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■ Theme Music: Take the A Train  
  Duke Ellington 

■ Cartoon: Fox Trot 
  Bill Amend    
  

Building your toolbelt 
■ Using math to make meaning  

in the physical world. 
– Dimensional analysis 
– Functional dependence / scaling 
– Special cases / limiting cases 
– Reading the physics in the representation (graphs) 
– Reading the physics in the representation (equations) 
– Changing physics equations to math (and back) 
– The implications game 
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The Dimensional Analysis Tool 
■  Since we are mapping physical measurements into 

math, most of the quantities we use  
in physics are NOT NUMBERS.  
They are MEASUREMENTS. 

■  This means they depend on an arbitrary scale  
we have chosen. 

■  In order that the equations we write  
keep their validity (the equation still holds)  
when we change our arbitrary scale 
dimensions must match on both sides of the =. 

■  Dimensions are arbitrary and depend on what choices 
we choose to think about changing. (e.g., moles, angles) 
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The Special Case / Extreme Case 
Tool 

3/3/17 4 Physics 132 

■ When we are working with symbolic 
equations, it often helps to think of specific 
cases (putting in numbers!) or considering 
extreme cases where we have strong 
intuitions as to what the result should be. 
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The Estimation Tool 

3/3/17 5 Physics 132 

■  In the estimation game, you use whatever  
personal knowledge you have (and think you  
can trust) to build numbers in complex situations. 

■  This can help you  
–  Decide what you need to include 

 and what to ignore when modeling 
–  Develop intuitions for large numbers 

(Use scientific notation!) 
■  Be careful! Memorized (one-step) numbers often 

get crossed up. Find things you can trust and build 
crosslinks when possible. 

The Functional Dependence / 
Scaling Tool 
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■ This is one of your most important tools.  
■ Different dependences show you that things may 

change in different ways when different things 
change, with some effects being much more 
important than others. 

■ A critical example in biology is Fick’s Law.  
– The fact that how long it takes something to diffuse a 

given distance is proportional to the square root of the 
time rather than the time is responsible for lots of 
structures in organismal anatomy. 6 
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Telling the story tool 

■ A critical element in understanding how 
equations (and the physics) works is 
understanding mechanism – How things 
happen. 

■ Learning to tell the story is a critical piece 
of learning to do any science. 
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Foothold ideas: 
Conservation of Energy I 

■  Mechanical energy 
–  The mechanical energy of a system of objects  

is conserved if all parts are taken into account. 
 

■  It is convenient to separate this into parts we 
might or might not want to consider the details of. 
–  Thermal energy: thekinetic energy of the random 

motion of molecules and the PE of their interactions is 
often grouped together as thermal energy. 

–  Chemical energy: The energy differences between 
separated atoms and molecules is due to the mechanical 
energy of electrons, often grouped as chemical energy. 

 
–    
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KEinitial + PEinitial = KEfinal + PEfinal
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Foothold ideas: 
Conservation of Energy II 

■  The thermal and chemical energies of an object are often 
grouped together as the object’s internal energy. 

■  Conservation of energy of a system of interacting 
objects with suppressed internal degrees of freedom now 
takes the form 

■  Resistive forces transform energy from coherent 
mechanical energy of macroscopic objects into thermal 
and chemical reactions transform energy from chemical 
to other forms and back (usually thermal) 
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KEinitial + PEinitial +Uinitial

int = KEfinal + PEfinal +U final

int

Foothold ideas: 
Enthalpy 

■ When a chemical reaction takes place at a 
constant T and p (especially in a gas),  
the gas may have to do work to “make room 
for itself”. This affects the energy balance 
between the chemical energy change and 
the thermal energy change. 

■ Define enthalpy, H 
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ΔH = ΔUthermal + ΔUchemical + pΔV
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Foothold ideas: Energy 

■ Kinds of energy (?) 
– Kinetic  
– Potential 
– Thermal 
– Chemical 

■  First law of thermodynamics 
– Conservation of total energy 

ΔUint =Q −W
ΔH = ΔU + pΔV

Internal energy 

Thermal energy 
entering 

Work done 
on the rest 
of the world 

Energy needed to  
add internal energy 
at constant pressure 
(Enthalpy) 

In a thermal dynamic system 
energy is always on the move 

■  The motion of energy in a system of degrees of 
freedom is like the random walk of particles in 
diffusion. 

■  Each particle (bit of energy) moves at random,  
not knowing about the motion of any other bit. 

■  How far a diffusing atom is likely to be  
from its starting point is proportional to  
how many ways there was for it to get there. 

■  Where energy tends to go depends on  
how many ways it can be in that situation. 
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Foothold ideas: 
Entropy 

■  Entropy – an extensive* measure of how well 
energy is spread in an object. 

■  Entropy measures 
–  The number of microstates  

in a given macrostate 
–  The amount that the energy of a system is spread 

among the various degrees of freedom 
■  Change in entropy  

upon heat flow (exchange 
of thermal energy) 

S = kB ln(W )

ΔS = Q
T

* Extensive = proportional to the amount of stuff you have (like mass)  
  Intensive = independent of the amount of stuff you have (like density) 
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Foothold ideas: 
Thermal Equilibrium & Equipartition 

■ Degrees of freedom – where energy  
can reside in a system. 

■ Thermodynamic equilibrium is dynamic –  
Changes keep happening, but equal amounts 
in both directions. 

■ Equipartition – At equilibrium, there is  
the same energy density in all space and in 
all DoFs – on the average. 
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Foothold ideas: 
Connecting micro and macro 

■  Microstate – A specific arrangement of energy 
among all the degrees of freedom of the system 

■  Different microstates may not be distinguishable 
when you are looking at many molecules – At the 
macro level (even as small as nm3) some microstates 
look the same. 

■  Macrostate – A specification of things we care about 
at the macro level: pressure, temperature, 
concentration. 

2/8/17 16 Physics 132 

Foothold ideas: 
Exponents and logarithms 

■  Power law:  
a variable raised to a fixed power. 

■ Exponential:  
a fixed constant raised to a variable power. 

■ Logarithm: the inverse  
of the exponential. 

f (x) = x2 g(x) = Ax7

f (x) = ex g(N ) = 2N h(z) = 10z

x = eln(x )

y = 10log(y)

log(2) = 0.3010
log(e) = 0.4343

2N = 100.3010( )N ≈100.3N

ex = 100.4343( )x ≈100.4 x
2N = B

N log2 = logB⇒ N = logB
log2

x = ln ex( )
y = log 10y( )



Physics 132 3/3/17 

Prof. E. F. Redish 9 

2/13/17 17 Physics 132 

Foothold ideas: 
The Second Law of Thermodynamics 

■  Systems spontaneously move toward the thermodynamic 
(macro)state that correspond to the largest possible 
number of particle arrangements (microstates).  
–  The 2nd law is probabilistic. Systems show fluctuations – 

violations that get proportionately smaller as N gets large. 
■  Systems that are not in thermodynamic equilibrium will 

spontaneously transform so as to increase the entropy. 
–  The entropy of any particular system can decrease as long  as 

the entropy of the rest of the universe increases more. 
■  The universe tends towards states of increasing chaos  

and uniformity. (Is this contradictory?) 

Foothold ideas: 
Transforming energy 
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■  Internal energy:  
thermal plus chemical 

■  Enthalpy: 
internal plus amount needed  
to make space at constant p 

■  Gibbs free energy: 
enthalpy minus amount associated with raising entropy 
of the rest of the universe due to energy dumped 

■  A (constant pressure) process will go spontaneously  
if ΔG < 0 (rolling down the free energy hill). 

ΔU

ΔH = ΔU + pΔV

ΔG = ΔH −TΔS
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Foothold ideas: 
The Second Law of Thermodynamics 

■  Systems spontaneously move toward the thermodynamic 
(macro)state that correspond to the largest possible 
number of particle arrangements (microstates).  
–  The 2nd law is probabilistic. Systems show fluctuations – 

violations that get proportionately smaller as N gets large. 
■  Systems that are not in thermodynamic equilibrium will 

spontaneously transform so as to increase the entropy. 
–  The entropy of any particular system can decrease as long  as 

the entropy of the rest of the universe increases more. 
■  The universe tends towards states of increasing chaos  

and uniformity. (Is this contradictory?) 

Foothold ideas: 
Energy distribution 

■  Due to the randomness of thermal collisions, even 
in (local) thermal equilibrium the energy in each 
DoF fluctuates, so a range of energy will be found 
in each degree of freedom. 

■  The probability of adding an energy ΔE is 
proportional to the Boltzmann factor 

  
■  At 300 K,   

   kBT ~ 1/40 eV=25 meV 
                  NAkBT = RT ~ 2.4 kJ/mol 
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P(ΔE)∝ e
−ΔE kBT  (for one DoF)

P(ΔE)∝ e−
ΔE

RT   (for one mole)
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Foothold ideas:  
Charge – A hidden property of matter 

■ Matter is made up of two kinds of electrical 
matter (positive and negative) that usually 
cancel very precisely. 

■ Like charges repel, unlike charges attract. 
■ Bringing an unbalanced charge up to neutral 

matter polarizes it, so both kinds of charge 
attract neutral matter 

■ The total amount of charge (pos – neg)  
is constant. 
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Foothold ideas: 
Conductors and Insulators 

■  Insulators 
–  In some matter, the charges they contain  

are bound and cannot move around freely. 
– Excess charge put onto this kind of matter  

tends to just sit there (like spreading peanut butter). 
■ Conductors 

–  In some matter, charges in it can move around 
throughout the object. 

– Excess charge put onto this kind of matter  
redistributes itself or flows off  
(if there is a conducting path to ground). 
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Foothold idea: 
Coulomb’s Law  

■ All objects attract each other with a force 
whose magnitude is given by 
 

 
■  kC is put in to make the units come out right.   


Fq→Q = −


FQ→q =

kCqQ
rqQ
2 r̂q→Q

kC = 9 ×109  N-m2 / C2
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Foothold ideas:  
Charge – A hidden property of matter 

■ Matter is made up of two kinds of electrical 
matter (positive and negative) that usually 
cancel very precisely. 

■ Like charges repel, unlike charges attract. 
■ Bringing an unbalanced charge up to neutral 

matter polarizes it, so both kinds of charge 
attract neutral matter 

■ The total amount of charge (pos – neg)  
is constant. 
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Foothold ideas: 
Conductors and Insulators 

■  Insulators 
–  In some matter, the charges they contain  

are bound and cannot move around freely. 
– Excess charge put onto this kind of matter  

tends to just sit there (like spreading peanut butter). 
■ Conductors 

–  In some matter, charges in it can move around 
throughout the object. 

– Excess charge put onto this kind of matter  
redistributes itself or flows off  
(if there is a conducting path to ground). 
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Foothold idea: 
Coulomb’s Law  

■ All objects attract each other with a force 
whose magnitude is given by 
 

 
■  kC is put in to make the units come out right.   


Fq→Q = −


FQ→q =

kCqQ
rqQ
2 r̂q→Q

kC = 9 ×109  N-m2 / C2
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Units 
■  Gravitational field 

   units of g = Newtons/kg 

■  Electric field 
   units of E = Newtons/C (also Volts/

m) 

■  Electric potential 
   units of V = Joules/C = Volts 

 
Energy = qV, so eΔV = the energy gained  
by an electron (charge e = 1.6 x 10-19 C)  
in moving through a change of ΔV volts. 
 

   1 eV = 1.6 x 10-19 J 
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A very useful and 
natural unit when 
dealing with individual  
atoms and molecules! 

Some simple models 

■ Line charge 
       E = 2kCλ/d 
 
■  Sheet of charge 
      E = 2πkCσ 

■  Sphere of charge 
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Why? 

λ = Q
L

σ = Q
A

ρ = Q
V Volume! 
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Foothold ideas: 
Electric potential energy and potential 

■  The potential energy between  
two charges is 

■  The potential energy of 
many charges is 

■  The potential energy added  
by adding a test charge q is 
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U12
elec = kCQ1Q2

r12
U12...N

elec =
kCQiQj

riji< j=1

N

∑

ΔUq
elec = kCqQi

riq
= qV

i=1

N

∑


