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1. Stochastic Processes and Variables

@ Basic notation and definitions:

Random variable = stochastic variable

Random variable X: number associated with an
experiment = represented by x

Probability density function (pdf) for X:
P(x) > 0 (probability distribution)

Probability for X to assume a value between x
and x+dx: P(x)dx
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Dimension of P(x): [P(z)]p = ([z]p) "

Normalization: / el = 1

— X0
Discrete variables:

L1 (prob. Pl)v L2 (prob. P2)7" '

e = ) Po(z—=z); P>0; Yokl

1
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® Expectation value (or average) of 1(X):
F0) = [ f@P@)s
@ Moment of order m:

= (X™) = / T M P()da

Average: p1 = (X)

Centered variable: u1 =0
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® Variance of X:
o = (X = (X)) = 2 —
77 =) 0° — 0 : = X deterministic

Mean-square-root deviation (width measure): o

@ Kurtosis:
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® (Gaussian probability distribution:

i 1 " (z—m)*
V2702 P 207

== x — 1 for the Gaussian distribution

P(x)

® Cauchy distribution (or Lorentzian):

a 1

R w (@ mg) A ;

(a > 0)

== U1 =To; Hm —> 00 (Ym > 2)

Tuesday, October 6, 15



® Distribui¢cao g-gaussiana:

)  (z—m)t
P —
™ A,

exp,(z) = [1+ (1 - q)az]i/(l_Q)

Yl =0, if y<o0

gq=1 =P Gaussian
q=2 =P [orentzian
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p(x)

0.3

0.2

0.1

| (a)
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® Characteristic function:

O

G(k) = (exp(ikX)) = / exp(ikx)P(x)dx

— O

ik)™

m!

=P Generates moments: G(k) = > ( T

m=0
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@ Characteristic function of the Gaussian:
. 1 212
G(k) =exp | iurk — i k

PS: G(k) 1s differentiable at k=0

= All moments are finite

All moments are expressed 1in terms of f1 © o
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@® Characteristic function of the Lorentzian:

a [ exp(ikx) .
RO T | oo ol i

= Not differentiable at k=0

Moments are not defined
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® [ndependent random variables:

P(X,y): prob. for X and Y to take the values x
and y, respectively

P (1, y) = Px(x)Py(y)
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® Correlated random variables:
In this case, P(zx,y) # Px(z)Py (y)

Marginal probabilities:
Px(fv)=/ P(x,y)dy ; Py(y)=/ P(x,y)da

Conditional probability: X, for given Y

P(zr,y) _ P(x,y)
[T P(z,y)dz  Py(y)

P(xly) =
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® Correlations:
(XY) # (X)(Y)

Correlation coeftficient:

_ XY - (XN)

o -
T (020212

Cxy = 0: uncorrelated variables

Cxy = 1: maximum correlation

Cxy = —1 : maximum anticorrelation
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® Central limit theorem (Laplace, 1812):

{X1,Xa,- -, Xn} : independent random variables

Yy = (X1 +Xo+ -+ Xn)

%\H

= P(y): Gaussian distribution

= (Gaussian distribution is so common !
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Theorem applies to:

(a) Distinct individual laws

(b) Weakly correlated variables

® Theorem does not apply:

(a) 1{X;} with diverging moments

(b) Strongly correlated variables
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2. Diffusion and Fokker-Planck Equations

® One-dimensional diffusion equation:

OP(x,t) 0°P(z,1)
* 9 _ D 9

ot Ox?
Form of a continuity equation:
OP(x,t) OJ(w,t) o OP(x,t)

6’75 | aﬂj‘ —O, J($,t)——D agj‘
Conditions for a finite norm (finite times):
Pl e S U 2& a0 =0; (finite t)
O x— Tt oo
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Preservation of norm:

g5 oo VR e OP(z )R
a/_Oop(:,;,t)dﬁJ(ag,t)yOo_E/_Oozﬂ(m,t)da;—D ( - )_OO

OP(x,t)
ox

=0 ; => / P(x,t)dx = cte

r—+00

= choosing P(z,ty,) normalized, norm will
be preserved for finite times
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@ Solution: Gaussian distribution

1

Ple.t) = i

exp

(x — x9)?

4Dt

Einstein (Brownian motion): D = ukT

t : medium mobility

3o

Moments: g = / e vl — 1

— OO

/.

z Pz ihdas—t,
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Linear (normal) diffusion

I —> o0 = o2 3 00

(a) No stationary state

(b) Norm 1s lost as + — oo
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® Porous medium equation:

OP(x,t) D 0“PY(z,t)

ot Ox?

Form of a continuity equation:

OP(x,t) dJ(z,1)
ot | ox

OPY (x,t)
Ox

=S J(x,t) =—-D

Conditions for a finite norm (finite times):

PY(x.t
=0 gz =0; (finite ?)
0x Tr—+ 00

R b

r—+ o0
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® Solution: g-Gaussian distribution

1

P(z,t) = B(t) [1 - B(t)(v — 1)(z — 20)?]

PS: v=2—g¢q
o2 o 2/ v+) (v >1/3)

4

Nonlinear (anomalous) diffusion
(superdiffusion / subdiffusion)

= Sccond moment diverges for v <1/3
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® [Linear Fokker-Planck equation

Diffusion under an external potential:

olx) =  Alr)=—do(x)/de

OP(x,t) O|A(x)P(x,t)]

0% P(x,t)
Ot Ox o 02

¢(x) confining: stationary solution for ¢ — o0

0P, () SN OlA(z) Psi(z)] D 0% Py ()

Ot O | R
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Conditions for preservation of norm:

OP(x,t)

Ox =0; A@)P(z,1)|z—x00 =0 (VE)

r—+ o0

P(xat)‘x—)ﬂ:oo =0 :

Form of a continuity equation:

OP(x,t)  0J(=,t)

ot | Ox i

OP(x,t)
Ox

J(x,t) = A(x)P(x,t) — D
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Preservation of norm:

O -
= | Pl tde = —Jtl=

— OO

E / Z Pz, t)dz = —A(x)P(x,1)| % + D (f‘)‘Pa(z»t))io -4

= / (x,t)dr = cte (Vt)

= choosing P(z,ty) normalized, norm will
be preserved for all times
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Stationary-state solution:

0P, (x) - O|A(x) Py ()] | 0% Py () 2
D st ox R oxr2 3

3 I 5’Pst (.’E)_ _

b _—A(Z’)Pst(ilﬁ) + D 5 =0

=  Jg(r) =cte =0 (Vz) (norm conditions)

A(az) dPst d¢ dPst
d — —_——
ey Ve -

n(Fg) =-S5
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Py (z) = Bexp( qb("f)) 5 BeXp< qb(w))

\ D k'l

normalization

Harmonic potential: ¢(z) = oz?/2  (a > 0)

== F.:(z) is a Gaussian distribution

041132
Pst(x> w BeXp ( 2kT>
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® Nonlinear Fokker-Planck equation

Nonlinear diffusion of porous medium type:

s iR J|A(x) Pz, t) |
ity ox e

0% PY (z,t)
012

¢(z) confining: stationary solution for t — oo

Conditions for preservation of norm:

DI a5y )
Ox

P38y 1) ey =N U — 0 5 A(z) Pz 0| seC sl

r—+o00
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Stationary-state solution:

OPu(z)  OA@Pu(@)] |  9*Pi)
o [ OP&(x) ] _
o _—A(x)PSt(x) + D 90 =0

=  Jst(z) =cte =0 (Vr) (norm conditions)

A(x) APy de 5
. s v P"~24P.
T S > W t
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vV

P4~ (@) — Py7Y(0)] =

v — 1

p(x) — o]
v

Pale) = | PA(0) = (v — 1)

1+
B 11/(v—1)
Py (z) = B _1 — (v — 1)1(;)_+
Fonsidening v — 2 — g :
F b 11/(1=q) s
Andleld _1_<1_Q)%_+ :Bequ< k(;)>




3. Statistical Entropy and MaxEnt Principle

@ Statistical Entropy

S =S[P(x,t)] or S=S{P(t)}

Maximum Statistical Entropy Principle (MaxEnt):

“Among all statistical distributions, compatible
with the data, we must consider as the equilibrium
distribution the one which yields the largest value
of the statistical entropy.”
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® [agrange Multipliers

Extremize (maximum or minimum) the function
flo1, 22, 2n)

with the constraint  9(Z1, T2, ,Tn) =0

b(x1, 22, ,xn) = f(T1,22, - ,Tpn) + Ag(x1, T2, ,Tp)

5(13/5$k =0 :
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Ex.: Boltzmann-Gibbs entropy (discrete states)
Sec({P;}) = —kZP In P,

Constraints: normalization and energy definition

== [ agrange multipliers A¢g and

W W
1—=1 1=1
W W
P({P}) = SBG(;Pi}) — Ao (ZPz s 1) D (ZPL‘&; —U>
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0P

—@:O = —InP*'—-1-—))—per=0

6_5576

™~ ped 6—1—>\06—5€k 2
5 7

Ex.: BG entropy (continuous states)

Spa|P| = —k/oo P(x,t)In|P(z,t)| do

— OO

/OO T R /OO E(z)P(z,t) da

S — 9
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o[ P) = o867 R (/OO P(z,t) do — 1)

— OO

o (/_o; E(z)P(z,t) dz — U)

5D P)
= — — — — E —
B ° - In Pog(z) — 1 — Ao — BE(z) = 0
—BE(x)
= Peq(x) _ 6—1—)\06—5]5(;1;) i e _

E(z) harmonic : F(z) = az*/2 (> 0)

= P,,(x) isa Gaussian distribution
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Ex.: Tsallis entropy (continuous states)

= 1 — PY(x,t) dx
Sq C]—l_ /OO (:E7) _
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5P(z) e g Ao — BE(x) =0
PQ—l(x) o (q o 1))\0 (q i 1)5E(ZC)
eq : y
1/(g—1)

po(x)= [-4= D (¢-1)8E(@)

) q q K
Peq(x) = % 11— (g — 1)5’E($)]i/(q—1)
PS: exp.(z) = [1+ (1 — q)m]i/(l—Q)
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@ Duality q <@ (2-q)

¢ =2-q = 1l-¢g=gqg-1

rl=7 -1 . ¥
gz =" ; e =[1+(1- )]
= Ingle;| ==
rd~1 —1
Ing_g = o = —In,(1/x)
e L4 (g— D]V = 1/[e®
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Tsallis entropy (discrete states)'
%%

- (1213‘1) et (1- P71

1=1

B _kZqu 1/P;) ——kZPln(g o P

=11 1=1

Tsallis entropy (continuous states):

k & k =
= o aene i 4 s R u L qg—1
5 PRy [1 /_ ) da:] A dz P(z,t) [l —REGEI

o

S — k/oo g G VAR () B= —k/ dz P(@,t)ilnet SR

— OO
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@ Extremizing Tsallis entropy with

/OO . U /OO E(z)P(x.1) da
Po(2) = [~ (¢~ DBE@)]}

I
B Pulo) = 50— e l-0B ()

E(z) harmonic : F(z) = az®/2 (> 0)
= P, (x) isa(2-q)-Gaussian distribution
Ref.: C. Tsallis, J. Stat. Phys. 52, 479 (1988)
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@ Extremizing Tsallis entropy with

/OOP(xt)dx:1° U—f ) P
e | N e )
eq—ﬁq[E(fE) U]
=  Peqy(7) LY i
. f—oo e il =ul
5(] T 6

Ref.: C. Tsallis, R.S. Mendes, and A.R. Plastino,
Physica A 261, 534 (1998)
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4. H-Theorem and Generalizations
@ H-Theorem = Statistical Entropy

@ Boltzmann H-Theorem

Boltzmann H functional (1872):

H(t) = / o(7, 5, ) In[o(7, 5, £)|dF* dp

Spa(t) = —kH (t) 4 const

o(7,p,t)dr dp : number of particles in the
element of volume dr dp at time t
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p(7,p,t) follows Boltzmann equation:

dp e > =, (0p
> o @ e+ (F- T = at>col

(0p/0t)co1 : collisions term
| Op B Op (+) (9,0 ()
General form: (a)m — (E) 8 2

(Op/ 3t)col . particles into the element dr dp between t and t 4 dt

(Op/ (975)(301 . particles out of the element dr’ dp between t and t + dt
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Using Boltzmann equation for 0p(7, p,t)/0t :

dH(t) _ . dSwclt) |
dt dt

== out-of-equilibrium dilute classical gas
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® Relevance of the H-Theorem
a) Approach to equilibrium
b) Second law of thermodynamics

¢) Entropy production (irreversible processes)

@ System 1n contact with a thermal reservoir:

dF (t) 2
- <0 (F=U-TS)
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OP(x,t)

© =0 =

ot +(2)
O 6‘P({(;z,t) =0 and (H— Theorem) = P(z)
= Spo = —k/ dx Poy(z)In Poy(z)

U = / " dz Pa (2)0(2)

— OO

9S(U)

1
T oU
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® Linear Fokker-Planck Equation:

OP(x,t) 0{A(z)P(z,t)} D82P(x,t)

ot Oz | 02
A(z) = —dé(z)/dz  (confining potential)

Conditions for preservation of norm:

DI (45,0

P(xat)|x—>:|:oo =0 :

LFPE <@ 5pc
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@ H-Theorem and LFPE:

Sea = —k/oo P(xz,t) In|P(x,t)] dx

— OO

IB—U — TS ; Uz/oodxgb(az)P(x,t)

C;_f & % ( /_ O:O dz () P(z,t) + kT / " dz Pz, 1) 1n[P(:z:,t)]>

— OO

dF [ OP(z. t
b = /_OO dr |¢(x) + kT (In P(x,t) +1)] g(; )
Normalization = / 8P (z t) dr = 0
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Now use LFPE:

fi—]; . / dz [6(z) + kT'In P(z, t)
» O|A(x)P(x,t)] 0?P(x,t)
. { Ox 3 Ox?
Integration by parts:
u=¢(x)+ kTInP(x,t) = du= dq;ia:) dx k}? gidw
R AGR@ ] 0 Pz,
iy S = o - D 52 ]da:

OP(x,t)
Ox

v=—A(x)P(z,t) + D
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uwv|> . = [(¢(x) + kT In P(x,1))

O

use norm conditions ¢ |

‘Z—f . —/_O; dz [—A(:z;)P(x,t)nLD%%} {dggf) | If%ﬂ

Use A(x) = —d¢(z)/dx and D = kT :

dF’ = [ kT OP ]
Mot 4 | <
= - / dr P(x,t) | A(x) P x| S 0

— OO
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® Nonlinear Fokker-Planck Equation:

OP(x,1) {A(z)V[P(z,t)]} O OP(x,1)
B e Ox | D% {Q[P(x’t)] O }

U|P(x,t)] and Q[P(x,t)]: positive, finite, integrable,
differentiable (at least once)

Az) = —do(z)/dr

Conditions for preservation of norm:

OP(x,t)

2 t)|z—too =0 ;
(ZC, )| = [

=03 A(z)V[P(x,t)]|s—+00 = 0 (V2)

r— T+ 00
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@ H-Theorem and NLFPE:
SIP =k [ do glP@.0)]; 9(0) =9(1) =05 £5 <0

— OO

F=U-05; U:/OO dr ¢(x)P(x,t)

— OO

0 : positive parameter with temperature dimensions

dF 0 [ [ R
R VA CLCOR T X))
B . ] dg[P]| oP
[ oo T T

use NLFPE
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dt ; ol
 [[AAIPR0Y , 52 fopy 2P DY
= olxz) — k0 % = = {dgg;x) — k6 djiD[f] gi] dx

N A(z)V|P(z,t)]} O OP(x,t)
A, — {— o F D% {Q[P(az,t)] H dx
I

v=—A(z)¥[P(z,t)] + DQP(z,?)] o
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Using norm conditions == uv|>_ =0

dF = do(x) d*g|P] OP(z,t)
%__/Oodm{da: &1 dP? Ox }

X {—A(az)\IJ[P(az, t)] + D QP (x,t)] Gl t)}

0x

dF > do(x) d?g|P] OP(x,t)
T —/_OO dx V[P(x,t)] { i ko K5 I }

e
5}
=
Q
e
5}
=
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Use D = kb ; 0;—? < 0 follows if

@ Condition for the H-Theorem:

d*g[P] Q[P

. P2~ WP

dF b doé(z) d2g|P] OP(z,t)]°
- '3 <
dt /_OO de WP, t)| | — 7~ — k0 —pr s
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@ Families of FPEs:
d*g[P] Q[P
it

P2 U[P

(a) Given Q|P|] and ¥|P| = ¢|P]

Families of FPEs associated with the same entropy

(b) Given g|P] = ratio
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® Examples of FPEs and Associated Entropies

d*g[P] Q[P
Use =9 iPT 0[P
a) Linear case:
Qe 0[A(z)P(z,t)] e O*P(x,t)
D e O | Ox2

Rt — Pz, t) ; Q[ P(z 01l

d |
d—lgD:—lnP+O —~ g[Pl]= —PlnP+P+CP+C
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g(0)=0 = C =0

pas—rs = (' =-1

glPl=—-PlhP = SP]=- /OO P(z,t) In|P(x,t)] dx

Linear FPE <@ BG entropy:
(a) Equilibrium distribution

(b) H-Theorem
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(b) Nonlinear diffusion of porous medium type:

OP(z,t) __JA@)P(t)] , ,, O*P(x,1

ot ox Ox?

GERE 0 OPY 9, | DIE
o Ox? _Dax Ox _DV%(P %)
Q[P(z,1)) =vP*™';  W[P(z,1)] = P(z,1
d*g dg %
s PV—Q Rel e Pl/—l
d P> i o dP v — 1 1
g[P] = > Lcop+C
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A= 0 = C:uil
1
glP] = — P - P
S[P] = Vfl -1_/00 PY(2.t) di

NLFPE --@=» Tsallis entropy:

(a) Equilibrium distribution

(b) H-Theorem
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5. Physical Application: Interacting Vortices
in Type-II Superconductors

@ Type-II Superconductivity

(a) Two critical magnetic fields:
Hcl and HCQ (Hcl < HCQ)

(b) H < H.; : type-I superconductivity
(¢) H > H. :normal state

(d) H.1 < H < H_, : type-1I superconductivity
=B yortices of current generate flux tubes
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TYPE II SUPERCONDUCTORS AND THE
VORTEX LATTICE

Nobel Lecture, December 8, 2003
by
ALEXEI A. ABRIKOSOV

Materials Science Division, Argonne National Laboratory, 9700 South Cass
Ave., Argonne, IL 60439, USA.

Vortices in NbSe, defined by scanning tunneling microscopy (STM).
I made my derivation of the vortex lattice in 1953 but the publication was
postponed since Landau first disagreed with the whole idea. Only after R.
Feynman published his paper on vortices in superfluid helium [9], and
Landau accepted the idea of vortices, he agreed with my derivation, and I

published my paper in 1957 [10]. Even then it did not attract attention, in
spite of an English translation, and only after the discovery in the beginning
of the 1960s of superconducting alloys and compounds with high critical
magnetic fields there appeared an interest in my work. Nevertheless, even
after that the experimentalists did not believe in the possibility of existence of
a vortex lattice incommensurable with the crystalline lattice. Only after the
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‘ Reducing vortex density Nature 400, 337

usingthe wratohetefiecy  (1999)

C.-S. Lee", B. Jankét, |. Derényit & A.-L. Barabasi*

* Department of Physics, University of Notre Dame, Notre Dame,
Indiana 46556, USA

T Materials Science Division, Argonne National Laboratory,

9700 South Cass Avenue, Argonne, Illinois 60439, USA

* Department of Surgery, MC 6035, University of Chicago,

5841 South Maryland Avenue, Chicago, lilinois 60637, USA

APPLIED PHYSICS LETTERS 96, 192501 (2010)

Vortex manipulation in a superconducting matrix with view on applications

M. V. MiloSevi¢* and F. M. Peeters
Departement Fysica, Universiteit Antwerpen, Groenenborgerlaan 171, B-2020 Antwerpen, Belgium

(Received 15 February 2010; accepted 14 April 2010; published online 10 May 2010)

We show how a single flux quantum can be effectively manipulated in a superconducting film with
a matrix of blind holes. Such a sample can serve as a basic memory element, where the position of
the vortex in a kX [ matrix of pinning sites defines the desired combination of n bits of information
(2"=k X I). Vortex placement is achieved by strategically applied current and the resulting position
is read out via generated voltage between metallic contacts on the sample. Such a device can also
act as a controllable source of a nanoengineered local magnetic field for, e.g., spintronics
applications. © 2010 American Institute of Physics. [doi:10.1063/1.3425672]
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® System: vortices interacting repulsively
in 2d under overdamped motion

nv; = FPP 4 F& (1=1,2,---,N)

external force

Particle-particle interactions:

F;" = ZBpp rij) Tij 5 BPP(ri;) = foKa(rij/A)
J#Z

Ki(z) : First-order modified Bessel function

A : London penetration length
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® Coarse graining == density p(r,t)

(smoothly varying around the origin)

p(r,t) ~ p(0,t) +r - Vp(r, 1)
Average over interaction term:

1
e — ) /dQTp(r,t)Bpp(r)f' ~ aVp(r,t)

T — 7T/ dr > BPP (1) = 2w fo\°
0
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nv; = FPP + F&<* = po(r,t)v = p(r,t) (FPP 4+ F&)

nV - [p(r, t)v] = V- {p(r,t) [aVp(r,t) + F*]}

Ph.s.: J=p(r,t)v; \AR | Op(r, 1)

ot
napg;, )V o) [aVp(r, t) + F)

Now consider F*' = —A(z)x

® From now on: A(x) = —ax (o > 0)
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® Introducing uncorrelated thermal noise:
nvi:ng—l—Fth—l—Ffjh (1=1,2,---,N)
(Fi"(t)) =0;  (F"(t) - F'(t')) = 2kTn o(t — t')

® For fixed y =i P(xz,t) = (Ly/N)p(x,t)

® Nonlinear Fokker-Planck Equation:

OP(xz,t)  d[A(z)P(x,t)] 0 OP(x,t)
L 'QD%{[AP(‘T’”] Y: }

O?P(x,t)
0x?

+EkT
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® Characteristic/effective temperatures:

(1) Debye temperature (phonons T>0):

612N 1/3
)

kTD — hC(

T<Tp: Cy ~T° (T —0)
i N O = 3k

Solids: T ~ 200K
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(11) Fermi1 temperature (for T=0):

h2 2 N 2/3
. o7
2m \2s+1V

T <Tr: Cy ~ (T/Te) (T — 0)

3

Metals: Tk : 10°K — 10°K

White dwarfs: Ty =~ 10°K
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2
D =k0 = lim N7 fo

— ?17'(']'30)\2
N,Ly—oo L,

0 == Effective Temperature

n can be varied == 0 can be varied !

® Type-II Superconductors: 6 > T

® Neglecting thermal effects:

e SR O () Pz, t)] 0 OP(x,t)
ot Oz B %{WD SO }
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® Entropy: S,

s|P| = k{1 — )\/ dx [P(z,t)]* } (=

— O

P(a,t) = B(t)[1 — B(t)a?]

_I_
t large: P(x,t) — Ps(x)

@ Thermodynamics: stationary/equilibrium

state ‘
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107
10’2? -
S 10°F E
10‘4? -
P(z,t) = B(t)[1 — B(t)z?]
-5 Ll | | Ll
10 ¢° 10" 10° 10° 10
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® Analysis of Stationary State:

]\77'(:]’3())\2

- L 1 s AQ
D = k6 N,llllﬁ ko n fo
: : . k0O
Dimensionless variable: = — = nmfo
D Q

L@ o _L'(%)Q_(z)f
P = iy e 7 = x| 2/

(|| < z.) = (3DX/a)!/3 = (37)1/3)
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Le 2 32/3
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" 95/3 ] O
f=al _31—07'2/3—7'_ -»8—£:_3
2 2/3
C @:9@: (95) f :3_ kT_l/S

90 o0 920 15

Kinetic temperature:  (v*) o< kT

Present system: -
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@ First Law:
du = 0Q) + oW = 0ds + oda

9 a\?

u = u(s,a) ; u(s, a)

~ 250 (1 — s/k)?

oy _,.  (ou) _
0s a_ ’ O S_U

0% u A 0% u - @ 5 %
OaOs  Os O 0 a_ da )
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® Equation of state:

32/3 ko \*/* U
= A2 : .
10 (oz)\2> ’ T a
A AN
| e e
s(u,a) =k - (10u>

= Ss—=—const = o = const
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® [sothermal process:

S f 2/3
P - / bus =~ (k8™ [(@:X)* — (g X2)1?]

W — A _i/g 2/3[ 2N1/3 RN
oda (k0) (@ f A7) (i A7)

32/3

O — — T

(k8)° [ (@ X*)'/® — (aiX?)/?|

® Adiabatic process:
& f
uf—ui:W:/ oda = o(af — o)
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® Carnot Cycle:

0.5 — S
C b
0.4
"=
B Q, Q,
031 W
] >

91>(92
Q1 _ 0
Q2 0o

_ W @i - Q2
(1 (1
02
e=1——
01

Friday, October 9, 15



® Second Law of Thermodynamics:

“The total entropy of a thermally 1solated system
never decreases’

AS = 0 : reversible processes

AS > 0 : irreversible processes

4
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Contact between
two systems:
change 60 = nrfy)?

(n = N/Ly)

N4 N
2
(1) (2)

Ly,i Ly,i
.
R (2)
Ly,f Ly,f

(a)
1
N, L)
y.1
——————————————————————————— e
N, L
y.1
L
X
(b)
(1)
N, L.,
2)
N, L,
L
X
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® Entropy Variations:

Js(1)
F -

=

-
-] -
< 0 -

ot > 91 .

32/3 a\? g
5 |\ g F (
32/3 i Oé)\2 1/3
5 |\ xg® 3 <

o5 > §5(2)

65 < §55(2)

a\?

ko

a\?

k0,

>1/3
>1/3
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S (2) _ 7 (1) 4 7(2)
® Use conservation: L, ; + L, s =L, + L,

1 Nl 1 NQ 1

or equivalently,

(1)
Ly7?/

L2 (2)

o Y, 9

) (2)
Ly,z‘ i Ly,i

by 4 =
1 2 v
Ly,z’ i Ly,i

i I

O

= 0;: Dbetween 6’§1) and 9§2)
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@ /ecroth Law:

N N
Ly,l Ly,2
N1 N;
Ly,l Ly,S
N N3

(61 = 02)
(601 = 03)
(02 = 03)
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