
1t�K2M /2 `�ii`�T�;2 /2 h?2`KQ/vM�KB[m2

õpQHmiBQM SQHvi`QTB[m2 U ∼ k8WV
PM ûim/B2 mM ;�x T�`7�Bi [mB bmBi mM2 ûpQHmiBQM TQHvi`QTB[m2- +Ƕ2bi@¨@/B`2 mM2 ûpQHmiBQM T2M/�Mi
H�[m2HH2 ,

δQ = λδW �p2+ λ = cte

RX úMQM+2` H2 T`2KB2` T`BM+BT2 /2 H� i?2`KQ/vM�KB[m2 /�Mb H2 +�b ;ûMû`�HX Zm2 bB;MB}2 T?vbB[m2@
K2Mi +2ii2 û;�HBiû \

.�Mb H2 K2K#`2 /2 ;�m+?2 /2 HǶû[m�iBQM T`û+û/2Mi2- QM M2 +QMbB/ĕ`2 THmb [m2 H2b p�`B�iBQMb /ǶûM2`;B2
BMi2`M2X PM bmTTQb2 /2 THmb [m2 HǶûpQHmiBQM 2bi [m�bB@bi�iB[m2 U2i [m2 H� T`2bbBQM 2tiû`B2m`2 2bi #B2M
/û}MB2V 2i [m2 b2mH2b H2b 7Q`+2b /2 T`2bbBQMb bǶ�TTHB[m2MiX

kX _ûû+`B`2 �HQ`b HǶû[m�iBQM T`û+û/2Mi2X
jX 1tT`2bbBQM /2 Cv 2M 7QM+iBQM /2 γ ,

�V .û}MB` K�i?ûK�iB[m2K2Mi H- Cv 2i CpX
#V .ûKQMi`2` TQm` mM ;�x T�`7�Bi- H� `2H�iBQM /2 J�v2` ,

Cp − Cv = nR

+V § T�`iB` /2 H� /û}MBiBQM /2 γ- /ûKQMi`2` H� `2H�iBQM ,

Cv = nR

γ − 1

9X § T�`iB` /2 H� /û}MBiBQM /ǶmM2 ûpQHmiBQM TQHvi`QTB[m2- 2i /m T`2KB2` T`BM+BT2- ûi�#HB` HǶû[m�iBQM
bmBp�Mi2 ,

TV α = Cte

2i /QMM2` HǶ2tT`2bbBQM /2 α 2M 7QM+iBQM /2 γ 2i λX

8X *QKK2Mi bǶ�TT2HH2 H� `2H�iBQM T`û+û/2Mi2 /�Mb H2 +�b λ = 0 \
.�Mb H2 +�b λ = −1- [m2H 2bi H2 ivT2 /2 H� i`�Mb7Q`K�iBQM \

eX h`�+2` bm` H2 KāK2 /B�;`�KK2 (P, V ) ,
�V lM2 +QKT`2bbBQM TQHvi`QTB[m2 �p2+ λ = −1
#V lM2 +QKT`2bbBQM TQHvi`QTB[m2 �p2+ λ = 0
+V lM2 +QKT`2bbBQM TQHvi`QTB[m2 �p2+ λ > 0

SQKT2 £ *?�H2m` U ∼ 8yWV

lM2 TQKT2 ¨ +?�H2m` 2bi miBHBbû2 TQm` +?�mz2` mM2 K�BbQMX GǶ�;2Mi i?2`KB[m2 2bi m = 1F; /2 7`ûQMX
G2 7QM+iBQMM2K2Mi /2 H� K�+?BM2 2bi H2 bmBp�Mi ,

ě úi�T2 R → k , G2 ~mB/2- BMBiB�H2K2Mi bQmb 7Q`K2 /2 p�T2m` b�im`�Mi2 T�bb2 /�Mb mM +QKT`2bb2m`-
Qɍ BH bm#Bi mM2 +QKT`2bbBQM �/B�#�iB[m2 `ûp2`bB#H2 2i `2ÏQBi mM i`�p�BH wextX G2 ~mB/2 `2bi2 bQmb
7Q`K2 /2 p�T2m` T2M/�Mi +2ii2 ûi�T2X
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ě úi�T2 k → j , G2 ~mB/2 b2 +QM/2Mb2 /�Mb mM +QM/2Mb2m` Qɍ BH `2ÏQBi H� +?�H2m` q2→3 T`Qp2M�Mi /2
H� bQm`+2 +?�m/2X *2ii2 ûpQHmiBQM 2bi BbQ#�`2 2i H2 HB[mB/2 2bi 2MiBĕ`2K2Mi bQmb 7Q`K2 /2 HB[mB/2
b�im`�Mi ¨ H� }M /2 HǶûi�T2X

ě úi�T2 j → 9 , G2 ~mB/2 bm#Bi mM2 /ûi2Mi2 Bb2Mi?�HTB[m2X G2 ~mB/2 M2 `2ÏQBi MB +?�H2m` MB i`�p�BH
T2M/�Mi +2ii2 ûi�T2X

ě úi�T2 9 → R , G2 ~mB/2 T�bb2 /�Mb mM ûp�TQ`�i2m` Qɍ BH `2ÏQBi H2 i`�Mb72`i i?2`KB[m2 q4→1 2M
bǶûp�TQ`�MiX *2ii2 ûpQHmiBQM 2bi BbQ#�`2X

G2 i�#H2�m bmBp�Mi /QMM2 /2b BM7Q`K�iBQMb bm` H2b ûi�ib T`û+û/2Mib ,

R k j 9

S`2bbBQM S U#�`bV ∼ 15

h2KTû`�im`2 h U◦*V 8

1Mi?�HTB2 K�bbB[m2 h U FCXF;−1V

PM /QMM2 /�Mb H2 /Q+mK2Mi `ûTQMb2- H2 /B�;`�KK2 (P, h) /m 7`ûQMX am` +2 /B�;`�KK2- BH v � i`QBb
ivT2b /2 +Qm`#2b ,

ě G2b +Qm`#2b BbQi?2`K2b U @·@·@ 2M `Qm;2VX
ě G2b +Qm`#2b Bb2Mi`QTB[m2b U · · · 2M D�mM2VX
ě G2b +Qm`#2b BbQ@iBi`2 Ui`�Bi TH2BM 2M MQB`VX

RX _2T`ûb2Mi�iBQM bm` H2 /B�;`�KK2 (P, v) ,
�V h`�+2` mM /B�;`�KK2 (P, v) 2i `2T`ûb2Mi2` [m�HBi�iBp2K2Mi H� +Qm`#2 /2 b�im`�iBQM �BMbB

[m2 H2 +v+H2 1 → 2 → 3 → 4 → 1 T�`+Qm`m T�` H2 ~mB/2X
#V am` +2 KāK2 /B�;`�KK2 `2T`ûb2Mi2` H2b i`�p�mt 2i +?�H2m`b û+?�M;û2b ¨ +?�[m2 ûi�T2X
+V .Bb+mi2` H2 bB;M2 /2b i`�p�mt 2i +?�H2m`b û+?�M;û2b ¨ +?�[m2 ûi�T2X

kX _2T`ûb2Mi�iBQM bm` H2 /B�;`�KK2 (P, h) ,
�V 1tTHB[m2` `�TB/2K2Mi +2 [mǶ2bi mM2 +Qm`#2 BbQ@iBi`2X Zm2 `2T`ûb2Mi2 H� xQM2 2Mi`2 H2b /2mt

+Qm`#2b BbQ@iBi`2 2ti`āK2b Ux = 0 2i x = 1V \
#V 1tTHB[m2` `�TB/2K2Mi TQm`[mQB H2b +Qm`#2b BbQi?2`K2b bQMi /2b /`QBi2b HQ`b /m +?�M;2K2Mi

/Ƕûi�iX
+V *QKTHûi2` H2 /B�;`�KK2 (P, h) /�Mb H2 /Q+mK2Mi `ûTQMb2- 2M TH�Ï�Mi H2b TQBMib +Q``2bTQM@

/�Mib �mt ûi�T2b 1, 2, 3, 4X
jX § T�`iB` /2 H� H2+im`2 bm` H2 /B�;`�KK2 (P, h) ,

�V _2+QTB2` 2i +QKTHûi2` H2 i�#H2�m /QMMû /�Mb HǶûMQM+ûX
#V 1M miBHBb�Mi H2 T`2KB2` T`BM+BT2 2M bvbiĕK2 Qmp2`i ,

∆h = w + q

/ûi2`KBM2` H2b p�H2m`b /2 wext- q2→3- q4→1X oû`B}2` [m2 H2b bB;M2b +Q``2bTQM/2Mi ¨ +2mt
/ûi2`KBMûb ¨ H� [m2biBQM R+X

9X 1{+�+Biû /2 H� TQKT2 ¨ +?�H2m` ,
�V .û}MB` +2 [mǶ2bi HǶ2{+�+Biû e TQm` mM2 TQKT2 ¨ +?�H2m`X
#V PM +QMbB/ĕ`2 mM2 TQKT2 ¨ +?�H2m` /Bi?2`K2- /2 bQm`+2 7`QB/2 Tf 2i /2 bQm`+2 +?�m/2 TcX

JQMi`2` [m2 HǶ2{+�+Biû e M2 T2mi T�b āi`2 bmTû`B2m`2 ¨ mM2 2{+�+Biû K�tBK�H2- [mB bǶ2tT`BK2
2M 7QM+iBQM /2b Tf 2i TcX
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+V .ûi2`KBM2`- ¨ T�`iB` /2b p�H2m`b i`Qmpû2b /�Mb H� [m2biBQM j- HǶ2{+�+Biû /2 H� TQKT2 ¨
+?�H2m` ûim/Bû2 /�Mb +2i 2t2`+B+2X *QKT�`2` +2 `ûbmHi�i �p2+ HǶ2{+�+Biû /2 H� [m2biBQM T`û@
+û/2Mi2 UQM T`2M/`� Tf H� i2KTû`�im`2 �m TQBMi R 2i Tc H� i2KTû`�im`2 �m TQBMi jVX

8X .ûi2`KBM�iBQM /2 H� 7`�+iBQM 2M p�T2m` b�im`�Mi2 ,
�V § T�`iB` /2b +Qm`#2b BbQ@iBi`2b U+Qm`#2b 2M MQB` bm` H2 /B�;`�KK2V- /QMM2` mM2 p�H2m` �T@

T`QtBK�iBp2 /m iBi`2 2M p�T2m` xv /m ~mB/2 /�Mb HǶûi�i 9X
#V § T�`iB` /2 H� `ĕ;H2 /2b KQK2Mib- /QMM2` mM2 �mi`2 2biBK�iBQM /2 xv

+V 1M miBHBb�Mi H� +?�H2m` H�i2Mi2 K�bbB[m2 /2 p�TQ`Bb�iBQM /m 7`ûQM- i`Qmp2` mM2 �mi`2 7�ÏQM
/2 +�H+mH2` xvX

.QMMû2b , *?�H2m` H�i2Mi2 /2 p�TQ`Bb�iBQM ¨ 8 ◦* , ℓ(5◦C) = 150 FCXF;−1

*?�H2m` H�i2Mi2 /2 p�TQ`Bb�iBQM ¨ dy ◦* , ℓ(70◦C) = 110 FCXF;−1

õ[mBHB#`2 /ǰmM2 �iKQbT?Đ`2 BbQi?2`K2 U ∼ k8WV

PM +QMbB/ĕ`2 HǶû[mBHB#`2 bi�iBQMM�B`2 /2 HǶ�iKQbT?ĕ`2 i2``2bi`2 ¨ H� i2KTû`�im`2 T - �bbBKBHû2 ¨ mM ;�x
T�`7�BiX PM b2 TH�+2`� 2M mM2 /BK2MbBQM- `2Tû`û2 T�` z- �p2+ HǶ�t2 (Oz) Q`B2Miû p2`b H2 ?�miX

RX § T�`iB` /ǶmM #BH�M /2b 7Q`+2b bm` mM2 i`�M+?2 /2 ~mB/2 2Mi`2 z 2i z + dz- û+`B`2 HǶû[m�iBQM [m2
pû`B}2 H� T`2bbBQM P (z)- 2M 7QM+iBQM /2 g 2i ρ(z)- H� K�bb2 pQHmKB[m2 /2 HǶ�B`X

kX 1M /û/mB`2 mM2 û[m�iBQM /Bzû`2MiB2HH2 bm` ρ(z) 2i H� `ûbQm/`2 2M MQi�Mi ρ0 = ρ(z = 0)X
jX 1M /û/mB`2 HǶûpQHmiBQM /2 H� /2MbBiû /2 T�`iB+mH2b n⋆(z)- 2M 7QM+iBQM /2 ρ(z)X .QMM2` mM2 BMi2`@

T`ûi�iBQM /m 7�+i2m` /2 T`QTQ`iBQMM�HBiû 2Mi`2 n⋆(z) 2i ρX
9X .QMM2` H� HQB /2 6B+FX PM BMi`Q/mB`� mM +Q2{+B2Mi /2 T`QTQ`iBQMM�HBiû /QMi QM /QMM2`� H2 MQK 2i

HǶmMBiûX .QMM2` H2 +Qm`�Mi /2 T�`iB+mH2b −→
j1 T`Qp2M�Mi /2 HǶBM?QKQ;ûMûBiû /2 n⋆(z) 2i BMi2`T`ûi2`

bQM bB;M2X
8X _2/ûKQMi`2` /�Mb H2 +�/`2 ;ûMû`�H H� HQB HQ+�H /2 +QMb2`p�iBQM /m MQK#`2 /2 T�`iB+mH2bX
eX .�Mb MQi`2 T`Q#HĕK2 Ubi�iBQMM�B`2V- 2tBbi2@i@BH mM �mi`2 +Qm`�Mi /2 T�`iB+mH2b −→

j2 \ aB QmB ¨ [mQB
2bi@BH /ȿ \
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