysRevResearch.1.033097 

https://doi.org/10.1038/nature22012
https://doi.org/10.1038/s41557-018-0060-5
https://doi.org/10.1126/sciadv.abc4631
https://doi.org/10.1021/jp055144k
https://doi.org/10.1021/jp506202g
https://ui.adsabs.harvard.edu/link_gateway/1927ZPhy...43..172H/doi:10.1007/BF01397280
https://doi.org/10.1002/andp.19053220607
https://doi.org/10.1002/andp.19314010303
https://doi.org/10.1088/1054-660X/26/4/045401
https://doi.org/10.1021/acs.nanolett.6b03503
https://www.nature.com/articles/s41467-019-10333-7#auth-John_P__S_-Peterson
https://www.nature.com/articles/s41467-019-10333-7#auth-Alexandre_M_-Souza
https://www.nature.com/articles/s41467-019-10333-7#auth-Roberto_S_-Sarthour
https://www.nature.com/articles/s41467-019-10333-7#auth-Ivan_S_-Oliveira
https://www.nature.com/articles/s41467-019-10333-7#auth-Gabriel_T_-Landi
https://www.nature.com/articles/s41467-019-10333-7#auth-Tiago_B_-Batalh_o
https://www.nature.com/articles/s41467-019-10333-7#auth-Tiago_B_-Batalh_o
https://www.nature.com/articles/s41467-019-10333-7#auth-Roberto_M_-Serra
https://www.nature.com/articles/s41467-019-10333-7#auth-Eric-Lutz


64 
 

146. S. Carnot, Puissance motrice du feu et sur les machines propres à developer cette 

puissance, Paris: Bachelier (1824), translated by H. Thurston, Reflections on the motive 

power of heat, J. Wiley & Sons, New York (1890). 

147. K. Chen, W. Chun, Radiation energy transfer and maximum conversion efficiency, 

Appl. Energ., 86 (2009) 2268−2271. https://doi.org/10.1016/j.apenergy.2008.11.013 

148. M. Ono, P. Santhanam, B. Zhao, S. Fan, Experimental demonstration of energy 

harvesting from the sky using the negative illumination effect of a semiconductor 

photodiode, Appl. Phys. Lett., 114 (2019) 161102. https://doi.org/10.1063/1.5089783 

149. M. Rahimi, A.P. Straub,  F. Zhang,  X. Zhu,  M. Elimelech,  C.A. Gorski,  B.E. Logan, 
Emerging electrochemical and membrane-based systems to convert low-grade heat to 

electricity. Energy Environ. Sci, 11 (2018) 276−285. 
https://doi.org/10.1039/D0EE03321A 

150. M.F. Dupont, D.R. MacFarlane, J.M. Pringle, Thermo-electrochemical cells for waste 

heat harvesting – progress and perspective, Chem. Commun., 47 (2017) 6288−6302. 

https://doi.org/10.1039/C7CC02160G 

151. J.M. Deutsch, Quantum statistical mechanics in a closed system, Phys. Rev. 

A. 43 (1991) 2046–204. https://doi.org/10.1103/PhysRevA.43.2046 

152. M. Srednicki, Chaos and Quantum Thermalization, Phys. Rev. E. 50 (1994) 888–901. 

https://doi.org/10.1103/PhysRevE.50.888 

153. M. Rigol, V. Dunjko, M. Olshanii, Thermalization and its mechanism for generic 

isolated quantum systems, Nature, 452 (2008) 854–858. 

https://doi.org/10.1038/nature06838 

154. J. M. Deutsch, Eigenstate thermalization hypothesis, Rep. Prog. Phys. 81 (2018) 

082001. https://doi.org/10.1088/1361-6633/aac9f1 

155. D.A. Abanin, E. Altman, I. Bloch, M. Serbyn, Colloquium: Many-body localization, 

thermalization, and entanglement, Rev. Mod. Phys. 91 (2019) 021001. 

https://doi.org/10.1103/RevModPhys.91.021001 

156. H. Kim, T.N. Ikeda, D.A. Huse, Testing whether all eigenstates obey the eigenstate 

thermalization hypothesis, Phys. Rev. E 90 (2014) 052105. 

https://doi.org/10.1103/PhysRevE.90.052105 

157. J.R. Garrison, T. Grover, Does a Single Eigenstate Encode the Full Hamiltonian? 

Phys. Rev. X, 8 (2018) 021026. https://doi.org/10.1103/PhysRevX.8.021026 

158. N. Shiraishi, T. Mori, Systematic Construction of Counterexamples to the Eigenstate 

Thermalization Hypothesis, Phys. Rev. Lett., 119 (2017) 030601. 

https://doi.org/10.1103/PhysRevLett.119.030601 

159. T. Mori, N. Shiraishi, Thermalization without eigenstate thermalization hypothesis 

after a quantum quench, Phys. Rev. E, 96 (2017) 022153. 

https://doi.org/10.1103/PhysRevE.96.022153 

160. X.-W. Guan, M.T. Batchelor, C. Lee, Fermi gases in one dimension: From Bethe 

Ansatz to experiments, Rev. Mod. Phys. 85, (2013) 1633-1691. 

https://doi.org/10.1103/RevModPhys.85.1633 

161. B. Sutherland, Beautiful Models: 70 Years of Exactly Solved Quantum Many-body 

Problems (World Scientific, 2004). ISBN: 978-981-238-859-9 

162. J.-S. Caux, J. Mossel, Remarks on the notion of quantum integrability, J. Stat. 

Mech. (2011) P02023. https://doi.org/10.1088/1742-5468/2011/P02023 

163. O. Lychkovskiy, A Remark on the Notion of Independence of Quantum Integrals of 

Motion in the Thermodynamic Limit, J. Stat. Phys. 178 (2020) 1028–1038. 

https://doi.org/10.1007/s10955-019-02482-2 

164. M. Rigol. Breakdown of thermalization in finite one-dimensional systems, Phys. Rev. 

Lett., 103 (2009) 100403. https://doi.org/10.1103/PhysRevLett.103.100403 

https://doi.org/10.1016/j.apenergy.2008.11.013
https://pubs.rsc.org/en/results?searchtext=Author%3AAnthony%20P.%20Straub
https://pubs.rsc.org/en/results?searchtext=Author%3AFang%20Zhang
https://pubs.rsc.org/en/results?searchtext=Author%3AChristopher%20A.%20Gorski
https://pubs.rsc.org/en/results?searchtext=Author%3ABruce%20E.%20Logan
https://doi.org/10.1039/C7CC02160G


65 
 

165. B. Pozsgay. Failure of the generalized eigenstate thermalization hypothesis in 

integrable models with multiple particle species, J. Stat. Mech.: Theory and Experiment, 

9 (2014) P09026. https://doi.org/10.1088/1742-5468/2014/09/P09026 

166. V.I. Arnold, A. Weinstein, K. Vogtmann. Mathematical Methods of Classical 

Mechanics, 2nd ed., Appendix 8: Theory of perturbations of conditionally periodic 

motion, and Kolmogorov's theorem. Springer 1997. ISBN 0-387-96890-3. 

167. T. Kinoshita, T. Wenger, D. Weiss, A quantum Newton's cradle, Nature 440 

(2006) 900–903. https://doi.org/10.1038/nature04693 

168. M. Rigol, V. Dunjko, V. Yurovsky, M. Olshanii, Relaxation in a Completely Integrable 

Many-Body Quantum System: An Ab Initio Study of the Dynamics of the Highly Excited 

States of Lattice Hard-Core Bosons, Phys. Rev. Lett. 98, 050405. 

https://doi.org/10.1103/PhysRevLett.98.050405], 

169. A.C. Cassidy, C.W. Clark, and M. Rigol, Generalized Thermalization in an Integrable 

Lattice System, Phys. Rev. Lett. 106 (2011) 140405. 

https://doi.org/10.1103/PhysRevLett.106.140405 

170. E. Ilievski, J. De Nardis, B. Wouters, J.S. Caux, F.H.L. Essler, T. Prosen, Complete 

Generalized Gibbs Ensemble in an interacting Theory, Phys. Rev. Lett. 115 (2015), 

157201. https://doi.org/10.1103/PhysRevLett.115.157201 

171. L. Vidmar, M. Rigol, Generalized Gibbs ensemble in integrable lattice models. J. Stat. 

Mech. (2016) 064007. https://doi.org/10.1088/1742-5468/2016/06/064007 

172. C. Gogolin, M. P. Müller, J. Eisert. Absence of thermalization in nonintegrable 

systems. Phys. Rev. Lett., 106 (2011) 040401. 

https://doi.org/10.1103/PhysRevLett.106.040401 

173. H. Bethe, Zur Theorie der Metalle. I. Eigenwerte und Eigenfunktionen der linearen 

Atomkette, Z. Physik. 71 (1931) 205–226. https://doi.org/10.1007/BF01341708 

174. M. Kormos, A. Shashi, Y.Z. Chou, J.S. Caux, A. Imambekov, Interaction quenches in 

the one-dimensional Bose gas, Phys. Rev. B 88 (2013), 205131. 

https://doi.org/10.1103/PhysRevB.88.205131 

175. J. De Nardis, B. Wouters, M. Brockmann, J.S. Caux, Solution for an interaction 

quench in the Lieb-Liniger Bose gas, Phys. Rev. A 89 (2014) 033601. 

https://doi.org/10.1103/PhysRevA.89.033601 

176. D.M. Basko, I.L. Aleiner, B.L. Altshuler, Metal insulator transition in a weakly 

interacting many-electron system with localized single-particle states, Annals of 

Physics, 321 (2006) 1126–1205. https://doi.org/10.1016/j.aop.2005.11.014 

177. A. Pal, D.A Huse. Many-body localization phase transition, Phys. Rev. B, 82 (2010) 

174411. https://doi.org/10.1103/PhysRevB.82.174411 

178. M. Schreiber, S.S. Hodgman, P. Bordia, H.P. Lüschen, M.H. Fischer, R. Vosk, E. 

Altman, U. Schneider, I. Bloch, Observation of many-body localization of interacting 

fermions in a quasi-random optical lattice, Science 349 (2015) 842, 

https://doi.org/10.1126 /science .aaa7432 

179. P.W. Hess, P. Becker, H.B. Kaplan, A. Kyprianidis, A.C. Lee, B. Neyenhuis, G. 

Pagano, P. Richerme, C. Senko, J. Smith, W.L. Tan, J. Zhang, C. Monroe, Non-

thermalization in trapped atomic ion spin chains, Philos. Trans. R. Soc. Lond. A 375 

(2017), https://doi.org/10.1098/rsta.2017.0107 

180. P. Roushan, C. Neill, J. Tangpanitanon, V.M. Bastidas, A. Megrant, R. Barends, 

Spectroscopic signatures of localization with interacting photons in superconducting 

qubits, Science 358 (2017) 1175–1179. https://doi.org /10.1126/science.aao1401 

181. K.X. Wei, C. Ramanathan, P. Cappellaro, Exploring localization in nuclear spin 

chains, Phys. Rev. Lett. 120 (2018) 070501, 

https://doi.org/10.1103/PhysRevLett.120.070501 

https://doi.org/10.1088/1742-5468/2014/09/P09026
https://doi.org/10.1038/nature04693
https://doi.org/10.1088/1742-5468/2016/06/064007
https://doi.org/10.1103/PhysRevLett.106.040401
https://doi.org/10.1007/BF01341708
https://doi.org/10.1103/PhysRevB.82.174411


66 
 

182. V. Khemani, D.N. Sheng, D.A Huse. Two universality classes for the many-body 

localization transition. Phys. Rev. Lett., 119 (2017) 075702. 

https://doi.org/10.1103/PhysRevLett.119.075702 

183. E. Altman, Many-body localization and quantum thermalization, Nature Phys. 14 

(2018) 979–983. https://doi.org/10.1038/s41567-018-0305-7 

184. E.J. Heller, Bound-state eigenfunctions of classically chaotic Hamiltonian systems: 

Scars of periodic orbits, Phys. Rev. Lett. 53 (1984) 1515-1518. 

https://doi.org/10.1103/PhysRevLett.53.1515 

185. S. Sridhar, Experimental observation of scarred eigenfunctions of chaotic microwave 

cavities, Phys. Rev. Lett. 67 (1991) 785-788. 

https://doi.org/10.1103/PhysRevLett.67.785 

186. C.M. Marcus, A.J. Rimberg, R.M. Westervelt, P.F. Hopkins, A.C. Gossard, 

Conductance fluctuations and chaotic scattering in ballistic microstructures, Phys. Rev. 

Lett. 69 (1992) 506-509. https://doi.org/10.1103/PhysRevLett.67.785 

187. P.B. Wilkinson, T.M. Fromhold, L. Eaves, F.W. Sheard, N. Miura, T. Takamasu, 

Observation of scarred wavefunctions in a quantum well with chaotic electron dynamics, 

Nature 380 (1996) 608-610, https://doi.org/10.1038/380608a0 

188. A. Bernien, S. Schwartz, A. Keesling,  H. Levine, A. Omran, H. Pichler, S. Choi, A.S. 

Zibrov, M. Endres, M. Greiner, V. Vuletić, M. D. Lukin, Probing many-body dynamics on 

a 51-atom quantum simulator. Nature 551 (2017) 579–584.  

https://doi.org/10.1038/nature24622 
189. C.J. Turner, A.A. Michailidis, D.A. Abanin, M. Serbyn, Z. Papic, Weak ergodicity 

breaking from quantum many-body scars, Nature Physics, (2018), 

https://doi.org/10.1038/s41567-018-0137-5 

190. C.J. Turner, A.A. Michailidis, D.A. Abanin, M. Serbyn, Z. Papić, Quantum scarred 

eigenstates in a Rydberg atom chain: Entanglement, breakdown of thermalization, and 

stability to perturbations, Phys. Rev. B 98 (2018) 155134. 

https://doi.org/10.1103/PhysRevB.98.155134 

191. P. Sala, T. Rakovszky, R. Verresen, M. Knap, F. Pollmann. Ergodicity breaking 

arising from Hilbert space fragmentation in dipole-conserving Hamiltonians, Phys. Rev. 

X, 10 (2020) 011047. https://doi.org/10.1103/PhysRevX.10.011047 

192. V. Khemani, M. Hermele, R. Nandkishore. Localization from Hilbert space shattering: 

From theory to physical realizations, Phys. Rev. B, 101 (2020) 174204. 

https://doi.org/10.1103/PhysRevB.101.174204 

193. S. Moudgalya, A. Prem, R. Nandkishore, N. Regnault, B.A. Bernevig. Thermalization 

and its absence within Krylov subspaces of a constrained Hamiltonian. arXiv: 

1910.14048, 2019. 

194. E. van Nieuwenburg, Y. Baum, G. Refael, From Bloch oscillations to many-body 

localization in clean interacting systems, Proc. Natl. Acad. Sci. 116 (2019) 9269-9274. 

https://doi.org/10.1073/pnas.1819316116 

195. M. Schulz, C.A. Hooley, R. Moessner, F. Pollmann, Stark many-body localization, 

Phys. Rev. Lett. 122 (2019) 040606. https://doi.org/10.1103/PhysRevLett.122.040606 

196. M. Buchanan, Dissipate to replicate, Nature Phys., 11 (2015) 104. 

https://doi.org/10.1038/nphys3246 

197. N. Marchettini, E. Simoncini, E.B.P. Tiezzi, Thermodynamics and life: An evolutionary 

point of view, Int. J. Design & Nature Ecodyn. 7 (2009) 249−258. 

https://doi.org/10.2495/D&NE-V3-N4-249-258 

198. J.F. Wicken, A thermodynamic theory of evolution, J. Theor. Biol. 87 (1980) 9−23. 

https://doi.org/10.1016/0022-5193(80)90216-7 

199. I. Prigogine, From being to becoming: Time and Complexity in the Physical Sciences, 

W.H. Freeman, New York, 1980. ISBN-13: 978-0716711087 

https://doi.org/10.1038/s41567-018-0305-7
https://www.nature.com/articles/nature24622#auth-Soonwon-Choi
https://www.nature.com/articles/nature24622#auth-Alexander_S_-Zibrov
https://www.nature.com/articles/nature24622#auth-Alexander_S_-Zibrov
https://www.nature.com/articles/nature24622#auth-Manuel-Endres
https://www.nature.com/articles/nature24622#auth-Markus-Greiner
https://www.nature.com/articles/nature24622#auth-Vladan-Vuleti_
https://www.nature.com/articles/nature24622#auth-Mikhail_D_-Lukin
https://doi.org/10.1038/nature24622
https://doi.org/10.1038/nature24622
https://doi.org/10.1073/pnas.1819316116


67 
 

200. C. Mayer, Life in the context of order and complexity, Life, 10 (2020) 5. 

https://doi.org/10.3390/life10010005. 

201. R.C. Jennings, E. Belgio, G. Zucchelli, Does maximal entropy production play a role 

in the evolution of biological complexity? A biological point of view, Rendiconti Lincei. 

Scienze Fisiche e Naturali, 31 (2020) 259–268. https://doi.org/10.1007/s12210-020-

00909-7 

202. N. Kitadai, S. Maruyama, Origins of building blocks of life: a review, Geoscience 

Frontiers, 9 (2018) 1117-1153. https://doi.org/10.1016/j.gsf.2017.07.0. 

203. C. Mayer, U. Schreiber, M.J. Dávila, O.J. Schmitz, A. Bronja, M. Meyer, J. Klein, S.W. 

Meckelmann, Molecular evolution in a peptide-vesicle system, Life, 8 (2018) 16. 

https://doi.org/10.3390/life8020016. 

204. C. Mayer, U. Schreiber, M.J. Dávila, Periodic vesicle formation in tectonic fault zones 

- an ideal scenario for molecular evolution, Orig. Life Evol. Biosph. 45 (2015) 139-148. 

https://doi.org/10.1007/s11084-015-9411-z 

205. E.A.J. Post, S.P. Fletcher, Dissipative self-assembly, competition and inhibition in a 

self-reproducing protocell model, Chem. Sci., 11 (2020) 9434-9442. 

https://doi.org/10.1039/d0sc02768e 

206. D. Weinich: Verfall und Niedergang. Zivilisatorischer Wandel aus der Sicht der 

Evolutionären Erkenntnistheorie. In: Würzburger medizinhistorische Mitteilungen 17, p. 

473–504 (1998), here p. 480 f. 

207. H.J. Muller, Reversibility in evolution considered from the standpoint of genetics, Biol. 

Rev., 14 (1939) 261−280. https://doi.org/10.1111/j.1469-185X.1939.tb00934.x 

208. L. Tan, S. Serene, H.X. Chao, J. Gore, Hidden Randomness between Fitness 

Landscapes Limits Reverse Evolution, Phys. Rev. Lett., 106 (2011) 198102. 

https://doi.org/10.1103/PhysRevLett.106.198102 

209. K.D. Bennett, Is the number of species on Earth increasing or decreasing? Time, 

chaos and the origin of species, Palaeontology, 56 (2013) 1305−1325. 

https://doi.org/10.1111/pala.12057 

210. W. Martin, Mosaic bacterial chromosomes: a challenge en route to a tree of 

genomes, BioEssays 21 (1999) 99–104. https://doi.org/10.1002/(SICI)1521-

1878(199902)21:2<99::AID-BIES3>3.0.CO;2-B 

211. C.R. Woese, O. Kandler and M.L. Wheelis, Towards a natural system of organisms: 

proposal for the domains Archaea, Bacteria, and Eucarya. Proc. Natl. Acad. Sci. USA. 

87 (1990) 4576–4579. https://doi.org/10.1073/pnas.87.12.4576 

212. https://cnx.org/contents/crVVdilV@7.1:HiBypM1D@1/Organizing-Life-on-Earth 

(downloaded 09.03.2021) 

 

 

 

 

 

 

 

 

https://doi.org/10.1111/j.1469-185X.1939.tb00934.x
https://doi.org/10.1073/pnas.87.12.4576


68 
 

Graphical abstract 

 

The arrow of time splits into an arrow of dissipation that leads to thermodynamic equilibrium and an 

arrow of thermalization that leads to the loss of time-reversibility. 


