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(see Figlre-6'5)' It is a good approsmatron to take the rotational a¡rd vibrationalmotion to be iadependent and to expre*l tie total-energr of an ideal diatomic gas as a sum of the
läiiÏ1|;îl.liîfl;and vibrational contributions. nun"e the total heat capactyl"t ".""t"'t vorume)

C : C** * C-t * C'ru. $.252)
lhe tast T'o ry in (6.257) arise from the internal motion of the molecule. The rotational contributionCrot was discu€ged in Problern 6.46.
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(a) The vibrational motion of a diatomic molecule can be modeled by harmonic oscillations about the min-
imum of the potential enerry of interaction between the two molecules. What is the high temperature
limit of Cøu?

Solutíon. There a¡e two quadratic contributions to the vibrational energ¡, the kinetic energy a¡rd the
spring-like potential enerry. Thus, for each molecule the contribution to Coi¡ is ft'

(b) Let us define a temperature ?"ru - fwtlk. T}re maguitude of ?"iu for HCI is ?.i¡ ^, 4227K, where ø
is the vibrational frequency and lr¿.r is the enerry difference between neighboring vibr¿tional enerry
levels. what do you expect the value of cøu to be at room temperature?

Solution. At room temperature, which is much leæ than ?"iu, we expect the vibrational states of the
molecules to not be excited, and thus Cuu È 0.

(c) Use the v¿lue of ?iot given in Problem 6.46 and the value of ?,6 given in part (b) for HCI to aket6 
éthe ?-dependence of the total heat capacity C in the range 10K < ? < 10000K. :

Solut:ion. There are three plateaus of (3/2)k, (512)k, al.d (7 /2)k and smooth curves connecting theqr ,nea¡ ? : ?rot : L5 K, for the transition between purely translation contributions to the specrfic n*t f ,

contributions from both translational and rotational contributions, and then near ?: (,¡5 = 422TK
at which vibrational contributions become important.

k 7/z
çb

9/z

ì (\a)
5 \o \l T¿5O
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(a) Progra,rrr LJ2DFluidHD simulates a system ofparticles interacting viathe Lenna¡d-Jonee potential (1.1)
in two dimensions by solving Newton's equations of motion numerically. The prograrn computeo the
distribution of velocities in the ø-direction rmong other quantities. Compare the form of the velocity
distribution to the form of the Maxwell velocþ distribution in (6.60). How does its width depend on
the temperature?

Solution. Some typical data for .¡ìf : ü, L :20, v¡ith Aú : 0.01 and va¡ious initial kinetic energies per
particle are summarized in Thble 56.1. The mns s¡ere equilibrated for 104 time step.s and averaged over
about g x 10a time steps. Figure 56.1 shows that the width is proportional to TLlz. The temperature
was estimated from the equipartition theorem and is not simply related to the initial kinetic energy'

initial kinetic energ¡¡ T width
0.0L
1.00
3.00
5.00

0.63
r..37
3.28
7.09

2.0
2.9
4.2
6.0

Table S6.L: Data from Program LJ2DFluidHD. The width (fuIl width at half ma:rimum) is obtained
from a Gaussian fit to the histogram of the velocities in the ø direction.

(b) Progra,m Tdrp€ratu¡€l¡teasr¡rementldealGas imFlements the demon algorithm for an ideal classical
gas in one dimension (see Section 4.9). AU the particleo have the same initial velocþ. The progrom
computes the distribution of velocities a,mong other quantities. What is the form of the velocity dis-
tribution? Give an a.rgument based on the central limit theorem (see Section 3.7) why the distribution
has the observed form. Is this form consistent with (6'60X

Solution. The velocity distribution ca¡r be fit to a Gaussian. Thin result ca¡r be understood from the
central limit theorem, because the velocþ of each particle is the sum qf msn¡¡ random chaageo due to
energy exchanges with the demon'

ÉX (6,6o) .ervn\= (*"1
t/u

CLì

6

t: e-

1.0 1.5 2.o 2.s 3.0
Í1t2

Plot of the width in Table 56.1 as a function of. Tt/z

!

E'=

5

4 a

a3
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Problom 6.12. Maxc¡€[ epeed diotribution.
(a) compa're the form of the Maxwell speed distribution (6.61) with the form of the Maxwel velocitydistributiou (6.59).

solution, The velocity distribution for any component ù¿ is symmetric about o¿ : 0. The speeddistribution is defined onry for u ) 0 a¡d is not syrnmetric about any varue of o.(b) use the normarization condition ff, f @)aa = 1 to calcul¿te Á and show that

f (u)du = 4rrrf (#þT)t/'"-^o'/"*' oo. (Maxure' speed disrriburion) (6.62)
Solution. We start with

f(a)du : A¡rAa2e-^oz ¡zxr ¿o
The normalization condition is

l* rcl da :1,
which givee AtrAIz/2: L, where tgee (A.12)l

4 : f* ,r"-onz ¿s: i(Ð'"

Gfu)"' : o(6fu)'/' = n(_8)"" :r,

A / n1, r3/?
': \2okr ) (s6.24)

(c) carculate the mean speed d, the most probable speed õ, and the root-meån squaxe speed o* anddiscuss their relative magnitudeo.

withø:mf2kT.'Ihw,

rA

and

(6.61)

(s6.21)

(s6.22)

(s6.23)
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Solution. The mean speed ø is given by
fæ, = Jo af (u) du : ArAfs, (56.2õ)

where from (4.26),

I.: [*r""-o"' dr:-7lt -- A 1 
- 1

Jo 0a Ôa 2a: la2' (56'26)
Hence,

ú: n(r#r)"' ,6fu :r(#)','. (s6.22)

We obtain the most probable speed by taking the derivative of /(o) and setting the result equal to0:

Qõ - õ2ø1õ/kT) : s, (S6.28)

- r2kT{/z
":\ * ) (S6.2e)

To find ur*s .we first find the me¿n of o2 given byd : AnAlaf2, where

h: f* *n.-o" d,, : -# : -*l;(#)"'l:1(#)',' (s6.30)

Thus, æ:2"(ffi)"''1{66)"':y (s6s1)
This result is consistent yrith the equipartition theorem which givæ m& ¡z : Bt{f f 2. Tbus,

?)¡mE : \/ur: (T)t,, (s6.s2)

The thr-ee^speeds depend on kT f m in the same way and a¡e related by t "-" : (J/2)L/2 õ x 7.22û andu : (4/r)1/2 õ æ 1.13õ; u'-" and o a,re greater than û becaus€ of the long tail in the speed distribution,
(d) Make the change of variables u : u /t/ (2kT /*) and show that

f (u)du : f (u)du: (4/fi)u2e-u" du, (6.63)
where we have again used ssme the såme notation for two different, but physically related probabititydensities. The (dimensionless) speed probability density /(") is shown in Figure 6.2.
Solution. Because a: ut/(2kT/^), we have

f (u)du:arlur/@*r-¡m¡¡'(#)"''"-^¡'^/@nr¡$1'rzxr¿6rt@¡r¡m,¡) (S6.33a)

(s6.33b): 4u,"'u" du.
\/ 7t
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