
Chapter 3
Particle Dynamics



3.1 The law of inertia

Newton’s first law reads:

Every body persists in its state of rest or of 
uniform motion in a straight line unless it is 
compelled to change that state by forces 
impressed on it.

Newton: 8 190 000



A reference frame in which the first law is valid
is called inertial or Galilean system.

A free particle moves with constant velocity.

force-free
Force is negligible
Forces are cancelled
locally

v = const
including zero

Not true for some frame!

Inertial system? Stars?

Circular definition? 
The 2007 Merriam-Webster dictionary defines a "hill" and a "mountain" this way:
hill - "1: a usually rounded natural elevation of land lower than a mountain"
mountain - "1a: a landmass that projects conspicuously above its surroundings 
and is higher than a hill“
Circular reasoning (循环论证）



All inertial systems are equivalent.

urr  

constant constant ?

urr  

constant constant?

For a free particle in S
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Earth               inertial system?

Copernicus (1473—1543) (Heliocentric 

theory) asserts a better inertial system.

3×10–10m/s2sun’s revolution

5.9×10–3m/s2earth’s revolution

3.4×10–2m/s2earth’s rotation



3.2 Newton’s second and third laws

• The operational definition of force
• The definition of inertial mass

1122 aa mm  2112 aamm 
• fundamental equation of dynamics

Newton’s second law
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Newton’s third law

• contact forces
• action-at-distance

Modern viewpoint:

Interactions propagate through fields with 
finite speed.

超距作用

 BAAB FF 



• body

• forces

• reference frame (origin, axes)

• free-body diagram

• equation of motion

geometric relation

• approximation and solution

• discussion.

problem-solving



Example 3.1

Find a' and Fn
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Example 3.2
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Simple pendulum

• a cord (or rod)
• inextensible

• of negligible mass

• a particle of mass
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• small angular displacement
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• a cord (or rod)
• inextensible
• of negligible mass

• a particle of mass

• small angular displacement
• initial conditions
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Reliable conclusion comes from exact solution.



Assignment 3.1, 3.2



3.3 Forces

Gravitation

• planet motion
• redshift of light in gravitational field
• accretion

Chapter 4
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吸积
• tide and tidal disruption 
• ...

inverse 
square law



Elastic or restoring force

Approximate, empirical

quark confinement? m10 15

Hooke’s lawxF k



Intermolecular force 713
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Friction is the force between surfaces in 
contact that resists their relative tangential 
motion.

complicated

耗散

industry and technology

fundamental studies

not fundamental

approximate, empirical laws 

Tribology

self-organized criticality
dune model

(de Gennes)

dissipative



• nature of materials
• surface finish  (表面光洁度）
• surface (oxide) film
• extent of contamination
• temperature
• …

Surface friction depends on many factors:

surface finishing tool    抛光工具



Numerically static friction ~ normal force

Nsf  FF 

Sliding friction ~ normal force

Nkf  FF 

coefficient 
of static friction

coefficient 
of kinetic friction

‘Amontons-Coulomb Law’
1699          1785 

law of friction 



One of Leonardo Da Vinci’s sketches on friction. 
Among his conclusions from this experiment and 
others, we find the basic elements of the 
Amontons-Coulomb law.

3 centuries before Coulomb



Eric Gerde & M. Marder
Nature 413, 285–288 (20 September 2001) 

"It is one of the dirty little secrets of physics 
that while we physicists can tell you a lot about 
quarks, quasars and other exotica, there is still 
no universally accepted explanation of the 
basic laws of friction." 



cast iron ~ cast iron

10.1s  15.0k 

Teflon on Teflon

04.0~~ ks 

friction piles    摩擦桩

end bearing piles 端承桩
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Viscosity force

rvF   6

   sPa1smm1N 1  

100~ 

 dv

eR

Reynolds number

coefficient of viscosity
粘滞系数



Drag  (fluid resistance)

~10%~90%

~90%~10%

laminar drag100%0%

turbulent drag
0%100%

Drag forceSkin frictionForm dragShape of flow

vF 

2vF 
For dry friction, the resistance force is nearly independent of the 
velocity.  (Amontons-Coulomb law)
~ (tilde)--- approximately, around, about, of the same order of 
magnitude (数量级）

https://en.wikipedia.org/wiki/Drag_(physics)
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Nuclear force (between nucleons)

Nucleons have structure.



3.4 Noninertial frame and inertial force

)()( tt uvv 

In S' 1st law×

For a free particle in S,

S' is called as noninertial frame.

)(tr  OO  r



uaF mm 

In S' 2nd law ×

aFF  m)( in

uF min

uar  Secondly if F  0, 

In S' 2nd law 

Fin is called as inertial force



Example 3.4 Apparent weight

)( ig ag mmP 

Apparent weight:

Equation of motion in S

ig mm  Pg a

In S'

0 )( ig mm Pg a

acceleration of the elevator

视重



0)( ig  ag mmP

Weightlessness

Gravitation can be canceled

We can not distinguish
• gravitation and inertial force
• gravitational field and accelerated frame

principle of equivalence

General theory of relativity

ig mm  ag when

In free-falling elevator



Example 3.5

Only in S'
Complete solution needs 
equation of motion for wedge

xmmF  sinn

tandd xy 

x
..

In wedge frame (  )x
..

ymmgF  cosn



Conic pendulum

 egF 2
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Coriolis force

)(2 rotinrot rraa   mmmm 

inertial centrifugal force
kinematic effect

Newton’s   second law     valid
third law        not valid

Assignment: 3.5, 3.4, 3.7/*3.9



" What Descartes did was a good step. You 
have added much several ways, and 
especially in taking the colours of thin plates 
into philosophical consideration. If I have 
seen a little further it is by standing on the 
shoulders of Giants."

Isaac Newton’s letter to his rival Robert 
Hooke that was dated February 5, 1676 .

sarcastic remark ?



Dry Friction due to Adsorbed Molecules
C. Daly, J. Zhang, and J. B. Sokoloff
Phys. Rev. Lett. 90, 246101 (2003)



hyperbolic functions

Hyperbolic sine

Hyperbolic cosine

Hyperbolic tangent
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3.5 Momentum and Angular Momentum
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In 1956 C. L. Cowan Jr. and F. Reines et al. 
detected neutrinos

discoveries epn 
The conservation of momentum and 
energy requires a third particle.
In 1930 Pauli proposed the existence of an 
“undetectable, light, and neutral” particle.

In 1934 E. Fermi named it as “neutrino”



In 1942, Kan-Chang Wang(王淦昌) first 
proposed the use of K-capture to 
experimentally detect neutrinos.
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prL 
angular momentum with respect to O



 rrL  m

In a circular motion

With respect to O
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vp  m~

   rrmmr 2



Bohr model of hydrogen atom

kg1011.9 31
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116s1013.4 
skgm1005.1 234L 

Earth-moon system

 Rrm 60~m1084.3    kg1036.7 822

kg/sm1090.2 234L

s10616.83.27 4T



impact parameter

Example 3.6

bmvL 
Direction?

Angular momentum exists for finite r, p.
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Change rate of angular momentum
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3.6 Mechanical Work and Energy

rF dd W



3.6 Mechanical Work and Energy

rF dd W
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Kinetic energy depends on reference frame!

Does work depend on reference frame?
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(if F is conservative.)U rF d

T rF d

0 UT

Conservation of mechanical energy
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Model potential energy curve

At F 0dd xU

0xF

0dd xU

At A, B, C, D

0xF
equilibrium
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D

Fx

U



0dd xU

At A, C,

0dd 22 xU 0dd xF
Restoring force

At B?
At D?

Stable equilibrium

unstable equilibrium

neutral equilibrium

means …



*Potential barrier and well
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Ammonia molecule is an example that U ….



Assignment 3.10, 3.13, 3.14





“A strange letter” by Wolfgang E. Pauli

Dear radioactive ladies and gentlemen,
As the bearer of these lines [...] will explain more exactly, considering the 'false' statistics of N-14 and 
Li-6 nuclei, as well as the continuous β-spectrum, I have hit upon a desperate remedy to save the 
"exchange theorem" of statistics and the energy theorem. Namely [there is] the possibility that there 
could exist in the nuclei electrically neutral particles that I wish to call neutrons,nb 2 which have spin 
1/2 and obey the exclusion principle, and additionally differ from light quanta in that they do not travel 
with the velocity of light: The mass of the neutron must be of the same order of magnitude as the 
electron mass and, in any case, not larger than 0.01 proton mass. The continuous β-spectrum would 
then become understandable by the assumption that in β decay a neutron is emitted together with the 
electron, in such a way that the sum of the energies of neutron and electron is constant.
[...]
But I don't feel secure enough to publish anything about this idea, so I first turn confidently to you, dear 
radioactives, with a question as to the situation concerning experimental proof of such a neutron, if it 
has something like about 10 times the penetrating capacity of a γ ray.
I admit that my remedy may appear to have a small a priori probability because neutrons, if they exist, 
would probably have long ago been seen. However, only those who wager can win, and the seriousness 
of the situation of the continuous β-spectrum can be made clear by the saying of my honored 
predecessor in office, Mr. Debye, [...] "One does best not to think about that at all, like the new taxes." 
[...] So, dear radioactives, put it to test and set it right. [...]
With many greetings to you, also to Mr. Back, your devoted servant,

W. Pauli


