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The m
eaning of life

In biology w
e focus on

B
ehavior

Function
S

urvival
R

eproduction
H

eredity

W
e start by fiat: “That’s life.”
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The m
eaning of m

easurem
ent

In physics w
e focus on

D
istance (location)

Tim
e

N
um

ber of particles
Energy

Tem
perature

A
 priori, life is absent from

 
the physical description
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The art of translation

m
v

2?
m

eow
?

physics
biology

S
om

etim
es 

the link is 
clear
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Living things . . . 

. . . are m
ade of m

atter (so cats fall)

 (can w
e be m

ore specific, though?)

. . . exchange particles w
ith surroundings

. . . exchange heat w
ith surroundings

. . . propagate exponentially

S
ounds like a job for stat m

ech . . .

A
 physics of living system

s?
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Living things . . . 

 (let’s be even m
ore specific . . .)

. . . tend tow
ards ‘low

’ internal entropy

. . . are ‘durable’ on grow
th tim

escale

. . . get the environm
ent to do w

ork on   
     them

, and then dissipate it back

  D
efinitely a job for stat m

ech!

A
 physics of living system

s?

W
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w
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b
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ilton
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d
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⌧
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c
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b
y
th
e
ex
tern

al
force,

an
d
th
at

am
ou

n
t

of
w
ork

w
ill

ad
d
on

top
of

th
e
in
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ro
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let’s
con

sid
er

th
e
J
arzy

n
sk
i
su
m
.

If
w
e
d
efi
n
e
n
(W

)
to

b
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b
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⌧
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b
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d
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Im
agine

that
w
e
have

a
nice

big
closed,

m
icrocanonical

system
of

ham
iltonian

H
0 (x

),
w
here

H
0
im
plicitly

denotes
H
(x
,�
(0)),

and
supp

ose
that

our
enorm

ous
sys-

tem
has

energy
E

0 ,
and

tem
p
erature

T
=

1/(k
B
�
).

Supp
ose

that
w
e
now

collect

together
⌦

0 (E
0 )

di↵
erent

copies
of

the
system

and
prepare

each
one

in
a
di↵

erent

initial
state,

so
that

w
e
have

exactly
one

copy
of

each
of

the
di↵

erent
individual

m
icrostates

available
to

our
w
hole

system
.
N
ow

supp
ose

that
over

finite
tim

e
⌧
w
e

change
�
according

to
som

e
function

�
(t),

so
that

w
e
are

doing
w
ork

on
our

system

w
ith

som
e
external

force,
after
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In
p
rose,

th
e
rap

id
fi
re

strin
g
of

eq
u
ation

s
ab

ove
read

s
as

follow
s:

th
e
p
rob

ab
ility

of
a

m
icrostate

lead
in
g
to

a
certain

am
ou

n
t
of

w
ork

is
ju
st

th
e
n
u
m
b
er

of
su
ch

m
icrostates

th
at

d
o
so

d
iv
id
ed

b
y
th
e
total

n
u
m
b
er

of
m
icrostates.

D
iv
id
in
g
ou

t
th
is
total

n
u
m
b
er

of
m
icrostates,

w
e
are

left
w
ith

a
q
u
an

tity
w
h
ich

m
ay

b
e
th
ou

gh
t
of

as
a
su
m

over
all

th
e
in
itial

m
icrostates

of
a
B
oltzm

an
n
w
eigh

t
corresp

on
d
in
g
to

th
e
w
ork

th
at

w
ill

b
e

d
on

e
on

each
m
icrostate.

W
e
can

fu
rth

er
d
iv
id
e
b
y
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�
E

0/e �
�
E

0
b
ecau

se
w
e
recogn

ize
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Im
agin

e
th
at

w
e
h
ave

a
n
ice

b
ig

closed
,
m
icro

can
on

ical
sy
stem

of
h
am

ilton
ian

H
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w
h
ere

H
0
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p
licitly

d
en
otes

H
(x
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(0)),
an

d
su
p
p
ose

th
at

ou
r
en
orm

ou
s
sy
s-

tem
h
as

en
ergy

E
0 ,

an
d
tem

p
eratu

re
T

=
1/(k

B
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S
u
p
p
ose

th
at

w
e
n
ow

collect
togeth

er
⌦

0 (E
0 )

d
i↵
eren

t
cop

ies
of

th
e
sy
stem

an
d
p
rep
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each

on
e
in

a
d
i↵
eren

t
in
itial

state,
so

th
at

w
e
h
ave

ex
actly

on
e
cop

y
of

each
of

th
e
d
i↵
eren

t
in
d
iv
id
u
al

m
icrostates

availab
le

to
ou

r
w
h
ole

sy
stem

.
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ow
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at
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fi
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ite

tim
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⌧
w
e

ch
an

ge
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g
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som
e
fu
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ction

�
(t),

so
th
at

w
e
are

d
oin

g
w
ork

on
ou
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sy
stem

w
ith

som
e
ex
tern

al
force,

after
w
h
ich

th
e
n
ew

h
am

ilton
ian

for
ou

r
sy
stem

w
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b
e

H
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is
m
ean
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⌧
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b
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⌧
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b
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d
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Im
agine

that
w
e
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a
nice

big
closed,

m
icrocanonical

system
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ham
iltonian

H
0 (x

),
w
here

H
0
im
plicitly

denotes
H
(x
,�
(0)),

and
supp

ose
that

our
enorm

ous
sys-

tem
has

energy
E

0 ,
and

tem
p
erature

T
=

1/(k
B
�
).

Supp
ose

that
w
e
now

collect

together
⌦

0 (E
0 )

di↵
erent

copies
of

the
system

and
prepare

each
one

in
a
di↵

erent

initial
state,

so
that

w
e
have

exactly
one

copy
of

each
of

the
di↵

erent
individual

m
icrostates

available
to

our
w
hole

system
.
N
ow

supp
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that
over

finite
tim

e
⌧
w
e

change
�
according

to
som

e
function

�
(t),

so
that

w
e
are

doing
w
ork

on
our

system

w
ith

som
e
external

force,
after

w
hich

the
new

ham
iltonian

for
our

system
w
ill

b
e

H
⌧ .

T
his

m
eans

that
if
our

system
started

o↵
in

som
e
initial

state
x
(0)

=
x (1)0

then

at
som

e
later

tim
e
the

H
am

iltonian
evolution

of
the

system
w
ill

carry
it
over

into

som
e
final

state
x
(⌧)

=
x (1)⌧

,
w
hereas

if
the

system
started

o↵
in

x
(0)

=
x (2)0

then

its
final

state
w
ill

instead
b
e
x
(⌧)

=
x (2)⌧

.
T
he

p
oint

is
that

w
e
assum

e
the

system
’s

evolution
to

b
e
totally

determ
inistic

and
given

by
H
am

ilton’s
equations

of
m
otion,

so

your
initial

condition
w
ill

determ
ine

your
final

condition.
B
ut

w
hereas

all
the

initial

conditions
have

the
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e
energy

H
0 (x (i)0

)
=

E
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the

final
conditions

have
di↵

erent

energies
H

⌧ (x (i)⌧
)
=

E
(i)⌧

=
E

0
+
W

i .
In

other
w
ords,

each
starting

m
icrostate
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ill

have
som

e
sp
ecific

am
ount

of
w
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done
on

it
by

the
external

force,
and

that
am

ount

of
w
ork

w
ill

add
on

top
of

the
initial

energy
there

w
as

to
start

w
ith

to
m
ake

up
the

total
energy

of
the

system
at

the
end

of
the

process.

N
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let’s
consider

the
Jarzynski

sum
.
If
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define
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b
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the

num
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In
prose,

the
rapid

fire
string

of
equations

ab
ove

reads
as

follow
s:
the

probability
of
a

m
icrostate

leading
to

a
certain

am
ount

of
w
ork

is
just

the
num

b
er
of
such

m
icrostates

that
do

so
divided

by
the

total num
b
er
of m

icrostates.
D
ividing

out
this

total num
b
er

of
m
icrostates,

w
e
are

left
w
ith

a
quantity

w
hich

m
ay

b
e
thought

of
as

a
sum

over
all
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e
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m
.
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e
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n
(W

)
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b
e
th
e
n
u
m
b
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t,
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u
al
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g
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In
p
rose,

th
e
rap

id
fi
re

strin
g
of

eq
u
ation

s
ab

ove
read

s
as

follow
s:

th
e
p
rob

ab
ility

of
a

m
icrostate
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g
to

a
certain

am
ou

n
t
of

w
ork

is
ju
st

th
e
n
u
m
b
er

of
su
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m
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th
at

d
o
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d
iv
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b
y
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e
total

n
u
m
b
er

of
m
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D
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g
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t
th
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total

n
u
m
b
er

of
m
icrostates,
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e
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a
q
u
an
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w
h
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m
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b
e
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t
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a
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m
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Im
agine

that
w
e
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a
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ham
iltonian

H
0 (x

),
w
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H
0
im
plicitly

denotes
H
(x
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(0)),
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that
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enorm
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tem
has

energy
E

0 ,
and

tem
p
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T
=

1/(k
B
�
).
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w
e
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⌦
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di↵
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in
a
di↵
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that

w
e
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of

each
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di↵
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m
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w
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.
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e
⌧
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e
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e
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e
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b
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e
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b
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=
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ount

of
w
ork

done
on

it
by

the
external

force,
and

that
am
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prose,

the
rapid

fire
string

of
equations

ab
ove

reads
as

follow
s:
the

probability
of
a

m
icrostate

leading
to

a
certain

am
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b
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b
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b
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=
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top
of
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e
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itial
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ere
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as

to
start

w
ith

to
m
ake

u
p
th
e

total
en
ergy

of
th
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stem

at
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d
of

th
e
p
ro
cess.
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let’s
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p
rose,
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of

eq
u
ation

s
ab

ove
read
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as

follow
s:
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ab
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b
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b
er

of
m
icrostates,

w
e
are

left
w
ith

a
q
u
an

tity
w
h
ich

m
ay

b
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all

1

I
:
i,i 000

(1)
⇡
(j

!
i)

⇡
(i!

j)
=

hex
p
[�

�
�
Q

ij ]i
i!

j

1

Im
agin

e
th
at

w
e
h
ave

a
n
ice

b
ig

closed
,
m
icro

can
on

ical
sy
stem

of
h
am

ilton
ian

H
0 (x

),
w
h
ere

H
0
im

p
licitly

d
en
otes

H
(x
,�

(0)),
an

d
su
p
p
ose

th
at

ou
r
en
orm

ou
s
sy
s-

tem
h
as

en
ergy

E
0 ,

an
d
tem

p
eratu

re
T

=
1/(k

B
�
).

S
u
p
p
ose

th
at

w
e
n
ow

collect
togeth

er
⌦

0 (E
0 )

d
i↵
eren

t
cop

ies
of

th
e
sy
stem

an
d
p
rep

are
each

on
e
in

a
d
i↵
eren

t
in
itial

state,
so

th
at

w
e
h
ave

ex
actly

on
e
cop

y
of

each
of

th
e
d
i↵
eren

t
in
d
iv
id
u
al

m
icrostates

availab
le

to
ou

r
w
h
ole

sy
stem

.
N
ow

su
p
p
ose

th
at

over
fi
n
ite

tim
e
⌧
w
e

ch
an

ge
�
accord

in
g
to

som
e
fu
n
ction

�
(t),

so
th
at

w
e
are

d
oin

g
w
ork

on
ou

r
sy
stem

w
ith

som
e
ex
tern

al
force,

after
w
h
ich

th
e
n
ew

h
am

ilton
ian

for
ou

r
sy
stem

w
ill

b
e

H
⌧ .

T
h
is
m
ean

s
th
at

if
ou

r
sy
stem

started
o↵

in
som

e
in
itial

state
x
(0)

=
x
(1
)

0
th
en

at
som

e
later

tim
e
th
e
H
am

ilton
ian

evolu
tion

of
th
e
sy
stem

w
ill

carry
it

over
in
to

som
e
fi
n
al

state
x
(⌧
)
=

x
(1
)

⌧
,
w
h
ereas

if
th
e
sy
stem

started
o↵

in
x
(0)

=
x
(2
)

0
th
en

its
fi
n
al

state
w
ill

in
stead

b
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state
x
(⌧
)
=

x
(1)
⌧
,
w
h
ereas

if
th
e
sy
stem

started
o↵

in
x
(0)

=
x
(2)
0

th
en

its
fi
n
al

state
w
ill

in
stead

b
e
x
(⌧
)
=

x
(2)
⌧
.
T
h
e
p
oin

t
is
th
at

w
e
assu

m
e
th
e
sy
stem

’s
evolu

tion
to

b
e
totally

d
eterm

in
istic

an
d
given

b
y
H
am

ilton
’s
eq
u
ation

s
of

m
otion

,
so

you
r
in
itial

con
d
ition

w
ill

d
eterm

in
e
you

r
fi
n
al

con
d
ition

.
B
u
t
w
h
ereas

all
th
e
in
itial

con
d
ition

s
h
ave

th
e
sam

e
en
ergy

H
0 (x

(i)
0
)
=

E
0 ,

th
e
fi
n
al

con
d
ition

s
h
ave

d
i↵
eren

t

en
ergies

H
⌧ (x

(i)
⌧
)
=

E
(i)
⌧

=
E

0
+

W
i .

In
oth

er
w
ord

s,
each

startin
g
m
icrostate

w
ill

h
ave

som
e
sp
ecifi

c
am

ou
n
t
of

w
ork

d
on

e
on

it
b
y
th
e
ex
tern

al
force,

an
d
th
at

am
ou

n
t

of
w
ork

w
ill

ad
d
on

top
of

th
e
in
itial

en
ergy

th
ere

w
as

to
start

w
ith

to
m
ake

u
p
th
e

total
en
ergy

of
th
e
sy
stem

at
th
e
en
d
of

th
e
p
ro
cess.

1

H
(p,q,�

(t))

(1)
⇡
(j!

i)

⇡
(i!

j)
=

hex
p
[�

�
�
Q

ij ]i
i!

j

1

Im
agin

e
th
at

w
e
h
ave

a
n
ice

b
ig

closed
,
m
icro

can
on

ical
sy
stem

of
h
am

ilton
ian

H
0 (x

),
w
h
ere

H
0
im

p
licitly

d
en
otes

H
(x
,�

(0)),
an

d
su
p
p
ose

th
at

ou
r
en
orm

ou
s
sy
s-

tem
h
as

en
ergy

E
0 ,

an
d
tem

p
eratu

re
T

=
1/(k

B
�
).

S
u
p
p
ose

th
at

w
e
n
ow

collect
togeth

er
⌦

0 (E
0 )

d
i↵
eren

t
cop

ies
of

th
e
sy
stem

an
d
p
rep

are
each

on
e
in

a
d
i↵
eren

t
in
itial

state,
so

th
at

w
e
h
ave

ex
actly

on
e
cop

y
of

each
of

th
e
d
i↵
eren

t
in
d
iv
id
u
al

m
icrostates

availab
le

to
ou

r
w
h
ole

sy
stem

.
N
ow

su
p
p
ose

th
at

over
fi
n
ite

tim
e
⌧
w
e

ch
an

ge
�
accord

in
g
to

som
e
fu
n
ction

�
(t),

so
th
at

w
e
are

d
oin

g
w
ork

on
ou

r
sy
stem

w
ith

som
e
ex
tern

al
force,

after
w
h
ich

th
e
n
ew

h
am

ilton
ian

for
ou

r
sy
stem

w
ill

b
e

H
⌧ .

T
h
is
m
ean

s
th
at

if
ou

r
sy
stem

started
o↵

in
som

e
in
itial

state
x
(0)

=
x
(1)
0

th
en

at
som

e
later

tim
e
th
e
H
am

ilton
ian

evolu
tion

of
th
e
sy
stem

w
ill

carry
it

over
in
to

som
e
fi
n
al

state
x
(⌧
)
=

x
(1)
⌧
,
w
h
ereas

if
th
e
sy
stem

started
o↵

in
x
(0)

=
x
(2)
0

th
en

its
fi
n
al

state
w
ill

in
stead

b
e
x
(⌧
)
=

x
(2)
⌧
.
T
h
e
p
oin

t
is
th
at

w
e
assu

m
e
th
e
sy
stem

’s
evolu

tion
to

b
e
totally

d
eterm

in
istic

an
d
given

b
y
H
am

ilton
’s
eq
u
ation

s
of

m
otion

,
so

you
r
in
itial

con
d
ition

w
ill

d
eterm

in
e
you

r
fi
n
al

con
d
ition

.
B
u
t
w
h
ereas

all
th
e
in
itial

con
d
ition

s
h
ave

th
e
sam

e
en
ergy

H
0 (x

(i)
0
)
=

E
0 ,

th
e
fi
n
al

con
d
ition

s
h
ave

d
i↵
eren

t

en
ergies

H
⌧ (x

(i)
⌧
)
=

E
(i)
⌧

=
E

0
+

W
i .

In
oth

er
w
ord

s,
each

startin
g
m
icrostate

w
ill

h
ave

som
e
sp
ecifi

c
am

ou
n
t
of

w
ork

d
on

e
on

it
b
y
th
e
ex
tern

al
force,

an
d
th
at

am
ou

n
t

of
w
ork

w
ill

ad
d
on

top
of

th
e
in
itial

en
ergy

th
ere

w
as

to
start

w
ith

to
m
ake

u
p
th
e

total
en
ergy

of
th
e
sy
stem

at
th
e
en
d
of

th
e
p
ro
cess.

N
ow

let’s
con

sid
er

th
e
J
arzy

n
sk
i
su
m
.

If
w
e
d
efi
n
e
n
(W

)
to

b
e
th
e
n
u
m
b
er

of
d
i↵
eren

t,
in
d
iv
id
u
al

startin
g
m
icrostates

th
at

w
ill

h
ave

w
ork

W
d
on

e
on

th
em

,
th
en

(2)
X

W

p(W
)e �

�
W

=
1

⌦
0 (E
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W

n
(W

)e �
�
W
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⌦
0 (E

0 ) X
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e �
�
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⌦
0 (E

0 )e �
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0 X
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(E

0 +
W
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0 X
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e �
�
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0 X
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⌧

=

=
Z

⌧

Z
0 X
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e �
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=
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F
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�
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⌧
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⌧
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⌧

In
p
rose,

th
e
rap

id
fi
re

strin
g
of

eq
u
ation

s
ab

ove
read

s
as

follow
s:

th
e
p
rob

ab
ility

of
a

m
icrostate

lead
in
g
to

a
certain

am
ou

n
t
of

w
ork

is
ju
st

th
e
n
u
m
b
er

of
su
ch

m
icrostates

th
at

d
o
so

d
iv
id
ed

b
y
th
e
total

n
u
m
b
er

of
m
icrostates.

D
iv
id
in
g
ou

t
th
is
total

n
u
m
b
er

of
m
icrostates,

w
e
are

left
w
ith

a
q
u
an

tity
w
h
ich

m
ay

b
e
th
ou

gh
t
of

as
a
su
m

over
all
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⇡
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=
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H
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w
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H
0
im

p
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d
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H
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(0)),
an

d
su
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p
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th
at
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r
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orm

ou
s
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tem
h
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en
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E
0 ,

an
d
tem

p
eratu

re
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=
1/(k

B
�
).

S
u
p
p
ose

th
at

w
e
n
ow

collect
togeth

er
⌦

0 (E
0 )

d
i↵
eren

t
cop

ies
of

th
e
sy
stem

an
d
p
rep

are
each

on
e
in

a
d
i↵
eren

t
in
itial

state,
so

th
at

w
e
h
ave

ex
actly

on
e
cop

y
of

each
of

th
e
d
i↵
eren

t
in
d
iv
id
u
al

m
icrostates

availab
le

to
ou

r
w
h
ole

sy
stem

.
N
ow

su
p
p
ose

th
at

over
fi
n
ite

tim
e
⌧
w
e

ch
an

ge
�
accord

in
g
to

som
e
fu
n
ction

�
(t),

so
th
at

w
e
are

d
oin

g
w
ork

on
ou

r
sy
stem

w
ith

som
e
ex
tern

al
force,

after
w
h
ich

th
e
n
ew

h
am

ilton
ian

for
ou

r
sy
stem

w
ill

b
e

H
⌧ .

T
h
is
m
ean

s
th
at

if
ou

r
sy
stem

started
o↵

in
som

e
in
itial

state
x
(0)

=
x
(1)
0

th
en

at
som

e
later

tim
e
th
e
H
am

ilton
ian

evolu
tion

of
th
e
sy
stem

w
ill

carry
it

over
in
to

som
e
fi
n
al

state
x
(⌧
)
=

x
(1)
⌧
,
w
h
ereas

if
th
e
sy
stem

started
o↵

in
x
(0)

=
x
(2)
0

th
en

its
fi
n
al

state
w
ill

in
stead

b
e
x
(⌧
)
=

x
(2)
⌧
.
T
h
e
p
oin

t
is
th
at

w
e
assu

m
e
th
e
sy
stem

’s
evolu

tion
to

b
e
totally

d
eterm

in
istic

an
d
given

b
y
H
am

ilton
’s
eq
u
ation

s
of

m
otion

,
so

you
r
in
itial

con
d
ition

w
ill

d
eterm

in
e
you

r
fi
n
al

con
d
ition

.
B
u
t
w
h
ereas

all
th
e
in
itial

con
d
ition

s
h
ave

th
e
sam

e
en
ergy

H
0 (x

(i)
0
)
=

E
0 ,

th
e
fi
n
al

con
d
ition

s
h
ave

d
i↵
eren

t

en
ergies

H
⌧ (x

(i)
⌧
)
=

E
(i)
⌧

=
E

0
+

W
i .

In
oth

er
w
ord

s,
each

startin
g
m
icrostate

w
ill

h
ave

som
e
sp
ecifi

c
am

ou
n
t
of

w
ork

d
on

e
on

it
b
y
th
e
ex
tern

al
force,

an
d
th
at

am
ou

n
t

of
w
ork

w
ill

ad
d
on

top
of

th
e
in
itial

en
ergy

th
ere

w
as

to
start

w
ith

to
m
ake

u
p
th
e

total
en
ergy

of
th
e
sy
stem

at
th
e
en
d
of

th
e
p
ro
cess.

1

H
(p, q,�

(t))

(1)

⇡
(j !

i)

⇡
(i!

j) =
exp[�

�
(E

i �
E
j)]

=
exp[�

�
�
Q

ij ]

1

Im
agine

that
w
e
have

a
nice

big
closed,

m
icrocanonical

system
of

ham
iltonian

H
0 (x

),
w
here

H
0
im
plicitly

denotes
H
(x
,�
(0)),

and
supp

ose
that

our
enorm

ous
sys-

tem
has

energy
E

0 ,
and

tem
p
erature

T
=

1/(k
B
�
).

Supp
ose

that
w
e
now

collect

together
⌦

0 (E
0 )

di↵
erent

copies
of

the
system

and
prepare

each
one

in
a
di↵

erent

initial
state,

so
that

w
e
have

exactly
one

copy
of

each
of

the
di↵

erent
individual

m
icrostates

available
to

our
w
hole

system
.
N
ow

supp
ose

that
over

finite
tim

e
⌧
w
e

change
�
according

to
som

e
function

�
(t),

so
that

w
e
are

doing
w
ork

on
our

system

w
ith

som
e
external

force,
after

w
hich

the
new

ham
iltonian

for
our

system
w
ill

b
e

H
⌧ .

T
his

m
eans

that
if
our

system
started

o↵
in

som
e
initial

state
x
(0)

=
x (1)0

then

at
som

e
later

tim
e
the

H
am

iltonian
evolution

of
the

system
w
ill

carry
it
over

into

som
e
final

state
x
(⌧)

=
x (1)⌧

,
w
hereas

if
the

system
started

o↵
in

x
(0)

=
x (2)0

then

its
final

state
w
ill

instead
b
e
x
(⌧)

=
x (2)⌧

.
T
he

p
oint

is
that

w
e
assum

e
the

system
’s

evolution
to

b
e
totally

determ
inistic

and
given

by
H
am

ilton’s
equations

of
m
otion,

so

your
initial

condition
w
ill

determ
ine

your
final

condition.
B
ut

w
hereas

all
the

initial

conditions
have

the
sam

e
energy

H
0 (x (i)0

)
=

E
0 ,
the

final
conditions

have
di↵

erent

energies
H

⌧ (x (i)⌧
)
=

E
(i)⌧

=
E

0
+
W

i .
In

other
w
ords,

each
starting

m
icrostate

w
ill

have
som

e
sp
ecific

am
ount

of
w
ork

done
on

it
by

the
external

force,
and

that
am

ount

of
w
ork

w
ill

add
on

top
of

the
initial

energy
there

w
as

to
start

w
ith

to
m
ake

up
the

total
energy

of
the

system
at

the
end

of
the

process.

N
ow

let’s
consider

the
Jarzynski

sum
.
If
w
e
define

n
(W

)
to

b
e
the

num
b
er

of

di↵
erent,

individual
starting

m
icrostates

that
w
ill

have
w
ork

W
done

on
them

,
then

(2)

X

W

p(W
)e �

�
W

=

1

⌦
0 (E

0 ) X

W

n
(W

)e �
�
W

=

1

⌦
0 (E

0 ) X
i e �

�
W

i
=

=

1

⌦
0 (E

0 )e �
�
E

0 X
i e �

�
(E

0 +
W

i )
=

1Z
0 X

i e �
�
(E

0 +
W

i )
=
Z

⌧Z
0 X

i e �
�
E
(i)
⌧

Z
⌧

=

=
Z

⌧Z
0 X

i e �
�
H

⌧ (x (i)⌧
)

Z
⌧

=
e �

�
�
F X

i e �
�
H

⌧ (x (i)⌧
)

Z
⌧

In
prose,

the
rapid

fire
string

of
equations

ab
ove

reads
as

follow
s:
the

probability
of
a

m
icrostate

leading
to

a
certain

am
ount

of
w
ork

is
just

the
num

b
er
of
such

m
icrostates

that
do

so
divided

by
the

total num
b
er
of m

icrostates.
D
ividing

out
this

total num
b
er

of
m
icrostates,

w
e
are

left
w
ith

a
quantity

w
hich

m
ay

b
e
thought

of
as

a
sum

over
all

1

England, 2
0

1
3

⌧

W
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Irreversibility and entropy
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Im
agin

e
th
at

w
e
h
ave

a
n
ice

b
ig

closed
,
m
icro

can
on

ical
sy
stem

of
h
am

ilton
ian

H
0 (x

),
w
h
ere

H
0
im

p
licitly

d
en
otes

H
(x
,�

(0)),
an

d
su
p
p
ose

th
at

ou
r
en
orm

ou
s
sy
s-

tem
h
as

en
ergy

E
0 ,

an
d
tem

p
eratu

re
T

=
1/(k

B
�
).

S
u
p
p
ose

th
at

w
e
n
ow

collect
togeth

er
⌦

0 (E
0 )

d
i↵
eren

t
cop

ies
of

th
e
sy
stem

an
d
p
rep

are
each

on
e
in

a
d
i↵
eren

t
in
itial

state,
so

th
at

w
e
h
ave

ex
actly

on
e
cop

y
of

each
of

th
e
d
i↵
eren

t
in
d
iv
id
u
al

m
icrostates

availab
le

to
ou

r
w
h
ole

sy
stem

.
N
ow

su
p
p
ose

th
at

over
fi
n
ite

tim
e
⌧
w
e

ch
an

ge
�
accord

in
g
to

som
e
fu
n
ction

�
(t),

so
th
at

w
e
are

d
oin

g
w
ork

on
ou

r
sy
stem

w
ith

som
e
ex
tern

al
force,

after
w
h
ich

th
e
n
ew

h
am

ilton
ian

for
ou

r
sy
stem

w
ill

b
e

H
⌧ .

T
h
is
m
ean

s
th
at

if
ou

r
sy
stem

started
o↵

in
som

e
in
itial

state
x
(0)

=
x
(1)
0

th
en

at
som

e
later

tim
e
th
e
H
am

ilton
ian

evolu
tion

of
th
e
sy
stem

w
ill

carry
it

over
in
to

som
e
fi
n
al

state
x
(⌧
)
=

x
(1)
⌧
,
w
h
ereas

if
th
e
sy
stem

started
o↵

in
x
(0)

=
x
(2)
0

th
en

its
fi
n
al

state
w
ill

in
stead

b
e
x
(⌧
)
=

x
(2)
⌧
.
T
h
e
p
oin

t
is
th
at

w
e
assu

m
e
th
e
sy
stem

’s
evolu
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of

equ
ation

s
ab

ove
read

s
as

follow
s:

th
e
p
rob

ab
ility

of
a

m
icrostate

lead
in
g
to

a
certain

am
ou
nt

of
w
ork

is
ju
st
th
e
nu

m
b
er

of
su
ch

m
icrostates

th
at

d
o
so

d
ivid

ed
by

th
e
total nu

m
b
er

of
m
icrostates.

D
ivid

in
g
ou
t
th
is
total nu

m
b
er

of
m
icrostates,

w
e
are

left
w
ith

a
qu

antity
w
h
ich

m
ay

b
e
th
ou
ght

of
as

a
su
m

over
all

1

⇡
(II

!
I),

p(j|II)

(1)
⇡
(j

!
i)

⇡
(i!

j)
=

ex
p
[�

�
(E

i �
E

j )]
=

ex
p
[�

�
�
Q

ij ]

(2)
�
S
in

t
=

X

i

p(i|I)
ln
p(i|I)�

X

j

p(j|II)
ln
p(j|II)

(3)
�
S
to
t
=

�h�
Q
i
+
�
S
in

t �
ln


⇡
(I

!
II)

⇡
(II

!
I) �

�
0

(4)
⇡
(II

!
I)

⇡
(I

!
II)

=

⌧
e
ln[

p
(j|I

I)
p
(i|I)

]he �
�
�
Q

i!
ji

i!
j �

I!
II

1

Im
agin

e
th
at

w
e
h
ave

a
n
ice

b
ig

closed
,
m
icro

can
on

ical
sy
stem

of
h
am

ilton
ian

H
0 (x

),
w
h
ere

H
0
im

p
licitly

d
en
otes

H
(x
,�

(0)),
an

d
su
p
p
ose

th
at

ou
r
en
orm

ou
s
sy
s-

tem
h
as

en
ergy

E
0 ,

an
d
tem

p
eratu

re
T

=
1/(k

B
�
).

S
u
p
p
ose

th
at

w
e
n
ow

collect
togeth

er
⌦

0 (E
0 )

d
i↵
eren

t
cop

ies
of

th
e
sy
stem

an
d
p
rep

are
each

on
e
in

a
d
i↵
eren

t
in
itial

state,
so

th
at

w
e
h
ave

ex
actly

on
e
cop

y
of

each
of

th
e
d
i↵
eren

t
in
d
iv
id
u
al

m
icrostates

availab
le

to
ou

r
w
h
ole

sy
stem

.
N
ow

su
p
p
ose

th
at

over
fi
n
ite

tim
e
⌧
w
e

ch
an

ge
�
accord

in
g
to

som
e
fu
n
ction

�
(t),

so
th
at

w
e
are

d
oin

g
w
ork

on
ou

r
sy
stem

w
ith

som
e
ex
tern

al
force,

after
w
h
ich

th
e
n
ew

h
am

ilton
ian

for
ou

r
sy
stem

w
ill

b
e

H
⌧ .

T
h
is
m
ean

s
th
at

if
ou

r
sy
stem

started
o↵

in
som

e
in
itial

state
x
(0)

=
x
(1)
0

th
en

at
som

e
later

tim
e
th
e
H
am

ilton
ian

evolu
tion

of
th
e
sy
stem

w
ill

carry
it

over
in
to

som
e
fi
n
al

state
x
(⌧
)
=

x
(1)
⌧
,
w
h
ereas

if
th
e
sy
stem

started
o↵

in
x
(0)

=
x
(2)
0

th
en

its
fi
n
al

state
w
ill

in
stead

b
e
x
(⌧
)
=

x
(2)
⌧
.
T
h
e
p
oin

t
is
th
at

w
e
assu

m
e
th
e
sy
stem

’s
evolu

tion
to

b
e
totally

d
eterm

in
istic

an
d
given

b
y
H
am

ilton
’s
eq
u
ation

s
of

m
otion

,
so

you
r
in
itial

con
d
ition

w
ill

d
eterm

in
e
you

r
fi
n
al

con
d
ition

.
B
u
t
w
h
ereas

all
th
e
in
itial

con
d
ition

s
h
ave

th
e
sam

e
en
ergy

H
0 (x

(i)
0
)
=

E
0 ,

th
e
fi
n
al

con
d
ition

s
h
ave

d
i↵
eren

t

en
ergies

H
⌧ (x

(i)
⌧
)
=

E
(i)
⌧

=
E

0
+

W
i .

In
oth

er
w
ord

s,
each

startin
g
m
icrostate

w
ill

h
ave

som
e
sp
ecifi

c
am

ou
n
t
of

w
ork

d
on

e
on

it
b
y
th
e
ex
tern

al
force,

an
d
th
at

am
ou

n
t

of
w
ork

w
ill

ad
d
on

top
of

th
e
in
itial

en
ergy

th
ere

w
as

to
start

w
ith

to
m
ake

u
p
th
e

total
en
ergy

of
th
e
sy
stem

at
th
e
en
d
of

th
e
p
ro
cess.
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Fit Finch

“Fitness” is easiest to define 
w

hen w
e are com

paring 
replicators that are very sim

ilar

W
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G
row

th and dissipation

B
iological grow

th is never observed 
to run itself backw

ards. W
hy not?

W
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G
row

th and dissipation

4

su
b
seq

u
en
t
to

su
ch

an
even

t,
th
e
d
au

gh
ter

cell
of

th
e
re-

cen
t
d
iv
ision

w
ere

to
sp
on

tan
eou

sly
d
isin

tegrate
b
ack

in
to

its
con

stitu
en
t
n
u
trien

ts
(w

ith
log-p

rob
ab

ility
at

m
ost

on
th
e
ord

er
of

ln
p

h
y
d ),

w
e
w
ou

ld
com

p
lete

th
e
in
terval

of
⌧

d
i
v

w
ith

on
e,

recen
tly

d
iv
id
ed

,
p
ro
cessively

grow
in
g
b
ac-

teriu
m

in
ou

r
sy
stem

,
th
at

is,
w
e
w
ou

ld
h
ave

retu
rn
ed

to
th
e
I
en

sem
b
le.

T
h
u
s,
v
ia

a
b
ack

-d
o
or

in
to

I
p
rov

id
ed

to
u
s
b
y
b
acterial

b
iology,

w
e
can

claim
th
at

th
at

ln
⇡
(II

!
I)

2
ln
p

h
y
d

'
�
2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)

(9)

H
av
in
g
ob

tain
ed

th
e
ab

ove
resu

lt,
w
e
can

n
ow

refer
b
ack

to
th
e
b
ou

n
d
w
e
set

for
th
e
h
eat

p
ro
d
u
ced

b
y
th
is

self-rep
lication

p
ro
cess

an
d
w
rite

�h
Q
i�

2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)�

�
S

i
n
t

(10)

T
h
is

relation
d
em

on
strates

th
at

th
e
h
eat

evolved
in

th
e

cou
rse

of
th
e
cell

m
ak

in
g
a
cop

y
of

itself
is

set
n
ot

on
ly

b
y
th
e
d
ecrease

in
en
trop

y
req

u
ired

to
arran

ge
m
olecu

lar
com

p
on

en
ts

of
th
e
su
rrou

n
d
in
g
m
ed

iu
m

in
to

a
n
ew

or-
gan

ism
,
b
u
t
also

b
y
h
ow

rap
id
ly

th
is
takes

p
lace

(th
rou

gh
th
e
d
iv
ision

tim
e
⌧

d
i
v )

an
d
b
y
h
ow

lon
g
w
e
h
ave

to
w
ait

for
th
e
n
ew

ly
assem

b
led

stru
ctu

re
to

start
fallin

g
ap

art
(th

rou
gh

t

m
a
x ).

M
oreover,

w
e
can

n
ow

q
u
an

tify
th
e
ex
-

ten
t
of

each
factor’s

con
trib

u
tion

to
th
e
fi
n
al

ou
tcom

e,
in

term
s
of

n

p
e
p ,

w
h
ich

w
e
estim

ate
to

b
e
1
.6

⇥
10

9,
as-

su
m
in
g
th
e
d
ry

m
ass

of
th
e
b
acteriu

m
is

0
.3

p
icogram

s
[11].

T
h
e
total

am
ou

n
t
of

h
eat

p
ro
d
u
ced

in
a
sin

gle
d
iv
ision

cy
cle

for
an

E
.
c
o
l
i
b
acteriu

m
grow

in
g
at

its
m
ax

im
u
m

rate
on

ly
sogen

y
b
roth

(a
m
ix
tu
re

of
p
ep

tid
es

an
d
glu

-
cose)

is
�h

Q
i
=

220
n

p
e
p

[2].
F
rom

p
rev

iou
s
ex
p
erim

en
tal

ev
id
en

ce,
w
e
can

b
e
con

fi
d
en
t
th
at

th
e
total

in
tern

al
en

-
trop

y
ch
an

ge
�
S

i
n
t

is
q
u
ite

sm
all

com
p
ared

w
ith

th
is

q
u
an

tity
d
u
rin

g
aerob

ic
resp

iration
[12],

an
d
so

can
b
e

ign
ored

in
th
is

case.
In

ord
er

to
com

p
are

th
e
h
eat

to
th
e
irreversib

ility
term

in
(6),

w
e
assu

m
e
a
cell

d
iv
ision

tim
e
of

20
m
in
u
tes

[1,
2],

an
d
a
sp
on

tan
eou

s
h
y
d
roly

sis
lifetim

e
for

p
ep

tid
e
b
on

d
s
of

⌧

h
y
d

⇠
600

years
at

p
h
y
s-

iological
p
H

[13],
w
h
ich

y
ield

s
a
t

m
a
x

⇠
1
m
in
u
te

an
d

2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)

=
6
.7

⇥
10

1
0
'

42
n

p
e
p .

T
h
ese

calcu
lation

s
th
erefore

estab
lish

th
at

th
e
E
.
c
o
l
i

b
acteriu

m
p
ro
d
u
ces

an
am

ou
n
t
of

h
eat

less
th
an

six
tim

es
as

large
as

th
e
ab

solu
te

p
h
y
sical

low
er

b
ou

n
d
d
ictated

b
y

its
grow

th
rate,

in
tern

al
en
trop

y
p
ro
d
u
ction

,
an

d
d
u
ra-

b
ility.

In
ligh

t
of

th
e
fact

th
at

th
e
b
acteriu

m
is

a
com

-
p
lex

sen
sor

of
its

en
v
iron

m
en
t
th
at

can
very

e↵
ectively

ad
ap

t
itself

to
grow

th
in

a
b
road

ran
ge

of
d
i↵
eren

t
en
-

v
iron

m
en
ts,

w
e
sh
ou

ld
n
ot

b
e
su
rp
rised

th
at

it
is

n
ot

p
erfectly

op
tim

ized
for

an
y
given

on
e
of

th
em

.
R
ath

er,
it
is

rem
arkab

le
th
at

in
a
sin

gle
en
v
iron

m
en
t,
th
e
organ

-
ism

can
con

vert
ch
em

ical
en

ergy
in
to

a
n
ew

cop
y
of

itself
so

e�
cien

tly
th
at

if
it

w
ere

to
p
ro
d
u
ce

even
a
q
u
arter

as
m
u
ch

h
eat

it
w
ou

ld
b
e
p
u
sh
in
g
th
e
lim

its
of

w
h
at

is
th
erm

o
d
y
n
am

ically
p
ossib

le!
T
h
is

is
esp

ecially
th
e
case

sin
ce

w
e
d
elib

erately
u
n
d
erestim

ated
th
e
reverse

reaction

rate
w
ith

ou
r
calcu

lation
of

p

h
y
d ,

w
h
ich

d
o
es

n
ot

accou
n
t

for
th
e
u
n
likelih

o
o
d
of

sp
on

tan
eou

sly
con

vertin
g
carb

on
d
iox

id
e
b
ack

in
to

ox
y
gen

.
T
h
u
s,

a
m
ore

accu
rate

esti-
m
ate

of
th
e
low

er
b
ou

n
d
on

�h
Q
i
in

fu
tu
re

m
ay

reveal
E
.
c
o
l
i
to

b
e
an

even
m
ore

ex
cep

tion
ally

w
ell-ad

ap
ted

self-rep
licator

th
an

it
cu

rren
tly

seem
s.

W
e
h
ave

seen
h
ow

th
is

argu
m
en
t
p
lay

s
ou

t
for

a
b
ac-

teriu
m
,
b
u
t
th
e
ap

p
roach

ap
p
lies

eq
u
ally

in
a
b
road

ran
ge

of
cases

w
h
ere

th
ere

is
som

e
reliab

le
sto

ch
astic

m
o
d
el

of
a
rep

licator’s
p
op

u
lation

d
y
n
am

ics
[14].

F
or

ex
am

-
p
le,

a
recen

t
stu

d
y
h
as

u
sed

i
n
v
i
t
r
o
evolu

tion
to

op
ti-

m
ize

th
e
grow

th
rate

of
a
self-rep

licatin
g
R
N
A

m
olecu

le
w
h
ose

form
ation

is
accom

p
an

ied
b
y

a
sin

gle
b
ack

b
on

e
ligation

reaction
an

d
th
e
leav

in
g
of

a
sin

gle
p
y
rop

h
os-

p
h
ate

grou
p

[15].
W

ith
a
d
ou

b
lin

g
tim

e
of

1
h
ou

r,
a

h
alf-life

for
R
N
A

of
4
years

[16],
an

d
th
e
reason

ab
le

as-
su
m
p
tion

(in
th
is

case)
th
at

th
e
ch
an

ge
in

tran
slation

al
en
trop

y
is

n
egligib

le,
w
e
can

estim
ate

th
e
h
eat

b
ou

n
d
as

h
Q
i
�

R
T
ln
[(4

years)
/(1

h
ou

r)]
=

7
kcal

m
ol �

1.
S
in
ce

ex
p
erim

en
tal

d
ata

in
d
icate

an
en
th
alp

y
for

th
e
reaction

in
th
e
v
icin

ity
of

10
kcal

m
ol �

1
[17,

18],
it

w
ou

ld
seem

th
is

m
olecu

le
op

erates
q
u
ite

n
ear

th
e
lim

it
of

th
erm

o
d
y
-

n
am

ic
e�

cien
cy

set
b
y
th
e
w
ay

it
is

assem
b
led

.
T
o

u
n
d
erlin

e
th
is

p
oin

t,
w
e
m
ay

con
sid

er
w
h
at

th
e

b
ou

n
d

m
igh

t
b
e

if
th
is

sam
e

reaction
w
ere

som
eh

ow
ach

ieved
u
sin

g
D
N
A
,
w
h
ich

is
m
u
ch

m
ore

k
in
etically

stab
le

again
st

h
y
d
roly

sis
th
an

R
N
A

[19].
In

th
is

case,
w
e
w
ou

ld
h
ave

h
Q
i
�

R
T
ln
[(3

⇥
10

7
years)

/(1
h
ou

r)]
=

16
kcal

m
ol �

1,
w
h
ich

ex
ceed

s
th
e
estim

ated
en
th
alp

y
for

th
e
ligation

reaction
an

d
is

th
erefore

p
roh

ib
ited

th
er-

m
o
d
y
n
am

ically.
T
h
is

calcu
lation

illu
strates

a
sign

ifi
-

can
t
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A
,
regard

in
g
each

m
olecu

le’s
ab

ility
to

p
articip

ate
in

self-cataly
zed

rep
li-

cation
reaction

s
fu
eled

b
y
sim

p
le

trip
h
osp

h
ate

b
u
ild

in
g

b
lo
ck
s:

th
e
far

greater
d
u
rab

ility
of

D
N
A

d
em

an
d
s
th
at

a
m
u
ch

h
igh

er
p
er-b

ase
th
erm

o
d
y
n
am

ic
cost

b
e
p
aid

in
en
trop

y
p
ro
d
u
ction

[20]
in

ord
er

for
for

th
e
grow

th
rate

to
m
atch

th
at

of
R
N
A

in
an

all-th
in
gs-eq

u
al

com
p
arison

.
T
h
e
key

p
oin

t
h
ere

is
th
at

if
a

self-rep
licatin

g
n
u
-

cleic
acid

cataly
zes

its
ow

n
grow

th
w
ith

a
rate

con
-

stan
t
g
an

d
is

d
egrad

ed
w
ith

rate
con

stan
t
�,

th
en

th
e

m
olecu

le
sh
ou

ld
b
e

cap
ab

le
of

ex
h
ib
itin

g
ex
p
on

en
tial

grow
th

th
rou

gh
self-rep

lication
w
ith

a
d
ou

b
lin

g
tim

e
p
ro-

p
ortion

al
to

1
/(
g
�

�).
H
ow

ever,
th
erm

o
d
y
n
am

ics
on

ly
sets

a
b
ou

n
d
on

th
e
ratio

g
/
�.

A
ssu

m
in
g
th
is
ratio’s

valu
e

is
fi
x
ed

,
m
ak

in
g
�
b
igger

w
ill

in
crease

grow
th

so
lon

g
as

th
e
overall

reaction
is

a
n
et

en
trop

y
p
ro
d
u
cer,

i.e.
so

lon
g
as

g
>

�
(
)

ln
(
g
/
�)

>
0.

T
h
u
s,

su
rp
risin

gly,
th
e

greater
fragility

of
R
N
A

cou
ld

b
e
seen

as
a
fi
tn
ess

ad
-

van
tage

in
th
e
righ

t
circu

m
stan

ces.
M
oreover,

th
e
h
eat

b
ou

n
d
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A

sh
ou

ld
in
crease

rou
gh

ly
lin

early
in

th
e
n
u
m
b
er

of
b
ases

`
ligated

d
u
rin

g
th
e
reaction

,
w
h
ich

forces
th
e
m
ax

im
u
m

p
ossib

le
grow

th
rate

for
a
D
N
A

rep
licator

to
sh
rin

k
e
x
p
o
n
e
n
t
i
a
l
l
y
w
ith

`

in
com

p
arison

to
th
at

of
its

R
N
A

eq
u
ivalen

t.
T
h
is
ob

ser-
vation

is
certain

ly
in
trigu

in
g
in

ligh
t
of

p
ast

argu
m
en
ts

4

su
b
seq

u
en
t
to

su
ch

an
even

t,
th
e
d
au

gh
ter

cell
of

th
e
re-

cen
t
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b
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⌧
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ith
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,
p
ro
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b
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e
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ou
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b
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h
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b
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b
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⇡
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⌧
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b
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b
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⌧
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d
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b
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b
u
t
also

b
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⌧
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b
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each
factor’s

con
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p
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b
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⇥
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b
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b
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b
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b
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⇠
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⇠
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b
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b
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b
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b
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at
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b
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b
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m
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d
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d
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b
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b
ou

n
d
on

�h
Q
i
in

fu
tu
re

m
ay

reveal
E
.
c
o
l
i
to

b
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b
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b
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p
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b
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p
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h
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⇥
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d
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roh
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b
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b
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d
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b
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d
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b
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b
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b
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is
ratio’s

valu
e

is
fi
x
ed
,
m
ak

in
g
�
b
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b
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b
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b
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m
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G
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b
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ro
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b
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b
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b
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d
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b
y
th
e
d
ecrease

in
en
trop

y
req

u
ired

to
arran

ge
m
olecu

lar
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b
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b
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⌧
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b
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w
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con
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p
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b
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b
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b
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of
its

en
v
iron

m
en
t
th
at

can
very

e↵
ectively

ad
ap

t
itself

to
grow

th
in

a
b
road

ran
ge

of
d
i↵
eren

t
en
-

v
iron

m
en
ts,

w
e
sh
ou

ld
n
ot

b
e
su
rp
rised

th
at

it
is

n
ot

p
erfectly

op
tim

ized
for

an
y
given

on
e
of

th
em

.
R
ath

er,
it
is

rem
arkab

le
th
at

in
a
sin

gle
en
v
iron

m
en
t,
th
e
organ

-
ism

can
con

vert
ch
em

ical
en

ergy
in
to

a
n
ew

cop
y
of

itself
so

e�
cien

tly
th
at

if
it

w
ere

to
p
ro
d
u
ce

even
a
q
u
arter

as
m
u
ch

h
eat

it
w
ou

ld
b
e
p
u
sh
in
g
th
e
lim

its
of

w
h
at

is
th
erm

o
d
y
n
am

ically
p
ossib

le!
T
h
is

is
esp

ecially
th
e
case

sin
ce

w
e
d
elib

erately
u
n
d
erestim

ated
th
e
reverse

reaction

rate
w
ith

ou
r
calcu

lation
of

p

h
y
d ,

w
h
ich

d
o
es

n
ot

accou
n
t

for
th
e
u
n
likelih

o
o
d
of

sp
on

tan
eou

sly
con

vertin
g
carb

on
d
iox

id
e
b
ack

in
to

ox
y
gen

.
T
h
u
s,

a
m
ore

accu
rate

esti-
m
ate

of
th
e
low

er
b
ou

n
d
on

�h
Q
i
in

fu
tu
re

m
ay

reveal
E
.
c
o
l
i
to

b
e
an

even
m
ore

ex
cep

tion
ally

w
ell-ad

ap
ted

self-rep
licator

th
an

it
cu

rren
tly

seem
s.

W
e
h
ave

seen
h
ow

th
is

argu
m
en
t
p
lay

s
ou

t
for

a
b
ac-

teriu
m
,
b
u
t
th
e
ap

p
roach

ap
p
lies

eq
u
ally

in
a
b
road

ran
ge

of
cases

w
h
ere

th
ere

is
som

e
reliab

le
sto

ch
astic

m
o
d
el

of
a
rep

licator’s
p
op

u
lation

d
y
n
am

ics
[14].

F
or

ex
am

-
p
le,

a
recen

t
stu

d
y
h
as

u
sed

i
n
v
i
t
r
o
evolu

tion
to

op
ti-

m
ize

th
e
grow

th
rate

of
a
self-rep

licatin
g
R
N
A

m
olecu

le
w
h
ose

form
ation

is
accom

p
an

ied
b
y

a
sin

gle
b
ack

b
on

e
ligation

reaction
an

d
th
e
leav

in
g
of

a
sin

gle
p
y
rop

h
os-

p
h
ate

grou
p

[15].
W

ith
a
d
ou

b
lin

g
tim

e
of

1
h
ou

r,
a

h
alf-life

for
R
N
A

of
4
years

[16],
an

d
th
e
reason

ab
le

as-
su
m
p
tion

(in
th
is

case)
th
at

th
e
ch
an

ge
in

tran
slation

al
en
trop

y
is

n
egligib

le,
w
e
can

estim
ate

th
e
h
eat

b
ou

n
d
as

h
Q
i
�

R
T
ln
[(4

years)
/(1

h
ou

r)]
=

7
kcal

m
ol �

1.
S
in
ce

ex
p
erim

en
tal

d
ata

in
d
icate

an
en
th
alp

y
for

th
e
reaction

in
th
e
v
icin

ity
of

10
kcal

m
ol �

1
[17,

18],
it

w
ou

ld
seem

th
is

m
olecu

le
op

erates
q
u
ite

n
ear

th
e
lim

it
of

th
erm

o
d
y
-

n
am

ic
e�

cien
cy

set
b
y
th
e
w
ay

it
is

assem
b
led

.
T
o

u
n
d
erlin

e
th
is

p
oin

t,
w
e
m
ay

con
sid

er
w
h
at

th
e

b
ou

n
d

m
igh

t
b
e

if
th
is

sam
e

reaction
w
ere

som
eh

ow
ach

ieved
u
sin

g
D
N
A
,
w
h
ich

is
m
u
ch

m
ore

k
in
etically

stab
le

again
st

h
y
d
roly

sis
th
an

R
N
A

[19].
In

th
is

case,
w
e
w
ou

ld
h
ave

h
Q
i
�

R
T
ln
[(3

⇥
10

7
years)

/(1
h
ou

r)]
=

16
kcal

m
ol �

1,
w
h
ich

ex
ceed

s
th
e
estim

ated
en
th
alp

y
for

th
e
ligation

reaction
an

d
is

th
erefore

p
roh

ib
ited

th
er-

m
o
d
y
n
am

ically.
T
h
is

calcu
lation

illu
strates

a
sign

ifi
-

can
t
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A
,
regard

in
g
each

m
olecu

le’s
ab

ility
to

p
articip

ate
in

self-cataly
zed

rep
li-

cation
reaction

s
fu
eled

b
y
sim

p
le

trip
h
osp

h
ate

b
u
ild

in
g

b
lo
ck
s:

th
e
far

greater
d
u
rab

ility
of

D
N
A

d
em

an
d
s
th
at

a
m
u
ch

h
igh

er
p
er-b

ase
th
erm

o
d
y
n
am

ic
cost

b
e
p
aid

in
en
trop

y
p
ro
d
u
ction

[20]
in

ord
er

for
for

th
e
grow

th
rate

to
m
atch

th
at

of
R
N
A

in
an

all-th
in
gs-eq

u
al

com
p
arison

.
T
h
e
key

p
oin

t
h
ere

is
th
at

if
a

self-rep
licatin

g
n
u
-

cleic
acid

cataly
zes

its
ow

n
grow

th
w
ith

a
rate

con
-

stan
t
g
an

d
is

d
egrad

ed
w
ith

rate
con

stan
t
�,

th
en

th
e

m
olecu

le
sh
ou

ld
b
e

cap
ab

le
of

ex
h
ib
itin

g
ex
p
on

en
tial

grow
th

th
rou

gh
self-rep

lication
w
ith

a
d
ou

b
lin

g
tim

e
p
ro-

p
ortion

al
to

1
/(
g
�

�).
H
ow

ever,
th
erm

o
d
y
n
am

ics
on

ly
sets

a
b
ou

n
d
on

th
e
ratio

g
/
�.

A
ssu

m
in
g
th
is
ratio’s

valu
e

is
fi
x
ed

,
m
ak

in
g
�
b
igger

w
ill

in
crease

grow
th

so
lon

g
as

th
e
overall

reaction
is

a
n
et

en
trop

y
p
ro
d
u
cer,

i.e.
so

lon
g
as

g
>

�
(
)

ln
(
g
/
�)

>
0.

T
h
u
s,

su
rp
risin

gly,
th
e

greater
fragility

of
R
N
A

cou
ld

b
e
seen

as
a
fi
tn
ess

ad
-

van
tage

in
th
e
righ

t
circu

m
stan

ces.
M
oreover,

th
e
h
eat

b
ou

n
d
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A

sh
ou

ld
in
crease

rou
gh

ly
lin

early
in

th
e
n
u
m
b
er

of
b
ases

`
ligated

d
u
rin

g
th
e
reaction

,
w
h
ich

forces
th
e
m
ax

im
u
m

p
ossib

le
grow

th
rate

for
a
D
N
A

rep
licator

to
sh
rin

k
e
x
p
o
n
e
n
t
i
a
l
l
y
w
ith

`

in
com

p
arison

to
th
at

of
its

R
N
A

eq
u
ivalen

t.
T
h
is
ob

ser-
vation

is
certain

ly
in
trigu

in
g
in

ligh
t
of

p
ast

argu
m
en
ts

4

su
b
seq

u
en
t
to

su
ch

an
even

t,
th
e
d
au

gh
ter

cell
of

th
e
re-

cen
t
d
iv
ision

w
ere

to
sp
on

tan
eou

sly
d
isin

tegrate
b
ack

in
to

its
con

stitu
en
t
n
u
trien

ts
(w

ith
log-p

rob
ab

ility
at

m
ost

on
th
e
ord

er
of

ln
p

h
y
d ),

w
e
w
ou

ld
com

p
lete

th
e
in
terval

of
⌧

d
i
v

w
ith

on
e,

recen
tly

d
iv
id
ed
,
p
ro
cessively

grow
in
g
b
ac-

teriu
m

in
ou

r
sy
stem

,
th
at

is,
w
e
w
ou

ld
h
ave

retu
rn
ed

to
th
e
I
en
sem

b
le.

T
h
u
s,
v
ia

a
b
ack

-d
o
or

in
to

I
p
rov

id
ed

to
u
s
b
y
b
acterial

b
iology,

w
e
can

claim
th
at

th
at

ln
⇡
(II

!
I)

2
ln
p

h
y
d

'
�
2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)

(9)

H
av
in
g
ob

tain
ed

th
e
ab

ove
resu

lt,
w
e
can

n
ow

refer
b
ack

to
th
e
b
ou

n
d
w
e
set

for
th
e
h
eat

p
ro
d
u
ced

b
y
th
is

self-rep
lication

p
ro
cess

an
d
w
rite

�h
Q
i�

2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)�

�
S

i
n
t

(10)

T
h
is

relation
d
em

on
strates

th
at

th
e
h
eat

evolved
in

th
e

cou
rse

of
th
e
cell

m
ak

in
g
a
cop

y
of

itself
is

set
n
ot

on
ly

b
y
th
e
d
ecrease

in
en
trop

y
req

u
ired

to
arran

ge
m
olecu

lar
com

p
on

en
ts

of
th
e
su
rrou

n
d
in
g
m
ed
iu
m

in
to

a
n
ew

or-
gan

ism
,
b
u
t
also

b
y
h
ow

rap
id
ly

th
is
takes

p
lace

(th
rou

gh
th
e
d
iv
ision

tim
e
⌧

d
i
v )

an
d
b
y
h
ow

lon
g
w
e
h
ave

to
w
ait

for
th
e
n
ew

ly
assem

b
led

stru
ctu

re
to

start
fallin

g
ap

art
(th

rou
gh

t

m
a
x ).

M
oreover,

w
e
can

n
ow

q
u
an

tify
th
e
ex
-

ten
t
of

each
factor’s

con
trib

u
tion

to
th
e
fi
n
al

ou
tcom

e,
in

term
s
of

n

p
e
p ,

w
h
ich

w
e
estim

ate
to

b
e
1
.6

⇥
10

9,
as-

su
m
in
g
th
e
d
ry

m
ass

of
th
e
b
acteriu

m
is

0
.3

p
icogram

s
[11].

T
h
e
total

am
ou

n
t
of

h
eat

p
ro
d
u
ced

in
a
sin

gle
d
iv
ision

cy
cle

for
an

E
.
c
o
l
i
b
acteriu

m
grow

in
g
at

its
m
ax

im
u
m

rate
on

ly
sogen

y
b
roth

(a
m
ix
tu
re

of
p
ep
tid

es
an

d
glu

-
cose)

is
�h

Q
i
=

220
n

p
e
p

[2].
F
rom

p
rev

iou
s
ex
p
erim

en
tal

ev
id
en
ce,

w
e
can

b
e
con

fi
d
en
t
th
at

th
e
total

in
tern

al
en
-

trop
y

ch
an

ge
�
S

i
n
t

is
q
u
ite

sm
all

com
p
ared

w
ith

th
is

q
u
an

tity
d
u
rin

g
aerob

ic
resp

iration
[12],

an
d
so

can
b
e

ign
ored

in
th
is

case.
In

ord
er

to
com

p
are

th
e
h
eat

to
th
e
irreversib

ility
term

in
(6),

w
e
assu

m
e
a
cell

d
iv
ision

tim
e
of

20
m
in
u
tes

[1,
2],

an
d
a
sp
on

tan
eou

s
h
y
d
roly

sis
lifetim

e
for

p
ep
tid

e
b
on

d
s
of

⌧

h
y
d

⇠
600

years
at

p
h
y
s-

iological
p
H

[13],
w
h
ich

y
ield

s
a
t

m
a
x

⇠
1
m
in
u
te

an
d

2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)

=
6
.7

⇥
10

1
0
'

42
n

p
e
p .

T
h
ese

calcu
lation

s
th
erefore

estab
lish

th
at

th
e
E
.
c
o
l
i

b
acteriu

m
p
ro
d
u
ces

an
am

ou
n
t
of

h
eat

less
th
an

six
tim

es
as

large
as

th
e
ab

solu
te

p
h
y
sical

low
er

b
ou

n
d
d
ictated

b
y

its
grow

th
rate,

in
tern

al
en
trop

y
p
ro
d
u
ction

,
an

d
d
u
ra-

b
ility.

In
ligh

t
of

th
e
fact

th
at

th
e
b
acteriu

m
is

a
com

-
p
lex

sen
sor

of
its

en
v
iron

m
en
t
th
at

can
very

e↵
ectively

ad
ap

t
itself

to
grow

th
in

a
b
road

ran
ge

of
d
i↵
eren

t
en
-

v
iron

m
en
ts,

w
e
sh
ou

ld
n
ot

b
e
su
rp
rised

th
at

it
is

n
ot

p
erfectly

op
tim

ized
for

an
y
given

on
e
of

th
em

.
R
ath

er,
it
is

rem
arkab

le
th
at

in
a
sin

gle
en
v
iron

m
en
t,
th
e
organ

-
ism

can
con

vert
ch
em

ical
en
ergy

in
to

a
n
ew

cop
y
of

itself
so

e�
cien

tly
th
at

if
it

w
ere

to
p
ro
d
u
ce

even
a
q
u
arter

as
m
u
ch

h
eat

it
w
ou

ld
b
e
p
u
sh
in
g
th
e
lim

its
of

w
h
at

is
th
erm

o
d
y
n
am

ically
p
ossib

le!
T
h
is

is
esp

ecially
th
e
case

sin
ce

w
e
d
elib

erately
u
n
d
erestim

ated
th
e
reverse

reaction

rate
w
ith

ou
r
calcu

lation
of

p

h
y
d ,

w
h
ich

d
o
es

n
ot

accou
n
t

for
th
e
u
n
likelih

o
o
d
of

sp
on

tan
eou

sly
con

vertin
g
carb

on
d
iox

id
e
b
ack

in
to

ox
y
gen

.
T
h
u
s,

a
m
ore

accu
rate

esti-
m
ate

of
th
e
low

er
b
ou

n
d
on

�h
Q
i
in

fu
tu
re

m
ay

reveal
E
.
c
o
l
i
to

b
e
an

even
m
ore

ex
cep

tion
ally

w
ell-ad

ap
ted

self-rep
licator

th
an

it
cu
rren

tly
seem

s.
W
e
h
ave

seen
h
ow

th
is

argu
m
en
t
p
lay

s
ou

t
for

a
b
ac-

teriu
m
,
b
u
t
th
e
ap

p
roach

ap
p
lies

eq
u
ally

in
a
b
road

ran
ge

of
cases

w
h
ere

th
ere

is
som

e
reliab

le
sto

ch
astic

m
o
d
el

of
a
rep

licator’s
p
op

u
lation

d
y
n
am

ics
[14].

F
or

ex
am

-
p
le,

a
recen

t
stu

d
y
h
as

u
sed

i
n
v
i
t
r
o
evolu

tion
to

op
ti-

m
ize

th
e
grow

th
rate

of
a
self-rep

licatin
g
R
N
A

m
olecu

le
w
h
ose

form
ation

is
accom

p
an

ied
b
y

a
sin

gle
b
ack

b
on

e
ligation

reaction
an

d
th
e
leav

in
g
of

a
sin

gle
p
y
rop

h
os-

p
h
ate

grou
p

[15].
W

ith
a
d
ou

b
lin

g
tim

e
of

1
h
ou

r,
a

h
alf-life

for
R
N
A

of
4
years

[16],
an

d
th
e
reason

ab
le

as-
su
m
p
tion

(in
th
is

case)
th
at

th
e
ch
an

ge
in

tran
slation

al
en
trop

y
is

n
egligib

le,
w
e
can

estim
ate

th
e
h
eat

b
ou

n
d
as

h
Q
i
�

R
T
ln
[(4

years)
/(1

h
ou

r)]
=

7
kcal

m
ol �

1.
S
in
ce

ex
p
erim

en
tal

d
ata

in
d
icate

an
en
th
alp

y
for

th
e
reaction

in
th
e
v
icin

ity
of

10
kcal

m
ol �

1
[17,

18],
it

w
ou

ld
seem

th
is

m
olecu

le
op

erates
q
u
ite

n
ear

th
e
lim

it
of

th
erm

o
d
y
-

n
am

ic
e�

cien
cy

set
b
y
th
e
w
ay

it
is

assem
b
led

.
T
o

u
n
d
erlin

e
th
is

p
oin

t,
w
e
m
ay

con
sid

er
w
h
at

th
e

b
ou

n
d

m
igh

t
b
e

if
th
is

sam
e

reaction
w
ere

som
eh
ow

ach
ieved

u
sin

g
D
N
A
,
w
h
ich

is
m
u
ch

m
ore

k
in
etically

stab
le

again
st

h
y
d
roly

sis
th
an

R
N
A

[19].
In

th
is

case,
w
e
w
ou

ld
h
ave

h
Q
i
�

R
T
ln
[(3

⇥
10

7
years)

/(1
h
ou

r)]
=

16
kcal

m
ol �

1,
w
h
ich

ex
ceed

s
th
e
estim

ated
en
th
alp

y
for

th
e
ligation

reaction
an

d
is

th
erefore

p
roh

ib
ited

th
er-

m
o
d
y
n
am

ically.
T
h
is

calcu
lation

illu
strates

a
sign

ifi
-

can
t
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A
,
regard

in
g
each

m
olecu

le’s
ab

ility
to

p
articip

ate
in

self-cataly
zed

rep
li-

cation
reaction

s
fu
eled

b
y
sim

p
le

trip
h
osp

h
ate

b
u
ild

in
g

b
lo
ck
s:

th
e
far

greater
d
u
rab

ility
of

D
N
A

d
em

an
d
s
th
at

a
m
u
ch

h
igh

er
p
er-b

ase
th
erm

o
d
y
n
am

ic
cost

b
e
p
aid

in
en
trop

y
p
ro
d
u
ction

[20]
in

ord
er

for
for

th
e
grow

th
rate

to
m
atch

th
at

of
R
N
A

in
an

all-th
in
gs-eq

u
al

com
p
arison

.
T
h
e
key

p
oin

t
h
ere

is
th
at

if
a

self-rep
licatin

g
n
u
-

cleic
acid

cataly
zes

its
ow

n
grow

th
w
ith

a
rate

con
-

stan
t
g
an

d
is

d
egrad

ed
w
ith

rate
con

stan
t
�,

th
en

th
e

m
olecu

le
sh
ou

ld
b
e

cap
ab

le
of

ex
h
ib
itin

g
ex
p
on

en
tial

grow
th

th
rou

gh
self-rep

lication
w
ith

a
d
ou

b
lin

g
tim

e
p
ro-

p
ortion

al
to

1
/(
g
�

�).
H
ow

ever,
th
erm

o
d
y
n
am

ics
on

ly
sets

a
b
ou

n
d
on

th
e
ratio

g
/
�.

A
ssu

m
in
g
th
is
ratio’s

valu
e

is
fi
x
ed
,
m
ak

in
g
�
b
igger

w
ill

in
crease

grow
th

so
lon

g
as

th
e
overall

reaction
is

a
n
et

en
trop

y
p
ro
d
u
cer,

i.e.
so

lon
g
as

g
>

�
(
)

ln
(
g
/
�)

>
0.

T
h
u
s,

su
rp
risin

gly,
th
e

greater
fragility

of
R
N
A

cou
ld

b
e
seen

as
a
fi
tn
ess

ad
-

van
tage

in
th
e
righ

t
circu

m
stan

ces.
M
oreover,

th
e
h
eat

b
ou

n
d
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A

sh
ou

ld
in
crease

rou
gh

ly
lin

early
in

th
e
n
u
m
b
er

of
b
ases

`
ligated

d
u
rin

g
th
e
reaction

,
w
h
ich

forces
th
e
m
ax

im
u
m

p
ossib

le
grow

th
rate

for
a
D
N
A

rep
licator

to
sh
rin

k
e
x
p
o
n
e
n
t
i
a
l
l
y
w
ith

`

in
com

p
arison

to
th
at

of
its

R
N
A

eq
u
ivalen

t.
T
h
is
ob

ser-
vation

is
certain

ly
in
trigu

in
g
in

ligh
t
of

p
ast

argu
m
en
ts

exponential grow
th rate

spontaneous reversal rate

D
oubling tim

e w
ill be roughly proportional to 

system
 entropy change

is generally going to be positive

s

1/(g
�

�)

 
dissipation in reservoir

 
�

ln
[g/�]�

s

S
o, w

inning D
arw

in’s gam
e 

happens to be about dissipating 
m

ore than your com
petitor

W
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Fit Finch?

W
hat really m

akes evolution 
interesting is adaptation

W
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⇡
(II

!
I),

p(j|II)

(1)
⇡
(j

!
i)

⇡
(i!

j)
=

ex
p
[�

�
(E

i �
E

j )]
=

ex
p
[�

�
�
Q

ij ]

(2)
�
S
in

t
=

X

i

p(i|I)
ln
p(i|I)�

X

j

p(j|II)
ln
p(j|II)

(3)
�
S
to
t
=

�h�
Q
i
+
�
S
in

t �
0

(4)
⇡
(II

!
I)

⇡
(I

!
II)

=

⌧
e
ln[

p
(j|I

I)
p
(i|I)

]he �
�
�
Q

i!
ji

i!
j �

I!
II

1

Im
agin

e
th
at

w
e
h
ave

a
n
ice

b
ig

closed
,
m
icro

can
on

ical
sy
stem

of
h
am

ilton
ian

H
0 (x

),
w
h
ere

H
0
im

p
licitly

d
en
otes

H
(x
,�

(0)),
an

d
su
p
p
ose

th
at

ou
r
en
orm

ou
s
sy
s-

tem
h
as

en
ergy

E
0 ,

an
d
tem

p
eratu

re
T

=
1/(k

B
�
).

S
u
p
p
ose

th
at

w
e
n
ow

collect
togeth

er
⌦

0 (E
0 )

d
i↵
eren

t
cop

ies
of

th
e
sy
stem

an
d
p
rep

are
each

on
e
in

a
d
i↵
eren

t
in
itial

state,
so

th
at

w
e
h
ave

ex
actly

on
e
cop

y
of

each
of

th
e
d
i↵
eren

t
in
d
iv
id
u
al

m
icrostates

availab
le

to
ou

r
w
h
ole

sy
stem

.
N
ow

su
p
p
ose

th
at

over
fi
n
ite

tim
e
⌧
w
e

ch
an

ge
�
accord

in
g
to

som
e
fu
n
ction

�
(t),

so
th
at

w
e
are

d
oin

g
w
ork

on
ou

r
sy
stem

w
ith

som
e
ex
tern

al
force,

after
w
h
ich

th
e
n
ew

h
am

ilton
ian

for
ou

r
sy
stem

w
ill

b
e

H
⌧ .

T
h
is
m
ean

s
th
at

if
ou

r
sy
stem

started
o↵

in
som

e
in
itial

state
x
(0)

=
x
(1)
0

th
en

at
som

e
later

tim
e
th
e
H
am

ilton
ian

evolu
tion

of
th
e
sy
stem

w
ill

carry
it

over
in
to

som
e
fi
n
al

state
x
(⌧
)
=

x
(1)
⌧
,
w
h
ereas

if
th
e
sy
stem

started
o↵

in
x
(0)

=
x
(2)
0

th
en

its
fi
n
al

state
w
ill

in
stead

b
e
x
(⌧
)
=

x
(2)
⌧
.
T
h
e
p
oin

t
is
th
at

w
e
assu

m
e
th
e
sy
stem

’s
evolu

tion
to

b
e
totally

d
eterm

in
istic

an
d
given

b
y
H
am

ilton
’s
eq
u
ation

s
of

m
otion

,
so

you
r
in
itial

con
d
ition

w
ill

d
eterm

in
e
you

r
fi
n
al

con
d
ition

.
B
u
t
w
h
ereas

all
th
e
in
itial

con
d
ition

s
h
ave

th
e
sam

e
en
ergy

H
0 (x

(i)
0
)
=

E
0 ,

th
e
fi
n
al

con
d
ition

s
h
ave

d
i↵
eren

t

en
ergies

H
⌧ (x

(i)
⌧
)
=

E
(i)
⌧

=
E

0
+

W
i .

In
oth

er
w
ord

s,
each

startin
g
m
icrostate

w
ill

h
ave

som
e
sp
ecifi

c
am

ou
n
t
of

w
ork

d
on

e
on

it
b
y
th
e
ex
tern

al
force,

an
d
th
at

am
ou

n
t

of
w
ork

w
ill

ad
d
on

top
of

th
e
in
itial

en
ergy

th
ere

w
as

to
start

w
ith

to
m
ake

u
p
th
e

total
en
ergy

of
th
e
sy
stem

at
th
e
en
d
of

th
e
p
ro
cess.

1

B
oltzm

ann in H
iding

Energy is actually about tim
e

The B
oltzm

ann distribution in a w
ay is a 

m
isleading special case because it m

akes us 
think about w

here w
e are . . .  

. . . but w
e should be thinking 

about w
here w

e are going!

W
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H
(p, q,�

(t))

(1)

⇡
(j !

i)

⇡
(i!

j) =
exp[�

�
(E

i �
E
j)]

=
exp[�

�
�
Q

ij ]

1

Im
agine

that
w
e
have

a
nice

big
closed,

m
icrocanonical

system
of

ham
iltonian

H
0 (x

),
w
here

H
0
im
plicitly

denotes
H
(x
,�
(0)),

and
supp

ose
that

our
enorm

ous
sys-

tem
has

energy
E

0 ,
and

tem
p
erature

T
=

1/(k
B
�
).

Supp
ose

that
w
e
now

collect

together
⌦

0 (E
0 )

di↵
erent

copies
of

the
system

and
prepare

each
one

in
a
di↵

erent

initial
state,

so
that

w
e
have

exactly
one

copy
of

each
of

the
di↵

erent
individual

m
icrostates

available
to

our
w
hole

system
.
N
ow

supp
ose

that
over

finite
tim

e
⌧
w
e

change
�
according

to
som

e
function

�
(t),

so
that

w
e
are

doing
w
ork

on
our

system

w
ith

som
e
external

force,
after

w
hich

the
new

ham
iltonian

for
our

system
w
ill

b
e

H
⌧ .

T
his

m
eans

that
if
our

system
started

o↵
in

som
e
initial

state
x
(0)

=
x (1)0

then

at
som

e
later

tim
e
the

H
am

iltonian
evolution

of
the

system
w
ill

carry
it
over

into

som
e
final

state
x
(⌧)

=
x (1)⌧

,
w
hereas

if
the

system
started

o↵
in

x
(0)

=
x (2)0

then

its
final

state
w
ill

instead
b
e
x
(⌧)

=
x (2)⌧

.
T
he

p
oint

is
that

w
e
assum

e
the

system
’s

evolution
to

b
e
totally

determ
inistic

and
given

by
H
am

ilton’s
equations

of
m
otion,

so

your
initial

condition
w
ill

determ
ine

your
final

condition.
B
ut

w
hereas

all
the

initial

conditions
have

the
sam

e
energy

H
0 (x (i)0

)
=

E
0 ,
the

final
conditions

have
di↵

erent

energies
H

⌧ (x (i)⌧
)
=

E
(i)⌧

=
E

0
+
W

i .
In

other
w
ords,

each
starting

m
icrostate

w
ill

have
som

e
sp
ecific

am
ount

of
w
ork

done
on

it
by

the
external

force,
and

that
am

ount

of
w
ork

w
ill

add
on

top
of

the
initial

energy
there

w
as

to
start

w
ith

to
m
ake

up
the

total
energy

of
the

system
at

the
end

of
the

process.

N
ow

let’s
consider

the
Jarzynski

sum
.
If
w
e
define

n
(W

)
to

b
e
the

num
b
er

of

di↵
erent,

individual
starting

m
icrostates

that
w
ill

have
w
ork

W
done

on
them

,
then

(2)

X

W

p(W
)e �

�
W

=

1

⌦
0 (E

0 ) X

W

n
(W

)e �
�
W

=

1

⌦
0 (E

0 ) X
i e �

�
W

i
=

=

1

⌦
0 (E

0 )e �
�
E

0 X
i e �

�
(E

0 +
W

i )
=

1Z
0 X

i e �
�
(E

0 +
W

i )
=
Z

⌧Z
0 X

i e �
�
E
(i)
⌧

Z
⌧

=

=
Z

⌧Z
0 X

i e �
�
H

⌧ (x (i)⌧
)

Z
⌧

=
e �

�
�
F X

i e �
�
H

⌧ (x (i)⌧
)

Z
⌧

In
prose,

the
rapid

fire
string

of
equations

ab
ove

reads
as

follow
s:
the

probability
of
a

m
icrostate

leading
to

a
certain

am
ount

of
w
ork

is
just

the
num

b
er
of
such

m
icrostates

that
do

so
divided

by
the

total num
b
er
of m

icrostates.
D
ividing

out
this

total num
b
er

of
m
icrostates,

w
e
are

left
w
ith

a
quantity

w
hich

m
ay

b
e
thought

of
as

a
sum

over
all

1

A

C

p(i|A
)

p(j|B
)

p(k|C
)

D
riven S

tochastic Evolution

⌧

B

�
S
r
e
s

�
S
0r
e
s

�
S
r
e
s
=

�

"
�
Q

+
X

i

µ
i �

n
i
+

... #

W
ednesday, January 8, 14



R
educes to B

oltzm
ann distribution 

in the absence of drives
and

after an infinite am
ount of tim

e

l
n


⇡
(A

!
B
)

⇡
(A

!
C
) �

'
�

l
n
⌦

B
C
+
l
n


⇡
(B

!
A
)

⇡
(C

!
A
) �

�
l
n

h
e
x
p
[�

�
S
r
e
s i

A
!

B

h
e
x
p
[�

�
S
r
e
s i

A
!

C

�

D
riven S

tochastic Evolution

�
�
�
F
B
C
=

�
ln

⌦
B
C
�

�
�
E

B
C

H
elm

holtz free energy

W
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C

p(j|B
)

p(k|C
)

B

⌦
B

⌦
C

S
ystem

s coupled to reservoirs 
tend to get m

ore disordered 
because of fluctuations

C
om

pare phase 
space volum

es 
of the tw

o 
m

acrostates

C
om

ing to term
s

�
ln
⌦

B
C
'

�
X

k

p(j|B
)
ln
p(j|B

)
+

X

k

p(k|C
)
ln
p(k|C

)

W
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A
C

B

high barrier

low
 barrier

H
igher barriers m

ake kinetics 
slow

er in both directions

ln


⇡
(A

!
B
)

⇡
(A

!
C
) �

=
...+

ln


⇡
(B

!
A
)

⇡
(C

!
A
) �

+
...

C
om

ing to term
s

⌧

⌧

W
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�
l
nh
e
x
p
[�

�
S
]i
=

h
�
Si�

�
2�
S

2

+
...

�
l
nh
e
x
p
[�
�
S
]i⌘

 
�
�

C
um

ulant generating function breaks into tw
o pieces: 

the m
ean dissipation, and the fluctuations about the m

ean

C
om

ing to term
s

(W
arning: Fluctuations can dom

inate!)

To m
ake this quantity very positive, 

you need reliably high dissipation

W
ednesday, January 8, 14



order
durability

fluctuation 
and 

dissipation

C
an constrain paths to likely forw

ard 
trajectories so last term

 is not 
dom

inated by freak events

l
n


⇡
(A

!
B
)

⇡
(A

!
C
) �

'
�

l
n
⌦

B
C
+
l
n


⇡
(B

!
A
)

⇡
(C

!
A
) �

�
l
n

h
e
x
p
[�

�
S
r
e
s i

A
!

B

h
e
x
p
[�

�
S
r
e
s i

A
!

C

�

D
riven S

tochastic Evolution
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W
hat does evolution give you?

ln
⇡
(0

!
A
)
=

ln
⌦

A
+
ln

⇡
(A

!
0
)
+
 

0!
A
�
�

0!
A

O
n the one hand, outcom

es m
ore likely if disorganized and 

very kinetically accessible (activation barriers)

O
n the other hand, increasing dissipation and cutting dow

n 
on fluctuation are options too . . . and they presum

ably 
have to be achieved through order and durability

N
o natural selection assum

ed here!

W
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A

C

D
riven S

tochastic Evolution

⌧

B
sin

!
t

�
S
A
!

C
r
e
s

(!
)

�
S
A
!

B
r
e
s

(!
)
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N
ot your typical m

acrostate

Living things are good at getting 
applied fields to do w

ork on them
 

so they can dissipate the energy

W
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Looking for D
arw

in

ln
⇡
(0

!
A
)
=

ln
⌦

A
+
ln

⇡
(A

!
0
)
+
 

0!
A
�
�

0!
A

N
o doubt, self-replication is a w

ay to m
ake this w

ork because 
discrete exponential grow

th reliably causes lots of dissipation

B
ut it seem

s like w
e expect to see 

organization that is ‘adapted’ from
 an 

energetic standpoint em
erge on its 

ow
n, even w

ithout heredity and 
selection, and just from

 underlying 
N

ew
tonian/

H
am

iltonian m
echanics 

W
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in
Figs.3b

and
3e,w

hich
pushesobjectstow

ard
the

laserpropagation
direction

(1
z-direction

at
{A

}
in

Figs.3a
and

3d).T
he

other
is

the
gradient

force
(Figs.

3c
and

3f)
that

is
proportional

to
the

light
intensity

gradient(2
x-direction

at{B}
in

Figs.3a
and

3d).T
he

gra-
dient

force
show

n
in

Figs.3c
and

3f
attracts

N
R

s
tow

ard
the

high
intensity

region
leading

to
the

trapping
condition

w
hen

the
laser

w
avelength

is
longer

than
the

resonance
of

the
LSP

corresponding
to

the
peak

ofdissipative
force

in
Figs.3b

and
3e.In

the
calculation,

the
long

axis(length)and
the

shortaxis(w
idth)ofA

g
N

R
sw

ith
high

aspect
ratio

w
ere

set
as

120
nm

and
40

nm
(in

reference
to

w
hite

arrow
sin

the
insetofFig.2a

corresponding
to

N
R

sselected
in

Figs.2c
and

2e),w
hereas

the
length

and
w

idth
of

A
g

N
R

s
w

ith
low

aspect
ratio

w
ere

80
nm

and
40

nm
(Figs.2b

and
2d).T

he
refractive

index
ofthe

surrounding
m

edium
w

assetto
1.33

(the
value

ofw
ater).W

ith
experim

entally
used

laser
pow

er,the
optical

potential
w

ell
for

A
g

N
R

s
of

high
aspect

ratio
parallel

to
the

light
polarization

is
m

uch
deeper

than
the

available
therm

alenergy
k

B T
,(See

Supplem
entary

Figures
S1b

and
S1d;an

indication
ofthe

strength
offluctuations

in
the

suspension:k
B T

5
26

m
eV

,w
here

k
B

isthe
Boltzm

ann
constant,

and
the

tem
perature

T
5

298
K

).W
hilstthe

potentialw
ells

for
the

sphericalA
g

N
Ps

and
the

perpendicular
A

g
N

R
s

are
shallow

er,the
large

trapping
potential

of
the

parallel
A

g
N

R
s

results
in

a
m

ore
effective

selection
process

under
the

therm
al

fluctuations
of

k
B T

.
A

s
show

n
in

Figs.3b
and

3e,at
1064

nm
,the

dissipative
force

on
the

parallelA
g

N
R

ofhigh
aspectratio

(405120
nm

)ism
uch

greater
than

thaton
the

sphericalA
g

N
P,the

perpendicular
A

g
N

R
,and

the
A

g
N

R
oflow

aspectratio
(40580

nm
).Furtherm

ore,w
hen

m
ultiple

A
g

N
R

s
are

closely
spaced

and
parallelto

the
polarization,the

gra-
dient

force
and

the
dissipative

force
for

a
pair

ofA
g

N
R

s
is

greater
than

for
the

case
of

a
single

N
R

due
to

a
redshift

of
the

LSPs
approaching

the
w

avelength
ofthe

N
d

3
1:Y

V
O

4
laser.It

is
expected

thatthe
potentialw

ellsbecom
e

deeperform
ore

N
R

saligned
parallel

to
the

polarization,and
thatthe

attractive
and

repulsive
interparticle

light-induced
force

12,13
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viscous, fluctuating, therm
al bath

oscillating
drive

dissipated
heat

d
0

kd
2

kd /2 2
- µ
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pontaneous R

ew
iring
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O
scillatory driving

A
s external force oscillates,

bond netw
ork reconfigures
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S
um

m
ing up

Tim
e-reversibility guarantees an exact, quantitative 

relationship betw
een irreversibility and entropy production

This im
plies a link betw

een probability and dissipation

A
s a consequence, one expects driven, reservoir-coupled 

system
s to becom

e better ‘adapted’ to absorbing energy 
from

 their drives over tim
e.  A

nd w
e don’t have to explain 

this by m
aking reference to D

arw
inian selection.

In this light, w
e can view

 adaptive evolution 
as a requirem

ent of general physical law
s
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!
Monday,!November!7,!2011!

!Dear!Colleagues,!
!I!am!writing!in!support!of!the!application!of!YingBYu!Ho!to!your!doctoral!program!in!
physics.!I!have!only!known!YingBYu!Ho!for!a!short!time!here!at!MIT,!but!during!that!period!
he!has!already!impressed!me.!
!It!is!apparent!from!his!course!transcript!that!YingBYu!has!excelled!in!the!study!of!the!most!
challenging!material,!much!of!it!at!the!graduate!level.!!More!importantly,!the!facility!he!has!
developed!with!advanced!subjects!is!amply!on!display!in!conversations!with!him:!he!is!
extremely!quick!on!the!uptake,!and!readily!identifies!points!in!current!research!articles!or!
discussions!of!our!own!work!together!that!connect!to!the!things!he!has!learned!as!an!
undergraduate.!
!YingBYu!came!to!me!to!find!a!research!placement!in!his!senior!year!because!he!wanted!to!
begin!doing!work!in!biophysics.!!I!laid!out!various!options!for!him,!and!he!leapt!at!the!one!
that!was!the!most!risky,!challenging,!exploratory!undertaking!in!which!the!most!would!be!
expected!from!him!as!far!as!his!ingenuity.!!He!is!going!to!be!developing!a!simulation!
framework!for!trying!to!study!the!necessary!physical!conditions!for!the!emergence!of!selfB
replicating!molecules.!!The!proposal!he!wrote!for!his!internship!was!lucid!and,!while!not!
idiomatically!perfect!(English!not!being!his!first!language),!exhibited!a!deep!understanding!
of!what!he!was!setting!out!to!do.!
!I!am!thrilled!to!be!working!with!YingBYu,!and!I!am!confident!he!will!excel!in!graduate!
school.!!He!belongs!in!a!top!program!and!I!recommend!you!take!him.!
!Sincerely,!
!

!
!Jeremy!L.!England,!Ph.!D.!!
Assistant!Professor!of!Physics!
MIT!
!
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arsland
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Tal K

achm
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Technion

W
ednesday, January 8, 14



Living w
ithin the law

⇡
(II

!
I),

p(j|II)

(1)
⇡
(j

!
i)

⇡
(i!

j)
=

ex
p
[�

�
(E

i �
E

j )]
=

ex
p
[�

�
�
Q

ij ]

(2)
�
S
in

t
=

X

i

p(i|I)
ln
p(i|I)�

X

j

p(j|II)
ln
p(j|II)

(3)
�
S
to
t
=

�h�
Q
i
+
�
S
in

t �
�
ln
p
d
is �

0

(4)
⇡
(II

!
I)

⇡
(I

!
II)

=

⌧
e
ln[

p
(j|I

I)
p
(i|I)

]he �
�
�
Q

i!
ji

i!
j �

I!
II

1

Im
agin

e
th
at

w
e
h
ave

a
n
ice

b
ig

closed
,
m
icro

can
on

ical
sy
stem

of
h
am

ilton
ian

H
0 (x

),
w
h
ere

H
0
im

p
licitly

d
en
otes

H
(x
,�

(0)),
an

d
su
p
p
ose

th
at

ou
r
en
orm

ou
s
sy
s-

tem
h
as

en
ergy

E
0 ,

an
d
tem

p
eratu

re
T

=
1/(k

B
�
).

S
u
p
p
ose

th
at

w
e
n
ow

collect
togeth

er
⌦

0 (E
0 )

d
i↵
eren

t
cop

ies
of

th
e
sy
stem

an
d
p
rep

are
each

on
e
in

a
d
i↵
eren

t
in
itial

state,
so

th
at

w
e
h
ave

ex
actly

on
e
cop

y
of

each
of

th
e
d
i↵
eren

t
in
d
iv
id
u
al

m
icrostates

availab
le

to
ou

r
w
h
ole

sy
stem

.
N
ow

su
p
p
ose

th
at

over
fi
n
ite

tim
e
⌧
w
e

ch
an

ge
�
accord

in
g
to

som
e
fu
n
ction

�
(t),

so
th
at

w
e
are

d
oin

g
w
ork

on
ou

r
sy
stem

w
ith

som
e
ex
tern

al
force,

after
w
h
ich

th
e
n
ew

h
am

ilton
ian

for
ou

r
sy
stem

w
ill

b
e

H
⌧ .

T
h
is
m
ean

s
th
at

if
ou

r
sy
stem

started
o↵

in
som

e
in
itial

state
x
(0)

=
x
(1)
0

th
en

at
som

e
later

tim
e
th
e
H
am

ilton
ian

evolu
tion

of
th
e
sy
stem

w
ill

carry
it

over
in
to

som
e
fi
n
al

state
x
(⌧
)
=

x
(1)
⌧
,
w
h
ereas

if
th
e
sy
stem

started
o↵

in
x
(0)

=
x
(2)
0

th
en

its
fi
n
al

state
w
ill

in
stead

b
e
x
(⌧
)
=

x
(2)
⌧
.
T
h
e
p
oin

t
is
th
at

w
e
assu

m
e
th
e
sy
stem

’s
evolu

tion
to

b
e
totally

d
eterm

in
istic

an
d
given

b
y
H
am

ilton
’s
eq
u
ation

s
of

m
otion

,
so

you
r
in
itial

con
d
ition

w
ill

d
eterm

in
e
you

r
fi
n
al

con
d
ition

.
B
u
t
w
h
ereas

all
th
e
in
itial

con
d
ition

s
h
ave

th
e
sam

e
en
ergy

H
0 (x

(i)
0
)
=

E
0 ,

th
e
fi
n
al

con
d
ition

s
h
ave

d
i↵
eren

t

en
ergies

H
⌧ (x

(i)
⌧
)
=

E
(i)
⌧

=
E

0
+

W
i .

In
oth

er
w
ord

s,
each

startin
g
m
icrostate

w
ill

h
ave

som
e
sp
ecifi

c
am

ou
n
t
of

w
ork

d
on

e
on

it
b
y
th
e
ex
tern

al
force,

an
d
th
at

am
ou

n
t

of
w
ork

w
ill

ad
d
on

top
of

th
e
in
itial

en
ergy

th
ere

w
as

to
start

w
ith

to
m
ake

u
p
th
e

total
en
ergy

of
th
e
sy
stem

at
th
e
en
d
of

th
e
p
ro
cess.

1

B
acteria generate heat as they grow

, that is, they increase 
the entropy of the surrounding heat bath

They also organize their surroundings into new
 copies of 

them
selves, that is, they catalyze change in internal entropy

They also are m
ade of a particular com

bination of m
aterials 

w
ith a particular degree of durability

H
ow

 m
ust these properties be related?
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con
d
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=
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c
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0
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A
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e
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To
determ

ine
the

rate
constantforhydrolysis

ofG
G
to
glycine,allow

ance
w
as
m
ade

for
the

“buffering”
effect

of
the

relatively
rapid

equilibrium
betw

een
G
G
and

G
d
G
described

above,by
expressing

ratesof
productform

ation
as
a
function

ofthe
reduced

concentrations
of
G
G
that

w
ere

actually
present

at
equilibrium

under
the

reaction
conditions,asdeterm

ined
in
the

previoussection. 13In
0.1

M
potassium

acetate
and

phosphate
buffers

in
the

range
from

pH
4.2

to
pH

7.8,hydrolysisofG
G
w
asfound

to
proceed

w
ith
a
rate

constantof8.9
((
0.7)⇥

10
-
5s -

1.
Ratesofreaction

did
notchange

w
hen

bufferconcentrations
w
ere

varied
in
the

range
from

0.1
to
0.3

M
,norw

as
the

rate
ofreaction

affected
by
variations

of
the

ionic
strength

from
0.5

to
2,adjusted

by
adding

K
Cl
to
0.1

M
potassium

acetate
buffer

(pH
4.7)

or
potassium

phosphate
buffer(pH

6.8).
Figure

3
show

sapparent
rate

constants
in
0.1

M
potassium

acetate,pH
5.0,plotted

as
a

logarithm
ic
function

of1/T,yielding
E
act )

+
23
kcal/m

ol,for
the

conversion
ofG

G
to
G

+
G
in
the

neutralpH
range.

H
ydrolysisofA

cetylglycylglycine
(A
cG
G
).
A
cetylglycyl-

glycine
(A
cG
G
),w

ith
a
peptide

bond
resem

bling
those

cleaved
by

a
carboxypeptidase,

w
as
found

to
decom

pose
m
ainly

by
hydrolysis

ofits
peptide

bond,to
yield

A
cG

+
G
as
the

m
ajor

products,w
ith
acetate

+
G
G
arising

asm
inorproducts.

A
t150

°C,
for

exam
ple,

A
cG
G
disappears

w
ith

a
first

order
rate

constant
of
1.1

⇥
10

-
5
s -
1,
w
hile

acetylglycine
(A
cG
)
ac-

cum
ulates

w
ith
an
apparentfirstorder

rate
constantof

5.1
⇥

10
-
6
s -
1,
and

G
G
and

G
d
G
accum

ulate
together

w
ith

a
com

bined
apparent

rate
constant

of
3

⇥
10

-
6
s -
1.
Separate

experim
entsshow

ed
thatthe

productA
cG
ishydrolyzed

w
ith
a

rate
constantof2

⇥
10

-
6
s -
1
underthese

conditions
and

that
the

relative
rate

of
this

reaction
does

notchange
significantly

atlow
ertem

peratures.
A
ftersubtracting

the
rate

ofdisappear-
ance

ofthe
productA

cG
,the

rate
constantforcleavage

ofthe
peptide

bond
ofA

cG
G
w
as
estim

ated
from

the
rate

ofappear-
ance

of
A
cG
,as

approxim
ately

6.0
((
1.3)⇥

10
-
6
s -
1
at150

°C,in
0.1

M
potassium

acetate
and

phosphate
buffers

in
the

range
from

pH
4.7

to
pH

7.8.
Rates

of
reaction

did
notvary

w
hen

the
concentrationsofacetate

orphosphate
buffersvaried

in
the

range
from

0.1
to
0.3

M
,norw

as
the

rate
ofhydrolysis

affected
by
variationsin

ionic
strength

produced
by
addition

of
K
Cl,from

0.3
to
2.0.

Figure
4
show

srate
constantsforA

cG
G

hydrolysis,observed
over

the
tem

perature
range

betw
een

110
and

170
°C,plotted

asa
logarithm

ic
function

of1/T.
Thisplot

yieldsE
act )

+
25
kcal/m

olforthe
conversion

ofA
cG
G
to
A
cG

+
G
in
the

neutralpH
range.

H
ydrolysis

ofA
cetylglycylglycine

N
-M
ethylam

ide
(A
cG
-

G
N
H
M
e).

A
cetylglycylglycine

N-m
ethylam

ide(A
cG
G
N
H
M
e),

w
ith
a
peptide

bond
resem

bling
those

cleaved
by
an
endopep-

tidase,undergoes
nonenzym

atic
hydrolysis

ofits
peptide

bond
to
yield

A
cG
and

G
N
H
M
e
asthe

m
ajorproducts(>

90%
),w

ith
a
rate

constantof
6.0

((
1.1)⇥

10
-
7
s -
1
at150

°C,in
0.1

M
potassium

acetate
and

im
idazole-H

Clbuffersin
the

range
from

pH
4.2

to
pH

7.8.
W
hen

buffer
concentrations

w
ere

varied,
w
e
detected

no
evidence

of
catalysis

by
acetate

or
im
idazole

buffers
in
the

range
from

0.1
to
0.3

M
.
U
nlike

hydrolysis
of

G
G
orA

G
G
,how

ever,hydrolysisofA
G
G
N
H
M
e
w
asfound

to
besubjectto

significantcatalysisby
potassium

phosphatebuffers

(12)
Shock,E.L.G

eochim
.C

osm
ochim

.Acta
1992,56,3481-

3491.
(13)D

ecarboxylation
ofglycine,negligible

underthe
conditions

ofthe
presentexperim

ents,occurs
to
a
significantextentathighertem

peratures,
asnoted

earlierby
Q
ian

etal.(ref9).These
authorsreported

rate
constants

for
hydrolysis

of
G
G
to
G
,in

unbuffered
solution,thatare

in
substantial

agreem
entw

ith
the

presentvalues
at100

and
120

°C
butdeviate

tow
ard

low
er
values

at160
and

220
°C.The

latter
discrepancy

can
probably

be
ascribed,atleastin

part,to
the

lack
of
correction

by
Q
ian

etal.for
the

increasing
fraction

of
total

G
G
that

is
present

as
G
d
G
at
higher

tem
peratures.

Table
2.

Rates
and

Equilibria
atpH

6.8
a

reactants
products

k
150

°C
(s -

1)
k
25

°C
(s -

1)
E
act (kcal/m

ol)
A
cG
-G
N
H
M
e
hydrolysis

A
cG

+
G
N
H
M
e

5.1
⇥
10

-
6

3.6
⇥
10

-
11

+
23.5

A
cG
-G
hydrolysis

A
cG

+
G

6.2
⇥
10

-
6

4.4
⇥
10

-
11

+
25.0

G
-G
hydrolysis

G
+
G

8.9
⇥
10

-
6

6.3
⇥
10

-
11

+
23.0

G
G
N
H
M
e
cyclization

G
d
G
+
H
2 N
M
e

>
10

-
3

8
⇥
10

-
8

+
17.2

G
G
cyclization

G
d
G
+
H
2 O

{
>
10

-
3

2
⇥
10

-
8

notdeterm
ined

0.40
(K

eq )
g
0.08

(K
eq ) b

aSlopes
obtained

by
linear

regression
(Figures

1-
6)
w
ere

used
to
calculate

values
of

E
act and

are
associated

w
ith

standard
errors

of
(
5%
.

bM
axim

alvalue,ignoring
dow

nw
ard

curvature
ofA

rrhenius
plot(see

text).

Figure2.
Equilibrium

constantsforconversion
ofG

G
to
G
d
G
,starting

from
G
G
(squares)orfrom

G
d
G
(circles).

Figure
3.

Rate
constants

for
hydrolysis

of
G
G
,after

correction
for

the
fraction

of
totalglycylglycine

thatis
presentas

G
d
G
(see

text).
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cell
h
as

som
eh
ow

b
een

converted
b
ack
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th
e
food

from
w
h
ich

it
w
as

b
u
ilt.

O
f
cou

rse,
cells

are
n
ever

ob
served

to
ru
n
th
eir

m
yriad

b
ioch

em
ical

reaction
s
b
ackw

ard
s,

any
m
ore

so
th
an

ice
cu
b
es

are
seen

form
in
g
sp
ontan

eou
sly

in
p
ots

of
b
oilin

g
w
ater.

N
everth

eless,
it

is
im

p
licit

in
th
e
assu

m
p
tion

s
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very
w
ell-estab

lish
ed

statistical
m
e-

ch
an

ical
th
eories

th
at

su
ch

events
h
ave

n
on

-zero
(alb

eit
ab

su
rd
ly

sm
all)

p
rob

ab
ilities

of
h
ap

p
en
in
g
[4],

an
d
th
ese

likelih
ood

s
can

b
e
b
ou

n
d
ed
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ab
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u
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g
th
e
p
rob

-
ab

ility
rates

of
events

w
e
c
a
n

m
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erim
entally.

T
h
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is
p
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le
b
ecau

se
th
e
rou

gh
p
hysical
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th
e
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�
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g
p
lau
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th
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l-
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b
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th
e
h
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th
e
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th
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w
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w
ere

to
sp
ontan

eou
sly

d
isintegrate

b
ack

into
its

con
stitu

ent
nu

trients
(w

ith
log-p

rob
ab

ility
at

m
ost

on
th
e
ord

er
of

ln
p

h
y
d ),

w
e
w
ou

ld
com

p
lete

th
e
interval

of
⌧

d
i
v

w
ith

on
e,

recently
d
ivid

ed
,
p
rocessively

grow
in
g
b
ac-

teriu
m

in
ou

r
system

,
th
at

is,
w
e
w
ou

ld
h
ave

retu
rn
ed

to
th
e
I
en
sem

b
le.

T
hu

s,
via

a
b
ack-d

oor
into

I
p
rovid

ed
to

u
s
by

b
acterial

b
iology,

w
e
can

claim
th
at

th
at

ln
⇡
(II

!
I)

2
ln
p

h
y
d

'
�
2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)

(9)

H
avin

g
ob

tain
ed

th
e
ab

ove
resu

lt,
w
e
can

n
ow

refer
b
ack

to
th
e
b
ou

n
d
w
e
set

for
th
e
h
eat

p
rod

u
ced

by
th
is

self-rep
lication

p
rocess

an
d
w
rite

�h
Q
i�

2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)�

�
S

i
n
t

(10)

T
h
is

relation
d
em

on
strates

th
at

th
e
h
eat

evolved
in

th
e

cou
rse

of
th
e
cell

m
akin

g
a
copy

of
itself

is
set

n
ot

on
ly

by
th
e
d
ecrease

in
entropy

requ
ired

to
arran

ge
m
olecu

lar
com

p
on

ents
of

th
e
su
rrou

n
d
in
g
m
ed
iu
m

into
a
n
ew

or-
gan

ism
,
b
u
t
also

by
h
ow

rap
id
ly

th
is
takes

p
lace

(th
rou

gh
th
e
d
ivision

tim
e
⌧

d
i
v )

an
d
by

h
ow

lon
g
w
e
h
ave

to
w
ait

for
th
e
n
ew

ly
assem

b
led

stru
ctu

re
to

start
fallin

g
ap

art
(th

rou
gh

t

m
a
x ).

M
oreover,

w
e
can

n
ow

qu
antify

th
e
ex-

tent
of

each
factor’s

contrib
u
tion

to
th
e
fi
n
al

ou
tcom

e,
in

term
s
of

n

p
e
p ,

w
h
ich

w
e
estim

ate
to

b
e
1
.6

⇥
10

9,
as-

su
m
in
g
th
e
d
ry

m
ass

of
th
e
b
acteriu

m
is

0
.3

p
icogram

s
[11].

T
h
e
total

am
ou

nt
of

h
eat

p
rod

u
ced

in
a
sin

gle
d
ivision

cycle
for

an
E
.
c
o
l
i
b
acteriu

m
grow

in
g
at

its
m
axim

u
m

rate
on

lysogeny
b
roth

(a
m
ixtu

re
of

p
ep
tid

es
an

d
glu

-
cose)

is
�h

Q
i
=

220
n

p
e
p

[2].
F
rom

p
reviou

s
exp

erim
ental

evid
en
ce,

w
e
can

b
e
con

fi
d
ent

th
at

th
e
total

intern
al

en
-

tropy
ch
an

ge
�
S

i
n
t

is
qu

ite
sm

all
com

p
ared

w
ith

th
is

qu
antity

d
u
rin

g
aerob

ic
resp

iration
[12],

an
d
so

can
b
e

ign
ored

in
th
is

case.
In

ord
er

to
com

p
are

th
e
h
eat

to
th
e
irreversib

ility
term

in
(6),

w
e
assu

m
e
a
cell

d
ivision

tim
e
of

20
m
inu

tes
[1,

2],
an

d
a
sp
ontan

eou
s
hyd

rolysis
lifetim

e
for

p
ep
tid

e
b
on

d
s
of

⌧

h
y
d

⇠
600

years
at

p
hys-

iological
p
H

[13],
w
h
ich

yield
s
a
t

m
a
x

⇠
1
m
inu

te
an

d
2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)

=
6
.7

⇥
10

1
0
'

42
n

p
e
p .

T
h
ese

calcu
lation

s
th
erefore

estab
lish

th
at

th
e
E
.
c
o
l
i

b
acteriu

m
p
rod

u
ces

an
am

ou
nt

of
h
eat

less
th
an

six
tim

es
as

large
as

th
e
ab

solu
te

p
hysical

low
er

b
ou

n
d
d
ictated

by
its

grow
th

rate,
intern

al
entropy

p
rod

u
ction

,
an

d
d
u
ra-

b
ility.

In
light

of
th
e
fact

th
at

th
e
b
acteriu

m
is

a
com

-
p
lex

sen
sor

of
its

environ
m
ent

th
at

can
very

e↵
ectively

ad
ap

t
itself

to
grow

th
in

a
b
road

ran
ge

of
d
i↵
erent

en
-

viron
m
ents,

w
e
sh
ou

ld
n
ot

b
e
su
rp
rised

th
at

it
is

n
ot

p
erfectly

op
tim

ized
for

any
given

on
e
of

th
em

.
R
ath

er,
it
is

rem
arkab

le
th
at

in
a
sin

gle
environ

m
ent,

th
e
organ

-
ism

can
convert

ch
em

ical
en
ergy

into
a
n
ew

copy
of

itself
so

e�
ciently

th
at

if
it

w
ere

to
p
rod

u
ce

even
a
qu

arter
as

m
u
ch

h
eat

it
w
ou

ld
b
e
p
u
sh
in
g
th
e
lim

its
of

w
h
at

is
th
erm

od
yn

am
ically

p
ossib

le!
T
h
is

is
esp

ecially
th
e
case

sin
ce

w
e
d
elib

erately
u
n
d
erestim

ated
th
e
reverse

reaction

rate
w
ith

ou
r
calcu

lation
of

p

h
y
d ,

w
h
ich

d
oes

n
ot

accou
nt

for
th
e
u
n
likelih

ood
of

sp
ontan

eou
sly

convertin
g
carb

on
d
ioxid

e
b
ack

into
oxygen

.
T
hu

s,
a
m
ore

accu
rate

esti-
m
ate

of
th
e
low

er
b
ou

n
d
on

�h
Q
i
in

fu
tu
re

m
ay

reveal
E
.
c
o
l
i
to

b
e
an

even
m
ore

excep
tion

ally
w
ell-ad

ap
ted

self-rep
licator

th
an

it
cu
rrently

seem
s.

W
e
h
ave

seen
h
ow

th
is

argu
m
ent

p
lays

ou
t
for

a
b
ac-

teriu
m
,
b
u
t
th
e
ap

p
roach

ap
p
lies

equ
ally

in
a
b
road

ran
ge

of
cases

w
h
ere

th
ere

is
som

e
reliab

le
stoch

astic
m
od

el
of

a
rep

licator’s
p
op

u
lation

d
yn

am
ics

[14].
F
or

exam
-

p
le,

a
recent

stu
d
y
h
as

u
sed

i
n
v
i
t
r
o
evolu

tion
to

op
ti-

m
ize

th
e
grow

th
rate

of
a
self-rep

licatin
g
R
N
A

m
olecu

le
w
h
ose

form
ation

is
accom

p
an

ied
by

a
sin

gle
b
ackb

on
e

ligation
reaction

an
d

th
e
leavin

g
of

a
sin

gle
pyrop

h
os-

p
h
ate

grou
p

[15].
W

ith
a
d
ou

b
lin

g
tim

e
of

1
h
ou

r,
a

h
alf-life

for
R
N
A

of
4
years

[16],
an

d
th
e
reason

ab
le

as-
su
m
p
tion

(in
th
is

case)
th
at

th
e
ch
an

ge
in

tran
slation

al
entropy

is
n
egligib

le,
w
e
can

estim
ate

th
e
h
eat

b
ou

n
d
as

h
Q
i
�

R
T
ln
[(4

years)
/(1

h
ou

r)]
=

7
kcal

m
ol �

1.
S
in
ce

exp
erim

ental
d
ata

in
d
icate

an
enth

alpy
for

th
e
reaction

in
th
e
vicin

ity
of

10
kcal

m
ol �

1
[17,

18],
it

w
ou

ld
seem

th
is

m
olecu

le
op

erates
qu

ite
n
ear

th
e
lim

it
of

th
erm

od
y-

n
am

ic
e�

cien
cy

set
by

th
e
w
ay

it
is

assem
b
led

.
T
o

u
n
d
erlin

e
th
is

p
oint,

w
e
m
ay

con
sid

er
w
h
at

th
e

b
ou

n
d

m
ight

b
e

if
th
is

sam
e

reaction
w
ere

som
eh
ow

ach
ieved

u
sin

g
D
N
A
,
w
h
ich

is
m
u
ch

m
ore

kin
etically

stab
le

again
st

hyd
rolysis

th
an

R
N
A

[19].
In

th
is

case,
w
e
w
ou

ld
h
ave

h
Q
i
�

R
T
ln
[(3

⇥
10

7
years)

/(1
h
ou

r)]
=

16
kcal

m
ol �

1,
w
h
ich

exceed
s
th
e
estim

ated
enth

alpy
for

th
e
ligation

reaction
an

d
is

th
erefore

p
roh

ib
ited

th
er-

m
od

yn
am

ically.
T
h
is

calcu
lation

illu
strates

a
sign

ifi
-

cant
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A
,
regard

in
g
each

m
olecu

le’s
ab

ility
to

p
articip

ate
in

self-catalyzed
rep

li-
cation

reaction
s
fu
eled

by
sim

p
le

trip
h
osp

h
ate

b
u
ild

in
g

b
locks:

th
e
far

greater
d
u
rab

ility
of

D
N
A

d
em

an
d
s
th
at

a
m
u
ch

h
igh

er
p
er-b

ase
th
erm

od
yn

am
ic

cost
b
e
p
aid

in
entropy

p
rod

u
ction

[20]
in

ord
er

for
for

th
e
grow

th
rate

to
m
atch

th
at

of
R
N
A

in
an

all-th
in
gs-equ

al
com

p
arison

.
T
h
e
key

p
oint

h
ere

is
th
at

if
a

self-rep
licatin

g
nu

-
cleic

acid
catalyzes

its
ow

n
grow

th
w
ith

a
rate

con
-

stant
g
an

d
is

d
egrad

ed
w
ith

rate
con

stant
�,

th
en

th
e

m
olecu

le
sh
ou

ld
b
e

cap
ab

le
of

exh
ib
itin

g
exp

on
ential

grow
th

th
rou

gh
self-rep

lication
w
ith

a
d
ou

b
lin

g
tim

e
p
ro-

p
ortion

al
to

1
/(
g
�

�).
H
ow

ever,
th
erm

od
yn

am
ics

on
ly

sets
a
b
ou

n
d
on

th
e
ratio

g
/
�.

A
ssu

m
in
g
th
is
ratio’s

valu
e

is
fi
xed

,
m
akin

g
�
b
igger

w
ill

in
crease

grow
th

so
lon

g
as

th
e
overall

reaction
is

a
n
et

entropy
p
rod

u
cer,

i.e.
so

lon
g
as

g
>

�
(
)

ln
(
g
/
�)

>
0.

T
hu

s,
su
rp
risin

gly,
th
e

greater
fragility

of
R
N
A

cou
ld

b
e
seen

as
a
fi
tn
ess

ad
-

vantage
in

th
e
right

circu
m
stan

ces.
M
oreover,

th
e
h
eat

b
ou

n
d
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A

sh
ou

ld
in
crease

rou
gh

ly
lin

early
in

th
e
nu

m
b
er

of
b
ases

`
ligated

d
u
rin

g
th
e
reaction

,
w
h
ich

forces
th
e
m
axim

u
m

p
ossib

le
grow

th
rate

for
a
D
N
A

rep
licator

to
sh
rin

k
e
x
p
o
n
e
n
t
i
a
l
l
y
w
ith

`

in
com

p
arison

to
th
at

of
its

R
N
A

equ
ivalent.

T
h
is
ob

ser-
vation

is
certain

ly
intrigu

in
g
in

light
of

p
ast

argu
m
ents

4

su
b
sequ

ent
to

su
ch

an
event,

th
e
d
au

ghter
cell

of
th
e
re-

cent
d
ivision

w
ere

to
sp
ontan

eou
sly

d
isintegrate

b
ack

into
its

con
stitu

ent
nu

trients
(w

ith
log-p

rob
ab

ility
at

m
ost

on
th
e
ord

er
of

ln
p

h
y
d ),

w
e
w
ou

ld
com

p
lete

th
e
interval

of
⌧

d
i
v

w
ith

on
e,

recently
d
ivid

ed
,
p
rocessively

grow
in
g
b
ac-

teriu
m

in
ou

r
system

,
th
at

is,
w
e
w
ou

ld
h
ave

retu
rn
ed

to
th
e
I
en
sem

b
le.

T
hu

s,
via

a
b
ack-d

oor
into

I
p
rovid

ed
to

u
s
by

b
acterial

b
iology,

w
e
can

claim
th
at

th
at

ln
⇡
(II

!
I)

2
ln
p

h
y
d

'
�
2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)

(9)

H
avin

g
ob

tain
ed

th
e
ab

ove
resu

lt,
w
e
can

n
ow

refer
b
ack

to
th
e
b
ou

n
d
w
e
set

for
th
e
h
eat

p
rod

u
ced

by
th
is

self-rep
lication

p
rocess

an
d
w
rite

�h
Q
i�

2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)�

�
S

i
n
t

(10)

T
h
is

relation
d
em

on
strates

th
at

th
e
h
eat

evolved
in

th
e

cou
rse

of
th
e
cell

m
akin

g
a
copy

of
itself

is
set

n
ot

on
ly

by
th
e
d
ecrease

in
entropy

requ
ired

to
arran

ge
m
olecu

lar
com

p
on

ents
of

th
e
su
rrou

n
d
in
g
m
ed
iu
m

into
a
n
ew

or-
gan

ism
,
b
u
t
also

by
h
ow

rap
id
ly

th
is
takes

p
lace

(th
rou

gh
th
e
d
ivision

tim
e
⌧

d
i
v )

an
d
by

h
ow

lon
g
w
e
h
ave

to
w
ait

for
th
e
n
ew

ly
assem

b
led

stru
ctu

re
to

start
fallin

g
ap

art
(th

rou
gh

t

m
a
x ).

M
oreover,

w
e
can

n
ow

qu
antify

th
e
ex-

tent
of

each
factor’s

contrib
u
tion

to
th
e
fi
n
al

ou
tcom

e,
in

term
s
of

n

p
e
p ,

w
h
ich

w
e
estim

ate
to

b
e
1
.6

⇥
10

9,
as-

su
m
in
g
th
e
d
ry

m
ass

of
th
e
b
acteriu

m
is

0
.3

p
icogram

s
[11].

T
h
e
total

am
ou

nt
of

h
eat

p
rod

u
ced

in
a
sin

gle
d
ivision

cycle
for

an
E
.
c
o
l
i
b
acteriu

m
grow

in
g
at

its
m
axim

u
m

rate
on

lysogeny
b
roth

(a
m
ixtu

re
of

p
ep
tid

es
an

d
glu

-
cose)

is
�h

Q
i
=

220
n

p
e
p

[2].
F
rom

p
reviou

s
exp

erim
ental

evid
en
ce,

w
e
can

b
e
con

fi
d
ent

th
at

th
e
total

intern
al

en
-

tropy
ch
an

ge
�
S

i
n
t

is
qu

ite
sm

all
com

p
ared

w
ith

th
is

qu
antity

d
u
rin

g
aerob

ic
resp

iration
[12],

an
d
so

can
b
e

ign
ored

in
th
is

case.
In

ord
er

to
com

p
are

th
e
h
eat

to
th
e
irreversib

ility
term

in
(6),

w
e
assu

m
e
a
cell

d
ivision

tim
e
of

20
m
inu

tes
[1,

2],
an

d
a
sp
ontan

eou
s
hyd

rolysis
lifetim

e
for

p
ep
tid

e
b
on

d
s
of

⌧

h
y
d

⇠
600

years
at

p
hys-

iological
p
H

[13],
w
h
ich

yield
s
a
t

m
a
x

⇠
1
m
inu

te
an

d
2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)

=
6
.7

⇥
10

1
0
'

42
n

p
e
p .

T
h
ese

calcu
lation

s
th
erefore

estab
lish

th
at

th
e
E
.
c
o
l
i

b
acteriu

m
p
rod

u
ces

an
am

ou
nt

of
h
eat

less
th
an

six
tim

es
as

large
as

th
e
ab

solu
te

p
hysical

low
er

b
ou

n
d
d
ictated

by
its

grow
th

rate,
intern

al
entropy

p
rod

u
ction

,
an

d
d
u
ra-

b
ility.

In
light

of
th
e
fact

th
at

th
e
b
acteriu

m
is

a
com

-
p
lex

sen
sor

of
its

environ
m
ent

th
at

can
very

e↵
ectively

ad
ap

t
itself

to
grow

th
in

a
b
road

ran
ge

of
d
i↵
erent

en
-

viron
m
ents,

w
e
sh
ou

ld
n
ot

b
e
su
rp
rised

th
at

it
is

n
ot

p
erfectly

op
tim

ized
for

any
given

on
e
of

th
em

.
R
ath

er,
it
is

rem
arkab

le
th
at

in
a
sin

gle
environ

m
ent,

th
e
organ

-
ism

can
convert

ch
em

ical
en
ergy

into
a
n
ew

copy
of

itself
so

e�
ciently

th
at

if
it

w
ere

to
p
rod

u
ce

even
a
qu

arter
as

m
u
ch

h
eat

it
w
ou

ld
b
e
p
u
sh
in
g
th
e
lim

its
of

w
h
at

is
th
erm

od
yn

am
ically

p
ossib

le!
T
h
is

is
esp

ecially
th
e
case

sin
ce

w
e
d
elib

erately
u
n
d
erestim

ated
th
e
reverse

reaction

rate
w
ith

ou
r
calcu

lation
of

p

h
y
d ,

w
h
ich

d
oes

n
ot

accou
nt

for
th
e
u
n
likelih

ood
of

sp
ontan

eou
sly

convertin
g
carb

on
d
ioxid

e
b
ack

into
oxygen

.
T
hu

s,
a
m
ore

accu
rate

esti-
m
ate

of
th
e
low

er
b
ou

n
d
on

�h
Q
i
in

fu
tu
re

m
ay

reveal
E
.
c
o
l
i
to

b
e
an

even
m
ore

excep
tion

ally
w
ell-ad

ap
ted

self-rep
licator

th
an

it
cu
rrently

seem
s.

W
e
h
ave

seen
h
ow

th
is

argu
m
ent

p
lays

ou
t
for

a
b
ac-

teriu
m
,
b
u
t
th
e
ap

p
roach

ap
p
lies

equ
ally

in
a
b
road

ran
ge

of
cases

w
h
ere

th
ere

is
som

e
reliab

le
stoch

astic
m
od

el
of

a
rep

licator’s
p
op

u
lation

d
yn

am
ics

[14].
F
or

exam
-

p
le,

a
recent

stu
d
y
h
as

u
sed

i
n
v
i
t
r
o
evolu

tion
to

op
ti-

m
ize

th
e
grow

th
rate

of
a
self-rep

licatin
g
R
N
A

m
olecu

le
w
h
ose

form
ation

is
accom

p
an

ied
by

a
sin

gle
b
ackb

on
e

ligation
reaction

an
d

th
e
leavin

g
of

a
sin

gle
pyrop

h
os-

p
h
ate

grou
p

[15].
W

ith
a
d
ou

b
lin

g
tim

e
of

1
h
ou

r,
a

h
alf-life

for
R
N
A

of
4
years

[16],
an

d
th
e
reason

ab
le

as-
su
m
p
tion

(in
th
is

case)
th
at

th
e
ch
an

ge
in

tran
slation

al
entropy

is
n
egligib

le,
w
e
can

estim
ate

th
e
h
eat

b
ou

n
d
as

h
Q
i
�

R
T
ln
[(4

years)
/(1

h
ou

r)]
=

7
kcal

m
ol �

1.
S
in
ce

exp
erim

ental
d
ata

in
d
icate

an
enth

alpy
for

th
e
reaction

in
th
e
vicin

ity
of

10
kcal

m
ol �

1
[17,

18],
it

w
ou

ld
seem

th
is

m
olecu

le
op

erates
qu

ite
n
ear

th
e
lim

it
of

th
erm

od
y-

n
am

ic
e�

cien
cy

set
by

th
e
w
ay

it
is

assem
b
led

.
T
o

u
n
d
erlin

e
th
is

p
oint,

w
e
m
ay

con
sid

er
w
h
at

th
e

b
ou

n
d

m
ight

b
e

if
th
is

sam
e

reaction
w
ere

som
eh
ow

ach
ieved

u
sin

g
D
N
A
,
w
h
ich

is
m
u
ch

m
ore

kin
etically

stab
le

again
st

hyd
rolysis

th
an

R
N
A

[19].
In

th
is

case,
w
e
w
ou

ld
h
ave

h
Q
i
�

R
T
ln
[(3

⇥
10

7
years)

/(1
h
ou

r)]
=

16
kcal

m
ol �

1,
w
h
ich

exceed
s
th
e
estim

ated
enth

alpy
for

th
e
ligation

reaction
an

d
is

th
erefore

p
roh

ib
ited

th
er-

m
od

yn
am

ically.
T
h
is

calcu
lation

illu
strates

a
sign

ifi
-

cant
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A
,
regard

in
g
each

m
olecu

le’s
ab

ility
to

p
articip

ate
in

self-catalyzed
rep

li-
cation

reaction
s
fu
eled

by
sim

p
le

trip
h
osp

h
ate

b
u
ild

in
g

b
locks:

th
e
far

greater
d
u
rab

ility
of

D
N
A

d
em

an
d
s
th
at

a
m
u
ch

h
igh

er
p
er-b

ase
th
erm

od
yn

am
ic

cost
b
e
p
aid

in
entropy

p
rod

u
ction

[20]
in

ord
er

for
for

th
e
grow

th
rate

to
m
atch

th
at

of
R
N
A

in
an

all-th
in
gs-equ

al
com

p
arison

.
T
h
e
key

p
oint

h
ere

is
th
at

if
a

self-rep
licatin

g
nu

-
cleic

acid
catalyzes

its
ow

n
grow

th
w
ith

a
rate

con
-

stant
g
an

d
is

d
egrad

ed
w
ith

rate
con

stant
�,

th
en

th
e

m
olecu

le
sh
ou

ld
b
e
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ab

le
of

exh
ib
itin

g
exp

on
ential

grow
th

th
rou

gh
self-rep

lication
w
ith

a
d
ou

b
lin

g
tim

e
p
ro-

p
ortion

al
to

1
/(
g
�

�).
H
ow

ever,
th
erm

od
yn

am
ics

on
ly

sets
a
b
ou

n
d
on

th
e
ratio

g
/
�.

A
ssu

m
in
g
th
is
ratio’s

valu
e

is
fi
xed

,
m
akin

g
�
b
igger

w
ill

in
crease

grow
th

so
lon

g
as

th
e
overall

reaction
is

a
n
et

entropy
p
rod

u
cer,

i.e.
so

lon
g
as

g
>

�
(
)

ln
(
g
/
�)

>
0.

T
hu

s,
su
rp
risin

gly,
th
e

greater
fragility

of
R
N
A

cou
ld

b
e
seen

as
a
fi
tn
ess

ad
-

vantage
in

th
e
right

circu
m
stan

ces.
M
oreover,

th
e
h
eat

b
ou

n
d
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A

sh
ou

ld
in
crease

rou
gh

ly
lin

early
in

th
e
nu

m
b
er

of
b
ases

`
ligated

d
u
rin

g
th
e
reaction

,
w
h
ich

forces
th
e
m
axim

u
m

p
ossib

le
grow

th
rate

for
a
D
N
A

rep
licator

to
sh
rin

k
e
x
p
o
n
e
n
t
i
a
l
l
y
w
ith

`

in
com

p
arison

to
th
at

of
its

R
N
A

equ
ivalent.

T
h
is
ob

ser-
vation

is
certain

ly
intrigu

in
g
in

light
of

p
ast

argu
m
ents

4

su
b
sequ

ent
to

su
ch

an
event,

th
e
d
au

ghter
cell

of
th
e
re-

cent
d
ivision

w
ere

to
sp
ontan

eou
sly

d
isintegrate

b
ack

into
its

con
stitu

ent
nu

trients
(w

ith
log-p

rob
ab

ility
at

m
ost

on
th
e
ord

er
of

ln
p

h
y
d ),

w
e
w
ou

ld
com

p
lete

th
e
interval

of
⌧

d
i
v

w
ith

on
e,

recently
d
ivid

ed
,
p
rocessively

grow
in
g
b
ac-

teriu
m

in
ou

r
system

,
th
at

is,
w
e
w
ou

ld
h
ave

retu
rn
ed

to
th
e
I
en
sem

b
le.

T
hu

s,
via

a
b
ack-d

oor
into

I
p
rovid

ed
to

u
s
by

b
acterial

b
iology,

w
e
can

claim
th
at

th
at

ln
⇡
(II

!
I)

2
ln
p

h
y
d

'
�
2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)

(9)

H
avin

g
ob

tain
ed

th
e
ab

ove
resu

lt,
w
e
can

n
ow

refer
b
ack

to
th
e
b
ou

n
d
w
e
set

for
th
e
h
eat

p
rod

u
ced

by
th
is

self-rep
lication

p
rocess

an
d
w
rite

�h
Q
i�

2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)�

�
S

i
n
t

(10)

T
h
is

relation
d
em

on
strates

th
at

th
e
h
eat

evolved
in

th
e

cou
rse

of
th
e
cell

m
akin

g
a
copy

of
itself

is
set

n
ot

on
ly

by
th
e
d
ecrease

in
entropy

requ
ired

to
arran

ge
m
olecu

lar
com

p
on

ents
of

th
e
su
rrou

n
d
in
g
m
ed
iu
m

into
a
n
ew

or-
gan

ism
,
b
u
t
also

by
h
ow

rap
id
ly

th
is
takes

p
lace

(th
rou

gh
th
e
d
ivision

tim
e
⌧

d
i
v )

an
d
by

h
ow

lon
g
w
e
h
ave

to
w
ait

for
th
e
n
ew

ly
assem

b
led

stru
ctu

re
to

start
fallin

g
ap

art
(th

rou
gh

t

m
a
x ).

M
oreover,

w
e
can

n
ow

qu
antify

th
e
ex-

tent
of

each
factor’s

contrib
u
tion

to
th
e
fi
n
al

ou
tcom

e,
in

term
s
of

n

p
e
p ,

w
h
ich

w
e
estim

ate
to

b
e
1
.6

⇥
10

9,
as-

su
m
in
g
th
e
d
ry

m
ass

of
th
e
b
acteriu

m
is

0
.3

p
icogram

s
[11].

T
h
e
total

am
ou

nt
of

h
eat

p
rod

u
ced

in
a
sin

gle
d
ivision

cycle
for

an
E
.
c
o
l
i
b
acteriu

m
grow

in
g
at

its
m
axim

u
m

rate
on

lysogeny
b
roth

(a
m
ixtu

re
of

p
ep
tid

es
an

d
glu

-
cose)

is
�h

Q
i
=

220
n

p
e
p

[2].
F
rom

p
reviou

s
exp

erim
ental

evid
en
ce,

w
e
can

b
e
con

fi
d
ent

th
at

th
e
total

intern
al

en
-

tropy
ch
an

ge
�
S

i
n
t

is
qu

ite
sm

all
com

p
ared

w
ith

th
is

qu
antity

d
u
rin

g
aerob

ic
resp

iration
[12],

an
d
so

can
b
e

ign
ored

in
th
is

case.
In

ord
er

to
com

p
are

th
e
h
eat

to
th
e
irreversib

ility
term

in
(6),

w
e
assu

m
e
a
cell

d
ivision

tim
e
of

20
m
inu

tes
[1,

2],
an

d
a
sp
ontan

eou
s
hyd

rolysis
lifetim

e
for

p
ep
tid

e
b
on

d
s
of

⌧

h
y
d

⇠
600

years
at

p
hys-

iological
p
H

[13],
w
h
ich

yield
s
a
t

m
a
x

⇠
1
m
inu

te
an

d
2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)

=
6
.7

⇥
10

1
0
'

42
n

p
e
p .

T
h
ese

calcu
lation

s
th
erefore

estab
lish

th
at

th
e
E
.
c
o
l
i

b
acteriu

m
p
rod

u
ces

an
am

ou
nt

of
h
eat

less
th
an

six
tim

es
as

large
as

th
e
ab

solu
te

p
hysical

low
er

b
ou

n
d
d
ictated

by
its

grow
th

rate,
intern

al
entropy

p
rod

u
ction

,
an

d
d
u
ra-

b
ility.

In
light

of
th
e
fact

th
at

th
e
b
acteriu

m
is

a
com

-
p
lex

sen
sor

of
its

environ
m
ent

th
at

can
very

e↵
ectively

ad
ap

t
itself

to
grow

th
in

a
b
road

ran
ge

of
d
i↵
erent

en
-

viron
m
ents,

w
e
sh
ou

ld
n
ot

b
e
su
rp
rised

th
at

it
is

n
ot

p
erfectly

op
tim

ized
for

any
given

on
e
of

th
em

.
R
ath

er,
it
is

rem
arkab

le
th
at

in
a
sin

gle
environ

m
ent,

th
e
organ

-
ism

can
convert

ch
em

ical
en
ergy

into
a
n
ew

copy
of

itself
so

e�
ciently

th
at

if
it

w
ere

to
p
rod

u
ce

even
a
qu

arter
as

m
u
ch

h
eat

it
w
ou

ld
b
e
p
u
sh
in
g
th
e
lim

its
of

w
h
at

is
th
erm

od
yn

am
ically

p
ossib

le!
T
h
is

is
esp

ecially
th
e
case

sin
ce

w
e
d
elib

erately
u
n
d
erestim

ated
th
e
reverse

reaction

rate
w
ith

ou
r
calcu

lation
of

p

h
y
d ,

w
h
ich

d
oes

n
ot

accou
nt

for
th
e
u
n
likelih

ood
of

sp
ontan

eou
sly

convertin
g
carb

on
d
ioxid

e
b
ack

into
oxygen

.
T
hu

s,
a
m
ore

accu
rate

esti-
m
ate

of
th
e
low

er
b
ou

n
d
on

�h
Q
i
in

fu
tu
re

m
ay

reveal
E
.
c
o
l
i
to

b
e
an

even
m
ore

excep
tion

ally
w
ell-ad

ap
ted

self-rep
licator

th
an

it
cu
rrently

seem
s.

W
e
h
ave

seen
h
ow

th
is

argu
m
ent

p
lays

ou
t
for

a
b
ac-

teriu
m
,
b
u
t
th
e
ap

p
roach

ap
p
lies

equ
ally

in
a
b
road

ran
ge

of
cases

w
h
ere

th
ere

is
som

e
reliab

le
stoch

astic
m
od

el
of

a
rep

licator’s
p
op

u
lation

d
yn

am
ics

[14].
F
or

exam
-

p
le,

a
recent

stu
d
y
h
as

u
sed

i
n
v
i
t
r
o
evolu

tion
to

op
ti-

m
ize

th
e
grow

th
rate

of
a
self-rep

licatin
g
R
N
A

m
olecu

le
w
h
ose

form
ation

is
accom

p
an

ied
by

a
sin

gle
b
ackb

on
e

ligation
reaction

an
d

th
e
leavin

g
of

a
sin

gle
pyrop

h
os-

p
h
ate

grou
p

[15].
W

ith
a
d
ou

b
lin

g
tim

e
of

1
h
ou

r,
a

h
alf-life

for
R
N
A

of
4
years

[16],
an

d
th
e
reason

ab
le

as-
su
m
p
tion

(in
th
is

case)
th
at

th
e
ch
an

ge
in

tran
slation

al
entropy

is
n
egligib

le,
w
e
can

estim
ate

th
e
h
eat

b
ou

n
d
as

h
Q
i
�

R
T
ln
[(4

years)
/(1

h
ou

r)]
=

7
kcal

m
ol �

1.
S
in
ce

exp
erim

ental
d
ata

in
d
icate

an
enth

alpy
for

th
e
reaction

in
th
e
vicin

ity
of

10
kcal

m
ol �

1
[17,

18],
it

w
ou

ld
seem

th
is

m
olecu

le
op

erates
qu

ite
n
ear

th
e
lim

it
of

th
erm

od
y-

n
am

ic
e�

cien
cy

set
by

th
e
w
ay

it
is

assem
b
led

.
T
o

u
n
d
erlin

e
th
is

p
oint,

w
e
m
ay

con
sid

er
w
h
at

th
e

b
ou

n
d

m
ight

b
e

if
th
is

sam
e

reaction
w
ere

som
eh
ow

ach
ieved

u
sin

g
D
N
A
,
w
h
ich

is
m
u
ch

m
ore

kin
etically

stab
le

again
st

hyd
rolysis

th
an

R
N
A

[19].
In

th
is

case,
w
e
w
ou

ld
h
ave

h
Q
i
�

R
T
ln
[(3

⇥
10

7
years)

/(1
h
ou

r)]
=

16
kcal

m
ol �

1,
w
h
ich

exceed
s
th
e
estim

ated
enth

alpy
for

th
e
ligation

reaction
an

d
is

th
erefore

p
roh

ib
ited

th
er-

m
od

yn
am

ically.
T
h
is

calcu
lation

illu
strates

a
sign

ifi
-

cant
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A
,
regard

in
g
each

m
olecu

le’s
ab

ility
to

p
articip

ate
in

self-catalyzed
rep

li-
cation

reaction
s
fu
eled

by
sim

p
le

trip
h
osp

h
ate

b
u
ild

in
g

b
locks:

th
e
far

greater
d
u
rab

ility
of

D
N
A

d
em

an
d
s
th
at

a
m
u
ch

h
igh

er
p
er-b

ase
th
erm

od
yn

am
ic

cost
b
e
p
aid

in
entropy

p
rod

u
ction

[20]
in

ord
er

for
for

th
e
grow

th
rate

to
m
atch

th
at

of
R
N
A

in
an

all-th
in
gs-equ

al
com

p
arison

.
T
h
e
key

p
oint

h
ere

is
th
at

if
a

self-rep
licatin

g
nu

-
cleic

acid
catalyzes

its
ow

n
grow

th
w
ith

a
rate

con
-

stant
g
an

d
is

d
egrad

ed
w
ith

rate
con

stant
�,

th
en

th
e

m
olecu

le
sh
ou

ld
b
e
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ab

le
of

exh
ib
itin

g
exp

on
ential

grow
th

th
rou

gh
self-rep

lication
w
ith

a
d
ou

b
lin

g
tim

e
p
ro-

p
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al
to

1
/(
g
�

�).
H
ow

ever,
th
erm

od
yn

am
ics

on
ly

sets
a
b
ou

n
d
on

th
e
ratio

g
/
�.

A
ssu

m
in
g
th
is
ratio’s

valu
e

is
fi
xed

,
m
akin

g
�
b
igger

w
ill

in
crease

grow
th

so
lon

g
as

th
e
overall

reaction
is

a
n
et

entropy
p
rod

u
cer,

i.e.
so

lon
g
as

g
>

�
(
)

ln
(
g
/
�)

>
0.

T
hu

s,
su
rp
risin

gly,
th
e

greater
fragility

of
R
N
A

cou
ld

b
e
seen

as
a
fi
tn
ess

ad
-

vantage
in

th
e
right

circu
m
stan

ces.
M
oreover,

th
e
h
eat

b
ou

n
d
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A

sh
ou

ld
in
crease

rou
gh

ly
lin

early
in

th
e
nu

m
b
er

of
b
ases

`
ligated

d
u
rin

g
th
e
reaction

,
w
h
ich

forces
th
e
m
axim

u
m

p
ossib

le
grow

th
rate

for
a
D
N
A

rep
licator

to
sh
rin

k
e
x
p
o
n
e
n
t
i
a
l
l
y
w
ith

`

in
com

p
arison

to
th
at

of
its

R
N
A

equ
ivalent.
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in
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p
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ents

4

su
b
sequ

ent
to

su
ch

an
event,

th
e
d
au

ghter
cell

of
th
e
re-

cent
d
ivision

w
ere

to
sp
ontan

eou
sly

d
isintegrate

b
ack

into
its

con
stitu

ent
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trients
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ith
log-p
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ility
at
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on
th
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of
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p

h
y
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w
e
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ou
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p
lete

th
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interval
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⌧

d
i
v

w
ith
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e,

recently
d
ivid

ed
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p
rocessively

grow
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g
b
ac-

teriu
m

in
ou

r
system

,
th
at

is,
w
e
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ou

ld
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ave
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ed

to
th
e
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en
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b
le.
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via
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b
ack-d
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into

I
p
rovid

ed
to

u
s
by

b
acterial
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w
e
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at

th
at

ln
⇡
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2
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p
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⌧
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e
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b
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b
ou
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⌧
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d
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strates
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at
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e
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eat
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th
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m
akin
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copy
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itself
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set
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ot
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ly

by
th
e
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ecrease

in
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ge
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olecu
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of
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m
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b
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⌧
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b
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can
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in
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p
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b
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⇥
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b
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b
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reviou
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b
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b
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irreversib

ility
term

in
(6),

w
e
assu

m
e
a
cell

d
ivision

tim
e
of

20
m
inu

tes
[1,

2],
an

d
a
sp
ontan

eou
s
hyd

rolysis
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b
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b
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ictated

by
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rate,
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p
rod

u
ction

,
an

d
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u
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b
ility.

In
light

of
th
e
fact
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at
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b
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is

a
com

-
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sor
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environ
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ent
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of
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erent
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-
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ents,

w
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ot

b
e
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rised

th
at

it
is

n
ot

p
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for
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em

.
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ath

er,
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is
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le
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at

in
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gle
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ent,
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e
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can
convert
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en
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into
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ew
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of
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at

if
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even
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b
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w
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erately
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d
erestim

ated
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d ,
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oes
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ot
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e
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b
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b
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self-rep
licator

th
an

it
cu

rrently
seem

s.
W
e
h
ave

seen
h
ow

th
is

argu
m
ent

p
lays

ou
t
for

a
b
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b
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p
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b
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b
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rolysis
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⇥
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e
ligation

reaction
an

d
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b
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articip

ate
in
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d
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p
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b
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d
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b
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b
ou

n
d
on

th
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b
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b
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b
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m
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d
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b
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⌧
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in
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b
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via
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b
ack-d

oor
into

I
p
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to
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w
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at
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⇡
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avin
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b
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to
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b
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n
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for
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eat
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d
em
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strates
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th
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eat
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in

th
e

cou
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of
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cell

m
akin

g
a
copy
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ot

on
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by
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e
d
ecrease

in
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to
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ge
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com

p
on

ents
of
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su
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into
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b
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takes
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tim
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⌧
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b
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M
oreover,
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each
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in

term
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n

p
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b
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b
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b
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b
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b
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b
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e
organ

-
ism

can
convert

ch
em

ical
en
ergy

into
a
n
ew

copy
of

itself
so

e�
ciently

th
at

if
it

w
ere

to
p
rod

u
ce

even
a
qu

arter
as

m
u
ch

h
eat

it
w
ou

ld
b
e
p
u
sh
in
g
th
e
lim

its
of

w
h
at

is
th
erm

od
yn

am
ically

p
ossib

le!
T
h
is

is
esp

ecially
th
e
case

sin
ce

w
e
d
elib

erately
u
n
d
erestim

ated
th
e
reverse

reaction

rate
w
ith

ou
r
calcu

lation
of

p

h
y
d ,

w
h
ich

d
oes

n
ot

accou
nt

for
th
e
u
n
likelih

ood
of

sp
ontan

eou
sly

convertin
g
carb

on
d
ioxid

e
b
ack

into
oxygen

.
T
hu

s,
a
m
ore

accu
rate

esti-
m
ate

of
th
e
low

er
b
ou

n
d
on

�h
Q
i
in

fu
tu
re

m
ay

reveal
E
.
c
o
l
i
to

b
e
an

even
m
ore

excep
tion

ally
w
ell-ad

ap
ted

self-rep
licator

th
an

it
cu
rrently

seem
s.

W
e
h
ave

seen
h
ow

th
is

argu
m
ent

p
lays

ou
t
for

a
b
ac-

teriu
m
,
b
u
t
th
e
ap

p
roach

ap
p
lies

equ
ally

in
a
b
road

ran
ge

of
cases

w
h
ere

th
ere

is
som

e
reliab

le
stoch

astic
m
od

el
of

a
rep

licator’s
p
op

u
lation

d
yn

am
ics

[14].
F
or

exam
-

p
le,

a
recent

stu
d
y
h
as

u
sed

i
n
v
i
t
r
o
evolu

tion
to

op
ti-

m
ize

th
e
grow

th
rate

of
a
self-rep

licatin
g
R
N
A

m
olecu

le
w
h
ose

form
ation

is
accom

p
an

ied
by

a
sin

gle
b
ackb

on
e

ligation
reaction

an
d

th
e
leavin

g
of

a
sin

gle
pyrop

h
os-

p
h
ate

grou
p

[15].
W

ith
a
d
ou

b
lin

g
tim

e
of

1
h
ou

r,
a

h
alf-life

for
R
N
A

of
4
years

[16],
an

d
th
e
reason

ab
le

as-
su
m
p
tion

(in
th
is

case)
th
at

th
e
ch
an

ge
in

tran
slation

al
entropy

is
n
egligib

le,
w
e
can

estim
ate

th
e
h
eat

b
ou

n
d
as

h
Q
i
�

R
T
ln
[(4

years)
/(1

h
ou

r)]
=

7
kcal

m
ol �

1.
S
in
ce

exp
erim

ental
d
ata

in
d
icate

an
enth

alpy
for

th
e
reaction

in
th
e
vicin

ity
of

10
kcal

m
ol �

1
[17,

18],
it

w
ou

ld
seem

th
is

m
olecu

le
op

erates
qu

ite
n
ear

th
e
lim

it
of

th
erm

od
y-

n
am

ic
e�

cien
cy

set
by

th
e
w
ay

it
is

assem
b
led

.
T
o

u
n
d
erlin

e
th
is

p
oint,

w
e
m
ay

con
sid

er
w
h
at

th
e

b
ou

n
d

m
ight

b
e

if
th
is

sam
e

reaction
w
ere

som
eh
ow

ach
ieved

u
sin

g
D
N
A
,
w
h
ich

is
m
u
ch

m
ore

kin
etically

stab
le

again
st

hyd
rolysis

th
an

R
N
A

[19].
In

th
is

case,
w
e
w
ou

ld
h
ave

h
Q
i
�

R
T
ln
[(3

⇥
10

7
years)

/(1
h
ou

r)]
=

16
kcal

m
ol �

1,
w
h
ich

exceed
s
th
e
estim

ated
enth

alpy
for

th
e
ligation

reaction
an

d
is

th
erefore

p
roh

ib
ited

th
er-

m
od

yn
am

ically.
T
h
is

calcu
lation

illu
strates

a
sign

ifi
-

cant
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A
,
regard

in
g
each

m
olecu

le’s
ab

ility
to

p
articip

ate
in

self-catalyzed
rep

li-
cation

reaction
s
fu
eled

by
sim

p
le

trip
h
osp

h
ate

b
u
ild

in
g

b
locks:

th
e
far

greater
d
u
rab

ility
of

D
N
A

d
em

an
d
s
th
at

a
m
u
ch

h
igh

er
p
er-b

ase
th
erm

od
yn

am
ic

cost
b
e
p
aid

in
entropy

p
rod

u
ction

[20]
in

ord
er

for
for

th
e
grow

th
rate

to
m
atch

th
at

of
R
N
A

in
an

all-th
in
gs-equ

al
com

p
arison

.
T
h
e
key

p
oint

h
ere

is
th
at

if
a

self-rep
licatin

g
nu

-
cleic

acid
catalyzes

its
ow

n
grow

th
w
ith

a
rate

con
-

stant
g
an

d
is

d
egrad

ed
w
ith

rate
con

stant
�,

th
en

th
e

m
olecu

le
sh
ou

ld
b
e

cap
ab

le
of

exh
ib
itin

g
exp

on
ential

grow
th

th
rou

gh
self-rep

lication
w
ith

a
d
ou

b
lin

g
tim

e
p
ro-

p
ortion

al
to

1
/(
g
�

�).
H
ow

ever,
th
erm

od
yn

am
ics

on
ly

sets
a
b
ou

n
d
on

th
e
ratio

g
/
�.

A
ssu

m
in
g
th
is
ratio’s

valu
e

is
fi
xed

,
m
akin

g
�
b
igger

w
ill

in
crease

grow
th

so
lon

g
as

th
e
overall

reaction
is

a
n
et

entropy
p
rod

u
cer,

i.e.
so

lon
g
as

g
>

�
(
)

ln
(
g
/
�)

>
0.

T
hu

s,
su
rp
risin

gly,
th
e

greater
fragility

of
R
N
A

cou
ld

b
e
seen

as
a
fi
tn
ess

ad
-

vantage
in

th
e
right

circu
m
stan

ces.
M
oreover,

th
e
h
eat

b
ou

n
d
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A

sh
ou

ld
in
crease

rou
gh

ly
lin

early
in

th
e
nu

m
b
er

of
b
ases

`
ligated

d
u
rin

g
th
e
reaction

,
w
h
ich

forces
th
e
m
axim

u
m

p
ossib

le
grow

th
rate

for
a
D
N
A

rep
licator

to
sh
rin

k
e
x
p
o
n
e
n
t
i
a
l
l
y
w
ith

`

in
com

p
arison

to
th
at

of
its

R
N
A

equ
ivalent.

T
h
is
ob

ser-
vation

is
certain

ly
intrigu

in
g
in

light
of

p
ast

argu
m
ents

⇡
(II

!
I),

p(j|II)

(1)
⇡
(j

!
i)

⇡
(i!

j)
=

ex
p
[�

�
(E

i �
E

j )]
=

ex
p
[�

�
�
Q

ij ]

(2)
�
S
in

t
=

X

i

p(i|I)
ln
p(i|I)�

X

j

p(j|II)
ln
p(j|II)

(3)
�
S
to
t
=

�h�
Q
i
+
�
S
in

t �
�
ln
p
d
is �

0

�
ln
p
d
is �

2n
p
ep (⌧

d
iv /t

m
a
x
+
1)

�
ln
p
d
is
>

?
⌧
d
iv ⇠

20
m
in
u
tes

(4)
⇡
(II

!
I)

⇡
(I

!
II)

=

⌧
e
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p
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I)
p
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]he �
�
�
Q
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i!
j �
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1

Im
agin

e
th
at

w
e
h
ave

a
n
ice

b
ig

closed
,
m
icro

can
on

ical
sy
stem

of
h
am

ilton
ian

H
0 (x

),
w
h
ere

H
0
im

p
licitly

d
en
otes

H
(x
,�

(0)),
an

d
su
p
p
ose

th
at

ou
r
en
orm

ou
s
sy
s-

tem
h
as

en
ergy

E
0 ,

an
d
tem

p
eratu

re
T

=
1/(k

B
�
).

S
u
p
p
ose

th
at

w
e
n
ow

collect
togeth

er
⌦

0 (E
0 )

d
i↵
eren

t
cop

ies
of

th
e
sy
stem

an
d
p
rep

are
each

on
e
in

a
d
i↵
eren

t
in
itial

state,
so

th
at

w
e
h
ave

ex
actly

on
e
cop

y
of

each
of

th
e
d
i↵
eren

t
in
d
iv
id
u
al

m
icrostates

availab
le

to
ou

r
w
h
ole

sy
stem

.
N
ow

su
p
p
ose

th
at

over
fi
n
ite

tim
e
⌧
w
e

ch
an

ge
�
accord

in
g
to

som
e
fu
n
ction

�
(t),

so
th
at

w
e
are

d
oin

g
w
ork

on
ou

r
sy
stem

w
ith

som
e
ex
tern

al
force,

after
w
h
ich

th
e
n
ew

h
am

ilton
ian

for
ou

r
sy
stem

w
ill

b
e

H
⌧ .

T
h
is
m
ean

s
th
at

if
ou

r
sy
stem

started
o↵

in
som

e
in
itial

state
x
(0)

=
x
(1)
0

th
en

at
som

e
later

tim
e
th
e
H
am

ilton
ian

evolu
tion

of
th
e
sy
stem

w
ill

carry
it

over
in
to

som
e
fi
n
al

state
x
(⌧
)
=

x
(1)
⌧
,
w
h
ereas

if
th
e
sy
stem

started
o↵

in
x
(0)

=
x
(2)
0

th
en

its
fi
n
al

state
w
ill

in
stead

b
e
x
(⌧
)
=

x
(2)
⌧
.
T
h
e
p
oin

t
is
th
at

w
e
assu

m
e
th
e
sy
stem

’s
evolu

tion
to

b
e
totally

d
eterm

in
istic

an
d
given

b
y
H
am

ilton
’s
eq
u
ation

s
of

m
otion

,
so

you
r
in
itial

con
d
ition

w
ill

d
eterm

in
e
you

r
fi
n
al

con
d
ition

.
B
u
t
w
h
ereas

all
th
e
in
itial

con
d
ition

s
h
ave

th
e
sam

e
en
ergy

H
0 (x

(i)
0
)
=

E
0 ,

th
e
fi
n
al

con
d
ition

s
h
ave

d
i↵
eren

t

en
ergies

H
⌧ (x

(i)
⌧
)
=

E
(i)
⌧

=
E

0
+

W
i .

In
oth

er
w
ord

s,
each

startin
g
m
icrostate

w
ill

h
ave

som
e
sp
ecifi

c
am

ou
n
t
of

w
ork

d
on

e
on

it
b
y
th
e
ex
tern

al
force,

an
d
th
at

am
ou

n
t

of
w
ork

w
ill

ad
d
on

top
of

th
e
in
itial

en
ergy

th
ere

w
as

to
start

w
ith

to
m
ake

u
p
th
e

total
en
ergy

of
th
e
sy
stem

at
th
e
en
d
of

th
e
p
ro
cess.

1

W
ednesday, January 8, 14



B
y heats and bounds

4

su
b
sequ

ent
to

su
ch

an
event,

th
e
d
au

ghter
cell

of
th
e
re-

cent
d
ivision

w
ere

to
sp
ontan

eou
sly

d
isintegrate

b
ack

into
its

con
stitu

ent
nu

trients
(w

ith
log-p

rob
ab

ility
at

m
ost

on
th
e
ord

er
of

ln
p

h
y
d ),

w
e
w
ou

ld
com

p
lete

th
e
interval

of
⌧

d
i
v

w
ith

on
e,

recently
d
ivid

ed
,
p
rocessively

grow
in
g
b
ac-

teriu
m

in
ou

r
system

,
th
at

is,
w
e
w
ou

ld
h
ave

retu
rn
ed

to
th
e
I
en

sem
b
le.

T
hu

s,
via

a
b
ack-d

oor
into

I
p
rovid

ed
to

u
s
by

b
acterial

b
iology,

w
e
can

claim
th
at

th
at

ln
⇡
(II

!
I)

2
ln
p

h
y
d

'
�
2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)

(9)

H
avin

g
ob

tain
ed

th
e
ab

ove
resu

lt,
w
e
can

n
ow

refer
b
ack

to
th
e
b
ou

n
d
w
e
set

for
th
e
h
eat

p
rod

u
ced

by
th
is

self-rep
lication

p
rocess

an
d
w
rite

�h
Q
i�

2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)�

�
S

i
n
t

(10)

T
h
is

relation
d
em

on
strates

th
at

th
e
h
eat

evolved
in

th
e

cou
rse

of
th
e
cell

m
akin

g
a
copy

of
itself

is
set

n
ot

on
ly

by
th
e
d
ecrease

in
entropy

requ
ired

to
arran

ge
m
olecu

lar
com

p
on

ents
of

th
e
su
rrou

n
d
in
g
m
ed

iu
m

into
a
n
ew

or-
gan

ism
,
b
u
t
also

by
h
ow

rap
id
ly

th
is
takes

p
lace

(th
rou

gh
th
e
d
ivision

tim
e
⌧

d
i
v )

an
d
by

h
ow

lon
g
w
e
h
ave

to
w
ait

for
th
e
n
ew

ly
assem

b
led

stru
ctu

re
to

start
fallin

g
ap

art
(th

rou
gh

t

m
a
x ).

M
oreover,

w
e
can

n
ow

qu
antify

th
e
ex-

tent
of

each
factor’s

contrib
u
tion

to
th
e
fi
n
al

ou
tcom

e,
in

term
s
of

n

p
e
p ,

w
h
ich

w
e
estim

ate
to

b
e
1
.6

⇥
10

9,
as-

su
m
in
g
th
e
d
ry

m
ass

of
th
e
b
acteriu

m
is

0
.3

p
icogram

s
[11].

T
h
e
total

am
ou

nt
of

h
eat

p
rod

u
ced

in
a
sin

gle
d
ivision

cycle
for

an
E
.
c
o
l
i
b
acteriu

m
grow

in
g
at

its
m
axim

u
m

rate
on

lysogeny
b
roth

(a
m
ixtu

re
of

p
ep

tid
es

an
d
glu

-
cose)

is
�h

Q
i
=

220
n

p
e
p

[2].
F
rom

p
reviou

s
exp

erim
ental

evid
en

ce,
w
e
can

b
e
con

fi
d
ent

th
at

th
e
total

intern
al

en
-

tropy
ch
an

ge
�
S

i
n
t

is
qu

ite
sm

all
com

p
ared

w
ith

th
is

qu
antity

d
u
rin

g
aerob

ic
resp

iration
[12],

an
d
so

can
b
e

ign
ored

in
th
is

case.
In

ord
er

to
com

p
are

th
e
h
eat

to
th
e
irreversib

ility
term

in
(6),

w
e
assu

m
e
a
cell

d
ivision

tim
e
of

20
m
inu

tes
[1,

2],
an

d
a
sp
ontan

eou
s
hyd

rolysis
lifetim

e
for

p
ep

tid
e
b
on

d
s
of

⌧

h
y
d

⇠
600

years
at

p
hys-

iological
p
H

[13],
w
h
ich

yield
s
a
t

m
a
x

⇠
1
m
inu

te
an

d
2
n

p
e
p (
⌧

d
i
v

/
t

m
a
x

+
1)

=
6
.7

⇥
10

1
0
'

42
n

p
e
p .

T
h
ese

calcu
lation

s
th
erefore

estab
lish

th
at

th
e
E
.
c
o
l
i

b
acteriu

m
p
rod

u
ces

an
am

ou
nt

of
h
eat

less
th
an

six
tim

es
as

large
as

th
e
ab

solu
te

p
hysical

low
er

b
ou

n
d
d
ictated

by
its

grow
th

rate,
intern

al
entropy

p
rod

u
ction

,
an

d
d
u
ra-

b
ility.

In
light

of
th
e
fact

th
at

th
e
b
acteriu

m
is

a
com

-
p
lex

sen
sor

of
its

environ
m
ent

th
at

can
very

e↵
ectively

ad
ap

t
itself

to
grow

th
in

a
b
road

ran
ge

of
d
i↵
erent

en
-

viron
m
ents,

w
e
sh
ou

ld
n
ot

b
e
su
rp
rised

th
at

it
is

n
ot

p
erfectly

op
tim

ized
for

any
given

on
e
of

th
em

.
R
ath

er,
it
is

rem
arkab

le
th
at

in
a
sin

gle
environ

m
ent,

th
e
organ

-
ism

can
convert

ch
em

ical
en

ergy
into

a
n
ew

copy
of

itself
so

e�
ciently

th
at

if
it

w
ere

to
p
rod

u
ce

even
a
qu

arter
as

m
u
ch

h
eat

it
w
ou

ld
b
e
p
u
sh
in
g
th
e
lim

its
of

w
h
at

is
th
erm

od
yn

am
ically

p
ossib

le!
T
h
is

is
esp

ecially
th
e
case

sin
ce

w
e
d
elib

erately
u
n
d
erestim

ated
th
e
reverse

reaction

rate
w
ith

ou
r
calcu

lation
of

p

h
y
d ,

w
h
ich

d
oes

n
ot

accou
nt

for
th
e
u
n
likelih

ood
of

sp
ontan

eou
sly

convertin
g
carb

on
d
ioxid

e
b
ack

into
oxygen

.
T
hu

s,
a
m
ore

accu
rate

esti-
m
ate

of
th
e
low

er
b
ou

n
d
on

�h
Q
i
in

fu
tu
re

m
ay

reveal
E
.
c
o
l
i
to

b
e
an

even
m
ore

excep
tion

ally
w
ell-ad

ap
ted

self-rep
licator

th
an

it
cu

rrently
seem

s.
W
e
h
ave

seen
h
ow

th
is

argu
m
ent

p
lays

ou
t
for

a
b
ac-

teriu
m
,
b
u
t
th
e
ap

p
roach

ap
p
lies

equ
ally

in
a
b
road

ran
ge

of
cases

w
h
ere

th
ere

is
som

e
reliab

le
stoch

astic
m
od

el
of

a
rep

licator’s
p
op

u
lation

d
yn

am
ics

[14].
F
or

exam
-

p
le,

a
recent

stu
d
y
h
as

u
sed

i
n
v
i
t
r
o
evolu

tion
to

op
ti-

m
ize

th
e
grow

th
rate

of
a
self-rep

licatin
g
R
N
A

m
olecu

le
w
h
ose

form
ation

is
accom

p
an

ied
by

a
sin

gle
b
ackb

on
e

ligation
reaction

an
d

th
e
leavin

g
of

a
sin

gle
pyrop

h
os-

p
h
ate

grou
p

[15].
W

ith
a
d
ou

b
lin

g
tim

e
of

1
h
ou

r,
a

h
alf-life

for
R
N
A

of
4
years

[16],
an

d
th
e
reason

ab
le

as-
su
m
p
tion

(in
th
is

case)
th
at

th
e
ch
an

ge
in

tran
slation

al
entropy

is
n
egligib

le,
w
e
can

estim
ate

th
e
h
eat

b
ou

n
d
as

h
Q
i
�

R
T
ln
[(4

years)
/(1

h
ou

r)]
=

7
kcal

m
ol �

1.
S
in
ce

exp
erim

ental
d
ata

in
d
icate

an
enth

alpy
for

th
e
reaction

in
th
e
vicin

ity
of

10
kcal

m
ol �

1
[17,

18],
it

w
ou

ld
seem

th
is

m
olecu

le
op

erates
qu

ite
n
ear

th
e
lim

it
of

th
erm

od
y-

n
am

ic
e�

cien
cy

set
by

th
e
w
ay
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b
led

.
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o

u
n
d
erlin

e
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p
oint,

w
e
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ay
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er
w
h
at

th
e

b
ou

n
d

m
ight

b
e

if
th
is
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e

reaction
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ere

som
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ow
ach

ieved
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sin

g
D
N
A
,
w
h
ich
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m
u
ch
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ore

kin
etically
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le
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hyd
rolysis
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an

R
N
A

[19].
In
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case,
w
e
w
ou

ld
h
ave

h
Q
i
�

R
T
ln
[(3

⇥
10

7
years)

/(1
h
ou

r)]
=
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m
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1,
w
h
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s
th
e
estim

ated
enth

alpy
for

th
e
ligation

reaction
an

d
is

th
erefore

p
roh
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th
er-
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od
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h
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b
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ate
in
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N
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d
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d
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p
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th
erm
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b
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p
rod

u
ction

[20]
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self-rep
licatin

g
nu

-
cleic

acid
catalyzes

its
ow

n
grow

th
w
ith

a
rate

con
-

stant
g
an

d
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b
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b
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b
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b
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m
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d
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b
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⌧

d
i
v

w
ith

on
e,

recently
d
ivid

ed
,
p
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b
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b
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⇡
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d
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b
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⌧
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b
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e
ex-

tent
of

each
factor’s
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p
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b
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⇥
10

9,
as-

su
m
in
g
th
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b
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d
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rolysis
lifetim

e
for

p
ep

tid
e
b
on

d
s
of

⌧

h
y
d

⇠
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b
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n
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rate,
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entropy

p
rod

u
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d
d
u
ra-

b
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light

of
th
e
fact

th
at

th
e
b
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m
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a
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-
p
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of
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environ
m
ent

th
at

can
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e↵
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t
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grow

th
in

a
b
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ran
ge

of
d
i↵
erent

en
-

viron
m
ents,

w
e
sh
ou

ld
n
ot

b
e
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rp
rised

th
at

it
is

n
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p
erfectly

op
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ized
for
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given
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e
of

th
em

.
R
ath

er,
it
is

rem
arkab

le
th
at
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a
sin

gle
environ

m
ent,

th
e
organ

-
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can
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ch
em

ical
en

ergy
into

a
n
ew

copy
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itself
so

e�
ciently

th
at

if
it

w
ere
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p
rod

u
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even
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m
u
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h
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w
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b
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p
u
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g
th
e
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w
h
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T
h
is
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ecially
th
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case

sin
ce

w
e
d
elib
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u
n
d
erestim

ated
th
e
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reaction

rate
w
ith

ou
r
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lation
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p

h
y
d ,

w
h
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n
ot
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e
u
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sp
ontan
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b
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b
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d
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i
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o
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b
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b
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p
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b
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b
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p
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b
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b
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rolysis
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⇥
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d
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roh
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d
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p
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b
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d
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b
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of
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b
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in
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b
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b
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m
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d
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b
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⌧
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b
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p
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b
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b
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b
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b
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p
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p
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m
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d
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b
ack

into
its

con
stitu

ent
nu

trients
(w

ith
log-p

rob
ab

ility
at

m
ost

on
th
e
ord

er
of

ln
p

h
y
d ),

w
e
w
ou

ld
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⌧
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b
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b
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⇡
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reaction

an
d

th
e
leavin

g
of

a
sin

gle
pyrop

h
os-

p
h
ate

grou
p

[15].
W

ith
a
d
ou

b
lin

g
tim

e
of

1
h
ou

r,
a

h
alf-life

for
R
N
A

of
4
years

[16],
an

d
th
e
reason

ab
le

as-
su
m
p
tion

(in
th
is

case)
th
at

th
e
ch
an

ge
in

tran
slation

al
entropy

is
n
egligib

le,
w
e
can

estim
ate

th
e
h
eat

b
ou

n
d
as

h
Q
i
�

R
T
ln
[(4

years)
/(1

h
ou

r)]
=

7
kcal

m
ol �

1.
S
in
ce

exp
erim

ental
d
ata

in
d
icate

an
enth

alpy
for

th
e
reaction

in
th
e
vicin

ity
of

10
kcal

m
ol �

1
[17,

18],
it

w
ou

ld
seem

th
is

m
olecu

le
op

erates
qu

ite
n
ear

th
e
lim

it
of

th
erm

od
y-

n
am

ic
e�

cien
cy

set
by

th
e
w
ay

it
is

assem
b
led

.
T
o

u
n
d
erlin

e
th
is

p
oint,

w
e
m
ay

con
sid

er
w
h
at

th
e

b
ou

n
d

m
ight

b
e

if
th
is

sam
e

reaction
w
ere

som
eh
ow

ach
ieved

u
sin

g
D
N
A
,
w
h
ich

is
m
u
ch

m
ore

kin
etically

stab
le

again
st

hyd
rolysis

th
an

R
N
A

[19].
In

th
is

case,
w
e
w
ou

ld
h
ave

h
Q
i
�

R
T
ln
[(3

⇥
10

7
years)

/(1
h
ou

r)]
=

16
kcal

m
ol �

1,
w
h
ich

exceed
s
th
e
estim

ated
enth

alpy
for

th
e
ligation

reaction
an

d
is

th
erefore

p
roh

ib
ited

th
er-

m
od

yn
am

ically.
T
h
is

calcu
lation

illu
strates

a
sign

ifi
-

cant
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A
,
regard

in
g
each

m
olecu

le’s
ab

ility
to

p
articip

ate
in

self-catalyzed
rep

li-
cation

reaction
s
fu
eled

by
sim

p
le

trip
h
osp

h
ate

b
u
ild

in
g

b
locks:

th
e
far

greater
d
u
rab

ility
of

D
N
A

d
em

an
d
s
th
at

a
m
u
ch

h
igh

er
p
er-b

ase
th
erm

od
yn

am
ic

cost
b
e
p
aid

in
entropy

p
rod

u
ction

[20]
in

ord
er

for
for

th
e
grow

th
rate

to
m
atch

th
at

of
R
N
A

in
an

all-th
in
gs-equ

al
com

p
arison

.
T
h
e
key

p
oint

h
ere

is
th
at

if
a

self-rep
licatin

g
nu

-
cleic

acid
catalyzes

its
ow

n
grow

th
w
ith

a
rate

con
-

stant
g
an

d
is

d
egrad

ed
w
ith

rate
con

stant
�,

th
en

th
e

m
olecu

le
sh
ou

ld
b
e

cap
ab

le
of

exh
ib
itin

g
exp

on
ential

grow
th

th
rou

gh
self-rep

lication
w
ith

a
d
ou

b
lin

g
tim

e
p
ro-

p
ortion

al
to

1
/(
g
�

�).
H
ow

ever,
th
erm

od
yn

am
ics

on
ly

sets
a
b
ou

n
d
on

th
e
ratio

g
/
�.

A
ssu

m
in
g
th
is
ratio’s

valu
e

is
fi
xed

,
m
akin

g
�
b
igger

w
ill

in
crease

grow
th

so
lon

g
as

th
e
overall

reaction
is

a
n
et

entropy
p
rod

u
cer,

i.e.
so

lon
g
as

g
>

�
(
)

ln
(
g
/
�)

>
0.

T
hu

s,
su
rp
risin

gly,
th
e

greater
fragility

of
R
N
A

cou
ld

b
e
seen

as
a
fi
tn
ess

ad
-

vantage
in

th
e
right

circu
m
stan

ces.
M
oreover,

th
e
h
eat

b
ou

n
d
d
i↵
eren

ce
b
etw

een
D
N
A

an
d
R
N
A

sh
ou

ld
in
crease

rou
gh

ly
lin

early
in

th
e
nu

m
b
er

of
b
ases

`
ligated

d
u
rin

g
th
e
reaction

,
w
h
ich

forces
th
e
m
axim

u
m

p
ossib

le
grow

th
rate

for
a
D
N
A

rep
licator

to
sh
rin

k
e
x
p
o
n
e
n
t
i
a
l
l
y
w
ith

`

in
com

p
arison

to
th
at

of
its

R
N
A

equ
ivalent.

T
h
is
ob

ser-
vation

is
certain

ly
intrigu

in
g
in

light
of

p
ast

argu
m
ents

⇡
(II

!
I),

p(j|II)

(1)
⇡
(j

!
i)

⇡
(i!

j)
=

ex
p
[�

�
(E

i �
E

j )]
=

ex
p
[�

�
�
Q

ij ]

(2)
�
S
in

t
=

X

i

p(i|I)
ln
p(i|I)�

X

j

p(j|II)
ln
p(j|II)

(3)
�
S
to
t
=

�h�
Q
i
+
�
S
in

t �
�
ln
p
d
is �

0

�
ln
p
d
is �

2n
p
ep (⌧

d
iv /t

m
a
x
+
1)

1/[`(g
�
�)]

asd
fasd

(4)
hQ

i
<

6hQ
i
m
in

asd
fasd

f
�
ln
p
d
is
>

?
⌧
d
iv
⇠

20
m
in
u
tes

(5)
⇡
(II

!
I)

⇡
(I

!
II)

=

⌧
e
ln[

p
(j|I

I)
p
(i|I)

]he �
�
�
Q

i!
ji

i!
j �

I!
II

1

Im
agin

e
th
at

w
e
h
ave

a
n
ice

b
ig

closed
,
m
icro

can
on

ical
sy
stem

of
h
am

ilton
ian

H
0 (x

),
w
h
ere

H
0
im

p
licitly

d
en
otes

H
(x
,�

(0)),
an

d
su
p
p
ose

th
at

ou
r
en
orm

ou
s
sy
s-

tem
h
as

en
ergy

E
0 ,

an
d
tem

p
eratu

re
T

=
1/(k

B
�
).

S
u
p
p
ose

th
at

w
e
n
ow

collect
togeth

er
⌦

0 (E
0 )

d
i↵
eren

t
cop

ies
of

th
e
sy
stem

an
d
p
rep

are
each

on
e
in

a
d
i↵
eren

t
in
itial

state,
so

th
at

w
e
h
ave

ex
actly

on
e
cop

y
of

each
of

th
e
d
i↵
eren

t
in
d
iv
id
u
al

m
icrostates

availab
le

to
ou

r
w
h
ole

sy
stem

.
N
ow

su
p
p
ose

th
at

over
fi
n
ite

tim
e
⌧
w
e

ch
an

ge
�
accord

in
g
to

som
e
fu
n
ction

�
(t),

so
th
at

w
e
are

d
oin

g
w
ork

on
ou

r
sy
stem

w
ith

som
e
ex
tern

al
force,

after
w
h
ich

th
e
n
ew

h
am

ilton
ian

for
ou

r
sy
stem

w
ill

b
e

H
⌧ .

T
h
is
m
ean

s
th
at

if
ou

r
sy
stem

started
o↵

in
som

e
in
itial

state
x
(0)

=
x
(1
)

0
th
en

at
som

e
later

tim
e
th
e
H
am

ilton
ian

evolu
tion

of
th
e
sy
stem

w
ill

carry
it

over
in
to

som
e
fi
n
al

state
x
(⌧
)
=

x
(1
)

⌧
,
w
h
ereas

if
th
e
sy
stem

started
o↵

in
x
(0)

=
x
(2
)

0
th
en

its
fi
n
al

state
w
ill

in
stead

b
e
x
(⌧
)
=

x
(2
)

⌧
.
T
h
e
p
oin

t
is
th
at

w
e
assu

m
e
th
e
sy
stem

’s
evolu

tion
to

b
e
totally

d
eterm

in
istic

an
d
given

b
y
H
am

ilton
’s
eq
u
ation

s
of

m
otion

,
so

you
r
in
itial

con
d
ition

w
ill

d
eterm

in
e
you

r
fi
n
al

con
d
ition

.
B
u
t
w
h
ereas

all
th
e
in
itial

con
d
ition

s
h
ave

th
e
sam

e
en
ergy

H
0 (x

(i)
0
)
=

E
0 ,

th
e
fi
n
al

con
d
ition

s
h
ave

d
i↵
eren

t

en
ergies

H
⌧ (x

(i)
⌧
)
=

E
(i)
⌧

=
E

0
+

W
i .

In
oth

er
w
ord

s,
each

startin
g
m
icrostate

w
ill

h
ave

som
e
sp
ecifi

c
am

ou
n
t
of

w
ork

d
on

e
on

it
b
y
th
e
ex
tern

al
force,

an
d
th
at

am
ou

n
t

of
w
ork

w
ill

ad
d
on

top
of

th
e
in
itial

en
ergy

th
ere

w
as

to
start

w
ith

to
m
ake

u
p
th
e

total
en
ergy

of
th
e
sy
stem

at
th
e
en
d
of

th
e
p
ro
cess.

1
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A
 few

 com
m

ents

W
e estim

ated a very conservative low
er bound: 

e.g. ignored reversal of gas exchange

W
e don’t expect selective pressure to lead to 

m
axim

al efficiency: living is not just grow
ing and 

com
putations also generate heat, w

hereas 
adaptations cost efficiency

A
 synthetic bacterium

 m
ight be able to grow

 
m

uch faster!

Q
uasi-steady-states raise bound

W
ednesday, January 8, 14



2

any
tra

jectory
th
rou

gh
m
icrostates

x
(
t)
over

tim
e
⌧
ob

eys

�
�
Q
[
x
(
t)]

=
ln


⇡
[
x
(
t)]

⇡
[
x
(
⌧
�

t)] �
(1)

H
ere,

�
⌘

1
/(
k

B
T
)
sets

th
e
tem

p
eratu

re
of

th
e
b
ath

,
⇡
[
x
(
t)]

is
th
e
p
rob

ab
ility

of
th
e
tra

jectory
x
(
t),

an
d
�
Q

is
th
e
h
eat

released
into

th
e
b
ath

over
th
e
cou

rse
of

x
(
t).

T
h
is
form

u
la

cap
tu
res

th
e
essential

m
icroscop

ic
relation

-
sh
ip

b
etw

een
h
eat

an
d
irreversib

ility:
th
e
m
ore

likely
a

forw
ard

tra
jectory

is
th
an

its
tim

e-reverse,
th
e
m
ore

th
e

entropy
of

th
e
u
n
iverse

is
in
creased

th
rou

gh
th
e
exh

au
s-

tion
of

h
eat

into
th
e
su
rrou

n
d
in
g
b
ath

.
M
oreover,

by
fi
xin

g
th
e
startin

g
an

d
en
d
in
g
p
oints

of
ou

r
tra

jectory
(
x
(0)

=
i,

x
(
⌧
)
=

j),
w
e
can

average
th
e
B
oltzm

an
n

w
eight

of
th
e
forw

ard
h
eat

over
all

p
ath

s
from

i
to

j
an

d
ob

tain
⇡
(
j
!

i)
/
⇡
(
i
!

j)
=

hexp
[�

�
�
Q

i!
j ]i

i!
j .

In
th
e
ab

sen
ce

of
an

extern
al

d
rive

(as
in

th
e
case

of
ou

r
b
acteriu

m
),

�
Q

i!
j
=

E

i �
E

j
for

all
tra

jectories,
an

d
th
is
ren

d
erin

g
of

th
e
C
rooks

form
u
la

red
u
ces

to
th
e
w
ell-

kn
ow

n
p
rin

cip
le

of
d
etailed

b
alan

ce
[4].

E
ven

in
su
ch

a
case,

h
ow

ever,
w
e
m
ay

still
u
se

th
e
relation

to
d
escrib

e
w
h
at

is
e↵

ectively
an

ou
t-of-equ

ilib
riu

m
p
rocess,

sin
ce

th
e
fu
el

for
b
acterial

grow
th

takes
th
e
form

of
ch
em

i-
cal

en
ergy

stored
in

th
e
system

’s
h
igh

ly
n
on

-B
oltzm

an
n
-

d
istrib

u
ted

in
itial

con
d
ition

s.
A
rm

ed
w
ith

th
ese

m
icroscop

ic
tools,

w
e
are

n
ow

in
th
e

p
osition

to
gain

n
ew

in
sight

into
th
eir

m
acroscop

ic
con

se-
qu

en
ces.

T
o
d
o
so,

w
e
h
ave

to
fi
rst

qu
antify

irreversib
ility

on
th
e
m
acroscale

by
w
ritin

g

⇡
(I

!
II)

=

Z

II
d
j Z

I
d
i
p(
i|I)

⇡
(
i!

j)
,

(2)

an
d

⇡
(II

!
I)

=

Z

I
d
i Z

II
d
j
p(
j|II)

⇡
(
j
!

i)
,

(3)

T
h
e
fi
rst

of
th
ese

p
rob

ab
ilities

⇡
(I

!
II)

is
relatively

straightforw
ard

,
sin

ce
it
is
th
e
p
rob

ab
ility

th
at

on
e
exp

o-
n
entialp

h
ase

b
acteriu

m
tu
rn
s
into

tw
o
in

tim
e
⌧

d
iv ;

w
h
ile

w
e
m
ay

fi
n
d
it
d
i�

cu
lt
to

com
p
u
te

th
e
qu

antity
exactly,

w
e
can

b
e
su
re

it
is

close
to

1.
T
h
e
secon

d
p
rob

ab
ility

⇡
(II

!
I)

is
less

fam
iliar:

it
is
th
e
m
inu

scu
le

p
rob

ab
ility

th
at

tw
o
exp

on
ential

p
h
ase

b
acteria

w
ill

sp
ontan

eou
sly

rearran
ge

th
em

selves
b
ack

into
on

e.
T
h
e
ratio

of
th
e
tw

o
p
rob

ab
ilities

p
rovid

es
a
m
ean

s
to

qu
antify

irreversib
ility

at
th
e
m
acroscop

ic
level

in
sim

ilar
fash

ion
to

equ
ation

1.
B
y
rearran

gin
g
th
is

ratio,
w
e
can

ob
tain

⇡
(II

!
I)

⇡
(I

!
II)

=

R
I
d
i R

II
d
j

⇣
p
(j|II)
p
(i|I) ⌘

p(
i|I)

⇡
(
j
!

i)
R
I
d
i R

II
d
j
p(
i|I)

⇡
(
i!

j)
=

R
I
d
i R

II
d
j
p(
i|I)

⇡
(
i!

j)
he

�
�
�

Q
iji

i!
j

e
ln[

p
(
i|I

)
p
(
j|I

I
) ]

R
I
d
i R

II
d
j
p(
i|I)

⇡
(
i!

j)
=

⌧
h
e �

�
�
Q

iji
i!

j

e

ln[
p
(
i|I

)
p
(
j|I

I
) ]

�

I!
II(4)

w
h
ere

h
.
.
.i
I!

II
d
en
otes

an
average

over
all

p
ath

s
from

som
e
i
in

th
e
in
itial

en
sem

b
le

I
to

som
e
j
in

th
e
fi
n
al

en
sem

b
le

II,
w
ith

each
p
ath

w
eighted

by
its

likelih
ood

.
D
efi
n
in
g
th
e
S
h
an

n
on

entropy
S

for
each

en
sem

b
le

in
th
e
u
su
al

m
an

n
er

(
S

⌘
�
P

i
p

i ln
p

i ),
w
e
can

con
stru

ct
�
S

in
t
⌘

S

II �
S

I ,
w
h
ich

m
easu

res
th
e
intern

al
entropy

ch
an

ge
for

th
e
forw

ard
reaction

.
S
in
ce

it
is
gen

erally
th
e

case
th
at

e

x
�

1
+

x
for

all
x
,
w
e
m
ay

rearran
ge

(4)
to

w
rite
⌧
e �

ln[
⇡
(
I
I!

I
)

⇡
(
I!

I
I
) ] +

ln[
p
(
j|I

I
)

p
(
i|I

)
]h
e �

�
�
Q

i!
ji

i!
j �

I!
II

=
1

(5)

an
d
im

m
ed
iately

arrive
at

�h�
Q
i
+
ln


⇡
(II

!
I)

⇡
(I

!
II) �

+
�
S

in
t �

0
(6)

If
I
an

d
II

w
ere

sets
th
at

b
oth

in
clu

d
ed

every
p
ossib

le
m
icrostate

i,
w
e
w
ou

ld
h
ave

⇡
(II

!
I)

=
⇡
(I

!
II),

an
d
th
e
ab

ove
relation

w
ou

ld
red

u
ce

to
a
sim

p
le

state-
m
ent

of
th
e
S
econ

d
L
aw

of
T
h
erm

od
yn

am
ics:

th
e
ch
an

ge
in

th
e
entropy

of
th
e
system

�
S

in
t
p
lu
s
th
e
ch
an

ge
in

th
e
entropy

of
th
e
b
ath

�h�
Q
i
m
u
st

b
e
greater

th
an

or

equ
al

to
zero,

th
at

is,
th
e
total

entropy
ch
an

ge
of

th
e
u
n
i-

verse
�
S

to
t
m
u
st

on
average

b
e
p
ositive.

W
h
at

w
e
h
ave

sh
ow

n
h
ere

u
sin

g
C
rooks’

m
icroscop

ic
relation

,
h
ow

ever,
is
th
at

th
e
m
a
c
r
o
s
c
o
p
i
c
irreversib

ility
of

a
tran

sition
from

an
arb

itrary
en
sem

b
le

of
states

p(
i|I)

to
a
fu
tu
re

en
sem

-
b
le

p(
j|II)

sets
a
stricter

b
ou

n
d

on
th
e
associated

en
-

tropy
p
rod

u
ction

:
th
e
m
ore

irreversib
le

th
e
m
acroscop

ic

p
rocess

(i.e.
th
e
m
ore

n
egative

ln
h
⇡
(II!

I)
⇡
(I!

II) i),
th
e
m
ore

p
ositive

m
u
st

b
e
th
e
m
in
im

u
m

total
entropy

p
rod

u
ction

.
M
oreover,

sin
ce

th
e
form

u
la

w
as

d
erived

u
n
d
er

very
gen

-
eral

assu
m
p
tion

s,
it

ap
p
lies

n
ot
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e
S
econ

d
L
aw

of
T
h
erm

od
yn

am
ics:

th
e
ch
an

ge
in

th
e
entropy

of
th
e
system

�
S

in
t
p
lu
s
th
e
ch
an

ge
in

th
e
entropy

of
th
e
b
ath

�h�
Q
i
m
u
st

b
e
greater

th
an

or

equ
al

to
zero,

th
at

is,
th
e
total

entropy
ch
an

ge
of

th
e
u
n
i-

verse
�
S

to
t
m
u
st

on
average

b
e
p
ositive.

W
h
at

w
e
h
ave

sh
ow

n
h
ere

u
sin

g
C
rooks’

m
icroscop

ic
relation

,
h
ow

ever,
is
th
at

th
e
m
a
c
r
o
s
c
o
p
i
c
irreversib

ility
of

a
tran

sition
from

an
arb

itrary
en

sem
b
le

of
states

p(
i|I)

to
a
fu
tu
re

en
sem

-
b
le

p(
j|II)

sets
a
stricter

b
ou

n
d

on
th
e
associated

en
-

tropy
p
rod

u
ction

:
th
e
m
ore

irreversib
le

th
e
m
acroscop

ic

p
rocess

(i.e.
th
e
m
ore

n
egative

ln
h
⇡
(II!

I)
⇡
(I!

II) i),
th
e
m
ore

p
ositive

m
u
st

b
e
th
e
m
in
im

u
m

total
entropy

p
rod

u
ction

.
M
oreover,

sin
ce

th
e
form

u
la

w
as

d
erived

u
n
d
er

very
gen

-
eral

assu
m
p
tion

s,
it

ap
p
lies

n
ot

on
ly

to
self-rep

lication
b
u
t
to

a
w
id
e
ran

ge
of

tran
sition

s
b
etw

een
coarse-grain

ed
startin

g
an

d
en

d
in
g
states.

In
th
is
light,

th
e
resu

lt
in

eq.
6
is

closely
related

to
p
ast

b
ou

n
d
s
set

on
entropy

p
ro-

d
u
ction

in
in
form

ation
-th

eoretic
term

s
[5,

6],
as

w
ell

as
to

th
e
w
ell-kn

ow
n
L
an

d
au

er
b
ou

n
d
for

th
e
h
eat

gen
erated

by
th
e
erasu

re
of

a
b
it
of

in
form

ation
[7].

H
avin

g
estab

lish
ed

a
gen

eral
th
erm

od
yn

am
ic

con
-

straint
on

h
ow

self-rep
lication

can
p
roceed

,
w
e
n
ow

m
u
st

con
sid

er
w
h
eth

er
or

ou
r
fi
n
d
in
g
is

relevant
in

p
articu

lar
cases

of
interest.

F
or

th
e
p
rocess

of
b
acterial

cell
d
ivision

introd
u
ced

ab
ove,

ou
r
en

sem
b
le

II
is

a
b
ath

of
nu

trient-
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