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Abstract
The flow of energy down a macroscopic energy gradient turns a passive turbine (e.g., water or wind) to perform mechanical work. Motor enzymes are thermal turbines. The chemical flux down a macroscopic chemical gradient, ΔQ, turns a passive motor reaction cycle to perform mechanical work, ΔPE. We have directly observed that the thermal turbine of muscle is the probability density, not the sum, of its motor enzyme components. Specifically, a thermal turbine is simply entropy, S. We have shown that muscle cyclically changes its form, TΔS, when it absorbs ΔQ and then performs work, ΔPE. This is precisely the mechanism described by the second law of thermodynamics. Here, I develop this model and its implications. 
Introduction
Determining how a chemical energy gradient, ΔQ, is irreversibly converted into mechanical work, ΔPE, is a grand challenge in science, and motor enzymes may provide the solution (1). When a motor enzyme is inserted as a passive catalyst across a chemical energy gradient, the energy that flows through the motor turns the passive reaction cycle to perform work (2). In other words, motor enzymes are thermal turbines. 
Molecular determinism projects the macroscopic causal agency of thermal turbines onto molecules to give molecules microscopic causal agency (3–7). Many different mathematical functions have been developed to define these projections. But it is difficult to accept that creative math solves one of the great mysteries in science, especially considering that these mathematical projections are all associated with scientific paradoxes (3, 8).
In the late 17th century, Boyle described the macroscopic pressure of a gas in terms of “springs of air” (9) and Amontons described the expansion of these molecular springs (10) as the mechanism by which steam performs work. In the late 19th century, following the discovery of thermodynamics, a different projection of macroscopic agency onto molecules was defined by the kinetic theory of gases, Boltzmann’s distribution, and Gibbs’ chemical potentials (11). But these projections failed to bridge the gap between microscopic reversibility and macroscopic irreversibility (3). In 1957, A.F. Huxley was the first to project macroscopic agency onto molecular motors, developing a Boyle-like “springs of motors” model (12) that was formalized by T.L. Hill in 1974 (4). Then in the late 20th century with the discovery that molecular motors generate a thermodynamic force, –ΔQ = ΔPE (13, 14), stochastic thermodynamics (5, 6) projected non-equilibrium chemistry onto individual motor enzymes.
But a motor enzyme no more causes a net reaction flux (i.e., a motor’s trajectory) than a wind turbine causes wind. Here, stochastic thermodynamics lays bare the reason that models of molecular causal agency have for centuries failed. They invert the top-down causal agency of thermal turbines and consequently misinterpret entropy.
To mathematically reconcile the physically irreconcilable discrepancy between microscopic reversibility and macroscopic irreversibility, entropy is defined as disorder. But entropy does not account for this physically irreconcilable discrepancy; entropy creates it.
The entropy of the whole is the probability density, not the sum, of its parts. This creates statistical entanglement across scales that results in a physical (15) and mathematical (16) duality between the macroscopic and microscopic. The macroscopic coherent body of a thermal turbine is created when entropy collapses the many degrees of freedom of the turbine’s structural components into the turbine’s single degree of freedom. 
Entropy is not disorder. Entropy harnesses disorder, channeling the flow of heat through its one degree of freedom. Like the unidirectional power made possible by harnessing wild horses, we have directly observed that this is how unidirectional power emerges from the randomly fluctuating molecules within muscle (17).
In 1824, Carnot described thermal turbines writing, “heat can evidently be a cause of motion only by virtue of the changes… of form which it produces in bodies” (18). Here I show that the “body” of a thermal turbine is its entropy, S, which irreversibly changes its “form”, TΔS, when it cyclically absorbs heat, ΔQ, and performs work, ΔPE. This is the exact mechanism described by the second law of thermodynamics:
TΔS = ΔQ + ΔPE.
This one equation (a.k.a., the Gibbs free energy equation) describes energy transduction by all thermal turbines (thermal ratchets, molecular motors, chemical reactions, muscle, steam engines, etc.). In addition to the Carnot cycle, we have shown that this equation accurately accounts for most mechanical and energetic aspects of muscle contraction (17, 19, 20). Here, I show that it defines irreversible chemical kinetics and thermodynamics on every coherent scale from muscle to myosin motors all the way down to electrons in a magnetic field. I show that the kinetic theory of gases, chemical kinetic theory, Boltzmann’s distribution, Gibbs’ chemical potentials, and the Crooks fluctuation theorem are all microscopic approximations of the macroscopic causal relationships defined by this one equation. 
Feynman’s Ratchet
Figure 1 is a modified version of Feynman’s thermal ratchet (21). Feynman showed that when the temperature, T1, of a paddle wheel that turns a ratchet wheel is higher than the temperature, T2, of the ratchet, the ratchet spontaneously turns to perform work. Here, a system spring is stretched a distance, d, with each ratchet step, performing work, ΔPE, on the spring. (Feynman described ΔPE as the work performed in lifting a small weight).
Feynman’s analysis allows us to answer the question: what is the maximum force, Fmax, generated in the system spring by a thermal ratchet?
Feynman’s Solution
The ratchet stalls at a maximum force, Fmax when with a given step a change in heat,                   ΔQ = Q2 – Q1, equals ΔPE, or
–ΔQ = ΔPEmax 									Equation 1
The inverse of ΔQ describes a decrease in energy that generates positive work (e.g., a waterfall).
The mechanism of force generation is evident by looking at the system as a whole. And this mechanism is energetically driven by the flow of heat through the system as a whole. What we see is Carnot’s caloric waterfall, ΔQ, turning the ratchet like a turbine. 
The thermally fluctuating forces of the components of the system (e.g., the spring of the pawl) are not mechanisms of irreversible force generation. Feynman showed that they affect only the energy barrier between steps.
Heat Versus Thermal Energy
Feynman’s thermal ratchet demonstrates a clear distinction between the heat flow that irreversibly generates a system force and the thermal energy that reversibly generates molecular forces.
Feynman’s Solution Applied to a Molecular Motor
The change in heat, ΔQ, with a discrete step is often referred to as a change in enthalpy, ΔH, and I use these two terms interchangeably.
The maximum work performed, ΔPEmax, with a step size, d, is approximately Fmaxd, where Fmax is the maximum force generated in the spring.
We can then rewrite Eq. 1 as
Fmax = –ΔH/d. 										Equation 2
This describes the mechanics and energetics of collective force generation by myosin motors (13) – force-generating switches induced by actin binding that are directly observed in single molecule mechanics studies to displace a system spring with discrete chemical steps (22–24).
Figure 2 illustrates how molecular motors collectively generate a ratcheted force through a flux of binding steps that each displace a system spring a distance, d. The corresponding flux of binding enthalpies, ΔH = Q2 – Q1, is the heat flow that generates a maximum isometric force, Fmax (Eq. 2).
No net force can be generated by the thermal fluctuations associated with reversible steps (Fig. 2, double arrows). The net flux that generates Fmax is energetically driven by a thermal bath. For thermal ratchets, the bath is the macroscopic temperature gradient. For molecular motors, the bath is the macroscopic homeostatic free energy for ATP hydrolysis. 
The net flux is generated when a motor catalyzes the ATP hydrolysis reaction at a rate, v, and returns to its detached high enthalpy, Q1, state without reversing the ratcheted force (Fig. 2, single arrow). Here, the macroscopic free energy for ATP hydrolysis generates the net flux of ΔQ to ΔPE that turns the thermal turbine.
Power Output
The reactions in Figs. 1 and 2 are driven forward by –ΔQ and backward by ΔPE. The net energy available to drive a reaction forward is then
–ΔQ – ΔPE.
The rate at which the energy available for work can perform work is
v·(–ΔQ – ΔPE).
A weight attached to the end of the system spring that exerts a constant force, F < Fmax, on that spring, is lifted at a constant velocity, V. The energy available for work is used for power output, FV, and is also lost as heat to any frictional load a·Fmax, where a < 1.
The energy output by the turbine is equal to the power and heat output to the surroundings. This equality can be written:
v·(Fmaxd – Fd) = FV + a·FmaxV,
where I have substituted –ΔQ = ΔPEmax (Eq. 1) and ΔPE = Fd.
This is A.V. Hill’s muscle F-V relationship (25, 26), widely used to accurately predict muscle shortening velocities, V, from muscle force, F. This equation applies to both Feynman’s thermal ratchet and muscle and shows that power output (FV) is energetically generated by a macroscopic flow of heat that turns a thermal turbine. 
While neither ΔPEmax nor ΔQ originate from within a thermal turbine, a thermal turbine must absorb heat, –ΔQ, and lose energy as work, –ΔPE. 
What within a thermal turbine contains both heat after it is gained, –ΔQ, and work before it is lost, –ΔPE?
An Entropic Well
Carnot showed that –ΔQ cannot be transferred to ΔPE with 100% efficiency. He showed that a temperature-dependent term must be added to Eq. 1 to account for this inequality, or 
ΔQ = TΔS – ΔPE, 									Equation 3
where ΔS is the change in entropy with a chemical step. Rearranging terms,
–TΔS = –ΔQ – ΔPE. 
This equation states that the inverse entropy – an entropic well – is the container of both –ΔQ and –ΔPE in thermal turbines. It changes its physical form, TΔS, when it absorbs and emits ΔQ and ΔPE. 
An Irreversible Change in Entropy
Entropy is defined as
S = kBT·lnW
where kB is Boltzmann’s constant and W is the number of possible ways that molecular states can define a system state. For a binary system (e.g., an ensemble of motor switches), W is the binomial coefficient and
S = kBT·ln[N!/(NA!NB!)]
where N = NA + NB is the total number, N, of molecules in state A and state B.
A simple subtraction (17, 27) shows that with a net forward step (from NA to NA – 1),
ΔS = kB·ln[NA/(NB + 1)] 								Equation 4
and with a reverse step
ΔS = kB·ln[NB/(NA + 1)].
The “+ 1” asymmetry of ΔS makes chemical steps macroscopically irreversible. 
The Gibbs Free Energy Equation
Equation 3 is precisely the equilibrium (ΔG = 0) Gibbs free energy equation,
ΔG = ΔH – TΔS + ΔPE, 								Equation 5
where ΔPE is often referred to as non-PV work.
Substituting Eq. 4, gives for a forward step the equation familiar to chemists,
ΔG = ΔH – kBT·ln[NA/(NB+1)] + ΔPE, 						Equation 6
only chemists describe the entropic term as a change in chemical potential. The distinction is fundamental. A change in entropy describes an irreversible macroscopic change in a probability density of states. A change in chemical potential describes a reversible microscopic change (without the “+ 1” asymmetry) in the physical occupancy of states.
Chemical Potentials are Microscopic Approximations
Chemical potentials conflate the microscopic (molecular states) and macroscopic (entropy and heat flow), which leads to the erroneous conclusion that macroscopic irreversibility emerges from an increase in disorder somewhere in the universe rather than from the “+ 1” asymmetry of a change in Boltzmann’s entropy within the system. 
The relationship between the occupancy of states and a chemical potential is correlative. It is a curious microscopic approximation of a macroscopic TΔS (Eq. 4) that is related to ΔH through the second law.
Reaction Energy Landscapes
In Fig. 3, plots of the Gibbs free energy equation (Eqs. 5) illustrate how inverted entropy creates a well — a reaction energy landscape — that is shifted along a reaction coordinate by ΔPE and ΔQ. 
In the absence of a spring (ΔPE = 0, Fig. 3A), the energy minimum (equilibrium) occurs at the point along the reaction coordinate where
TΔS = ΔQ. 									Equation 7
This is the second law at equilibrium and describes the chemical equilibrium of a two-state reaction, where [NA/(NB + 1)] in Eq. 4 is the equilibrium “constant”. 
In his lecture, Feynman described how in the absence of heat flow (ΔQ = 0, Fig. 3B) the reaction can be reversed by stretching the spring. Here, the energy minimum (equilibrium) is the point along the reaction coordinate where
TΔS = ΔPE. 									Equation 8
This equation describes an entropic spring at equilibrium (e.g., a rubber band). We have experimentally observed (28) this relationship when stretching passive (ΔH = 0) muscle (a binary system).
Figure 3C shows that at a stall force (Eq. 1), the system reaches a maximum entropy at the inflection point, TΔS = 0.
Evolution and the Universal Laws of Thermodynamics
The reaction energy landscapes in Fig. 3 are defined independent of molecular structures, mechanisms, kinetics or energetics. These landscapes have been defined since the beginning of time. They were not created by the mathematical equations (i.e., molecular Hamiltonians) of molecular determinists.
Through evolution, thermodynamics selected structural vehicles that manifest its laws of efficiency. While mechanistic details are important for understanding loss of function (e.g., regulation), they are irrelevant to ideal thermodynamic function. 
What are these selected structural vehicles? 
They are ideal thermal bodies – thermal turbines – absorbers and emitters of both ΔQ (Eq. 7) and ΔPE (Eq. 8). In both cases, the ideal thermal body is TS. 
But what is the physical form of TS?
The Probability Cloud of Coarse-Grained Structures
As biological systems increase in scale from amino acids to large protein assemblies, thermal energy decreases, and enthalpy increases. For example, the amino acids within a protein switch have many degrees of freedom, high thermal energy, and low enthalpy. In contrast, the protein switch itself – composed of the exact same amino acids – has limited degrees of freedom, low thermal energy, and high enthalpy. 
What causes this thermal/enthalpy exchange with increasing scale? 
Figure 4 illustrates how thermally fluctuating molecules become coarse-grained (29) on larger scales. The number of ways, W, that the states of constituent molecules can account for the coarse-grained structure of the ensemble defines the entropy, S = kBT·lnW, of that structure. The creation of this entropy energetically drives the kinetic/enthalpy exchange and the self-assembly of biological systems (e.g., protein folding) (30).
With increasing scale, the degrees of freedom of constituent molecules are replaced by entropy. Their thermal energy is delocalized in the form of entropic energy, TS – the probability density of constituents. This is the structural vehicle that manifests the laws of thermodynamics (Eq. 7).

The Thermal Body of an Ideal Gas
Figure 4 implies that the ideal gas law derives from Eq. 7, not from the kinetic theory of gases. The entropy, S, of an ideal gas is defined by the degrees of freedom, W = 3N, of N gas molecules with three degrees of freedom each, or 
S = N·kBT·ln3. 
Substituted into Eq. 7 gives the ideal gas law
PV = 1.1·N·kBT.
The body does not exist in a vacuum (S = 0 when PV = 0).
The Thermal Body of a Binary System 
Protein switches in muscle and electron spins in a magnetic field are separated in scale by many orders of magnitude. Yet as binary systems, they have the exact same thermal body, TS, (Eq. 4) and are described by the exact same thermodynamic equations. 
Both systems are absorbers and emitters of two forms of energy both quantized by discrete state transitions: ΔPE (potential energy) and ΔE (either light, hv, or heat, ΔQ). Both systems are accurately described by Eqs. 7 and 8 (see below).
In both cases, ΔS/kB describes the thermal scale of ΔE relative to kBT 
ΔS/kB = ln[NA/(NB + 1)] = ΔE/kBT							Equation 9
The thermal scale for muscle, ΔS/kB (= 5), is greater than thermal energy, kBT. The thermal scale for a spin system with a microwave resonant frequency, ΔS/kB (= 0.002), is a small fraction of thermal energy. For small ΔS (Eq. 1)
ΔPE = hv,
which defines the resonant frequency, v = ΔPE/h.
Boltzmann’s Distribution is a Microscopic Approximation
Equation 9 can be rewritten 
NA/(NB + 1) = exp(ΔE/kBT).
This equation resembles the Boltzmann distribution only it describes a macroscopic probability density not a microscopic occupancy of states. Like with chemical potentials, the relationship defined by the Boltzmann distribution between a microscopic occupancy of states and ΔE is correlative. It is a curious microscopic approximation of a macroscopic TΔS (Eq. 4) that is related to ΔE through the second law. 
Irreversible Kinetics
The definition of ΔS/kB spans both quantum and thermal scales. It defines both transition probabilities and chemical kinetics. The probability, P, of absorbing ΔE is often written (31)
P = exp(–ΔE/kBT).
But this describes the probability of a reversible microscopic transition. Because ΔS is the absorber and emitter of ΔE, the irreversible macroscopic transition probability is, from Eq. 9, 
P = exp(–ΔS/kB). 									Equation 10
The Crooks Fluctuation Theorem
Equation 10 resembles the Crooks fluctuation theorem (6), only here ΔS describes the difference in entropy between two equilibrated states (Eq. 4). Stochastic thermodynamics inverts the arrow of time. Non-equilibrium motor enzymes do not push reactions forward to produce entropy. Rather, an increase in entropy pulls an equilibrated motor enzyme down an entropic well (Fig. 3). The wind turns the turbine, not the other way around.
Kinetic Theory
As described above, because of the thermal-enthalpy exchange, large protein switches have low thermal energy and high enthalpy, ΔH. According to kinetic theory, the kinetics of large protein switches are relatively slow because of their low thermal energy. In contrast, Eq. 10 states that the kinetics of large protein switches are slow because the body, S, must absorb a large ΔH through thermal fluctuations within the landscapes in Fig. 3A.  
Kinetic theory conflates thermal energy and enthalpy in trying to bridge the micro-macro gap. According to kinetic theory, energy wells describe the enthalpy difference between two states while the energy barriers, Ea, between them describe thermal energy. 
As described by Feynman, reversible transition probabilities are determined on a microscopic scale by thermal energy absorbed by an energy barrier, Ea/kT, 
P = exp(–Ea/kT).
Irreversible transition probabilities are determined on a macroscopic scale by enthalpy, ΔH, absorbed by entropy, TΔS (Eq. 7). Thermal fluctuations of the ideal mechanical body, TS, accelerate the rate of absorption. Catalysts further accelerate this rate by increasing the number of ways, W, it can occur, consistent with disorder-to-order enzymatic mechanisms (32, 33).
Equation 10 (substituting Eq. 4) describes irreversible chemical kinetics. 
Coherence and the Small Step Catastrophe
Certain physical limits of ideal thermal bodies mirror those of black bodies. Here I consider the physical limit of the step size, d. 
According to Eq. 2, as the step size becomes infinitesimally small, Fmax becomes infinitely large. This small step catastrophe is analogous to the ultraviolet catastrophe in black body radiation, and it has a similar solution.
The change in potential energy with a step, ΔPE, decreases linearly with d, until
ΔPE < TΔS,
at which point ΔPE can no longer be absorbed by the ideal thermal body. 
Below this critical step size, dcrit, the ideal thermal body, TS, collapses into the degrees of freedom of its component parts on a smaller scale. The heat contained within the body collapses into thermal energy. The ensemble no longer exists. Coarse graining is reversed. Self-organization is undone. 
This answers the question posed by the Gibbs paradox: at what point does the entropy of mixing two chemical substances vanish when the difference between those substances becomes small? Here, d is the chemical difference, and dcrit is that point (34).
This is not a new idea. Clausius, Gibbs and others knew that the key to answering this question was to understand the point at which the “useful work”, ΔPE, required to unmix these substances is no longer useful (8).
Studying the Gibbs paradox, Planck understood that dcrit was that point, writing “Chemical differences between… two substances in general cannot be represented by a continuously variable quality; and that we instead have to do with discrete distinctions” (8). In fact, while studying black body radiation Planck applied this very concept to the ultraviolet catastrophe in discovering quantum physics.
“Discrete distinctions” (e.g., dcrit) create a quantum-like coherence across every scale from muscle to motor proteins all the way down to spins in a magnetic field.
Conclusion
Twenty-five years ago, we experimentally observed that the one degree of freedom of muscle is the probability density, TS, and not the sum, of its constituent motor enzymes. This statistical entanglement precludes muscle contraction (ΔQ flowing through TΔS to generate ΔPE) from being attributed to its molecular motor parts. Muscle contraction causes and is not caused by the irreversible movements of its constituent motors. The wind turns the turbine. 
This is an old idea. Carnot described a thermal turbine as the mechanism for the irreversible transfer of heat to mechanical work. And motor enzymes are indisputably thermal turbines that, when inserted to catalyze the flow of energy down a macroscopic energy gradient, cycle to perform work. 
Like any turbine (e.g., wind or water), while atoms and molecules create the vehicle, irreversible function is only defined on a larger scale. This challenge to molecular determinism has significant implications for our understanding of top-down causality, irreversibility, the arrow of time, evolution, biological function, quantum coherence, and all systems across all scales. I write about these implications in The Hand and the Arrow on Substack.
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Figure 1. Feynman’s thermal ratchet modified from (21). A thermally fluctuating ratchet randomly turns one step at a time, displacing a spring a distance, d, with each step. But the spring-loaded pawl also thermally fluctuates, making reverse steps equally probable. A net displacement of the system spring cannot be generated by the thermally fluctuating components of the ratchet. However, if the temperature of the ratchet wheel (T1) is higher than that of the pawl (T2), Feynman showed that an ideal ratchet generates a net force in the system spring. The energy available to generate that force is ΔQ = Q2 – Q1, where this heat gradient is defined by the temperature gradient, T1/T2 = Q1/Q2. The macroscopic temperature reservoirs provide a practically limitless supply of ΔQ.  
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Figure 2. A motor-driven ratchet modified from (21). The source of ΔQ = Q2 – Q1 need not be a temperature gradient. The heat contained within a force-generating myosin switch decreases from Q1 (blue) to Q2 (yellow) with an actin-induced conformational change. This is the binding enthalpy, ΔH = Q2 – Q1.  A single motor step size, d, that matches the ratchet step size is microscopically reversible (double arrows). However, when the motor catalyzes the hydrolysis of ATP, it irreversibly detaches (without reversing the ratcheted force) at a rate, v (solid single arrow), returning it to the high enthalpy state, Q1. Collective force generation continues around the reaction cycle with the flow of ΔH, reaching a maximum force limited by ΔH (Eq. 2). 
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Figure 3. The Gibbs free energy equation (Eq. 5) plotted for N = 10 molecules. In all plots, the reaction coordinate, NB, (x-axis), increases by one with a net transition from state A to B.  All three left panels are the same plot of the entropic well, –TΔS, for a forward reaction (Eq. 4). (A)  Middle panel: A plot of a decrease in ΔQ = –1 kBT with each net step from A to B. Right panel: A plot of the corresponding Gibbs free energy (Eq. 5) – the reaction energy landscape – showing that ΔQ causes a rightward shift in the energy minimum (equilibrium) along the reaction coordinate. (B) Middle panel: A plot of an increase in the potential energy ΔPE = 1 kBT contained by –TΔS for each net reverse step when the system spring is stretched. Right panel:  A plot of the corresponding Gibbs free energy (Eq. 5) showing that ΔPE causes a leftward shift in the energy minimum (equilibrium) along the reaction coordinate. (C) Right panel: When – ΔQ = ΔPE (Eq. 1), ΔQ and ΔPE are balanced against each other and not contained within the entropic well.
[image: ]

Figure 4. Ensemble (coarse-grained) entropy. Top: In a container held at a constant temperature, volume and pressure, N thermally fluctuating molecules with three degrees of freedom each have a total of 3N degrees of freedom. On a scale at which we can no longer observe individual molecules, we observe one coarse-grained degree of freedom. The number of ways this one degree of freedom can exist is W = 3N. Its entropy, S, is NkBTln(3).
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