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The calculation of rate coefficients is a discipline of nonlinear science of importance to much of physics,
chemistry, engineering, and biology. Fifty years after Kramers’ seminal paper on thermally activated bar-
rier crossing, the authors report, extend, and interpret much of our current understanding relating to
theories of noise-activated escape, for which many of the notable contributions are originating from the
communities both of physics and of physical chemistry. Theoretical as well as numerical approaches are
discussed for single- and many-dimensional metastable systems (including fields) in gases and condensed
phases. The role of many-dimensional transition-state theory is contrasted with Kramers’ reaction-rate
theory for moderate-to-strong friction; the authors emphasize the physical situation and the close connec-
tion between unimolecular rate theory and Kramers’ work for weakly damped systems. The rate theory
accounting for memory friction is presented, together with a unifying theoretical approach which covers
the whole regime of weak-to-moderate-to-strong friction on the same basis (turnover theory). The pecu-
liarities of noise-activated escape in a variety of physically different metastable potential configurations is
elucidated in terms of the mean-first-passage-time technique. Moreover, the role and the complexity of es-
cape in driven systems exhibiting possibly multiple, metastable stationary nonequilibrium states is
identified. At lower temperatures, quantum tunneling effects start to dominate the rate mechanism. The
early quantum approaches as well as the latest quantum versions of Kramers’ theory are discussed, there-
by providing a description of dissipative escape events at all temperatures. In addition, an attempt is
made to discuss prominent experimental work as it relates to Kramers’ reaction-rate theory and to indi-
cate the most important areas for future research in theory and experiment.
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LIST OF SYMBOLS

A(T)
C (1)
D

E

E,
E(A)
EYS

1
J

temperature-dependent quantum rate prefac-
tor

correlation function

diffusion coefficient

energy function

activation energy (=barrier energy with the
energy at the metastable state set equal to
Zero)

Hessian matrix of the energy function at

the stable state )
Hessian matrix of the energy function

around the saddle-point configuration
action variable of the reaction coordinate
Jacobian
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K (x,x")
M
P(E)

P(E,E")

transition probability kernel

mass of reactive particle

period of oscillation in the classically al-
lowed region

classical conditional probability of finding
the energy E, given initially the energy E'
quantum correction to the classical prefac-
tor

dissipative bounce action

temperature

crossover temperature

period in the classically forbidden regime
metastable potential function for the reac-
tion coordinate

volume of a reacting system

partition function, inverse normalization
partition function of the locally stable state
(4)

partition function of the transition rate
Hamiltonian function of the metastable sys-
tem

complex-valued free energy of a metastable
State

Fokker-Planck operator

backward operator of a Fokker-Planck pro-
cess

total probability flux of the reaction coordi-
nate

Planck’s constant

h(2m)~!

Boltzmann constant

reaction rate

forward rate

backward rate

transition-state rate

microcanonical transition-state rate, semi-
classical cumulative reaction probability
spatial-diffusion-limited Smoluchowski rate
mass of ith degree of freedom

probability density

stationary nonequilibrium probability densi-
ty for the reaction coordinate

momentum degree of freedom
configurational degree of freedom

quantum reflection coefficient

density of sources and sinks

quantum transmission coefficient

mean first-passage time to leave the domain
Q, with the starting point at x

constant part of the mean first-passage time
to leave a metastable domain of attraction
velocity of the reaction coordinate

reaction coordinate

location of well minimum or potential
minimum of state A, respectively

barrier location

location of the transition state

inversion temperature (kp7)~!
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Schematic of stochastic resonance . The cross-
hatched oval represents a black-box system
which receives two inputs: one weak and
periodic, the other strong and random. The
output 1s relatively regular with small
fluctuations.



NOISE -ASSISTED
SYNCHRONIZED

HOPPING



Bistable Model

x=x—x3+Acos(Qt+@)+S(t)
(E®)=0
SOSEN)=2DS(~1")

—217/9,

GIGNAL A A\JA\/A\/A\/\\/A\//\\/A\/[\\//\ \ﬁ)

LT/ o

,f from Ty =]
T 5 e &

-
,,Mmmmmmm
Te-""zgsm wwww wuuwu




P. JUNG + P H., PHYSREV. ALL:3032(9))

—
N
L

AMPLIFICATION

b O T 08 10
D= NOISE INTENSITY

NORE NOISE =+ MORE SIGNAL



P. JUNG +P H., PHYSREV. AkL:3032(9))

AMPLIFICATION

0 1072 0.4 0.6 0.8 1.0
D= NOISE INTENSITY

MORE NOISE =»MORE SIGNAL

-1 d‘,f, < dxer)d FODD>
3

2y
"MI‘ =4 \/2)1 cxp (-2oU/D)

Nl co X(T)=



S R

IN QUANTUM MECHANICS

QSR



Vo >hw,She, kT




LINEAR RESPONSE 2 QSR |

with P =£2,®2)=2 x(Q)

71 e ZI-WIT)Ilz = Tl"Az l z(ﬂ)|2

CNR = TAIXWIY _ w2l

| ——

S, (R A=0) Lo X(R) hesth (hipl2)

avalid at all fem;oer&faresy

- | a ~\ FOT
: & (A /=% I\ v i et e 2

' .

(e S
e 3 513 [ -
Sg, (F) =13 <JGd§tor+d; r1dgar>,

IDrrmr sl T Y




LINEAR RESPONSE 2 QSR |

with P = £ 2,,Q2)=2 x(Q)

1, =4r|PIF = w1 XDN

CNR = TAIXWE _ w12

S, (S A=0)  Lpma X(R) bicoth (h.2p12)

avalid at all ?‘zm;oer&fares!

FOT
PROBLEM: QUANTUM (0 )ea S ()
99

. ~ - ~ A
597 (1)=3 <Jgd§ter+d3 (o)J7(+)>ﬂ

*OrEE eiL T Y

/« X
2 LIMITS

2 bove~ nezar AT Low |
crossover to
thermal hoppins



2 T

0.003 |- W'TH é ~|50 ! 7
QUANTUM =
= CORRECTIONS £ ' ]
“ E

0.002 - g

0.001 |-

0 ! ] | |
0 100 200 300 400 500



CZ&IS'(&'&Z‘/}’ E
ffaréa'r/de/" >4 bounce
.
2
] i
. 6
T=0 =
zero— mode
—>




©/2

— M dU(q,)
G e g S}?('r-'r’)qat'r')dq-’=0

B
§9) 9a ~-6/2

O=h/kT

qB(’r+9)= qB (r)



QUANTUM SR

INCOHERENT

TUNNELING

E=1

LOW FREQUENCIES
LOW TEMPERATURES

adiabatic quantum coherence

a1l €#0

HIGH FREQUENCIES
HIGH TEMPERATURES

driving induced coherence

(2)

LOW FREQUENCIES
HIGH TEMPERATURES

incoherent regime




DRIVEN QUANTUM
TUNNELING

M. GRIFONI, PH. PPHYS. REP
304 229—3E52(52)

FREE COPY

htte: // wwwe physik, uni-augshurg,
de/‘fhaol/h anjgc'/



Wl 1 MTWIir X 1
- : B AN EIEIE R BEWER mUnuvl
' = 4 _ ] /N | W ..
e ORI Lo
S
m =T
= P PR E N H
- AE “.,".'_;‘.. = . .
: : 3 "T': ! -
' 1 S . n s - P =
4 = - o " - : X : - - =3
5 t = S : -

Rods ! ity ~4
14 \ f‘:_‘ : ' -

TUNNELING CONTROL * DRIVING(LA.

o BATH SPECTRuN
e NOISE INPUT



HOMEPAGE
,AANGGI™

GO TO : FEATURE ARTICLES

e Quantum Dissipation
and
Quantum Transport

http://www.physik.uni-augsburg.de/
theol/hanggi/Quantum.html





