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Figure 1. The random walk

of a resin particle, from AT-
OMS, by J Perrin [1].

I work on soft condensed

matter and statistical

physics. My current

interests

include the physics of

biomembranes with

pumps, the flow of soft

materials such

as colloidal crystals and

liquid crystals, and

sedimentation.
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1 You are likely to be misled by

much slower processes with

larger amplitudes: the effects

of convection currents, particles

being carried aloft by rising air

bubbles, or others settling un-

der gravity. But it’s worth  per-

sisting, eliminating all these

stray effects and looking for the

real thing. It’s easier said than

done, but it can be done. An-

other way to see it is to point a

low-power laser (a hand-held

laser pointer should do) at a

test-tube of milk and look at the

reflected spot on a screen. The

‘speckle pattern’ will change

(why?) constantly and delicately

as a result of Brownian motion

(of what?).
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2 I shall assume that the read-

ers of this article are all  famil-

iar with the idea of a mole  or

gram molecular weight of a

substance,  since the concept

is taught in the X or XI stan-

dard. Moles of hydrogen,  oxy-

gen and water, respectively

weigh 2, 32 and 18 grams,  and

NA, the number of molecules in

one mole, named in honour of

Avogadro, is  about 6 x 1023. In

particular, note that measuring

NA tells  us that one hydrogen

atom (and hence one proton)

weighs about 1.7 x   10–24 gram.
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3 I will frequently make esti-

mates of this  sort where the ~

symbol means that I have left

out purely numerical factors of

order unity, but have included

the dependence on all physical

parameters.
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Pollen Grains, Random Walks and Einstein     

Figure 2. A cylinder with
diameter equal to the mo-
lecular size d  and length
equal to one mean free path

l contains on average one
molecule. This defines l and
shows that l ~1/(nd 2).
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Figure 3. A random walk

reaching a point R(t) after N
steps.
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Another way of seeing why
th is  average is  zero :
uiuj=cosq where q  is the
ang le  between the two
vectors .q & 180o–q are
equally probable since the
two vectors are independent.
These make contributions to
<cosq > which cancel.
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Figure 4. Four random
walks in two dimensions,
shown in different colours,

from a numerical simula-
tion by Ashwin Pande.
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Fiure 5. An atmosphere in a
test-tube: gravitational and
osmotic forces balance, as
do the corresponding cur-
rents.
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Pollen Grains, Random Walks and Einstein     

4 A concept that  you have seen

in B Sc physics, if not earlier.

5 This prompted Perrin to re-

mark in ch. IV of his book [1] that

the paths of Brownian  particles

are like the continuous but no-

where differentiable functions

that  mathematicians discuss

and that this means that such

objects are far from  being mere

mathematical curiosities. In the

preface to his book,  he makes

similar remarks about the sur-

faces of aggregates of colloi-

dal  particles. These ideas are

clearly the precursors of the

notion of a  fractal [4].

+ � � � � � � � 
� � � � � �� � � � 
� � � � 
� � � � � � � 
� 
� � 
� � � � � � � �
� 
2� � � � � � � � � � 
� � � 	 � � � � � �� � � 
� 
 � � � � � 	 � � � � �� 
� 

� � � � � 
� � � � � � � � � � � � 5 � � � � � 
� � 
�� . � � ��� 
 
� � 	 � � � �
� 
� � � � � �� � 
� � ( � � � � � � 
 � � � � � � �� 
� � 
� � Q� %� � � � � �
� � ( � �� � � 
� 
 � 	 � � � � � � � �� � 	 � ( � �� � � � � � � �� � � � � � � � � �
* � � � � 
� � � � � � 
� �� � 
� � � � � � � � � � � � � � � � � 
� 
� 
 �� � � � � �

� � � � � �� � � � 
 � � � 
� � � � � * � � � � 
� � � � � 
� � � >� � � � � � �
� � � ( 
� � � � � � � � � � � * � � � � 
� � � � � � 
� �� � � � � � � �� � 	 �� �
� � � � 
� � 	 � � � � 
 � � � � � > � � � � � � � � � � 
� � � � � � � 	 � � 	 � �
� � � * � � � � 
� � � � � � 
� �� � ; � � � � � � � � � � � � � � � 
� � � � � � 	 � � <�
� � � � �	 � � � 
� � � � � � � � � � � 
� � � � � � � � 
� � � � #� 
� � 
� � ��
� � � � ;#< C � ;#<� � � � : 
� � � � � � � � � � � 
� � � � � � 	 � � � � � 
� �
� 
� � � � � � � � � � � � 
2� � � � � � ( � � � � � � � � � � � � � � 
� � � � � � 	 � � �
� � � � � � � � � � � � � � ( � � � � � � � � �� � � � � � � � � � 
� �� � � � � � 

 � �
# � � � � � 
� � � � � � � # � � � 	 �� � 
� � �� � � � 
 ; � � � � � 	 � #<� # C

 � � � ; � � 	 � #<� # � � � � � �� � � � � > � 	 � � � � /� � � � � 
� �� � � � �
� � � 	 � 
� � � �	 � � 
� ! � � � C 
 � � � � � 	 � #� > � 
� 
� ( � �� � � � �
( � � � � 
 � � � 
� � � 
� � � � �� � � � � � � 	 � 
� � � �	 � � � 
 
� 
� 


� ;#<$ C � ;#<; � %
 & <C 
 � � �
� �
� #

� ; ' J<

? � � � � � 
� 
 ; ' G< � � � ; ' J< �� � � � 	 � � � 6 
� � � � 
� �� �� � � 	 �
� � � 	 ��


 C
� � �

Q
C

� � �
� � � 


; ' � <

� � � � � � � � � � � � � � � 0	 � �
� � � � � � � �� � � 	 � 
� 
 : � � � � � � � � �
� 
� � � � �� � � � � �� 
� � 
� � � > � 
� 
� � � � � � � 	 �� � � � � 
� � � 
�
� � � � 
� � � �' � � � 
� � �� � � 	 � � � � � � � � � � �� � � � � � � � 	 � � �
� � � � � � � 
2	 � 
� � �

? � � � � � 
� 
 ; ' G<� � � 	 � � � � �
� � � � � � � � � 
� � ; � � <�� � 
 � 
� �
� 
� � � � 
� �  C E� � � � � � � � � 
� � � � 	 � � � � 	 � � � � 	 E� � 

�� � � * � � � � 
� � � � � � 
� �� � 
� � � � � � � �  � � � � � � 
� �� � � 
� �

 C � � � 
� � � � � � � � � � � 
� � � � � � � 
� � � � � � � � � ( �� � �
� � � � � � � � � � � � � � 
� � 
� �� � � � 7�G� � � > � 
� � � � � � 
�
� � � �� � �� � � � � � � � � 	 � � � �� � � � � 	 � � � � � 
� � � � � � � � � � 	 �
� � � � � � � � � � * � � � � 
� � � � � � 
� �� ( � � ( � � � � � � 
� � � � � � � 	 
 �
� � 
� � � � � � � � � � �� � � 	 � � �� � � � � � � � � � � � �� � � � � � � � � �



122 RESONANCEç December   2005

Sriram Ramaswamy

>� � : � � � � � F6
� � � � 
� � � �� � 
� � ; ' � < � � � � � � � � 
 � � � � � � �
� � � � � � 4	 � � 	 � � 
� � � � � � � � � � 
� � � � 
� � � � � � � � 	 � � � � �� 
� �
� 
� � � � � 
� � 
� � � 
� � � %� � � 	 
 � � � � � � � 	 � � � � � � 
� � 
� � �
� � � � 
� � � � 	 � 
�� . � � � � � � � 	 � � /4	 � � 	 � � 
� � �� 
� � 
� � � 
� � �
� � �� � 
� � � � > � � � � � � 
� � 	 � � � � �� 
� 
 � �� � � � � � 
� � � � � � � � 3
�� 
� � 
� � � � � � � � � � � � 4	 � � 	 � � 
� � � � � � � � 
 � � � � � � � ( � � � �
� � � � � � � � � � � � � � � � �� � � � 
� � � � � � � � � � � � � � � � � � 0	 
�
( �
� 
	 � �

E�G
� 8 >� � � �� 	 ( � 8 � � � � � � � � �

6 
� � � � 
� � �� � 	 � � � � � � � � �� � 
� � ; ' J< � 
� � � � �� � � 
 � � � � �
: � �� 
� 
 ; ' J< 
 
� � � � � � � � � �� � � � � � � � � � � � � � � � � � � 
� �

� ;#<C � ;7<� � � 
 � � � � � ; ' N<

>� 	 � � � � � � � � � � � � � � 
� � � � � 	 � � � � � � � � � � � 
� �� � 
� � � � � � �
� 	 ( � ; � � � � �� � � � J<� � � � � 
� � � � � � � � � � 
� �� � � � � � � � 

 � � �
� � � � � � � � 
� � � � � � � � � 4	 
� � � ( � � � � � � � � � � �� � � � � � �
� � � � 
� � � � � 
� 
� � � � � � � � � � � � � � ; � � 
 �� � � 
� 
 � � � � � � 
� � 
� �
� � 
 � � � 
� � � 
� � � � 

 � � <�

E�J � 7� � � �! � � ��

6 
� � � � 
� 	 � � � � 
� � � � � � � � �� � 
 � 
� � � � 
� � 
� 
 � � � � � � � � �
� 
2	 � 
� � ; � � � � � � � � � � � � � 
� 
� 
� ��� � � � � � � � � � � � � � � 
 
� �
� � � 	 
 � � <
� � � � � � � � 
 � � � � � �	 � �� � � � � : 
� � � � � � � 	 �� � ��
� � � � � � � 	 
 � � � � �� � 	 �� � � � � � � � � � � � � � � � � � � 
� � � � � 
� �
�� � � � � 
� � �� � � � � 
� � � � � � 	 �� 
� �� � � � � 
� � 
, � � > � 
� � �
� 
� ( � � � � ( 
� 
� 
 � � � � 	 � � � � � � � � � � � � � 
2	 � 
� 
� � � 
� �
� � � � � � � � � � � 
� � � � 
� � � � � � � � � �	 � 
� � � � � �	 � � � 
� � � �
� � � � � � � � � � 
� � �  � � � � 
� � � � � � � � � � �� 	 �� � � � � � � � � � 
 �

� � 
� � � � 
� � � � � 4	 
� � � � � � � � �� � � � � 
� �� � � � � � � � � � � � �

� � - � �� 	 � � � � � � � � � �� � � � 
� � � � � � � � 
 � � � � . � � � � � � � � 
�
� � � � � � � � � � � � � 
� � � � � � ' �J � 
� � � � � � � � �	 � � �� � � � 
� � � �
� � � � 
� �� � � � � � � � � � � � 	 �� � � 
�� 	 � � � ( � � � � � 
� � � � � 
 
� � � � � �
> � � � � � 	 ( �� � 
� � 	 � 
� 
 � � 
� � � � � � � � � �� � � � � � 
2	 � 
� �
� � � � �� � 	 �� � 
� � � � � � � � : � � � � � � � � 	 �� � � � 6 
� � � � 
� �� � � ��
� 	 �� � 
� � � � � � � � � � � � � � 
� � � � 
� � � � � �� � � � � � � 
� �� �� � 
 �
� � � 	 
 � � � � � � � � 4	 
� � � � ( � � � � � � � � � � � � � � � 
� 	 	 �
� � � 	 � � 
� � � � � � � 	 � � � 
� � � � � � ( � 
� 	 � �� � � �
� �� � � � �



123RESONANCEç December   2005

Pollen Grains, Random Walks and Einstein     

4� � � � � � � � � � � � 	 � � � 	 
 � � � 8 �� � � 	 
 � � � � 
� � � � 
� � � �

 � � 	 � � � � �� � �
� � ; ' � < � 

 � � � � �� � � � � � � 
� � � � � � � � �
� � � � 	 � � � � � � � � %� �� � � � 
� � � � � � 	 � � � � � 4	 
� � �
� � �
( 
� � � � 	 � � � � � � � � � 
� �� � � � � � ��� � � 	 � ( � � � � 	 � � � � E� � � �
� � � � 
( �� � � � 
� � � 

 � � � � � �� 
� � � � 6 
� � � � 
� �� � � � 
� � � �
�� � 8 � � 
 � � � � �� � 	 � ( � � �� � � � � 
� � � � � � � � � 
� � � � �� ( � �
�� � � � � � � � � � �

" � � � 
� � ( � � � � � � � � � � � � � � � � � � � 
� � � � � �	 � � � 
� � � � � � 

 � �

� � � 	 � � � � � 
� � � � � � � 
� � � � � 
� �� � � ( � � � � 	 � ��� � � 	 � � 
� 

� � � � 	 � ( � � � � � � � � 
� �� � � � � � 
� � � � � �� � � �� � � � � � � � �	 � �
� � � � � 
� 	 � � � 

 � � � � � � � � � 
. � � � � � �� � ; ' N<� - � � �� �
� � � � 	 � � � � � � � 
2	 � 
� � � � � M� 
� � � � � � 	 � � � 
� � � 
 
� �
� � 	 � 
� 
 � � � : � � � � � F6
� � � � 
� � � �� � 
� � � > � � � � �	 � � � �

 � � ( � � � � � � � � � � � � � � � � � � 0	 
� � � � � � 
� � � � � � 
� � � � � �
� � � � � � � � � 
� � � � � � � � � � �	 � � � > � � � � 
 � � � � � � � � � � � � � �
� 
� � � � � � � � ( � � 
� � � �� � � � � � � 
� � � 
� � � � � � � � � � 
� � � � � %
� � � � 
� � � � � � � �
� � � > � � � � 
� � � � � � � � � � �� � 	 �� � � � � � � 	 �
. � � �� � � � � ( �
� � � � �

%� & 
 � � 	� � �
 �

> � 
� � � � 
� �� � � � � � � � � � � � � � �� � � � � � � 	 � 
� � � � � � �� � � 
�
� 
� � � � � � � � � 
� � ( 	 � � � � � � � � � � � � 
� � � � � � � � � � 
� � 
�
� ( � 	 � � � � � � 
� 
 � � � � � � � � � 	 � � 	 � � %� � � � %�� � � � � � 
� � � �
� � � � � � � � � � � � � � 
� � � � � � � � � � � � � � � 
� 
 � � � �� � � � � � � � �
F � � � � � 
� ��� � � � � �� � � 
� 
 � � � � 	 
 � � � 
� � � � � � � � �

1 � � � � � 
�� � � � � � 	 ( �� � � � � � � 6
� � � � 
� 
� � � � � � � ( � �� � � � �

 � � � � ( 	 � � � 
� � � � �� � 
� 
� � � � � 0	 � � � 	 � � � � � � � 
� � �
� � �
� � � 
� � � ��� 
� � � 
� � � � F � � � � � � �� � � � � � � 
� �� � � 	 � � ( 

 
 � �
� � � � � � � �� � 	 �� ( 	 � � 	 � � � � � ��� � � � � � � � 	 � � � � � � � � � �
� � � � 
� � 
� � � � � � � 
� � � � � � � � � � � 
� � � . � � � � � � � � � � � � � 
� 
 � �
� � � � � � � � � � 
� � 
� � � ��� � � � � � � � �� � 
� � � SD8 � � 0	 � � � � � �
� � � � � �� � � � � > � � � � � � � � � � �� 
� � � � � 
� � �� � � � � � � �
�� � � � � �� � � � � � � 
� � � � � � � � � � � � 
� � � � � 	 ( ( � � � �� � � 
� 
� �
� � � ( � 	 � � � � � � � � � �� � � � 	 � � � � � � � �� > � � � � � � � � � � 
� �
� � � � � � � � � � �� � 
� � � � � � ( � � � � � � � � �� � � 	 �� � 
� � � �
0	 � � � 	 � � � � � � � 
� � � > � � ( 
( �
� 
 � � � � � � � � � � � � � � �
� � 
� � � � 
� �� � � � � 
� � � � � 
� �� � � � �� � � 
� � � � � � � � � � � � � � � �



124 RESONANCEç December   2005

Sriram Ramaswamy

Suggested Reading

[1]  J Perrin, Atoms (Constable, London, 1916; reprinted by Oxbow Press,

Amherst, Massachusetts, USA, 1990).

[2]  S Chandrasekhar, Rev. Mod. Phys.,15, 1–89 (1943); reprinted in N Wax,

Selected papers on noise and stochastic  processes (Dover, New York, 1954),

which has several other classic papers on Brownian motion.

[3]  A Einstein, Investigations on the theory of the Brownian movement

(Methuen, London, 1926; reprinted by Dover, New York).

[4]  Balakrishnan Ramaswamy, Fractals: A New Geometry of Nature, Reso-

nance, Vol.2, No.10, 62, 1997.

[5]  R P Feynman, R B Leighton and M Sands, The  Feynman Lectures in

Physics (Addison-Wesley): Vol. I, ch. 41; Vol. II, ch. 19, 1963.

[6] A Kumar and others, Physics: A textbook for senior  secondary classes

(NCERT, New Delhi, 1988): Chapter 9 and the accompanying exercises

are a lucid and entertaining introduction to atoms, molecules, and

Brownian motion.

[7]  F Reif, Fundamentals of statistical and thermal physics, (McGraw-Hill,

New York, 1965): Ch. 1 discusses random walks in great detail.

[8]  A Libchaber, Pramana –J. Phys.,  53, 85–99, 1999,  gives  a brief but

inspiring account of the influence of physicists on the study of biology:

the story begins with Einstein and Brownian motion.

Addresss  for  Correspondence

Sriram Ramaswamy

Centre for Condensed-Matter

Theory,

Department of Physics

Indian Institute of Science

Bangalore 560 012, India.

Email:

sriram@physics.iisc.ernet.in

http://physics.iisc.ernet.in/

~sriram

� 	 ( �� � � � >� �� � � � � � � � � ( � 	 � � � � � � � � � �� � � � � � 
� 

� 
� � * � � � � 
� � � � � 
� � � � � � � � � � � � � � � � � 
� 
 �� � 
� � � � � �
+ � ( � � � � � � � �� � � 
� 
 � � � � � � � � � � � � 
� � � 
� � � � � 
�� 1 �
� � � � � � � � � � � � 	 
 � � � � � 	 �� � � � � � � � � � 
 
� � � � 	 � � � � 	 �
GNE' � 
� � �@: � � � � � � � � � � � � � � �� � � � � � 
� � � � 	 � � � � � ( 	 �
� � � � � � � � �� � � � 
�� �� � 
� � � � � � � � � � � � � 
� � � 
�� 
 
� � � � 	
� � 
� � � � � � � � � � � � � � � � 
� � � � � � � � � � � � � � � 	 ( �� � � �

' � ( � $� 
 � 	
 � ) 
 � 
 � � �

%� � � � � ) � � � 9 � � 
� � � � � �� � � ) � �� � � � D
� � � � � � � � � � �
8 �� � : � � � �� � 	 � � �	 � � 	 
 
 � � � 
� � � � � � 8 � � � 
� " � � � � �
) � � 	 � : 
� � � � � � � � � � � � ? � 
� � � � S� � �� � � 
� � �� � � ��
� 
� � . 
 	 � � � �

Our experience ... justifies us in believing that
nature is the realisation of the simplest conceivable
mathematical ideas.

Albert Einstein


