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Solution. Table S4.7 lists some sample data for N = 64 and T = 1. Near p = 0.9 there seems to be a
sharp change in the pressure with a small change in density. It is known that there is a phase transition
between a fluid and solid near this density. To simulate a crystal in two dimensions the lattice shape
would need to be appropriate for a hexagonal lattice so that Ly = (V3/2)Ls. For L = 8.2 and

L, = (+/3/2)(8.2) = 7.1 we have p = 1.1 and find PA/NkT ~ 41 and the system maintains its
crystalline hexagonal lattice configuration, indicating that the system is well within the crystalline
phase. For p = 0.9 with L, = 9.06 and Ly = 7.85, we find PA/NKT = 9.4. At this density the crystal
configurations are barely discernible, and the system is near the transition.

C,g\\.:&.\m\-rb oo Qmﬂ-@\t

L,=L, | A=L,L, | density p | PA/NKT
18 324 0.20 1.40 S
re————e— 16 256 0.25 1.56 S
14 196 0.33 1.82
- - 12 144 0.44 2.42 e
— 10 100 0.64 4.16
9 81 0.79 7.32
T—— - 8.5 72.25 0.89 10.8 e
8.2 67.24 0.95 16.0
o Table S4.7: Results of Program HardDisksMD for a system of N = 64 hard disks:




0.200006
0.200004

& 0.200002
=

o
& 0.200000
o
E 0.199998
0.199396
0.199994

@ ©© ® Temperature versus time w
File Edit Display Tools Views Help :__Fi_lfe___ Edit Display Tools Views Help
- Mo _ ®x10°

Atk

File Edit Display Tools Views Help

. File Edit Display Help

100 200 300
time

T — T Y T W —— s a0

__Input Parameters

Messages

Temperature = 0.2000

L <PA/NKT> = 1.4004

Mean free path = 1.3781

! Mean collision time = 4.9267

| Name Value

‘N

Lx

Ly

temperature

initial configuration

steps per display 1

Start Step New Zero averages




®% 0

HD Display

File Edit Display

Z g PN AL TR 1
A Conrralos

Help

Input Parameters

irTemperature = 0.2000

| <PA/NKT> = 41.6220

Mean free path = 0.01
Mean collision time =

Clear

38
0.0491

Name ) Value
N
Lx
Ly i
[temperature .
initial configuration Ly ST
steps per display 1
Start Step New Zero averages
A Y
Messages B -




PA/NKT

20

15

10 |

O

PA/NKT

hard sphere gas in 2D

[ i

N/A




Qrond
2 CRes doses )

Ly=by Ay

s 224 .20 L4O

e ! &;_S- -------
______ e — 5 =
R _%g# } o




B % @ Tempersture versus time yt « HMii(e 1 ) - pA .
’ s g i i i i File Edit Display Tools Views H
File Edit Display Tools Views Help ¥ File Edit Display Tools Views Help |l File Edit Display Tools Views Help oL ey
| I'u. 10’ T T T T
T T T { 5
0.200006 ki 0.14 1
L% -
0.200004 | i BT o1t % ]
(3 [ e
£ 0.200002 | W ¢ 0301t
] o £ 0.08}-
g 0.2000 B § 2 S0
I3 I 0,06}
w 0.199998 1%
= : 0.04 |
0,199986 L " Oé
0.1%9994 o :
0 2 4 6 8
r
.""'!'!-"-'—_ " e -— - b o Rlacade e
J. ety | 2 Ll
| File Edit Display Tools Help || File Edit Display Help j ‘
4 Input Parameters
Name Value
N
Lx
Ly
emperature
initial configuration
steps per display 1
Stant Step New 2ero averages

' __Messages
Temperature = 0,2000

<PAINKT> = 1,4004

| Mean free path = 1.3781

{Mean coilision time = 4.5267

]




Problem 4.56. The following demonstration illustrates an entropy-driven transition. Get a bag of M &
Ms or similar disk-shaped candy. Ball bearings work better, but they are not as tasty. You will also need
a fiat bottom glass dish (preferably square) that fits on an overhead projector.

Place the glass dish on the overhead projector and add a few of the candies. Shake the dish gently
from side to side to simulate the effects of temperature. You should observe a two-dimensional model ofa
- gas. Gradually add more candies while continuing to shake the dish. As the density is increased further,
5 you will begin to notice clusters of hexagonal crystals.

(a) At what density do large clusters of hexagonal crystals begin to appear?

Solution. If we use the diameter of the disks as the unit of length, then at a number density of p & 0.9,
there is a transition from a fluid to a solid. You will see small solid-like clusters at lower densities,
Larger clusters appear as p approaches 0.9,

(b) Do these clusters disappear if you shake the dish faster?

Solution. Shaking the dish faster does not eliminate the clusters. Instead the processes of cluster
formation and cluster break up will occur faster.

(c) Is energy conserved in this system? Do the particles move if you do not shake the dish?

Solution. The disks will stop moving if you stop shaking the dish because of inelastic collisions between
the disks and inelastic collisions of the disks with the walls of the dish.

(d) Compare the behavior of this system (an example of granular matter) to the behavior of a usual gas
or liquid.
Solution. Because there is no attractive potential between the disks, there is no transition between a
liquid and a gas. Also, because the interactions for these macroscopic disks is inelastic, energy is lost

at each collision and must be supplied externally by shaking the disk. The lack of energy conservation
leads to a velocity distribution that is not a Gaussian.
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/ 8: Fluctuations and No fluctuations:

i) Fluctuations in a mole of gas What is the probability that a mole
of ideal gas at temperature T' will have an energy that differs by a factor of

R 1075 (i.e. one part in a million) from its mean energy?
p £)

Hint: Section 4.11{.2 of GET
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