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Dissipative Landau-Zener transition
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Quantum dynamics of a two-state system in a dissipative environment
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P is the excitation transition probability, transition from ground state to excited state. P’ is the decay transition probability, transi-
tion from excited state to ground state,
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Dynamics of Topological Defects

WOLUME 70, NUMBER 14 PHYSICAL REVIEW LETTERS 5 APRIL 1993

Berry's Phase amnd the ZWiagnus Force for a Vortex Lime in a Superconductor

FPing Ao and David J. Thouless
reparirrens of Physics, FAF-T5, Dindversioy af Washingron, Seaerle, Washingoon S8 795
{Received 2 Novembwaer 1992)

WWe show that the existence of the Magnus force is a general property of a vortex line in a supercon-
ductor by calculating the Berry phase for an adiabatic motion around a closed loop al 2ero temperalurse.
We find that there is no influence of the disorder and the electromagnetic feld on the existence of the
Magnues force in the superconducting state, and its magnitude is proportional 1o the superfluid electiron
density.
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Tramsverse Force on a Quantized Vortex in a Superfluid

D.J. Thouless.! Ping Ao '? and Qian MNiu’
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2 Department of Theoretical Physics, Umed University, Umed, Swedern
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Microscopic theory of vortex dynamics in homogeneous superconductors

P. Ao
Department of Theoretical Physics, Umea University, 5-901 87, Umea, Sweden

H-M Zhu
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(Received 28 Mayv 1998; revised mamscript received 15 Jammary 1999)

Vortex dynamics in a type-II superconductor is systematically imvestigated by the influence fonctional
method. The ibrelevant fermvonic degrees of freedom are integrated out and theiwr effects on the dynamics are
treated in terms of the vortex coordinate. When an isolated vortex is mowving against its background, forces
proportional to the first order of vortex wvelocity on the vortex are calculated within the present formmlation.
The total transverse force on the moving vortex is explicitly shown to be proportional to the soperfhuud mumber
density and insensitive to impurities. Its equivalent expressions in terms of the Berry phase and the vanouos
summations of transitions between quasiparticle (hole) states are discussed. At finite temperatures, due to the



Direct Experimental Measurement

VOLUME 78, NUMBER 1 PHYSICAL REVIEW LETTERS 6 JANUARY 1997

Observation of the Transverse Force on Moving Vortices in YBCO Films

X -M. Zhm, E. Brandstrom, and B. Sundgqvist

Department af Experimental Fhysics, Umed University, 5-901 87, Umed, Sweden
(Received 23 April 1996)

We have designed a mechanical experiment to measure the total transverse force on moving vortices
in a type [ superconduvctor. The vertices are driven into motion by the vibration of a magnet above
a sppercenducting YBCO film.  The transverse force is measured by monitoring the motion of the
superconductor in response. The advantage of this direct force measurement is that it is free from
complications due to the vortex interaction. Owr results are consistent with the Ao-Thouless theory.
[S0031-9007(96)02076-5]
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Robustness and Stability of Phage lambda Genetic Switch

Journal of Biocinformatics and Computational Biology ; il Coll p

- . . — mppreria ollege Press
Vol. 2, No. 4 (2004) 785 817 @ perial College Press
) Imperial College Press

ROBUSTNESS, STAEBILITY AND EFFICIENCY OF PHAGE
A GENETIC SWITCH: DYNNAMICAL STRUCTURE ANATLYSIS

XM, EZHU
Genldath, Corp. 5525 27th Ave N.E., Seattle, WA 98105 U.SA

L. WIN
Sehool of Physics, Peking University, Beifing 1008%1, PR China

L. HOOD
Institute for Systems Biclogy, 1441 NWN. 34 St., Seattle, WA 95102, USA

P. AO*
Department of Mechanical EFngineering, University of Washington
et a T AT A fet=5 e ¥ rre oa

SCIENTIFIC REP{%}RTS

oren Biological Sources of Intrinsic and
Extrinsic Noise in cf Expression of
Lysogenic Phage Lambda

Accepted: 22 Julhy zos Xue Lei*, Wei Tian®*, Hongywvan Zho?, Tiangi Chen? & Ping Ao®%
Published: o2 September 2015



Cancer Dynamics:

endogenous network theory on cancer genesis and progression
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Cancer as robust imntrinsic state of endosenous
molecular-cellular Nmnetwork shaped bw ewvolutiomn
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Key Issues Review

Cancer as robust intrinsic state shaped
by evolution: a key issues review

Ruoshi Yuan!, Xiaomei Zhu?, Gaowei Wang', Site Li! and Ping Ao!-2

Cancer is a complex disease: its pathology cannot be properly understood in terms of
independent players—genes, proteins, molecular pathways, or their simple combinations.
This is similar to many-body physics of a condensed phase that many important properties
are not determined by a single atom or molecule. The rapidly accumulating large ‘omics” data
also require a new mechanistic and global underpinning to organize for rationalizing cancer
complexity. A unifying and quantitative theory was proposed by some of the present authors
that cancer is a robust state formed by the endogenous molecular—cellular network, which

is evolutionarily built for the developmental processes and physiological functions. Cancer
state is not optimized for the whole organism. The discovery of crucial players in cancer,
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Decoding early myelopoiesis from dynamics of core endogenous
network

Hang Su'", Gaowei Wang'", Ruoshi Yuan®, Jungiang Wang', Ying Tang®, Ping Ao™**" &

Xiaomei Zhn'
r@ nsc

CLp 2
=.-------...-.-----.---.--.--.----------T ...................................... 1
res T ' Cycling ag + POH ey 5 1
l ]
: Rb' :
o GMP ! 4 IDH 1
S ! oypinD | PKY 2 \
i 4 L ]
ey 1 ]
' '
:r--- ---J -------------- &--- = —= c . -----1'
| : Ras IFN 1 I ANMPK :
rnn.' o ( —ry. I MEK/Erk - TGFb ] .
crant~ i l | fi TET2
i e i EGF ek = PTEN :
[ Moo raphes ! 245 -catenin _‘I :
: Akt /PKB. 1= Notch| :
Cemmea] | s I g & |
[ S dhecels |
| EEEERET e SRS e | | e— NN
' 1
] ax
; | ]
o e e 8 i ' EKLF GATA 2 ;
\) = i T AN 1 ]
! Bﬁz /Bad ase9 i | 1 :
E A : (e7] A Gli«1 !
/ 3 :. et ——— ; II :
H Cell cycle 1 Metabolism > Activated /
7 et EEEESeccioe oo Inhibited /dov
E Signaling Pathways
- i Apoptosis 1 Differentiation
Figure 1 Coremdoga:msnetwdfmem’lymyelmd lop The core ends network was formed by a minimal set of essential modules, includ-
ing cell cycle, metaboli iation. Each module was specified by a set of key agents, which interconnected with each other via signaling
= pathmysandgenexeglﬂmons Theg'emhnmﬁeachvated/wmguhhdmmons while the red line denotes the inhibited/down-regulated interac-

tions among these agents, and the arrow or dot represents the direction of interaction.



Structure in Stochastic Processes

Structure of stochastic dynamics near fixed points

Chulan Kwon'™, Ping Ao*S, and David J. Thouless*™

*Dapartmant of Physics, Myong]! Uniersity, Namdong San 38-2, Yongin, Kyonggl-Do, 443-728, Republlc of Korsa: and Departments of *Prysics

and SMechanical Enginearing, University of Washington, Seattie, WA 98195
Contributad by David J. Thouless, July 25, 2005

We analyze the structure of stochastic dynamics near either a
stable or unstable fixed point, where the force can be approoi-
mated by linearization. We find that a cost function that deter-
mines a Bolzmann-like stationary distribution can always be
defined near it. Such a stationary distribution does not need to
satisfy the usual detailed balance condition but might have instead
a divergence-free probability current. In the linear case, the force
can be split into two parts, one of which gives detailed balance
with the diffusive mation, whersas the other induces cyclic motion
on surfaces of constant cost function. By using the Jordan trans-
formation for the force matrix, we find an explicit construction
of the cost function. We discuss singularities of the transforma-
tion and their consequences for the stationary distribution. This
Boltzmann-like distribution may be not wnigue, and nonlinear
effects and boundary conditions may change the distribution and
induce additional currents even in the neighborhood of a ficed
point.

Boltzmann distribution | cost fundion | detalled balance | gdic motlon

n equilibrium statistical mechanics, the principle of detailed

balance and the related fluctuation—dissipation theorem play
important roles. Einstein used the principle that the excess
cncrgy thatis put into cach mode of an equilibrium systcm in the
course of thermal fluctuations is also removed from the same
mode by dissipative forces. This principle is implicit in his work
on Brownian movement (1), and explicit in later works on the
photoelectric effect (2), and on the relation between spontane-
ous and induced emission of electromagnetic radiation (3). Itwas
formulated as the principle of detailed balance by Bridgman (4)
and used to explain Johnson noise in electrical circuits by Nyquist
(5). It is related to the fact that the same processes that drive
fluctuations in the neighborhood of a typical equilibrium con-
figuration also drive the configuration back towards a typical
equilibrium or steady-state configuration when it is displaced
from equilibrium by an amount that issmall, but large compared
with the fluctuations in thermal equilibrium. In this situation, the
equilibrium distribution in phase space is just the Bolizmann
distribution, proportional to e™®, where B is inversely propor-
ticnal to temperature, and E is the energy of the point in phase
space. Configurations that differ significantly from those that
contribute to the minimum of the free energy are driven back 10
the neighborhood of this minimum by dissipative effects such as
thermal or electrical conduction or viscosity, and the magnitude
of these effects is related o the equilibrivm fluctuations of
related variables.

In many situations, there is no thermodynamic equilibrium,
but external steady and fluctuating forces drive the system into
a steady or very slowly varying state for which the principle of
detailed balance does not hold. A light bulb powered by an
external battery or a chemical reaction in which the reactants are
introduced at a steady rate and the products of the reaction are
removed at a steady rate would both be examples of such a
situation. Even in a situation that is almost in cquilibrium, such
as a system that is started in equilibrium at a kocal minimum of
the free energy but that can go over a saddle point to a deeper
minimum, the behavior near the saddle point does not satisfy the
principle of detailed balance, because there is a current over the
saddle point.

raews. pnas. crg/'cgifdoi/ 10,1072 /pras 0506347102

owhom oo should ba E-mall:

For such systems without detailed balance there is no general
method of obtaining the cquilibrium distribution from a knowl-
edge of the steady and stochastic forces, such as the Boltzmann
distribution provides for a system with detailed balance. In
recent work, one of us (6) has developed a method valid near a
stable fixed point, which, even when detailed balance does not
held, obtains a cost function analogous to the cnergy for the
Boltzmann distribution. If this method can be extended away
from the linear region in the neighborhood of a fixed poine, it
may provide a new methed for dealing with problems of this sort

7, B).

Gr)ca.l efforts have been spent on finding such a cost function
ever since the work of Onzager (%). Results up to 1990 have been
summarized, for example, by van Kampen (10). In general, such
efforts have been regarded as not very successful (11).

In spite of the difficulty, there have been continuous efforts on
the construction of cost function and related topics. Elegant
results have been obtained in several directions. Tanase-Nicola
and Kurchan (12) have considered explicitly the saddle points of
gradient systems. They started from the existence of potential or
cost function to avoid the most difficult problem of the irrevers-
ibility. The gain is that they can now cbtain a powerful compu-
tational method to count the saddle points and to compute the
escape rate. They also provide an extensive list of related
literature.

The study on the mismatch of the fixed points of the drift force
and the extremals of the steady-state distribution has been
reviewed by Lindner er al. (13). Rich phenomena have been
obscrved, but the mismatch has been treated as “cxperimental”
result. There is no mathematical /theoretical explanation on why
it should happen.

In another survey, the useful and constructive role played by
the noise has been demonstrated by examples (14). It is argued
that the noisc is essential to establish the functions of dynam-
ical systems. Again, the mismatch problem is encountered,
and the constructed potential function is often regarded as
approximation.

From a different perspective, there has been an effort o
provide a solid foundation for nonequilibrivm processes based
on the chaotic hypothesis (15). The chaotic hypothesis presumes
that the system is sufficiently chaotic that variation of parameters
of the system leads 1w a unigue parameter-dependent steady
state, even though the change in Gibbs entropy is not path
independent (16). Under this hypothesis an interesting and
important fluctuation theorem has been obtained, which further
suggesis the cxistence of the Bolizmann-like steady-state distri-
bution function. Henee, a cost function very likely exists under
this situation. A difficulty with this approach is that extremely
few practical physical sysicms have been shown to satisfy the
chaotic hypothesis.

Because the metastability is such an important phenomenon
and because of the difficulty encountered in the construction of
cost function, efforis have been made to go around the cost
function problem when computing the lifetime of a metastable
state. The effort resulis in the Machlup-Onsager functional
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Energy Function or Lyapunov function

*Given a dynamical process described by an n-dimensional
ordinary differential equation, |

dx/dt = f(x)

*Does a Lyapunov function H(x) always exist? dH(x(t))/dt <0

*If yes, can we find a generic construction?

One of best merits of such approach is to obtain results of ode without resorting to solving ode with given initial
conditions. There is no need to stress to physicists what one can use once corresponding Hamiltonian has been
known

-Adding Noise  dx/dt = f(x) + £(x,1)



Difficult but Important Question

encountered in many fields

Physics, chemistry, biology, ...

Mathematics:

gradient vs vector systems, unsolved
dissipative, Vef=0;

asymmetric, Vxf# 0 (absence of detailed balance);
nonlinear;

stochastic, multiplicative noise

Economy (econophysics), finance, engineering,

(Holmes, 2005; Strogatz, 2000, 2015)



Construction, |

Two equivalent forms of stochastic differential equations

 Standard stochastic differential equation (SDE):
dx/dt = f(x) + C(x,t) (S)

Gaussian and white, Wiener noise: < {>=0, <{(x,t) & (x,t') >=2¢ D(x) 5(t-t) (FDT-I)
» The desired equation (local and trajectory view):
[S(X) + AX)] dx/dt = - VH(X) + £ (x,t)  (N)

Gaussian and white, Wiener noise: <& >=0, <§(x,t) & (x,t') >=2¢ S(x) 5(t-t) (FDT-II)
which has 4 dynamical elements:
dissipative (S=S57), transverse(A=-A"), driving(H), and stochastic forces(§).

* The desired distribution (global and ensemble view):
steady state (Boltzmann-Gibbs) distribution p.(X) ~ exp(- H(x) / € ).
This suggests the “positivity” of Lyapunov function.

From (N) to (S) is easy: S+A nonsingular, i.e., n independent dynamics



Construction, 1
From (S) to (N): knowing f and D to find out S, A and H
Describing same dynamics =

[S(x) + AX)] [f(x) + C(x,1)] = - VH(X) + &€ (x,1)

Noise and deterministic “force” have independent origins =
[S(X) + AX)] f(x) =- VH(x)
[S(X) + AX)] C(x,t) = &(X1)

Potential condition: Vx VH=0 =

Vx [S(x) + A(X)] f(x) = O, anti-symmetric, n(n-1)/2 equations
Generalized Einstein relation
[S(X) + A(X)] D(X) [S(X) - A(X)] = S(X) ( Einstein,1905: SD=1)

symmetric, n(n+1)/2 equations

Total n? conditions to determine matrix [S(x,t) + A(x,1)] !

Once S and A are known from above equation, H = f [S(X) + A(X)] f(X) -

Hence, S, 7, H can be constructed from Dand f.

dx



Lyapunov Function and Hamilton Equation

€ = 0 (deterministic, zero temperature):
dx/dt = f(x)
= -(0Ox)+ Ax))VHKX) | O(x) + QX) = 1/[S(x) + A(x)]

dH(x(t))/dt = VH(X) - dx/dt
- VH(x) ( D(x) + Qx) )VH(X)
- VH(X) O(x)VH(x)
<0,
i.e., H(x) is a Lyapunov function.

 Remark 1: The Lyapunov function is generally unique with fixed D.
« Remark 2: The fixed points of f(x) are all preserved in VH(X).

€=0, Dx) =0: (generalized) Hamilton equation: “energy H(x)” conserved
dx/dt = - QX)VH(x)



Three Typical Types of Dynamical Systems

Linear dynamics: near stable or unstable fixed points
to show that it is possible to construct a global Lyapunov function

Limit cycles: Many theorists, such as Prigogine and his school, once or even now, would not believe the
existence of Lyapunov function for such dynamics.

« Chaotic dynamics: Many mathematicians would not think this is possible.



Linear Dynamics

Linear dynamics, stable or unstable
Kwon, Ao, and Thouless, PNAS (2005)

X =fix) + {(x, 1)

({(x, 1)7(x, 1)) = 2D(x)o(r — ')

filx) = Fyx;

(§ + Ay = —Ux + £(1)

(&(x, 1)7(x, ")) = 288(t — 1)

F=—(D+Q)U=—(S+A4)"'U

FOQ+ QF = FD — DF”



Limit Cycles

 Limit cycles, v.f+0 (dissipative?); at the limit cycle, @ = constant, S= 0 (no dissipation)
q="_F(q)+ N(q)(1) _{E_(UE_TU;)_} = (1 — {I}fk
N(qQN*(q) = 2¢D(q)

[S(q) + A(Q)lq = —Vé(q) + N(q)&(1)

N(q)N™(q) = 2¢S(q)

simple limit cycle: Zhu, Yin, Ao, Intl J. Mod. Phys. B (2007 )

sl =d=ar (10

G =—@+aq(l—q —q3) +&(t) (I-gi—a3)*+1 1\ 01
g2 =q1 + @2(1 — g — q3) + &(t) Alq) = (1—ai—d)) 0 1
(I_Q?_Q%]?‘Fl —10

d(a) = 3¢} +a3)(gi + a3 - 2)

van der Pol like: Yuan, Wang, Ma, Yuan, Ao. Phys Rev E (2013)

4 ; ; ; ; ; ; ; 4

- r . 3
{'“ - "r.'flr‘. + L||-|{':.I. f} 2l //"/'"-\t\.‘ 2
=—p(qi — )@z — a1 + h(q) + &e(q, 1)t & o . .
with hig;) = p’q; /4 — p?qi /16 S S / )

o Oscillator 3

_i'a —6 —4 —2 O 2 4 é 8 4,
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Dissipative Chaotic Dynamics

*Chaotic dynamics
Ma, Tan, Yuan, Yuan, Ao. Int’'l J Bifurcation and Chaos (2014)
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lto, Stratonovich, and Present Method
on stochastic processes

1- d stochastic process (Ao, Kwon, Qian, Complexity, 2007)

Stochastic differential equation (pre-equation according to van Kampen):
aqg=r(q)+ {(q t)=- D(q)H (q) + {(q, ), Guassian-white noise, multiplicative

lto Process:
* Jp(q, Y = [ed,0,D(q)+ 5,D0(q)H,(q)] p(q, ¥
p(q. t==)~exp{~H(q) £} I D) ; H(q) =-]|daqfg) D)

Stratonovich process:
* ap(q, Y = [e5,D* (q)o,D* (q) + 5,0(q)H ()] p(q, Y
P, t ==x)~exp{-H(q) £} D*(q)

Present process:
* P9 ) = [ €5,0(q)5,+ F,0(a)H,(q)] p(q,
p(q, t =x)~exp{— H(q)k}



Gradient Expansion
and Lyapunov Equation

Gradient expansion (Ao, 2004; 2005)
Exact equations: Vx[G'f(q)]=0; G+ G = 2D.
G=(S+A)7T =D+Q@

Defining £ matrix from the “force” finn-d: F;=of , ij=1..,n
Treating derivative J,G as a higher order term

Lowest order gradient expansion—Ilinear matrix equation:
« GFF-FG =0
e G+ G =2D

Q= (FD- DF" ) /tr(F), 2-d

+ H(q) =-|.dq-[G(q)f(q)]



Where We Are
General construction

Ao, physics/0302081; Ao, J. Phys. A (2004); Yuan and Ao, J Stat Mech (2012)

Linear dynamics, stable or unstable
Kwon, Ao, and Thouless, PNAS (2005)

Equivalence to other methods
Yin and Ao, J. Phys. A (2006); Ao, Kwon, Qian, Complexity (2007)
Yuan et al. Chin Phys B (2013)
Limit cycles
Zhu, Yin, Ao, Intl J. Mod. Phys. B (2007); Yuan et al, Phys Rev E (2013)
Chaotic dynamics
Ma, Tan, Yuan, Yuan, Ao, Int’l J Bifurcation and Chaos (2014)

Applications:
Phage lambda genetic switch: Zhu et al, Funct Integr Geno (2004); Lei et al, Sci Rep (2015)
Cancer genesis and progression:
Ao et al Med Hyp (2008); Yuan, Zhu, Wang, Li, Ao. Rep Prog Phys (2017)

Gradient expansion: linear problem at each order
Ao, J. Phys. A (2004)

Markov Processes: same three parts--energy function, diffusion, no-detailed balance
Ao, Chen, Shi. Chin Phys Lett (2013)

SDE decomposition and A-type stochastic interpretation in nonequilibrium
processes. Yuan, Tang, Ao. Frontiers of Physics. 12: 120201 (2017)

https://link.springer.com/article/10.1007/s11467-017-0718-27?no-access=true



https://link.springer.com/article/10.1007/s11467-017-0718-2?no-access=true
https://link.springer.com/article/10.1007/s11467-017-0718-2?no-access=true
https://link.springer.com/article/10.1007/s11467-017-0718-2?no-access=true
https://link.springer.com/article/10.1007/s11467-017-0718-2?no-access=true
https://link.springer.com/article/10.1007/s11467-017-0718-2?no-access=true
https://link.springer.com/article/10.1007/s11467-017-0718-2?no-access=true
https://link.springer.com/article/10.1007/s11467-017-0718-2?no-access=true
https://link.springer.com/article/10.1007/s11467-017-0718-2?no-access=true
https://link.springer.com/article/10.1007/s11467-017-0718-2?no-access=true

New Predictions

 Generalized Einstein relation (ao, s Phys A, 2004
[S(x) + A(X)] DXx) [S(x) - A(X)] = S(x)

SD=1 (Einstein, 1905) A=0, detailed balance
No: Luposchainsky and Hinrichsen, J Stat Phys, 2013

« Beyond Ito vs Stratonovich (ao, kwon, Qian, 2007; Yuan, Ao, 2012)
No: Udo Seifert, Rep Prog Phys 2012

* “Free energy” equality (Ao, Comm Theor Phys 2008; Tang et al, 2015)
<exp[- |, dq - Va¥(x, q)]> = exp[ — ( F(end) — F(initial) )]

extension of Jarzynskii equality in physics



How Would Nature Decide?

“I assigh more value to discovering a fact, even about the minute thing, than to lengthy

disputations on the Grand Questions that fail to lead to true understanding whatever.”
Galileo Galilei (1564-1642)

First new experimental evidence:
Influence of Noise on Force Measurements.
Giovanni Volpe, Laurent Helden, Thomas Brettschneider, Jan

Wehr, and Clemens Bechinger.
PRL 104, 170602 (2010)
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FIG. 1 (color online). (a) A Brownian particle (drawn not to scale) diffuses near a wall in
the presence of gravitational and electrostatic forces. Its trajectory perpendicular to the
wall is measured with TIRM. (b) Comparison of measured (bullets) and calculated (line)
vertical diffusion coefficient as a function of the particle-wall distance. (c) Experimentally
determined probability distribution of the local drift dz for dt = 5 ms at z = 380 nm (grey).
The dashed line is a Gaussian in excellent agreement with the experimental data.
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FIG. 4 (color online). Forces obtained from a drift-velocity experiment with added noise-
induced drift [see Eq. (7) with alpha = 1 (open squares) (A-type), alpha = 0:5 (open
triangles) (S-type), and alpha = 0 (open dots) (I-type)]. The solid squares represent the
forces obtained from an equilibrium measurement (same as in Fig. 2).



Fundamental Theorem of (Stochastic) Dynamics

(S(x) + A(X)) dx/dt = - VH(x) + € (x,t) (N)

Three independent dynamical elements, the representation:
S: Semi-positive definite symmetric matrix: dissipation; degradation

A:. Anti-symmetric matrix, transverse: oscillation, conservative
H: Potential function or Lyapunov function: capacity, cost function, landscape
&. Stochastic force: noise, related to Sby “FDT”.

Steady state distribution is determined by H(X), when independent of time,
according to Boltzmann-Gibbs distribution, p ~exp(-H/¢)!
Direct and quantitative measure for robustness and stability

Global view of bionetwork dynamics: adaptive landscape. Ao. J Gene Geno 36: 63 (2009).  htip://arxiv.org/abs/0902.0980

Unifying dynamical framework for nonequilibrium processes


http://arxiv.org/abs/0902.0980

“Deriving” Statistical Mechanics
from deterministic dynamics

* For a handful special cases derivations are
ok—not generally enough.

* Derivations are incorrect, or, additional
assumptions are explicitly or implicitly
employed.



Charles Robert Darwin, 1809-1882

Evolution Mechanics:

Evolution by Variation and Selection
dx/dt = f(x) + &(x,t)

Old formulation: Principle of Natural Selection

Ludwig Eduard Boltzmann, 1844-1906

Canonical Distribution

0 « exp (- H/AT)
[S(x) + AX)] dx/dt = - VH(X) + & (X,t)

Old formulation: S= 4k InW

Answer to Tony’s question on quantum mechanics:
QM describes Nature correctly, nevertheless is incomplete.

Happy Birthday, Tony!
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