



































































































































Detailed balance for Markov processes
Rats level w 9 34 P 91 What P Play

Trajectory level

P 94131 819,1 FÉ neglé way by xeltn tm.la 9nl

P1979n1Itnce email é't
in 1991

e
ltat.tw lnley

using It that tri twitil

Comments If we seem over all possible trajectais between

4 Un we find
Ps 9 to P In 119 to Pg 9n tflP19 tf14n.o

5 3 At the transition matrix level
Vestor IPADof dimension cardinal 93 whose it capant is

Piltl P 9i.tl Pa
Master equation
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and May W 9 04 if 919
delP M IPS like a FobberPlaush equation in finite
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Detailed balance

4 4 P14 W 9 99 P 94W 959

MagPy Myg Pq Mary Pa May Pq

Mag't Pg May Pys 1

let's define IP diag Pa then can berewritten as

Mt IP M P Ht P HP

Similarly MM IP MIP is hermitian diagonalisable with

real eigenvalues in an orthonormal

basis

M is diagonalizable with realeigenvalues butnot in an orthonormal

basis



i Ecoli 5 10 flagella

all bodyotooroo
Pflagella

Mon for other bacteria

bundle
Sometimes On 1 flagella
Many other locomotion mode

why left chiral flagella
notatsI iterate

membrane hydrodynamic capling
between the flagella

formationof a bundle
Rotatic of the bundle fordwimming

Q whycomplicated zero Reynolds swimming

Navier stokes P X t

g DEP got gr.BE Bp Ffp g

Two
inertial forces tens



viscous face

If the flow has a typical scale L and speed U

5

go
Reynold's number

The Regnold's number measures the ratio between viscousand
inential faces

Human

L 1m

1ms re 106
117am
U 10 sung

Me 10 5

0 10 645 0 10 0m11s

Inertia is 10 tires less importantfor swimming bacteria
than

for us

Coatinglength length you
travel after bringing theself

propulsion force from fo too
Hima 2.3 m Bachia 0,2 0,1 A 110ᵗʰ1 6
How can I experience the Reynold oftheateria
IswinimHneyo.FMs
want 10 5 U 10 8 m s

10 6mg Eags



life at low Reynold's Purcell 1977 An J Phys 45p3

Cet Theflow around a swimming bacteim is given by Stokes
equation this is a reversible equation

If a protocole Exits for the degreesof fenda ofthe bacteria
lead to a flow it E then x tf 1 leads to Elt

Reciprocal motion protocol invariantby t s t cannotleadto
net motion

Tom our
ñ o Ñ I O

Fal proof I shimota Yamada arXiv 1107 5938

You cannotswim atzero Reynoldsusin reciprocalmotion

Scallop theorem

this is why thenotationof a chiral helix is used
man reciprocalunder time reversal

This is the microscopic origin of the runs in quasi straight
line
notation ofthe motor Oct non reciprocal healingTRS

shape of the helix Oct face day the axis of
the helix break LIR

symmetry
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a

sothe rotor is spatareasly

CCW

protein chek can bind to the nota and change the
direction of rotation to clock wise notation cw

Motor
chey CCW chey Moto CW

1 flagellum rotating car break the flagella bundle

reorientation of the cell
When Ccw rotation resumes swimming in straightline

reflues

E coli in Motion H Buy

Tables occur at rate α 14g for E coli
Swimming rescues atrate β rotty
In practice we assure instantaneas tables

Typical trajectories ID



Models

1 vomits voi FTSE
21 v Mco rags p.AEaO

bO'at rate α ñ 0 cso sino
PCO Ie approximation

p a o c the probability density of finding the
bacteria

ftpg
positia i and angle 0 at time t n

cent O is not the angle
between adez

The dynamics is a mixture between a Langevindynaisfor t in2D

and a Mushouprocess in continuas space for the orientation

IPlio t Jx fly Plait E do Plnold

Hironaka feat
v casOP i o DoP

y
vo findP70 GP xp doPhio

EPC O routes Pl 01 PIN

toprobability_Tncurrentduetoswimming catributionofdiffusion tumbles in and outof0



Fitff.tthightatspadvr i.vn
lefat ve i K

Right going particls pick a new direction at rate xp
left a
Rex t proba density tofind theparticles at net goingtotheright
1kt left
Bequatia
1 ER x t 2xJp 12 RWE x E Ox VARKEDYAEL
1 de LE Q.TL LEE R XF d VLGED R

ftp.ff.ittra.H202Hot 1,02
Interactions between bead

and solute transferofnoventeracotylin
any gradientof interaction strenth

p It p
gradient of pressure inthefluid
flow advect the particle

self propulsion
Everything you may

want to know can be found inthe R Golestanianlecturenotes

Golestanian arxiv 1909 03747


