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Temperature is everywhere

Non-superconductor
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But what is temperature exactly?
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We can establish temperature scales
using different reference points. Like
melting/boiling points of pure water
at atmospheric pressure. But Kelvin is
probably the most natural one in

physics.
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Temperature
<m11_7’12>=<m21_}22> Theorem 1: the mean value of the kinetic energy
« For two different gases, their average kinetic | is KT/2 for each independent motion (d.o.f.)

energy is the same in equilibrium----the
heavy ones will move slower than the light
ones. We see that, not just for gas, this
quantity seems to agree for any kind of
matter.

 We use the word “temperature” to denote
the mean molecular kinetic energy of gas, LIy oy
but it is rather the property of itself rather

han | :
than just gas (1844 — 1906)

» There IS. a §|mple linear relation between Austrian physicist who developed the statistical
mean kinetic energy and temperature T, for approach to thermodynamics, showing how the
each d.o.f. collective behavior of atoms gives rise to macroscopic

1 kT physical laws.

2 °B

Ludwig Eduard Boltzmann

kg=1.38x10723joule for every Kelvin, “Boltzmann constant”



The

Ideal Gas Law

Recall from the last class, we have
PV = 2/3 - N <2mv2>

’ . 1 1
Let’'s now plug in< Emviz > ="kgT,
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PV = NkgT
Beware, chemists count atoms in moles, one mole
has N,=6.02x%1023 objects, and they define a
number R =Njkg = 8.31 J-mole™ K™’
In chemistry/high school textbooks, while they also
call it N, it's actually in the unit of moles and the
idea gas law writes

PV = NRT
‘Equation of state” is an equation that relates
state variables. If we know the rest of the variables

(e.g.,V, N, T), we know the last variable (e.g., P)

v

“So equal volumes of different gases,
at the same pressure and temperature,
have the same number of
molecules, because of Newton’s laws.
That is an amazing conclusion!”

The opposite of state variable is called
path-dependent variables. Like
mechanical work done or heat transfer
as a system moves from one state to
another depends on the path taken
between states

(see similarity with a conservative
force potential)
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Application: Ideal Gas Expansions W

* Unlike temperature is a state,
expansion/compression are processes, we need
to specify how it is done, i.e., the “path”.

- Isothermal (&) means constant temperature.

T = const. — PV = const.

» Consider gas expanded slowly against a piston —
the gas does work on the piston, so would cool, but
heat is allowed to flow in from the surroundings to

keep the gas at constant temperature Vi
Volume

RT
AU =0 = d@Q =dU —-dW =pdV = 7dV Isothermal processes are

hyperbola on a P-V diagram.
Ve Vi RT 4
= AQ =f pdV=j —dv = RTln<7>
V; Vv; 0

Isothermal expansion

.3

Pressure

-0
—H
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Diatomic Gas (U

» What happens if there are forces present? Assume the
gas molecule is composed of two different atoms, A and

B, held by a force (chemical bond, spring). The center of
mass velocity:

Vem=(MaVaA+mgVe)/(Mpatmg) =(MaVa+mgVg)/M
Vem?=[MaZva2+mg2vg? +(2my mg)(Vy - Vg )I/M? Q/\/\Q
_ 3 — —

We will prove that <v, - ¥g> is indeed zero in the next slide..
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Diatomic Gas (Cont’d) W =z

« To prove that <#}, - ¥gz> is zero, we do the same trick again (w - voum) = 0

(UA——UB)-OnAvAﬁ+7nBvB)
M
mAvEl + (mp — my)(vy - vp) — mpvy
M
. Now that both A and B are in the equilibrium, (mv%) = (mpv’)
(mp —my)(vg-vp) =0

« If the masses of A and B are different, we have (v4-vp) =0 |
and the entire molecule can be regarded as a single molecule of

w: -vvoM =

mass M, s.t. 1 M 9 3 LT Total K.E. 3kT The average kinetic energy of
< 9 UCM > _ E 1 9 1 9 > | the internal motions of the
2MMAVy T 3MBYR diatomic molecule is also 3kT/2)

3kT/2 + 3KT/2
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Statistical Mechanics - laws of mechanics for thermal equilibrium Wy =2z

» How are the molecules distributed in space (i.e., with a 0 kT
force field)?
« See right, we know that molecules at all heights should S T P

Mechanism h

have the same temperature if we neglect the convection o cauizng ) [ TTTTT
(wind), so what changed? e
» Recall P=nkT, we can write the pressure difference of h
and h+dh, dP=kTdn, which is equal to the weight of a
small volume of air: —mgn dh = kTdn
 So,

dn m _

_:__gn n = nge mgh/kT

dh kT

We find that the density goes down exponentially with height.

» For molecules of different masses, the exponential is s
different--heavier decrease with altitude faster. N

— O2 decrease by 50% over 10km!
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The Boltzmann’s law W) 2255

» Note such exponential relation can be applied to any potential. To
generalize, assume the gas is subject to a force F in the x-direction,
balanced by the pressure change s.t. Fndz = dP = kT dn, again we find

F = kT <L (Inn)
dr

* Notice that —Fdx is the work to take a molecule from x to x+dx, i.e., the
change in potential energy (P.E.), s.t. d(Inn) = —d(P.E.)/kT

» General spatial distribution (density) of molecule in terms of potential

energy (P.E.):

n = (constant)e FE/*T

 Boltzmann’s law: the probability of finding molecules in a given spatial
arrangement varies exponentially with the negative of the potential
energy of that arrangement, divided by KT.



Application: Evaporation of a liquid

Suppose the potential energy function of each of two
molecules (i and j) depends only on their separation, V(r;).
The total potential energy would be the sum of all the pairs,
in the full set of molecules. The probability of finding
molecules in any particular combination is

exp [— Z V(’rij)/kT]

For|V(ry)|<<kT, the exponential close to 1, the molecule can
be anywhere. The potential does not make much difference
for where the particle should be — evaporation

For|V(ry)|>>KT, large positive exponent around r,. In a given
volume, molecules are likely to be at the distance of
minimum energy than far apart — condensation

F.E.

—
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V(r)

.

.

As the temperature falls, the atoms
clump in lumps, and reduce to
liquids, solids, and molecules, and
as you heat them up they evaporate.

This is a complicated problem (due
to a tremendous number of
variables) sometimes referred to as
the “many-body problem”, or
“condensed matter physics”.




The Distribution of Molecular Speeds

* Now we go on to discuss the distribution of velocities. We
start by counting how many molecules are passing from

below to above the plane h=0 and h=h.
(Number passing h = 0) _ (number passingh = h

2 —
withwv, > 0 ) mu*/2 = mgh

with v, > u

 From the same temperature we know that the distribution
of velocities is the same, we use n = nge ™"/
we find before and substitute with u, and find that

n>u(0) _ e_mgh/kT _ e—mu2/2kT

n-0(0)

» Like the previous case, we can generalize the velocity to

N, e —kinetic energy /KT

We will continue the discussion next lecture..
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Chapter summary “

« Temperature <« Kinetic energy Feynman Lectures Ch.39 Summary
S eV o
 Ideal Gas Law: PV = NkgT Pasmaralio a1 0sslt f honbordvant by lesdis, crvvsa o
BV = N-g aw hatic tavrgy(ifcm)d tackh paliens.
» Application: Isothermal expansion Ul T~ tom k€. wm,&woj}w,tm (M/.wdw&/m JJM;L‘")

R ‘{’ kT k= /,39(/0_1‘Wu/K. N, = (,02,\’1/5"1044%‘6

. . SR o el (R=K'=%,3/7 eudray
« Check: Diatomic Gas C.E o b = g =it V) 22 kg MK 8517 005 1

’A, yﬁ W”W“L"“@fﬂ ,bV= -% U w/uu Uf;{/f%“—d %]/in//
) j il
« The Boltzmann’s law HPVAr-)U R o adishilie (0 headices o) comsasim P\ V= crnid.
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» Distribution of Molecular Speeds
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