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Chirality: the definition

Lord Kelvin (1893):
“I call any geometrical figure, or groups of 
points, chiral, and say it has chirality, if its 
image in a plane mirror, ideally realized, 
cannot be brought to coincide with itself.”

Greek word: χειρ (cheir) - hand



Chirality: DNA



Chirality: DNA

De Witt Sumners, Notices of the AMS, 1995



www.rowland.harvard.edu/rjf/fischer

Living organisms contain almost only 
left-handed (LH) amino-acids and right-handed (RH) sugars –
you would starve on LH sugar! (artificial sweeteners)

2500 chiral drugs! (most of the new)



W. White, “Breaking Bad”, Season 1, episode 2

Thalidomide

Left-handed molecule is a drug;
right-handed is a poison:
birth defects, 50% death rate.

Synthetic: equal mixture

1962: FDA 
pharmacologist 
Frances Oldham 
Kelsey receives the 
President's Award for 
Distinguished Federal 
Civilian Service from 
President John F. 
Kennedy for blocking 
sale of thalidomide in 
the United States.



Limonene

Can you smell chirality?

hydrocarbon

Left: Right:



Chirality in subatomic world as 
the origin of left-right asymmetry of life?

Weak interactions violate parity (T.D. Lee and C.N. Yang) 
(symmetry between left and right)

Weak interactions thus induce
tiny differences between 
the binding energies of 
left- and right-handed molecules

A.Salam: this could be 
at the origin of left-right
asymmetry of life

highly controversial



The chirality of life

Chirally Sensitive Electron-Induced Molecular Breakup and the 
Vester-Ulbricht Hypothesis
Phys. Rev. Lett. 113, 118103 (2014)
J. M. Dreiling and T. J. Gay

Force of nature gave life its asymmetry
'Left-handed' electrons destroy certain organic 
molecules faster than their mirror versions.
E. Gibney, Nature, 25 September 2014



Chirality and hydrodynamics 240 B.C.
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The Archimedes screw



Chiral propulsion

?
vector       pseudo-vector 

Velocity parallel to angular velocity
requires the breaking of parity  



Propeller effect in a fluid

How to rotate the chiral
molecule in a fluid?

Use the coupling of 
an external electric field
to the molecule’s electric
dipole moment!

Rotating electric field –
rotating molecule

Baranova, Zel’dovich ‘78



D.Schamel et al, JACS 135, 12353 (2013) 



D.Schamel et al, JACS 135, 12353 (2013) 



E.M.Purcell
(1912-1997)

Nobel prize, 1952
(Nuclear Magnetic
Resonance)





Stokes equation
(“creeping flow”)

T-invariance!

Sir G. Stokes
(1819-1903)

Geometry of the gauge field
on the space of shapes

A.Shapere, F.Wilczek ‘88



Time reversability in hydrodynamics
Couette flow

M.Couette
1858-1943

Born: Tours, France



Time reversability in hydrodynamics
Couette flow Video credit: UNM



Need to break T-invariance to move – chirality!
Left-handed screw

T-reversal



The propulsion matrix

Chirality imbalance = transport



Chiral propulsion:
the Green’s function approach

The Stokes equation with a point force:

The Green’s function (“Stokeslet”):

The solution for an arbitrary moving body:



Sphere in a viscous fluid: the Stokes’ law 

Let us evaluate the fluid velocity
here; due to the “non-slip”
boundary condition, this will be
the velocity of the sphere.

Even though the Green’s function
is singular, parity symmetry of
the sphere leads to the cancellation
of the divergent terms:

S.Ayf, I.Kuk, DK, 
arXiv:1804.08664



Sphere in a viscous fluid: the Stokes’ law 

For the sphere (an achiral object),
we have encountered no divergences,
but the final result contains the shear viscosity –
an UV cutoff of hydrodynamics 



Propeller in a viscous fluid 
This time, no parity symmetry,
and thus no cancelation of divergence: 

However, the same divergence appears
for other components (torque): 

S.Ayf, I.Kuk, DK, 
arXiv:1804.08664



Propeller in a viscous fluid 
Therefore, the final expression for 
the propulsion velocity expressed 
in terms of the angular velocity 

contains no divergences and 
does not depend on viscosity
of the fluid!

S.Ayf, I.Kuk, DK, 
arXiv:1804.08664

0.5 μm

B=20 G
B=50 G



Chiral propulsion 

Chiral propulsion in the Stokes regime 
is determined entirely by geometry.
What is the value of the pitch angle θ that is optimal for 
chiral propulsion?  

L.Korneev, DK, A.Abanov
arXiv:2105.12181 [physics.flu-dyn]
Phys.Fluids ‘21

θ

A very simple answer: 



Chiral propulsion 

L.Korneev, DK, A.Abanov
arXiv:2105.12181 [physics.flu-dyn]



Chiral propulsion 

“…helical pitch angle observed for the helical 
Spiroplasma melliferum is 35 degrees…”

L.Korneev, DK, A.Abanov
arXiv:2105.12181 [physics.flu-dyn]



Chirality and vision

Protein-bound retinal molecule as a chiroptical switch:
the mechanism of vision      chiral photo-pharmacology

B. Feringa, W. Browne,
“Molecular switches”, 2011



Chiroptical switching 
of chiral molecules

Need circularly polarized light (CPL), with frequency 
optimized for inducing the tunnel transition between
the enantiomers.

Applications: pharmaceutics, “chiral photomedicine”,
optical data storage and processing, …

Review: B.Feringa, J. Org. Chem., 2007, 72 (18), pp 6635–6652



J.-P.Sauvage

Sir J.F.Stoddart

B.L. Feringa



Light and electromagnetism

James C. Maxwell, 1831-1879

Michael Faraday, 1791-1867

Maxwell theory
is left-right 
symmetric



Gauge fields and topology

Gauge theories “live” in a fiber bundle space that 
possesses non-trivial topology (knots, links, twists,...) 

Möbius strip, the simplest nontrivial example of a fiber bundle

NB: Maxwell
electrodynamics
as a curvature
of a line bundle



Chern-Simons forms

What does it mean for a gauge theory? 



Chern-Simons theory

What does it mean for electromagnetism? 

Riemannian connection

Curvature tensor Field strength tensor

Gauge field
PhysicsGeometry

“magnetic helicity”



Chern-Simons form and 
circularly polarized light

How to describe the helicity of the circularly polarized light?

Magnetic helicity itself does not obey electric-magnetic symmetry
of Maxwell equations in vacuum:

We can however enforce this symmetry by introducing, in addition
to the magnetic helicity, the dual pseudovector gauge potential C.
In Coulomb gauge C is defined by: 

Heaviside, 1892
Larmor, 1897

Bateman, 1915



Optical helicity 
of the circularly polarized light

Electric-magnetic transformation

is induced by 

We can now define the optical helicity by adding CS terms for
A and C:

Candlin, 1965; Trueba,Ranada, 1996; Afanasiev,Stepanovsky, 1996; Cameron, Barnett, Yao, 2012



Optical helicity 
of the circularly polarized light

The optical helicity 

is invariant under electric-magnetic symmetry

It is a T-even, P-odd quantity that is conserved in the absence 
of interactions with chiral (P-odd) matter: 
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D. Leinweber

Topological number fluctuations in QCD vacuum (3+1)d
(“cooled” configurations)
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“Topological foam” in QCD vacuum, (3+1) Dimensions
ITEP Lattice Group


