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Brownian	motion	is	the	continuous	random	motion	of	microscopic	particles	when	suspended	in	a	fluid	medium.	Brownian	motion	was	first	observed	(1827)	by	the	Scottish	botanist	Robert	Brown	(1773–1858)	when	studying	pollen	grains	in	water.	The	effect	was	finally	explained	in	1905	by	Albert	Einstein,	who	realized	it	was	caused	by	water	molecules
colliding	randomly	with	the	particles.	Over	a	century	later,	Brownian	motion	can	still	cause	problems	for	scientists	trying	to	study	small	biological	particles	in	solution,	because	they	move	around	too	much.	Kinetic	theory	of	gases	The	kinetic	theory	of	gases	makes	the	assumption	that	molecules	are	hard,	perfectly	elastic	little	spheres,	much	like	steel
ball-bearings	–	except	that	these	are	not	perfectly	elastic.	There	are	about	26	million	trillion	such	molecules	to	a	cubic	centimeter	of	air.	They	move	around	rapidly	and	chaotically,	and	their	energy	of	motion	or	kinetic	energy	is	proportional	to	what	a	thermometer	measures	as	the	temperature	of	the	gas.	The	gas	molecules	communicate	their	energy
to	the	molecules	of	mercury	in	the	thermometer	and	the	higher	energy	mercury	molecules	then	take	up	more	space.	Gases	are	heated	up	by	bringing	a	bunch	of	faster	moving	molecules	–	(i.e.,	a	gas	at	a	higher	temperature)	and	letting	them	loose	among	the	more	sluggish	ones.	The	sluggish	molecules	are	speeded	up	when	they	are	bombarded	by	fast
moving	ones.	In	doing	so	the	fast	moving	molecules	are	slowed	down	a	little,	and	the	average	kinetic	energy	of	the	two	gases	becomes	the	same,	i.e.	they	come	to	be	at	the	same	temperature,	somewhere	between	the	two	temperatures.	When	one	of	the	molecular	bullets	hits	the	wall	of	a	container	it	exerts	a	force	on	the	wall	–	exactly	as	a	ball	thrown
at	an	open	door	exerts	a	force	and	will	slightly	move	it.	All	the	rebounds	of	the	molecules	add	together	and	make	up	the	pressure	of	the	gas.	If	the	volume	of	the	vessel	containing	the	gas	is	halved	the	number	of	impacts	per	second	will	be	doubled,	so	the	pressure	will	also	double.	This	is	the	explanation	of	Boyle's	law	which	states	that	pressure	×
volume	=	constant.	If	no	heat	was	lost	to	the	outside,	the	motions	of	all	the	molecules	would	continue	because	they	are	perfectly	elastic	and	they	do	not	lose	any	energy	by	collision.	Ball	bearings	or	billiard	balls	set	flying	about	on	a	billiard	table	quickly	lose	their	energy	because	of	friction	and	also	because	they	are	not	nearly	elastic	enough	to	keep
going.	Though	at	any	instant	the	speeds,	and	consequently	the	energies,	of	the	molecules	will	be	different,	their	average	energies	taken	over	a	period	of	time	must	be	the	same.	This	is	called	the	equipartition	of	energy.	No	single	molecule	could	retain	a	large	amount	of	energy	for	any	length	of	time	as	it	would	suffer	too	many	collisions.	Since	kinetic
energy	equals	½	mass	×	(velocity)2	heavier	molecules	with	equal	energies	must	have	slower	speeds	since	they	have	a	larger	mass.	A	small	particle	such	as	a	smoke	particles	floating	about	in	the	gas	will	be	bombarded	in	every	direction	by	the	molecular	bullets.	This	particle	will	behave	exactly	as	if	it	was	a	very	large	molecule.	It	will	move	around	just
like	the	other	molecules.	Its	energy	will	be	neither	less	than,	nor	greater	than	the	energy	of	the	molecules	around	it,	but	will	be	equal	to	their	average	kinetic	energy	in	accordance	with	the	equipartition	of	energy.	The	molecules	are	light	and	move	very	fast.	The	particle	is	heavy,	so	in	order	to	have	the	same	average	kinetic	energy	it	must	move
relatively	slowly.	Its	motion	is	a	slow	moving	version	of	the	molecular	world.	The	movement	of	particles	like	this	surrounded	by	rapidly	moving	molecules	in	gases	or	liquids	are	Brownian	motion	or	Brownian	movement.	Discovery	of	Brownian	motion	In	1829,	the	Scottish	botanist	Robert	Brown	noticed	tiny	pollen	grains	in	water	moving	around	in	a
completely	disordered	fashion,	tracing	out	a	path	like	a	"drunkard's	walk".	He	was	very	surprised	and	thought	that	here	might	be	the	basis	of	life.	But	tiny	pieces	of	mica	in	water	sealed	up	in	rocks	for	millions	of	years	also	behaved	similarly	–	these	could	hardly	be	alive,	so	the	idea	was	dropped.	It	took	a	long	time	–	about	50	years	–	for	scientists	to
realize	the	origin	of	Brownian	motion	and	to	be	convinced	that	they	showed	the	ideas	of	the	kinetic	theory	and	the	reality	of	molecules.	In	1905	Albert	Einstein	worked	out	the	theory	of	Brownian	motion	and	Avogadro's	number,	which	is	a	measure	of	the	actual	number	of	molecules	present	in	a	gram-molecule	of	a	substance,	was	determined	from
Brownian	motion.	Brownian	motion	of	smoke	particles	Brownian	motion	occurs	in	liquids	and	gases	because	of	the	random	motion	of	the	molecules.	In	gases,	Brownian	motion	is	best	observed	by	illuminating	from	the	side	under	a	microscope	a	shallow	box	containing	smoke.	A	dark	background	is	put	behind	the	box.	The	illuminated	smoke	particles
seen	as	bright	spots	of	light	execute	a	zigzag	walk	against	the	dark	background.	The	smoke	particles	have	smaller	diameters	than	the	wavelength	of	light	but	they	can	easily	be	seen	as	they	scatter	light	into	a	diffraction	halo.	There	are	two	sorts	of	Brownian	motions	of	the	smoke	particles.	The	more	easily	observed	movement	is	that	in	which	the
particles	are	knocked	from	place	to	place.	There	is	a	second	type	of	motion	more	difficult	to	observe,	in	which	large	particles,	which	have	some	mark	on	them,	are	found	to	be	turned	through	different	angles	by	the	impact	of	the	molecules.	This	is	called	rotational	Brownian	motion.	Brownian	motion	is	the	random	movement	of	particles	in	a	fluid	due	to
collisions.Albert	Einstein	explained	Brownian	motion,	supporting	the	existence	of	atoms	with	indirect	evidence.Brownian	motion	helps	explain	the	movement	of	particles	from	areas	of	high	to	low	concentration.	Brownian	motion	is	the	random	movement	of	particles	in	a	fluid	due	to	their	collisions	with	other	atoms	or	molecules.	Brownian	motion	is	also
known	as	pedesis,	which	comes	from	the	Greek	word	for	"leaping."	Even	though	a	particle	may	be	large	compared	to	the	size	of	atoms	and	molecules	in	the	surrounding	medium,	it	can	be	moved	by	the	impact	with	many	tiny,	fast-moving	masses.	Brownian	motion	may	be	considered	a	macroscopic	(visible)	picture	of	a	particle	influenced	by	many
microscopic	random	effects.	Brownian	motion	takes	its	name	from	the	Scottish	botanist	Robert	Brown,	who	observed	pollen	grains	moving	randomly	in	water.	He	described	the	motion	in	1827	but	was	unable	to	explain	it.	While	pedesis	takes	its	name	from	Brown,	he	was	not	the	first	person	to	describe	it.	The	Roman	poet	Lucretius	describes	the
motion	of	dust	particles	around	the	year	60	B.C.,	which	he	used	as	evidence	of	atoms.	The	transport	phenomenon	remained	unexplained	until	1905	when	Albert	Einstein	published	a	paper	that	explained	the	pollen	was	being	moved	by	the	water	molecules	in	the	liquid.	As	with	Lucretius,	Einstein's	explanation	served	as	indirect	evidence	of	the
existence	of	atoms	and	molecules.	At	the	turn	of	the	20th	century,	the	existence	of	such	tiny	units	of	matter	was	only	a	theory.	In	1908,	Jean	Perrin	experimentally	verified	Einstein's	hypothesis,	which	earned	Perrin	the	1926	Nobel	Prize	in	Physics	"for	his	work	on	the	discontinuous	structure	of	matter."	The	mathematical	description	of	Brownian
motion	is	a	relatively	simple	probability	calculation,	of	importance	not	just	in	physics	and	chemistry,	but	also	to	describe	other	statistical	phenomena.	The	first	person	to	propose	a	mathematical	model	for	Brownian	motion	was	Thorvald	N.	Thiele	in	a	paper	on	the	least	squares	method	that	was	published	in	1880.	A	modern	model	is	the	Wiener
process,	named	in	honor	of	Norbert	Wiener,	who	described	the	function	of	a	continuous-time	stochastic	process.	Brownian	motion	is	considered	a	Gaussian	process	and	a	Markov	process	with	continuous	path	occurring	over	continuous	time.	Because	the	movements	of	atoms	and	molecules	in	a	liquid	and	gas	is	random,	over	time,	larger	particles	will
disperse	evenly	throughout	the	medium.	If	there	are	two	adjacent	regions	of	matter	and	region	A	contains	twice	as	many	particles	as	region	B,	the	probability	that	a	particle	will	leave	region	A	to	enter	region	B	is	twice	as	high	as	the	probability	a	particle	will	leave	region	B	to	enter	A.	Diffusion,	the	movement	of	particles	from	a	region	of	higher	to
lower	concentration,	can	be	considered	a	macroscopic	example	of	Brownian	motion.	Any	factor	that	affects	the	movement	of	particles	in	a	fluid	impacts	the	rate	of	Brownian	motion.	For	example,	increased	temperature,	increased	number	of	particles,	small	particle	size,	and	low	viscosity	increase	the	rate	of	motion.	Most	examples	of	Brownian	motion
are	transport	processes	that	are	affected	by	larger	currents,	yet	also	exhibit	pedesis.	Examples	include:	The	motion	of	pollen	grains	on	still	waterMovement	of	dust	motes	in	a	room	(although	largely	affected	by	air	currents)Diffusion	of	pollutants	in	the	airDiffusion	of	calcium	through	bonesMovement	of	"holes"	of	electrical	charge	in	semiconductors
The	initial	importance	of	defining	and	describing	Brownian	motion	was	that	it	supported	the	modern	atomic	theory.	Today,	the	mathematical	models	that	describe	Brownian	motion	are	used	in	math,	economics,	engineering,	physics,	biology,	chemistry,	and	a	host	of	other	disciplines.	It	can	be	difficult	to	distinguish	between	a	movement	due	to
Brownian	motion	and	movement	due	to	other	effects.	In	biology,	for	example,	an	observer	needs	to	be	able	to	tell	whether	a	specimen	is	moving	because	it	is	motile	(capable	of	movement	on	its	own,	perhaps	due	to	cilia	or	flagella)	or	because	it	is	subject	to	Brownian	motion.	Usually,	it's	possible	to	differentiate	between	the	processes	because
Brownian	motion	appears	jerky,	random,	or	like	a	vibration.	True	motility	appears	often	as	a	path,	or	else	the	motion	is	twisting	or	turning	in	a	specific	direction.	In	microbiology,	motility	can	be	confirmed	if	a	sample	inoculated	in	a	semisolid	medium	migrates	away	from	a	stab	line.	"Jean	Baptiste	Perrin	—	Facts."	NobelPrize.org,	Nobel	Media	AB
2019,	July	6,	2019.	Welcome	to	the	Biology	Library.	This	Living	Library	is	a	principal	hub	of	the	LibreTexts	project,	which	is	a	multi-institutional	collaborative	venture	to	develop	the	next	generation	of	open-access	texts	to	improve	postsecondary	education	at	all	levels	of	higher	learning.	The	LibreTexts	approach	is	highly	collaborative	where	an	Open
Access	textbook	environment	is	under	constant	revision	by	students,	faculty,	and	outside	experts	to	supplant	conventional	paper-based	books.	Campus	BookshelvesBookshelvesLearning	Objects	Home	is	shared	under	a	not	declared	license	and	was	authored,	remixed,	and/or	curated	by	LibreTexts.	In	the	introduction,	we	said	that	we	wanted	to	study
randomly	growing	surfaces,	but	what	does	that	mean,	exactly?	What	does	it	mean	for	something	to	be	random	and	how	can	a	surface	grow	randomly?	To	answer	these	questions,	we	will	start	more	carefully	and	talk	about	random	walks	of	particles.	Imagine	a	gas	molecule	in	the	air:	it	moves	around	on	its	own	until	it	hits	another	gas	molecule	which
makes	it	change	direction.	Since	there	are	so	many	gas	molecules	in	the	air,	it	will	constantly	bump	into	other	molecules	(roughly	\(10^{14}\)	hits	per	second	-	that	equals	the	total	number	of	Google	searches	performed	worldwide	during	79	years!)	and	it	will	be	just	as	likely	to	be	hit	from	another	particle	on	the	left	as	it	will	be	to	be	hit	on	the	right.
The	bumps	therefore	cancel	each	other	out,	so	after	a	long	time	interval,	it	will	barely	have	moved	at	all,	even	though	it	makes	really	quick	jerks	all	the	time.	The	way	the	gas	molecule	moves	will	turn	out	to	be	important	to	studying	randomly	growing	surfaces,	so	we	will	keep	going	on	this	track	for	a	while!	Random	walks	First,	we	want	to	try	to	model
how	this	gas	molecule	moves	in	the	simplest	possible	way,	and	you	will	explore	one	of	these	models	in	the	following	exercise.	This	is	a	very	simple	model	of	how	the	gas	molecule	can	move,	but	it	is	also	close	to	reality!	To	see	a	larger	example,	the	following	is	a	two-dimensional	random	walk	generated	in	the	same	way	as	the	exercise.	A	(bigger)	two-
dimensional	random	walk	Even	though	the	motion	is	quick	and	jerky,	the	particle	doesn't	get	very	far	for	large	times	-	just	like	for	gas	molecules!	Maybe	we	are	on	to	something!	Brownian	motion	Real	gas	molecules	can	move	in	all	directions,	not	just	to	neighbors	on	a	chessboard.	We	would	therefore	like	to	be	able	to	describe	a	motion	similar	to	the
random	walk	above,	but	where	the	molecule	can	move	in	all	directions.	A	realistic	description	of	this	is	Brownian	motion	-	it	is	similar	to	the	random	walk	(and	in	fact,	can	be	made	to	become	equal	to	it.	See	the	fact	box	below.),	but	is	more	realistic.	In	the	beginning	of	the	twentieth	century,	many	physicists	and	mathematicians	worked	on	trying	to
define	and	make	sense	of	Brownian	motion	-	even	Einstein	was	interested	in	it!	To	get	started,	the	following	is	a	simulation	of	a	gas,	and	one	particle	is	marked	in	yellow.	Its	path	describes	a	Brownian	motion	\(B_t\)	at	time	\(t\).	Gas	molecule	(yellow)	describing	Brownian	motion	How	can	we	define	Brownian	motion?	Let's	think	about	the	movement	of
the	gas	molecule	during	a	small	time-interval	from	time	\(t_1\)	to	time	\(t_2\).	We	measure	its	position	at	times	\(t_1\)	and	\(t_2\),	but	not	in	between.	Between	times	\(t_1\)	and	\(t_2\),	the	molecule	will	have	bumped	into	other	particles	randomly	and	gotten	kicks	in	random	directions.	The	longer	this	time	interval	is,	the	farther	will	the	molecule	have
travelled	between	our	measurements.	It	would	therefore	make	sense	that	\(B_{t_2}	-	B_{t_1}\)	should	somehow	be	a	random	quantity	that	increases	as	\(t_2	-	t_1\)	does.	Choosing	the	right	random	quantity	is	what	defines	a	Brownian	motion:	we	define	\(B_{t_2}	-	B_{t_1}	=	N(0,	t_2-t_1)\),	where	\(N(0,	t_2	-	t_1)\)	is	a	normal	distribution	with	variance	\
(t_2	-	t_1\).	Now,	Einstein	realized	that	even	though	the	movements	of	all	the	individual	gas	molecules	are	random,	there	are	some	quantities	we	can	measure	that	are	not	random,	they	are	predictable	and	can	be	calculated.	One	such	quantity	is	the	density	\(\rho\)	of	the	gas	molecules.	Einstein	showed	that	the	density	satisfies	a	differential	equation	\[
\frac{\partial	\rho}{\partial	t}	=	D\frac{\partial^2	\rho}{\partial	x^2},	\]	called	the	diffusion	equation,	and	where	\(D\)	is	the	diffusion	coefficient	that	can	be	calculated.	This	is	an	equation	that	can	be	solved,	so	we	are	able	to	predict	something	with	certainty	from	a	random	model	-	this	is	an	example	of	the	strategy	that	is	used	in	statistical
mechanics.	Einstein's	equation	showed	that	diffusion	processes,	for	instance	seeing	a	drop	of	ink	spread	out	in	water,	are	caused	by	Brownian	motion	-	the	question	we	will	ask	for	the	next	pages	is:	can	Brownian	motion	explain	also	other	random	phenomena?	Further	reading:	Image	attribution:	Brownian	motion	is	the	random	movement	of	tiny
particles	suspended	in	a	fluid,	like	liquid	or	gas.	This	movement	occurs	even	if	there	is	no	external	force.	Their	random	motion	is	due	to	collisions.	When	particles	collide	with	surrounding	molecules,	they	move	randomly,	like	colliding	billiard	balls.	Brownian	Motion	Brownian	motion	is	named	after	Scottish	botanist	Robert	Brown,	who	first	described
the	phenomenon	in	1827.	However,	it	was	not	until	1905	that	Albert	Einstein	explained	the	theory	in	his	publication	on	pollen	movement	in	a	liquid	assisted	by	the	liquid	molecules.	In	1908,	French	physicist	Jean	Perrin	experimentally	verified	Einstein’s	hypothesis,	leading	to	the	1926	Nobel	Prize	in	Physics.	When	light	shines	through	a	window,	dust
particles	are	observed	to	execute	a	random	motion.	It	is	due	to	collision	with	air	molecules.Fluorescent	dyes	in	a	solution	can	be	detected	from	light	released	by	individual	molecules	as	they	move	through	the	solution.Diffusion	is	the	movement	of	particles	from	a	region	of	a	higher	to	a	lower	concentration.	It	can	be	considered	a	macroscopic	example
of	Brownian	motion.	Diffusion	of	pollutants	in	the	air,	diffusion	of	holes	through	a	semiconductor,	and	calcium	diffusion	through	bones	can	be	studied	through	Brownian	motion.	The	size	of	a	particle	is	inversely	proportional	to	its	speed.The	transfer	of	momentum	is	inversely	proportional	to	the	particle’s	mass.	Lighter	particles	acquire	greater	speed
than	heavier	particles.The	speed	of	particles	is	inversely	proportional	to	the	viscosity	of	the	fluid.	Article	was	last	reviewed	on	Saturday,	February	11,	2023	Random	motion	of	particles	suspended	in	a	fluid	2-dimensional	random	walk	of	a	silver	adatom	on	an	Ag(111)	surface[1]	Simulation	of	the	Brownian	motion	of	a	large	particle,	analogous	to	a	dust
particle,	that	collides	with	a	large	set	of	smaller	particles,	analogous	to	molecules	of	a	gas,	which	move	with	different	velocities	in	different	random	directions.	Brownian	motion	is	the	random	motion	of	particles	suspended	in	a	medium	(a	liquid	or	a	gas).[2]	The	traditional	mathematical	formulation	of	Brownian	motion	is	that	of	the	Wiener	process,
which	is	often	called	Brownian	motion,	even	in	mathematical	sources.	This	motion	pattern	typically	consists	of	random	fluctuations	in	a	particle's	position	inside	a	fluid	sub-domain,	followed	by	a	relocation	to	another	sub-domain.	Each	relocation	is	followed	by	more	fluctuations	within	the	new	closed	volume.	This	pattern	describes	a	fluid	at	thermal
equilibrium,	defined	by	a	given	temperature.	Within	such	a	fluid,	there	exists	no	preferential	direction	of	flow	(as	in	transport	phenomena).	More	specifically,	the	fluid's	overall	linear	and	angular	momenta	remain	null	over	time.	The	kinetic	energies	of	the	molecular	Brownian	motions,	together	with	those	of	molecular	rotations	and	vibrations,	sum	up
to	the	caloric	component	of	a	fluid's	internal	energy	(the	equipartition	theorem).[3]	This	motion	is	named	after	the	Scottish	botanist	Robert	Brown,	who	first	described	the	phenomenon	in	1827,	while	looking	through	a	microscope	at	pollen	of	the	plant	Clarkia	pulchella	immersed	in	water.	In	1900,	the	French	mathematician	Louis	Bachelier	modeled
the	stochastic	process	now	called	Brownian	motion	in	his	doctoral	thesis,	The	Theory	of	Speculation	(Théorie	de	la	spéculation),	prepared	under	the	supervision	of	Henri	Poincaré.	Then,	in	1905,	theoretical	physicist	Albert	Einstein	published	a	paper	where	he	modeled	the	motion	of	the	pollen	particles	as	being	moved	by	individual	water	molecules,
making	one	of	his	first	major	scientific	contributions.[4]	The	direction	of	the	force	of	atomic	bombardment	is	constantly	changing,	and	at	different	times	the	particle	is	hit	more	on	one	side	than	another,	leading	to	the	seemingly	random	nature	of	the	motion.	This	explanation	of	Brownian	motion	served	as	convincing	evidence	that	atoms	and	molecules
exist	and	was	further	verified	experimentally	by	Jean	Perrin	in	1908.	Perrin	was	awarded	the	Nobel	Prize	in	Physics	in	1926	"for	his	work	on	the	discontinuous	structure	of	matter".[5]	The	many-body	interactions	that	yield	the	Brownian	pattern	cannot	be	solved	by	a	model	accounting	for	every	involved	molecule.	Consequently,	only	probabilistic
models	applied	to	molecular	populations	can	be	employed	to	describe	it.[6]	Two	such	models	of	the	statistical	mechanics,	due	to	Einstein	and	Smoluchowski,	are	presented	below.	Another,	pure	probabilistic	class	of	models	is	the	class	of	the	stochastic	process	models.	There	exist	sequences	of	both	simpler	and	more	complicated	stochastic	processes
which	converge	(in	the	limit)	to	Brownian	motion	(see	random	walk	and	Donsker's	theorem).[7][8]	Reproduced	from	the	book	of	Jean	Baptiste	Perrin,	Les	Atomes,	three	tracings	of	the	motion	of	colloidal	particles	of	radius	0.53	μm,	as	seen	under	the	microscope,	are	displayed.	Successive	positions	every	30	seconds	are	joined	by	straight	line	segments
(the	mesh	size	is	3.2	μm).[9]	The	Roman	philosopher-poet	Lucretius'	scientific	poem	On	the	Nature	of	Things	(c. 60	BC)	has	a	remarkable	description	of	the	motion	of	dust	particles	in	verses	113–140	from	Book	II.	He	uses	this	as	a	proof	of	the	existence	of	atoms:	Observe	what	happens	when	sunbeams	are	admitted	into	a	building	and	shed	light	on	its
shadowy	places.	You	will	see	a	multitude	of	tiny	particles	mingling	in	a	multitude	of	ways...	their	dancing	is	an	actual	indication	of	underlying	movements	of	matter	that	are	hidden	from	our	sight...	It	originates	with	the	atoms	which	move	of	themselves	[i.e.,	spontaneously].	Then	those	small	compound	bodies	that	are	least	removed	from	the	impetus	of
the	atoms	are	set	in	motion	by	the	impact	of	their	invisible	blows	and	in	turn	cannon	against	slightly	larger	bodies.	So	the	movement	mounts	up	from	the	atoms	and	gradually	emerges	to	the	level	of	our	senses	so	that	those	bodies	are	in	motion	that	we	see	in	sunbeams,	moved	by	blows	that	remain	invisible.	Although	the	mingling,	tumbling	motion	of
dust	particles	is	caused	largely	by	air	currents,	the	glittering,	jiggling	motion	of	small	dust	particles	is	caused	chiefly	by	true	Brownian	dynamics;	Lucretius	"perfectly	describes	and	explains	the	Brownian	movement	by	a	wrong	example".[10]	While	Jan	Ingenhousz	described	the	irregular	motion	of	coal	dust	particles	on	the	surface	of	alcohol	in	1785,
the	discovery	of	this	phenomenon	is	often	credited	to	the	botanist	Robert	Brown	in	1827.	Brown	was	studying	pollen	grains	of	the	plant	Clarkia	pulchella	suspended	in	water	under	a	microscope	when	he	observed	minute	particles,	ejected	by	the	pollen	grains,	executing	a	jittery	motion.	By	repeating	the	experiment	with	particles	of	inorganic	matter	he
was	able	to	rule	out	that	the	motion	was	life-related,	although	its	origin	was	yet	to	be	explained.	The	mathematics	of	much	of	stochastic	analysis	including	the	mathematics	of	Brownian	motion	was	introduced	by	Louis	Bachelier	in	1900	in	his	PhD	thesis	"The	theory	of	speculation",	in	which	he	presented	an	analysis	of	the	stock	and	option	markets.
However	this	work	was	largely	unknown	until	the	1950s.[11][12]: 33 	Albert	Einstein	(in	one	of	his	1905	papers)	provided	an	explanation	of	Brownian	motion	in	terms	of	atoms	and	molecules	at	a	time	when	their	existence	was	still	debated.	Einstein	proved	the	relation	between	the	probability	distribution	of	a	Brownian	particle	and	the	diffusion
equation.[12]: 33 	These	equations	describing	Brownian	motion	were	subsequently	verified	by	the	experimental	work	of	Jean	Baptiste	Perrin	in	1908,	leading	to	his	Nobel	prize.[13]	Norbert	Wiener	gave	the	first	complete	and	rigorous	mathematical	analysis	in	1923,	leading	to	the	underlying	mathematical	concept	being	called	a	Wiener	process.[12]	The
instantaneous	velocity	of	the	Brownian	motion	can	be	defined	as	v	=	Δx/Δt,	when	Δt


