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cV =
1

N
(
∂U

∂T

)
V

cP =
1

N
(
∂H

∂T

)
P

H = U + PV

U = 3NRT/2 PV = NRT

H =
5

2
NRT.

cV =
3

2
R cP =

5

2
R.

γ ≡ cP
cV

=
5

3
.
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7
cP − cV = R.

cP cV R

cV

cP

PV = NRT

PdV = NRdT.

PdV = d̄W

(
∂W

∂T

)
P

= NR.

R
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∗

∗

ε = ε + ε + ε .

Z =
∑
ε

gε exp (−βε) ,

gε = g g g .

Z =
∑∑∑

g g g exp [−β (ε + ε + ε )]

=
∑∑∑

g g g exp (−βε ) exp (−βε ) exp (−βε )

=
∑

g exp (−βε )

︸ ︷︷ ︸
Z

∑
g exp (−βε )

︸ ︷︷ ︸
Z

∑
g exp (−βε )

︸ ︷︷ ︸
Z

Z = Z Z Z
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7

U = NkBT
2 ∂

∂T
lnZ

= NkBT
2 ∂

∂T
(lnZ + lnZ + lnZ )

= U + U + U .
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U =
3

2
NRT.

ε =
L2

2I
,

�L I

L2

�
2l(l + 1) l ∈ N l

ε =
�
2l(l + 1)

2I
≡ εl.

l 2l + 1
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7
m = −l,−l − 1, . . . , l + 1, l︸ ︷︷ ︸

2l+1

.

εl

gl = 2l + 1.

Pl =
gl
Z

exp(−βεl)

=
(2l + 1)

Z
exp

[
− �

2

2IkBT
l(l + 1)

]

Θr ≡ �
2

2IkB
,

Pl =
(2l + 1)

Z
exp

[
−l(l + 1)

Θr

T

]
,

Z =
∑
l

(2l + 1) exp

[
−l(l + 1)

Θr

T

]
.

298

Pl l
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Θr Θv
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7T � Θr

U =
3

2
NRT + U .

U = NRT 2 ∂

∂T
lnZ ,

U =
NRΘr

Z

∑
l

l(l + 1)(2l + 1) exp

[
−l(l + 1)

Θr

T

]

T � Θr

3R/2

l = 0 → εl = 0 → U = 0

U = 3NRT/2

cV =
1

N
(
∂U

∂T

)
V

=
3

2
R, T � Θr.

Θr

T � Θr
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εl+1 − εl

kBT

l � 1

2l + 1 ≈ 2l l(l + 1) ≈ l2

Z =

∫ ∞

0
dl 2l exp

(
−l2

Θr

T

)
.

y = l2

Z =

∫ ∞

0
dy exp

(
−y

Θr

T

)
=

T

Θr
, T � Θr.

U = NRT 2 ∂

∂T
lnZ = NRT

U =
3

2
NRT +NRT =

5

2
NRT, T � Θr.
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cV =
1

N
(
∂U

∂T

)
V

=
5

2
R, T � Θr,

ε =

(
n+

1

2

)
�ω ≡ εn.

n ∈ N εn

gn = 1

Pn =
gn
Z

exp(−βεn)

=
1

Z
exp

[
−
(
n+

1

2

)
�ω

kBT

]

Θv ≡ �ω

kB
,

Pn =
1

Z
exp

[
−
(
n+

1

2

)
Θv

T

]
,

Z =
∑
n

exp

[
−
(
n+

1

2

)
Θv

T

]

= exp

(
−Θv

2T

)∑
n

exp

(
−n

Θv

T

)
.
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exp
(−Θv

T

)
<

1

Z =
exp

(−Θv
2T

)
1− exp

(−Θv
T

) .

Pn = exp

(
−n

Θv

T

)[
1− exp

(
−Θv

T

)]
.

Θv

Pn n

T � Θv
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7Pn

n

U = NRT 2 ∂

∂T
lnZ

U =
1

2
NRΘv coth

(
Θv

2T

)
.

U =
3

2
NRT + U +

1

2
NRΘv coth

(
Θv

2T

)

Θv = 70Θr

Θv/Θr ∼ 70

0 < T � Θv

Θv(= 70Θr)

7R/2 T � Θv

U =
7

2
NRT, T � Θv,

7R/2
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Θv = 70Θr

+

R

R

+ +

u ≡ U/N

u =
3

2
kBT.
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E ≡ 1

2
kBT.

E

u = 2E = kBT,

T � Θr

ε =
p2

2m
+

mω2x2

2
,

u = 2E = kBT,

T � Θv

kBT
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kBT/2

kBT

f

u = (3 + f)E =
3 + f

2
kBT,

U = Nu =
3 + f

2
NkBT =

3 + f

2
NRT

cV =
3 + f

2
R.

cP = cV +R

cP =
5 + f

2
R.

γ = cP /cV

γ =
5 + f

3 + f
.

f

f
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7

T � Θr < Θv

f = 0

γ = 5/3 = 1,666 . . .

Θr � T � Θv

f = 2

cV =
3

2
R, cP =

5

2
R
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cP − cV = R γ ≡ cP
cV

=
5

3
.

U = U + U + U .

U =
3

2
NRT,

U = NRT 2NRT 2 ∂

∂T
lnZ ,

Z =
∑
l

(2l + 1) exp

[
−l(l + 1)

Θr

T

]
,

U =
1

2
NRΘv coth

(
Θv

2T

)
,

Θr Θv

RT/2

RT

cV =
3 + f

2
R, cP =

5 + f

2
R γ =

5 + f

3 + f
,

f
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7

PV = NRT

cP − cV = R

cP − cV

PV γ ∝ exp

(
S

N cV

)
.
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PV γ =

P1, V1, T1

P2, V2, T2

W =
NR

1− γ
(T2 − T1)

P1V
γ
1 =

P2V
γ
2

3

γ = 1,4

3

P V
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l = 0

l = 1 Θr 2Θr

cV, = R

[
Θv/2T

(Θv/2T )

]2
.

cV,

T � Θv T � Θv

γ = 1,659 γ 2 =

1,404
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