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b2EcbH�;Z1ILPFujZ1fjklV�z{fhg�Z	npo8Z1ILfjz{Z1M5giZ1uhujZ1M@m4ILPFZ1\NMNfjXLXLZ1M�E`E`E`E`E`E`E`E`E`E�E ��x
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��ONX{KNZ1z ��ujuhglWYP �YZ1MNM^g�z�WYM T4V/WYXLZ1M_QFSFI{WYujujZ1z WYujXR��PFPFILZ1P^W(gi�1ONX�gl]YMNKNZY�;�YE;��E
KNZ1X�� WYXLXLZ1ILX1E���MNKNZ1ILZ,��Z1fjXLoNfjZ1ujZJ�>[NItT4V/WYXLZ1M2[N\8Z1ILP^]YMNPFZ,XLfjMNK@KNZ1I��t\8Z1ILP^WYMNPRQ^SFz
��Z1fhgiZ1IJ�1ONz��2ONoNIiWYujZ1fhgiZ1I1�8QFSFM KNZ1I��/[NXLXLfjPFZ1M fjMUKNfjZ�XLONo8Z1I �/ONfjKNZRT4V/WYXLZY�
�YE
��E�\�Z1f
! Z1ujfjONz@�pS2KNZ1I��#"�fjXLk	VNZ1M d�ILfjX�glWYujuhX�giILON�^giONILZ1M
�$"�fjZ��YE8��E/\�Z1f���fjMNM
E

% z'&8WYujuFKNZ1X��t\8Z1ILP^WYMNPFX"QFSFM,KNZ1I(�/[NXLXLfjPFZ1M,fjM�KNfjZ���WYXLoNV/WYXLZ PFfj\pg"Z1X�\�Z|f)� WYXLXLZ1I
ONM5giZ1ILV/WYuj\�KNZ1X��5ILfhgifjXLklVNZ1MUT4ONMN�^giZ1XtZ1fjMNZ1M*�2oNILONMNPRfjM�KNZ1I�+�fjklV^giZYE/��z �5ILfhgifjXLklVNZ1M
T4ONMN�^g�XLZ1uj\NX�gJQFZ1ILV/]YuhgJXLfjklV KNfjZ,+�fjklV^giZ��YSFM^gifjM2ONfjZ1ILujfhklV
��WY\�Z1I�Z1fjMNZ}WYMNKNZ1ILZR��I.-0/FZY�
KNfjZ�fhXiS(glVNZ|IizRZ�d�SFz{oNILZ1XLXLfj\Nfjuhf gl](g

κT = −
1

V

(
∂V

∂p

)

T

,

KNfhQ^Z1ILPFfjZ1I�g�E

��ujujPFZ1zRZ1fjM QFZ1ILV/]Yuhg�XLfjklV \�Z1ftZ1fjMNZ1z T4V/WYXLZ1M5[N\�Z1ILP^WYMNP Z1fjMNZ@giVNZ1ILz{S5K$12M/WYz{f �
XLk	VNZ���I.-0/FZtONMNX�giZ|gifjPNE$+JWY\�Z1f��6WYMNM�Z1X�XLfjklV ONz Z1fjMNZ1M Z1MNKNujfjk	VNZ|M2�2oNILONMNP�S2KNZ1I�ONz
+�fhQ^Z1ILPFZ1MN��V/WYMNKNZ1ujM
E
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��Z1fjz ��Z|fjXLoNfjZ1u;KNZ1X��t\�Z1ILP^WYMNPFX�Q^SFMV�/[NXLXLfjP@M/WYklV �>Z1X�g,ONM^giZ1ILV/WYuj\CKNZ1X`�5ILfhgifjXLklVNZ1M
T4ONMN�^giZ1X�fjX�g�KNfjZ�Z1ILX�giZ���\NujZ1fhgiONMNPRKNZ1I��>ILZ1fjZ1M@m4MNZ1ILPFfjZ

(
∂F

∂p

)

T

= V

ONMNX�giZ|gifjPNE

! WYM XLoNILfjk	V^gJQ^SFM Z1fjMNZ|z T4V/WYXLZ1M5[N\�Z1ILP^WYMNP@Z1ILX�giZ1I`GJILKNM2ONMNPN�>"�Z1MNM KNfjZ�Z1ILX�giZ
��\NujZ1fhgiONMNP,Z1fjMNZ1X;giVNZ1ILz{S2K$12M/WYz{fjXLklVNZ1M�T�SYgiZ1M^gifvWYujX M/WYklV Z1fjMNZ1I XLZ1fjMNZ1I�M/W(gi[NILujfjklVNZ1M
� WYILfvWY\NujZ1M�ONMNX�giZ|gifjP{fjX�g�E

��z �5ILfhgifjXLklVNZ1M@T4ONMN�^g�XLZ1uj\NX�gtfjX�g�KNfjZ��#"�Z1fhgiZ���\NujZ1fhgiONMNP

−
1

V

(
∂2F

∂p2

)

T

= κT

ONMNX�giZ|gifjPNE

" WYklVRm4VNILZ1Mp�>Z1X�g fjX�g�Z1fjMRT4V/WYXLZ1M5[N\�Z1ILP^WYMNP�Q^SYMRM2� giZ1I;GJILKNM5ONMNP}�8"�Z1MNMR\8Z1fNX�giZ	�
gifjPFZ1M���\NujZ1fhgiONMNPFZ1M�KNZ1I;GJILKNM2ONMNPFZ1M

≤ n−1
KNfjZ�M2� giZ���\NujZ1fhgiONMNPJZ1fjMNZ1X�giVNZ1ILz{S5K$1^�

M/WYz{fjXLk	VNZ1M{T�SYgiZ1M^gifvWYujX�M/WYklV{Z1fjMNZ1I4XLZ1fjMNZ1I;M/W(gi[NILujfjklVNZ1M�� WYILfvWY\NujZ1M}\8Z1fjz �t\�Z1ILP^WYMNP
ONMNX�giZ|gifjP{fjX�g�E

���$# %&��')(*'+��,��
�.-0/�1���	
��	2(*��	

m�npo�Z1ILfjz{Z1M^giZ��1Z1fjPFZ1M
�NK/W�/}XLfjklV Q)-FujuhfjP,ONM^giZ1ILXiklVNfjZ1KNujfjklVNZJgiVNZ1ILz{S5K$12M/WYz{fjXLklVNZ �N12X �
giZ1z{ZY�$"�fjZJ�YE/��ENZ1fjM ! WYPFMNZ|g�ONMNK�Z1fjMU��WYX1�pfjM�KNZ1I " ]YVNZ�KNZ1X��5ILfhgifjXLk	VNZ1M�T4ONMN�^giZ1X
3 O/WYujfhglW(gifhQ`PFujZ1fjklV}QFZ1ILV/WYuhgiZ1M
EF��VNZ1ILz{S2K$12M/WYz{fjXLklVNZ���I.-0/FZ1M,"�fjZ��YE5��EFKNfjZ � ]YILz{Z	�
�(WYo/WY�1fhgl](g�uvWYXLXLZ1M�XLfjklV�KNONILklV�Z1fjMNZ1M@T�SYgiZ1MN��WYONXLKNILONkl��\8Z1XLk	VNILZ1fj\8Z1M
�/KNZ1XLXLZ1MUm�npo�S(�
MNZ1M5g

ϕ
�>[NI�ONM^giZ1ILXLklVNfjZ1KNujfjklVNZ��N12X�giZ1z{Z`ONMNK ! W(giZ1ILfvWYujfhZ1M�PFujZ1fjklV�fjX�g54

lim
ε→0

f(ε) ∼ |ε|ϕ mit ε =
T − TC
TC

.

a
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T

[(X��(KM?W40H8Q
M ∼ (T − TC)

1/3

� z WYONklV@ujSFP^WYILf giVNzRfjXLklVNZ +�fhQFZ1ILPFZ1MN��KNONILk	V@Z1fjMNZ1M@m�npo�SFMNZ1M^giZ1M �1O@\�Z|XiklVNILZ1f �
\�Z1M
�/KNZ��/MNfjZ1I�gtz�WYM

ϕ = lim
ε→0

ln f(ε)

ln |ε|
mit ϕ = 0 für lim

ε→0
f ∼ ln(ε).

+�fjZ��5ILfhgifjXLklVNZ1M@m�npo�SFMNZ1M^giZ1M \�Z1fhz ILZ�WYujZ1MU��WYX \�Z1fjz ! W(PFMNZ|giZ1M
CV ∼ (−ε)−α

′ WYOp��KNZ1ItdtS2Z	npfjX�giZ1MN�1�5ONI�QFZ
CH ∼ (−ε)−α

′ �>[NI
T < TC , H = 0

CV ∼ ε−α
�>[NI

T > TC
ONMNK@KNfjZ��5ILfhg�Ec+�fjk	V^giZ

CH ∼ ε−α
�>[NI

T > TC , H = 0
∆ρ ∼ (−ε)β

WYOp��KNZ1Itd�S5Z	npfjX�giZ1MN�1�5ONI�QFZ
M ∼ (−ε)β, H = 0

κT ∼ (−ε)−γ
′ WYOp��KNZ1Itd�S5Z	npfjX�giZ1MN�1�5ONI�Q^Z

χT ∼ (−ε)−γ
′ �>[NI

T < TC , H = 0
κT ∼ ε−γ

�>[NI
T > TC

ONMNK@KNfjZ��5ILfhg�Ec+�fjklV^giZ
χT ∼ ε−γ

�>[NI
T > TC , H = 0

p− pC ∼ (ρ− ρC)
δ WYOp��KNZ1I��5ILfhg�E % XLSYgiVNZ1ILz{Z1M

H ∼M δ WYOp��KNZ1I��5ILfhg�E % XLSYgiVNZ1ILz{Z1M
ξ ∼ (−ε)−ν

′ WYOp��KNZ1Itd�S5Z	npfjX�giZ1MN�1�5ONI�Q^Z
ξ ∼ (−ε)−ν

′ �>[NI
T < TC , H = 0

ξ ∼ ε−ν
�>[NI

T > TC
ONMNK@KNfjZ��5ILfhg�Ec+�fjklV^giZ

ξ ∼ ε−ν
�>[NI

T > TC , H = 0

�
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%−%C ∼ (T−TC)

1/3

����� % � �*�����+� (*'+��	
���+ �	

��

��Z1f
KNZ1I���MNM/]YVNZ1ILONMNP{WYM�KNfjZJ�5ILfhgifjXLklVNZJ��Z1z{o�Z|IlW6glONI�QFSFM�ONM^giZ1M�\8Z1SF\/WYk	V^giZ|g�z�WYM
\�Z1f8Z1fjMNZ1z &/Z1ILILSFz�WYPFMNZ|giZ1M
�^K/W�/`XLfjklV{KNfjZt��Z1ILZ1fjklVNZtPFujZ1fjklVNZ1I ! WYPFMNZ|gifjXLfjZ1ILONMNP`WYONX �
KNZ1VNMNZ1M`ONMNK`�1O�PFI.-0/FZ1ILZ1M`��Z1ILZ1fjklVNZ1M��1ONXiWYz{z{Z1MNuvWYPFZ1ILM
E +�fjZ���Z1fjklV)"�Z1fhgiZ4KNZ1IE�CZ1klV2�
XLZ1u "�fjIL�5ONMNP,KNZ1I �2oNfjMNX ONM^giZ1ILZ1fjM/WYMNKNZ1I XLk	VNZ1fjM^g�z{fhg;KNZ1I ��Z1z{o�Z1IiW(giONI �1ON�1ONMNZ1VNz{Z1M
ONMNK�\�Z1f�m4ILILZ1fjklVNZ1M�QFSFM

TC
�1O�KNfhQFZ1ILPFfjZ1ILZ1M
E ! fjZ1IiWYONX�Z1ILPFfj\pg�XLfjklV�KNfhZJ�4SFILX�giZ1ujujONMNP

Z1fjMNZ1I dtSFILILZ1uvW(gifjSFMNXLuj]YMNPFZ
ξ(T )

KNZ1IG�CZ1klVNXLZ1u "�fjIL�5ONMNPN�5KNfjZ�\�Z1f
TC

KNfhQ^Z1ILPFfjZ1I�g��F�YE5��E
"�fjZ

ξ(T ) ∼ |T − TC |
−ν mit ν > 0.

+�fjZ{dtSFILILZ1uvW(gifjSYMNXLuv]YMNPFZ}fjX�g�Z|g "�WYX,WYMNKNZ1ILZ1X�W(ujX�KNfjZ	��Z1fjklV)"�Z1fhgiZRKNZ1I � Z1k	VNXLZ1u �
"�fjIL�5ONMNPN�FKNfjZ�XLfjklVR\�Z1f8WYujujZ1M���Z1z{o�Z1IiW(giONILZ1M{fjz "�Z1XLZ1M5giujfhk	VNZ1M{M5ONI;WYOp��KNfjZ�M/]YklVNX�giZ
� z{PFZ1\NONMNPN�/KNfjZ�M/]YklVNX�giZ1M " WYklV2\/WYILM@Z1ILX�giILZ1kl�^g�E

x
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`PXP?�=�?>Z\KM?>[
� XPR��8?>KM?E487:9<;>=�?$@��\f 7 Z.Z\KMQ @ H8J.R�XN;6KM9:9��

+�fjZ,��Z1z{o8Z1IiW(giONIiWY\NV/]YMNPFfjPF�FZ1fhg�KNZ1I�dtSFILILZ1uvW(gifjSYMNXLuv]YMNPFZ`fjX�g�Z	npo�Z1ILfjz{Z1M^giZ1uju�\�Z	�
SF\/WYk	V^gi\/WYI 4 �CZ1MNM,KNfjZ�dtSFILILZ1uvW(gifjSYMNXLuv]YMNPFZ4Z|g\"�W�PFujZ1fjklV`KNZ1I �CZ1ujuhZ1MNuv]YMNPFZ4QFSFM,XLfjklV5g��
\/WYILZ1z ��fjk	V^g�fjX�g�� �/MNKNZ|g���fjk	V^giX�giILZ1ONONMNP{X�glW(gLg��NKNfjZ�XLSFPFZ1M/WYMNM^giZ��5ILfhgifjXLk	VNZ`GJo/WYujZ1X �
�1Z1MN�YE

���
	 �����
	��
	

�� 1 � ������� (*���

+�fjZ +�fjklV^giZ1M KNZ1I��/[NXLXLfjPFZ1M_ONMNK_KNZ1I ��WYXLoNV/WYXLZ@PFujZ1fjk	VNZ1M XLfjklV_Z1fjM/WYMNKNZ1IRfjz{z{Z1I
z{Z1VNI�WYM
��
�Z�M/]YVNZ1I�z�WYM�XLfjklV�QFSFM@ONM^giZ1M@KNZ1z �5ILfhgifjXLk	VNZ1M@T4ONMN�^gtM/]YVNZ1I�g�E % z �5ILf �
gifjXLk	VNZ1MUT4ONMN�^gtONMNK@K/WYIL[N\�Z1I�PFfj\pg�Z1X��YZ1fjMNZ1M +�fjk	V^giZ1ONM^giZ1ILXLklVNfjZ1K z{Z1VNI1E

m4fjMNZ���I.-0/FZY�
KNfjZRM5ONI�ONM5giZ1ILV/WYuj\ KNZ1X`�5ILfhgifjXLk	VNZ1MCT4ONMN�^giZ1X�WYOp�=giILfhgLg����(WYMNMCZ1fjM

~
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`PXP?
X$4$KM?

! W�/ �>[NI KNfjZ GJILKNM5ONMNP KNZ|X �N12X�giZ1z{X�XLZ1fjM
E ! WYMqXLoNILfjk	V^g QFSFz GJILKNM5ONMNPFXLo/WYIiW6�
z{Z|giZ1I1E�m4fjMV"�Z1fhgiZ1ILZ1X���Z1fjXLoNfjZ1u��>[NI`Z1fjMNZ1M GJILKNM5ONMNPFXLo/WYIiWYz{Z|giZ1I`fjX�g,KNfjZRXLo�SFM^glWYMNZ
! WYPFMNZ|gifjXLfjZ1ILONMNPRZ1fjMNZ1X�&/Z1ILILSFz�WYPFMNZ|giZ1M
�pKNfjZ�M5ONI�ONM^giZ1ILV/WYuj\�QFSFM

TC
WYOp�=giILfhgLg�E$+�fjZ

��ujZ1fjk	VNILfhklV5giONMNP�KNZ1I��2oNfjMNX�\8Z1KNZ1OpgiZ|g�Z1fjMNZ1M}��ONX�glWYMNK,V6-FVNZ1ILZ1I�GJILKNM5ONMNP�PFZ1PFZ1M5[N\�Z1I
KNZ1I�X�glW(gifjX�gifjXLklVNZ1M���ONXLILfjklV^giONMNPJKNZ1I�m4fjMN�1Z1ujXLoNfjMNX�fjM`KNZ1I�o/WYIiWYz�WYPFMNZ|gifjXLklVNZ1M�T4V/WYXLZYE

� � �`����� � ��� ��� �����|�

#���� � 	
��� (
	���
 ������,��
	��
	

 �
��������')(*'+��, �
��	 -0/�1 ��	
��	 (*��	

+�fjZ}�"WYMNK/WYO�� XLklVNZR��VNZ1SFILfjZ�fjX�gJZ1fjMNZ}WYujujPYZ1z{Z1fhMNZY���5uvWYXLXLfjXLklVNZ}��VNZ1SFILfjZ�KNZ1X��;Z1ILV/WYu �
giZ1MNX�giVNZ1ILz{S5K$12M/WYz{fjXLk	VNZ1I��N12X�giZ1z{Z�fjM�KNZ1I " ]YVNZ�KNZ1X�T4V/WYXLZ1M5[N\�Z1ILP^WYMNPFX1E

��VNZ1ILz{S5K$12M/WYz{fjXLk	VNZ�&/ONMN�^gifjSFMNZ1M uvWYXLXLZ1M XLfjk	V WYONX�KNZ1M giVNZ1ILz{S2K$12M/WYz{fjXLklVNZ1M
T�SYgiZ1M^gifvWYujZ1M�\�Z1ILZ1klVNMNZ1M
EI+�fjZ1XLZ��1O��/MNKNZ1M�fjX�g�fjz WYujujPFZ1zRZ1fjMNZ1M�XLklV)"�fjZ1ILfjP�4$+�fjZJT�S(�

�
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` XP?2X$4$KM?>[
DGF��8?>XPR�KM?5;6KMQ TNQ.7 Z_7:JL] F>KM?�� �EH89<KMJ �PKM?��0CN` KMQ.J Z �8Q.T>Z\K��(7<].F>Z_J Z_QLKP=6=�?$@�7:?,;6KM?�� 7:9<;6KMQ.?
; =�?>;2K

giZ1M5gifvWYujZ�ujZ1fhgiZ1M XLfjklV WYONX{KNZ1I���ONX�glWYMNKNXLXLONz{z{ZUWY\
�;KNfjZ�MNfjklV5gR�>[NI�WYujujZ2�N12X�giZ1z{Z
Z1fjMp� WYk	V@WYOp�>�1ONX�giZ1ujujZ1M�fjX�g�E

+�Z1I4�"WYMNK/WYO�� XLklVNZ���MNXiW(gi���YSFz{z�g�SFVNMNZ�KNfjZ���ONX�glWYMNKNXLXLONz{z{Z�WYONX1EFm4I�\�Z1X�giZ1V^g
K/WYILfjM
��Z1fjM�giVNZ1ILz{S2K$12M/WYzRfjXLk	VNZ1X�T�SYgiZ1M^gifvWYu ���YE6��E�KNfjZ���fj\N\NX � XLklVNZ�m4M^giV/WYujoNfjZ

G
��KNfhZ

fjz ��ujZ1fjklVNPFZ#"�fjk	V^g;z{fjMNfjz{WYupfjX�g��5WYujX T�SYgiZ1MN�1ILZ1fjVNZtM/WYk	V�KNZ|z GJILKNM5ONMNPFXLo/WYIiWYz{Z|giZ1I
φ

\N�#"�E/M/WYklV@XLZ1fjMNZ1I�+�fjk	V^giZ
ϕ(~r)

�1O@Z1M5g\"�fjkl�FZ1ujM�4

G =

∫

d3r
[
g0 − πϕ(~r) + a(T )ϕ(~r)2 + b(T )ϕ(~r)4 + c(T )(∇ϕ(~r))2 + . . .

]
.

π
fjX�g�KNfjZt�1O

φ
�FSFM�
�ONPFfjZ1I�giZ�d�IiW(�=g�E2��Z1fjz ! WYPFMNZ|giZ1M fjX�g

π
K/WYX�]YO6/FZ1ILZ�&/Z1ujK

B
�

\�Z1fjz ��WYX;KNZ1I MNZ1P^W(gifhQ^Z�+�ILONk	�
−p

E � MNPFZ1IiWYKNZ�T�S(glZ|MN�1Z1M QFSFM
ϕ

ONMNK
∇ϕ

��-FMNMNZ1M
MNfjk	V^g�WYOp�=giILZ|giZ1M
�)"�Z1fju/KNfjZ�&/ONMN�^gifjSFM{\8Z1f8Z1fjMNZ1z PFujZ1fjklVN�1Z1fhgifjPYZ1M}�;SFIL�1Z1fjklVNZ1MN"�Z1klVNXiZ1u

�



3546487:9<;>=�?$@�� C � 7<] FWZ\K ;6KMQ�f 7\4648J�� JL].F>KM?��G?>Z_FIH89 �>7<K
g

H89:J�U =�?6T>Z_7<XP?S;6KMJ � QL;N?>=�?$@)Jdb
�EH8QMH8R�KPZ\KMQ.J

φ

Q^SFM
ψ

ONMNK
π

fjVNI��;SFIL�1Z1fjklVNZ1M MNfjklV5g`]YMNKNZ1ILM K/WYI�� �
KNZ1MNM �YE"��E
z�O6/�KNfjZRm4M^giV/WYu �
oNfjZtZ1fjMNZ1X ! WYPFMNZ|giZ1M \�Z1f8Z1fjMNZ1I�PFuhZ1fjk	VN�1Z1fhgifhPFZ1M � z{�YZ1VNI QFSFM�]YO6/FZ1ILZ1z ! WYPFMNZ|gL�>Z1ujK
ONMNK ! WYPFMNZ|gifjXLfjZ1ILONMNP�ONM^QFZ1Ii]YMNKNZ1I�g�\NujZ1fj\8Z1M
E

g0
fhXLgtKNfjZ,m4M^giV/WYujoNfjZ1KNfjklV5giZ�\�Z1f"QFZ1I �

XLk	V)"�fjMNKNZ1MNKNZ1z GJILKNM5ONMNPFXLo/WYIiWYz{Z|giZ1I1�8WYujXLS��>[NI
T > TC

E

��ONI ��Z1klVNM2ONMNP "�fjILK M5ONM KNfjZ@GJI�giXiWY\NV/]YMNPFfjPF�YZ1fhg}KNZ|X�GJILKNM2ONMNPFXLo/WYIiWYz{Z	glZ|IiX
�1ONM/]Yk	VNX�gJWYO6/FZ|ItWYklV5g�PFZ1uvWYXLXLZ1M�4

G = G0(T )− πφ+
1

V
a(T )φ2 +

1

V 3
b(T )φ4.

+�Z1I;GJILKNM2ONMNPFXLo/WYIiWYz{Z|giZ1I
φ

fhXLg�M5ONI4ONM^giZ1ILV/WYuj\�QFSFM
TC

QFSFM " ONuju2QFZ1ILXLklVNfjZ1KNZ1M
�
�>[NI

T > TC
z�O6/

G
K/WYVNZ1I�fjz ��ujZ1fjklVNPFZ#"�fjklV5g ONMNK�\�Z1f8Q^Z1ILXLklV)"tfhMNKNZ1MNK/Z1I�]YO6/FZ1ILZ1I

d�IiW(�=g�\�Z1f
φ = 0

Z1fjM ! fjMNfjz�ONz WYMNMNZ1VNz{Z1M�4

(
∂G

∂φ

)

T

= 2
a(T )φ

V
+ 4

b(T )φ3

V 3
= 0,

���



(
∂2G

∂φ2

)

T

(φ = 0) =

(
2a(T )

V
+ 12

b(T )φ2

V 3

)

(φ = 0) =
2a(T )

V
> 0.

! WYM�z}ONXLXtWYujXLS��>SFILKNZ1ILM�4
a(T ) > 0

�>[NI
T > TC

E
� M^giZ1ILV/WYuj\

TC
�
φ 6= 0 � Z1ILPFfj\pg�KNfjZ ! fjMNfjz�ONz�� ��Z1KNfjMNPFONMNP�4

(
∂G

∂φ

)

T

= 0 =⇒ 2
a(T )

V
+ 4

b(T )φ2

V 3
= 0

� � �

⇐⇒ φ = ±

√

−V 2
a(T )

2b(T )
,

� b �
(
∂2G

∂φ2

)

T

> 0 =⇒ a(T ) + 6
b(T )

V 2

(1)
= 4

b(T )φ2

V 2
> 0.

� M^giZ1ILV/WYuj\
TC

fjX�g,WYujXLS
b(T ) > 0

�("�Z1PFZ1M
(2)

fjX�g,K/WYMNM
a(T ) < 0

�E"�Z1klVNXLZ1uhg
WYujXLSR\�Z1f

TC
K/WYX��4SFIL�1Z1fjk	VNZ1M
E ! WYM@XLZ|gi�|g�WYM�4

a(T ) = a0(T − TC).
m4fjMNZ,V6-FVNZ1ILZY��ONMNPFZ1IiWYKNZ}T�SYgiZ1MN��Z1ILXLklVNZ1fjM5g�WYM KNfjZ1XLZ1I �5giZ1ujujZ,�L"�WYI�WYONklV zS-FP(�

ujfjk	V
�NXLo/](giZ1I�Z1ILP^]Y\8Z,XLfjklV 
�Z1KNS2klV Z1fjM�� fjKNZ1ILXLoNILONklV�4�KNfjZ � ]YILz{Z1�6WYo/WY�1fhgl](g�"�[NILKNZ
XLfjk	V X�giZ|gifjPUQ^Z1ILV/WYuhgiZ1M
� "�WYX�MNfjklV5g�KNZ1I ��Z�WYujfhgl](g`Z1M^giXLoNILfjk	V^g�E���ujujPFZ1z{Z1fhMCXLfjMNK KNfjZ
m4M5g\"�fjkl�5ujONMNPFXL�FS5Z��{�1fjZ1M^giZ1M@T�SYgiZ1MN�1ILZ1fjVNZ1M QFSFM

T − TC
�pV6-FVNZ1ILZ�GJILKNM2ONMNPFZ1MY"�Z1I �

KNZ1M@QFZ1ILM/WYklVNuv]YXLXLfjPYg�E

m4X�fjM^giZ1ILZ1XLXLfjZ1I�g�M2ONMUK/WYXt�;SFIL�1Z1fjklVNZ1MUQFSFM
b(T )

SF\�Z1ILV/WYuj\
TC

E8��z �5ILfhgifjXLklVNZ1M
T4ONMN�^g�XLZ1uj\NX�g��>SFujPYg��1ONM/]YklVNX�gJWYONX�KNZ1I ! fjMNfjz�ONz}�$��Z1KNfjMNPFONMNP�4

(
∂4G

∂φ4

)

T

= TC = 24
b(TC)

V 3
> 0,

WYujXLS
b(T ) > 0

ONM^giZ1ILV/WYuj\ ONMNK fjM
TC

E ! WYM_MNfjz{z,g�M2ONM_WYM
�4K/W�/
b(T )

fjM KNZ1I
" ]YVNZtKNZ1X �5ILfhgifjXLk	VNZ1M�T4ONMN�^giZ1X�[N\�Z1IiWYuju/o�SFXLfhgifhQ�ONMNK�M/]YVNZ1ILONMNPFX "�Z1fjXLZ��YSFMNX�glWYM5g�fjX�g
�
b(T ) ≡ b > 0 � E ! fhg;KNfjZ|XiZ|I;��MNM/WYVNz{Z�Z1ILPFfj\pg;XLfjklVRKNZ1I;�5ILfhgifjXLklVNZtm�npo�SFMNZ|M5g

β
KNZ1X

GJILKNM2ONMNPFXLo/WYIiWYz{Z|giZ1ILX�\N�1PFu E
ε
4

φ = ±V TC

√
a0

2b
|ε|

1

2 , β =
1

2
.

&�[NI�KNfjZ�� ]YILz{Z1�(WYo/WY�1fhgl](g

� �



Cπ=0 = −T

(
∂2G

∂T 2

)

π=0
�/MNKNZ|g�z�WYM �>[NI

T > TC
�
φ = 0 � 4

C = −T

(
∂2G0

∂T 2

)

π=0

,

�>[NI
T > TC

4

C = −T

(
∂2

∂T 2

G0 − V a(T )
2

4b

)

π=0

= −T

[(
∂2G0

∂T 2

)

π=0

−
V a2

0

2b

]

.

% M
TC

XLoNILfjMNPYg
C

WYujXLS}ONz

TCV a
2
0

2b
,

KNZ1I��5ILfhgifjXLk	VNZ�m�npo�SFMNZ1M^g�KNZ1I � ]YILz{Z1�6WYo/WY�1fhgl](g�fjX�g�K/WYz{fhg
α = 0

E
+�Z1I5�2oNILONMNPUKNZ1I � ]YILz{Z1�6WYo/WY�1fhgl](g`fjX�g,K/WYIiWYOp���1ONIL[Nk	�5�1Op�>[NVNILZ1M
��K/W8/@Q^SFILVNZ1I

a ∼ ε
ONMNK@MNfjk	V^g��YE8��E

a ∼ ε3
PFZ#"�]YVNuhg "�ONILKNZYE

��Op��KNZ1It�5Iif glfhXiklVNZ1M % XLSYgiVNZ1ILz{Z1M
T = TC (a(TC) = 0)

Z1ILPFfj\pg�KNfjZ ! fjMNfjz�ONz��
��Z1KNfjMNPFONMNPR�>[NI�Z1fjMNZ�MNfhk	V^gLQFZ1ILXLk	V)"�fjMNKNZ1MNKNZ�]YO6/FZ1ILZ`d�IiW(�=g54

(
∂G

∂φ

)

T

= −π +
4bφ3

V 3
= 0 =⇒ φ =

1

V
(4b)−

1

3 π
1

3 .

+�Z1I��5ILfhgifjXLk	VNZJm�npo�SFMNZ1M^gtKNZ1XtGJILKNM5ONMNPFXLo/WYIiWYz{Z|giZ1ILX�\N�1PFu E2KNZ1I�]YO6/YZ1ILZ1M@d�IiW(�=g
fjX�g�K/WYz{fhg

δ = 3.

+�fjZ �2ONXL�1Z1opgifj\Nfjujfhgl](g

χ =

(
∂φ

∂π

)

π=0uv]�/Yg XLfjklV WYONX�KNZ1I ! fjMNfjz�WYuh\�Z1KNfjMNPFONMNPC\�Z1ILZ1klVNMNZ1M
E�+�fjZ1XLZ uvWYOpgiZ|g��>[NI MNfjk	V^gLQFZ1I �
XLk	V)"�fjMNKNZ1MNKNZ1X

π
4

2
a(T )φ

V
+ 4

b(T )φ3

V 3
− π = 0.

� r �
&�[NI Z1fjMNZ�XLZ1VNI��5ujZ1fjMNZ�� WYILfvW(gifjSYM

δπ
KNZ1X�]YO6/FZ1ILZ1M�&/Z1ujKNZ1X�fjX�g�KNfjZt� WYILfvW(gifhSFM{KNZ1X

GJILKNM2ONMNPFXLo/WYIiWYz{Z|giZ1ILX�M/]YVNZ1ILONMNPFX "�Z1fjXLZ

��b



δφ ∼ δπ,

φ(π) = φ(π = 0) + δφ ≡ φ0 + δφ.
% M@KNfjZ ! fjMNfjz�ONz�� ��Z1KNfjMNPFONMNP

(3)
Z1fjMNPFZ1XLZ|gi�|gtZ1ILPFfj\pg�K/WYX

2a(T )

V
(φ0 + δφ) + 4

b(T )

V 3
(φ0 + δφ)3 − δπ = 0.

b2ENONMNKUrpE/T�SYgiZ1MN�1Z1M@QFSFM
δΦ

��-FMNMNZ1M@QFZ1ILM/WYklVNuv]YXLXLfjPYg�"�Z1ILKNZ1M
�8K/WYX��>[NVNI�gtWYOp�

2a(T )φ0

V
+

4b(T )φ3
0

V 3
︸ ︷︷ ︸

=0 wegen (1)

+δφ

(
2a(T )

V
+

12b(T )φ2
0

V 3

)

− δπ = 0.

+�Z1I@Z1ILX�giZC��Z1fju�KNfjZ1XLZ1XU��ONXLKNILONkl�5X fjX�g " ONuju ��KNZ1MNM Z1I@z�O6/ KNfjZ ! fjMNfjz�ONz}�
��Z1KNfjMNPFONMNP�SFVNMNZ{]YO6/FZ1ILZ1X &/Z1ujK Z1I��>[NujujZ1M
E"GJ\8Z1ILV/WYuj\ QFSFM

TC
fjX�g

φ0 = 0
��K/WYIiWYONX

Z1ILPFfj\pg�XLfjklV

δφ =
δπ

2a(T )
, also

χ =

(
δφ

δπ

)

π=0

=
1

2a(T )
=

1

2a0|T − TC |
für T > TC .

� M^giZ1ILV/WYuj\�Q^SYM
TC

fjX�g
φ2

0 = −V 2a(T )
2b(T )

�NONMNK@z�WYM�Z1ILV/]Yuhg
(
δφ

δπ

)

π=0

=
1

4a(T )
=

1

4a0|T − TC |
für T < TC .

+�Z1I��5ILfhgifjXLklVNZ�m�npo8SFMNZ1M5g�KNZ1I"Q^Z1IiWYujujPFZ1z{Z1fhMNZ1I�giZ1M,�2ONXL�1Z1opgifj\Nfjujfhgl]6g � Z1X��(WYMNM,XLfjklV
�YE8��E8WYONklV@ONz KNfjZ�d�SFz{oNILZ1XLXLfj\Nfjuhf gl](g�V/W(MNKNZ1ujM � fjX�g�K/WYz{fhg

γ = 1
E

��fjXLVNZ1I2"�ONILKNZ Z1fjM SFI�giXLONM/WY\NV/]YMNPFfjPFZ1I GJILKNM5ONMNPFXLo/WYIiWYz{Z|giZ1IUQFSFIiWYONXLPFZ1XLZ|gi�|g�E
��Z1f�Z|fjMNZ1z SFI�giXiWY\NV/]YMNPFfjPFZ1M GJILKNM2ONMNPFXLo/WYIiWYz{Z|giZ1ItgiIiZ	glZ|M WYM Z1fjMNZ1z \�Z1X�gifjz{z,giZ1M
GJI�g &�ujON�^giO/W(gifjSFMNZ1M WYOp� ��KNfjZ}MNfjklV^g�M5ONI�KNONILklV K/WYX�ujSF�6WYujZ}]YO6/FZ1ILZ�&/Z1ujK
��XLSFMNKNZ1ILM
WYONk	V KNONIiklV K/WYX��;Z1ILV/WYuhgiZ1M KNZ1X{GJILKNM5ONMNPFXLo/WYIiWYz{Z|giZ1ILX{W(M WYMNKNZ1ILZ1M_GJI�giZ1M QFZ1I �
ONILXiWYk	V^g "�Z1ILKNZ1M
E +�fjZ1XLZ,�CZ1klVNXLZ1u "�fjIL�5ONMNP�"�fjILK KNONILklV KNfjZ}d�SFILILZ1uvW6glfhSFMNX��>ONMN�^gifjSFM
WYONXLPFZ1KNIL[Nk	�^g54

g(~r, ~r′) = 〈ϕ(~r)ϕ(~r′)〉 − 〈ϕ(~r)〉〈ϕ(~r′)〉.

g(~r, ~r′)
"�fjILK " ONuju �N"�Z1MNM��FZ1fjMNZ�d�SFILILZ1uvW(gifhSFM�Z	npfjX�gifjZ1I�g�E6+JWYMNM�� WY�^giSFILfjXLfjZ1I�g�KNZ1I

Z1ILX�giZ`��Z1ILz@E ! fhg ! fjuh�>ZJKNZ1ItdtSFILILZ1uvW(gifjSFMNX��>ONMN�^gifjSFM

��r



g(~r, ~r′)
uv]�/Yg�XLfjklV@XLo/](giZ1ItKNfjZ�dtSFILILZ1uvW(gifjSFMNXLuv](MNPFZ

ξ(T )
\�Z1ILZ1klVNMNZ1M
��KNfjZ�KNONILklV m���Z1�^giZ "�fjZ

�YE8��E/KNfjZ��5ILfhgifjXLklVNZ,GJo/WYujZ1XL�1Z1MN��Z1fjMNZ`WYMNXLklV/WYONujfjklVNZ`��Z1KNZ1OpgiONMNP{\�Z1�YSFz{z�g�E

〈φ(~r)〉
�6WYMNM`fjM�KNZ1I��6WYMNSFMNfjXLk	VNZ1M,��Z1XiWYz�giVNZ1f g�\�Z1X�gifjz{z,gW"�Z1ILKNZ1M
E8+�Z1I ! WYz{fju giSFM2�

GJo�Z1IiW(giSFI�V/W(gtKNfjZ &/SFILz

H = H0 −

∫

d3r′π(~r′)ϕ(~r′)

z{fhg
H0

WYujX��5IiW(�=gL�>ILZ1fjZ1z GJo�Z1IiW(giSFI1Ec+JWYMNM@fjX�g

〈ϕ(~r)〉 =
Sp

(
ϕ(~r)e−βH

)

Sp (e−βH)
.

z{fhg�KNZ1I���ONX�glWYMNKNXLXLONz{z{Z
Z = Sp

(
e−βH

) E
+JWYIiWYONX�Z1ILV/]Yuhg�z{WYM

δ〈ϕ(~r)〉 =
1

Z
Sp

(
ϕ(~r)(−βδH)e−βH

)
−

1

Z2
Sp

(
−βHe−βH

)
Sp

(
ϕ(~r)e−βH

)

= −β (〈ϕ(~r)δH〉 − 〈δH〉〈ϕ(~r)〉) .
! fhg

δH = −
∫
d3r′ϕ(~r′)δπ(~r′)

Z1ILV/]Yuhg�z�W(M 
�Z|gi�|g

δ〈ϕ(~r) = β

∫

d3r′g(~r, ~r′)δπ(~r′).
� a �

+�fjZ ! fjMNfjz�ONz�� ��Z1KNfjMNPYONMNP}�>[NI
G

\8Z1KNZ1OpgiZ|gJ\�Z1f�SFI�giXiWY\NV/]YMNPFfjPFZ1z GJILKNM5ONMNPFX �
o/WYIiWYz{Z|giZ1I�ONMNK�Q^SFILV/WYMNKNZ1MNZ1It]YO6/FZ1ILZ1Itd�IiW(�=g54

δG = δ

∫

d3r
[
g0 − πϕ(~r) + a(T )ϕ(~r)2 + b(T )ϕ(~r)4 + c(T )(∇ϕ(~r))2 + . . .

]
= 0.

+�Z1I�ujZ|gi�|giZ���Z1ILz �6WYMNM2"�fjZ��>SFujPYg�ONz{PFZ|�>SFILz,g "�Z1ILKNZ1M�4

δ

∫

d3r (∇ϕ(~r))2 = 2

∫

d3r∇ϕ(~r)δ∇ϕ(~r) = 2

∫

d3r (∇(∇ϕδϕ)− δϕ∆ϕ) .

+�Z1I�Z1ILX�giZ���Z1ILz �6WYMNM@fjM�Z1fjMUGJ\�Z1I �8]YklVNZ1MNfjM5giZ1PFIiWYu�ONz{PFZ#"�WYMNKNZ1uhg "�Z1ILKNZ1M�4
∫

V

d3r∇(∇ϕδϕ) =

∫

∂V

d~f · ∇ϕδϕ.

�1a



+�fjZ`GJ\�Z1I �8]YklVNZ`�6WYMNM@XLS{PFZ#"�]YVNuhg "�Z1ILKNZ1M
�8K/W�/RK/WYX % M^giZ1PFIiWYu
QFZ1ILXLklVN"�fjMNKNZ|g�E

+�fjZ ! fjMNfjz�ONz}�$��Z1KNfjMNPFONMNP}uvWYOpgiZ|g 
�Z|gi�|g

∫

d3r
(
−π(~r) + 2a(T )ϕ(~r) + 4b(T )ϕ3(~r)− 2c(T )∆ϕ(~r)

)
δϕ(~r) = 0

S2KNZ1I

π(~r) = 2a(T )ϕ(~r) + 4b(T )ϕ3(~r)− 2c(T )∆ϕ(~r)
\N�#"�E8z{fhg ! fjuh�>Z�QFSFM

(4)

δπ(~r) =

∫

d3r′δ(~r − ~r′)δπ(~r′)

= β
(
2a(T ) + 12b(T )〈ϕ(~r)〉2 − 2c(T )∆r

)
∫

d3r′g(~r, ~r′)δπ(~r′).

! fjZ1IiWYONX��>SFujPYg

(
2a(T ) + 12b(T )〈ϕ(~r)〉2 − 2c(T )∆r

)
g(~r, ~r′) = kBTδ(~r − ~r′).

� M^giZ1I�KNZ1I " ]YVNZ1ILONMNPR�>[NI
π → 0

〈ϕ(~r)〉2 = 0 für T > TC

〈ϕ(~r)〉2 ≈ −
a(T )

2b(T )
für T < TC

Z1ILV/]Yuhg�z�WYM

(α1 − α2∆r)g(~r, ~r′) = kBTδ(~r − ~r′)
z{fhg

(α1, α2) = (2a, 2c)
�>[NI

T > TC
ONMNK

(−4a, 2c)
�>[NI

T < TC .! fhg ! fjuh�>Z,KNZ1I &/SFONILfjZ1I�giIiWYMNX��>SFILz�W6gifhSFM ONMNK KNZ1X ��Z1XLfjKNONZ1MNXiW(gi�1Z1X`Z1ILV/]Yuhg�z�WYM
KNfjZ`�E-FXLONMNP

g(~r, ~r′) =
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