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1 ííí���fff���ßßß¡¡¡iii���fff���úúú,,,���õõõ

ß¡i�f�í�f�v1'Ï�P����Âûß. ù��*�Âûß, �+�®

Â�P�pî/è'�(N ∼ 1023). ù��dè'��Pp, �f�¹Õ(
º/Ï

x�fØ/ÏP�f)ýàý:�. (Ïx�f-, �<�U�	Sî�, 1�è�Ç

»�~�te���À�pf¶�i�f¶, �ÏP�f-, ïå¾nBã�î�,

H�ïp. ïåóÁ,Bã11023*�PÄ��ûß�Ð¨¹�,àN�h
ïý. ù

���y��î�, â¿�ìý�·�¹���,ã, �ì_
ïý�1023*�Ëa

ö��ãe. æ�¹b, ù��*�Âûß, �ìv
óåSÄ�Ù*ûß�Ï�*

®Â�P�Ð¨¶µ, ��8ê/��åSà*�ÂÏ�ûß�Sï, �:, ���,

åÊ�Â¶��Ø�¹�(øØ)I. àd, �ì
���vÏ�*®Â�P�wS�

Ð¨¹�, �ÅÅ��¡�sG<. �Ù�sG<(��
ïåKÏ�ïå�§�

:��v�ÂiS�L:, �ìH�Ùúûß�Ï�¹�, �H/ûß�®Â¶

���Â¶�ÊvÏð¹�.

1.1 ®®®ÂÂÂ¶¶¶���������ÂÂÂ¶¶¶���

:�wSwÁ, �ìåN*U�P�P���ûß:�eô�¶���õ. 	gÏ

x�f, �P�¶�1vP�q�¨Ïpe��. N*�Pw	3N*P�(q1, q2, · · · ,

q3N )�3N*¨Ï(p1 , p2, · · · , p3N ), Ù6N*p�Ù�<n��ûß��*¶�. :

���&÷, �ì(�b((q, p)ãhÙ6N*p�Æ�. (ß¡i�-, ïå�Ûø

zô��õ, �ì�1(q, p) ��6Nôzôð:ûß�øzô, ûß�¶�1øz

ô�¹eh:. ù��*Ù��ûß, �P�P��¨Ïý/öôt�ýp, �@öô

�¨û, ûß�ø¹(q, p)(øzôÏú�aò¿, ð:øhS.

ûß�i�Ïýïå�Çûß�¶�h:úe, ��, ûß�ýÏïå�:

E =
∑
i

p2
i

2m
+ U({qi}) (1.1.1)

ù��*dËûß, ûß�;ýÏ/�*8p, @åø¹GM�øzô-E =8p�

1



1 í�f�ß¡i�f�ú,�õ

òb
. ù�û��*i�ÏA(p, q), SöôØ�ö, �_�K��, A = A(t), ��

�sG<ïå�I:

A =
1

T

∫ T

0
A(t)dt (1.1.2)

¾ûß�ÈÆ�Ï:H(q, p), �P��¨Ï�Ð¨¹�:

·
qi =

∂H

∂pi
,

·
pi = −∂H

∂qi
(1.1.3)

�i�ÏA(t)�Ð¨¹�:

dA

dt
=
∂A

∂t
+

3N∑
i=1

(
∂A

∂qi

·
qi +

∂A

∂pi

·
pi

)

=
∂A

∂t
+

3N∑
i=1

(
∂A

∂qi

∂H

∂pi
− ∂A

∂pi

∂H

∂qi

)

≡ ∂A

∂t
+ {A,H} (1.1.4)

ÙÌ{A,H}:A�H�Ê~ì÷, 1
��,�L�,�y�I, SA:ÈÆ�Ï,

«ö, 	{H,H} = 0, åÈÆ�Ï
>+öô, �

dH

dt
= 0 (1.1.5)

ýÏ�R.

9n
ð��, �*ûß(�*Âß�öôµ��®Â¶�pî/àP', à:

�µÂßöô∆tù��ûßøhS��µ, 	P�ò¿
�¹	àP�*, ÎÏxÒ

¦��, øhS
ø»¹ù��¶�_^8¥Ñ, ïå(�*¶�eãh, Ù71ï

å��µøhS�:��ô�, Ï*ô�Ö�*¶�Z:ãh, Î�·�	P*ãh

'�¶�. æ�¹b, ÎÏP�f�Ò¦e�, �P�P��¨ÏKôÅ{á³
n

�sû

∆qi∆pi ∼ h (1.1.6)

àdãh�*¶��ø¹Q
ý/�*àU¹, �	��'�, v“Sï”:h3N . �

/, øzô-�*SïC

dqdp ≡ dq1dq2 · · · dq3Ndp1dp2 · · · dp3N

-ý�¹³�¶�p:

dΩ =
dqdp

h3N
(1.1.7)
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1.2 ®Â¶��ÏP�fÏð

ód, �ì���®Â¶�, °(�Q�Â¶�, ù��*àNsa��Âûß,

��
sÃv®Â¶�, ���Ù�ûß�,ê����à*�ÂÏ, ��, ù��

ì�Q�N*�P�ûß, �ìïå�Ç��SïV , �:Pe��Ù*ûß�¶�,

��:�SïKô�8á³�*sû, ð:i�¹�. ÙÌ��¤�����sa�

�õ, �e0ô, sa�/�(¡	�LqÍ�aö�, ûß��è���Â'((

�öô�
Ñ�Ø��¶�.

(ÙÌ�ì��è�:�sa��3��. ��, �*iS, 
��è��
�

)¦�í�¥æ, ��öô�(iS-úËw3��)¦��, 
��öôØ�, F

Ù�iStSv
��sa¶�, �/��3�¶�. Ù*3���sa��>W:

+/�(d3��	n��ýÏA��sa��
X(ûUb���ÂA.

iSïå��5:�Á:K-, @å:�Ïðsa���iS, Ø��5ÁÂp,

�8(0�Âp	iS-�5::¦, Á::¦, 5��, Á�I5ÁÂp.

�fÍ�/�ÂiSÏ8Ñ���ÍØ�, Ïð�fÍ����e��fÍ�

	s�Âp, Ù�ìûß-Ï�Ä���f¿��Pp.

�ÂÂpïå�:${, �{�ûß��Pp�cÔ, ð:�öÏ, æ�{�û

ß�'�às, ð::¦Ï.

1.2 ®®®ÂÂÂ¶¶¶������ÏÏÏPPP���fffÏÏÏððð

Ù���UËÍÏP�f-Ïð®Â¶��¹Õ�v�Û�Æ¦��õ�

�*ÏP�fûß�¶�1�Äø�ù���fÏ�q�,��Ïð��ìH

ÎU*àÓ���P�ËËÍ�¾�P�(Ï:m����*P��SïV�, :�

UwÁ�G�Sï/�*Ë¹S�¹�:L��Pá³����¹�:�

− h̄
2∇2

2m
ψ = εψ (1.2.8)

�Ä>��Á�¹Laö/�

ψ(0, y, z) = ψ(x, 0, z) = ψ(x, y, 0) = ψ(L, y, z) = ψ(x, L, z) = ψ(x, y, L) = 0

á³Ù*¹Laö�ã:

ψ(x, y, z) ∼ sin(kxx) sin(kyy) sin(kzz) (x, y, z) ∈ V

ψ(x, y, z) = 0 v�Åb

3



1 í�f�ß¡i�f�ú,�õ

ù��ýÏ,�<

ε(k) =
h̄2k2

2m

v-

k =
π

L
(nx, ny, nz)

nx = 1, 2, · · · , ny = 1, 2, · · · , nz = 1, 2, · · · . Ï�*kù���*¶����Ökx,

ky, kz:P�t��Ï�*¶�ïå(kzô1/8fP�G����¹eãh�°(

�QýÏ:E(k)0E(k) + dEKô�¶�p�1ýÏ�h¾�ïå�0�Iýb/

�b��/dEýÏóB�Sï:�

1

8

4π

3
((k + dk)3 − k3) =

π

2
k2dk

�Ï�*¶�@`�Sï: π3

L3 = π3

V , �/�ýÏóB��¶�p

dµ =
V

π3

π

2
k2dk =

V

2π2
k2dk

)(ε = h̄2k2

2m , �0

dµ =
2πV

h3
(2m)3/2ε1/2dε = D(ε)dε

D(ε) = 2πV
h3

(2m)3/2ε1/2ð:U�P�Æ¦�ãhUMýÏô�g�U�P®Â¶�

p�

æ�Íô:¹¿�ZÕ/)(h�'¹Laö�

ψ(x+ L, y, z) = ψ(x, y, z)

ψ(x, y + L, z) = ψ(x, y, z)

ψ(x, y, z + L) = ψ(x, y, L)

(Ù*¹Laö��¨Ï/}ÏPp�,�ýp:

ψ(x, y, z) ∼ e−ik·r

,�ýÏ/

ε =
h̄2k2

2m

v-,

k =
2π

L
(nx, ny, nz)

4



1.2 ®Â¶��ÏP�fÏð

nx = 0, ±1, ±2, · · · , ny = 0, ±1, ±2, · · · , nz = 0, ±1, ±2, · · · . (kzô�Ï�*¶

�ï(�*¹h:�¹�Æ¦/ V
(2π)3

, �/�(kzô�*SïCd3k��¶�p:

dµ =
V

(2π)3
d3k

�)(ε = h̄2k2

2m , �0

dµ =
2πV

h3
(2m)3/2ε1/2dε

Ù�Mbú�¹Laö�0�Ó�/�7��

ù�1N*�P���ûß�v�����¹��8àÕã�Bã�(Ù�þ

�-��ì
�vÏP�Sî��àd
ZæÆËÍ����ú�/�(ÏP�S

î�-�ºìv
/HBãÏP�fî��6��Zß¡��/�$��(�w�

8(�åw/<�ýp�º�æ�{¹Õ/¡�:!ß�

���PKô�ø�\(ïåýe�£H�N*�P����¹�ïå�,�

ãú��U�¨º1ïå�ú��Óº�v¶�ïåh::3Nôkzô�¹�M

b���h��U*�P�¶�ïå(�Ä�Ë�kh:�£H���¡	ø�\

(�N*�P�Ð¨/ìË���/�N�P�¶��åïå1N*kh:����

,�*�P��k1, ,�*�P��k2, ... 1h:�*N�P¶�(k1,k2, · · · ,kN ).

FÙ*�U¨º/	î���	gÏP�f�h��P/
ï:������

��ûß1N*5P����ìêýôûß	N*5P�	�*�(k1�	�

*��k2II��
ýô,�*5P��k1, ,�*5P��k2. _1/ô�ù

�Ù���ÄâÏ{k1,k2, · · · ,kN}, (k1,k2, · · · ,kN )�(k2,k1, · · · ,kN )I�E
h

:�/��*¶��ù�N*�P�Ù7�¤b	N !Í�æ�¹b�(�Äâ

Ï{k1,k2, · · · ,kN}h:¶�âÔ��Z�_¹¿¡��:d��ìÍ6ÝYÙÍh

:¶��¹��F(¶�p-dåN !, �/�N*h��P�¶�pïå�:

dΩ =
V N

(2π)3NN !
d3k1 d

3k2 · · · d3kN

SÇ!0Ïxß¡ö�Ù*N !�àP�ÝY�e��ò
�ß¡i�úË�ÏP�

fKM�1�¡	�Q�P�h�'�þÏú°ÇW
�Gibbso,��ã³Ù*

o,��Õ1/�Û�N !àP�(ÏP�f�F¶��ú°Ù*àP/Êvê6

��

�P�,w	êË�(¡	Á:�Åµ��êËê1¦/�v��(�Æ¦-

X
êË�v�àP(2s+ 1), 1ïå¡eêË�\(��ÙÌs/�P�êË�

5



1 í�f�ß¡i�f�ú,�õ

�����/P��Æ¦U*��/P�ÈÆ�Ï:

H =
p2

2m
+

1

2
mω2x2

v,�<:�εn =
(
n+ 1

2

)
h̄ω ý§ôÝ:h̄ω, ¡	�v��/�(dε:ô��¶�

p:

dµ =
dε

h̄ω

æ�¹b�(ÏxÑ<����/P�ÈÆ�Ïïå�:

1 =
p2

2mH
+

x2

2H
mω2

Iýb/Jt�+:2mH� 2H
mω2 �-��-�bï:

S = π
√

(2mH)( 2H
mω2 ) = 2π

H

ω

ýÏε 0ε+ dεKô�bï:�

dS =
2π

ω
dε

¶�p:

dµ =
dS

h
=
dε

h̄ω

æ�ÍãÕ�

dµ

dε
=

1

h

∫
δ(ε−H)dpdx

ZØb�x′ =
√

1
2mωx, p′ = p

2m , 
��:

dµ

dε
=

1

h

2

ω

∫
δ(ε− (p′2 + x′2))dp′dx′ =

2π

hω

∫
δ(ε− r2)dr2 =

1

h̄ω

N*��/P��Æ¦�N*��/P�ÈÆ�Ï:

H =
N∑
i

(
p2
i

2m
+

1

2
mω2x2

i

)

�Æ¦

dΩ

dE
=

1

hN

∫
δ(E −H)dp1 · · · dpNdx1 · · · dxN

6



1.2 ®Â¶��ÏP�fÏð

ZØb:x′i =
√

1
2mωxi, p

′
i = pi

2m

dΩ

dE
=

1

hN

∫
δ(E −H)dp1 · · · dpNdx1 · · · dxN

=
1

hN

(
2

ω

)N ∫
δ(E − r2)r2N−1drdΩ2N

=
1

hN

(
2

ω

)N
Ω2N

∫
δ(E − r2)r2N−1dr

=
1

hN

(
2

ω

)N
Ω2N

1

2
EN−1

ÙÌΩ2N/2Nôzô�ËSÒ�

:�¡�Ω2N , �Q��ï�∫ ∞
−∞

e−x
2
1−x22−···−x2Ndx1dx2 · · · dxN = πN/2

Ù�ï�ïå��

ΩN

∫ ∞
0

e−r
2
rN−1dr = ΩN

1

2
Γ
(
N
2

)
1d�0�

ΩN = 2
πN/2

Γ
(
N
2

)
�/

dΩ

dE
=

1

hN

(
2

ω

)N πN

Γ (N)
EN−1 =

(
1

h̄ω

)N
(N − 1)!EN−1

���øùº�P��Æ¦

�ïøùºÅb�U*�P

H = c|~p|

�Æ¦

dµ

dE
=
V

h3

∫
δ(E − c|p|)d~p =

4πV

h3

∫
δ(E − cp)p2dp =

4πV

h3c3
E2

�,Åb

H =
√
c2p2 +m2c4

�Æ¦

dµ

dE
=
V

h3

∫
δ(E −H)d~p

=
4πV

h3

∫
δ(E −H)p2dp

=
4πV

h3c2

∫
δ

(
p−

√
E2

c2
−m2c2

)√
c2p2 +m2c4pdp

=
4πV

h3c3
E
√
E2 −m2c4

7



1 í�f�ß¡i�f�ú,�õ

Sm→ 0, ù���ïøùºÅb�
��:

dµ

dE
=

4πV

h3c3
E2

(^øùº�P����P�¨ý°:ε, E = ε+mc2, ε� mc2.

dµ

dE
=

4πV

h3c3
(ε+mc2)

√
(E +mc2)(E −mc2) =

2πV

h3
(2m)3/2√ε

1.3 )))¦¦¦���iii���¹¹¹���


��¨º��ÍÂpý
/�^�í�f�ß¡i��, Ù���ì�Û�*Í

��Âp, )¦. ÎÏ��ìåS, iS	·íK�. 
��·í�¦, �ì(
�

�)¦e:�. �7, ÎÏ�-�ìåS, 
�·í�¦�iS>(�w, ÏÇ³

���öô, v·í�¦1�7�. 1d, �ìïå�Û)¦Ù*Ï, Z:�ÏÏð

·í�¦��*ÂÏ. ��sa��iS, w	�*/�n��)¦. Û�e, �ì

G�, S$*iS�ø¥æö, �È�¾0�*q��)¦. ��		*iSA, B,

C, ��A�B	q��)¦, A�C	q��)¦, �B�C_	q��)¦. Ù�G

��s@, ��A�B¥æö, �Â¶�
Ø, A�C¥æö, �Â¶�_
Ø, £H,

�B�C>(�wø¥æö, B�C��Â¶�_
�9Ø, Ù�¨º1���í�f

,ö����¹: ��A�B��ísa, A�C��ísa, �B�C��ísa.

Ù7�I�)¦Ø	���û�', :��Ï�, �ìÅ{�ÛÐÍ)�, (�

E
, �å(ÐÍiS�ù)¦O��'(Z:)�, (�º
, �ì���*
�

V�wSiS'(�Ýù)�. å��ì��0, Ù$aý/ïåZ0�.

�()�ïå(4en�, �I4�°¹(�Æ¶µ�):0¦, ¸¹:100¦.

(0¦�100¦Kô��rÖ³�K)i(, ��, }¹)¦¡, 4ö)¦¡I�S

ïZ:K)�°, �Ç�0¦0100¦öSï�Ø����100I�, Ï�I�ù�

�1¦. Ù7�úe�)�, d�0¦�100¦K�, v�0¹
��)¦¡(�(
�

i()Ùú�)¦�	î�.

(�:���aö�, �S)¦¡Kú�)¦�@(�Ssû��, �ìïå�

Ç�:��0��Û�W�S)�, Ù7�)�(�E
^8¥Ñ��ó�Ýù)�.

(�º
, �Ç�e�ó�S��õ, 1�ó�S��S)¦¡³��)�ð:�ó

�S)�, �b�Á��ó�S)�1/Ýù)�.

�ó�S/Ù7��S, ù���Ï��S����:�Sï�Xï(n��

)¦�/�*8p

PV = C(T ) (1.3.9)
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1.3 )¦�i�¹�

ÙÌ�ì(Tãh)¦. 8pC��S�i�p�cÔ. �Û�ó�S)�. ä

C(T ) = nRT (1.3.10)

�Ù7�0�T1/�ó�S)�. �/, )(�ó�S)�, (1.3.9)�ïå��

PV = nRT (1.3.11)

ÙÌ, n/@�Q�S�i�p, R/�*8p, ð:�S8p, �ó�S)¦�UM

/K, :��Ï�)�=ïý�ô, Ä�4�	ø¹�)¦:273.15K, Ù7ïå�

ú�S8p:R = 8.314J/K.

í�f,ö��ô��(ísa�ûßw	q�)¦, Ï�*ûß�)¦/å

ûßvÖ¶�ØÏ�ýp, _1/ô: )¦T , åÊûß�vÖ¶�ØÏx1, x2, · · · ,

xn, á³�*ýpsû:

F (T, x1, x2, · · ·xn) = 0 (1.3.12)

(1.3.12)�«ð:åí�fûß�¶�¹�, �i�¹�. �ì@�å��ó�S�

¶�¹�, Van der Waals�S¶�¹�, ÁÁS�Curio-Weiss��II, ý/í�f

ûß¶�¹���P. X(i�¹�/í�f,ö����*Í�Ó�. }6í�f


ýÙúi�¹�,FÅÎvX('1ïå�0��^8Í��Ó�. ÙÌ�I�)

¦Ô�½a, (�b��¹-, �ì��eãÊ)¦�v������e�í�fÏ

�i�+I. Î®Â
², )¦�E
/��í�fûß�®Â�P�íÐ¨gÈ�

¦�S°.

(í�f�t�, ¶�¹�êý�Ç��e�0. å8Á�PV Tûß:�, ïå

�ÇKÏ¨Àûpα��:ûpβ��)ûpκe³�¶�¹�. Ù	*ûp��I

/:

α =
1

V

(
∂V

∂T

)
P

, β =
1

P

(
∂P

∂T

)
V

, κ = − 1

V

(
∂V

∂P

)
T

(1.3.13)

è�, Ù	*ûp
/ìË�. )(Oüp�ú,'(, ¹�Á�:

α = κβP (1.3.14)

@å, ê�åS�v-û�$*, ,	*1�hn��. ��
�:ûpβÔ�¾�

KÏ, �à/()¦9Ø�å�, ��
�¾Ý�Sï
Ø. @å�,ýÇ(KÏ¨

Àûpα��)ûpκ�¹Õn�i�¹�.
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1 í�f�ß¡i�f�ú,�õ

(ß¡i�-, ¶�¹�ïå�Çß¡i��¹Õ¡��0. �ì�b�Ùú�

U��P, F/, 1�ß¡i��¡���Ù�®Â�P�ø�\(, �ö1�¡�

,«^8ð¾,@å�Îß¡i��0Æn�i�¹�/^8ð¾�.

ù�	*ØÏx, y, z. åá³�ýpsû

z = z (x, y) , (1.3.15)

�	��®�sû (
∂z

∂x

)
y

(
∂x

∂y

)
z

(
∂y

∂z

)
x

= −1. (1.3.16)

Á���. ¹�(1.3.15)h�	*ØÏKô	ýpsû, ê	$*/ìË�, ó�ê�*/ý

p, ê$*/êØÏv
Í�. �/1

dz =

(
∂z

∂x

)
y

dx+

(
∂z

∂y

)
x

dy

�0 (
∂x

∂y

)
z

= −
(
∂z

∂y

)
x

(
∂x

∂z

)
y

s (
∂z

∂x

)
y

(
∂x

∂y

)
z

(
∂y

∂z

)
x

= −1.

1�I,

α =
1

V

(
∂V

∂T

)
P

= − 1

V

(
∂P

∂T

)
V

(
∂V

∂P

)
T

= −P 1

V

(
∂V

∂P

)
T

1

P

(
∂P

∂T

)
V

= κβP

Ù1/@��Ó�.

1.4 ßßß¡¡¡ûûûüüü

SKÏ�*�Âûß�Ð*�Âi�Ïö, Ù*KÏ�,��í�µöô, ��KÏ

Ç�(öôô�t0 < t < t0 + τ���, v-τ/�*�Âí�®Â��öôô�. @

��Âí, /�(Ù*öôô��, ûß��Âi�ÏØ¡	Ñ�ûUïÂK�Ø

��@�®Â�, /ôÎ®ÂÒ¦�, (åöôô��, ûß�®ÂÐ¨¶�òÏÑ

���'�Ø�. ù�ÏxSû, h�ûß�ãh¹ñÏ(øzô-	��'�û

¨. ���ì�KÏ��Âi�Ï�®Âù�:A (q, p), »3yü¤:, �ÂÏ�K

Ï<�E
/Ù�µöô-®ÂÏA (q, p)�sG<

A (t) =
1

τ

∫ t+τ

t
dtA (q (t) , p (t)) (1.4.17)
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1.4 ß¡ûü

Ù*h¾�}6i��IA��n, F/�E
v
ýÙúûU	�I�Óº. �à

^8�U, ù��*11023*�P����Âûß, �Bú��øhSàN/�h


ïý�. :d, �ìïå�
b�sGî�b:æ�*I÷�î�. ���ìß�û

ß�øhS, (�*®Â
³���öô�, ûß�øhS	³���¦, �ìïå

Ï��*®Â���öôô�∆t (øhS
Ö�*¹, \:ûß(Ù�*��öô

ô�
@�¶��ãh. ù�Ï�*Ù7�¹, �ìóaK��*ûß, v��dû

ß��åø¹ù��®Â¶�. Ù7�ì1ïåóa6 ú��*ûß, Ù�ûß�

�Â¦_aö/�h�7�, F®Â¶�
�. Ù7��*ûß�Æ�ïåð:û

ü. ��ÙÌÏð�� (�E
ïL, �ì(� ûü��ö_1�0�ûü-�

*ûß���*Ù��®Â¶�DÑ���. Ù���ïå(�*��Æ¦ρ (q, p, t)

eh:, ��i��I/: ρ (q, p, t) dpdq ãh(ö;t, øzô-�¹(q, p)DÑ�ø

SïCdpdq�ûßãh¹ú°���. Ù7, i�Ï�sG<ïå�:

A (t) =

∫
ρ (q, p, t)A (q, p)

dpdq

N !h3N
(1.4.18)


�-�N !e��h��P�¤b
§�°�¶��h3Ne��Ï*®Â¶��`

nh3NÙ7�*“Sï”. Ù$*àPGe��ÏPH�. 
x�/, Ù*� ¹Õ�

7ê	�õ
��I, (�E
/àÕÍ\�, à:�ìàÕB�øhS.

(
*�ª�,i�f¶ì>��¤:����Æ¦ρ (q, p, t)ïå1�f�¹Õ

�0. ��
, ÎÏx�fúÑ, ïå�0ρ (q, p, t)@á³�¹�: �ô�¹�, v1

dúÑïå¨º��î�, F/, Ù*¹��Bã�7/Êvð¾�. ¿@Ù7�*

¹�, ��^8j��i�f¶Z���å\, ���Ïî�/Ù�¹b�púã

h. ���ìG�ûß/���Ï�(Ergodic Hypothesis), �ì1ïåù��Æ¦

�wSb�Ùú¨­. Ù*Gô��*ôÂ��ehð1/: ãhûß�ø¹ïå

0¾�Â¦_aö�A¸�øzô�Ï�¹��*���»ß. ôÂ0ô, ûß��

ÂaöA¸�Ï�*®Â¶�ú,
ý/ïå¾0�. F/, Ù*G�<Nv
�

Ë, °(, òÏÁ����ûßn�/���Ï�, ���ûß�
/. ��, ý�Á

��,ý/��øùeôÔ��U�ûß. ù�ß¡i��v�ûß, 1�v^8


B, �Á�ûß/���Ï�
/���Ïý/�ïð¾�. æ�¹b, 1���^

¿'¨�ûßh°ú÷�'(,ÙÍ'(�:@Ïx¨�fûß�+	�(��:

', Ùô� �Î�fú,��úÑ»��'Ï�P���ûß�ß¡î��ð¾.

1�
ð�à, °(i�f¶ô >��¤:ß¡i����Ûêñ�G¾, �


/ô¥Î�fúÑ. »�yüIÑf¶�å\:d`��Z��ú@, �ûß��

hð��+1�ýi�f¶	�¯(Gibbs)�·ýW
i�f¶1à¯fH�ìËZ
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1 í�f�ß¡i�f�ú,�õ

ú. îM, �ìïå�Z�hðß¡i��ú,G�, Ù*G�^8�U�ôÂ. Î

Ù*G�úÑ, ù��û��sa�ß¡i�î�, ý�0�cn�Ó�. :��Z

0hðÙ�Í��ú,G�, �ìH�Ûà*s�ûü��õ. �M@ð, ûü1/

���7�Âaö��, 'Ï�ø�ûß�Æ�. ûü-�Ï�*ûß@���Âa

ö/�hø��, F(h���Âaö�, ûßïå��
��®Â¶�. 
���

ÂaöÙú
��ß¡ûü, �8(�	��ÛÍ. ,�Í/®c�ûü, ûü-�

Ï�*ûß�ýÏE, �PpN�SïV/Ù��. Ù7�ûß_ð:dËûß, à:

ûß��LKô¡	ýÏ, �Pp�¤A, øù��Leô, /dË�. ,�Íûü/

c�ûü, Ä�c�ûü�ûß��PpN�SïV/Ù��, FýÏïØ, ûßï

å��L¤býÏ, �ìG��L��Ù��)¦T , ��LÔûß'��, Ù7, û

ß�)¦_ú�:T . Ù7�ûßð:í�ûß. ,	Í/èc�ûü, Ä�èc�

ûü�ûß�Sïú�, ýÏ��PpýïØ. ûßïå��L¤býÏ, _ïå¤

b�P, �ú��/)¦T��f¿µ. (Ù*ûü-,�P�§��nm_/A¸�.

,ÛÍ/T–Pûü��I�ûü�Ä�I�ûü�ûß�v)¦��:åÊ�Pp

Ù��ûß�ýÏ�SïïØ�I�ûü(�º��-(�
��F(!ß¡�-

(�Ô���(!ß-�	ö�(Ù��:�¡�Sï�sG<�Ô(ú�Sï�

¡��:e�¹¿�

ß¡i��cn'òÏ�0'Ï����Á. S6, Ùv
/ô�v���Ï�

º/�h¡	�I�. �E
, Ù*�ßÑteØøS;Ã. ���v�	©���

ß¡i��¸�ú@î�, Ù>6/Í��. Z:Ù*þ�, �ì�Í¹�>(ß¡

i�,«��º��(
, �ì�
�Ç�0¨ºß¡i��ú@î�, 	t£��

fïåÂ�ø��fM��à.

1.5 ®®®ccc���ûûûüüü���ßßß¡¡¡iii������úúú,,,GGG���

H�Q®c�ûü, s1�*dËûß@ù��ûü, Sûß¾0saö���Âi

�Ïý
�V�öô, @å����Æ¦_�öôàs. ûß�ýÏ/�R�, @å

ûß�ãh¹��(výÏòb
. s¿�d, ûßÍ6ý�¾0^8'Ï�®Â

�. ù�Ù*ûü, �Ûß¡i��ú,G���:

ù��*dËûß���ûü, ûß��Ï�*ïý�®Â����ø�.

Ù*G�_ð:I����. 9nÙ*G�, ®c�ûü���Æ¦ïå�:

ρ(q, p) = Cδ(H(q, p)− E) (1.5.19)
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1.5 ®c�ûü�ß¡i��ú,G�

ÙÌC/8p, 1R��aö³�. 	ö:�¹¿, �ìG¾ûß�ýÏX(��*

��ýÏ:ô�, Ùö����Æ¦:

ρ (p, q) = C, E ≤ H (p, q) ≤ E + ∆E

�(vÖýÏ:ß:0. I��G�
ÅùÏxûß�Ë, ùÏPûß_�7�Ë.

(ÆÏxÑ<�, (ýó[E,E + ∆E]K�, ûß�®Â¶�p:

Ω (E) =
1

N !h3N

∫
E≤H(p,q)≤E+∆E

dpdq (1.5.20)

���Pïå�¨��Ï*�P@ß(n��:ß�, 
�-�àPN !�S»�.

:�ù�ûß�®Â�pî	*�õ, �ìe¡���1N*U�P�PÄ��

�ó�S�®Â�pî. ûß�ÈÆ�Ïïå��

H =
∑
i

p2
i

2m

àdûß�®Â�pîΩ (E, V )\:�PpN , ûßýÏE�SïV�ýpïå1�

�ï��ú:

Ω (E, V ) =
1

N !h3N

∫
E≤H(p,q)≤E+∆E

d3Npd3Nq

Ù*ï�c/3Nôzô-J�/
√

2mE�J�/
√

2mE + ∆E�$*�bKô@9

��ó�Sï. @å�ì�0

Ω (E, V ) =
3N

2E

(
V

h3

)N (2πmE)3N/2

N !
(

3N
2

)
!

∆E (1.5.21)

1dïÁ, ®Â�pî�ûß�ýÏ�� ^8ë�0���÷°ON�Ï§

/1023æó	.

Ω (E, V )/ûß�ýÏ�Sï�ýp��døTû��ì�I�*Í��i�

Ï�ûß�µS (E, V ):

S (E, V ) = kB ln Ω (E, V ) (1.5.22)

v-kB = 1.38 × 10−16erg/K/»�yü8p��U�P�P�ó�S�®Â�p

î(1.5.21)ãe, v�)(Stirlingl�, 1�0U�P�P�ó�S�µ

S (E, V ) = NkB log

((
4πmE

3Nh2

)3/2 V

N

)
+

5

2
NkB (1.5.23)

v-�ìñÏýe�ø�log
(

∆E
E

)
�log

(
3N
2

)
�y. 1��PpN�pÏ§/^8

è'�, @åù��,�∆E
E , vùpýÜÜ��N ; �ö, cÔ�logN�y�cÔ
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1 í�f�ß¡i�f�ú,�õ

�N�yøÔ, _/ïåýe�. �ìÑ°, �*®c�ûü�µ/�*�öÏ, cÔ

��PpN��ö, �ù�®c�ûü�ýó½¦∆E��V��ö.

°(��ì�Q$*ûß, �+ð:ûß1�ûß2. �H�ì�ê/¾0sa�

dËû. °(, �ì©$*ûß¥æ, ��ìKôïå¤býÏ, FÏ�*ûß��

Pp�SïÍ6Ý�
Ø. ���ì�$*ûß�w���*ûß, £HÙ*;ûß

�ýÏE0/�R�, ïå(®c�ûüÏ�, F/Ï�*PûßýÏE1�E2v
�

R. _1/ô, E0 = E1 + E2/�*�R�8p. Ùö;ûß�®Â�pîΩ0, 1/

$*Pûß(�Íïý�ýÏ�M��®Â�pî�Xïù�Í�MB�

Ω0 =
∑
E1

Ω1 (N1, E1, V1) Ω2 (N2, E0 − E1, V2) =
∑
E1

eS1(N1,E1,V1)/kB+S2(N2,E0−E1,V2)/kB

(1.5.24)

Ù�E1, �ûß�®Â¶�p:Ω1(E1)Ω2(E − E1), 1ú,G¾�Ï*®Â�ú°

���øI�£H�,�*PûßÖýÏ:E1���:

W (E1) =
Ω1(E1)Ω2(E − E1)

Ω0

Ï�JÉ�ì���$*Pûßý/�Âûß�(¾0saå��Ï*Pûß�ý

Ï/^8n���v¡	(�'��ô�¨=�_1/ô�
ð��(�*���

�ýÏ�ME1 = E1
	�*^8����'<��
®Ü»Ù*ýÏ����%

gÏ��Î�ÂÂß�Ò¦e��¾0sa�Pûßw	øSn��ýÏ�è�0

Ω1(E1)Ω2(E − E1) = e(S1(E1)+S2(E−E1))/kB

�'<�MnE11��Ùú�(
∂S1 (N1, E1, V1)

∂E1

)
N1,V1

∣∣∣∣∣
E1=E1

=

(
∂S2 (N2, E2, V2)

∂E2

)
N2,V2

∣∣∣∣∣
E2=E0−E1

(1.5.25)

àd�ì�0, S$*û�ûß¾0saö, �ìw	ø��
(
∂S(N,E,V )

∂E

)
N,V
<. 1

í�f,ö���$*¾0ísa�ûßw	ø��)¦�àd�ìïå�Ù*Ï

�)¦Tûwe��I)¦:�

1

T
=

(
∂S (N,E, V )

∂E

)
N,V

(1.5.26)

�b�ô�Ù7�I�)¦�í�f)¦/�ô��

1����Ù*'(�(¡�;¶�p�B�-�ê	E1 = E1DÑ�!.M

/�Í���_1/ô�E1ù��/�pè���'<��ì(¡�
��ï�
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1.5 ®c�ûü�ß¡i��ú,G�

ö�ïå�(�a�MÕÑ<�:d����1.5.24)��pè�(E1 = E1DÑU

���6üpI�ö��6üp(E1��<:�

− 1

T 2

(
∂T

∂E1

+
∂T

∂E2

)
= − 1

CV 1kBT 2
− 1

CV 2kBT 2

v-E2 = E0 − E1, CV 1�CV 2�+/ûß1�ûß2��¹í¹Ï��/�Æn0�

6y�vè�0«ïýp(»�E1ö�ë��0, ï�PïåiE0[−∞,+∞], 1

dïåB�Ω0:�

Ω0 = eS1(N1,E1,V1)/kB+S2(N2,E2,V2)/kB

√
2πCV 1CV 2T 2

CV 1 + CV 2

�ûß;�µ:

S0(N0, E0, V0) = S1(N1, E1, V1) + S2(N2, E2, V2) (1.5.27)

(�0
ðÓ�ö��ìe»�1
2kb log 2πCV 1CV 2T

2

CV 1+CV 2
Ù7�y�Ù/à:Ù7�y�

�Pp�ùp�cÔ��µ���Pp�cÔ�ù��Âûß���øî�'�

����*dËûß��:�*Pûß�Ï*PûßÍ6/�Â�. ù�Ï*

Pûß�	�û�®Â¶�. �Q,a*Pûß���PûßýÏ:Ea�Ï*®Â

¶�ú°���:wa(Ea), Pûß��ýÏEa��Æ¦:
dΩa
dEa

, £H�Pûß	gý

Ï���Æ¦:

Wa(Ea) = wa(Ea)
dΩa

dEa

�����R�� ∫
Wa(Ea)dEa = 1

ù��ÂPûß��E
�Wa(Ea)	^8'��*�ð�ù��ýÏ/Pûß�s

GýÏ�(»�d�ð��ë�M0ïåýe
¡�¾Wa(Ea)��'ù��ýÏ

:Ea��ìïå�Û�*��½¦∆Ea, ��

Wa(Ea)∆Ea = 1

�Pûß��ýÏô�∆Ea�®Â¶�p/

∆Ωa =
dΩa

dEa
∆Ea

Ù*Ï∆Ωa(Ea)ð:Pûß�ß¡CÍ�ù�Pûß��ìïå�Ivµ:ß¡C

Í�ùpXå»�yü8pkB.
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1 í�f�ß¡i�f�ú,�õ

°(Þ0t*dËûß�1�Ï*Pûßý/�Âûß�PûßKô/ß¡ì

Ë��dËûß�;�®Â¶�p/�*è��®Â¶�p�Xï((�hah:P

ûß	

∆Ω =
∏
a

∆Ωa

_1/ô�í�ûß�µ/�*Pûßµ���

S =
∑
a

Sa

µ� �����dËûß¡	¾0sa�Ï�JÉ�ì�ûß��Ç���

*è��ýÏ�Æ¦I�È¾0sa�(Ù*�tÇ�-��*è��¶�pïý

� �_ïýÏ��F/�t*dËûß�¶�p;/� ��ûß��sa�Ç

�/µ� �Ç��Ù�Ï��;ÓRÓ:@�µ� ���dËûß�µ�öô

� �Ý�
Ø�sa�ù��í�ûßµ�'�¶��

(Mb�¨º-��ìÙú�ß¡i�-µ��I�Pûß�µ

Sa = kB log ∆Ωa

�dËû

S = kB log Ω

ÙÌΩ/dËûß(Ù�¦_aö��®Â¶�p�∆Ωa/Pûßa�ß¡CÍ�Î


b����ìåS�Ù$*�I/I÷���I�MÐ/�ì¨º�ûß��s

a��:�¨ºµ� Ç���ìÅ{�
b��I¨�0^saÇ���ìê¨

ºá³@ßsa�ûß��
�Ê�,�^saûß�¾ó��ì�v�ûß��

:��Pûß�Ï*Pûß�å³�'��+³����P�ý�«���Âû

ß��ö�Ï*Pûß_�³����0ïå��/ê«�(sa����ý�Z

0Ù�¹��ì¤:Ù/á³@ßsa�ûß�1�Ï*Pûß/�Âûß�@å

PûßKô�ø�\(ïåýe
¡�(
*��öô��Ï*Pûßïå��/

��sa��Î��IPûß�µ�(
*��öô��ø�\(êqÍPûßL

b���P��*Pûßïå��/ß¡ìË��@å�ûß�;�®Â¶�pï

å���*Pûß�®Â¶�p�ß¡CÍ	�Xï�s

Ω =
∏
a

∆Ωa

ù
�ÖùpvXå»�yü8pkB,�0ûß�µ

S =
∑
a

Sa
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1.5 ®c�ûü�ß¡i��ú,G�

Ù7�I�µ1/^saûß�µ�

�ì(ÔPûß�pköô����öôô�e�ßûß�Ï*Pûßïå�

���sa��	g®c�ûü�v��ýp:

ρ(Ea)dEa = Cwa(Ea)Ωa(Ea)dEa = Cwa(Ea)e
Sa/kBdEa

��è��/�wa(Ea)/1Pûß�¯�-(ÙÌ�/v�Pûß-n���:��

0t*ûß���ýp�v
ý�Pûß���ýp�U�Xwe��/�)(®

c����G¾�dËûÏ*®Â�I���(ß¡ìË�G���ù���Äý

Ï��M{Ea}, vù��®Â¶�p/�*Pûß�®Â¶�p�Xï��ÙÍ�

M����vù��¶�p�cÔ��/t*ûß���ýp�:

dρ = Cδ(E − E0)
∏
a

dΩa

dEa
dEa

= Cδ(E − E0)
∏
a

∆Ωa

∆Ea
dEa

= Cδ(E − E0)eS/kB
∏
a

dEa
∆Ea

= C ′δ(E − E0)eS/kB
∏
a

dEa

(
�-��ì�!(∆Ωa
∆Ea
ÖãdΩa

dEa
åÊ�∆Ea>eR��8p-�ý�Ù7Z�

�1/�øù�eS/kB ,
∏

∆Ea�ýÏ�M�Ø�/^8���

t*ûß�sa�ù��Ï*Pûß�ýÏÖv��6<Ea, (dÅµ���

�ýpÖ�'<Î�µw	�'<���t*ûß��^sa��£H���Ó�

�/;ýÏ(�*PûßKô�����;µ� �ôóÖ��'<�

:�å���(��ì�µ� ��¨�0�,�íÝ�ûß�(ÙÌ�ûß

��LKô¡	í¥æ�Fûß�år*Âpïå9Ø����ûß�Sï�� 

Á:�� 5:Iïå9Ø�(dÅµ��µ� ��Í6/�Ë��(í�f�

ô��Ù/í�f,����Ó��(¯¹ß¡i���I��ïåÙ7e�ã�

�H��Âp�Ø��ûß¡	ß¡�I
�ø�\(�_1/ô��ìïå�ú

ûß�ÈÆ�Ï�ÈÆ�Ï�Ç�Âp��V�öô�ûß��L�ø�\(ïå

/�f��5Á�II�F
/ß¡�I
����(ß¡�I�ûß��L	ø

�\(�£H���
�ì_àÕ�úûß�ÈÆ�Ï��Å{�ûß��L��

�*ô'�ûß�Mý�ûß�ÈÆ�Ï�úe�(Ù��Âp��¾óûßòÏ

¾0sa��dö�µ���'<���9Ø�ÂÏ��ûßøù�°��ÂÏ�
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1 í�f�ß¡i�f�ú,�õ

:^sa�����sa�Ç�µÅ�� �ôó¾0°��Âp���'<�d

ö�ûß¾°0sa�

1.6 ÝÝÝíííÇÇÇ���

ù��*í�fûß���
�vvØ�Ç��ÅÅ@P�sa��/¡	�I

��F/�ûß�ûUØ�Å���ûß»�sa��ÏÇ�µöô�ûß(°�

aö�¾0sa��ûß¾0sa@��öôð:�köô�v�í�ûß�'

��^saÇ�I	s�����ûß�Ç�ÛL�³�b�9Øûß¶��öô

Ü'��köô�£H�ûß�Ï�eýïåÑ<�Z��sa��Ù7�Ç�ð

K:ÆY�Ç��(sa�í�f�ß¡i�þ�-��ìú,
ê¨ºÆY�Ç

��

��ûß�9Ø�Ç9ØÐÍ�ûßø�\(��:e����¡	íÏ�¤

b�Ù7�Ç�:ÝíÇ��(ÙÌ�d^y+ô��@	�Ç�ý/�ÆY�Ç

������Ç�bû¨;^�9Ø1ÝíÁZ���8���S�Sï�1/Ý

íÇ��(ÝíÇ�-�ûß�µ
Ø�àd�ÝíÇ�_ïåðK:IµÇ��

:�ô�ÝíÇ�-µ
Ø��ì(�*Âpλe�×�L�ûß�ø�\

(�ÙÍø�\(Å{/^ß¡�ø�\(�ß¡ø�\(üôí ü	���û

ßSï�9ØI�>6�(�:Ø�ö�µ�9Øe���:�Ø�dλ
dt , (ÆY�

��dλ
dt/�*��ö��Ï��/��ìïå(�eU�µ�Ø�. SÂpλ
Ø

ö�µ_
Ø�@åU��06y:0�1�dλ
dtïcï���µ;/� ��@å�

�6y_Å{:ö�U�Î,�6�Ë�

dS

dt
= A

(
dλ

dt

)2


�ïå9�:

dS

dλ
= A

dλ

dt

SÇ�ÛL�³�bÎ�dλ
dt��öö�µ�Ø�_��ö�Ù1Á��ÝíÇ�-

µ
Ø�

�ìïå�0(ÝíÇ��¯¹1í�f¡�ß¡sG<�l���Qûß�

ÈÆ�ÏH(p, q, λ), ÙÌ(p, q)/ûß�Ï*�P�¨Ï�Mn�λ/�*Âp�h

:ûß��L�ø�\(�λ�öô��bØ�Ùú�L\(�ûß�Ýí9Ø�
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1.6 ÝíÇ�

(���f-�ìåS�ÈÆ�Ï�öô�Ø�I�ÈÆ�Ïù�öô�Oüp

dH(p, q, t)

dt
=
∂H(p, q, t)

∂t

�/

dH(p, q, λ)

dt
=
∂H(p, q, λ)

∂λ

dλ

dt

ûß�sGýÏ:

E(λ) = H(p, q, λ)

ù�öô�üp�ß¡sGïå¤b�sGýÏ�öô�Ø�ïå�:

dE

dt
=
dH(p, q, λ)

dt
=
∂H(p, q, λ)

∂λ

dλ

dt


�-ù�ýÏ�Oüp�sG/(ú�Âpλ�ÛL��æ�¹b�ýÏ�Ø�

ïå��æ�Íb��(ÝíÇ�-�ûß�µ
Ø�

dE

dt
=

(
∂E

∂λ

)
S

dλ

dt

Ô�$*Ó���0

∂H(p, q, λ)

∂λ
=

(
∂E

∂λ

)
S

\:�*�P��ì�Q¦_(SïV-�AS�vÈÆ�ïå�:H(p, a, ~r),

(p, q)/ûß-�P�¨Ï�P���~rh:ûß�¹L�ûß\(�¹h�*Sï

Cd~s��/

~F = −∂H(p, q, ~r)

∂~r

�/���sGI�ÝíÇ�-ýÏù~r��¯¦

~F = −∂H(p, q, ~r)

∂~r
= −

(
∂E

∂~r

)
S

= −
(
∂E

∂V

)
S

∂V

∂~r

è�0∂V
∂~r = d~s, Î�

~F = −
(
∂E

∂V

)
S

d~s

�:I�

P = −
(
∂E

∂V

)
S

ú��Pp�µ/ýÏ�Sï�ýp�S = S(E, V ),

dS =

(
∂S

∂E

)
S

dE +

(
∂S

∂V

)
E

dV =
1

T
dE +

(
∂S

∂V

)
E

dV
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1 í�f�ß¡i�f�ú,�õ

ù�ÝíÇ��dS = 0,

P = −
(
∂E

∂V

)
S

= T

(
∂S

∂V

)
E

�

P

T
=

(
∂S

∂V

)
E

Î�µ�®��:

dS =
dE

T
+
P

T
dV


���*ô8Á��Õ/

dE = TdS − PdV (1.6.28)

åSïú��ûßýÏ�9Øêý/ í�_1/ô�TdS = δQ.

1.7 ccc���ûûûüüü���èèèccc���ûûûüüü���III���ûûûüüü

���Q�*dËûß��è�\:Pûß�Ùè��ûß�vYè�ïå¤bý

Ï�àd�Ùè��ýÏ/
n���Ù*PûßÖy�ýÏ���ïå�¹¿�

1I��G¾�0�	gI��G¾�ûß��Ï*®Â¶����ø��àd�

Pûß��ýÏ:E����döt*ûß�®Â¶�p�Ô��¾t*ûß�ý

Ï:E0, SPûß�ýÏ:Eö�vYè��ýÏ/E0 −E, e»Pûß�vYè�

�ø�\(�Pûß�vYè�Kôß¡ìË�t*ûß�®Â¶�p:

Ω = Ω1(E)Ω2(E0 − E)

��1ãhPûß���2ãhûß�vYè���/�PûßÖýÏE���:

ρ(E) = Ce(S1(E)+S2(E0−E))/kB (1.7.29)

8pC1R��aöe³��

®c�ûü(�EÐ(
v
A�¿), (�p�E�(-, �ì��åSûß

(ú�)¦��Ppö�í�f'(. Ù1ù���ì°(�¨º�c�ûü.

c�ûüïå�Ç©ûß��*'í�¥æeüú. :d�ìÍ6�Q$*

ûß, �*/�ì��v�ûß�æ�*ûß1/'í�. �ì°(sÃ, S$�

¾0saö, �ì�v�ûß�(ýÏ/E��*®Â�
���/��. 	g

I����, Ù*����/cÔ�'í�w	ýÏE0 − Eö�í��®Â�p

îΩr (E0 − E)�ûßÖýÏE�¶�pΩ (E)Kï. @å�ì�B���:

ρ (E) ∝ Ω (E) Ωr (E0 − E) = Ω (E) elog Ωr(E0−E)
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1.7 c�ûü�èc�ûü�I�ûü

�ö, 1��ìG¾í��', @å��	E0 � E. àd, ïåùEZ§pU�

log Ωr (E0 − E) = log Ωr (E0)− ∂ log Ω (E0)

∂E0
E

)(M���Ó�, 
�-�O®F/'í��)¦��p: ∂ log Ω(E0)
∂E0

= β = 1
kBT

,

àd�ì1�0ûß��ýÏ:E�Ð*®Â¶����:

ρ (E) =
1

Q
Ω (E) e

− E
kBT (1.7.30)

Ù1/W
�	�¯c���. v-�Ω(E)/ûß�ýÏ:Eö�®Â¶�p�

(ÙÌ��ì�ýÏE�Z/Þí��àd�%<ôe�Ω(E)/ûßýÏ(ED

ÑdE�ô��®Â¶�p�

Ω(E) =
dΩ(E)

dE
dE

�
dΩ(E)
dE /ûß��Æ¦�(1.7.30)-�R��8pQ1��Ùú

Q(T, V,N) =

∫
dE

dΩ (E)

dE
e
− E
kBT =

∑
@	®Â¶�s

e
− Es
kBT (1.7.31)

,�*I�9�:ù®Â¶��B��v-B�MÊ@	ûßïý�®Â¶�. ý

pQ (T, V,N)ð:ûß�M�ýp(partition function). M�ýp�í�f-ê1ý

�sû/

F (T, V,N) = −kBT lnQ(T, V,N) (1.7.32)

�ì��0: �æ�0�ûß�M�ýp, Î�ïå�0\:T , V , N�ýp�ê1

ý�£H�ûß�@	í�f'(1n��.

)(c����ûß�sGýÏ:

E =
∑
E

Eρ(E) =
1

Q

∫
dEE

dΩ (E)

dE
e−βE = −∂ lnQ

∂β
= −T 2 ∂

∂T

(
F

T

)
(1.7.33)

�ýÏ�¨=:

(E − E)2 =
1

Q

∫
dE(E − E)2dΩ (E)

dE
e−βE =

∂2 lnQ

∂β
= kBT

2CV (1.7.34)

(��à��ì�Îæ�*Ò¦�0�(1.7.32), ÙÌ��ÇÕþ¡�M�ý

pQ, ÙúÙ*sû���*¨ü�ù��*�Âûß�výÏ�¨=/����

_1/ô�ûß�ýÏO»vsG<���^8��Ùh°:(1.7.31)-�«ïýp
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1 í�f�ß¡i�f�ú,�õ

(ýÏ:ûß�sGýÏö:�*����'<�:�å�¨º¹¿��ì�ï�

ØÏ9:E′�v(Eh:ûß�sGýÏ�

Q(T, V,N) =

∫
dE′

dΩ (E′)

dE′
e
− E′
kBT

(ÙÌ�ì�(ÞíÖ<�E′�àd��ìêý�Q(ýÏE′DÑ�*ô���®

Â¶�p��
/¾n�ýÏ:E′�®Â¶�p�ûßÖýÏE′ö�(ô�∆E�

�®Â¶�p/

∆Ω(E′) =
dΩ(E′)

dE′
∆E

�/�ûß�µ:

S(E′) = kB ln
(
∆Ω(E′)

)
= kB ln

(
dΩ(E′)

dE′
∆E

)
v-∆Eh:�*��ýÏô��)(
ðsû�M�ýp�:

Q(T, V,N) =

∫
dE′

1

∆E
e
− E′
kBT

+
S(E′)
kB =

∫
dE′

1

∆E
e
− 1
kBT

(E′−TS(E′))
(1.7.35)

�«ïýp��pè�(ýÏ�sG<�U��à:«ïýp:�'��pè�_

/�'��E′ − TS(E′)(E′ = Eö:���ùE′ − TS(E′)Büväv:ö�1ï

�0³�E�¹�

1− T dS(E)

dE
= 0,

dS(E)

dE
=

1

T

_1/ô�ýÏ�sG<ù��ûß�)¦�Ù��¯�)¦ø��E′−TS(E′)�

�6üp(E¹�<:

−T
d 1
T

dE
=

1

T

dT

dE
=

1

CV T

v-�CV = dE
dT:ûß��¹í¹Ï��/�

E′ − TS(E′) = E − TS(E) +
1

2

1

CV T

(
E′ − E

)2
M�ýp�:

Q(T, V,N) = e
− 1
kBT

(E−TS) 1

∆E

∫
dE′e

− 1
2

1
CV kBT

2 (E′−E)2

= e
− 1
kBT

F
√

2πCV kBT

∆E
(1.7.36)

v-

F (T, V,N) = E − TS (1.7.37)
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1.7 c�ûü�èc�ûü�I�ûü

�I:ûß�¥Æ
2ê1ý�Ù7�Í¡�ï��¹Õð:�a�MÕ���¹

Ñ<¹Õ�/��«ïýp	���'��{ï��	H¹Õ�)((1.6.28), ïå

�0

dF = dE − TdS − SdT = −SdT − PdV

1dï��

S = −
(
∂F

∂T

)
V

, P = −
(
∂F

∂V

)
T

���*ûß�®Â¶�pïåB��£H��ìïå�I�*ýÏ�ýpF ,

F = E − kBT ln Ω

ä
�ùýÏ�üp:ö�ïB�ûß�sGýÏE�&Þ���0ûß�ê1

ý��Çùê1ýBüp�1ïå�0ûß�@	í�f'(�

ù�(1.7.36)$¹Öùp��0

F = −kBT lnQ+ kBT ln

(√
2πCV kBT

∆E

)
è�0F/�*�ûß�'���Pp	�cÔ�Ï�CVcÔ�N , �,�y�c

Ô�lnN�ù��Âûß��ìïåe»Ù�y�Î��0

F (T, V,N) = −kBT lnQ(T, V,N) (1.7.38)

Ù�sû�(��àåæ��Í¹� åô��

�d{<, �ìØïå¨º�*�'í��'�P�¥æ�ûß�ß¡'(. Ù

öûßïå�'í��'�P�¤býÏ��Pp, @åê	;ýÏE0�;�P

pN0/�R�. ���ì�t£�/ûß�(w	�PpN�ýÏ:E�®Â¶�

���, �ì�hïåÿgc�ûü�¨º�0

ρ (E,N) ∝ Ω (E,N) Ωr (E0 − E,N0 −N) = Ω (E,N) elog Ωr(E0−E,N0−N)

1�N0 � N , E0 � E, �ìïå�®Â�pî�ùp�µ	U�, v)(sû

∂ log Ωr (E0, N0)

∂E0
= β =

1

kBT
, �

∂Sr
∂E0

=
1

T

∂ log Ωr (E0, N0)

∂N0
= α = −βµ = − µ

kBT
, �

∂Sr
∂N0

= −µ
T

�0

ρ (E,N) =
1

Ξ
Ω (E,N) e

− (E−µN)
kBT
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1 í�f�ß¡i�f�ú,�õ

èM�ýpΞ (T, V, µ)1R��aö�ú

Ξ (T, V, µ) =
∑
N

∫
dE

dΩ (E,N)

dE
e
− (E−µN)

kBT (1.7.39)

=
∑
N

∑
s

e
− (Es−µN)

kBT

Ù*��ð:èc���. ÙÌ�e�Ïµð:ûß��f¿�vi�+I�(�b

�à��e���{<�c�ûü�)(�a�MÕ¡�ï��ïå�0

Φ = E − TS − µN = −kBT ln Ξ (1.7.40)

ÙÌΦ:�¿ýp�vØÏ:T , V , µ�

����ìËÍ��T–Pûü�Ù/1Ù�)¦��:��Pp�ûß���

ûü�{<�Mb�¨º��ì��v�ûß���*'�dËû���è��û

ß��Ppú��Sûß�ýÏ:E, Sï:Vö�ù��dËûß�®Â¶�p/

Ω(E, V )Ωr(E0 − E, V0 − V )

	gI��G¾�ûßÖýÏE, SïV���/

ρ(E, V ) ∝ Ω(E, V )Ωr(E0 − E, V0 − V ) = Ω(E, V )eSr(E0−E,V0−V )/kB

�¯��µù�E�VU�

Sr(E0−E, V0−V ) = Sr(E0, V0)+

(
∂S

∂E

)
V

E+

(
∂S

∂V

)
E

V+· · · = Sr(E0, V0)− 1

T
E−P

T
V+· · ·

e»Ø!y�ãeM��0

ρ(E, V ) ∝ Ω(E, V )e
− E
kBT

− PV
kBT

�/�R�����:

ρ(E, V ) =
1

Y
Ω(E, V )e

− E
kBT

− PV
kBT (1.7.41)

ýÏ�SïG\:ÞíØÏ��Ω(E, V ) = D(E, V )dEdV , v-D(E, V ) =

∂2Ω(E,V )
∂E∂V :ûß(E, V���Æ¦��E�VDÑdEdV��¶�p:∆Ω = D(E, V )∆E∆V�

�/�R��8p:

Y =

∫
dEdV D(E, V )e

− E
kBT

− PV
kBT (1.7.42)
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1.7 c�ûü�èc�ûü�I�ûü

)(�a�MÕ¡�ï��ïå�0

G = E − TS + PV = −kBT lnY (1.7.43)

ÙÌ�sGýÏE�sGSïVG/T , P�N�ýp�Î�G_/T , P�N�ý

p�Gð:ûß�	�¯ê1ý�v®�:

dG = dE − d(TS) + d(PV ) = −SdT + V dP (1.7.44)

(��à�ì�Á��sû�(1.7.38), (1.7.40)�(1.7.43)(
ý�(�a�M

ÕÑ<�Åµ�_/cn��

(Mb�¨º-��ì:��ûß��Pp/�Â��FÙ�¹v
Å��ù

�c�ûü�T–P����ì�v�ûßïåê�+�*�P. MÐ/Ù*�P�

¯��ø�\(�^8���0øù��ê«�ýÏïåýe�_1/ô��P�

¯��ø�\(ê/Ð���*�P�¯�¤býÏ����t*ûß�ýÏØý

����P�ýÏ�¯��ýÏK��S6�dö�(¡�M�ýpö��a�M

Õ
��Ë�F/�ù�U*�P�vï��Íp���ïå(8Ä�¹Õ¡��

(c�ûü�����ì�Qá³
ð�B�U*�P���*)¦R��¯�

���Ù*�P�ýÏ��:

W (ε)dε =
1

q
e−βεD(ε)dε (1.7.45)

åÊ	g¶����:

ρ(ε) ∝ e−βε

Ù1/�å�»�yü������ù��ó�S�ε = p2

2m + U(~r), v-U(~r)/�

P�¿ý�

ρ(ε) =
1

q
e
−β
(
p2

2m+U(~r)

)

1.7.1 ���yyyúúú:::www

���úS-�:w��(�yú�Shottky	:w) (vS-�1�íp¨�*+

�Pïåï/³��ýÏ�»�v<Mn�b��ÍzM�¹:w�ÙÍ:wð:

�yú:w��ìe���yú:w�Æ¦�)¦�sû�¾§��*:w�ýÏ

:ε, ε � kBT . vS-§��n*:w�:w�;ýÏ:E = nε��vS-��P

;pNøÔ�n/�*���pî�&��vS1
ïýX(���ö�ù��Â
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1 í�f�ß¡i�f�ú,�õ

'��vSeô�n� 1�n*:w(N**¹
���p:

Ω(n) =
N !

n!(N − n)!
≈
(
N

n

)n
en

1c����ú°n*:w���cÔ�

P (n) ∝ Ω(n)e
− nε
kBT =

(
N

n

)n
e
n(1− ε

kBT
)

ä

Z(ε) =

∞∑
n=0

(
N

n

)n
e
n(1− ε

kBT
)

��:w�sGp:

n =
1

Z

∞∑
n=0

n

(
N

n

)n
e
n(1− ε

kBT
)

= −kBT
∂ logZ

∂ε

è�0P (n)1$è�øX�0��è��në�� ��æ�è��në�pÏ�$

�øX��(Ð*n<DÑb��*½¦���ð<��ùn�B���

Z(ε) =
∞∑
n=0

e
n(1− ε

kBT
+log

N
n )

¾�pè�Sn = n0öÖ�'�:B�n0, �pè�ùnBüväv:0, �0

1− ε
kBT

+ log N
n − 1 = 0

ã�

n0 = Ne
− ε
kBT

��pè�(n = n0U�ó�6y

n(1− ε
kBT

+ log N
n ) = n0 −

1

2n0
(n− n0)2 + · · ·

ãeZ�h¾��v�B�b�ï���0

Z = en0
√

2πn0 = exp(Ne
− ε
kBT + 1

2 log(2πN)− 1
2

ε

kBT
)

�/

n = −kBT
∂ logZ

∂ε
= Ne

− ε
kBT + 1

2 = Ne
− ε
kBT

Ù*î���*��ãÕ/�)(òÏB��®Â¶�p�� 

F = nε− kBT ln Ω = nε− nkBT ln
Ne

n
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1.7 c�ûü�èc�ûü�I�ûü

ùnBüväv:ö

ε− kBT ln
N

n
= 0

ã�

n = Ne
− ε
kBT

Ù*��_ïå(®c�ûüBã�¾n:saö:w�pî��µ

S(n) = kB ln Ω(n) = kB(N lnN − n lnn− (N − n) ln(N − n))

ûß��sa��v)¦:

1

T
=
∂S

∂E
=
dS

dn

dn

dE
=

1

ε

dS

dn
(1.7.46)

1µ�h¾��B�

dS

dn
= kB(ln(N − n)− lnn) ≈ kB ln

N

n

&e(1.7.46)�0

n = Ne
− ε
kBT

úS�Ó�ý(Ï*�Pår5P��Ï§��yú:w�b�ýÏ'ô

:ε = 1eV , ¤)'ôøS� 1
40eV , sε/kBT ∼ 25, n

N ∼ e−25 = 10−11�@å8)�

�yú:w�Æ¦^8N�ê	()¦�Øö�M	����yú:wú°�

1.7.2 ���ýýý§§§ûûûßßß������)))¦¦¦

����ý§ûß��)¦

�Q�*�ý§ûß�ûß1N*�PÄ��Ï*�Pêý���*ý§K

��¾Ù�*ý§:0�ε,å��
�ý§��Pp�+:N+�N−, N++N− = N ,

�ûß�®Â¶�p�ýÏ�+:

Ω =
N !

N+!N−!

E = N+ε

ûß�µ

S = kB ln Ω = kB(N lnN −N+ lnN+ −N− lnN−)
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1 í�f�ß¡i�f�ú,�õ

)¦:

1

T
=
∂S

∂E
=

1

ε

dS

dN+
=
kB
ε

ln
N−
N+

=
kB
ε

ln
Nε− E
E

SE → 0ö�àN@	��Pý���b�ý§�ù��)¦T → 0, �@(
ý§

��Pp� �)¦
­
G�S
ý§��Pp:N/2ö�Nε− E = E, )¦:

àw'�çí� 
ý§��Pp��Nε− E < E, )¦:��(
ý§��Pp

ÇJö�)¦Ï�Îàw'0�àw'�9Ø��@
ý§�Pp�çí� �)

¦�Ýù<�eÏ��v(@	�Pý0¾
ý§ö��0.

Î
ð��ïÁ��)¦�ú°/1�ý§	
L��Pp���Ñ�Íl 

���>6��)¦/Ôc)¦ôØ�)¦�µ($*ý§��Ppø�ö�'�

1.8 MMM������������ýýýÏÏÏGGG���������

1ûü���ïå�0�*^8�,�Í�I��M�����H¡���sG<

xi
∂H

∂xj

ÙÌxi/6N*ØÏ(q, p)-�û��*�(c����

xi
∂H

∂xj
=

1

Q

∫
dωxi

∂H

∂xj
exp(−βH)

v-dω = dqdp
N !h3N

, ùxjZ�èï��

1

Q

∫
dωxi

∂H

∂xj
exp(−βH) = − 1

β

1

Q

∫
dω(j)xi exp(−βH)

∣∣∣∣xjU
xjL

+
1

β

1

Q

∫
dω

∂xi
∂xj

exp(−βH)

v-dω(j)h:cdxjå��ï�C�ó¹�,�y�
�P:xj�
�P�åxj:

MnP��v
�P:¹h�$*¹�ù��àP'�¿ý����xj/¨Ï

P���v
�P:±∞, ù��àP'�¨ý�Î�,�y:0. ,�y-�ü

p ∂xi
∂xj

= δij , Y��ï�p:M�ýpQ, �/

xi
∂H

∂xj
=

1

β
δij

Ù7��ì1�0��*^8Í��l�

xi
∂H

∂xj
= δijkBT (1.8.47)

��Öxi = xj = qi, 1ÈÆ�Ð¨¹��
∂H
∂qi

= −ṗi,

qiṗi = −kBT
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1.8 M����ýÏG���

��Öxi = xj = pi, �
∂H
∂pi

= q̇i, �/

piq̇i = kBT


�ù@	3N *iB���0

3N∑
i=1

piq̇i = 3NkBT

(��Åµ��ûß�ÈÆ�Ï/v�IP���!�

H =

f∑
i

Aip
2
i +

f∑
i

Biq
2
i

ÙÌpi�qi/�:qm�c�¨Ï�P��Ai�Bi/î�-�8Ï��

f∑
i=1

(
pi
∂H

∂pi
+ qi

∂H

∂qi

)
= 2H

�/, )(Mb�Ó��0

H = fkBT

_1/ô�ÈÆ�-�Ï�*s¹yù�ý!.�y1
2kBT , ùí¹Ï!.�y1

2kB,

Ù�Ó�«ðK:ýÏG����

è�0ṗi = Fi, �ì�0��Ó�

N∑
i=1

~ri · ~Fi = −3NkBT

~Fi/,i*�P@×0���ù��ó�S�Ù*�eê�ûß¹h�hÁ�ïå(

�:Ph:, (hÁ�~r¹��*�SC��P×0��:−Pd~s, �/

∑
i

~ri · ~Fi = −
∮
P~r · d~s = −P

∫
∇ · rdV = −3PV

s

PV = NkBT

Ù1/�ó�S�i�¹��

ù�ø�\(�S�~Fi = ~F exti +
∑

j
~fij , ,�y/eê�hÁ����,�y

/ûß-v��Pù,i*�P�\(��/

∑
i

~ri̇~Fi = −
∮
P~r · d~s+

∑
ij

~ri · ~fij = −3PV +
∑
ij

~ri · ~fij = −3NkBT
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1 í�f�ß¡i�f�ú,�õ

PV = NkBT +
1

3

∑
ij

~ri · ~fij

ó¹,�y¤bB���i, j,���ø vdå2, è�0~fij = −~fji, 
��:

labelch1.91PV = NkBT +
1

6

∑
ij

~rij · ~fij (1.8.48)

v-~rij = ~ri − ~rj . Ù*l�(Monte Carlo ��P¨�f!ß-8(e¡�ûß�

i�¹��

1.9 ÆÆÆYYY���ÇÇÇ���������

�ì�Q�í�fûß��Â�®ÂÏð, °(�vûß¶��9Ø. í�fûß

��Â¶�1¶�ÂÏÙ�, S¶�Ñ�Ø�, Î�*¶�Ø0æ�*¶�ö, �ì

ôûßÏ���*Ç�. ¶��9Ø�E
/��sa��4O�°�sa��ú

Ë, -ôÅ6Ï�^sa¶�. ���*Ç�ÛL�³��b, åó�(Ç��Ï�

ö;, ûßýïå«¤:��sa�, Ù7��*Ç�ð:ÆY�Ç�(Quasi-static

process). ÆY�Ç�/�*�ó�Ç�, ���EÇ�ýïå(ÆY�Ç�eÑ<.

(�º��
,ÆY�Ç�^8	(. 1�(ÆY�Ç�-ûßËÈ��sa�, à

d�*ÆY�Ç�ïå(í�fûß¶�zô-��aò¿eÏ�. ���ó�S

�I)Ç�1ïå(PVþ-��aò¿Ï�.

ù��EÑ��Ç�, ûß;/�O»sa�,�(°�aö�úËsa, úËs

a��öô, Ù*öô:ûß��köôτ , 9Øûß�¶�ïå�Ç9Ø�Laö

e�°, ��Ù*9Ø@(�öôÜ'�ûß��sa��köô, �Ù7�Ç�1

ïå�}�(ÆY�Ç�eÏð.

ÆY�Ç��}�(�: (�*®��ÆY�Ç�-, �Lùûß@Z�®

�δWïå(ûß�¶�ØÏÊv®�eh¾. �ì(&÷δ�
/deh:®��Æ

Y�Ç�-�®�, /�y+:�Ù*i�Ï�å®��ÆY�Ç�	s, �
/�

*ýp�®�. ��, �ó�S(�*®��I)Ç���*®��I�Ç�-�®

�1
�. �Ç�às�®�Ï��/ûß�Ð*�ýp�®�, �ì(&÷deh

:, ��Sï�®�dV , )¦�®�dTII.

�b�ìÙú8Á�àÍÆY�Ç�Êv®��h¾�, 	sÙ�h¾��¨

ü, �å(íf�v�øsþ�-òÏfÇ, ��
/��Z�Ý, ú®û�êñÙ

ú¨ü�Â�øsYP.
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1.9 ÆY�Ç���

AAASSS���¨̈̈ÀÀÀ���)))���: ¾AS��::P , SïØ�:dV , ��LùAS@Z�®

�::

δW = −PdV (1.9.49)

ÁÁÁ'''ËËË(((---������: SÁ��:¦B	�Ø�dBö, Á:H@Z�®�::

δW = VH · dB (1.9.50)

�Q��º¿¡�iS��º¿¡��º¿¡�;�p:N , �¡��Á::¦:

H =
NI

L
, s: NI = LH

�-I:ü¿-�5A:¦�L/º¿¡��¦�¾º¿¡�*bï:S�¡��Á

��:¦:B��Çº¿¡�Á�Ï:Φ = NBS, (5A9ØÇ�-�ü¿��5

¨¿/

E = −dΦ

dt
= −NSdB

dt

°¾ó5wdQ�Çü¿��� 5���µ�d5¨¿Z�

δW = NS
dB

dt
dQ = NS

dQ

dt
dB = SNIdB = SLHdB = V HdB

555ËËË(((---������: S5��:¦D	�Ø�dDö, 5:E@Z�®�::

δW = VE · dD (1.9.51)

���ôôôhhhbbbiii   666)))���: S�*�ôhb�bïAÑ��*®�Ø�dAö, �Lùh

b@Z�®�::

δW = σdA (1.9.52)

v-σ:åhb�hb �.


b�Ù�h¾�ïå¨�0nMÅµ, �*nM�ÆY�Ç�-�Lùûß

@Z���b�ïå�::

δW =
∑
i

Yidyi (1.9.53)

v-yið:åûß�(í�f)�IP�, �Yið:ø���I�.
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1 í�f�ß¡i�f�ú,�õ

1.10 ííí���fff,,,���������

í�f,���1/ýÏ�R��, Ù*��ôýÏ/�*�RÏ��
��1�

_
�§�, �êý(�Íb�Kôlb, (lb�Ç�-ýÏ�pÏ
Ø. Ù�Í

��Ä�/1p�(R. J. Mayer) (1842tÑ°�. ýÏ�a��(i�
/�*^

8ú,���. �ì°(åS, Ù���e��öô�sûùð'. 0îM:b, (

Î�Â0®Â�t*:¦�,Ø¡	Ñ°ûUÝÌýÏ�a�°a.

�*�Â�í�fûßw	n��ýÏ, Ù*ýÏð:ûß��ý, (í�f-,

`ï(Eh:�ý. 9n1à¯f�(ýsû, Ù*ýÏ%<�I�v;(ÏXåI

��s¹. 6�, ù�'�p�E�í�fÇ�, ûßýÏ�Ø�øù�v;�ýÏ

ý/���, (n��í�fÇ�-, ûß��P8��è¶�àN¯�
�Ñ�Ø

�, àd, �(ûß�;ýÏ>6/
¹¿�. :d, (í�f�v-,�ì;/	é

�*���ýÏö¹, �;�/�Qûß�ýÏ(í�fÇ�-�Ø�. (�*í�

fÇ�-ûß�ýÏØ�1$è���, �è�/�, �ûßïå�Ç�LZ��9

ØýÏ, ÙÍ�ïå/�)(¨À)�, _ïå/5:, Á:IZ�; æ�è�/íÏ,

_1/ô, ûßïå�Ç8í�>í9ØýÏ. (í�f�F¶�, íÏ��õ/�

¾ô�Z�, FÎ®ÂÒ¦e�, Ù*�õv
^Ø, S�ìôûßÎ�L8í�ö

�, �E
/�L��P�àÄÐ¨ýÏ�Çûß��L�ø�\(� �Ùûß

�ò.

(Ù��¶�ÂÏ�, ûßw	n���ý, àd�ý��/¶�ÂÏ�ýp.

��ûß�¶�ÂÏÑ��Ø�, £H�ý_ø��Ñ�Ø�. ÙÍØ�Ç�ïå/

ÆY�Ç�, _ïå/^Y�Ç�. ��ûß�¶�Ñ�àw��9Ø, ø�0�ý

_9Ø�*àw�Ï, Ù*Ø��ì(dEeh:. ûß�ý�9Ø1$*è���,

�è�e��ùûßZ��, �æ�è�:Ù�ûß�íÏ, (í�f
íÏ�I:

�ý�Ø�Ê��î. (ûßÏ��ûU�*àP�Ç�-,

dE = δW + δQ (1.10.54)

v-δW:åàP�Ç�-�Lùûß@Z��, δQ:åÇ�-ûß@86�í

Ï, dE:ûß�ý�Ø�. ÙÌδQ�δWý/�Ç�	s�Ï, ���,
ý(

¶�Âph:úe, ê	SåÇ�/ÆY�Ç�ö, δWMïå(
���l�¡

�. δQ�δW
/Ð*ýp�®�, @å�ì
�d��δ, æ�¹b, dE�/�ýý

pE�h®�.


�òÏ�ú, ù�ÆY�Ç�, �LùûßZ��ïå(ûß¶�ØÏh:ú
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1.10 í�f,���

e, ù��*PV Tûß, Ù*�:

δW = −PdV

@åí�f,����:

dE = δQ− PdV (1.10.55)

æ�¹b, ù��*Ù�ýÏ, Sï��Pp�ûß, vµïå1ûß�®Â¶�p

�ùpXå»�yü8p�0. ��(Ý��Pp
Ø�aö�, �ûßÏ��*Æ

Y�Ç�, výÏ�Ø�:dE, Sï�Ø�:dV , µ�Ø�:dS, �

dS =

(
∂S

∂E

)
V

dE +

(
∂S

∂V

)
E

dV

1�I,
(
∂S
∂E

)
V

= 1
T , �/

dS =
1

T
dE +

(
∂S

∂V

)
E

dV

�

dE = TdS − T
(
∂S

∂V

)
E

dV

�(1.10.55)Ô�, �ìÑ°ÆY�Ç�-ûß86�íÏïå�:

δQ = TdS (1.10.56)

��:�µ�sû:

P = T

(
∂S

∂V

)
E

(1.10.57)

Ù1/®c�ûü-¡��:�l�. )(l�(1.5.23),Büï�

P = TNkB
1

V

äN = nN0, v-n:ûß�i�p, N0 = 6.0221415 × 1023mol−1:?�=·

W(Avogadro)8p. °R = N0kB = 8.314Jmol−1K−1:i��S8p, �
�9�

:

PV = nRT (1.10.58)

Ù1/�ó�S�i�¹�.

ÙÌ��:/(í�f�I
�e��£H�(ß¡i���I
��U�e

�:Ù*Ïb�(i�
��:/¦_�ì@�v�ûß�¹hÁ
UMbï@×

0���¾ûß�ÈÆ�Ï:H(q, p, r), ÙÌ(q, p)/ûß��P�P��¨Ï�r/
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�ì�Q�¹hhÁ
�¹�MnâÏ�Ù�b�h:���(r��bC	�*

Mû��ûß�ýÏ�Ñ�Ø��ûßùdbC��1

F = −∂E(q, p, r)

∂r

Ùú�

ù
�ÖsG�

F = −∂H(q, p, r)

∂r
= −∂H

∂r
= −

(
∂E

∂V

)
S

∂V

∂r
= −

(
∂E

∂V

)
S

ds

(r�ù��Mûdr�SïC:dV = ds · dr, E∂V
∂r = ds. (�0
�ö��ì)(

����Q�BsG/ù(q, p)���ρ(q, p)ÛL��(®c�ûü�ûß��L¡

	ýÏ¤b�àd�ì¾ó�bïC�Mû/�*ÝíÇ��(Ù*Ç�-�ûß

�µ
Ø�

ô�,����ûß�ÈÆ�Ï-�+vÖ�Âp�¾:λ, £H�(Ù*�Â

pÑ�ÝíØ�ö�ù��í�f��sG<ïå)(�b�h¾�¡�

∂H(q, p, λ)

∂λ
=
∂E

∂λ
(1.10.59)

í¹Ï/í�f-��*Í�i�Ï, �I:í�fûß(Ð�y�Ç�-(à

d��p<�Ç�	s) GØUM)¦ö@86�íÏ:

Cy = lim
∆T→0

∆Q

∆T
(1.10.60)

v-∆Q/ûßÝ�Ð�ÂÏy����:�Sï�Á:�5:II	
Ø, �)¦

9Ø∆Tö@86�íÏ. �8(�/�¹(Sï
Ø)í¹Ï���(�:
Ø)í¹

Ï. ù��*�U�PV Tûß, SSï
Øö, �L@Z�:ö(G�ûß¡	5Á

�I�!.), @å�¹í¹ÏCV::

CV =

(
∂E

∂T

)
V

(1.10.61)

S�:
Øö, �L@Z�:−P∆V , @å��í¹ÏCP::

CP =

(
∂H

∂T

)
P

(1.10.62)

v-ýpHð:ûß��(enthalpy), �I::

H = E + PV (1.10.63)
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1.11 �ó�SÊvaúª¯

���ý�7_/�ýp.

�ò
, ¸�ºýþ{óú �Í
��ûU¨��, 
­0ê¨Z��:h,

ÙÍ:h«ð:,�{8¨:. @	6 ,�{8¨:��þ�Èýå1%�JÈ.

Ù/1�,�{8¨:ÝÌýÏ�R��Ù*ê6L�ú,Ä�. àd, í�f,�

���æ�Íhðb�:: ,,,���{{{888¨̈̈:::///


ïïïýýý   ������.

1.11 ���óóó���SSSÊÊÊvvvaaaúúúªªª¯̄̄

Ù���ì�v��U�í�fûß, �ó�S. �ó�S�¶�¹�::

PV = nRT (1.11.64)

1µ�h¾�(1.5.23), ïåB�)¦

1

T
=

(
∂S

∂E

)
V

=
3

2

NkB
E

=
3

2

nR

E

1dã�

E =
3

2
nRT (1.11.65)

1
�ïå�ú, �ó�S��ýê�)¦	s, ��Sï¡	sû. Î�(
∂E

∂V

)
T

= 0

ÙÌ, E, P , V , T�+:�ó�S��ý, �:, Sï�)¦. ÙÌ��ì�(�/U

�P�ó�S�Óº�ù���P�ó�S�i�¹�Í61(1.11.64)Ùú�Fµ

�h¾�	@
��(ÏxÑ<��ê��ýÏ�h¾�-�3
2b�

3a
2 1�0a*�

P�P�ó�S�Ó��>6, �ó�S�í¹Ï_ê/)¦�ýp. Ô�, �ó�

S��¹í¹Ï::

CV =

(
∂E

∂T

)
V

=
dE

dT
=

3

2
nR (1.11.66)

ù���í¹Ï, )(¶�¹�, �ì	:

CP =

(
∂H

∂T

)
P

=

(
∂E

∂T

)
P

+ nR (1.11.67)

)(O®��bCl�:(
∂E

∂T

)
P

=

(
∂E

∂T

)
V

+

(
∂E

∂V

)
T

(
∂V

∂T

)
P

(1.11.68)

è�0ù�ó�S, 
�-�,�y:ö, �/�ì�0

CP − CV = nR (1.11.69)
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1 í�f�ß¡i�f�ú,�õ

Ùô��ó�S�����¹í¹Ï�î/�*8p. �ó�Sïå\:�E�S

(�:��öö��P.

í�fàÕÙúûß�i�¹�, (í�f-, �á³i�¹�(1.10.58)��S

�I:�ó�S, �ïå\:�E�S(NÆ¦���P. F/, �ó�S�í¹Ï

�,v
/8p, ��)¦	s. ÙÌ�ìK@å�0�)¦às�í¹Ï, /1�

�ì�hýe�ÏPH�@ô. S6(�*���)¦�ô�, �ó�S�í¹Ïï

åÑ<��8p, vp<��1��n�. ù�U�P�S, (Ø)�v�¹í¹Ï

��3
2nRT .

aú(Carnot)ù�í�f�ÑUZú�è'!.. Ö����Õ�ºÁòÏ¥Ñ

�í�f,����,(. (aú��ººÁ-��Û��*Í���©Ç�–aú

ª¯. )(Ù��©åw�aúÁ��$*Í����. }6aú�Á�ú�í(

ô, Fú�í�f,����í�f,���, _ïåÁ�Ù$*��, Î�ïåú

Ëwí�f��ºSû.

�ó�S�aúª¯1�*å\�$*R)í�Kô�í:�$*I)�$*

ÝíÇ�Ä�, ÂÁ:�þ1.1, (PVò¿
, �*aúª¯�þ1.1(b)@:. ��í

:�å\i(:�ó�S, Ù7�í:1ð:�ó�Saúí:, ù��aúª¯:

�ó�S�aúª¯. Ù�ª¯(
íf�þ�-	ÔÆ����ì
�ZÍ
�

¡�. �ó�Saúí:�H�1��Ùú

η ≡ W

Q
= 1− T2

T1
(1.11.70)

ª¯�H�ê�V�Ø)í��N)í��)¦. Ù*Óº�E
/ô:�,�a

ú���y�, (���-, )(í�f,���, �ì�Á�åH��å\i(_

às.

1.12 ííí���fff,,,���������

1.12.1 ííí���fff,,,���������

����*Ø)iS��*N)iS¥æ, ÏÇ�µöô����¾0ísa. 8Æ

JÉ�ì: Ù*Ç�w	
ï�'. _1/ô, ��
½ �è�qÍ, í
�ê¨

0Î�*)¦�NiSA�æ�*)¦�Ø�iS. Ù*��ô�, 6 @�,�{

8¨:��Õ_�/�³�.

@�,�{8¨:/�ý�ÎU��'í�8í����hl�:��:h.

��,�{8¨:ïå ��Ý, º{ïå�Õ�w��)¦MN�*���Ï�
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1.12 í�f,���

Figure 1.1: �a	�*Carnotí:�:�þ, �å\�$*R)í�Kô��b) a

úª¯(PVþ
�h:, 1$aI)¿�$aÝí¿ô�.

Figure 1.2: Á�í�f,�������hð�K³î¯hðI÷.

·�àN/ÖK
=�(K
í�ý�. F/6 ,�{8¨:��Õ_a6 ,

�{8¨:��Õ�7, ;/å1%�JÈ. Ù�ºì��¤Æ0: ��	Ð*°�

i�Ä�(w\(. Ù*Ä��E
1/í�f,���. �HÐúí�f,��

��/·ýi�f¶K³î¯�Rudolph Clausius	�ñýi�f¶����Lord

Kelvin, �
William Thomson	. í�f,���Îí�fÒ¦n��Sû��ý

p–µ.

í�f,���	�ÍI÷�hð. �8(�/��$*hð.

K³î¯hð: 
ïý�íÎN)iS 0Ø)iS�
�wv�Ø�.

���hð: 
ïýÎU�í�8í��Ø�	(���
§�v�qÍ. s,

�{8¨:/
ïý ��.

í�f,����
ð$Íhð/�hI÷�. �Á�Ù�¹, ïåÂgþ1.2@

:. (þ1.2�(a)-, �ìG�í�f,�������hð
cn, _1/ô, �

ìïå6 Ð*í:�(þ-, �ì�Ù*Gó�í:°:B	, �ÎÐ*U�í
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1 í�f�ß¡i�f�ú,�õ

�T18íWv���hØ�	(�. �/, �ìïå)(Ùè��e&¨æ�*a

úí:A, ��í:AÎæ�*N)í�T2 < T18íQ2��í�T1>íQ1. Ù7,

$*í:T�\(�Ó�/íÏQ2ÎN)í�«86v �ÙØ)í�T1v�¡

	�wv�Ø�, Ùô¥�í�f,����K³î¯hðÛþ. (þ2.2�(b)-,

�ìG�í�f,����K³î¯hð
cn, _1/ô, �ì	ÐÍ¹Õ��

íÏQ2ïåÎN)í�T2� �0Ø)í�T1��
�wv�Ø�. �ìïåÖ

�*ï�aúí:, ©�å\�Ø)í�T1�N)í�T2Kô, v�(N)í��

c}>úíÏQ2. �/, $*í:T�\(�Ó�/, �ìÎU�í�T186�í

ÏQ1 −Q2, v���hl��	(��¡	§�v�qÍ, Ù�í�f,����

���hðÛþ.

àd�ìÁ��í�f,����K³î¯hð����hð(;�
/�h

I÷�.

1.12.2 aaaúúú���������ÝÝÝùùùííí���fff)))���

)(í�f,���, �ìeÁ�W
�aú��:

��1�Carnot, 1824	@	å\�$*R)í�Kô�í:, åï�í:�H

��', @	ï�í:�H�ýø�, �ê�$*R)í�)¦	s, �å\i(à

s.

¾ó	Ø)í�T1�N)í�T2. �ìÖ$*aúí:A�B, v-A/ï�aú

í:. Ù$*í:�+ÎØ)í�8íQ1A�Q1B, �(N)í�>íQ2A�Q2B. �

ì�H��+:

ηA =
WA

Q1A
= 1− Q2A

Q1A
, ηB =

WB

Q1B
= 1− Q2B

Q1B
(1.12.71)

°(Á�ηA ≥ ηB. :�¹¿wÁ, �ìG¾Q1A = Q1B, G�aú��
ù,

sηA < ηB, �WB > WA. �/�ìïå)(í:B�ú��e¨¨í:AeÛL�

�ª¯. 1�í:A/ï�í:, ���ª¯Å�ÎN)í�86íÏQ2A�(Ø)

í�>úíÏQ1A = Q1B. �ö, 1�WB > WA, @åí:Bd�¨¨í:A��ª

¯å�, ØïåÀ��L�ú�WB −WA > 0. �/, $*í:T�\(�Ó�/,

�ì�°�ÎU�í�Q286íÏv���hØ�	(�, �ö¡	&ev�Ø�,

Ù�í�f,�������hðÛþ. àd, Å�	ηA ≥ ηB. >6��í:B_/

ï��, �ìïå{<0Á�ηA ≤ ηB. @å, @	ï�í:�H�Å�øI, �ê�

$*í��)¦	s, �å\i(às. Ù1Á��aú��.
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)(Ù���, ïå�I@��Ýùí�f)�. G��*ï�í:å\�$*

í�Kô, �ì�)¦(Ð���)���+:θ1�θ2, 	gaú��,

Q2

Q1
= F (θ1, θ2) (1.12.72)

v-Q1�Q2�+:ÎØ)í�86�íÊ�N)í�>ú�í. °(�Qæ�*ï

�í:, �å\��*)¦:θ3�Ø)í�Êθ1Kô. �Îθ3�Ø)í�86íQ3�

�í�θ1>úíQ1. 	gaú��, �ìÈ	

Q1

Q3
= F (θ3, θ1) (1.12.73)

°(�$*í:T�å\, vÀH�IH��*U��í:, �å\�Ø)í�θ3�

N)í�θ2Kô, Îθ3�Ø)í�86íQ3, v(θ2�N)í�>úíQ2. �/, a

ú���!JÉ�ì,

Q2

Q3
= F (θ3, θ2) (1.12.74)

Î
ð	�-, �ìïå¨�:

F (θ1, θ2) =
F (θ3, θ2)

F (θ3, θ1)
(1.12.75)

1θ3�û�'ïå, 
�ê	(ýpFÖ��b�ö¹ý�Ë

F (θ1, θ2) =
f (θ2)

f (θ1)
(1.12.76)

�/, aú���úï�í:�H�-

Q2

Q1
=
f (θ2)

f (θ1)
(1.12.77)

°(�ìïå�I°�)�T , ðK:Ýùí�f)�, ����)�, ��ð:Ý

ù)�. ��
b�ýpf (θ)�Ô�, �/, aú��ï9��

η = 1− T2

T1
(1.12.78)

v-T1�T2�+:Ø)í��N)í��Ýùí�f)¦. è�, 
b��Iv¡	

�Ýùí�f)��hn�, à:�ìê�BT�f (θ)�Ô�, �Ô�ûpØ¡	n

�. �8, ïå	4�	ø¹�Ýùí�f)¦:273.16K. Ù7, Ýùí�f)�1

�hn��. �aú���Óº�
���ó�S�aúª¯�ÓºÛLÔ�, �ì

Ñ°Ýùí�f)���ó�S)�/�h�ô�.
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Figure 1.3: K³î¯
I��Á�: (¸�aúí:�û��*ª¯T�ÐL.

1.12.3 KKK³³³îîî¯̄̄


III������µµµ

�aú���Ó�¨�0ûß@Ï��û��*ª¯Ç�, ¿ïå¨üúW
�K

³î¯�Clausius	
I�.

��2 (Clausius,1854)(û�ª¯Ç�-, °δQ:ª¯-��*®Ç�Î)¦

:T�í�86�íÏ, � ∮
δQ

T
≤ 0 (1.12.79)

v-I÷Åùï�ª¯Ç��Ë.

G¾ûß�n*í�¥æ, )¦�+:T1, T2, · · · ,Tn, v��+ÎÙn*í�86

íÏQ1, Q2, · · · ,Qn. (SQi < 0ö�s@(åí�>úíÏ). � æ�*í�T0, v

�n*ï�aúí:å\�T0�T1, T2, · · · ,TnKô, ÂÁþ1.3. Ù�ï�aúí:�

+Îí�T086íÏQ10, Q20, · · · ,Qn0, �(í�T1, T2, · · · ,Tn�+>úíÏQ1, Q2,

· · · ,Qn. �/, Sûß�Ù�ï�aúí:ÏÇ�*T��ª¯å�, ÀH�/�ì

ÎU�í�T086�íÏQ0vù�Z��. ÙÌ

Q0 =
∑
i

Q0i =
∑
i

T0

Ti
Qi (1.12.80)

v-
b,�*I�)(�aú��. 9ní�f,�������hð, Å
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	Q0 ≤ 0, 1�T0 > 0, @å�ì�0:∑
i

Qi
Ti
≤ 0 (1.12.81)

>6��ûßÏ��/�*ï�Ç�, �ìïå�
b�Qib�−Qi�v�0�7

�
I�. @åù�ï�Ç�Å�	:∑
i

Qi
Ti

= 0 (1.12.82)

Ù*���Á�_ïå�Ç�û��*ï�ª¯Ç�(¸�Cannotª¯e<Ñ��

0.

��, ��ûßÏ��*û��ª¯Ç��ïå�àw�*í�¥æ	, �ê�

�
b�B�Ö�Pb�ï�sï. Ù7�ì1Á��K³î¯
I�.

SÇ�/ï��ö�, 1ï��ï��às', ô�ïå�I�*�ýpµ

�Entropy	�

S − S0 =

∫ (P )

(P0)

dE − δW
T

(1.12.83)

v®�h¾/:

TdS = dE − δW (1.12.84)

è�, }6µ/�Çï�Ç��I�, F/�/�ýp, �Ç�às. Îpf�I


², �ýpµ�X(ô�: }6dE − δWv
/�*h®�, F/X
�*ï�àP

�1Ø��h®�, Ù*ï�àP1/1/T , �ø��h®�1�I��ýpµ. Î


b���_ïå�ú, �ì(ÙÌ¯¹Îí�f
�Û�µ�ß¡i�-�I�

µ/�h�ô�, ÙÌ�û�8p(ß¡i�-/�hn��, (¯¹í�f��I

�, µ8p1í�f,	��en�.

��2.1: �ó�S�µýp.

ù��ó�S, 	: dE = CV dT , PV = nRT , �/

dS = CV
dT

T
+ nR

dV

V
(1.12.85)

�
�ï�, è�0�ó�S�í¹Ï_ê/)¦�ýp, �0

S (V, T ) = S0 +

∫
CV

dT

T
+ nR lnV (1.12.86)

v-S0:�*ï�8p, S()¦��:h:ö, �ó�S�µïå��

S (P, T ) = S0 +

∫
CP

dT

T
− nR lnP (1.12.87)
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S)¦Ø��ô
', �ó�S�í¹Ïïå���)¦àsö, å
$�ïå��

::

S (V, T ) = S0 + CV lnT + nR lnV (1.12.88)

S (V, T ) = S0 + CP lnT − nR lnP

1.12.4 µµµ���   ������

9nMb�¨º, �ìïå�0�*^8W
���, sµ� ��:

��3 Sûß1�*sa�ÏÝíÇ�0¾æ�*sa�ö, ûß�µ
Ï�.

��Ç�/ï�ö, ��µ
Ø, ��Ç�
ï�ö, ��µ� .

µ� ���Á�/A��U�. G�ûß(û��*®��Ç��ïå/ï

���
ï��	-86�íÏ:δQ, )¦:T , �ì����È�ô(æ�*ï�

�ÆY�Ç�Þ¥we, (ï�ÆY�Ç�-86�íÏ:δQr. 	gK³î¯
I

�, �ì	:
δQ

T
− δQr

T
≤ 0 (1.12.89)

F/9nµ��I, (ï�ÆY�Ç�-δQr = TdS,�/�ì�0:

δQ ≤ TdS (1.12.90)

v-I÷ù��ï�Ç��
I÷ù��
ï�Ç�. @å, ��Ç�/Ýí

�, �ì�0dS ≥ 0, Ù1/µ� ��. ï���ú�/, �E
	¸��1øá

µ� ����(�ôÜÜÔ�ìÙÌ@²��½Û. �E
�(^sa�ß¡-

wA�Í��\(. àd, ïå¤:�/ê6L-�í�f,���I÷��*ú,

��.

��2.2 �ó�S�Ýíê1¨À.

�ó�SÝí�ÎSïV1¨À0SïV2, 1�Q = 0, W = 0, @å�ý¡	Ø

�: ∆E = 0. �ó�S��ýê�)¦	s, @å)¦¡	Ø�, �/µ�Ø�:

S2 − S1 = nR ln
V2

V1

1�V2 > V1, @å(Ù*Ç�-µ� .

��2.3 �'�î�,

�Q$*ø��iS, �ìw	ø��Sï�í¹Ï, ¾í¹Ï:8p. �Ëö,

$*iS�+��)¦T1�T2 < T1. Û�eG�$*iS�Sï
Ø, Öìý�ú
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1.13 `��

��'�/��. G¾$*ûß�q�È�)¦/Tf . �ù�Z�:výÏ�Ï�

W = CV (T1 − Tf ) + CV (T2 − Tf ) = CV (T1 + T2 − 2Tf )

$*ûß�;�µØ�:

∆S = CV

∫ Tf

T1

dT

T
+ CV

∫ Tf

T2

dT

T

= CV ln
T 2
f

T1T2

Ç�-µ
Ï�, ∆S ≥ 0,

T 2
f

T1T2
≥ 1

Tf ≥
√
T1T2

ù�ï�Ç�

Tf =
√
T1T2

�0�'�ú�

W = CV

(
T1 + T2 − 2

√
T1T2

)
µ� ��/í�f,����ô¥Ó��Mb�ìòÏÎß¡i��Ò¦�ßÇ

Ù����

1.13 `̀̀������

1. p27�1.2

2. p27, 1.3

3. p27, 1.4

4. p48, 2.4

5. p48, 2.5

6. p48, 2.6

7. 1�ïøùº�®Â¶�p�Ó��Bú�ïøùº�S�i�¹��ýÏ

�)¦�sû��¹í¹Ï�
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8. ¾ó	$*ûß�)¦�+:T1, T2, v®Â¶�pïå�:

Ω1(E1) = exp(N1φ1(E1
N1

)), Ω2(E2) = exp(N2φ2(E2
N2

))

S�*ûß¥æ��1�1µ���Á�ýÏ�1Ø)ûßA�N)û

ß�2�¾0ísa��
�ûß�µI�$*ûß�µK��3�¾0ís

a��¡�ûß1�ýÏ¨=(E1 − E1)2.

9. ��:ω��*��/P�ÈÆ�Ï:

h =
p2

2m
=

1

2
mω2x2

výÏ,�<:�

εn =

(
n+

1

2

)
h̄ω

��ûß1N*ø�ìË���/P���výÏ:

E =
1

2
Nh̄ω +Mh̄ω

�-M/�*tp, M � N�1�(ÏPÅb��¡�ûß�¶�pΩ(E);

2�Bûß�ýÏ�)¦Kô�sû��+ùÏx�ÏPÅb¡�vÔ�@�

Ó�	�

10. p72, 3.3

11. p72, 3.4

12. p72, 3.5
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2 GGG���ûûû���sssaaa'''(((

Ù�à�v��sa��í�fûß����,'(. :��v�ÍÂÏØ��û

ß�í�f'(�Ø�, �ì�Qí�fûß@Ï���*®��ÆY�Ç�, (Ù

*Ç�-, ü�í�f,����í�f,���, ïå�ú��®�sû

dE = TdS +
∑
i

Yidyi (2.0.1)

v-dE/ûß�ý�®�9Ø, T:ûß�Ýù)¦, dS:ûß�µ�®�9Ø,∑
i Yidyi:ÆY�Ç�-�Lùûß@Z��, Ù*�ïå(ûß�¶�ØÏ(�I

���IMû)h:. Ù�¹�/í�f-�8Ã��Í��¹�, �«ð:í�f

ú,®�¹�, /sa�í�f�ú,pfúÑ¹.

2.1 ¦¦¦KKK¯̄̄æææsssûûû���ÒÒÒ©©©···ØØØbbb

�ì�H¨º1$*ìËÂpÏ���UPV Tûß. Ùö, �Lùûß��ê	¨

À�)�, 1í�fú,®�¹�:

dE = TdS − PdV (2.1.2)

Ù/�ýåµ�Sï:ìËØp(S, V )ö��Æ®�h¾�. à:�ý/¶��ý

p, @ådE/�*h®�. Ù�s@,(
∂T

∂V

)
S

= −
(
∂P

∂S

)
V

(2.1.3)

ÙÍ{��sûð:¦K¯æ(Maxwell)sû, ��ð¦�sû. �S°��ýp�

h®��á³�pf'(. ¦�sû/�*%<�pfsû, ù�ûUPV Tûßý

/�Ë�. ��i�+I/, ûßàw�Ýí¨Àö)¦�MN�àw�I¹ íö

�:�� �cÔ, �Ô�ûp/)¦T .

í�fú,®�¹�_ïå(v�ìËÂph¾. Ùïå�ÇÒ©·(Legendre)Ø

be¹¿0�°. Ô�ô, ��ó((S, P )ZìËØp, �ì	

d (E + PV ) = TdS + V dP ≡ dH (2.1.4)
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2 G�û�sa'(

v-H = E + PV:ûß��. {<0, �ìØïå)(Ò©·Øb, �í�fú,

®�¹�b�å(T, V )�(T, P ):ìËØp�®�¹�

dF ≡ d (E − TS) = −SdT − PdV (2.1.5)

dG ≡ d (F + PV ) = −SdT + V dP

ÙÌ�ì�e�æ�$*�ýp, sûß��¥Æ
y	ê1ý�Helmholtz free

energy	

F ≡ E − TS

�ûß�	�¯ýp�Gibbs free energy	

G ≡ E − TS + PV = F + PV

Ù�í�fýp«ßð:í�f¿. 1�í�f¿hý/�ýp, �ìïå�0�

ÄMaxwellsû (
∂T

∂P

)
S

= −
(
∂V

∂S

)
P

(2.1.6)(
∂S

∂V

)
T

=

(
∂P

∂T

)
V(

∂S

∂P

)
T

= −
(
∂V

∂T

)
P

Maxwellsû�í�fûßhb
<N/�
øs�$*Ç��Ï0Tû�w

e, )(Ù7�sû, ïåKÏ���¾ô¥KÏ�Ï, _ïå(eÀ���Ï�l

��Ñ<�º�	H'.

1�*í�f¿�®��ïå�ú���ûß�SïÝ�
Ø��ö��Lí

Ý���dE = 0, ûß�ýÏ
Ø�Ù/�*>6�Ó��à:â¡	ùûßZ

��_¡	 í���Sï�)¦
Ø��dF = 0�ûß�ê1ý
Ø���)¦

��:
Ø��dG = 0, ûß�	�¯ê1ý
Ø����:�µ
Ø��dH = 0,

ûß��
Ø�

���(�ýE�®�¹�-_å(T, V )�
/(S, V ):ìËØp, �ì1Å{

�µ�®�h¾�&e

dE = T

(
∂S

∂T

)
V

dT +

(
T

(
∂S

∂V

)
T

− P
)
dV (2.1.7)

�/, �ì�0

CV =

(
∂E

∂T

)
V

= T

(
∂S

∂T

)
V

(2.1.8)
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2.2 í�fýp�y'ýp

(
∂E

∂V

)
T

= T

(
∂S

∂V

)
T

− P (2.1.9)

= T

(
∂P

∂T

)
V

− P (2.1.10)

(�0,�*�Pö, �ì)(�Maxwellsû
(
∂S
∂V

)
T

=
(
∂P
∂T

)
V

, Ð(�ó�S¶�

¹�, �ìË;Ñ°, ù�ó�S��
(
∂E
∂V

)
T

= 0, �ó�S��ýê/)¦�ýp.

àd, �I�ó�Sê���ó�S¶�¹�1³��, á³�ó�S¶�¹��û

ß��ýÅ�ê/)¦�ýp.

{<0, ù��ó�S�í¹Ï, �ìïå�0

CP =

(
∂H

∂T

)
P

= T

(
∂S

∂T

)
P(

∂H

∂P

)
T

= V − T
(
∂V

∂T

)
P

æ�, )(O®��bCl�(
∂S

∂T

)
P

=

(
∂S

∂T

)
V

+

(
∂S

∂V

)
T

(
∂V

∂T

)
P

�ìïåÁ�

CP − CV = T

(
∂P

∂T

)
V

(
∂V

∂T

)
P

Ù*�P�$*í¹Ï�î�i�¹��ÏTûwe, Øïå(¨Àûpα, ��)

ûpκeh¾

CP − CV =
V Tα2

κ

1�
�I÷ó¹;/'��I�ö, àd�ìÑ°CP;/
��CV . ù�ó�S

��, �ì�0'¶�å�sû

CP − CV = nR

2.2 ííí���fffýýýppp���yyy'''ýýýppp

Î
��ìåS, Ïðí�fûßïå(
��ÂÏÄ��
��í�f¿��*

ê6�î�/��t�Ïð�*í�fûß��åS£�i�Ï�(��
¹�§

6����Âp/�:�)¦, @å�ì�Qå�:�)¦\:Ï�í�fûß�

Âp. �H���åSi�¹��i�¹��I��ì@��v�ûß. i�¹�/

Tûûß�)¦�v�ÂÏ��*ýpsû. 1í�f,ö��ïå, ûU�*í�

fûßýX(�*i�¹�. v!, ��åSûß��ýýp, �*í�fûßX(
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2 G�û�sa'(

\:¶��ýp��ý/í�f,����Ó�. ��, ��åSûß�µýp\:

¶��ýp, sa�í�fûßX(�*µýp/í�f,����Óº. Ù7, :

�((T, P )�ýp�t�Ïð�*í�fSû, �ì��åS: 1, i�¹�

V = V (T, P ) (2.2.11)

2, �ýýp

E = E(T, P ) (2.2.12)

3, µýp

S = S(T, P ) (2.2.13)

:��0Ù	*ýp, Å{�©�í�f��¹ÕvÓ�í�f�ºe� . �E


�(�¹Õ	$Í, �Í/���¹Õ, �Í/�º¡��¹Õ. (��
, i�¹

�Å{�h�Ç��en�. S)((T, P ):¶�ÂÏö, Ô�¹��0�/ûß�

�H, ��ýýp�ïå1�Ï»PV�0. ù��*�,�PV Tûß, ���ì	

���i�¹�

V = V (P, T )

£H1��®�sû

dH = CpdT +

[
V − T

(
∂V

∂T

)
P

]
dP

ïåï��0ûß��

H = H0 +

∫
CPdT +

∫ [
V − T

(
∂V

∂T

)
P

]
dP

	��Êi�¹�, �ý_1�0�. :��0�, d�i�¹�K�, �ì<NØ�

�åSt*(T, P )�ô���í¹ÏCP (T, P ), v�Ù/
Å��. ��
, �ìê

��åSCP(Ð*Ù��:�<. Ù/à:CPù��:�O®Fá³(
∂CP
∂P

)
T

= −T
(
∂2V

∂T 2

)
P

v-�!)(�¦�sû. �/, ��í¹Ïù�:��Vsû�h1i�¹�@³

�. _1/ô

CP = −T
∫ (

∂2V

∂T 2

)
P

dP

v-ï�/¿@ú�)¦TÛL�. ûß�µýp_ïåÎ��í¹ÏÊi�¹�B

ú, )(

dS = CP
dT

T
−
(
∂V

∂T

)
P

dP
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2.2 í�fýp�y'ýp

Bï�¿ïå�0µ. 	��ýpH�S, G�û�í�fsa'(1�hn��.

@å, (PV Tûß-, ê���K��i�¹��(Ð�*ú��:����í¹

Ï\:)¦�ýp, 1ïån�ûß�@	í�fýp�í�f'(.

l"(Massieu)þÏÁ��, (ìËØÏ��S	Ö�, ê�òå�*í�fý

p, 1ïå��*G�û�í�fsa'(�hn�, Ù7�ýp(åÊ�Kù��

�S	Ö�ìËØÏ)ð:y'ýp. �ì�¹�Á�, �ýE/åµS�SïV:ì

ËØÏ�y'ýp. ��\:S�V�ýp��ýE (S, V )òå, �

T =

(
∂E

∂S

)
V

, P = −
(
∂E

∂V

)
S

@å)¦T��:P\:S�V�ýpb�_åS�. ��Î-�»µS, �ì¿�0

�i�¹�, sSïV\:)¦T��:P�ýp�Î-�»V , �ì¿�0µS\:

)¦T��:P�ýp. �SïV�µS\:)¦T��:P�ýpãe�ý, �ì1

�0��ý\:)¦T��:P�ýp, 	��ý�µ�h¾�, ûß�í�fsa

'(1�hn��. @å�ìïåô: �ýE/åµS�SïV:ìËØÏ�y'ý

p. >6, y'ýp�ìËØÏ�	Ö	s, ù��*PV Tûß��, ïåÁ�ø�

�ìËØÏ(S, P ), (T, V ), (T, P )�y'ýp�+:ûß��H, ê1ýF�	�¯

ýpG.

(�º
n�ûßy'ýp�¹Õ/ß¡i�¹Õ, �ì(,�à-òÏåS,

ù�®c�ûü, ïåBúûß�µS = S(E, V ), 1dïåãú�ý\:µ�Sï

�ýpE = E(S, V ), Ùp}1/�*y'ýp. (c�ûü�, ïåB�ûß�M

�ýp

Q(T, V ) =
1

N !h3N

∫
dqdp exp

(
− 1

kBT
H(q, p)

)
(2.2.14)

ÙÌH(q, p)/ûß�ÈÆ�Ï. 1d�0ûß�ê1ý:

F (T, V ) = −kBT lnQ(T, V ) (2.2.15)

Ùc}/å(T, V ):ØÏ�ûß�y'ýp. (�b�à�-, �ì�Ô�æÆ0¨

ºÎ�º
¡�M�ýp�v�í�fÏ�¹Õ.

0°(:b, �ìýG�ûß�;�Pp/ú��, °(�Q�Ppïå9Ø�

Åµ. ���*ûß��PpÑ�Ø�, N → λN , �d�ö, �ì©@	��öÏ

ýi'�*àPλ, �ûß�i�'(
Ø. Ù�y¹e��ù��öÏ��I. ù�

�Â�í�fûß, ê	�öÏ�:¦Ï${. Ù�s@���ì��*ûß��ô

��è�ö, Ï�*è��'(��ûß/ø��. >6, ÙÍ�r/
ý�ôÛL
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2 G�û�sa'(

�»�, Sûß«�r��e��, Ï�è��v�è�Kô�ø�\(
ý«ýe

ö, ÙÍêø<'(1

X(�. �Âi(-�ú,ø�\(/�PKô�ø�\

(, vø�\(��/�P:¦(³snm)�pÏ§, @å�ûßKô�ø�\(ý

Ï�ûß�Lb�bï�cÔ, �ûß�'(�1t*ûß�'(³�, �Sï�c

Ô. 1d�ìïå'ô0¡ïå«ð:�Âûß�ûß'��P¦, ¾ûß:�*�

b, vSï:4π
3 R

3, bï:4πR2, ¾ø�\(���:d, �, �Âûß�aö/

4πR2d
4π
3 R

3
=

3d

R
� 1 (2.2.16)

Öd = 1nm, ��0aö:R� 3nm. ù�ûß�:¦:®s(µm)Êå
�ûß, �

hïå\:�Âûß��.

ù��Âûß, 1
ð��ïå, \:�öÏ�í�f¿/�öi�Ï�P!ý

p

λE(S, V,N) = E(λS, λV, λN) (2.2.17)

λH(S, P,N) = H(λS, P, λN) (2.2.18)

λF (T, V,N) = F (T, λV, λN) (2.2.19)

λG(T, P,N) = G(T, P, λN) (2.2.20)

ÙÌλ/�*û�8p, ��äλ = 1
N , ïå�0

E(S, V,N) = Nu(s, v) (2.2.21)

H(S, P,N) = Nh(s, P ) (2.2.22)

F (T, V,N) = Nf(T, v) (2.2.23)

G(T, P,N) = Ng(T, P ) (2.2.24)

v-s = S
N:U*�P�sGµ, v = V

N:U*�PsG`n�Sï. ÙÌ��Ð�

è��/s�v/t*ûß�'(, �
/Ð**+�P�'(. ù�U*�P, �ß

��µ/¡	�I�.

S�PpïØö, í�fú,¹��:

dE = TdS − PdV + µdN (2.2.25)

µ:ûß��f¿, /�\:�IP���PpØ�@Tû��I�. ù
�ZÒ©
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2.2 í�fýp�y'ýp

·Øb, ïå�0

dH = TdS + V dP + µdN

dF = −SdT − PdV + µdN

dG = −SdT + V dP + µdN

(2.2.26)

1dïå��f¿(í�f¿�üp�úe

µ =

(
∂E

∂N

)
S,V

=

(
∂H

∂N

)
S,P

=

(
∂F

∂N

)
T,V

=

(
∂G

∂N

)
T,P

(2.2.27)

1(2.2.24),

µ =

(
∂G

∂N

)
T,P

= g(T, P ) (2.2.28)

�

G(T, P,N) = Nµ(T, P ) (2.2.29)

s�f¿1/UM�P�	�¯ê1ý. �f¿/�*^8Í��i�Ï, �(�v

øØ��fÍ�-w^8Í��\(, Ù(�ì�b�þ�-��²0.

(�e�Pp\:ØÏ�, �ìØïå�ÇÒ©·Øb�0ô��í�f¿, y

+Í��/�¿ýp,

Φ = F −Nµ

v®�:

dΦ = −SdT − PdV −Ndµ (2.2.30)

�¿ýpΦ/å(T, V, µ):y'ØÏ�y'ýp, 1�öÏ�'(

λΦ(T, V, µ) = Φ(T, λV, µ)

äλ = 1
V , �0Φ(T, V, µ) = V φ(T, µ), �1P = −

(
∂Φ
∂V

)
T,µ

, �0

Φ = −PV (2.2.31)

(èc�ûü-, ïåBúèM�ýpΞ(T, V, µ), ��¿ýp:

Φ(T, V, µ) = −kBT ln Ξ(T, V, µ) (2.2.32)

1®�sû(2.2.26), ïå�0ô��Maxwellsû, �ì
S��ú@	Ù�sû,

�ê/(v-��*Á��*Í��8(�sû�. 1ê1ýF�®�ï�(
∂µ

∂V

)
T,N

= −
(
∂P

∂N

)
T,V

(2.2.33)
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2 G�û�sa'(

è�0P�µý/:¦Ï, @åSûß�Sï��PpØ�ö, 	

P (T, V,N) = P (T, λV, λN)

µ(T, V,N) = µ(T, λV, λN)
(2.2.34)

è�0¹��æ¹�λàs, ó¹_Å{�d, Î�P�µêý/Ô<N
V �ýp, Ùù

�@	�:¦Ïý/�Ë�. )(Ù���, ïå�0��sû(
∂P

∂N

)
T,V

= −V
N

(
∂P

∂V

)
T,N(

∂µ

∂V

)
T,N

= −N
V

(
∂µ

∂N

)
T,V

(2.2.35)

Ó�(2.2.33)�0 (
∂P

∂V

)
T,N

= −N
2

V 2

(
∂µ

∂N

)
T,V

1I)�)���I, �0

κT = − 1

V

(
∂V

∂P

)
T,N

=
V

N2

(
∂N

∂µ

)
T,V

(2.2.36)

Ù�sû(¨º�UÎèc�ûü¡��)�ö^8	(.

2.3 			���¯̄̄-\\\wwwÆÆÆsssûûû

1í�fýp��ö'ïå�0�*	(�Í�sû–	�¯-\wÆ(Gibbs-

Duheim)sû�ûß��ý/åµ�Sï��Pp:ØÏ�y'ýp, Ù�Ïý/

�öÏ�_1/ô�ùû�Âpλ, 	

λE = E(λS, λV, λN)

ù
�®���0

Edλ+ λdE = λ(TdS − PdV + µdN) + (TS − PV + µN)dλ

è�0

dE = TdS − PdV + µdN

�0

E = TS − PV + µN

52



2.4 í�fl�

Ù�sûð:	�¯-\wÆ(Gibbs-Duheim)sû��/í�fÏ�ö'�ô¥Ó

��)(Ù�sû��ÇÒ©·Øb�ïå�0�û�øsÓ��ê1ý:

F = E − TS = −PV + µN

�:

H = E + PV = TS + µN

	�¯ê1ý:

G = F + PV = µN

Ù�Ó�h���f�1/sGÏ*�P�	�¯ê1ý�g = µ. �¿ýp

Φ = F − µN = −PV

2.4 ííí���ffflll���

(
��, �ì* Á��Ùú�ú�ß¡i��ê1ý��¿ýp, Ù���Ùú

��¨º. �Håc���:�, e¨üí�fl�. c�ûü@ù��ûß/�*

w	ú��PpN�SïV (��,��*�IMûy), �)¦T��Âûß. :��

�°÷, �ö_:�ô¹��ÏPÅbÇ!, �ì�M�ýp��

Q(β, V,N) =
1

N !h3N

∫
dqdpe−βH(q,p) ≡

∑
{s}

e−βEs (2.4.37)

_1/ô, �ì({s}h:ûß�®Â¶�, (Ïx�f�1/øzô�SïCd

åN !h3N ; (ÏP�f�ãh�Ä���ÏPp�Æ�. ûß��ý1/ûß®Â;

ýÏ�ûüsG<

E = E =
1

Q

∑
s

Ese
−βEs = −∂ lnQ

∂β
(2.4.38)

{<�, ù��I�Y , ���@ù���IMû/y, ûß�ýÏ��V��IM

ûy, £H�ì	

Y =
1

Q

∑
s

∂Es
∂y

e−βEs = − 1

β

∂ lnQ

∂y

Ù*l���*Í�y�1/ûß��:

P =
1

β

∂ lnQ

∂V
(2.4.39)
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2 G�û�sa'(

ûßµ�ß¡h¾�ïå�í�f,���Ô��0. �Hè�0ûß�c�M�

ýp/β��IMûy�ýp, @å��	

d lnQ =
∂ lnQ

∂β
dβ +

∂ lnQ

∂y
dy

àd, )(
b�ûß�ý��I��ß¡h¾�, �0

d lnQ = −Edβ − βY dy

= −d (Eβ) + βdE − βY dy

s

β (dE − Y dy) = d (lnQ+ βE)

Ù*�Pô�β/®��dE − Y dy��*ï�àP�í�fú,I�:

dE = TdS + Y dy

�9�:

dS =
1

T
(dE − Y dy)

Ô���β � 1
T�cÔ�vÔ�ûp{æ�n���ÇwS¡��ó�S�øsi

�Ï�ïå�Ù*Ô�ûp�hn��e�sβ = 1
kBT

, �öµ�h¾�:

S = kB (lnQ+ βE) = kB

(
lnQ− β∂ lnQ

∂β

)
àd, ù��*Ù��PpN�SïV�)¦T�ûß, ê�Bú��c�M�ý

pQ, 1ïå�hn���í�f'(.

èc�ûü@ù��ûß/�*w	ú��f¿µ�SïV���,��*�I

Mûy	�)¦T��Âûß. èM�ýp:

Ξ(β, V, α) =
∑
N

∑
{s}

e−βEs−αN (2.4.40)

ÙÌ, ��í�fl��¨ü�c�ûü�Åb{<, �ì�0���í�fl�

N = −∂ ln Ξ

∂α

E = −∂ ln Ξ

∂β

Y = − 1

β

∂ ln Ξ

∂y

S = kB

(
ln Ξ− α∂ ln Ξ

∂α
− β∂ ln Ξ

∂β

)
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v-Ξ/ûß�èM�ýp, �/α, β, V (�û�Ù��IMûy)�ýp. �í�fú

,I��Ô�JÉ�ì

β =
1

kBT

α = − µ

kBT

àd, ù��*Ù��f¿µ�SïV , )¦T�ûß, ê�Bú��èc�M�ý

pΞ, 1ïå�hn���í�f'(.


Îc����ûßw	ú��)¦T , F/�ïå�'í�Ñ�ýÏ�¤b,

@åûß�ýÏv
/ú��, �/ïå(vsG<DÑ	¨=. ÙÍ¨=ïå)(

Mb�í�fl� å¡��ÏÇ�U�¡��0〈(
E − E

)2〉
= −∂E

∂β
= kBT

2CV (2.4.41)

ûß�ýÏ�¨=ô¥�)¦åÊûß�í¹Ï	s. ûßýÏ�øù¨=�s¹

: 〈(
E − E

)2〉
E

2 =
kBT

2CV

E
2 (2.4.42)

1�CV�Eý/�öÏ, �ì�ûß�;�PpN�cÔ. àd
��E
�ûß

�;�PpN�ÍÔ. ù��*�Âûß, N�pÏ§/1023, àdýÏ�øù¨

=(�1/
√
N�cÔ)/���. ù�èc����ûß, v�Pp_ïå	¨=. {

<�¡�h�, ûß�Ppøù¨=�s¹:〈(
N −N

)2〉
N

2 =
kBT

N
2

(
∂N

∂µ

)
T,V

)((2.2.33), 
�ïå�: 〈(
N −N

)2〉
N

2 =
kBT

V
kT

v-κT = − 1
V

(
∂V
∂P

)
T
/ûß�I)�)ûp. 1�V/�öÏ, �ì(d�0: ù�

�*�Âûß, s¿I)�)ûpκT
I�ö, ûß�Pp�øù¨=Í6/^8�

�, �1/
√
N�cÔ. ê	(ûß�Ñ���4L¹ö, I)�)ûp��àw, Ùö

ûß���Pp¨=ïå�:.

1Mb�¨º�ì�å: S�Âûß�ýÏ��Pp¨=ý^8�ö, ®c�û

ü�c�ûü�èc�ûüýÙúI÷�ß¡Ïð. (
�ûü¡�úe�í�f

Ï/�ô�, ê
ÇøS�	Ö
��í�fy'ýp. S6, ��ûß�¨=
ý

ýe(��ù�Ô���ËÂûß�ûß(4L¹DÑ), £H
��ß¡ûü�Ó�

/
I÷�.
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2.5 &&&333-dddÆÆÆ


HHH���

�þ@:��Q�*1ÝíP����¡P�-ô(�T^��É±I	����

T^��¹ô��Ø��:P1, æ�µô�Ô�N��:P2. ��	∆V1��SÎØ

�:�Ç�z^ÛeN�:�Sï�:∆V2, £H��LZ��:

−P1∆V1 − P2∆V2 = −∆(P1V1)−∆(P2V2)

(dÇ�-��T^Ø�:�N�:�S��ý9Ø�+:∆U1�∆U2, ;�Ø�

:

∆U1 + ∆U2

1ýÏ�R�

∆U1 + ∆U2 = −∆(P1V1)−∆(P2V2)

s

∆(U1 + P1V1) = −∆(U2 + P2V2)

�

∆H = ∆H1 + ∆H2 = 0

�-∆H1�∆H2�+/Ø��N�:��9Ø��t*ûß��9Ø:0��S�

Ç�T^�Ç�/�*I�Ç��

°(��ì�åI�Ç�-)¦��:Kô�sû�:d�¡�&3-dÆ
û

pµJ =
(
∂T
∂P

)
H

. )(ÅKÔØb¹Õ(
∂T

∂P

)
H

=
∂(T,H)

∂(T, P )

∂(T, P )

∂(P,H)
= − 1

CP

(
∂H

∂T

)
P

=
1

CP

(
T

(
∂V

∂T

)
P

− V
)

1
�ïå�&3-dÆ
ûp�&÷�h1�S�i�¹�³��ù��ó�S�

�U�¡��0µJ = 0. ù��E�S��*�}�i�¹�/Van der Waals ¹

��ù�1i��S (
P +

a

V 2

)
(V − b) = RT

9nÙ�¹��ïåÑ°�(T -Pþ
��*:ß�µJ > 0, _1/ô�(Ù*:

ß�I�M�Ç�ïåM)�µJ > 0 �µJ < 0:ß�¹L1�ð¹�Ùú(
b2P

a
+

3RTb

2a
+ 1

)2

− 8RTb

a
= 0

h(2.5)Ùú����S��'lØ)¦�
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2.6 �ó�S�í�f'(

�S �'Íl)¦(K)

Xe 1486

CO2 1275

Kr 1079

Ar 794

Co 644

N2 607

Ne 228

H2 204

He 43

2.6 ���óóó���SSS���ííí���fff'''(((

�ó�S�ÈÆ�Ï:

H =

N∑
i=1

~p2
i

2m
(2.6.43)

M�ýp:

Q(T, V,N) =
1

N !h3N

∫
dq3Ndp3Ne−βH (2.6.44)

1��ó�S�H�P�às, �/

Q(T, V,N) =
V N

N !h3N

N∏
i=1

∫
d3pe−β

p2

2m (2.6.45)

äx =
(
β

2m

)1/2
p, �0∫

d3pe−β
p2

2m = 4π

∫ ∞
0

p2dpe−β
p2

2m

= 4π

(
2m

β

)3/2 ∫ ∞
0

dxx2e−x
2

=

(
2mπ

β

)3/2

�/:

Q(T, V,N) =
V N

N !

(
2πmkBT

h2

)3N/2

(2.6.46)

�I

λ =

(
h2

2πmkBT

)3/2
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2 G�û�sa'(

:íâ�, �M�ýp�:

Q(T, V,N) =
1

N !

(
V

λ3

)N
(2.6.47)

ê1ý:

F = −kBT lnQ = −NkBT ln
V

λ3
+ kBT lnN ! (2.6.48)

)(¯yäl�, SN � 1ö, lnN ! = N lnN −N , �0

F (T, V,N) = −NkBT

(
1 + ln

V

N

(
2πmkBT

h2

)3/2
)

(2.6.49)

Îê1ýúÑ, �ìïå�0�ó�S�í�f'(

P = − ∂F

∂V

∣∣∣∣
T,N

=
NkBT

V

�

PV = NkBT (2.6.50)

S = − ∂F

∂T

∣∣∣∣
V,N

= NkB

[
5

2
+ ln

V

N

(
2πmkBT

h2

)3/2
]

(2.6.51)

�f¿

µ =
∂F

∂N
= −kBT ln

(
V

N

(
2πmkBT

h2

)3/2
)

(2.6.52)

ûß��ý:

E = F + TS =
3

2
NkBT (2.6.53)

2.7 »»»���yyyüüü���������¦¦¦KKK¯̄̄æææ������

�Q�,�ìË�Pûß, ûß1N*�P��, �PKôàø�\(�ûß�;ý

Ïïå���*�P�ýÏK�

E =
N∑
i=1

εli

εli:,i*�P�,li*ý§�ýÏ��/�ûß�c�M�ýp:

Q =
∑

®Â¶�

e−βE =
∑

®Â¶�

e−β
∑N
i=1 εli =

∑
®Â¶�

N∏
i=1

e−βεli
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2.7 »�yü���¦K¯æ��

�Q0�P�h�'�
�ïå��

Q =
1

N !
QN1

v-

Q1 =
∑
l

ale
−βεl

ÙÌal/,l*U�Pý§��v¦�c���:�

P ({εli}) =
1

Q

N∏
i=1

alie
−βεli = N !

N∏
i=1

alie
−βεli

Q1

>6/U�P���Xï�d�N !àP	�U�P��

P1(εl) =
ale
−βεl

Q1

:»3(üýÏ���

(ÏxÑ<��ÈÆ�Ïïå��

H(~r1, ~r2 · · ·~rN ; ~p1, ~p2 · · · ~pN ) =
N∑
i=1

h(~ri, ~pi) (2.7.54)

Ù�ûß�c�M�ýp:

Q(T, V,N) =
1

N !h3N

∫
d3Nrd3Npe−βH

=
1

N !h3N

N∏
i=1

∫
d3rid

3pie
−βh(~ri,~pi)

(2.7.55)

ä:

Q1 =
1

h3

∫
d3rd3pe−βh(~r,~p) (2.7.56)

:U�P�M�ýp, �

Q =
1

N !
QN1 (2.7.57)

c���:

P (~r1, ~r2 · · · ~rN ; ~p1, ~p2 · · · ~pN ) =
e−βH

Q
= N !

N∏
i=1

e−βh(~ri,~pi)

Q1
(2.7.58)

d��*	�¯àPN !�, N*�P��øzô(~r1, ~r2 · · · ~rN ; ~p1, ~p2 · · · ~pN )��

�, :U�Pýp�Xïb�. U*�P�����, s�*�PM�(~r, ~p)���,
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ïå�Çùøzô�ï�B�. å(P (~r, ~p)h:Ï*�P��(~r, ~p)����£H

((~r, ~p)¹�P�øzôÆ¦1/
ð���N
, ïåh::

n(~r, ~p) = NP (~r, ~p)

=
1

N !h3N

∫
d~r2 · · ·d ~rNd~p2, · · · d~pN

(
N∑
i=1

δ(~r − ~ri)δ(~p− ~pi)

)
P (~r1, ~r2 · · · ~rN ; ~p1, ~p2 · · · ~pN )

= N
1

N !h3N

∫
d~r2 · · ·d ~rNd~p2 · · · dpN

e−βH(~r, ~r2··· ~rN ;~p, ~p2···~pN )

Q

= N
e−βh(r,p)

Q1

(2.7.59)

�/, �ì�0, (2.7.58)�/N*U�P�����Xï. @å, ù�ìË�Pûß,

�ìïå�QU�P���, ê�(¡�-����Q1�h�'üô�	�¯à

P(N !)1L�. �(2.7.59)ð:»�yü��, ���P�¿ý:u(r), �U�P��

����:

P (~r, ~p)
d~rd~p

h3
=

1

Q1
e
−β
(
p2

2m
+u(r)

)
d~rd~p

h3
(2.7.60)

å�¿:0, ��0

P (~r, ~p)
d~rd~p

h3
=

1

Q1
e−β

p2

2m
d~rd~p

h3
(2.7.61)

�Q1 = V
h3

∫
d~pe−β

p2

2m =
(

2mπ
h2β

)3/2
= V

λ3
, �/)(, p2 = m2v2, �0¦K¯æ�¦

��

P (~v)d~v =

(
m

2πkBT

)3/2

e
− mv2

2kBT d~v (2.7.62)

2.8 www			���èèèêêê111¦¦¦������SSS

Mb$�, �ì��ó�S��/¡	Ó��¹¶�P, Ùê	ù�U�P�ó�

S(�ð'�S)M/cn�. �E
, 'è��S1�P��, Ù��Pw	�èê

1¦, 	/¨, l¨IÐ¨. Ù���QÙ��èê1¦�qÍ. (��Åµ�, ïå

Ñ<¤:�P�Ï�*ê1¦/�øìË�, G�U*�P�ÈÆ�Ï:

H = h(~r, ~p) + hr(φi, pφi) + hv(qi, pi) (2.8.63)

�-,�y:n��s¨y, ,�y:l¨ÈÆ�, �,/'ÉÒφi ≡ (θ, φ, ψ)�ù

�¨Ï�ýp, ,	y//¨ÈÆ�, (c�P�qi�ù��c�¨Ïeh:. �,
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2.8 w	�èê1¦��S

eô, /¨�l¨/�ø&�(�w�, 1�/¨, �P�l¨ïÏ�9Ø, F���

ÍÐ¨�y�öôøî�', ïåýev&�, å¹¿¡�. U�PM�ýp/:

Q1(T, V ) =
1

h6+f

∫
d3rd3p

∫
d3φd3pφ

∫
dfqdfpe−β(h+hr+hv)

= QTQrQv

(2.8.64)

v-:

QT =
1

h3

∫
d3rd3pe−βh(~r,~p) (2.8.65)

Qr =
1

h3

∫
d3φd3pφe

−βhr(φ,pφ) (2.8.66)

Qv =
1

hf

∫
dfqdfpe−βhv(q,p) (2.8.67)

(2.8.68)

�N*�P�S�;M�ýp:

Q =
1

N !
(QTQrQv)

N (2.8.69)

(N � 1ö, ê1ý�:

F (T, V,N) = −kBT lnQ

= −NkBT
[
1 + ln

(
QT
N

)]
−NkBT lnQr −NkBT lnQv

= FT + Fr + Fv

(2.8.70)

1h(~r, ~p) =
~p2

2m , ïåB�s¨è��M�ýp::

QT = V

(
2πmkBT

h2

)3/2

=
V

λ3
(2.8.71)

àdFT�U�P�ó�S/�7�. �b�QÌ�P�P, v¨ýïå�:

EK =
1

2
m1 ~v1

2 +
1

2
m2 ~v2

2

=
1

2
(m1 +m2)~vc

2 +
1

2
µ~v2

(2.8.72)

v-, ~vc = m1 ~v1
2+m2 ~v2

2

m1+m2
:(Ã��¦, µ = m1m2

m1+m2
/��(Ï, �~v = ~v1 − ~v2:ø

ù�¦. )(�P�, ïå�0, v2 = ṙ2 + r2θ̇2 + r2 sin2 θφ̇2, øùÐ¨�¨ý�

:1
2µṙ

2 + 1
2Iθ̇

2 + 1
2I sin2 θφ̇2, ÙÌ, I = mr2

0:l¨ïÏ, �r0:�P�sG�¦. Ù

Ì�ì�Q�/l¨�/¨ê1¦�øìË�Åb, �����y�öôøî
',

���Q�{Ð¨Kô�&�.
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2 G�û�sa'(

å�*�PKô�ø�\(ê�vÝ»r	s, �ûß�É�ýp�:

L = EK − V =
1

2
m~vc

2 +
1

2
µṙ2 +

1

2
Iθ̇2 +

1

2
I sin2 θφ̇2 − u(r) (2.8.73)

c�¨Ï:

~p =
∂L

∂ ~vc
= m~vc (2.8.74)

pr =
∂L

∂ṙ
= µṙ (2.8.75)

pθ =
∂L

∂θ̇
= Iθ̇ (2.8.76)

pφ =
∂L

∂φ̇
= I sin2 θφ̇ (2.8.77)

1d�0ûß�ÈÆ�Ï:

H = ~p · ~vc + pθθ̇ + prṙ + pφφ̇− L

=
~p2

2m
+
p2
r

2µ
+
p2
θ

2I
+

p2
φ

2I sin2 θ
+ u(r)

= hT + hr + hv

(2.8.78)

v-:

hT = ~p2

2m

hr =
p2θ
2I +

p2φ
2I sin2 θ

hv = p2r
2µ + u(r)

Û�e, ��/¨�E¦Ô��, �u(r) ' u(r0) + 1
2K(r − r0)2, �/:

Qr =
1

h

2 ∫
dθdφ

∫
dpθdpφe

−βhr

ùφ�ï�:2π, ùpθ�pφ�ï�/Ø¯ï�, Ó�/:

Qr =
2π

h2

∫ π

0
dθ

√
2Iπ

β

√
2Iπ

β
sin θ

=
4π

h2

2πI

β
= 8π2 I

h2β

(2.8.79)

Fr = −NkBT lnQr = −NkBT ln
8π2I

βh2
(2.8.80)

ù�/¨è�, 	

Qv =
1

h

∫
drdpre

−βhv

= eβu(r0) 1

h

√
2µ

β

√
2

βK

= eβu(r0) 2

hβ

√
µ

K
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2.8 w	�èê1¦��S

Fv = −Nu(r0)−NkBT ln

(
2

hβ

√
µ

K

)
(2.8.81)

l¨µ��ý:

Sr = −∂Fr
∂T

= NkB

(
1 + ln

8π2I

h2β

)
(2.8.82)

Er = Fr + TSr = NkBT (2.8.83)

/¨µ��ý:

Sv = −∂Fv
∂T

= NkB

(
1 + ln

2

βh

√
µ

K

)
(2.8.84)

Ev = Fv + TSv = NkBT (2.8.85)

���0

E = ET + Er + Ev =
7

2
NkBT (2.8.86)

í¹Ï:

CV =
∂E

∂T

∣∣∣∣
V,N

=
7

2
NkB (2.8.87)

��
Ñ°, Ì�P�S�í¹Ï¥Ñ�5
2NkB, �
/7

2NkB, Ù�î+e��ÏP

H�. (ÏP�f�Ïð-, l¨ý§:εl = h̄2

2I l(l + 1), ù���v¦:2l + 1. 1d

B�l¨�M�ýp:

Qr =
∞∑
l=0

(2l + 1) exp(−βh̄2

2I l(l + 1)) =
∞∑
l=0

(2l + 1) exp(−Tr
T l(l + 1)) (2.8.88)

v-Tr = h̄2

2IkB
:l¨�y�)¦. ST � Trö�
��B�ïå(ï�eãÿ

Qr =

∫
dl (2l + 1) exp(TrT l(l + 1)) =

T

Tr

Fr = −NkBT log
T

Tr

�ÏxÓ��ô�/¨ý§:
(
n+ 1

2

)
h̄ω, 1dB�/¨�M�ýp:

Qv =
∞∑
n=0

exp(−Tv
T (n+ 1

2)) =
e−

1
2
Tv
T

1− e−
Tv
T

(2.8.89)

Fv =
1

2
NkBTv +NkBT log(1− e−

Tv
T )

STv � Tö�
��:

Fv =
1

2
NkBTv +NkBT log(TvT )
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2 G�û�sa'(

Þ0ÏxÓ��v-Tv = h̄ω
kB
:/¨�y�)¦.

ST � Tr ö�l¨M�ýp�B�-ïåêÝYMb$y

Qr = 1 + 3e−2
Tr
T

vê1ý:

Fr = −NkBT log(1 + 3e−2
Tr
T ) ≈ −3NKBTe

−2
Tr
T

µ

Sr = −∂F
∂T

= 3NkBe
−2

Tr
T + 3NkBT

2Tr
T 2

e−2
Tr
T = 3NkB

2Tr
T

(
1 +

T

2Tr

)
e−2

Tr
T

�ù��í¹Ï:

Cr = 3NkB

(
2Tr
T

)2

e−2
Tr
T

S)¦��0ö�l¨í¹Ïå�p�¹���0.

ù�/¨è��µ:

Sv = −∂F
∂T

= −NkB log(1− e−
Tv
T ) +

NKBTr

T (e
Tv
T − 1)

ýÏ:

Ev =
Nh̄ω

(e
Tv
T − 1)

+
1

2
Nh̄ω

�í¹Ï:

Cv = NkB

(
Tv
T

)2 e
Tv
T

(e
Tv
T − 1)2

ST � Tvö��:

Cv = NkB

(
Tv
T

)2

e−
Tv
T

S)¦��0ö�/¨í¹Ïå�p�¹���0.

�,Tr � Tv, ST � Trö, l¨�/¨�ê1¦ý¡	ÀÑ, ê	s¨ùí¹

Ï	!., CV = 3
2NkBT ; STr � T � Tvö, s¨�l¨�ê1¦ùí¹Ï	!.,

�/¨ê1¦¡	ÀÑ, CV = 5
2NkBT ; ê	ST � Tvö, @	�ê1¦ýE�À

Ñ, í¹Ï¾0�P<CV = 7
2NkBT . (ÙÌ�ì��PS\ú,�P, (ôØ�)

¦�, �P��èê1¦_ïå«ÀÑ, Î��0ô'�í¹Ï).
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2.9 �K�Á'

2.9 ���KKK���ÁÁÁ'''

(Ïx�f�F¶�, i(
ïý	Á'. Ùïå^8�U�Á���. ¾N*�P

�ÈÆ�Ï:H(~r1, ~r2 · · · ~rN ; ~p1, ~p2 · · · ~pN ), (� Á:�, ê��Ï*&5�P�¨

Ï~pÿb:(~p − q
c
~A)(ÂÁ, ��íU?
5¨�f(,�H)��P289), v-~p/c�

¨Ï, ~A/âÏ¿. �ÇØÏØb, âÏ¿ïåÎï�-Ø�. Ù7, B��M�ýp

Î�ê1ý�Á:às, ¡	Á'. Á'�e�/ÏP�f, (ÏP�fúË�, á)

��S�+ãÊ�i(�zÁ'��Á'. ÁÁ'�Ô�
B, e��ÁÁi(-5

P�øs, (Ç»àAt��v-, ù�ÁÁ�¤Æ	��'�ÛU, _	à*^8

}�!�. (ß¡i�-, �8(wî!!�ÏðÁÁ'. æ�Í8(�!�/ú�

k/·(Hubbard)!��á85PÁÁ!�. F/, ÁÁî�v¡	�hã³, Ìb

Ø	��Í��å\ïZ.

ÙÌ�ì�Q�*^8�U�/a!�, �:��)(ß¡i�¹Õ��@ß

�Ö�âÏ!�î��¹Õ. G�i(1N*��Á'�P��, Ï*Á'�Pw	

�*��Áé~m, ��� �Á: ~H-. �ìe¨ºÙ*ûß�Á'. Ù�!��ý

Ïïå�:

E = −
∑
i

~mi · ~H = −
∑
i

mH cos θi (2.9.90)

ÙÌθi/,i*Áé��:�9Ò.

M�ýp:

Q =

∫ ∏
i

sin θidθidφie
−βE

= (2π)N
(∫

d cos θeβmH cos θ

)N
= (2π)N

(
1

βmH

(
eβmH − e−βmH

))N
(2.9.91)

ê1ý:

F = −kBT lnQ = −NkBT ln
(
eβmH − e−βmH

)
+NkBT ln

(
βmH

2π

)
(2.9.92)

Á�:

M = − ∂F
∂H

= −NkBT
1

H
+Nm

(
eβmH + e−βmH

)
(eβmH − e−βmH)

(2.9.93)
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2 G�û�sa'(

S� Á:Ô��ö, �0

M = −NkBT
1

H
+Nm

(
2 + (βmH)2 + · · ·

)(
2βmH + 1

3(βmH)3 + · · ·
)

=
Nm2

3kBT
H

UMSï�Á�:

M

V
=
N

V

m2

3kBT
H

Î�Á��:

χ =
∂MV
∂H

=
N

V

m2

3kBT
≡ C

T
(2.9.94)

v-C = Nm2

2kBV
ð:EÌ8p.

2.10 999sss���SSS���»»»rrr���SSS

Mb(c����ú@
¨º�ÏxÑìË�P�S. ÙÌ�ì�QÏP�fH�.

�E
, (Ïxß¡-�ìòÏ�e�ÏPH���N§�îc, ãÊ�	�¯à

PN !�1e.

ù��*ÏP�Sûß, ��ûß1N*�PÄ�, ý§:En(N), �c�M�ý

p�:

Q =
∑
n

e−βEn(N) (2.10.95)

��Ù��/)¦��f¿, ��0èc�M�ýp

Ξ =

∞∑
N=0

∑
n

e−β(En(N)−µN) (2.10.96)

í�fýp�M�ýp�Tû(ÏxÅb�ÏPÅb/�7�.

1(2.10.95)�(2.10.96)ïå, :�B�ûß�í�fýp, �ì�H�B��S

ûß�ý§En(N), Ùv�/�*�ïð¾�ÏP�fî�, �¾(��
/
ïý

�Ý)Z0. àd, ù�ÏP�Sî�, ÑU���	H�v��º¹Õ, Ù�¹Õý

=ïýÞ�ô¥¡��SÏPûß�ý§. �/ô¥Bã�t£�i�Ï. v-�	

H�¹ÕK�/<�ýp¹Õ, ��(ÏP:º����º�/, ïå�0^8Í�

��û�Ó�. (Ù*�Iþ�-, �ì�
�vÙ�
Bî�, �ê/�Q�Í�

�U�ÏP�Sî�: àø�\(�Pûß�î�. (ÏPÅb�, s�ù�¡	ø

�\(��P, _X(ÏPsT, àd, �*ûß��*�PKôv
/�cìË�.

66
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ù�àø�\(ûß, ïå�ÛU�Pý§εi, �ûß�ýÏ�ïå(U�Pý§h

:úe.

En(N) =
∑
i

niεi (2.10.97)

ÙÌni:,i*U�Pý§�`np. 1�ÏPsT, ù`np1	����P6, �

�ù�9sP, niêýÖ0�1$*<, �ù�»rP, �Ï*ý§ïå¹³àw�*

�P. ��sGÏ*ý§�`np〈ni〉 � 1, �ÏPP6�
w\(, Ù1Þ0Ïx

�»�yüß¡. ù�'�p�P�S, 〈ni〉 � 1/�Ë�. @å»�yü��ï(.

�E�ÏPß¡ûß;�	N)��²&, åÊ�����N)¦��NÆ¦�Á

¦_�P�S. Ñ^-�5P�S/x��ÏP�S, )Si�-�-P�_Å{�

Ç(ÏPß¡e��.

1(2.10.97)��(2.10.95)�, N�Pûß�M�ýp:

Q =
∑
{ni}

e
−β
∑
i
niεi

(2.10.98)

ÙÌ�B�/ùá³N =
∑
i
niåÊ9s�»rß¡�B�@	ïý�Æ�{ni}B

�, ù�9sûß, ni = 0�1; ù�»rûß, ni = 0, 1, 2, · · ·∞. >6, (�d¦_

�, B�/�¾Z�. :d, �ì�Qèc�ûü,

Ξ =
∞∑
N=0

′∑
{ni}

e
−β
∑
i
niεi+βµ

∑
i
ni

=
∞∑
N=0

∑
{ni}

e
−β
∑
i
ni(εi−µ)

(2.10.99)

�-��÷h:B�×
∞∑
i=1

ni = N�P6. 1�N�B�ïå0àw, @åïåÖ�

B��P6��0.

Ξ =
∑
{ni}

e
−β
∑
i
ni(εi−µ)

(2.10.100)

ù�9sP, ni = 0, 1, �/	

ΞF =

1∑
n1=0

1∑
n2=0

· · ·
1∑

ni=0

· · ·
∏
i

e−β(εi−µ)ni

=
∏
i

(1 + e−β(εi−µ))

(2.10.101)
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2 G�û�sa'(

ù�»rP, ni = 0, 1, 2, · · ·∞, �/

ΞB =

∞∑
n1=0

∞∑
n2=0

· · ·
∞∑
ni=0

· · ·
∏
i

e−β(εi−µ)ni

=
∏
i

(1− e−β(εi−µ))
−1

(2.10.102)

è¿:

ΦF (T, V, µ) = −kBT ln ΞF

= −kBT
∑
i

ln(1 + e−β(εi−µ))
(2.10.103)

ΦB(T, V, µ) = kBT
∑
i

ln(1− e−β(εi−µ)) (2.10.104)

è�0Φ = −PV , äz = eβµ, �ì�0�ù�»rP

PV

kBT
= −

∑
i

ln(1− ze−βεi) (2.10.105)

ù�9sP

PV

kBT
=
∑
i

ln(1 + ze−βεi) (2.10.106)

è�0ù�»�yü��, 	

PV

kBT
= 〈N〉 (2.10.107)

v-〈N〉:sG�Pp,�

1í�fsû�0�ù�»rP

SB(T, V, µ) = −∂ΦB

∂T
|V,µ

= −kB
∑
i

ln(1− ze−βεi) + kB
∑
i

β(εi − µ)ze−βεi

1− ze−βεi

= −kB
∑
i

ln(1− ze−βεi)+kB
∑
i

β(εi − µ)

z−1eβεi − 1

(2.10.108)

ù�9sP

SF(T, V, µ) = −∂ΦF

∂T
|V,µ

= kB
∑
i

ln(1 + ze−βεi) + kB
∑
i

β(εi − µ)ze−βεi

1 + ze−βεi

= kB
∑
i

ln(1 + ze−βεi)+kB
∑
i

β(εi − µ)

z−1eβεi + 1

(2.10.109)
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2.10 9s�S�»r�S

»rP��ý

EB(T, V, µ) = −
(
∂

∂β
ln Ξ

)
z

=
∑
i

εi
z−1eβεi − 1

(2.10.110)

9sP��ý

EF(T, V, µ) = −
(
∂

∂β
ln Ξ

)
z

=
∑
i

εi
z−1eβεi + 1

(2.10.111)

sG�Pp

N(T, V, µ) = kBT

(
∂

∂µ
ln Ξ

)
T

=
∑
i

1

z−1eβεi ± 1
≡
∑
i

〈ni〉 (2.10.112)

v-“+” ãh9sP�“−” h:»rP�〈ni〉ïå�ã:,i*ý§�sG`np.

〈ni〉 =
1

z−1eβεi ± 1
(2.10.113)

)((2.10.113)�, ïåË;�0

E =
∑
i

εi 〈ni〉 (2.10.114)

»rP�9sP�µïå(sG`nph::

SB = kB
∑
i

(1 + 〈ni〉) ln(1 + 〈ni〉)− kB
∑
i

〈ni〉 ln 〈ni〉 (2.10.115)

SF = −kB
∑
i

(1− 〈ni〉) ln(1− 〈ni〉)− kB
∑
i

〈ni〉 ln 〈ni〉 (2.10.116)

S)¦�Øö, Ï*ý§�sG`np�å��, Ùù��z−1eβεi � 1, �β(εi −

µ)� 1,Ù1�Bεi−µ� 1
β = kBT ,�µ� εi−kBT ,���NU�Pý§:ε0 = 0,

�dö��f¿��/��. (Ù7�aö�, U�P`np�h:�-�±1ïå

e», Î��0

〈ni〉 = ze−βεi (2.10.117)

s»�yü��.

ù�U�P�P, ê���Qs¨. (ÙÍÅb�, �P�ý§/Þí�, ïå(

vââÏe�°, εi = ε(k), �/, è¿ýp�:((d��h¾�-�
b�&÷ã

h9sP��b�&÷ãh»rP	

ΦFB = ∓kBT
∑
i

ln(1± ze−βεi)

= ∓kBT
∑
~k

ln(1± ze−βε(k))

= ∓kBT4π
V

(2π)3

∫ ∞
0

k2dk ln(1± ze−βε(k))

(2.10.118)
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2 G�û�sa'(

�7, ûß��ýïå��

EFB = 4π
V

(2π)3

∫ ∞
0

k2dk
ε(k)

z−1eβε ± 1
(2.10.119)

°(�Q$*�PÅb. (^øùºÅb�, �P�ý§ïå�:

ε =
h̄2k2

2m
(2.10.120)

1d�0k =
√

2mε
h̄2

, dk = 1
2

√
2m
εh̄2
dε, ãel�(2.10.118)�0,

ΦFB = ∓kBT4π
V

(2π)3

(
2m

h̄2

)3/2 ∫ ∞
0

√
εdε ln(1± ze−βε)

�èï��!�

ΦFB = ∓kBT4π
V

(2π)3

(
2m

h̄2

)3/2 ∫ ∞
0

2

3
ε3/2dε

βaze−βε

1± ze−βε

= −2

3
4π

V

(2π)3

(
2m

h̄2

)3/2 ∫ ∞
0

dε
ε3/2

z−1eβε ± 1

æ�¹b, �ý�:

EFB = 4π
V

(2π)3

(
2m

h̄2

)3/2 ∫ ∞
0

dε
ε3/2

z−1eβε ± 1

1d�0,

Φ = −2

3
E

�, )(Φ = −PV , �0

PV =
2

3
E (2.10.121)

ù��ïøùº�P, ε(k) = h̄ck, Í

b�¨ü, �0

PV =
1

3
E (2.10.122)

2.11 ������

��1, Á'Ë(�í�f�º

(ÙÌ�ì¨ºG�Á'Ë(�í�f�º. 	gl�(1.9.50), í�fú,®

�¹�:(ÙÌýeSïØ�)

dE′ = TdS + V d

(
1

2
µ0
~H2

)
+ V µ0

~H · d ~M
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2.11 ��

v-I�ó¹�,�y/YÁ:��zý. äd»Ù�è��z-YÁ:ýå��

ûßýÏ:E, �ìðE:Á'Ë(��ý, �ö, 1�SïØ�ïåýe, �ì�

(EeãhUMSï�Á'Ë(�ý. �ìê�Q ~M� ~H¿��¹��Á'Ë(�

Åb, Ùöí�fú,®�¹�::

dE = TdS + µ0HdM

v-M�H�+: ~M� ~H�'�. �eÁ:H
ØöUMSï�í¹ÏCH

CH = T

(
∂S

∂T

)
H

\Ò©·Øb�

dG = −SdT − µ0MdH

�ì�0Á'Ë(�Maxwellsû(
µ0∂M

∂T

)
H

=

(
∂S

∂H

)
T

¡�
(
∂T
∂H

)
S

, è�0 (
∂T

∂H

)
S

= −
(
∂S

∂H

)
T

(
∂T

∂S

)
H

�0 (
∂T

∂H

)
S

= − T

CH

(
∂S

∂H

)
T

= − T

CH

(
µ0∂M

∂T

)
H

(2.11.123)

°(�ì���eÁ'Ë(�i�¹��áo. :�UwÁ, G¾Á'Ë(�¶�¹

�á³EÌ��:

M = χH =
C

T
H

v-C:EÌ8p(Á(2.9.94)). �EÌ��ãe(2.11.123)�, �0(
∂T

∂H

)
S

=
µ0CH

CHT

è�0
�-�I÷ób/^��, @åSûß(ÝíÇ�-«»Áö, )¦�,�

�K�M. Ùc/�0�N)�	H¹ÕK�, ðK:Ýí»ÁM), (ÙÍ¹Õ, ï

å�0pÏ§:)10−3K�N).

��2, saí��:�í�f�º

�Q�*�í�z�, ��Á�)¦:T . z��	��5Á:�z��Á¾�

sa. Ù7�ûßÈ«ð:ÑS���black body radiation	ûß. )(í�f,�
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2 G�û�sa'(

��ïåÁ�, z���5Á���ýÏ��ý	Æ¦ê�V�)¦, ��z��S

ï, b¶IvÖ'(às. @åz�-�5Á����ýEïåh¾:

E (T, V ) = V u (T ) (2.11.124)

v-u(T ):z���5Á����ýÆ¦, �ê/)¦�ýp�V:z��Sï.

IP�S%<á³�ïøùº'�ó�S�aö, E����:P����ýÏÆ

¦uá³sû

P =
1

3
u

�z�-�5Á�����*í�fûß, )(í�fsû(
∂E

∂V

)
T

= T

(
∂P

∂T

)
V

− P

ïå�0�ýÆ¦u (T )@á³��*®�¹�

4u = T
du

dT

�¹�ï��0

u = aT 4

sz���5Á����ýÆ¦�)¦�Û!¹�cÔ.

z��5Á���µ_ïåBú, :d, �ì)(í�fú,¹�

dS =
dE + PdV

T
=

4

3
ad
(
V T 3

)
@åï��0

S =
4

3
aV T 3

v-ï�8pÖ:ö/à:SV = 0ö, ��:1
X(�, ø��µ_�S:ö.

	�5Á����ýÆ¦�µ, vÖí�fýp_ïåüú. y+<��ú�/: 5

Á���	�¯ýp��f¿	:ö, Ùù��IPpî
�R.

(í��:-, ïå�I���ÏÆ¦J , �/��:-(UMöô���ÇU

Mbï���ýÏ. ���ÏÆ¦J���:�ýÆ¦u�sû:

J =
1

4
cu

v-c:I�. 1d�ì�0saí������ÏÆ¦:

J = σT 4
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2.11 ��

v-σ = ca/4ð:¯Òé-»3yü8p, �
�1/W
�¯Òé�»3yü

�Stefan-Boltzmann	��. ¯Òé�»3yü����*�(1/ïåen��

�
¿ô¥KÏ���S���eÜ�R�	�hb)¦. �ì(�b�à�-Ø

�æÆ¨ºí�����ô:Æô�î�.
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3 øøøsssaaa������fffsssaaa

Ù�à�Îí�f�Ò¦¨ºí�fûß�øsa.

3.1 sssaaa$$$nnn

í�fûß�sa/�Íí¨sa. í�f,���JÉ�ì, S�*�íí�fû

ß¾0í¨saö, ��µ¾0�'<. àd, �ì	���µ$n:

µ$n: �*�íûß(v�ý�;Sï
Øö, ù��Íïý�ZØ¨eô,

sa��µ�'.

Îµ$núÑ, ïå�¹�üúv�$n, :d, �ì�Q�*'��íûß, ¾

�ì��v�ûß/Ù*'��íûß��*Pûß, �'ûß�v�è�/�ì

@��v�ûß��èË((¯�). ¾¯���::P0, )¦:T0, ûß�¯�ý³

�', ��vLb�H�ïåýe
¡, �

St = S0 + S

Vt = V0 + V

Et = E0 + E

°(�Qûß��*Ø¨, ��

S → S + ∆S

V → V + ∆V

E → E + ∆E

ø��, ¯��ù�i�Ï_	Ø¨∆S0,∆V0�∆E0. 1�'ûß/í��, @å

∆V0 + ∆V = 0

∆E0 + ∆E = 0
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3 øsa��fsa

��'ûß(Î���ûUè�)òÏ¾0sa�, 'ûß�µStòÏ¾0�', £H

ûUØ¨ý���'ûß�µÏ�

∆St = ∆S0 + ∆S < 0 (3.1.1)

Ù1/µ$nù'�í�ûß�pfh:.

ù�¯�, 	

∆E0 = T0∆S0 − P0∆V0

s

T0∆S0 = ∆E0 + P0∆V0

= −∆E − P0∆V

ãe(3.1.1)�0

T0∆S −∆E − P0∆V < 0

�

∆E − T0∆S + P0∆V > 0 (3.1.2)

åûß�)¦Ý�:¯��)¦, T = T0
Ø, Sï
Ø, ��0

∆ (E − TS) > 0

s

∆F > 0 (3.1.3)

ê1ý�n: �*ûß()¦�Sï
Øö, ù��Íïý�ZØ¨eô, sa��

ê1ý��.

��ûß�)¦Ý�:¯��)¦, T = T0
Ø, �:Ý�:¯���

:P = P0
Ø, ��0

∆ (E − TS + PV ) > 0

s

∆G > 0 (3.1.4)

1d�0	�¯ýp$n: �*ûß()¦��:
Øö, ù��Íïý�ZØ¨e

ô, sa��	�¯ýp��.

��ûß�SïÝ�
Ø��Ýí��

∆E > 0
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3.2 UC
øû�øsa

1d�0�ý$n��*ûß�µ�Sï
Øö�ù��Íïý�ZØ¨eô�s

a���ýýp���

wS)(ê�*$n, ��wSî���.


bà*$n-Ð0�@�ZØ¨/�Ïðûß�Ð�¶�ØÏ�GóØ

¨, Ù*�õ/�f-ZMû�¨�. :�:+�*ZØ¨����Ø¨, �ì(

&÷δe�°Ð*í�fÏ�àw�ZØ¨, å:+�d@ãh�ûßí�fÏ(

�*��Ç�-�àw�Ø¨. (pf
, µ$nïåh¾:: (ú���ý�

Sïö, ûßµ��§Ø�:ö�Ùð:saaö	��§Ø�'�ö�Ùð:

3�aö	. 1�	�¦_aö, �ì�,���v(��¦_aö����µ

$n-�ú��ý�Sï	�ýp�<î�. (pf
Ùïå�ÇÉ<ÎåXP

�Lagrange multiplier	Õ�0. wS0ô, ��(m*D aöφν (x1, x2, · · ·xn)�,

(ν = 1, 2, , · · · ,m), �ì�Býpf(x1, x2, · · · , xn)��<, �ìïå�Ç�em*É

<ÎåXPλν , v�Býp

f (x1, x2, · · · , xn) +
∑
ν

λνφν (x1, x2, · · ·xn)

��<�0.

3.2 UUUCCC


øøøûûû���øøøsssaaa

Ù��, �ìH¨üUC�û�í�fú,®�¹�. �Q�*�>�G�û, �@

+�i(ÏïåÑ�Ø�(��4, ïå}��4¸�). �ì�å�*i��åi(,

��í�fú,®�¹�(1�/ú���i�i(, @åïå(ài(Ø��¹�)

du = Tds− Pdv

v-u, s�v�+:�i�åi(��ý�µ�Sï. (í�f-, �ì;/�Q�

ÂSû, v-�i�Ï��/cÔ�i(Ï��öÏ, ��/�i(Ïàs�:¦

Ï. ù�ni��i(, �ì	

dE = d (nu) = udn+ ndu (3.2.5)

= nTds− nPdv + udn

= Td (ns)− Tsdn− Pd (nv) + Pvdn+ udn

= TdS − PdV + (u− Ts+ Pv) dn

= TdS − PdV + µdn
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3 øsa��fsa

v-µ = u − Ts + Pv:�i�åi(�	�¯ýp, si��f¿. �b�ì��

0, �f¿�ØN³���fÍ��øØ�ÛL¹�. l�(3.2.5)1/�*�>�U

CG�û�í�fú,®�¹�.

3.2.1 UUUCCC


øøøûûû���øøøsssaaaaaaööö

�b�ì)(sa�µ$ne¨üUCû-àÍø¾0sa�saaö. �,�s

aaöïå�:	{: ísaaö��fsaaö�øsaaö��fsaaö.

ù�UCûeô, ¡	�fsa�î�. àd, �ì(d��ví��f�ø�sa

aö.

��	éûß�ØÏ:x, y�ù��*í�fÏf(x, y), Sx, yØ�ö�í�f

Ï�Ø�:

∆f = δf +
1

2
δ2f + · · ·

v-

δf =
∂f

∂x
δx+

∂f

∂y
δy

:�6Ø��

δ2f =
∂2f

∂x2
(δx)2 + 2

∂f

∂x∂y
δxδy +

∂2f

∂y2
(δy)2 = δ

(
∂f

∂x

)
δx+ δ

(
∂f

∂y

)
δy = δ(δf)

:�6Ø���6Ø�/�í�fÏù�ØÏZØ�U���!y��6Ø��U

���!yù��{<��ïå�Û	6�Û6Ø�I�

G¾åUCû�à*ø���*í�ûß. í�ûß�;��ýE =
∑

α nαuα,

;�SïV =
∑

α nαvα�;�i�pn =
∑

α nα/ú��. �/, )(É<ÎåXP

Õ, �Q0
ð¦_aö, �ì�0µ��§Ø�:ö�aö

δS − 1

T
δE − P

T
δV +

µ

T
δn = 0 (3.2.6)

v-T ,PT , µ
T/Z:É<ÎåXP�e�. °(�ì)(

δsa =
1

Ta
δua +

Pa
Ta
δva

v-Ta�Pa�+:øα�)¦��:. �ì1�0ûß�;�µ��§Ø�:

δS ≡ δS − 1

T
δE − P

T
δV +

µ

T
δn

=
∑
α

(
1

Ta
− 1

T

)
δua +

∑
α

(
Pα
Ta
− P

T

)
δva +

∑
α

(
sα −

ua
Tα
− Pvα

Tα
+
µ

T

)
δna

= 0
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3.3 sa�3�'aö

1��e�É<ÎåXP, δua, δva�δna°(ïå��ìË�ØÏ, �/, (¾0s

aö�ì	

1

Ta
− 1

T
= 0

Pα
Ta
− P

T
= 0

sα −
ua
Tα
− Pvα

Tα
+
µ

T
= 0


�-,�*aö:ísaaö, ��ú(
øsaö, �ø�)¦øI; ,�*a

ö/�fsaaö, ��úsaö�y��:øI; ,	*aö/øsaaö, ��

úøsaö, qX�ø��f¿øI. 
ðsûïåß���

Tα = T, Pα = P, µα = µ (3.2.7)

��
ðsaaö
ýá³, £Hûß1�Ñ����Ø¨(�
�/ZØ¨), ��

Ø¨�¹���ûß���sa�, Î���ûß�;µ� . ���fsaaöò

Ïá³�Físaaö
á³, �ûß�Ø����
∑

α

(
1
Tα
− 1

T

)
δ(uα + pvα) > 0.

1/ô, ��Ð*Tα > T , �Kø��δh = δ(uα + Pvα) < 0, síÏ�ÎÙ*ø

 �vÖø. �7, ���fsaaö¡	á³(:�UwÁ, G�ísaaöò

Ïá³), £Hûß��
∑

α

(
Pα
Ta
− P

T

)
δva > 0�¹�Ø¨. ¦s, ��Ð*Pα > P ,

�Kø��δva > 0, såø�Sï�¨À. ���fsaaö¡	á³, ûß1

��
∑

α

(
−µa
Tα

+ µ
T

)
δna > 0�¹�Ø¨. _1/ô, ��Ð*µα > µ, �Kø�

�δnα < 0, såø�i�p�Ï�. si(�Î�f¿Ø�øÏÇøØ0�f¿N

�ø, Ù_1/�f¿Ù*
ð�1e.

3.3 sssaaa���333���'''aaaööö

(
���, �ì)(µ$n, 1µ��§Ø�:ö, �0�UCûsa�aö. �

§Ø�:öÙú�/µ��<, F
��/	gµ$n��B/�*�'<. �nÝ

Ù*�</*�'<, 1Å{�vµ��§Ø�; @å, °(�ìG�
��-¨º

�saaöýñÏ�0á³�, �ìeÛ�e¨ºÙ*sa/3��aö. sa�3

�'/1ûß�µ��§Ø�³��(1saaö, ���§Ø�òÏ:ö). ûß�

µ:�*3���'�aö/, (�e�ø��¦_aö�É<ÎåXP��)µ��

§Ø���ö

δ
2
S ≡ δ2S − 1

T
δ2E − P

T
δ2V +

µ

T
δ2n < 0 (3.3.8)
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3 øsa��fsa

	ésα, vα�nα:ìËØÏ�sδ
2sα = δ2vα = δ2nα = 0. µ��§Ø�:

δ2S =
∑
α

2δnαδsα

�ý��§Ø�:�

δ2E =
∑
α

(
nαδ

2uα + 2δnαδuα
)

v-

δuα = Tαδsα − Pαδvα

δ2uα = δTαδsα − δPαδvα

Sï��§Ø��i�p��§Ø�:

δ2V =
∑
α

(2δnαδvα)

δ2n = 0

�Ù�h¾�&el�(3.3.8), v)(saaö�0

δ
2
S =

∑
α

2δnαδsα −
1

T

∑
α

(nαδTαδsα − nαδPαδvα + 2Tαδnαδsα − 2Pαδnαδvα)− P

T

∑
α

2δnαδvα

=
∑
α

nα

(
1− Tα

T

)
2δnαδsα −

1

T

∑
α

nα (δTαδsα − δPαδvα) +
∑
α

(
Pα
T
− P

T

)
2δnαδvα

s

δ
2
S =

1

T

∑
α

nα (δPaδvα − δTαδsα)

sa3�'�Bd�ù�û��nαý����I�ö, àdù�Ï�*G�ø(�ì

e»Ò�α)ý	

δPδv − δTδs ≤ 0

Ù1/�ì�B�sa�3�'aö.

��
��ìËØÏ�_ïå�0ø��Ó��dö

δ2S =
∑
α

(
nαδ

2sα + 2δnαδsα + sαδ
2nα
)

δ2E =
∑
α

(
nαδ

2uα + 2δnαδuα + uαδ
2nα
)

=
∑
α

(
nαTαδ

2sα − nαPαδ2vα + nαδTαδsα − nαδPαδvα + 2Tαδnαδsα − 2Pαδnαδvα + uαδ
2nα
)
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δ2V =
∑
α

(
nαδ

2vα + 2δnαδvα + vαδ
2nα
)

δ2n =
∑
α

δ2nα

δ
2
S =

∑
α

(
nαδ

2sα + 2δnαδsα + sαδ
2nα
)

− 1

T

∑
α

(
nαTαδ

2sα − nαPαδ2vα + nαδTαδsα − nαδPαδvα + 2Tαδnαδsα − 2Pαδnαδvα + uαδ
2nα
)

− P

T

∑
α

(
nαδ

2vα + 2δnαδvα + vαδ
2nα
)

+
µ

T

∑
α

δ2nα

=
∑
α

(
1− Tα

T

)(
nαδ

2sα + 2δnαsα
)
−
∑
α

(
P

T
− Pα

T

)(
nαδ

2vα + 2δnαδvα
)

+
1

T

∑
α

(µ− uα − Pvα + Tsα) δ2nα +
1

T

∑
α

nα (δPαδvα − δTαδsα)

=
1

T

∑
α

nα (δPαδvα − δTαδsα)

)(sa�3�'aö, ïå�0�û��í�f
I�. ��, ��	

ÖT�v:ìËØÏ, �ïå�δP�δsh::T�v�Ø�, �)(¦�sû1�0

cv
T

(δT )2 −
(
∂P

∂v

)
T

(δv)2 > 0

1sa3�'�B�0

cv > 0(
∂P

∂v

)
T

< 0

s�¹Ôí�I)�)ûpý/c�, Ù�¹�E
_�¹�Îi�
e�ã.

(��y��aö�, µ��6Ø�ïå:ö, £H, (Ù7�aö�, 	6Ø�

_Å{:ö, Ù/à:	6Ø��&÷/
��. :��ûß3�, vÛ6Ø�Å{

��ö. Ù7�y�aöù��ûß�4L¹.

sa3�'�aöØïå(vÖØÏeh¾v�0�û��í�f
I�. �

�ïåÁ�: ��Ôí�Ýí�)ûp_/c�: ��Ôí��
���¹ÔíI

I, Ù�ýY\Ã`.
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3 øsa��fsa

Figure 3.1: �*x��øþ, 1úø�²ø��øÄ�.

3.4 øøøþþþ���KKKÉÉÉÀÀÀ���¹¹¹���

S$ø¾0saö, )¦��:á³���sû, Ù*sûnË�(T, P )sb
��

aò¿, ��(T, P )sb��$*:ß, �+ù��$ø, Ù7�þð:øþ. å8Á

0�i(�øïå�:�ø(�ð^ÝZø)�ÝZø(�,�ì²ø�úø, ²øÔ

�
B, �ì�U²S�².I�
B²S-oi(I, ��öS, ²v, Ø�P�²

II)

�øêý	�*ø, úø�,ïå	�*øX(, �ì��ù��
��v<

Ó��ùð'. �U²S�8Åµ�ê	�*ø, F	�y��i(ïå	�*²

ø(Ô�²&�²vI). �ì(þ3.1-;ú��*x��øþ, þ-�	aò¿�þ

�:	*:ß, �+ù��úø�²ø��ø.

S$ø(�+°:αø�βø)¾0saö, 9nsaaö	

Tα = Tβ = T, Pα = Pβ = P, µα (T, P ) = µβ (T, P ) (3.4.9)

��
, 
�n��$øsaö�)¦��:�sû. F/1��f¿\:)

¦��:�ýpsû�,(�º

¹��0, �pÅµ�øØò¿Ø/1��

Ùú. )(í�f�º, ïåùøØò¿���Zú��, Ù1/W
�KÉÍ�

�Clapeyron	¹�. G�(T, P )�(T + dT, P + dP ):øØò¿
4Ñ�$*¹, �
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3.4 øþ�KÉÀ�¹�

ì	

dµα = dµβ

ù�$ø�+)(í�fsû

dµ = −sdT + vdP

v-s�v�+:i�µ�i�Sï, &e
��0

dP

dT
=
sβ − sα
vβ − vα

=
L

T (vβ − vα)

Ù1/@��KÉÍ�¹�. �/KÉÀ��H�0�, ê/ÖSö/Î�ï�í(

ôúÑ�0�. K³î¯�HÐ(cn�í�f�ºüú�Ù*¹�, àd_	ºð

K:KÉÀ��K³î¯¹�.

���(0oC��*'����°���í:80Cal/g�°�4�i�SïKÔ

:1.091 : 1. Õ0¡�¹��:�sû�

ã�1KÉÀ�¹��

dT

dP
=
T (vw − vi)

L
=
−0.091× 273

80

K · cm3

cal
= 7.4× 10−8K/Pa

(KÉÀ�¹�-, �ì�e�øØ\í

L = T (sβ − sα)

1�$ø�µ�,v
øI, @å�,ôeøØ\í
I�ö, �ö$ø�i�Sï

_
�, _1/ô, ûß(Ñ�øØö, ��µ�Sï�	�*ÃØ. Ù7�øØ«

ð:�§øØ. ��è�0Ïi��	�¯ýp�s�f¿	(øØö/Þí�, µ

�Sï/	�¯ýp��6üp, àdïåô: �§øØ/	�¯ýpÞí���

�6üp
Þí�øØ. (�§øØ�øØò¿
, ïýX(Ù7�¹�ð:4L

¹	, SøØò¿
�¹��Ù*¹ö, �§øØ�µ�SïÃØ����ö�ø�

�øØ\í_��ö	. �/ûß�ÏÇ�*@��Ø§øØ. 	gEhrenfest��

{, 	�¯ýpÊv�6üpýÞí, F	�¯ýp��6üp
Þí�øØð:�

§øØ�	�¯ýpÊv���6üpýÞí, F	�¯ýp�	6üp
Þí�

øØð:	§øØ, �dII. îM, ��
ñÏÑ°¸��§øØ, F�E
�ì

�Ehrenfest��Iv
/A�;�. à:(�pòÏÑ°��§øØ-, 	�¯ý

p��6üp�E
(øØ¹DÑ/Ñc�. îM��{�,
�(Ehrenfest��

{¹Õ, �/�øØ�:�§øØ�ÞíøØ�{.

83



3 øsa��fsa

Î®ÂÒ¦e�, �,eô�ûß�µ/�÷q¦�S°. úS�÷q¦�8�

�²S��S, @åúS�µ_N�²S��S. @å, 1úSøØ:²S�86í

Ï(�ãí), 1úSøØ0�Sö_�86íÏ(GNí). ²S�µ}�úS', F

Í6���S, @å²SlØ0�Sö, _�86íÏ(}�í). (ÙÌ¨º�/�,

Åµ, _	��). úS�²S�i�Sï;/���S, �úS�i�Sï�8_�

�²S(_	��, Ô�°�i�Sï'�4). 1úS�²SøØ:�SöSï�¨

À. @åúS-�S�²S-�S�$ø��L¿���;/c�, úS-²S�$ø�

L¿����8_/c�.

3.5 ���������SSS������²²²$$$øøø���lllØØØ

Ù���v�²øØ�Mb���¨ºý/�ù�ó�S�Z���ó�S¡	ø

Ø�@å��²øØ����PKô�ø�\(	s��ì�Q�*³��,�ø

�\(!���H�G��PKôê	�Sø�\(�v!��ø�\(�:$*

è��l��¥ø�\(���8�ø�\(��E��PSøÝ�Ñö��	^

8:��¥\(�ÙÍ�¥\(�wSb�v
/A�Í��@å�ïå����

:l�ø�\(�ba���1/¾ó�Pw	��'��Ïl��7�
ý�ø

Í��S$*�P»��Üö��PKô	8�ø�\(�ÙÍø�\(�e�/

Ï*�P-5Pà¨=��5wO»saMn�Î�§��¬öv�éKô�ø�

\(�1ÏP�fïåÁ��ÙÍø�\(;/8�������PKôÝ»�m

!¹�ÍÔ�

l�ø�\(������Ï*�P`n���Sï�@å�ù�Ù�Sï

:V�ûß�Ï*�P�Eý�;¨�Sï�ÔV����(�ó�S-�i�¹

�-��SïVb�V −B, 1ïåè�¡eÙÍl��¥\(�qÍ�

:��Q8�\(�qÍ��ìÎl�(??)úÑÛL����(??)/�*¾n

�sû��:���¹¿����(�b

PV = NkBT +
1

6

∑
ij

~rij · ~fij

�Q0l�\(�îc���
�9�:

P (V −B) = NkBT +
1

6

∑
ij

~rij · ~fij
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�

P =
NkBT

V −B
+

1

6(V −B)

∑
ij

~rij · ~fij


�ó¹,�y-�PKô�ø�\(�ê	8���Î�~rij�~fijÍ��@åÏ

�y�!.ý/����ì����− A
V 2 , ÙÌA/�*Âp�� 1

V 2�/ú���

�Q�à:B�ù�@	��PùÛL�vÓ��;�è��å�ρ2�cÔ�Ù

Ìρ = N
V /�P�pÆ¦�Î��Sï�s¹�ÍÔ�Ù7��ì1ïå�0�*

i�¹� (
P +

A

V 2

)
(V −B) = NkBT

Ù*¹��H1Van der Waalsú�
ð�Q�ú�ð:Van der Waalsi�¹��

��ð:��¹����¹�ïåÑ<Ïð�'{�E�Sû�/s��E�S�

²S�º�w	Ì���I�����b��ì�vá³d¹���S�øØî

��

ù��*i�����S�¶�¹�/(
P +

a

v2

)
(v − b) = RT

v-Âpa�b�+Í ��S�P�ø�8��ú	SïH�. ���S�¶�¹

�/�*^8�®�¹�, �b�
^8�U, Fïå�ö�'Ï�²S��SÊv

ø�ô�øØ. ()¦�Øö, (taI)¿
ýá³sa3�'aö(
(
∂P
∂v

)
T
< 0),

s�:/Sï�U��Ïýp. �@)¦�MN, S)¦0¾Ð�y�)¦ö,(
∂P
∂v

)
T

= 0, dö, :�á³3�'��B, Ø�å	
(
∂2P
∂v2

)
T

= 0(ù��µ�	6Ø

�)åÊ
(
∂3P
∂v3

)
T
> 0. $*¹�ïåãú�Ä)¦�Sï, Ù�)¦ù��4L)

¦Tc�4LSïvc, ãe��¹�ïB�4L�:Pc. Ù71³���*y��¹,

ð:4L¹. 1��¹�, ïåB�(
∂P

∂v

)
T

= − RT

(v − b)2 + 2
a

v3(
∂2P

∂v2

)
T

= 2
RT

(v − b)3 − 6
a

v4

4L¹1
(
∂P
∂v

)
T

= 0,
(
∂2P
∂v2

)
T

= 0³�

RT

(v − b)2 = 2
a

v3

RT

(v − b)3 = 3
a

v4
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Figure 3.2: ���S�I)¿:�þ. (Ð*4L)¦å
ö, �:/Sï�U��

Ïýp, ()¦N�4L)¦ö, I)¿-ô	�µ
3��:ß.

ã�

vc = 3b, RTc =
8

27

a

b
, Pc =

1

27

a

b2

åvc, pc, Tc:UM, �0¦��i�¹�

p =
8T

3v − 1
− 3

v2

þ3.2Ùú�T = 0.8Tc, T = 0.9Tc, T = Tc, T = 1.1Tc, T = 1.2Tcö�I)¿.

ST < Tcö, I)¿
	�µ
á³sa3�'aö
(
∂P
∂v

)
T
< 0, ¿�óµù���

S�æµù��²S, �-ô
á³sa3�'aö��µ�E
/
ý�°�, �

ù���S�²SøØö$øqX�Åµ.

:�ô�øØö�Åµ, �ì(þ3.3-�è;ú�S)¦N�4L)¦ö, I)

¿
�*Í��¹. S�²øØÑ�ö, ûß�)¦��:�Ý�R�. @å, �ì

�)(sa�	�¯ýp(1��ì¨º�*i�����S, ��	�¯ýp_1

/�f¿)����eû~øØö�3�sa�î�. S)¦��ö, �f¿�®�

:dµ = vdP , �/�ìïå�Ý�)¦ú�, �¿I)¿	ï��0

µ = µB +

∫ P

PB

vdP (3.5.10)

:�n�wÁ, �ìÖï��wË¹:þ3.3-�B¹. S�ì¿@I)¿ÎB¹

úÑv�æû¨ö, �:���� , �/l�(3.5.10)JÉ�ì�f¿_�� .

86
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�f¿�9ØÏ(þ
	@^8�Z�?U�I, �1/I)¿(�:L

�PB�PKô, ��:t@ô�bï. S�ì¿@I)¿0¾N¹ö, �f¿¾0�

'. Ùö, ���ìçí¿@I)¿1N¹û�J¹, ��f¿Í��Ï�, (�ö�:

_1P2Ï�0P1). (J¹, �f¿�¾0�*��. ���ìçí¿I)¿ÎJ¹û

�¹A, M�R, ��:��!� , �f¿_�
­� . Ù*Ç�_ïå(�f

¿��:�Ø¨þeh:, Ù>:(þ3.4-. Ù*þ-��*¹, ý�þ3.3-��

*¹ø�. v-�f¿�P ∈ (0, P2)�P ∈ (P1,∞)�$µ�¤¹, ù��þ3.3-�

4s¿µADB. 1�Ùà*¹ù���7��:, �A¹�B¹��f¿øI, @å

(µ− Pþ
A�B¹1):�*¹�. 	g	�¯ýp����, ���3�sa�

�S/Öþ3.4-KA(B)M¿µ
��*¹. �ìù��ú�)¦�
��:�3�

�¶�. (¿µKB
, ûß�h����, (¿µAM
, ûß�h��²�. (¿

µBDA
ûß���²÷�qX�¶�. ¹A�B�Sá³aö: µA = µB. 	gl

��3.5.10	, Ù1/ô: í�ò¿AJD�bï�í�ò¿BND�bïøI, Ù1/

W
�¦K¯æIbïÕ�. (�Ç�4s¿µBDA�Íýá³sa3�'�$µ

�sBN�AJ$µ	, �+ù��Ç·�S�Çí²S. �ì/@���3�, _1

/ô, Öìù��àw��Ø¨/3��, F�ì
/	�¯ê1ý���. �æ	

�³�'�p¨, Öì1�Ø�ô 3��¶�-�²÷��¶�.

���S�4L¹á³

(
∂P

∂v

)
T

= 0,

(
∂2P

∂v2

)
T

= 0

(4L¹, �ø�²ø�:+�1, ûßÏ��*�§øØ. ��)¦Ø�4L)¦,

���S�êýå��X(�.

������*G�ûß(Ay�ê1ý:FA, (Bø�ê1ý:FB�FA�FB

/)¦T�SïV�òåýp�ÕÁ�øØ¹ïå1Ù�)¦öFA�FB�ò¿�l

q�¿³��(�þ@:	
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Figure 3.3: ���S�I)¿:�þ, v-)¦N�4L)¦�ò¿->:

�Maxwell�IbÕÕ�.

Figure 3.4: ���S��f¿()¦ú�ö, ��:�:�þ, v-�)¦N�4L

)¦. þ-��*¹��°�þ4.3�ô.

88



3.5 ���S��²$ø�lØ

ã�øsaö�$ø�)¦��:��f¿øI�ù�Ù�Ï�i(��f¿

øII÷�	�¯ê1ýøI

P = −∂FA
∂Va

= −∂FB
∂VB

s�:/ê1ýò¿Ï�¹�¿����<�@ålq�¿Ùúø���:�æ�

¹b�1øsaaöïå�0Ù*�::

GA = GB, FA + PVA = FB + PVB, P = −FA − FB
VA − VB

����*'����4�¸~)¦/100oC, ��K�¸~)¦�Ø���:

�Ø�	��sû

dT

dP
=

1

3.607

K

kPa

Õ0¡4�}�í�

ã�1KÉÀ�¹��

dT

dP
=
T (vg − vl)

L
, L =

T (vg − vl)
dT
dP

¸}�i�SïÜ'�4�i�Sï�@å�ïåe»vl, �¸Ñ<��:�ó�

S��vg = RT
P = 8.314×373

1.013×105
= 3.06× 10−2m3/Mol.

L = 373× 3.06× 10−2 × 3.607× 103J/Mol = 4.12× 104J/Mol

��KÏ�Ó�'ô/4.06× 104J/Mol.
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3.6 òòòbbb���LLLööö���sssaaaaaaööö���²²²ôôô���bbb���

MbòÏ¨º�$ø��saö�aö�s)¦ø���:ø���f¿ø��Ù

�aöê	S$ø��Lb/sböM¾n�Ë�ù��²øØ�$ø��Lbw

	hb �����Lb/sb��hb �
qÍøsaaö�F/�S²ø�

�ø��Lb/òbö, 1�hbø�X(, �fsaaö��ÛLîc. ísaa

öÍ6/�ø��ìhbø	�)¦ø�. (αh:²ø, βh:�ø, σh:hbø.

�öG¾²ø��ø�;SïÝ�
Ø. �/t*ûßw	ú��)¦�Sï, ïå

)(ê1ý$ne¨üsaaö. 	*ø�ê1ý�Ø��+:

δFα = −PαδVα + µαδnα

δFβ = −PβδVβ + µβδnβ

δFγ = −σδA

v-,G�hbø/¯¹�àUb, @å
+	i�p. 1�ûß	ú��;Sï�

;i�p, @å	δVα = −δVβ�δnα = −δnβ. :��UwÁ, G¾²ô�b¶/�

b�, J�:r, �/>6	δVα = 4πr2δråÊδA = 8πrδr = 2δVα/r. Ù7, ûß;

ê1ý�Ø�:

δF = −
(
Pα − Pβ − 2

σ

r

)
δVα + (µα − µβ) δnα

1�δVα�δnα/û��, �ìË;�0saaö

Pα = Pβ +
2σ

r

µα (T, Pα) = µβ (T, Pβ)

1
�ïå, 1�hbø�X(, �fsaaöÑ��Ø�. øsaaö}6Ø/$

ø�f¿øI, F�è��/, $ø��f¿/(
��:ö��f¿.

�b�ì)(
b�0�saaöe¨º²ô�b�î�. S�*�b²ô�

�::P ′, )¦:T�¸�¾0saö, 	

µα

(
T, P ′ +

2σ

r

)
= µβ

(
T, P ′

)
æ�¹b, ��²S�¸�()¦T�sb�Lb�Åb�¾0saö, �	

µα (T, P ) = µβ (T, P )
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Ù*�P³��sb�Lbö�q�¸��P (T ). G¾²S�'(��:Ø�


'�ïå(�¿'ýpÑ<

µα

(
T, P ′ +

2σ

r

)
= µα (T, P ) +

(
P ′ − P +

2σ

r

)
vα

v-vα:²S�Ô¹. ¸�ïåÑ<:�ó�S��f¿:

µβ
(
T, P ′

)
= µβ (T, P ) +RT ln P ′

P

Ù71�0

P ′ − P +
2σ

r
=
RT

vα
ln P ′

P

S)¦:Tö�d�n��J�:r�²ô�¸}¾0saö¸���:P ′��Lb

:sböq�¸��P�sû. ù��pÅb, P ′ − P � 2σ
r , àd
�ïå��:

2σvα
r

=
RT

vα
ln P ′

P

ÍÇe, ��Ù�¸���:P ′, �ïå�I�*4LJ�rc

rc =
2σvα

RT ln P ′

P

=
2σvα

P ′vβ ln P ′

P

¹��ú, ���*²ô�J�'�4LJ�rc, �²ø��f¿���ø��f

¿�å²ô��'�s¸��øØ�²ô	����*²ô�J���4LJ�rc,

�²ø��f¿'��ø��f¿�å²ô�Ï�ôó�1�s²ô�}��¸

�	. 1dïÁ, ��¸�A�¯À�¡	³�'�ÝÓ8, s�¸��''�Çs

bö�q�¸}�, ²ô_ïå
ÝÓ. ÙÍÅb1/@�Çq�¸�, �ù���

Í�3�. (�Pi��8i���-�ÛÐ(���
�¤1/)(Çq�¸�

�'(. 
ð¨º_���ú²øØ�Åb����ù�^8¯À�4�ïå()

¦ÜN�D�0oCö���−40oC	Í6��²��

:�	�*pÏ��õ��ì���èô�b��4�hb �¦:7 ×

10−2N/m,
v
4
v
}
∼ 10−3, åP ∼ 2 × 103N/m2('¦20oC�q�¸}�), P ′/P = 1.2

�

rc =
1.4× 10−2

103 × 2× 103 × 0.18
m ≈ 4× 10−8m = 40nm

3.7 Van der Waals ���SSS���444LLL°°°aaa

)(4L�:�4L)¦�4LSï�+\:�:�)¦�Sï�UM�Van der

waals¹�ïå����¦�b�(
P +

3

v2

)
(3v − 1) = 8T
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3 øsa��fsa

ä�t = T − 1, ṽ = v − 1, p̃ = p− 1, �p̃ùt�ṽU���0

p̃ = 4t− 6tṽ − 3

2
ṽ3

�ìe»�ṽ4Êå
�y��b��0�tṽ2�yÔṽ3�B!�Ø�_e»��

p̃ùṽ�üp: (
∂p̃

∂ṽ

)
t

= −6t− 9

2
ṽ2

St ≥ 0ö�
(
∂p̃
∂ṽ

)
t
≤ 0, ¡	øØÑ��t < 0ö, (ṽ2 < −4

3 t��µ�
(
∂p̃
∂ṽ

)
t
> 0, û

ß
3���	øØÑ��øØ�aö/$ø�)¦ø���:ø���f¿ø

��¿I)¿��f¿ø�ù��IbïÕ��è�0p̃− 4t/ṽ�Gýp�Ibï

Õ�Ó�I�aö1�:p̃− 4t = 0, s

p̃− 4t = −6tṽa −
3

2
ṽ3
a = −6tṽb −

3

2
ṽ3
b = 0

�-va�vb/ab$øqXöaø�bø�i�Sï�¾va < vb�1d�0

ṽb = −ṽa =
√
−4t

$ø�i�SïKî�

δṽ = ṽb − ṽa = 4
√
−t

�ì�0�St < 0ö��²$øqX�vÆ¦î:

δρ ∝ 1

1 + ṽa
− 1

1 + ṽb
∝ ṽb − ṽa = 4

√
−t

St ≥ 0ö��ø�²ø�:+�1�ð:ASø�ÎqXø0ASø�Æ¦îÞí

�Ø:0, v��ö�¹��t1/2�cÔ�à:ṽ ∼ t1/2, @åtṽ2 ∼ ṽ4, àdïå(M

b�U��-ýe�

�ìØïå¨º4L¹DÑ��)�I'(�Ù�ýY\\��

3.8 øøøØØØ������SSS���ººº

�S�º/s�øØ�y+/�§øØ��Íí�f/a�º. �Î��ú,�G

¾úÑ, Ùú�ûß(øØ¹DÑ��'L:. =¡�S�ºv
w	¾n��Ï�

I, F/�ù��ãøØ, y+/�§øØw	Í��/:\(. �b�ì��0Ë

Í���S�º/�U���§��§øØ�.
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3.8 øØ��S�º

�§øØ, Èð:ÞíøØ, /ÑãÝZ��ß¡i�-�Û�v��{Í�°

a. �ïå(¸�ûß-Ñ�, ��ÁÁøØ�4L¹DÑ�}²øØ��üøØI

I. Ù{°aÈð:4L°a. �§øØ��'y¹/, Sûß¥ÑøØ�4L:ß

ö(Ùïå�Ç��ûß�Âpe�°, �8Á�/ûß�)¦����4L)¦),

ûß-�y�sT�¦��àw'. ��(�²4L¹DÑ, ��©I¿�Çûß,

I1�×0:È�c�, ú°4LsI°a. �dù�0, 	�i�Ï�í¹Ï�Á

ü�I_�Ñc.

(4L¹DÑw	G�'�i�Ï�L:ïå(4L�peÏ�.åÁÁûß:

�, ���§øØ�øØ)¦(4L)¦):Tc, �It = (T − Tc) /T , £HSt → 0ö,

ûß�Ñ��§øØ. ��h�, Ùöûß-�y�sT�¦ξ�Ñc

ξ ∼ |t|−ν , |t| → 0

ÙÌνð:�sT�¦ø��4L�p(critical index). {<0, ù�í¹ÏCV , Áü

�χ_�eø��4L�p

CV ∼ |t|−α , |t| → 0

χ ∼ |t|−γ , |t| → 0

ÁÁûß�y¹/, S)¦N�Ð*4L)¦(ð:ÁÁS�EÌ)¦)ö, ûß�ú

°êÑÁ�. _1/ô, s��Á::ö, ûß�;Á�:¦âÏ_
:ö. (4L

¹DÑ, ûß�êÑÁ�:¦M (T,H = 0)1æ�*4L�pβÏ�

M (T,H = 0) ∼ (−t)β , t→ 0−

��ûßc}��4L¹
, £H��êÑÁ�:ö. Ùö�� 
�*®���Á

:H. �ûß�Á�:¦Mïå(æ�*4L�pδÏ�

M (T = 0, H) ∼ H1/δ, H → 0

�§øØ�®Â,(/ûß�ùð'Ñ��êÑ4:, ûßÎw	�Øùð'�ø

4:0�Nùð'�ø. �SÐú, ïå�e�*Ï�ûßùð'�ØÏð:�Â

Ï(order parameter)e�×ÙÍùð'�4:°a, �ÂÏ(Øùðø(à�ø):

ö, (Nùðø(	�ø)^ö. ��(ÁÁûß-, ïåÖûß�Á�:¦M:�Â

Ï. (Ø)ø�^ÁÁø�ùðø	-, �ÂÏM = 0, (N)ø�ÁÁø�4:

ø	-, �ÂÏM 6= 0. I�ö�^ö/�Í,(�Ø�, ù��ùð'��Ø, F

i�ÏÎ0Ø0���^ö<�/Þí�.
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3 øsa��fsa

�S�º�ú,G¾/: ûß(4L:ßDÑö, ��í�¿(	�¯ê1ý) ï

åU���ÂÏ�B§p, �ûß�����ÂÏÖ<1í�¿���aön�. �

,����(ηh:�ÂÏ�vÛ�eG¾ûßw	η → −η�ùð', £H(4L

¹DÑ, ûß�í�¿ïåU�:

g (η) = g0 +
a

2
η2 +

b

4
η4 (3.8.11)

v-(4L¹DÑ�st → 0ö	, a(T ) = a0t:)¦�ýp. �(4L¹�1cØ

:�. �ìHG�ûpb (T )(@�Q�)¦�ô�8Ü/c�. ûß���sa�

��ÂÏ�Ö<1í�¿���aöen�. �(3.8.11)ùMBü�0

∂f

∂η
= aη + bη3

∂2f

∂η2
= a+ 3bη2

ä�6üp:ö�0:

η = 0

η = ±
√
−a
b

= ±
√
a0

b

√
−t

ST > Tcö, a > 0, ,�*ãù��ê1ý�6üp'�ö, /ê1ý���ã,

�,�*ãù��ê1ý�6üp��ö, @å
/���ã. �ê1ý���ã

:η = 0. _1/ô, Ùöûß��Øùð�à�¶�. �ST < Tcö, a < 0, ,�*

ãù��ê1ý��', ,�*ãù��ê1ý���. _1/ô, Ùöûß��N

ùð�	�¶�. ó�$*&÷-Öê�*/
Í��. �/, �ì�0Landau�º

����ÂÏ�4L�pβ = 1/2. ���ì 
�*���:, £Hïå�vûß

ù��:�Í�, �U�¡�h��S�º-æ�$*4L�pγ = 1�δ = 3. {<

0, �ìïå¨ºûß�í¹Ï(4L¹DÑ�L:. ïåÁ��S�º��í¹Ï

(4L¹$¹	�*ÃØ, Ù��E�Åµ/
&�. �Eûß�í¹Ï(4L¹D

Ñ/Ñc�, vÑc�L:14L�pαeÏð. Ù_ô��, �S�ºê/�*


¾n�/a�º.

Îß¡i��®ÂÒ¦e�, �S�ºZ:�*í�f�º�E
I÷�ß¡

i�-�sG:�º, �,²�êýù4L°aZú�'��J�Ï�ãÊ, �ù4

L�p�����/
Æn�. �c�¾n�º¡���)(vÖ�¹Õ, ��Íc

�¤¹Õ�Ø)U�¹Õ�Monte Carlo!ßII.
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3.9 êË!�ÊvøØ

3.9 êêêËËË!!!���ÊÊÊvvvøøøØØØ

êË!�/ºì(�v�'{øØî�ö@�e�!�. Ù{!��,/1�*È

Æ�ÏÏ�, Ù*ÈÆ�Ï-ê�+v<
�êË��,/��P�Ò¨Ï	Kô

�ø�\(. ºìÑ°, ÁÁøØ�ÍÁÁøØI¸��Á'	s��§øØýïå

(êË!�eÏ�. æ�, êË!���IØÜ
bd. vÖ��§øØ�����

üøØ��AøØI	4L'(_ïå�êË!��4L'(ù�we, Ù1/@

��n�'. (Ù��-�ìÕþùêË!��øØ\�*�U�ËÍ.

�vêË!���º¹Õ;�	��à{:

sG:Ñ<: ;��ó/�vÖêËù��*Ù�êË�ø�\((�*ê=

�sG:eÿã. Ù7�e, ïå�êË!��ß¡î��:�*ìË�Pû�ß¡

î�Î�ïå{�Bã. v�¹/i�þa�p, ¹�ÛL¡��:¹/vÑ<�¦


�Z, ù���î����0�ï�Ó�.

Ø)U��vÖU�¹Õ. Ù{¹Õ/� 1
T�v�Âp\:�Âp, ùM�ý

p(�v�í�fÏ)Z§pU�. �ù@�0�§p)(Pade<Ñ�v�¹ÕÛL

��, ·�ûß�'(. Ù{¹Õ��¹/ïåøS¾n0�0ûß�'(, :¹/

(U���6['î, ���(y��¹Õ��@�§p. æ�, ����¡�§p

U�-�¸�y, ¡�Ï�'.

Íc�¤¹Õ. ��
, Ù�¹Õ/�v�v`Ñ4L¹ö�%<¹Õ. F�E


Å{�vÖÑ<¹ÕT��(, ��¡�_øS
B.

Monte Carlop<!ß¹Õ. Ù/�*%<�¹Õ, F/��ÛLp<!ß. ù�

¡�:	����B�Ö³�@�v�î��Ä!	. �@¡�:ý��ÐØ, Ù�

¹Õc�e��:ß¡i��v�;A¹Õ.

,þ�-�ì�;�¨º�:�U�sG:Ñ<¹Õ, ê(�Pî�
�UË

Í§pU�¹Õ. ó�Íc�¤¹Õ�p<!ß¹Õ�
(dËÍ. �ì¨º�ùa

Í6/�:�U�
�!�, ù�vÖêË!��ì_
�ÔÆ¨º.

�Q(�Á:-�
�!�, ��ÈÆ�Ï:

H = −J
∑
〈ij〉

sisj − hµB
∑
i

si (3.9.12)

v-µB:�*v<�Áé, ð:»�ÁP, h:�Á:. si/,i*<¹
�êË

ØÏ�ïÖ<±1. Ù*!�/^!(Lenz)(1920tæóÐúe��¤ÙÖ�f�


�(Ising)Bã. 
�Bú��ôzô�M�ýp�1944t��(<(Onsager)Ñh�

�ôzôà�:�¾nã�Ñ°Ôí(4L)¦Tc	G�'�h��ô
�!�w
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3 øsa��fsa

	øØ�1951t�h/�Ñh��:��öö�¾nã��0êÑÁ�(TcDÑå

�p1/8��ö�

(�ôÅb��¾ó	N*<¹��(h�'¹Laö�s1 = sN+1, ÈÆ�Ï

ïå��

H = −J
N∑
i=1

sisi+1 − hµB
N∑
i=1

si

M�ýp:

Q =
∑
@	¶�

e−βH =
∑

s1=±1,s2=±1,··· ,sN=±1

e
∑N
i=1 βJsisi+1+βhµBsi

�I�*2× 2é5A�ð:lûé5(Transfer Matrix), vé5C:

Ass′ = eβJss
′+βhµBs

s

A =

 eβJ+βhµB e−βJ+βhµB

e−βJ−βhµB eβJ−βhµB


�M�ýpïå�:

Q =
∑

s1,s2,··· ,sN

As1s2As2s3 · · ·AsN−1sNAsNs1 =
∑
s1

(
AN
)
s1s1

= Tr(AN )

é5�ù(ø<Øb�
Ø�àd���é5A�,�</λ1, λ2, £H

Q = Tr(AN ) = λN1 + λN2

¾λ1 > λ2, ê1ý/

F = −kBT lnQ = −NkBT
(

lnλ1 + ln

(
1 +

λN2
λN1

))
àN � 1,

λN2
λN1
→ 0, �/

F = −NkBT lnλ1

1d�0Óº�ê1ý1lûé5��',�<³��

°(¡�lûé5�,�<�1,�¹�

det(A− λI) = 0∣∣∣∣∣∣ e
βJ+βhµB − λ e−βJ+βhµB

e−βJ−βhµB eβJ−βhµB − λ

∣∣∣∣∣∣ = 0
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3.9 êË!�ÊvøØ

λ2 − eβJ
(
eβhµB + e−βhµB

)
λ− e−2βJ = 0

vã:

λ =
1

2

(
eβJ

(
eβhµB + e−βhµB

)
±
(
e2βJ

(
eβhµB + e−βhµB

)2
+ 4e−2βJ

)1/2
)

����0�',�<

λ1 = eβJ cosh(βhµB) +
(
e−2βJ + e2βJ sinh2(βhµB)

)1/2

ûß�Áé:

M = −∂F
∂h

= NµB
sinh(βhµB)(

e−4βJ + sinh2(βhµB)
)1/2

��êËKô¡	ø�\(�J = 0, �

M = NµB tanh(βhµB)

Ù/êË!��zÁS�Áél��

S�::h → 0ö�M → 0�ûß¡	êÑÁ��1dïÁ��ô
�!�¡

	øØ�

1944t�(<~0ö:��ô
�!��ã�BãÇ�Ô�A¾�
�(dË

Í�ù��*N = L× L�c¹<P�vÓ�/

F =−NkBT ln 2 +NkBT ln
(
1− tanh2(βJ)

)
− 1

2
kBT

L∑
p=0

L∑
q=0

ln

((
1 + tanh2(βJ)

)2 − 2 tanh(βJ)
(
1− tanh2(βJ)

)(
cos

2πp

L
+ cos

2πq

L

))

:���
��äx = tanh(βJ)�åB�-�ùp�Ï��I�0��ïýú°G

�'�Ù�è����<ú°(q = 0, p = 0�y�dö�ùp��Ïè�:

(1 + x2)2 − 4x(1− x2) = (x2 + 2x− 1)2

ä
�:0�ã�(è�x = tanh(βJ) > 0)

xc =
√

2− 1, kBTC =
2

ln(
√

2 + 1)
J = 2.269J

SN → ∞, �-�B�ïå��ï�b��1
b�¨º�ät = T − Tc��«ï

ýp(4L¹DÑïå��∫ 2π

0

∫ 2π

0
dω1dω2 ln(c1t

2 + c2(ω2
1 + ω2

2))
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3 øsa��fsa

v-c1, c2/$*8p�¡�
ðï���0

F ≈ a+
1

2
bt2 ln |t|

a�b/$*8p�ù
�Bü$!��0Ôí(4L¹�L::

C ≈ −BTc ln |T − Tc|

sí¹Ï(4L¹	gùp¹�Ñc�Ù��S�ºÙú�	PÃØ/
���

1947t��(<(�!�®
�ú�(4L¹DÑ��ô
�!��êÑÁ�

:

M ∝ (Tc − T )1/8

�e�1951	�h/�Á���(<�Ù�Ó��

	ô
�!�óÊ¡	¾nã��b�ì(sG:Ñ<e�v
�!��ù�

�*Ù��<¹
�êË, ��	ø�\(�y:

si

hµB + J
∑
j

′
sj


�*êËd��×0�Á:hå�, Ø�×0��ø»�<¹
�êË@§��

�*IH�Á: J
µB

∑
j

′
sj , F/Ù*Á:v
/�*8pÁ:, Ù7î�Ø/
}

��. sG:Ñ<��ï1/(IHÁ:�ß¡sG<eãÿIHÁ:. @å�ì

�e

heff =
zJ

µB
〈sj〉 (3.9.13)

v-z/v<�MMp, sÏ*<¹�'»<¹pî. è�, 1�@¨ºî��sû

ùð', @	�〈sj〉ý/ø��, 
�V�<¹Mn, �7�, IHsG:heff_/�

*8pÁ:. �/, (sG:Ñ<�ûß�ÈÆ�Ï:

H = − (h+ heff )µB
∑
i

si (3.9.14)

�/
�!��î�����*zÁ'�ìË�Pû	�ß¡î�, Ù*Z

Õ�H/�¯(Weiss	Ðú�, Ö�hô�êËùÐ*Ù�êË@!.�IHÁ

:heffð:�P:, Ù*Ñ<_«ð:�¯�P:Ñ<.

�/, sG:Ñ<��ûß�M�ýpïå�¹��¡�úe

Q =
∑
{s}

e−βH =
∑
{s}

eβ(h+heff)µB
∑
i si (3.9.15)

= [2 cosh (β (h+ heff )µB)]N
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3.9 êË!�ÊvøØ

9nM�ýp, �ìïå¡�úÏ*êË�ûüsG<

〈si〉 =
1

NβµB

∂ lnQ

∂h
= tanh (β (h+ heff )µB) (3.9.16)

F/	gê='aö(3.9.13)�ì�S	

heff =
zJ

µB
tanh (β (h+ heff )µB) (3.9.17)

Ù*�PÙú�heff@Å{á³��*ê='¹�.

)(sG:Ñ<ïå¨ºûß�êÑÁ�î�. @�êÑÁ�/�(�Á

:h = 0ö, ûßÍ6ïå	^ö�Á�, s〈si〉 6= 0. Ùc/ÁÁ'�9,y'. S

6, ûß/&w	êÑÁ�/�)¦	s�. �,ôe(^8Ø�)¦�, ûß�h

H°zÁ', 
ïý	êÑÁ�. S)¦MN0Ð*4L)¦ö, ûßïåÑ��*

ÎzÁø0ÁÁø��§øØ. S)¦N�4L)¦ö, ûßïå	^ö�êÑÁ

�. Ù*øØ/�*�§øØ, ��ð:ÞíøØ, à:S)¦ÎØ)Þí0MN0

4L)¦å�ö, ûß�êÑÁ�ÎöÞí0Ø�0^ö�p<. (4L:ß�, û

ß�'(1��4L�pÏ�.

9nsG:Ñ<�Ó�, S�Á:h = 0ö, �P:Å{á³ê='aö(3.9.17)

heff =
zJ

µB
tanh (βheffµB) (3.9.18)

Ù*^¿'¹��ãïå�:$*Åbe¨º. è�0Ìòc�ýpá

³βheffµB − tanh (βheffµB) ≥ 0, (��heff�, tanh (βheffµB) ≈ βheffµB, àd,

��βzJ < 1, £H
b�¹��ê	�*öãheff = 0, ÍK, ��βzJ > 1, £H


b�¹�d�öãå�, Ø	$*^öã, Ù$*ã�:øÍp. ïåÁ�, Ù$*

^öã@ù��ê1ýô�. àd, Ùöûß�	êÑÁ�. @å�ì�0sG:Ñ

<��
�!��4L)¦:

Tc =
zJ

kB
(3.9.19)

è�, Ù*Ó��v<�ôpàs, ê�MMpz�¤býÏJ	s. )(Ìòc�ý

p�ðÒU��

tanhx = x− 1

3
x3 + · · · (3.9.20)

�ìïåBú(4L)¦DÑ��P:�'�.

〈si〉 =
√

3

(
1− T

Tc

)1/2

(3.9.21)
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3 øsa��fsa

Î�(4L¹DÑêÑÁ��'��)¦�sû:

〈si〉 ∼ (Tc − T )1/2

sG:Ñ<Ùú�êÑÁ��4L�p:: β = 1
2 . ��S�º�Ó��ô. �ì(

MbòÏ�0, (sG:Ñ<�, 
�!��êÑÁ����(�S�º�í�ôë

�ÂÏ	(4L:ßá³

m (T ) ≡ 〈µBsi〉 ∼ (Tc − T )1/2

Ù��S�º����h�ô. �ìØïåBúvÖí�fÏ�4LL:. �

�, �I)	Á����I:

χT =

(
∂m

∂h

)
T

)(sG:Ñ<���ÂÏh¾�

m = µB tanh

(
β

(
hµB +

zJ

µB
m

))
ïåBú

χT ∼ (T − Tc)−1 , h→ 0, T → Tc (3.9.22)

@å, �ìïå�å(sG:Ñ<��æ�*4L�pγ = 1, ���ì�v

(T = Tcö�ÂÏù��:��Vsû, �ìÑ°h ∼ mδ, v�(sG:Ñ<�:

δ = 3, sG:Ñ<�ûßí¹Ï�4L�pα = 0. @	Ù�Ó�ý�í�f-¨º

��§øØ��S�º�h�ô. Ù_v
G*, �E
ïåÁ�, (4L¹DÑ,

sG:Ñ<�ûß�ê1ýc/�S�º-G¾�b�.

3.10 444LLL°°°aaa---���nnn���'''

�ì(êË!��¨º-�ô/å
�!�:�P�. �E
, ºìØ�vÇ¸�v

Ö�êË!�. Ù�!��i�ÌoCî�+, eêi���*�ß�
ÅÅ@P�

ß¡i�. ��ºìÑ°, ¸��H�hàs�i�!�, �ì�4LL:ß6h°

úØ¦0�ô'. (4L¹DÑ, ûß��sT�¦��àw�i�Ïý	n��4

LL:, 1ø��4L�pÏ�. 
Å�d, ºìÑ°Ù�4L�pw	ÐÍn�'.

��, (�²øØ�4L¹DÑ, v4L�p�
�!��4L�p�hø�. $*

�<ëàsû�øØtå	ø��4L�p. ÙÍ°aÈ(vÖ��!�-�0�

Á. �/, ºì;Óú@��4L°a�n�'�Universality	: ûß(ÞíøØ�
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3.11 �CG�û�í�fú,¹�

4L¹DÑ�L:1��w	��n�'�4L�pÏ�. Ù�4L�pê�ûß

($ø-ùð'�ûß�ôp	s��ûß�®ÂÆ����v<Ó�II	às.

è�, Ù*n�'v
/ôûß�@	'(ý�ûß�®ÂÆ�às. �ê/J

É�ì4L�p��E
Ø	vÖ��i�Ï	/n��. Ô��ìMbÐ0�û

ß�4L)¦Tc, 1
/�*n��Ï, ��ûß�®ÂÆ�	s. �S�ú�/,

n�'/(êËKô�ø�\(/í�öM�Ë�. ��ûß-�ø�\(���


/í��, £Hn�'�Óº	ïý
�Ë. n�'�9,i��à(�Sûß¥

Ñ4L:ßö, ûß��y�sT�¦ξ��àw'. àd, Ùöê	':¦
�i�

MØ�Í��ûß(®Â:¦
�Æ��h
wûU\(.

(4L°a-, ûß�ùð'w@³�'�\(. �E
(ÞíøØ-c/1

ùð'�Ø�e�×$*
��ø�. �,e², (�*ø-ûßw	�Ø�ùð

'��,/Ø)ø	, (æ�*ø-ûßw	øùN�ùð'. ��(�ì¨º

�
�!�-, (^ÁÁø-v<
�êËÖ�/
�ùð�, _1/ô���ì

�si → −si, ûß��v
9Ø. (N)�ÁÁø-�
6. ûßw	êÑ�Á�,

Î�ûß
�w	&÷9Ø��ùð'. @å�ìô(ÁÁø-, Ù*ùð'«4

:�. ��è��/, 
�!��ÈÆ�Ï��:/öö	/w	ÙÍùð'�, F

/��)¦N�4L)¦ö, ûß�ýÏ�N��t
w�Ù*ùð'. àd, P.

W. AndersonðÙÍ°a:ùð'êÑ4:. ��
, @	�§øØ���ôÞíø

Ø	ý/�*ùð'êÑ4:�Ç�. (ÙÌ, 4:�ùð',(
/���Ï�ù

ð'.

3.11 ���CCCGGG���ûûû���ííí���fffúúú,,,¹¹¹���

�ì°(¨º�CG�û�í�f'(. �ìG�ûß1k*ÄC��. ûß�¶�

d�)¦T , �:På�, ØÅ{�e�*ÄC�i�pn1, n2, , nk Z:h�sa�

�ÂÏ.

�*�CG�û�	*ú,í�fýpSï��ý�µïå�:

V = V (T, P, n1, n2, , nk)

E = E (T, P, n1, n2, , nk)

S = S (T, P, n1, n2, , nk)

Ù�í�fýpý/@���öÏ, s��Ý�ûß�)¦��:
Øö, �ûß�
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3 øsa��fsa

�*ÄC�i�pýØ:�e�λ
ö, ûß�Sï��ý�µ_Ø:�e�λ


V (T, P, λn1, λn2, , λnk) = λV (T, P, n1, n2, , nk)

E (T, P, λn1, λn2, , λnk) = λE (T, P, n1, n2, , nk)

S (T, P, λn1, λn2, , λnk) = λS (T, P, n1, n2, , nk)

��öÏøù��/@�:¦Ï, ��)¦��:II. Îpf
, �öÏ�'(ô

��öÏ/�*ÄCi�p��!P!ýp, �(P!ýp�'É(Euler)��, �ì

�0

V =
∑
i

ni

(
∂V

∂ni

)
T,P,nj

E =
∑
i

ni

(
∂E

∂ni

)
T,P,nj

S =
∑
i

ni

(
∂S

∂ni

)
T,P,nj

v-Oüp
(
∂V
∂ni

)
T,P,nj

-���njãhd�niå��@	vÖ�nj
Ø. �ì�I

vi =

(
∂V

∂ni

)
T,P,nj

ui =

(
∂E

∂ni

)
T,P,nj

si =

(
∂S

∂ni

)
T,P,nj

�ì�+ð:,i*ÄC�Oi�Sï, Oè��ý�Oi�µ. �/Sï, �ý�µ

ïå��

V =
∑
i

nivi

E =
∑
i

niui

S =
∑
i

nisi

1�	�¯ýp_/�öÏ, �ì_	

G =
∑
i

niµi (3.11.23)

v-µi/,i*ÄC�Oi�	�¯ýp

µi =

(
∂G

∂ni

)
T,P,nj

(3.11.24)
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3.12 �Cû�
øsaÊø�

�_ð:,i*ÄC��f¿. ù	�¯ýpG (T, P, n1, n2, , nk)Öh®�, �ì�0

dG = −SdT + V dP +
∑
i

µidni (3.11.25)

{<0, ù��ý�ì	

dE = TdS − PdV +
∑
i

µidni (3.11.26)

Ù1/�CG�û�í�fú,®�¹�. ùl�(3.11.23)B®�v��(3.11.25)Ô

�, �ì�0

SdT − V dP +
∑
i

nidµi = 0

sk + 2*:¦Ïô	�*sû, Ùð:	�¯sû.

3.12 ���CCCûûû���


øøøsssaaaÊÊÊøøø���

�ì°()(	�¯ýp$ne¨º�Cû�
øsa. :��UwÁ, �ìG¾�

Cû�k*ÄCKô
Ñ��fÍ�, v�Ï�*ÄCïå	$*ø: αø�βø. �

ìG¾,i*ÄC(αø�βø-�i�pÑ��ZØ¨�+:δnαi�δn
β
i , �*ÄC

;�i�p
Ø�B

δnαi + δnβi = 0

()¦��:Ý�ú�ö, $ø�	�¯ýp�ZØ�:

δGα =
∑
i

µαi δn
α
i , δGβ =

∑
i

µβi δn
β
i

�/;�	�¯ýp�ZØ¨:

δG = δGα + δGβ =
∑
i

(
µαi − µ

β
i

)
δnαi

	�¯ýp$nJÉ�è, sa��	�¯ýp��. �/�ì�0saaö

µαi = µβi , i = 1, 2, · · · , k

_1/ô, $ø-�*ÄC��f¿Å{�+øI.

)(Ù*Ó�, �ìe¨üW
�	�¯ø�. G¾�C
øû	k*ø�à�

fÍ��ÄC, Ï�*ÄC	σ*ø. ø�/�BÙ7�ûß-ïåìË9Ø�:¦
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3 øsa��fsa

Ï�*p. Ù*pîð:�C
øû�ê1¦p, °:f . :d, �ì�e�*ÄC�

øùS¦

xαi =
nαi
nα

v-nα:αø-�*ÄC�;i�p. �>6xαiá³¦_aö∑
i

xαi = 1

_1/ô, Ï�*ø1(k + 1)*:¦ÏÏð((k − 1)*ìË�xαi 
)¦��:).

à:�C
øû	σ*ø, @å;q	σ (k + 1)*:¦ÏØp. Ù�ØpKôØ

Å{á³ísaaö��fsaaö�øsaaö. ísaaö/�*ø�)¦ø

I

T 1 = T 2 = · · · = T σ

�fsaaö/�*ø��:øI

P 1 = P 2 = · · · = P σ

øsaaö/Ï�*ÄC��f¿(�ø-øI

µ1
i = µ2

i = · · · = µσi , (i = 1, 2, · · · , k)

å
Ù�saaöq	(k + 2) (σ − 1)*¹�, àdS�C
øû¾0saö, ��

ìË�:¦Ï�*p, sê1¦pf:

f = (k + 1)σ − (k + 2) (σ − 1) = k + 2− σ

Ù1/W
�	�¯ø�. 1ø�ïåÁ�, �*UCûqXø�*p�'/3, @å

(4�	ø¹, ûß�ê1¦pî:ö, _1/ôûß@	�:¦Ïw	�hn��

<. Ù1/:ÀH	ø¹ïå\:�*�Æ¹e!Æ�:�)¦.

3.13 ���fffÍÍÍ���

ûU�*�fÍ�ýïå�Í�iû0��i��¹v�9Ø�fÍ��Mûp�

&÷. ���ì��fÍ�

2H2 +O2 → 2H2O

��

2H2O − 2H2 −O2 = 0
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3.13 �fÍ�

�,0², �*�fÍ�;ïå��∑
i

νiAi = 0

v-νi:�fÍ�¹���ûp. 	g�ì�¦���i�ûp:c, Í�i�ûp

:�. Ai/ø����i�Í�i��f&÷. S�fÍ�ÛLö, �*ÄC�i�

p�Ø�ý	Ô�ÛL, Ùð:S����. s∆ni = νi∆n. >6S∆n > 0ö, �f

Í��c�ÛL�S∆n < 0ö, �fÍ��Í�ÛL.

�*�fÍ��ÛL��4�@íÏ�86�>ú. �ì�;�¨º(I)I

�aö�ÛL��fÍ�. �ìåS, (I)I�aö�, �*Ç�-@86�íÏ

I�Ç�M���9Ø. (�f
, �νii�p��i§��@86�íÏð:(�

�)Í�í. 	g�I, ��Í�íQP:

QP ≡ ∆H =
∑
i

νihi

v-hi:ÄCνi�Oi��. >6, 	g�ì�¦�, ∆H > 0ù��8íÍ

��∆H < 0ù��>íÍ�. 1��/�ýp, àd∆Hê�Í�����+�	

s��-ô�Ç�às. @å, �����Í�iHÏÇ�*�fÍ�0¾�*-ô

�, �ÏÇæ�*�fÍ�0¾È��Ù*Ç��Í�í��/
ð$*�fÍ�

�Í�íK�. Ù(í�f
ð:k¯(Hess, 1840)��. Í�í/)¦�ýp, ��

Ý��:
Ø, ù)¦BO®F

∂∆H

∂T
=
∑
i

νicp,i

Ù*¹�ð:ú�
+�Kirchhoff	¹�. �JÉ�ì, �æåS�ÄC�í¹Ï�

Ð*)¦ö�Í�í, ïåBúvÖ)¦ö�Í�í.

S�fÍ�(I)I�aö�ÛLö, )(	�¯ýp$n, �ìïå�ú�f

Í�¾0sa�aö. :d, �ìG¾	�*ZØ¨δni = νiδn, £H(Ù*ZØ¨

-, 	�¯ýp�Ø�:

δG =
∑
i

µiδni = δn
∑
i

µiνi

�/�ì�0, �fÍ�¾0sa��fsaaö/∑
i

µiνi = 0 (3.13.27)

���fsaaö(3.13.27)¡	á³, �fÍ�1���	�¯ýpÏ��¹�Û

L. wS0ô, 	g�ìù��*νi&÷�¦�, ��
∑

i µiνi < 0, �fÍ��c�Û

L���
∑

i µiνi > 0, �fÍ��Í�ÛL.
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3 øsa��fsa

3.14 ííí���fff,,,			������

ý¯y�W. Nernst	(1906t;Ó�'ÏN)�fÍ��Ó��Ðú��*Ó�,

�eÙ*Ó�«ð:ý¯y��:

��: ÝZûß�µ(ûUI)Ç�-�9Ø, �Ýù)¦��ö���ö.

lim
T→0

(∆S)T = 0

1912t, ÖÈ9nÙ����0�*��, ð:Ýùö¦
ï¾0��. Ù*��°

(_�:�í�f,	����Æhð, ���¹/�

í�f,	��: 
ïý(	P�Kµ��*iS·t0Ýùö¦.

�b�ì�ÎÙ���úÑÁ�ý¯y��.

�H, �	H�M)Ç�/ÝíÇ�. �à/, ���ìÕþ·t�iS(M)

�Ç�-Ø86íÏ, Ù*M)Ç�>6
	H, à:	gsa3�'��B, iS

�í¹Ï:c, @å86�íÏ�>���iSGØ)¦. S6��iS)¦MN�

�öØ>úíÏ, >6ù�M)eô/�	H, ï/Ù7�Ç�ê	(hô)¦Ô�

ì�·t�iS)¦NöM/ïý�. 1��ìG¾��iS�)¦M0=ïý�

N(Ôhô�iSý�N)@åÙ7�Ç�
ïý�íÛL. @å, ·�N)��	H

Ç�/ÝíÇ�. ��ÝíÇ�
ý�iS¾0Ýùö¦, £HûUÇ�ý
ïý�

iS¾0Ýùö¦. Ù1/:ÀHÝí»Á�¹Õ/·�N)��	H¹Õ.

æ��*Í������/: ÝZû�í¹Ï()¦��Ýùö¦ö��ö, s

lim
T→0

Cy = 0

v-yãhÐ��ÂÏ����:�Sï�Á�:¦II	
Øö�í¹Ï. ÏPß

¡i�ù�úS�í¹Ï�N)L:���/: Ñ^úS�í¹Ï()¦�Nö�

)¦�cÔ�^Ñ^úS�í¹Ï()¦�Nö�)¦�	!¹�cÔ. Ù��º

��ý���Ó��}0;�.

�b�ìeÁ�ý¯y��. (þ3.5-�ì>:�ûß�µ\:)¦�ýp.

þ-�$aò¿�+ù��
��$Ä�ÂÏ, �ì��ì°Zy1�y2�(Ýí»

ÁM)Ç�-, y1/Á::¦	. S)¦��Ýùö¦ö, ý¯y����, Ù$a

ò¿�ø¤��¹, s(ûUI)Ç�-�µ�9Ø��ö. ��
/Ù7, £H�

ìïå�Ç�þ@:�Ç�: 1¹AÏÇI)�Ç��iS��ÂÏÎy2Ø0y1, ¾

0B¹. 6��ìäiSÏÇ�*ï�ÝíÇ��iS��ÂÏÎy1�Ø0y2Î�¾

0C¹. Ù*Ç�ïå�ô�í�», �iS1C ÏI)Ç�¾0DII. ¹�óa,
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3.14 í�f,	��

Figure 3.5: )(í�f,	��Á�ý¯y��. þ->:�ûß�µ�)¦��

ÂÏ�Ø�.

��ù��
��ÂÏ�$aµ�ò¿()¦��ööv
ø¤��¹, £H�ì

ïå�Ç	P�e¤�Ù*iS·t0Ýùö¦, Î��í�f,	��Ûþ. à

d, Ù$aµ�ò¿Å�()¦��ööø¤��¹, Ù1Á��ý¯y��.

ý¯y��JÉ�ì, ûß�µ(Ýùö¦ö/�*Ýù�8p, �ûß�v�

ÂÏàs. n�K�Planck	Ðú, ïå�Ù*Ýù�µ8p	:ö. Ù7�e, µ

�p<1�hn��. (ß¡i�-, �ìïå�Ç¡�en�Ýùµ.
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4 ßßß¡¡¡iii���������������UUU���(((

4.1 ¨̈̈===���ÆÆÆííí���fff���ººº

(
��-�ì�U¨º�c�ûü-�ýÏ¨=åÊèc�ûü-��Pp¨=,

�E
�ìïå¨º�*û�í�fÏ�¨=. Ù*�º«ðK:¨=�Æí�f

�º, /1à¯f�HÐú���ì�Q�*��*'�í�¥æ�ûß, í�w	

n��)¦T��:P . �ì@�Q�ûß�í��wÄ��
�ûß/�*dË

û, @åSûß�ýÏ�SïÑ��*¨=∆E�∆Vö, í��ýÏ�Sï_ø�

0Ñ��*Ø�H∆Er�∆Vr, �ìá³

∆E + ∆Er = 0, ∆V + ∆Vr = 0 (4.1.1)

Sûß�ýÏ�SïÖv�ïà<��ö_/sG<	E�Vö, 
�ûß�µw	

�'<S0, ��
�ûß�®Â�pîKô�sû1»3yüsûÏð. 1�Ï*

®Â�ý/Ià�0ú°�Ià���	, @åûß�ýÏ�Sïú°∆E�∆V�

¨=�à�cÔ�

W (∆E,∆V ) ∝ e(S0−S0)/kB (4.1.2)

1�

∆S0 = ∆S + ∆Sr

∆Sr =
1

T
(∆Er + P∆Vr) = − 1

T
(∆E + P∆V ) (4.1.3)

v-�ìÐ(�¦_aö(4.1.1). �/�ì�0

W (∆E,∆V ) ∝ e(T∆S−∆E−P∆V )/kBT

�ì���
b��P�:($*ìË�Ï�Ø����∆S�∆V	eh¾. Ùï
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4 ß¡i�����U�(

å)(∆E�h¾�åÊí�f,���	

T∆S −∆E − P∆V = −1

2

(
∂2E

∂S2
(∆S)2 + 2

∂2E

∂S∂V
∆S∆V +

∂2E

∂V 2
(∆V )2

)
= −1

2

[(
∂T

∂S
∆S +

∂T

∂V
∆V

)
∆S −

(
∂P

∂S
∆S +

∂P

∂V
∆V

)
∆V

]
= −1

2
(∆T∆S −∆P∆V )

@å�ì�È�0�*nM�h¾�

W (∆E,∆V ) ∝ e−
(∆T∆S−∆P∆V )

2kBT (4.1.4)

Ù*l�ïå	�Í(�. �ìïåÖûU�ì�t£�$*ìËØÏe�vÖì

�¨=. ��, ��åSïV�)¦T:ìËØÏ, �0

∆S =
CV
T

∆T +

(
∂P

∂T

)
V

∆V

∆P =

(
∂P

∂T

)
V

∆T +

(
∂P

∂V

)
T

∆V

&e¨=�nMl�(4.1.4), �0

∆T∆S −∆P∆V =
CV
T

(∆T )2 −
(
∂P

∂V

)
T

(∆V )2

W (∆E,∆V ) ∝ e−
CV

2kBT
2 (∆T )2− 1

2kBT
( ∂P∂V )

T
(∆V )2

Ù*l�JÉ�ì)¦�Sï�¨=1$*ìË�Ø¯��Ï�, @å�ì�0

(∆T )2 =
kBT

2

CV
, (∆V )2 = V κTkBT

Ù*l�_ô��, �*í�fûß���ù�)¦�Sï�¨=Ý�3�, ���

¹í¹Ï�I)�)ûpÅ�/^��. ��ûß��PpÝ�
Ø, £HûßSï

�¨=_ïåh¾�ûßÆ¦�¨=. �/�ì�0, (4L¹DÑ, ûß�I)�

)ûp��àw', ûß�è�Æ¦¨=_Ñc, Ùö�H�$ø��Lb1��

1. �ö, ��	ïÁIe�0ûß�è, �Âß0@��4LsI°a.

>6��ÖvÖ�ØÏ:ìËØÏ, �ìïå�0vÖi�Ï�¨=, Ù�ýY

\Ã`.

4.2 III���ccc���

SI¿�e�S�²Sö��è�I¿1�×0c��O»e�¹��Î���I

�:¦	@Ï1��ö�(v�¹�
	I�ú�Ù1/I�c�°a�I�c�
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4.2 I�c�

�,1$Í�à ���Í/I×0¬n�²S��S-®��\(�Ñ�c��

ÙÍ°að:�Î�H�(Tyndall);æ�Í/(¯À��S�²S-Ñ��c��

v�à/�S�²S�Æ¦¨=üô���
G��§��ùI�c��ð:^)

c��

	g^)c��º�(�e�Ò:θÒ�¹���â�â�Ü'��P	�c�

:¦:

I ∝ (1 + cos2 θ)

λ4

(
∆n

n

)2

�-n/����∆n/Æ¦¨=üô�����¨=�	g�&y���l���

���Ë(�Æ¦Kôá³

1

ρ

n2 − 1

n2 + 2
=8p

�-ρ = M
V :Ë(�Æ¦�1
�ïå�

∆ρ

ρ
=

6µ2

(µ2 − 1)(µ2 + 2)

∆µ

µ

1d�0(e���ô¹�(θ = 90o)c�I�:¦:

I ∝ (µ2 − 1)2(µ2 + 2)2

µ4λ4

(
∆ρ

ρ

)2

Æ¦�¨=:

(
∆ρ

ρ

)2

=

(
∆V

V

)2

= −kBT
V 2

(
∂V

∂P

)
T

=
kBT

V
κT

Ù7�(�ô�e�¹�c�I�:¦:

I ∝ (µ2 − 1)2(µ2 + 2)2

µ4λ4
κT

sc�:¦�â��Û!¹�ÍÔ���)��cÔ�1��S��)�Ô²S'

���@å�I(�S-�c�Ô²S-�:�1�c�:¦�â��Û!¹�Í

Ô�@å�â�c�ô����Ù1ïåãÊ):ÀH/Ý��*3�}Ie�0

'�BK��ïÁI-¢I×0�c������íâ��ÝI«c�����Î

�b���*Ýr�)z�(éZ*3�úe�=qKö�à:0¾0b�*3I

��Ç���'�B�ÝIÌc������Y��¢I`�¿�@å�ì�0�

/�n¢å�
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4 ß¡i�����U�(

4.3 ���óóó»»»rrr���SSS

Ù��¨º�ó»r�S�'(. �ó»r�S��¿ýp:

Φ = −kBT ln Ξ = kBT
∑
i

ln(1− ze−βεi) (4.3.5)

v-εi:U�Pý§, z = eβµð:8¦. ;�Pp:

N =
∑
i

〈ni〉 =
∑
i

1

z−1eβεi − 1
(4.3.6)

:�ÝÁ〈ni〉'�ö, �Bz−1eβεi > 1, sεi − µ ≥ 0, ���Ný§ε0:0, �Ù*a

ö�s@µ ≤ 0, _1/ô»rP��f¿;/��. Î�0 ≤ z ≤ 1.

ù�U�P�ó�S, ��SïV = L3�¹h-, �ý§:

εK =
h̄2k2

2m
(4.3.7)

v-k = 2π
L (nx, ny, nz), SL:�Â:øö, ý§ôÝ/�Æ�, àd, ùý§�B�

ïå�:ï�,

∑
k

→ V

(2π)3

∫
d3k =

2πV

(2π)3h̄3 (2m)3/2

∫
ε1/2dε

=
V

4π2h̄3 (2m)3/2ε1/2dε

(4.3.8)

ä:

D(ε) =
V (2m)3/2

4π2h̄3 ε1/2 (4.3.9)

:U�P�Æ¦, �
∑
k

→
∫
D(ε)dε. Ù7�ÍZÕ(ε → 0öv
/�}�Ñ<, �

�, ù�ε = 0�ý§. ù��D(0) = 0, @å, S�ì(ï�ÖãB�ö, Ù*ý§�

!.�hýe�. �,Åµ�, Ù
�	ÀHî�, à:�ì�Q�/��ÆÆ�ý

§, U*ý§�!.v�/���, �å/ 1
N�Ï§. F/, ��ú°ÙÍ¶µ, SÙ

*ý§��P`np:�ÂÏ, _1/ô, S`np:N�Ð��pö, Ù*ý§�

	^8Í��\(, �ì�bË;��0, ε = 0�ý§(�ó»r�S-�w0^

8Í��\(.

�Q0Ù�¹, �ì�ε = 0�!.
�»�, Ù7, 1	

Φ(T, V, Z) =
V

4π2h̄3 (2m)
3/2kBT

∫ ∞
0

ε
1/2dε ln(1− ze−βε) + kBT ln(1− z)
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ù
��èï��!

Φ(T, V, Z) = − V

4π2h̄3 (2m)3/2 2

3

∫ ∞
0

dε
ε3/2

z−1eβε − 1
+ kBT ln(1− z)

= − V

4π2h̄3 (2m)3/2 · 2

3
β−5/2

∫ ∞
0

dx
x3/2

z−1ex − 1
+ kBT ln(1− z)

= − V
λ3

4

3
√
π
kBT

∫ ∞
0

dx
x3/2

z−1ex − 1
+ kBT ln(1− z)

(4.3.10)

v-λ = h
(2πmkBT )1/2

:íâ�.

�7:

N(T, V, Z) =
V

λ3

2√
π

∫ ∞
0

dx
x1/2

z−1ex − 1
+

z

1− z
(4.3.11)

�I:

gn(z) =
1

Γ(n)

∫ ∞
0

xn−1dx

z−1ex − 1
(4.3.12)

v-Γ(n):=lýp, �

Φ(T, V, Z) = − V
λ3
kBTg5/2(z) + kBT ln(1− z) (4.3.13)

N(T, V, Z) =
V

λ3
g3/2(z) +N0(z) (4.3.14)

N0(z) = z
1−z/ú��`np�ù�Ù���Pp, ��1(4.3.14)�n�zv

ãe(4.3.13), Ù71ïå�0i�¹�. F1�(4.3.14)�ìï�g3/2(z), @

å(4.3.14)�ãàÕ(�Uýph:úe. �ìH���gn(z)�'(, ù�0 ≤ z ≤ 1,

1

z−1ex − 1
= ze−x

1

1− ze−x

= ze−x
∞∑
m=0

zme−mx

=

∞∑
m=1

zme−mx

�/,

gn(z) =

∞∑
m=1

zm

Γ(n)

∫ ∞
0

xn−1e−mxdx

=
∞∑
m=1

zm · 1

mn

1

Γ(n)

∫
yn−1e−ydy

=

∞∑
m=1

zm

mn

(4.3.15)
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Figure 4.1: gn�z�Ø�sû, Î
0��!:: g1/2, g1, g3/2, g2, g5/2, g3, g20

Sz = 1ö, gn(1) =
∞∑
m=1

1
mn = ζ(n) (n > 1), Sn ≤ 1ö, gn(1)Ñc. gn(z)��,b

��þ@:. z = 1ö�à*gn(1)�<:

g3/2(1) = 2.612 · · · , g2(1) = π2

6 ≈ 1.645 · · · ,

g5/2(1) = 1.341 · · · , g3(1) = 1.202 · · · ,

°(�Q»r�S��Pp��, Ù�T, V,Nö, 8¦z1��³�

N =
V

λ3
g3/2(z) +

z

1− z
= Nε +N0 (4.3.16)

,�yNεãh��U�PÀÑ�
�;�Pp, N0:ε = 0
��Pp. g3/2(z)á

³0 ≤ g3/2(z) ≤ ζ(3/2) ' 2.612. ù�Ù��V�T, ,�y��'<:

Nεmax =
V

λ3
g3/2(1) = ζ(3/2)V

(
2πmkBT

h2

)3/2

∼ V T 3/2 (4.3.17)


ïý	ÔNεmaxô���P��ÀÑ�. æ�¹b, ê�z
/�¥Ñ1, N0 =

z
1−zïåýe, ê	Sz → 1ö, N0 = z

1−z M�	'�!.. :��ví�f�P, �

ì��(4.3.16)����b�

1 =
Nε

N
+
N0

N
(4.3.18)

SN → ∞, V → ∞�Ý�N
V :8pö, åz 6= 1, �àN0	P, N0

N → 0, ú���P

pïåýe
¡, ïå¤:@	�Pý��ÀÑ�. �z1

1 =
Nε

N
=
V

N

(
2πmkBT

h2

)3/2

g3/2(z) (4.3.19)
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³�, 1�g3/2(z)/z�U��ýp, @å�@)¦�MN, zU�� , S)¦�M

0Tcö, z0¾1, dö

1 =
V

N

(
2πmkBTc

h2

)3/2

ζ(3/2)

1dB�

Tc =

(
N

V

)2/3 h2

2πmζ(3/2)2/3
(4.3.20)

��çíMN)¦, Nε
N Ý�:

Nεmax
N , �dö�N0��àw', N0

N :
��. F1�

1 =
Nεmax

N
+
N0

N

@å, ïå�úε = 0�`npN0
N = 1 − Nεmax

N , �z�ôÝ�:1. ���Nεmax
N (Tc

h:úe, �ì	

Nεmax

N
=

 1, T ≥ Tc(
T
Tc

)2/3
, T < Tc

(4.3.21)

Î�

N0

N
=

 0

1−
(
T
Tc

)2/3

T ≥ Tc

T < Tc

�æB��z, �ì1ïå�0i�¹�

PV = −Φ =
V

λ3
kBTg5/2(z)− kBT ln(1− z) (4.3.22)

�Qí�f�P

P =
kBT

λ3
g5/2(z)− lim

x→∞

KT

V
ln(1− z) (4.3.23)

åz < 1,�ln(1−z)	P,,�y:0,�Sz = 1ö,1N0 = z
1−z ,ïå1−z ∼ 1

N0
∼ 1

N ,

Î� 1
V ln(1 − z) ∼ 1

V lnN , (V → ∞ö:0, @å, ε = 0��Pù�:¡	!., Ù

/à:ε = 0��P¡	¨ý ��. �/

P =
kBT

λ3
g5/2(z) (4.3.24)

ST < Tcö, z = 1, �:�:

P =
kBT

λ3
ζ

(
5

2

)
(4.3.25)

�Sï��Ppàs, ê/)¦�ýp. 1�Tcå
�Tcå��S�'(
�, Tc¹

Ñ��øØ, Ù*øØð:»r–1à¯fÝZ.

°(¡�í¹Ï, è�0�ýïå�:

E = − ∂

∂β
ln Ξ

∣∣∣∣
z,V

=
3

2
kBT

V

λ3
g5/2(z)
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Î�

P =
3

2

E

V
(4.3.26)

E =
3

2
PV =

3

2
kBT

V

λ3
g5/2(z) (4.3.27)

ST < Tcö, z = 1,

CV
NkB

=
1

NkB

∂E

∂T

∣∣∣∣
N,V

=
3

2

V

N
ζ

(
5

2

)
∂

∂T

(
T

λ3

)
=

15

4
ζ

(
5

2

)
V

Nλ3

=
15

4

ζ
(

5
2

)
ζ
(

3
2

) ( T
Tc

)3/2

(4.3.28)

ST > Tcö, z�)¦	s, FdöN0 = 0, )(Nε�h¾��»
V
λ3

, �0

E =
3

2
NkBT

g5/2(z)

g3/2(z)
(4.3.29)

B�:

CV
NkB

=
1

NkB

∂E

∂T

∣∣∣∣N,V
=

3

2

g5/2(z)

g3/2(z)
+

3

2
T
∂

∂T

(
g5/2(z)

g3/2(z)

)∣∣∣∣
N,V

(4.3.30)

)(gn(z)�U��, ïå�0

g′n(z) =
1

z
gn−1(z) (4.3.31)

1d�0

∂

∂T

(
g5/2(z)

g3/2(z)

)
=
∂z

∂T

1

z

(
1−

g5/2(z)g1/2(z)

g3/2(z)2

)
(4.3.32)

� ∂z
∂TïåÎ(4.3.16)�0

∂

∂T

(
g3/2(z)

)
=

∂

∂T

(
Nλ3

V

)
∂z

∂T

1

z
g1/2(z) = − 3

2T

(
Nλ3

V

)
= − 3

2T
g3/2(z)

s

∂z

∂T
= − 3z

2T

g3/2(z)

g1/2(z)
(4.3.33)
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Figure 4.2: �óâr�S�Ôí�)¦�sû

���0:

CV
NkB

=
15

4

g5/2(z)

g3/2(z)
− 9

4

g3/2(z)

g1/2(z)
, T > Tc (4.3.34)

Ïx�Pù��z → 0, 1dB�

CV
NkB

=

(
15

4
− 9

4

)
=

3

2

CV =
3

2
NkB (4.3.35)

Sz → 1ö, g1/2(z)Ñc, Î�(4.3.34)�(4.3.28)�ô, sÔí(TcÞí. (T = Tcö,

Ôí�<:

CV (TC)

NkB
=

15

4

ζ(5
2)

ζ(3
2)

= 1.925 · · ·

Ù�Ó�ÔÏx<3
2�'. þ4.2-Ùú�Ôí�)¦�Ø�ò¿, (T = Tc, 	�*

�ð, T →∞öÔí��Ïx<3
2 .

4.4 úúúSSS���ííí¹¹¹ÏÏÏ

úS-��Pb�v<�Ï*�Pêý(v<MnZ�/¨�¾,i*�P�Mn

:~ri, vsaMn:~Ri, �~ri − ~Ri/�*�Ï��vS�¿ý(saMnU���0

U = U0 +
1

2

∑
i

∑
j

(
∂2U

∂~ri∂~rj

)
0

(~ri − ~Ri)(~rj − ~Rj)
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v-��0h:��P�Mn(saMnãe�à:saMn/¿ý����E¡

	�!y�ä

aij =

(
∂2U

∂~ri∂~rj

)
0

:�3N × 3N�c�é5�e»8pyU0�ûß�É�Ïïå��

L =
∑
i

1

2
ṁ~r

2
i −

1

2

∑
i

∑
j

aij(~ri − ~Ri)(~rj − ~Rj)

ù
�ùÒ��sZØb

~riα − ~Riα =

3N∑
j=1

Uiα,jqj

��aijùÒ�(a/�*c�ùðé5�;ïåùÒ��v,�<G'�0	�°,

�<:mω2
i , i = 1, 2, 3, · · · , 3N , �É�ýp�:

L =
1

2
m

3N∑
i=1

q̇2
i −

1

2

3N∑
i=1

mω2
i q

2
i

ÙÌqi/�PP��¿'Ä��ð:�cP���qiù���I¨Ï/

pi =
∂L

∂q̇i
= mq̇i

ÈÆ�Ï:

H =
∑
i

piq̇i − L =
∑
i

(
p2

2m
+

1

2
mω2

i q
2
i

)
Ù/3N*ìË�/Pî��	gýÏG����Ï*�/P��ý/kBT , ùí¹

Ï�!.:kB, �/3N*�/Pùí¹Ï�!.:3NkB���Ñ°�vS�í¹

ÏÜ��3NkB,��)¦MN�Ø��Ù���
�Ó��ß¡i�Ó��%ÍO

»��ò
þÏüôºì��ß¡i�/&cn�(n�K�ÏP�õÐúeK

��1à¯f)(ÏP�õ���Ù*î��

	gÏP�f�,i*�/P�,�<:

εi =

(
ni +

1

2

)
h̄ωi, ni = 0fi1, 2, 3, · · ·

Ù�h¾�_ïåÙ7�ã�å,i*�/P��ú�ni = 0�výÏ:1
2 h̄ωi, Ù*

ýÏð:ö¹ý�S�/P��niÀÑ�ö�výÏÔú�Øni*h̄ωi, ïå�Ù*

¶�ba��ã:	ni*ýÏ:h̄ωi��P�ÙÍ�P«ð:ðP�t*ûß��

*¶�ïå(�Äp�Æ�{n1, n2, · · · , n3Neh:�ÙÍh:�7ïå�ã�Äð

P�Æ��(ÏP�fhð��3N*�/P�ÈÆ�ïå��

H =
∑
i

nih̄ωi +
1

2
h̄
∑
i

ωi
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ûß�M�ýp/

Q =
∑

AllStates

e−βH =
∑

n1,n2,··· ,n3N

e−β
∑
i nih̄ωie−

1
2
βh̄
∑
i ωi

��
ðB���0

Q =
∏
i

[
(1− e−βh̄ωi)−1e−

1
2
βh̄ωi

]
ê1ý

F = KBT
∑
i

ln(1− e−βh̄ωi) +
1

2

∑
i

h̄ωi

�ý

E = −∂ lnQ

∂β
=
∑
i

h̄ωie
−βh̄ωi

1− e−βh̄ωi
+

1

2

∑
i

h̄ωi =
∑
i

h̄ωi
eβh̄ωi − 1

+
1

2

∑
i

h̄ωi

�-,�y/ö¹ý��)¦às�ùí¹Ï¡	!.�:�Û�e�¡���ì

��åS�*ωi�(úS-�ωiàNÞí���¾v�Æ¦:D(ω), �ýÏïå�

�

E =

∫
dωD(ω)

h̄ω

eβh̄ω − 1
+

1

2

∫
dωD(ω)h̄ω

1à¯f	D(ω) = 3Nδ(ω − ω0)�s@	/Pý	ø�����1d�0

E = 3N
h̄ω0

eβh̄ω0 − 1
+

3N

2
h̄ω0

í¹Ï

C =
∂E

∂T
= 3NkB

β2h̄2ω2
0e
βh̄ω0

(eβh̄ω0 − 1)
2

ST →∞, β → 0, eβh̄ω0 − 1→ βh̄ω0, í¹Ï

C → 3NkB

ST → 0, β →∞, eβh̄ω0 − 1→ eβh̄ω0 , í¹Ï

C → 3NkBβ
2h̄2ω2

0e
−βh̄ω0

sí¹Ï�)¦	g�p¹���ö�1à¯f�Ù*Ó�/^8�
w����

'ãÊ�úS�í¹Ï�)¦�Ø��³ÜÙú��*ô}��Æ¦

D(ω) =

 aω2 ω < ωD

0 ω > ωD
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�-ωDð:³Ü���Ù*Ó�/ú�úS�Þí!��0���³Ü�Æ¦ãe

�ý�h¾��

E =

∫ ωD

0
dωaω2 h̄ω

eβh̄ω − 1
+

1

2

∫ ωD

0
dωaω3h̄ω

äx = βh̄ω, 
��:

E = a
(kBT )4

h̄3

∫ xD

0
dx

x4

ex − 1

(N)��β → ∞, ï��
Pïå¨0àP'��0�ýE ∝ T 4, Î�í¹

ÏC ∝ T 3�Ù�Ó����ø&�

4.5 ���óóó999sss���SSS

�ó9s�S/æ�*	£��UÏP�Sûß. Ñ^-�5P, -P�IýïåÑ

<Z:�ó9s�Se��. {<�»r�S�¨º, U�P�ó9s�S��¿ý

pïå�:

Φ = −kBT
∫ ∞

0
dεD(ε) ln

(
1 + ze−βε

)
(4.5.36)

�Pp:

N =

∫ ∞
0

dεD(ε)
1

z−1eβε + 1
=

∫ ∞
0

dεD(ε)nF (ε) (4.5.37)

9sP�êË:Jtp, ý§�v¦:2, (�,êËS��P, ý§�v¦:2S + 1).

�b�ìG�êË:1
2 , �»r�S
�, ÙÌ�z�Ö<:0 ≤ z ≤ ∞. �H�

QT = 0�Åb�dö�9s��ýp

nF (ε) = θ(µ0 − ε)

v-

θ(x) =

 1, x > 0

0, x < 0

:6Ãýp�µ0/T = 0ö��f¿��/��Pp:

N =

∫ ∞
0

D(ε)θ(µ0 − ε) =

∫ µ0

0
D(ε)dε

ãeD(ε) = V
2π2h̄3

(2m)3/2ε1/2�ò�QêË|v¦	��0

N =
V

2π2h̄3 (2m)3/2 2

3
µ

3/2
0

120



4.5 �ó9s�S

1dã�

µ0 =
h̄2k2

F

2m

v-kF =
(
3π2N

V

)1/3
, ð:9sââ�µ0�8ð:9sý�v)(εFh:�

ûß��ý:

E =

∫ µ0

0
D(ε)εdε =

V

2π2h̄3 (2m)3/2 2

5
µ

5/2
0 =

3

5
Nµ0 ≡

3

5
NεF

Sûß�Æ¦�Øö�µ0Ô�'�(ØÆ¦�P�, µ0 � kBT , ��Ñ^-�

5P��Æ¦'¦1022/cm3�µ0 ∼ 1 − −10eV , �¤)�kBT ∼ 1
40eV ), @åïå

ù)¦U��

	P)¦��Ppïå�:

N =

∫ ∞
0

D(ε)θ(µ− ε)dε+

∫ ∞
0

D(ε)(nF (ε)− θ(µ− ε))dε

�-,�y: V
2π2h̄3

(2m)3/2 2
3µ

3/2 = N
(
µ
µ0

)3/2
, °(¡�,�y�è�0D(ε) ∼

ε1/2, �ìô�,��Q��ï�

In =

∫ ∞
0

εn(nF (ε)− θ(µ− ε))dε

=

∫ µ

0
εn(nF (ε)− θ(µ− ε))dε+

∫ ∞
µ

εnnF (ε)dε

ù$y�+ZØÏÿbε→ µ− ε �ε→ µ+ ε, ÏÇ�U�¨ü��0

In = −
∫ µ

0

(µ− ε)n

eβε + 1
dε+

∫ ∞
0

(µ+ ε)n

eβε + 1
dε

àβµ� 1, (,�y�ï�
P��«ïýp�E
I�0�@å�ïå�,�y�

ï�
P¨0àw'�1d�e�ïî/�ppÏ��Ù7�
�Ñ<:

In =

∫ ∞
0

(µ+ ε)n − (µ− ε)n

eβε + 1
dε

��PùεU��

(µ+ ε)n − (µ− ε)n = 2nµn−1ε+ · · ·

è�0 ∫ ∞
0

ε

eβε + 1
dε = (kBT )2

∫ ∞
0

x

ex + 1
dx =

π2

12
(kBT )2

�/

In = 2nµn−1π
2

12
(kBT )2
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1d

N = N

(
µ

µ0

)3/2

+N
π2

8

(
µ0

µ

)1/2(kBT
µ0

)2

ã�

µ = µ0

(
1− π2

12

(
kBT

µ0

)2
)

{<�¡��0�

E =
3

5
Nµ0

(
1 +

5π2

8

(
kBT

µ0

)2
)

ù
�Bü��0í¹Ï

C ∼ T

Ñ^�í¹Ï�+1v<�5P!.�v<�!.`;ü0M�(N)��í¹Ï

�ËåT 3�Ä�Ø��FS)¦M0^8N�ö��5P�!.`;ü0M�@

å�Ñ^�í¹Ï�È	gT��0.

(�,Åµ��{<�»r�S�Åb, �ì�0

Φ(T, V, z) = −PV = −kBT
2V

λ3
f5/2(z) (4.5.38)

N(T, V, z) =
2V

λ3
f3/2(z) (4.5.39)

ÙÌfn(z)/æ�*ýp, �I:

fn(z) =
1

Γ(n)

∫ ∞
0

xn−1dx

z−1ex + 1
(4.5.40)

� 1
z−1ex+1

U�

1

z−1ex + 1
=
∞∑
m=1

(−1)m−1zme−mx (4.5.41)

ï��

fn(z) =

∞∑
m=1

(−1)m−1 z
m

mn
(4.5.42)

ù(4.5.40)�Bü, v�èï�, ï�

f ′n(z) =
1

z
fn−1(z) (4.5.43)

Sz:�'�<ö, ïäz = ey, v-y ≡ βµ. àP(ex−y + 1)−1Sx < y�y →∞ö�

�1, �Sx > y�y → ∞ö��0, àd, Sy → ∞ö, (ex−y + 1)−1/�*6Ãýp.
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4.5 �ó9s�S

S)¦��, Î�y�'ö, �ìïå(6Ãýp\:(ex−y + 1)−1�ö§Ñ<, (d

ú@
ZU�.

Γ(n)fn(y) =

∫ ∞
0

xn−1dx

ex−y + 1

=

∫ ∞
0

dxxn−1

[
θ(y − x) +

(
1

ex−y + 1
− θ(y − x)

)]
=
yn

n
+

∫ ∞
0

dxxn−1

(
1

ex−y + 1
− θ(y − x)

) (4.5.44)

°(¡�ï�

I ≡
∫ ∞

0
dxxn−1

[
1

ex−y + 1
− θ(y − x)

]
=

∫ y

0
dxxn−1

(
1

ex−y + 1
− 1

)
+

∫ ∞
y

xn−1

ex−y + 1

(,�*ï�-, äu = y − x, ,�*ï�-, äu = x− y, �0

I =

∫ 0

y
du

(y − u)n−1

1 + eu
+

∫ ∞
0

(y + u)n−1

1 + eu

(,�ï�-, 1�y � 1, ïäv��àw'

I =

∫ ∞
0

du
(y + u)n−1 − (y − u)n−1

1 + eu

=

∫ ∞
0

1

1 + eu
2
∞∑
j=0

Cn−1
2j+1y

n−1−(2j+1)u2j+1

°(¡� ∫ ∞
0

du
u2j+1

1 + eu
=

∫ ∞
0

due−uu2j+1
∞∑
m=0

(−1)me−mu

=
∞∑
m=0

(−1)m
∫ ∞

0
u2j+1e−(m+1)udu

= Γ(2j + 2)

∞∑
m=1

(−1)m+1

m2j+2

è�0
∞∑
m=1

(−1)m+1

ml
=
∞∑
m=1

1

ml
− 2

∞∑
m=1

1

(2m)l
=
(

1− 2−(l−1)
)
ζ(l)

�/, ��ï�

fn(y) =
yn

Γ(n+ 1)

1 +

∞∑
j=1

2Cn−1
2j−1ny

−2jΓ(2j)ζ(2j)

(
1− 1

22j−1

) (4.5.45)
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�v
/�*%<�U��, à:(Öy →∞öòÏ	�Ñ<, ýe�y/�pb

���y. ÔÆ���h�, (4.5.45)�ù�n = 1
2 ,

3
2 ,

5
2 , · · ·I/cn�, Ù/à:ý

e�ycÔ�cos((n− 1)π). Î�ù���z,

fn(z) ' z, z � 1 (4.5.46)

ù�'�z

fn '
(ln z)n

n!
, z � 1 (4.5.47)

fn(z)��,þa�þ@:.

9s�S��ý

E =
3

2
kBT

2V

λ3
f5/2(z)

=
3

2
NkBT

f5/2(z)

f3/2(z)

(4.5.48)

Büï�

CV
NkB

=
15

4

f5/2(z)

f3/2(z)
− 9

4

f3/2(z)

f1/2(z)
(4.5.49)

(N), ØÆ¦Ñ<�, )(Mb�l�, ÏÇ�U¡�, ïåB�

µ = εF

(
1− π2

12

(
kBT

εF

)2
)

(4.5.50)

E

N
=

3

5
εF

(
1 +

5π2

12

(
kBT

εF

)2
)

(4.5.51)

CV
NkB

=
π2

2

kBT

εF
(4.5.52)

v-εF = h2

2m

(
3n

8πV

)2/3
:9sý.

4.6 ���EEE���SSS���¶¶¶���¹¹¹���

�ì(¨ºÑìËPû�ß¡�ºö�v��*Í��P1/�ó�S. �ó�S

/�E�S(A���Åb���*�PÅb, �c��S��ê/Ñ<0&��

ó�S�Ä�v�K	@ûß�O». �Îß¡i��ºe¡�ÙÍO», Ð(å�

�ÑìËPû�ß¡�º1
L�, Å{Îú,�ûü�ºúÑe�Qûß�ø�

\(�qÍ. Ù��-�ì1e¨ºÙ*î�. Ù*î��E
/*A�
B�î

�, �ì�ÅÅ\�*�U�ËÍ, Ù¹b��v�ôý/ß¡i�-�M¿î�.
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4.6 �E�S�¶�¹�

4.6.1 iii���¹¹¹������MMM���UUU���

�ì�Q1N*U�P�P����S, �PKô�ø�\(1u (r)Ïð. ûß�È

Æ�Ï:

H =
1

2m

∑
i

p2
i +

1

2

∑
i,j

u (rij)

)(c�ûü, ûß�M�ýp:

Q (T, V,N) =
1

N !h2N

∫
drNdp exp [−βH]

=
1

N !λ3N

∫
drN exp

−β
2

∑
i,j

u (rij)

 (4.6.53)

=
1

N !λ3N
ZN (T, V ) (4.6.54)

v-λ =
(

h2

2πmkBT

)1/2
:íâ�. ZN (T, V )ð:M�ï�. BM�ýp�;�ð¾(

�¡�M�ýp. ÙÌËÍp��ÆâU�¹Õ. 1�I

ZN (T, V ) =

∫
drN exp

−β
2

∑
i,j

u (rij)


=

∫
drN

∏
ij<i

exp (−βuij) (4.6.55)

ÙÌuij ≡ u (rij). Sø�\(
X(ö, uij = 0, exp (−βuij) = 1, ZN (T, V ) = V N ,

Þ0��ó�S�Åb. àd, (�S�Æ¦
/*Ø, ø�\(
*Í�ö, ïå

(�ó�SDÑU�. ôÂ�óÕ/ùuijZU�, F/, (�Ñ�Ý»
, �PKô

	�:��¥¿, @åv
��. (:��¥¿�, exp (−βuij)→ 0, �Suij = 0ö,

exp (−βuij) = 1, ���Ifij = exp (−βuij) − 1, �Suij = 0ö, fij = 0, �ù�:

��¥¿, fij → −1. àd, ùfijU�/���. �ZN (T, V )(fijh:úe

ZN (T, V ) =

∫
drN

∏
ij<i

(1 + fij)

=

∫
drN

1 +
∑
i,j <i

fij + · · ·

 (4.6.56)

= V N

1 +
1

V 2

∑
i,j <i

∫
dridrjfij + · · ·

 (4.6.57)

= V N

(
1 +

N (N − 1)

2V

∫
drf + · · ·

)
(4.6.58)
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ä:

a2 = − 1

2λ3

∫
drf

�(4.6.56)�:

ZN (T, V ) = V N

(
1− N (N − 1)λ3

V
a2 + · · ·

)
ûß�ê1ý:

F = −kBT lnQ = F0 − kBT ln

(
1− N (N − 1)λ3

V
a2 + · · ·

)
' F0 + kBT

N2λ3

V
a2 (4.6.59)

�-F0/�ó�S�ê1ý. ù��*�ÂSû, a2ê/)¦�ýp. ù(4.6.59)B

ü, �0

P = −∂F
∂V

= −∂F0

∂V
+ kBT

N2λ3

V 2
a2 (4.6.60)

=
NkBT

V
+ kBT

N2λ3

V 2
a2 (4.6.61)

�/, B�i�¹�:

P =
NkBT

V

(
1 + a2λ

3n
)

v-n = N
V :�PpÆ¦. Ù�E
/�:(Æ¦U��M$y, �,�U��:

P =
NkBT

V

∞∑
l=1

al
(
λ3n

)l−1

v-alð:l6M�ûp.

4.6.2 ÒÒÒ³³³···-<<<¯̄̄¿¿¿���,,,���MMM���ûûûppp

Ò³·-<¯¿:

u (r) = 4ε

[(σ
r

)12
−
(σ
r

)6
]

v-ε, σ:$*Âp. ãe,�M�ûp�h¾�

a2 = − 1

2λ3

∫
dr (exp [−βu (r)]− 1)

= −2π

λ3

∫ ∞
0

r2dr

(
exp

[
−4βε

((σ
r

)12
−
(σ
r

)6
)]
− 1

)
(4.6.62)
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äx = r
σ , t = kBT

4ε , 
��:

a2 = −2πσ3

λ3

∞∫
0

x2dx

(
exp

[
−1

t

(
1

x12
− 1

x6

)]
− 1

)

= −2πσ3

λ3
L (t) (4.6.63)

L (t)��Zp<¡�Bú.

4.6.3 lll���¿¿¿���,,,���MMM���ûûûppp

l�¿��U��, �ö, l�ûß/²�i���*Í��!�. l�ûß�ø�

\(¿1��Ùú

u (r) =

 ∞, r < σ

0, r > σ

ÙÌσ/l��ô�. ãe,�M��l��

a2 =
2π

λ3

σ∫
0

r2dr =
2π

λ3

1

3
σ3 =

4ω

λ3

ω/l��Sï. Ù7, U�0,�M�ûp, l��S�i�¹��:

P

kBT
= n (1 + 4ωn)

�ISï�pφ = Nω
V = nω, �i�¹�_ïå�:

P

nkBT
= 1 + 4φ

s�l�Sû�i�¹�(Ç»àAtô	���v, îM�:¾ô, ��^8¾

n�Ó�/(Bãï�¹��ú@
, Ó�í�fêpaö�î�0�Carnahan–

Starlingl�
P

nkBT
=

1 + φ+ φ2 − φ3

(1− φ)3

Ù�l�(φ ≤ 0.49öÙú�Ó��Monte Carlo!ß�Ó�&��^8}.
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5 ������ÐÐÐ¨̈̈

5.1 ������ÐÐÐ¨̈̈

1828t�
if¶��()(Sö° ���ð>®\Âß±�-���ö��0

Ù���(²S-ZàÄÐ¨�(v��'¦80töôÌ���ºý�vÇÙ*î

��Fv¡	�ãÙ�°a�1905t�1à¯f(v
�ã��Ð¨�Åµ��(

�º
ã³���Ð¨î���t��«WS+¯ú_Ùú�{<��º�v��

�K�(
��b�hð���Ð¨��º�

�ì(ÙÌËÍ�K���º�1à¯f�ú�1�²S/1�PÄ���²

S��P8
\o�(Z@àÄ�íÐ¨����P(�*¹�ý×0²S�P�


­�û�1����PÔ����*¹��û�
sa1�üô���PZàÄ

Ð¨�¾���P�(Ï:m, ���P@×��:�(Xh:�����P�Ð¨

¹�:

m
d2x

dt2
= −αdx

dt
+X(t) (5.1.1)

¹�ó¹�,�y:;<�������P/�b��1Stoks¹�ïåB

�α = 6πηa, v-η:²S��Þûp�a:���P�J��:��UwÁ�ÙÌ

�Q�ôÅb�¨�0	ô/ô¥�S��X(t)/�*�:��v'��¹�G�

:9Ø�vsG<:0. �b�ì��0��:��;<ûpKôá³���¦_a

ö�Ù*¹�ð:�K�¹��

�H��v���P��¦��K�¹�ïå���¦�¹�

m
du

dt
+ αu = X(t)

�¦uïåãú

u(t) = u(0)e−
t
τ +

1

m
e−

t
τ

∫ t

0
e
t′

τ X(t′)dt′

�-τ = m
α . ��@(²S/4�v�Þûpη =, ���P�J�Ö:0.5µ, Æ¦Ö

:2, 1d�0τ =, Ù/�*���öô�(��
�Âßöô�,/ëÒ0Ò�
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Ï§�(Ù7�öô:¦
����P���¦�h
Í��Ù/à:
��,�

y�ë1pÏ00��(�K�¹Õ-��ì¾ó��*ø��Âaö�����

P�v¡�ûüsG<�1�

X(t) = 0

@å

u(t) = 0

�

u(t)2 = u(0)2e−2
t
τ +2u(0)e−

t
τ

1

m
e−

t
τ

∫ t

0
e
t′

τ X(t′)dt′+
1

m2
e−2

t
τ

∫ t

0
dt1

∫ t

0
dt2e

t1+t2
τ X(t1)X(t2)

è�0X(t) = 0, (�öôt� τö�,�y:0, 
��:

u(t)2 =
1

m2
e−2

t
τ

∫ t

0
dt1

∫ t

0
dt2e

t1+t2
τ X(t1)X(t2)

:�Û�e¡��Å{åSX(t1)X(t2), Ù/$*
�ö;��:��øssG�

���:�¡	öôsT�£H�St1 6= t2ö�Ù*sG<:0, �EÅµ���:

��sTöô/�PÐ¨�öô:¦�^8í�Ü��τ , @å(Âßöô�:¦


�ïå��/¬ösT��Î�ïå��

X(t1)X(t2) = Cδ(t1 − t2)

ÙÌC/�*8Ï��
ðÓ�ãe��0

u(t)2 =
1

m2
e−2

t
τ

∫ t

0
dt1

∫ t

0
dt2e

t1+t2
τ Cδ(t1 − t2)

ùt2 ï���0

u(t)2 =
C

m2
e−2

t
τ

∫ t

0
dt1e

2
t1
τ =

C

m2
τ

(
1− e−2

t
τ

)
Söô³�'ö�
�6[0

u2 =
Cτ

m2

	gýÏG����
��æ¹�I�kBT
m , �/

kBT

m
=

C

mα

C = αkBT

�/

u(t)2 =
kBT

m

(
1− e−2

t
τ

)
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�¦ùöô�ï�ÙúMû

x(t) =

∫ t

0
dtu(t)

ãeu(t)�h¾��ÏÇ¡���0

x(t) = τu(0)(1− e−
t
τ ) +

∫ t

0
dt′τ(1− e−

t′−t
τ )X(t′)

131


