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A curious observation

One liter of ordinary air has enough thermal
energy to toss a 7 kilogram bowling ball 3
meters off the ground!

A solution to the energy crisis?
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Violation of the second law!

No process is possible whose sole result is the
extraction of energy from a single heat bath and
its conversion into work.



Accepted resolution

Landauer’s principle: A minimum of kT In(2) amount of
heat needs to be dissipated to erase one bit of
information

Landauer (1961), Penrose (1970), and Bennett (1982)
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Landauer’s principle: A minimum of kT In(2) amount of
heat needs to be dissipated to erase one bit of
information

Thermodynamics of information processing:
— Writing information increases entropy of memory
— Erasing information decreases entropy of memory

Landauer (1961), Penrose (1970), and Bennett (1982)
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Model™: Overview

Three essential components, all immersed in a
heat bath:

— Demon
— Bits
— Mass
9,

*Mandal and Jarzynski, PNAS 109, 11641 (2012)
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Demon + Bit
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Demon + Stream of bits

* Stream of uncorrelated bits: p,/, = proportion of 0/1’s
e The demon interacts with the nearest bit
* |nteraction interval;: t=d/v
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Claim

The demon rotates clockwise if all the incoming
bits are in state 0

(Rectification of thermal fluctuations,
using information)



Justification

State C State O State A

* |f all incoming bits are in state O
— No full counter clockwise rotation
— Sustained clockwise rotation on average
— Thermal fluctuations are rectified!

o~ b=

1

0

State 1



Demonstration of rectification




Demonstration of rectification
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New interacting bit
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Demonstration of rectification




Demonstration of rectification
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The bit flipped
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Demonstration of rectification

One complete clockwise rotation!
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Demon + Bit + Mass

State C State O State A State 1
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Complete setup

 Mixture of O's and 1’s
*  Pgs(P’g/1): Proportion of incoming (outgoing)
bits in state 0/1
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Information entropy

* |nformation / bit
"H, =-poInpy -p;Inp,
" Hoe == PolInpy —p'yInp
" 0<H<In2

« H=0: all bitseitherOor1  (“blank”)
* H=In2: equal#of0’sand1’s (“full”)

ASg = kg (H H..): change in information (x k)

out
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Relevant variables

e (key) Parameters
= 0 =p,— p,: excess 0’s of incoming bits
= ¢ =tanh[m g Ah/2 k T]: rescaled mass
= T =d/v: interaction time / bit
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Relevant variables

e (key) Parameters
= 0 =p,— p,: excess 0’s of incoming bits
= ¢ =tanh[m g Ah/2 k T]: rescaled mass
= T =d/v: interaction time / bit

* Quantities of interest
= O =p’, —p,: Avg. clockwise rotation / bit
= W =00 m g Ah: Avg. work / bit
= AS,=H_ .- H_: Change in information (x kg) / bit

out
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Analytical results

* O: Avg. clockwise current pert

@(5,8;2'):5;877 77=|:1—%K(T)+%J(T,85):|20

(1+8a +4\/§b)- (2+7a +4J§b)e-2f
3- (2+a)e'2f

K(t)=e?

_ (1- e'f)%e'ﬂ (a ++/3b- 1)g
MO e ) (o a(zra)e - (2+a)e ™

b:sinh(\/§t)
a :cosh(\@z‘)
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Analytical results

* O: Avg. clockwise current pert

oO—¢&

D(S5,6;7)= > n

1
« W :Avg. work pert = CDlen(lJrjj

* AS; : Change in entropy per bit = H(2d - 5)- H(5)



Competition between two forces:

O and €
B
o(5,67)=2"5y  5>0 P
V\_/ fAh

* O (excess incoming O’s) favors CW rotation
* £ (gravitational force) favors CCW rotation

32



Non-equilibrium phase diagram
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Non-equilibrium phase diagram —
Engine (W > 0)
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Non-equilibrium phase diagram —

Eraser (AS; < 0)
B
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Implications for the second law
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* From dynamics: AS;—W /kT=0
e AsAS, =-W/kT,

Res —

[ AS, + AS,._ > o}
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Implications for the second law

From dynamics: AS;,—W /kT=>0
As AS

=-W/kT,

Res —

[ AS, + AS,._ > 0]

* Engine:  0<W < kT AS,
* Eraser:  0>kTAS;>W

 “Dud”: kTAS;>0>W
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Not a real solution to the energy crisis!

About 200 million terabytes of data to heat a
gram of water by just a single degree Celsius —
an overwhelming demand
for data storage!



Thank you!



Extra slides



Mechanical demon

= Fixed rods
<
Bits
Y
] N
Egéiiiziz - < Demon

< Moving down

i i with constant

speed
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Rate Equation:

RA1<—>B1 = R31<_>C1 =1

Roo,n=1-6

R 100580 = Rpoesco =1

Joint dynamics

dp. .
CZZ :Z(pJRJ'—»" pl.Rl._)j), i, ] :AO,...,C]_

J#i

R, ,co=1+€
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Key steps in the derivation of ®©

1. periodic steady state of the demon, A,

2. Statistics of the outgoing bits in the periodic
case, (P’ o,psr P'1ps)"
3. CD - p’]_’ps_ p]_*

Po=(1+08)/2,p,=(1-0)/2



Step 1: Periodic steady state of the demon p,

 t=0:Joint state of the demon and the 15 bit is

Pos (0) =M pD(O)
where M = (p0 I, p1 I)" and | is 3x3 identity matrix
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Step 1: Periodic steady state of the demon p,

 t=0:Joint state of the demon and the 15 bit is

Pos (0) =M pD(O)

where M = (pO I, p1 )T and | is 3x3 identity matrix
* 0<t<T pys follows rate equation dpyg/dt =R pyg

solution: pyg(t) = EXp(R T) pps(0)
e t=r1:State of the demon is
pD(T) =Py pDB(T) =T pD(O)

where Py = (I, 1) and T (3x3) = P, Exp(R 1) M
* T=nrt: State of the demon is py(n t) = T" p,(0)
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Steps 2,3: Statistics of the outgoing bits and ®

Joint state of the demon and the interacting bit at the
beginning of interaction is

M pD,ps
Joint state at the end of the interaction is

Exp(Rt) M Po,ps
State of the outgoing bit is

(p’o,psr p’l,ps)T = PB EXp(R T) M pD,ps

P = 111 000
B~ (0 00 111

where

O = pll,ps_ P1



