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thermodynamics
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brownian motion

Brownian particle: random walk

Langevin equation
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energy balance: equilibrium
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energy balance: time dep. potentials
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trajectory picture

0

et

t

VW dλ τ
λ

•∂
=

∂∫

0 0;z λ ;e ez λ

τ

Langevin equation

dz V
dt z

γ ξ∂
= − +

∂

parametric trajectory

[ ( )]dz VdQ t dz dz
dt z

γ ξ ∂
= − − + = −

∂

integration along trajectory

0 0 0

,

,

e e ez t

z t

V VQ dz z d
z z

λ

λ

τ
•∂ ∂

= − = −
∂ ∂∫ ∫

0( ) ( )eV V t V tΔ = −

trajectory

determination of Q,W, and V



experiment

• exact measurement of the trajectory

• externally controllable force to drive particle into non equilibrium



TIRM Technique

• Creation of an evanescent  wave

• Exponentially decaying scattering itensity

• Determination of the particle wall distance z 

Scattering signal
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experiment

d=4 µm 

polystyrene particles

lower tweezers 300mW

upper tweezers 10mW

sampling rate 2 kHz

Laserdiode:
652 nm
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optical tweezers

Gradient
Force

Light
Pressure

Dipole interaction energy for 
a particle in an electric field:

Particle moves towards 
higher fields.

⇒ 

W  - ∝ α ∫ E  dV2

α ε ε= / - 1particle outside  



lower tweezers calibration
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• increasing tweezers intensity

• linear dependance of light pressure
• tweezers calibration
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pulse protocol
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energy conservation
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work distribution

harmonic potentials symmetric gaussian work distribution

• demonstrated with colloidal particles in 3d traps

particle wall potential is not harmonic

non harmonic potentials theory predicts:
asymmetric non gaussian distribution

theory:
•no fit parameters
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fluctuation theorems
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