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Chapter 1

������nnnØØØ——ÑÑÑ$$$yyy������������úúúªªª

X��nØÒ´Äu¢�½Æ�nØ§Ø�9�*Å�§X9åÆ"´�Ù,Ø�Ù¤±,

�‘c�Æ’"
��nØ�`:µgU!Ø´Ñ�¶

":µØU)º¢�½Æ��¿�Ñ#�ýó

�N�Ñ$5��k�@¤����nØ§y35{�QãÙ���(J"

�NÑ$5�Ì�dSÜ�6û½�

��Ñ$nØ�Ñu:µn�Ä�D�½ÆÚ9åÆ½Æµ

£1¤3�N¥§	\>|¬����>6£b����N?39²ï¤
3�>�N¥§>|Ï~v
�f§Ïd6Ú	|A÷vOhm’s ½Æ

j = σE = −σ∇ϕ (1.1)

Ù¥σ´>�Üþ">6´>³FÝ£>|rÝ¤��5�A"
£2¤ü��§ÝFÝ¬��96£Ã	>|Ú�Ý��¹¤
éu§ÝFÝ§Ó��kµé§Ý6Ä��A——96rÝ——�'uíÄå——§ÝF

Ý§FourierD9úªµ
jQ = −λ∇T (1.2)

ùpλ´9�XêÜþ"
£3¤�ÝØþ!¬��*Ñ"Ó�XJâf©ÙØþ!§�ÝFÝ¬����âf6Ä£�

�1�½Æ¤

jn = −D∇n (1.3)

Ù¥D´*ÑXêÜþ"
þ¡�n�½Æ¢�þ3b�µ6�rÝ�'u³�FÝ"

±þn�½ÆÑ´�5�A§3µþL§¥�5�A´'�Ð�Cq§��¢�(Jk�p°

Ý�ÎÜ"

Remark 1 µ£�t¤þ£SW¤L§£relaxation process¤µ3þ!�ð½�	Ü^���
e§�9åÆXÚé²ï��k l�§©fm��p�^¬¦��²ï�ªC"ù��L§¤

�µþ"du9åÆ´õëêXÚ§Ïdé²ï��±dØÓ/ª� l§�´�±©�üa§

�a´é©Ù� lµX�Ý©Ù lMaxwell©Ù�§ùa©Ù�±é¯�£E¶,�a´§÷
*þ©Ù�Øþ!£�3FÝ¤§ùa£E�'�ú§�ØÓëê�µþ�mØ¦�Ó"Ïd3

��ëê�Ú\þ�õ\üV"

~X3�¡·�¬w�§òµþ�m)º�âf�²þ-E�m´ØÜ·�"�,��nØ´

ØU�Ñ?Û|±½ö�é��)�"

¯¢þ§�σ, λ, D´	|�¼ê��ÿ£Ï~´3	|FÝé���ÿ§~X§Ý��mCz
C�é¯§X(fÑ��UL§Ò´��5L§¤§Ò¬ÑyE,���5�A"3¤kD�n
Ø¥Ñ´Xd——�kf|âU��5Cq"
3d�±£1.1¤!£1.2¤!£1.3¤�cJ?Ø¯K"
l²;Ôn��£��µ
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>|�¬����96£�N�>¬u9¤"

��§ÝFÝ�¬�)��>6£Ï�16f�¹>f¤£§�>¤

zÆ³��m©Ù��ÿ§�¬Ó��)>6Ú96"

ù`²ù
6��)Å�¿ØÕá"

�~Ñ$nØ���¤ÒÒ´�Ñù
6±9D�Xê�m�'X"

¯¢þ§lgd>fCq�(JÒ�±w�§ù
�D��'�XêÑk{ü�éX"

e¡ò|^9åÆ�Ñù
Xê�'X"

1.1 ÛÛÛÜÜÜ������)))ÇÇÇ§§§666ÚÚÚ°°°ÄÄÄååå

Äk½ÂA�Ïþ

96�Ý£9Ïþ¤µü �mÏLü �¡�96¥þjQ
aq��±½Â�ÏþjS§>Ïþ£>6�Ý¤j¶ÚâfÏþjn§ù
ÏþÑ´Å:½Â�"

¦�Ñ´¥þ"

e¡�Ä��3>|e�ý¢�NµSÜQk96qk>6"

�â9åÆ1�½Æ§éu�_L§£ùpb�
ÛÜ�_¤ATk

δQ ≡ TdS

Ïd6�ÝkXe'Xµ

jQ = T jS (1.4)

>6�âf6�'X´w,¤á�

j = −ejn (1.5)

XJ�Ñ/C£é�NdV = 0´'�Ð�Cq¤§@o�ke¡�'X

TdS = dE − µdN

⇒ T jS = jE − µjn (1.6)

�d�k5���ê§n��§§���I�ü��§òÙ(½"
,	§âf�ÝÚ6AT÷vëY5�§£âfêÅð¤

∂n

∂t
+ div jn = 0 (1.7)

,��aq�éUþ�ÝwÚU6jE£õU�n¤

∂w

∂t
+ div jE = E · j (1.8)

aq���ÝÚ�6
∂s

∂t
+ div jS = ṡ (1.9)

Ù¥m¡´ÛÜ��)"

|^c¡�'X§ṡ�

ṡ =
1
T

(
∂w

∂t
− µ

∂n

∂t

)
+

div jQ
T

=
1
T

(
E · j− div jE + µdiv jn + div jQ − jQ · ∇T

T

)
=

1
T

((
E+

∇µ

e

)
· j− ∇T

T
· jQ

)
(1.10)

≡ 1
T

(Xe · j−XQ · jQ) (1.11)
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6c¡¦�ÏfÒ¡�6�°Äå£driving force¤§ù��{éÜn§XJü>é�½NÈÚ�
mÈ©§�§�¡Ò´9þ�)§m¡Ò´Tå�^e���oõ"

XJØ
>6Ú96±	�kÙ¦66²XÚ§�A�°Ä6§°Äå���)�'X½Â�

ṡ =
1
T

∑
i

Xi · ji (1.12)

ù�½Æwþ�'��*§3�½§Ýe§ÛÜ�°Äå�õÑ=z�9þ"½ö`9�)Ç�

u°Äåé6�õ"

úª£1.10¤`²
§>6�°ÄåØ==´>|E§´|ÜE+∇µ
e §XJ>|´KI³F

Ý§@o

Xe = −∇
(
ϕ− µ

e

)
(1.13)

=§°ÄåØ=´·>³�FÝ§´·>zÆ³�FÝ"�é{`§°Ä>6�åØ
·>å

�k§ÝFÝÚ�ÝFÝ"

Ó�§96�°ÄåØ´−∇T§´

XQ = −∇T

T
(1.14)

1.2 Onsager '''XXX

3¢Sá�¥§ý�õê��NÑ$y�¥§6�'u°Äå£Ï�6´dA�°Äå°Ä¤

�§���N�vk��É5��)Vò��A�/Ú¤

ji =
∑

j

LijXj (1.15)

�âØ�_9åÆ§�5Cqe÷vXe�´'X

Lαβ
ij = Lβα

ij (1.16)

ù�'X´‘á��*��m�üØC5’£½ö`�3Û�²ï��35¤���(Ø"ù�(Ø
�y²¿Ø��"

�±n)¤3��Ø�_üzL§¥§XJz����mSÑ´�_�@oÒkù�'X¤á

ù�'X¢Sþ´`µXJ3NX¥Ó�kA�6�3§¿�pK�§@oja6�°Ä
åXaéjb6�K�TÐ�ujb6°ÄåXbéja6�K�"
k:�´�^å���^å�'X"

ù´��éØw,¿�'�r��'X§�kÖòÙ¡�9åÆ1o½Æ

Onsager �Ïdó���1968 c�Noble Prize"
'uù�'X�y²�±ë�Reichl½öPathria�ÚOÔnÖ"
~µXJ=k9FÝÚ>|�3§@o��Ä>6Ú96

j = L11

(
E+

∇µ

e

)
+ L12

(
−∇T

T

)
(1.17)

jQ = L21

(
E+

∇µ

e

)
+ L22

(
−∇T

T

)
(1.18)

⇒ L12 = L21 (1.19)

ÏLOnsager�´'X��±������{ü�(Øµ9�Ú>�XêÑ7L´é¡Ü
þ"

,	�â9åÆ1�½Æ§L7L´�½�§±(�L§�Ø�_5"
�dØ�_9åÆ���'XÚ(Ø®²�Ñ
"
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Chapter 2

gggddd>>>fff���...VVVããã

e¡ÏLÚOåÆ��{�Ñ��Xê���"

ÚOåÆ�?ÖÒ´�½Â�²þ��î���{§ÏLù«�{l�*£ãLÞ�÷*£

ã§lïá�*åÆ�÷*9åÆ�m�éX"

3ÚO�c7Lïá���*Å�——(½ïÄé�
�NnØïÄé�Ä�þ�±©¤¬�£ÄåÆ¤Ú>füÜ©"

cöÌ�ïÄÔ�(�9Ùé¡5Ú¬��Ä"

�ö��þïÄ>f3E,±Ï5³|Ú	|¥�$Ä"ù����"

2.1 gggddd>>>fffCCCqqq

b�ë��>��k>f§@oAT�õ>fNXïá�.

1��{zµrõN¯K=z�üN"

ü>fCqµb�Ù¦>fÚ¬��K�w�´¤ïÄ>f±��k��	|"�Ò´`�´

òõN¯K{z¤üN¯KïÄ§ù«ïÄwqo÷�Q��
é�¤õ§ü>fCqU)û�

¯K´éõ�§XJ3,«	|e§>fé	|��A´����ÿ§ü>fCq´�~Ð�C

q"¯¢þ�N�ý�Ü©nØÑïá3ü>fCqþ"

ü>fCq´á§�p�^���éÐCq"

�Ù`ü>fCq´,�äNCq§ØX`´3?n�p�^�ÿ��«Ãã——b�>f3
��ØÄ��µ|e$Ä£aqBOCq¤"
ü>fCq�¢�µb�>f��µ��^<<�µ���.5——õNÚá§�p�^'�

Ün"

X^ü>fCq?n>fó�ÒØÐ§?n�§åÒØÐ"�k3ý��9õN¯K��ÿü

>fCqâ¬��"'X�C£á§�^C�§�^¤§2'XO�N�>f�Ä�ó�NX¯
K��"

3ü>fCq�Ä:�þ§��1��{z

gd>fCqµb�7á¥ë�D��>fÑ´gd>f——Ã�p�^¿�Ø�¬�³|å
P"

ù´��9Ù Û�Cq§`§ Û´Ï���wþ�ÒØ�(��.�ªØ,�Ñ
Nõ�

(�(Ø§ù´-<¤)�"Ï�{ü��ÒU
��µ

¿§e>f�²þ9Å�µλ = 40 A
7á¥�²þâfmåµd < 1 A£^Y��Ý�O¤
¥Õ�p�^rÝµ2.304 × 10−8N = 1011 eV /m§XJ¦±�fºÝ§ù�Uþ��

´10 eV§ù�r
"
ù��NXNoUb�´gd�Qº

£1¤¥Õ�p�^µXJb�lf¢Ú>f´·3�å��lfN)§¦��mk¥Ô�p
�^§��N¥>¥5"3b�e)��>f3±��¸¥�·>³�§

∇2ϕ = −ρ (r)
ε0

(2.1)
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|^�N¥5^�§±9²þ|Cq�þ!5^���±)Ñ

ϕ ∝ e−
r

r0

r
(2.2)

ù´Í¶�Debye¶-�A§=ü�>f±����>³©Ùª)A³§ù��´¥Ô¶-�(
J"lù��Ýw§>f�¬�±9>f�m�¥Õ�^(¢�±w�´�k�Ã�"

£2¤>fUgd$Ä£Ð�Ø�Ñ�¤��Ïd�5�U�nØ)º——Ò´`>f´3�
�±Ï5³|¥$ÄÒ¬kU�(�§�÷�£��¤þ�>f�±gd£Ä§A�Ø�lf¢

u)²;Ñ�§Ù¢ù��´�«þf�A"

gd>fCq�¢�µBloch>fÚ¥Ô¶-"lùü:wgd>fCq(¢r��(�&E
Jõ
Ñ5"

gd>f�.{¤µ
1897 J.J. Thomson uy>f��êþÒkD�>f£conducting electron¤�Vgµ>f37á¥gd£Ä
19V" BoltzmanuÐ
²;ÚOåÆ§
1900 P. Drude£�°A¤Äu²;ÚO�Ñ>fíN��@ÄåÆ£ã£Drude�.¤
1905 H.A.LorentzuÐ¿�õDrude��.£Lorentz-Drude�.¤
1926 Fermi-DiracÚO
1928 A.Sommerfeld ÄuFDÚO�Ñ
�@#�þfÚO£ã

2.2 Drude-Lorentz���...

ù´²;gd>f�.µb�7á¥�>f´Ã�p�^�²;âf"^BoltzmannÚO��{
?n

3{ü7á�DÑ£ãþ§Drude²;�.ÚSomerfeldþfåÆ�.ùü«gd>f�.Q²
3)º{ü7á�>Ú�9nØ¥��L���¤Ò"

£1¤>�§9�§§�>§>6^�A£Hall�A¤�¯K�)º
£2¤£Great triumph¤9�!>��m�éX——Wiedmann-Franz½Æ£Ø���ëê¤

λ

σ
=

3
2

(
k

e

)2

T (2.3)

ù´���±���y�½Æ§@Ï�¢���ÎÜ�éÐ"�5uy§�k3$§ÎÜ�'�

Ð§3���S§¿vkd�5'X"

(Jµ

£1¤>fé9N�z3Drude�.eAT�¬��Ä´Ó�þ?�§�¢Sþ>fé9Nv
k�o�z§²;nØ)º�>fvk9$Ä"£�FDÚOU�¤
£2¤�ÏØU)º>fäké��gd§£Uì²;©Û§>f�gd§�uAz��fm

å¤"£U�Ø?�¤

£3¤Ù¦(J£��ëê¤µDrudenØkü�Ä�ëêµë�Ñ$�>f�ÝneÚµ

þ�mτ§ùü�ëêÑ´���§§��ÏLÙ¦�{ÿ½"éuIA7á£Li...¤ÚB7
áIB£Cu,Ag,Au¤,b�z��f=�z��gd>f´Ün�§ddb�?1�¢��nØ
éne�ýóÎÜ�éÐ"�´õd�f——cÙ´LÞ7áÚDè7á½ö´��N§ù«©Û
�{��
¿Â

XJ`ne�k"k��nØ£ã�{§@oXJØ��-E�Å�§µþ�mτ´��ØUn
Ø£ã�"τ3£ã>{�§ÝCzþ´Ä��§�´�«Å�%ØU
�Ñ>{�§ÝCz�
E,L§——X3$§>{�§ÝÃ'§3¿§>{�§Ý�5O\§3¥mL§¬k��T 5�

Cz5Æ"

o�§�3vk�*Å����ëê¦�nØØ��"

2.3 Sommerfeld���...999ÙÙÙØØØvvv

SommerfeldéDrude�.?1
ü�¡�U�
£1¤7L�Ä>f�þf��µ�)>f$Ä�£ãAT^þfåÆ§±9>fAT÷

vFDÚO"
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£2¤>f�lf¢§>f>f��p�^I��°(�£ã
cöÄ�)û
>f9NùaÄ�gñ§¿Ó�ÎÜ��½Æ§cÙ´Ó��Ñ
9�Ú>�

�m�'X

λ

σ
=

π2

3

(
k

e

)2

T (2.4)

Wiedmann-Franz½Æk�g���§ØLXêC
"ù�½Æ�Xê3,
�¹e�¢����
¬Ü"

�ö�
��ëêτ���*Å�§òµþ�mτÚÑ�o�¡ïá
��{üéX"
ÏLùü�¡�?�§gd>f�.®²�±������¿�����(�

(Jµ£1¤�.�ýó=é{ü7áÎÜ�'�Ð
£2¤d�.�Ñ�DOS�¢S��ÐA�êþ?"
£3¤�Ñ�>�Ú9��§ÝCz5Æ=3��ã§Ý«mþ¤á"£ã!úª¤
ù
(J¢Sþ��´Drude�.�1��(J§T(J��5��NU�nØ)û——>f

ØUw¤´gd>f§´Bloch>f——3±Ï5³|¥�>f§u´3$ÄL§¥§�3�5
Ñ�§>(Ñ�§((Ñ�"
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Chapter 3

Boltzmann���§§§

·��?n�é�µë��ND��âf——Ì��)>fÚ�
Oâf§X(f"
·�Ï"�Ñaqî0½Æ�÷*DÑ½Æ"

��°(�D�nØI�?nõN¯K§cÙ3�kS�XÚ¥§ù��´�©7��"

,3�NÔn¥§·�~~?n²þgd§��ude BroglieÅ��>f§Ïd3==?Ø
D�>f��ÿ§@
>f�±O²;��Ä——z�>f�$Ä�§Ñ®�"Ïd�>f¬�
�p�^£>fÚ¬��Ä§�,��p�^¤�'§>f�m��p�^�±�ÑØO"Ï

d§�ü>fCq´�±�"

·�Äk��^ÚO�{5?n�²ï�¯K"

3.1 ïïïááá���§§§���ccc

ù�!!!XÛÜn�£ã7á¥?3�²ï��âf"

ÚOåÆ�?ÖÒ´�½Â�²þ��î���{§ÏLù«�{l�*£ãLÞ�÷*£

ã§lïá�*åÆ�÷*9åÆ�m�éX"

ÚOÔn�Ø%¯K——¼�G��m�Ý©Ùρ——k
§Ò�±é�Ü��mÈ©��Ô
nþ²þ�"

·�£ãN�âf�G�No£ãº
XJ´÷v²;$Ä�§�²;âf§^6N���m£ã(q1, q2, . . . qN ; p1, p2, . . . pN ; t)§Ø�

ÄÙ¥��p�^§Kpi, qi÷v�K�§

q̇i =
∂H

∂pi
, ṗi = −∂H

∂qi
(3.1)

ÚOåÆ�Ä�b�µ�AÇb�——���áXÚ3Uþ¡þ��*�äk�Ó�VÇ"
éu��áXAÇ�,ØÓ§ÏdÚ\���Uþk'��¼êρ (qν , pν)§L«��÷*X

Ú����m:(qν , pν)�VÇ�Ý
£½ö÷*NX3��m:(qν , pν)��Ý——�8�z——ρ (qν , pν) dqνdpνÒL«,��NÈ

�S�XÚê——ù�ê�'u��÷*NX3T:NCNÈ�S��*G�ê¤"
éu��KXn§�áX§ù��Ý´��~êρ = 1/Ω£½öØ8�zρ (qν , pν) = c¤"é

u�KXn§NXØ�á§��ul���XÚ¥�Ñ���XÚ5ïÄ§��m�Ý�8�

zBoltzmannÏf

ρ (qν , pν) =
e−βE(qν ,pν)∫

ρ (qν , pν) dqνdpν
(3.2)

?n�Óâf�Cqµ

£1¤²ï��þfNXAT^k�mâfê�Ý£ã"�þ¡�'§é©á�k�¦Ú��u
é�dpÈ©"

f (k) =
1

e
εk−µ

kT ± 1
(3.3)
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£2¤XJ?n²;�p�^�r�âf3p§$�e�5�"K�±^Xe�ÝCq

ρ (k) =
e−βEk∑
k e−βEk

(3.4)

£3¤3?n-u��Óâf��ÿ§��±ù��£²;Cgd¤

f (p, r) =
1

e
ε(p,r)−µ

kT ± 1
(3.5)

ù��´pªCq——âf���$Ä´C²;�§�±^²;�M�îþ�OUÌ"�k��
þCq'��C——�öb�7á¥�16âfÑ´UìÚî$Ä�§�A	|�^"
£ã7á¥�âfµæ^�´þf6Nb�"

=b�7á¥�>f½ö(fÑ´ëYN§¿��¤ëYN��*âf�±w¤´÷v�½�

�é¡5�âf"

~X§ò>f½ö(f^����mâfê�Ýf (k, r)5£ã"
XJk�m´²��§@où���m�ÝÒC¤�m�Ý§Ò£�
6NåÆ"
b�k�m�k�½�©Ù§'X`÷vFermiÚO©Ùa.§½ö�k �——3	|Ø´�

r��¹e§ù�£ão´Ün�"

~X£ãFermif6N�§��~����m©Ù´

f (k, r) =
1

e(εk−µ(r))/kT (r) + 1
(3.6)

d?�Cq���©µ

Äk§§¿vk�9åÆ4�Cq§εk¤ëYÌ."

Ùg§�vk�²;Cq——E÷vþfÚO"
¢Sþ§ù�£ã¤��Cq´òõ>fXÚ3��	|�µe�E,$Ä^ü�9åÆþ�

�m�Cz5�O"Ïdwþ�¿vk��oCq§�¢Sþ§æ^��m£ãÒ´�«�²;

Cq§^ëY	|Cq�´g,�"

�k<ù�µdù�Cqµ3�²ïG�e§NX�9åÆþ´��mÚ�müz�§d�®

²ØUéNX�©Ùk���N�£ã§Ïdk7�Ú\��Å:�£ãµb�,�ºÝeäk

ÚOê8�âf§3ù�[�*ºÝe§NX�±Cq�w¤´²ï�§�´÷*�Nþ�l²

ï"

lù�:þw§ù�£ãæ^�Cqq�´f|Cq^�"

39²ïG�e§>fdFDÚO£ã§(fdBEÚO£ã"3�²;Cqe§�²ï��±
d�²ï©Ù¼ê£ã§·�k�Ñû½�²ï©Ù��§Boltzmann�§§,��Cq?1¦
)"

�Xþ¡J��——ÚO�Ø%¯KÒ´¦��m��Ý©Ù"
ÏdBoltzman�§Ò´Áãïá���Ý©Ù÷v��§"

3.2 ���²²²ïïï©©©ÙÙÙ¼¼¼êêê

�Ä����m:(r,k)§ù�:L«,��I:r?�>f?uÅ¥£Äþ¤k§£²ï�>f©
Ù�±dFD©Ù¼ê£ã

f0 (k) =
1

e(εk−µ)/kT + 1
(3.7)

L«?3��m?3þf�k�âfê�Ý¤§@o�²ï��mâfê�Ý©Ù�±���
¤f (k, r,t)§Ø�½´Fermi.§Ï�k�U	|¬E¤©Ù¼ê���CÄ"

Remark 2 ù�Cq�Ün5µÏ�²ï�e§3NÈV,k → k + dkS�>fê�£ù�Ú�

9åÆ4�Cq§!K
�p�^[!Ú>.&E¤

dN (k) = 2V f0 (k)
dk

(2π)3
(3.8)
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ÛÜ�w§3�NÈ�r → r + dr,k → k + dkS�>fê�

dN (k, r,t) = 2f (k, r,t)
dkdr

(2π)3
(3.9)

Ônþ�ÚO²þ�

〈Q〉 = 2
∫

Q (k, r) f (k, r,t)
dkdr

(2π)3
(3.10)

5¿�ù��Ò´6NåÆ��{ÿÐ���m"

Ônþ��m�©Ù§X>6�Ý©Ù

j (r, t) = −2e

∫
vkf (k, r)

dk

(2π)3

96�Ý

jQ (r, t) = 2
∫

(εk − µ)vkf (k, r)
dk

(2π)3

XJ>fÓâõ�U�§KØÓU��>fAT©m�Ä"��Ä��mNÈ�¥�nU�>
fê©ÙdNn (k, r,t)§@où�U��©Ù¼ê�

dNn (k, r,t) = 2fn (k, r,t)
dkdr

(2π)3
(3.11)

du÷�>fØ16§¤±ùp¡=�ÄØ÷�U�"3±e�?n¥§·�b��k��U

�§u´�ÑKU��I"ü�U�é6��z´�\�§Ïd�±g,�í2�õU�"

éuNÈ� dkdr
(2π)3

Sg^�þ�eê8Ø���¹§AT©O�	§d�§g^σ���m�Ý

©ÙÚâfê�'Xª

dNσ (k, r,t) = fσ (k, r,t)
dkdr

(2π)3
(3.12)

e¡?Ø�Ñ�g^�IØ�3?Øg^�Ì��p�^��ÿ2�?5"

(f�±�Ó��?Ø§ØL(f´Bosons§¿�OâfzÆ³�"§Ïd(f6N�‘��
m’£ã´

dNλ (k, r,t) = gλ (r,q, t)
dqdr

(2π)3
(3.13)

9²ï(f©Ù

g0
λ (q) =

1
e~ωλ(q)/kT − 1

(3.14)

éuÛ�²ï(f©Ù�

g0
λ (r,q, t) =

1
e~ωλ(q)/kT (r) − 1

(3.15)

½ö����¤gλ (r,q, t)
�¤þf6N�Ð?´w´��——¦·�k��Ñu:5ïÄ	|�^e�5�©E,�

�^"

3.3 >>>fff���Boltzmann���§§§

XJvk-Eu)§XÚ3��m¥$Ä�

r′ = r + ṙdt;k′ = k + k̇dt (3.16)

��ÿ¬�±âfêÅð£XÚêÅð§ù�'X��Ø²w¤

f (k, r,t) drdk = f
(
k + k̇dt, r + ṙdt,t + dt

)
dr′dk′ (3.17)

�âLiouville½ndrdk = dr′dk′§��mNÈ3$Ä¥�±ØC"Ïd

f (k, r,t) = f
(
k + k̇dt, r + ṙdt,t + dt

)
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Remark 3 Liouville½nµ3�KC�e§��mNÈ�ØC§cÙ´3$Ä£´�«�KC
�——����^þ�nØC�C�¤e§��mNÈ�ØC",�«Lã´µ3�KC�e§
��m�ÝÅð"n)ùü�½nµ£1¤��mÒ�´Ø�Ø 6N§oNÈ3$ÄeØC"
£2¤3�K$Äe§��m´Ã�"

éu���m�§Ðm��5�

∂f

∂k
· k̇dt +

∂f

∂r
· ṙdt +

∂f

∂t
dt = 0

∇kf · k̇ +∇f · ṙ +
∂f

∂t
= 0 (3.18)

ù¢SþÒ´��m�ëY5�§"½öòù��§��

df

dt
≡ ∂f

∂t
+∇kf · k̇ +∇f · ṙ = 0 (3.19)

ù¢SþÒ´��m�ÝÅð——Liouville½n�,�«Lã"�é{——�K$Äe���m
�Ý�Cz5Æ´²;åÆ�Liouville½n�y"
éu�∂f/∂t = 0

∇kf · k̇ +∇f · ṙ = 0 (3.20)

ùü�©O´Field induced motion(
∂f

∂t

)
field

≡ ∇kf · k̇ (3.21)

ù��d	|û½§Ï�3�²;Cqe£d?�
k��þCqµb�3	|e§�?�$Ä

�ª´C²;�¤

~k̇ = F = −e (E + vk ×B) (3.22)

*Ñ� (
∂f

∂t

)
diff

≡ ∇f · ṙ (3.23)

Ï�

ṙ = vk =
1
~

∂εk

∂k
(3.24)

ù��dU�(�û½"

,��¡§�-Eu)3�mãdtS§�
âf¬�Ñ�Ñ��m§,�
�Ñ�?5"u´

f (k, r,t) +
(

∂f

∂t

)
col

dt = f
(
k + k̇dt, r + ṙdt,t + dt

)
(3.25)

Ïd��üâf��mâfê�Ý��müz��§

∂f

∂t
+∇kf · k̇ +∇f · ṙ =

(
∂f

∂t

)
col

(3.26)

ùÒ´Boltzmann�§"
�§�>´��m�Ý��~üz§m>´Cz"

ù��§�Ñ��´Ã\�§¿vk�ÑäN/ª§���§�kA��£ØÓu6N�¤

&E¢SþÑ�¹3ù�þ"

éu�∂f/∂t = 0£¢�ÿþ��Ñ´�§ÏdüÕ?Øù«�¹´k¢S¿Â�¤§©
Ù¼êdXe�§û½

1
~
∇f · ∂εk

∂k
− e

~
(E + vk ×B)∇kf · k̇ =

(
∂f

∂t

)
col

(3.27)
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e¡?�Ú�CqµXJ©Ù¼êf�/ª��� l²ï�©Ù/ªf0§K�±Cq�òØ²ï

©ÙCq��¤ü�£©Ùé�k©Ù� l´,	�«µþL§�c¡?Ø�Ø´��¯K¤

f = f0 + f1

ùÒ´Boltzmann�§��5Cq§dCqe§�§C�

1
~
∇f0 ·

∂εk

∂k
− e

~
(E + vk ×B)∇kf0 · k̇ =

(
∂f

∂t

)
col

− 1
~
∇f1 ·

∂εk

∂k
+

e

~
(E + vk ×B)∇kf1 · k̇ (3.28)

�§��>�±��5Cq§Ðm¤

∇f0 · vk −
e

~
(E + vk ×B) · ∇kf0=−

(
−∂f0

∂εk

)
vk ·

[
−e

(
E +

∇µ

e

)
− εk − µ

T
∇T

]
(3.29)

��§w¹^|�@�����
"����´v§ù�v��,�	|k'"ù�ß�L²

^|��^µ��Ä>f�$Ä��ÿ§ØUò^|w¤´��f|�6?1�5z?n"ù�

>|��¹k¤ØÓµ���¹e§·���	>|��5�A"duf1�'u	|§u´�ª

£3.28¤m>�'uE�@���±�Ñ"u´>f�Boltzmann�§

−
(
−∂f0

∂εk

)
vk ·

[
−e

(
E +

∇µ

e

)
− εk − µ

T
∇T

]
=

(
∂f

∂t

)
col

− 1
~
∇f1 ·

∂εk

∂k
+

e

~
(vk ×B)∇kf1 · k̇

(3.30)
��5`·�ïÄ�´3þ!	|e§§ÝFÝ´~ê§¿�©Ù��Ä´Å¥ÚUþ�¼

ê"

3.4 >>>fffÑÑÑ������——fff555¬¬¬���999"""���ÑÑÑ���

�d·�¿vk�	-E�ATN�L�§lù�!m©·�8¥�ïÄØÓ�Ñ�L§éA�

-E�TN��Ñ"Ì�©�f5¬�Ñ�Ú�5¬�Ñ�"

3��f5¬��µe§-E�5g>f�Ù¦>fÑ�±9�¬�"�Ñ�"

b��"�£,�¤Ñ��Ý
�®�§@o-EÈ©�±{ü��Ñ"

·�IP3k��>f3dt�m�Ñ��k′±�dk′NÈ�S�AÇ�£�[AÇ¤

Wkk′
dk′dt

(2π)3
(3.31)

du������AÇ�Ý´

1− f (k′) (3.32)

�k��Ñy´±���¼êf (k)IP�§u´Ñ�Ñ��AÇ´(
∂f

∂t

)
out

= f (k)
∫

Wkk′ (1− f (k′))
dk′

(2π)3
(3.33)

Ð©k�´Óâ�§"�´�Ñ�Ñ��AÇ�ÝCzÇ"£ü��ÅCþ�éÜVÇ�ÝòÙ¥
��VÇTraceKÒ´,���VÇ�Ý©Ù¤
Ñ���"��Óâ�Ñ��(

∂f

∂t

)
in

= (1− f (k))
∫

Wkk′f (k′)
dk′

(2π)3
(3.34)

du3Ñ��L§¥g^Åð§vkég^�¦Ú§u´o�-E�z´(
∂f

∂t

)
col

=
∫

((1− f (k))Wkk′f (k′)− f (k) Wkk′ (1− f (k′)))
dk′

(2π)3
(3.35)

rù��?Boltzmann�§§Ò�����©È©�§"��XJ��Ä>f�m£½>fÚ,
�¤�Ñ�£>f¬��^®²�U�Ø)û
¤§@oïÄÑ�Ý
�Ò�±�Ñ��äN�

©Ù÷v��§
"

�d·�uy§ªuò¦)�²ï©Ù�¯K3�KþC¤¦)Ñ�L§�¯K
"
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3.5 (((fffÑÑÑ������999ÙÙÙBoltzmann���§§§

(f�¯K��E,§Ï�(fâfêØÅð§¿�(f´Bosef§ù¦��Óâf�A¬¦(
fk�páÚ���"

cJµ6Ä��mÚ�mCz�é�ú£¬��$U-u¤§(f��±æ^�²;C

q?n——�±�£ã>f��§Ú\��mâfê�Ý©Ù¼ê"XJØn¬Ø>�A
£Piezoelectric effect§´>^|¦���É5�4z��§'X3��á���ÿ§4á�
3�Nþk�> Øþ�Ò¬�)ù«�A¤§	Ü>^|Ø�(f�p�^",��3§

ÝFÝ��ÿ§(f©Ù�²ï��»§§�U196�9"u´éu ���λ�©Ù¼ê
�Boltzmann�§�

∂gλ (r,q, t)
∂t

+ cλ (q) · ∂gλ (r,q, t)
∂r

=
(

∂g

∂t

)
col

(3.36)

Ù¥cλ (q)´ �λ�(f�+�Ý"�±dÚÑ'X�Ñ

cλ (q) =
∂ωλ (q)

∂q
(3.37)

éu�£stationary state¤§

cλ (q) · ∂gλ (r,q, t)
∂r

=
(

∂g

∂t

)
col

b�©Ù��mCz´d§ÝFÝE¤�K

cλ (q) · ∇T
∂gλ (r,q, t)

∂T
=

(
∂g

∂t

)
col

(3.38)

3ïÄ(f���L§¥§Ù�)�«AT�ÄÙ¥"�
{ü·�=�Än(fL§§�Ñ

£umklapp¤UL§£�=Ñ�§�_Ñ�¤"

Remark 4 ¬��Ä©�ü�L§§�«¡�NL§§,�«¤�UL§"3é�9��z
þ§NL§�´UCØÓ(fÄþ���§ØUCDÂ��§UL§q¡��_L§§QUC�
�qUC��"UL§�L�´��5Ñ��L§§��k�ÄUL§âUé9{k��Ün�)
º"�´UL§��)q´Xþf£ÅÄ¤1��Ny§d�^��m�Ý5£ãNXq�k:
jþ"

^Wqq′L«��(fqPC�q′Úq′′ = q− q′��[AÇ"
Ó��ü�(fq′Úq′′ = q− q′Ü¿¤��(fqAäkÓ���[AÇ
1��L§¦q(O\§1��L§¦�~�§u´ùü�L§Ñé-E�k�z"
�
L�Ñ¢S��z§7Léq′¦Ú"
du(f�Bose��§�)��(fqØ7�¦�5����§��)�AÇ¬�X®kâ

fêO\——Ï�É-Ë�§Ïd¬�Ñ��Ïf1 + gλ (q)
ò¤ko�L§�Ä3S(

∂gλ

∂t

)
col

=
∫

dq′

(2π)3

{[
1
2
Wqq′gλ′ (q′) gλ′′ (q− q′) (1 + gλ (q))

−gλ (q) (1 + gλ′ (q′)) (1 + gλ′′ (q− q′))]
+ Wq′q [gλ′ (q′) (1 + gλ′′ (q− q′)) (1 + gλ (q))
−gλ (q) gλ′′ (q− q′) (1 + gλ′ (q′))]} (3.39)

1��c¡�Ïf1/2´du(f�Ø�©E5E¤�"duq′ → q − q′´���§Ïdq′�È©
�
"

ùo«L§�ã)Xe
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3.6 >>>(((ÑÑÑ������???nnn——(((fff������555¬¬¬���

du>f(f�m�3�p�^£>fé�5¬��-E¤§·�Äk5wÑ�L§é>f��

z

Boltzmann�§�-E�¥�>f©¤4��z"
k′ = k + q>fu���(fq�?\�5���k�¶
k′ = k + q>fáÂ��(f−q�?\�5���k�¶
ùü�L§Ñ´inL§
k>fu���(f−q�C¤k′�
k>fáÂ��(fq�C¤k′�
ùü�L§Ñ´outL§
±1o�L§�~§�[Ý
�´

Wk,q,λ;k′ =
2π

~
|〈k′, nλ (q)− 1 |Hel-ph|k, nλ (q)〉|2 δ (εk + ~ωλ (q) + εk′) δk+q,k′ (3.40)

ù�Ñ�´k>fáÂ�� ��λ�(fq�C¤k′"Ù¦A�L§�Ý
�Ñkaq�/ª"
du>(�^u���(fÚáÂ��(f�Ý
�´�Ó�§Ïd§Ø�UÄþÅð�§¤k

L§Ñ�'u

Ik,q,λ =
2π

~
|〈k′ = k + q, nλ (q)− 1 |Hel-ph|k, nλ (q)〉|2 (3.41)

=
2π

~
|〈k′ = k− q, nλ (q) + 1 |Hel-ph|k, nλ (q)〉| (3.42)

w,§éuù
L§§>f3Ð©G�7L´Óâ�§�Ñ�����Ð©�7L��¶,�

�¡§(fáÂL§�Ð©�7L´Óâ�§É-u�¬����(1 + g)�ÏfÑy§u´·�
r��Ñ�(J�g�\�(

∂f

∂t

)
col

=
∑
k′q,λ

{Wk′;k,λ,qf (k′) (1− f (k)) (1 + gλ (q))

+ Wk′,λ,−q;kf (k′) gλ (−q) (1− f (k))
+ Wk;k′λ,−q,f (k) (1− f (k′)) (1 + gλ (−q)) (3.43)
+Wk,λ,q;k′f (k) (1− f (k′)) gλ (q)}

Ó��L§éu(f�Boltzmann�§�k�z§Ï�3áÂÚu�(f�L§¥§(f�ê8
UC
 (

∂gλ

∂t

)
col

=
∑
kk′

{Wk′;k,λ,qf (k′) (1− f (k)) (1 + gλ (q))

+Wk,λ,q;k′f (k) (1− f (k′)) gλ (q)} (3.44)

!

�
U
þz>(Ñ�3D�¥¤�ü��Ú§k7�¦)>fÚ(f©Ù¼ê�Boltzmann�
§|"

39²ïe§inL§ÚoutL§�-�K
§Ï��âUþÅð

εk+q = ~ωλ (q) + εk (3.45)

�±í�Xeúª

1
z−1e−βεk+q + 1

(
1− 1

z−1e−βεk + 1

) (
1 +

1
e−β~ωλ(q) − 1

)
=

z−1e−βεke−β~ωλ(q)

(z−1e−βεk+q + 1) (z−1e−βεk + 1)
(
e−β~ωλ(q) − 1

)
=

z−1e−βεk+q

(z−1e−βεk+q + 1) (z−1e−βεk + 1)
(
e−β~ωλ(q) − 1

)
⇒ f0 (εk+q) (1− f0 (εk)) (1 + g0 (ωλ (q))) = f0 (εk) (1− f0 (εk+q)) g0 (ωλ (q))
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Ó��§éu

εk+q + ~ωλ (−q) = εk (3.46)

⇒ f0 (εk+q) g0 (ωλ (−q)) (1− f0 (εk)) = f0 (εk) (1− f0 (εk+q)) (1 + g0 (ωλ (−q))) (3.47)

ù´ü�L§�[�²ï�n§éuz�k,q,k′ù�²ïÑU��÷v"`²Ø´²þ�²ï"
Ïd�k3	|6Äe§-E�È©âØ�""XJ	|�f§�±@�6Ä�u)3Fermi¡N
C§�²ï©Ù�±�¤

f (k) = f0 (k)− kT
∂f0 (k)

∂εk
χ (k) (3.48)

gλ (q) = g0
λ (q)− kT

~
∂g0

λ (q)
∂ωλ (q)

φλ (q) (3.49)

|^f0, g0�äN/ªk

kT
∂f0 (k)

∂εk
= −f0 (k) (1− f0 (k)) (3.50)

kT

~
∂g0

λ (q)
∂ωλ (q)

= −g0
λ (q)

(
1 + g0

λ (q)
)

(3.51)

u´k

f (k) = f0 (k) + f0 (k) (1− f0 (k))χ (k) (3.52)

gλ (q) = g0
λ (q) + g0

λ (q)
(
1 + g0

λ (q)
)
φλ (q) (3.53)

ù´�5z§3�5z�£¿�â(fUþ´k�ó¼ê¤§(JEéE,µ(
∂f

∂t

)
col

=
∑
q,λ

{
Ik,q,λf0 (k) (1− f0 (k + q)) g0

λ (q)

× (χ (k)− χ (k + q) + φλ (q)) δ (εk+q + ~ωλ (q)− εk)∑
k′q,λ

{
Ik,q,λf0 (k) (1− f0 (k + q)) g0

λ (q) (3.54)

× (χ (k)− χ (k + q) + φλ (−q)) δ (εk+q − ~ωλ (q)− εk)}

(
∂gλ

∂t

)
col

= −
∑
k

{
Ik,q,λf0 (k) (1− f0 (k + q)) g0

λ (q)

× (χ (k)− χ (k + q) + φλ (−q)) δ (εk+q + ~ωλ (q)− εk)} (3.55)

¤±��·��´k©O�ïÄ>fÚ(f©Ù§¿b�>(XÚ?39²ïG�"
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