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'�. (JL²µnNØå

é9ØÔ�G��§Jø����ÝÚ§ÝO�
Or�ü½�z, 
�nNØå�ü½�A��9

ØÔ��í�C��.§Ý²wü$.

'�c �*nNØå k�§ÝBHF�{ ØÔ� �í�C �.§Ý

1 Úó

�.y�´ÔnÆNõ+�¥2�É�'5�Ô

ny�. duØf–Øf�m�r�p�^äk��

���díN¥©fm�p�^aq�A�, <�ý

Ï39ØÔ�¥¬u)�í�Cy�
[1—5]

. 3¥pU

­lf-E¥�Ø �ã, U
�)p§p��ØÔ

�¶3�A�)ä�ã, 9ØÔ�?\$�ÝåÆØ

­½«, ù�ò�Uu)�í�C
[6—9]. ØÔ��í

�C�­lf-E¥õ­��L§���', é­l

f-EÄåÆL§k­�K�. ,	, 9ØÔ�G�

�§�´£ãc¥f((�Úüz5��nØ�.�

Ä�Ñ\þ
[10, 11]

. Ïd, 'u9ØÔ��í�CA5

��*nØïÄØ=kÏu·��\��/@£Ø

f–Øf�m�r�p�^, 
�éun)­lf-

EÄåÆ±9c¥f(Ú¥f(��¥Ô��5�Ú

üz�äkAÏ�­�5.

nØþ, <�|^��éØHartree-Fock (HF)�

{
[12—15]

Ú�éØ²þ|nØ(RMF)
[16, 17]

ék�§

ÝØÔ�G��§?1
2��\�ïÄ. ¦+ù


ïÄÑL²9ØÔ�G��§äk²w�����d

(�, �æ^ØÓ�nØ�.½3Ó�nØµeSæ

^ØÓ�k�Ø³ëê¤ýó��í�C��.§Ý

�3�½��É. 3Skyrme-Hartree-Fock (SHF)µe

S, æ^ØÓ�Skyrme³ëê�Ñ��.§ÝTc 3

15—20MeV�m
[12—15]

; �éØ²þ|nØýó��

.§Ý��14MeV
[16, 17]

. 3©z[18]¥, Haar �|

^ � é Ø Dirac-Brueckner-Hartree-Fock (DBHF) �

{O�
9ØÔ��G��§, �SHFÚRMFn

ØýóØÓ�´µ¦�vkuy²w�I�ØÔ��

í�C�����d(�. �
©�ù�¯K, Huber

�?1
#���c[�O�
[19], ¦+#�ïÄ(

JL²DBHFnØ�{U
�Ñäk����dA

��9ØÔ�G��§, �ýó��í�C�.§

Ý��10MeV, ²w$u�éØ²þ|ÚSHF�(

J. 3©z[20]¥, ·�|^Brueckner-Hartree-Fock

(BHF)nØ�{ïÄ
nNØåé"§ØÔ�G��

§�K�¿c[?Ø
nNØå�A��éØ�A

�éX, (JL²�*nNØå�Ú\U
��Uõ

BHF�{¤ýó�"§é¡ØÔ��Ú:5�, �Ñ

�"§DBHFnØýó�©�C��Ú: �
[21, 22]

;

Ó�, ·�?�Ú©Û
��«ØÓ�Ä��*L§

�éX�nNØåé"§ØÔ�G��§��z, Ï

L�DBHFnØO�(J
[21]
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ugdØf—�ØféJ-uéØf�p�^¥Iþ

σ0f��Ü©�0�?�¤���nNØå({¡

�2σ-NN̄nNØå
[20, 23]

)U
½þ�ÑDBHF�{¥

�Ì��éØ�A; 
�Ø
2σ-NN̄nNØå	, Ù

¦Ä��*L§¤���nNØå��z´ØU��

�Ñ�.

�©ÏL3üNy¢Øå�Ä:þÚ\�*nN

Øå��z*Ð
k�§ÝBHF(FTBHF)�{, ¿

3ù�*Ð�nØµeSïÄ
9ØÔ��G��§

Ú�í�C��.:5�, AO´c[?Ø
�*n

NØåé9ØÔ��í�C�.§Ý�K�, ¿ÏL

�DBHFnØýó�'�&?
k�§ÝØÔ�¥

nNØå�A��éØ�Am�éX.

2 �¹�*nNØå�k�§ÝBHF

�{

2.1 �*nNØå

· � ¤ æ ^ � � * n N Ø å � . ´ Grange

�
[23]

�â0f6��nØ�{JÑ�, �Ä
Øå

üÀÚf���.¥�­��4«ÀÚfπ, ρ, σÚ

ω
[23]

. 3TnNØå�.¥�¹
2σ-NN̄, 2ω-NN̄,

(σ, ω)-NN̄Ú (σ, ω)-RR̄�Ä��*L§énNØå

��z
[20, 23]

. nNØå�.¥��«0fëê(�)

�p�^ÍÜ~êÚÄþ�äÏf)´|^Øå�ü

ÀÚf���.ÏLÎÜ¤æ^�üNy¢Øå5

(½�, äNê�®3©z[20]¥�Ñ. Ïd, þãn

NØå¥Ø�¹gdëê, ´�«�*¿Âþ�nN

Øå.

�
;�¦)nNBethe-Faddeev¯K, 3"§

BHFO�¥, Ï~æ^��{´ÏLé1n�Øfg

dÝ�²þ, ònNØå�z����Ý�'���

üNØå
[20, 23]

. òù��{í2�k�§Ý�/, �

±��eã§ÝÚ�Ý�'���üNØå:

〈r′

1 r′

2|V
eff
3 (T )|r1r2〉=

1

4
Tr

∑

kn

f(kn, T )×

∫
dr3dr′

3ϕ
∗

n(r′

3)[1−η(r
′

13, T )][1−η(r′23, T )]×

W3(r
′

1r
′

2r
′

3|r1r2r3)ϕn(r3)[1−η(r13, T )] •

[1−η(r23, T )] , (1)

Ù ¥, Tr L « é 1 n � Ø f � g ^ Ú Ó   ^ ¦

,; ¼êη(r, T )´'é¼ê
[23—25]

, ½Â�η(r, T ) =

φ(r)−ψ(r, T ), ùpφ(r)L«ü�gdØf��é$

ÄÅ¼ê, 
ψ(r, T )L«Ø0�¥ü�'éØf�

�é$ÄÅ¼ê. ��rN�´µ¦+�*nNØ

åW3 ���§ÝÃ'
[20, 23]

, ��z����Øå

V eff
3 (T )�6uØÔ��§Ý. d(1)ª�±wÑ, 3k

�§ÝØÔ�¥, V eff
3 (T )�§Ý�'55gu0��

A, dk�§Ý¤�©Ùf(k, T )Ú'é¼êη(r, T )

�§Ý�65û½.

2.2 k�§ÝBHF�{

k�§ÝBHF�{�Ñu:´GÝ
, ÷veã

§Ý�'�Bethe-Goldstone (BG)�§
[26]

G(ρ,T ;ω)= vNN +vNN
•

∑

k1k2

|k1k2〉Q(k1,k2,T )〈k1k2|

ω−e(k1)−e(k2)
G(ρ,T ;ω) , (2)

Ù¥, vNN ´y¢Øf–Øf�p�^, �¹üNØå

ÚnNØå��z, =vNN = v2+V eff
3 (T ), ·�3O�

¥æ^Argonne V18 ³��üNy¢Øå
[27]

; ω´å

©Uþ; k ≡ (k,σ,τ)L«üØfÄþ!g^ÚÓ ^

1n©þ. 3k�§Ýe, �|�ÎQ½Â�

Q(k1,k2,T )= [1−f(k1,T )][1−f(k2,T )] , (3)

Ù¥f(k,T )´k�§ÝeØfÄþ©Ù, ÷veãk

�§Ý¤�©Ùµ

f(k,T )≡

[

1+exp

(

e(k)−µ

T

)]

−1

, (4)

3"§Ý4�e, ¤�©Ùf(k,T )C��F¼ê. 3

�§(4)¥, µ��´ØfzÆ³, ÷ve��§:

ρ=
1

V

∑

k

f(k,T )=
1

V

∑

k

[

1+exp

(

e(k)−µ

T

)]

−1

.

(5)

éu�½�ØÔ��ÝÚ§Ý, dþªÏLgUS�

�±(½Ñµ��. 3k�§ÝØÔ�¥, üâfUþ

e(k)deª�Ñ,

e(k)= e(k,T )=
~

2

2m
k2 +U(k,T ) . (6)

3"§�¹e, Ï~éüâf³U(k,T = 0)kü«À

J
[28]

: �«´mä5ÀJ; ,�«´ëY5ÀJ. 3

·��k�§ÝBHFO�¥, éüâf³æ^
ëY

5ÀJ. ��¡, ïÄL²
[29]

µéu"§ØÔ�, 3ë

Y5ÀJe, �Ç�Ðm�Âñ�Ý�'3mä5À

Je¯�õ; ,��¡, 3k�§Ýe, ëY5ÀJ´

�«g,�ÀJ, Ï��T 6= 0�, é¤�¡�î�y

©®vk¢�5�Ôn¿Â. 3ëY5ÀJe, üâ
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f³U(k,T )d�é¡zGÝ
�¢ÜÏLe�'X

�Ñ

U(k,T ) =
∑

k′

f(k′,T ) •

Re〈kk′|G(ρ,T ;e(k)+e(k′))|kk′〉A . (7)

�"§Ý�¹aq
[25]

, duü��p�^Øf�oÄ

þ!o�Äþ!og^ÚoÓ ^Åð, ·�òBG

�§�©ÅÐm, 3�ÄþL�?1ê�¦). �


�ØØÓ�o�Äþ©Å�m�ÍÜ, ·�éBG�

§¥�Uþ©1Ú�|�Îæ^
Ï~��²þ�

Y
[30]

. ~X, �|�Î��²þdeª�Ñ:

〈Q(q,P,T )〉=
1

2

∫π

0

sinθdθ[1−f(k1,T )][1−f(k2,T )] ,

(8)

ùp, q ≡ (k1 −k2)/2ÚP ≡ k1 +k2 ©OL«ü�Ø

f��é$ÄÄþÚoÄþ; θ´q ÚP �m�Y�.

�"§Ý�/ØÓ�´, �T 6= 0�, �|�Î��²

þØ2äk)Û/ª, I�ÏLê�È©O�.

��rN�´, du��ØåV eff
3 (T )ÏL'é¼

êη�GÝ
���', Ï
3BG�§S�¦)�

z�Ú, Ñ7L­#gU/O���ØåV eff
3 (T )

[20]
.

þãÍÜ��§(1)—(7)�¤
�¹nNØå�z�

k�§ÝBHF�{�Ä��§|. 3k�§ÝBHF

Cqe, éu?¿�½§ÝT ÚØfê�Ýρ�ØÔ

�, ÏLgU¦)�§(1)—(7), �±���A�§Ý

k'�GÝ
, ?
dGÝ
�O�ÑØÔ��G�

�§. 3�½§ÝÚ�Ýe, ØÔ��zØfUþEA

dÄUÚ³UüÜ©|¤, =

EA(ρ,T )≡
E(ρ,T )

A
=
Ekin(ρ,T )

A
+
Epot(ρ,T )

A
,

Ù¥, ³UÚÄUÜ©©Odeª�Ñ:

Epot(ρ,T ) =
1

2

∑

k,k′

f(k,T )f(k′,T ) •

〈kk′|G(ρ,T ;e(k)+e(k′))|kk′〉A ,

Ekin(T ) =
∑

k

f(k,T )
~

2

2m
k2 .

|^eã9åÆ'X, N´O�ÑØÔ�Ør

P = ρ2

[

∂(F/A)

∂ρ

]

T

, (9)

Ù¥F = E−TS´gdU, 3²þ|Cqe, �S�

deª��

S=
∑

k

[f(k,T ) lnf(k,T )+(1−k(f,T )) ln(1−f(k,T ))] .

(10)

3 O�(J�?Ø

3þã�¹nNØå�k�§ÝBHFnØµe

S, �±O�9ØÔ��G��§, =ØÔ�Ør�

§ÝÚ�Ý�Cz'X, ?
?Ø9ØÔ���í�

Cy�. ã1�Ñ
ØÓ§ÝeØÔ��Ør�§�.

ã 1 k�§ÝBHFýó�9ØÔ��Ør�§�

de�þ��§�éA�§Ý©O�T = 0, 8, 10,

12, 14, 16MeV; ¢�´�¹�*nNØå�z�O

�(J, 
J�´Ø�ÄnNØå�z�(J.

lã1�±w�, duØfm�r�p�^äká§

ü½Ú¥§áÚ�A5, ÏdÃØ´Ä�ÄnNØå

��z, 9ØÔ��G��§þLyÑ;.����

�d(�, ùL²3�½�§ÝÚ�Ý^�e9ØÔ

�¥¬u)�í�Cy�. nNØå�Aäkü½5,

ù�ü½�z��Ó�§ÝÚ�Ýe9ØÔ��Ø�

Ø 5Or, ½ö`¦�9ØÔ��G��§CM. �

§ÝT = 0�, nNØå�Ú\��ØÔ����Ú

��Ýü$, l
��Uõ
��éØBHFnØýó

�ØÔ��Ú�Ý�²��ÎÜ�§Ý. dã¥��

±w�, nNØåé9ØÔ�G��§�ü½�z�

�Ý�O�
Or, 
�nNØåm©å�^��Ý

�§Ý,p
ü$, Ò´`, �X�ÝÚ§Ý�,p,

nNØå�Aþk¤Or, ùÌ�´du3Ø0�¥

5gnNØå�k��p�^V eff
3 ��ÝÚ§Ý�6

5¤���, (J¦�ØÔ��í�C��.§Ý²

wü$. 9ØÔ��í�C��.§ÝTc Ú�.�Ý

ρc d�.^� (∂P/∂ρ)T = (∂2
P/∂ρ2)T = 0û½. �

â�.^�, d9ØÔ��Ør�§�Ò�±J�Ñ

�í�C��.:5�. �Ø�ÄnNå�z�, O

�����í�C��.§Ý�Tc ≈ 16MeV, ���

SHF�{�nØýóTc ≈15—20MeV
[12—15]

��; �

�Ä
nNØå��z�, �.§ÝdTc ≈ 16MeV~

��Tc ≈ 13MeV, ù����éØ²þ|nØ�{¤
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ýó�Tc ≈ 14MeV
[16, 17]

�~�C. 3�ÄÚØ�Ä

nNØå�zü«�¹e, ·�O�����.�Ý

©O�ρc ≈ 0.065fm−3 Úρc ≈ 0.08fm−3, �Ù¦nØ

�{
[12—17]

���(Jρc = ρ0/3—ρ0/2(ρ0 ≈ 0.17fm−3

�²��Ú�Ý)�Î. ÏL'�ã1¥¢�ÚJ��

�±wÑ, nNØåØ=é�í�C��.:5�k

­�K�, 
�é9ØÔ�G��§�����d(

��k²w�A, =nNØå�ü½�z��9ØÔ

��åÆØ­½« �.

e¡ò·��O�(J�Ù¦�*nØýó?1

'�. 3©z[1]¥, Friedman�|^õNC©{¿æ

^Argonne V14 üNØ³Ú��nNØåïÄ
9Ø

Ô��5�, ¿O�
�í�C��.§Ý. ¦��

��Tc ��17.5MeV, �·�|^k�§ÝBHF�{

���(J�O��, ��ù��O�Ì��Ï�U

´duü«nØ�{�ØÓ. �X©z[31]¤�Ñ, =

¦´æ^�Ó�Øf–Øf�p�^³, dùü«Ø

ÓnØ�{¤ýó�"§ØÔ��é¡U��Ý�6

5���ØÓ. �uùü«�{�nØýó�m©Ü

��
�k�u?�Ú��\ïÄ
[32]

. 3©z[18]¥,

Haar�3�éØDBHFnØµeS?Ø
9ØÔ�

��í�C¯K, �SHFÚRMFnØýóØÓ�´,

¦�vkuy²w�I�ØÔ��í�C�����

d(�. �
©�ù�¯K, Huber�?1
#��

�c[�O�
[19]

, ¦+#�ïÄ(JL²DBHFnØ

�{U
�Ñäk����dA��9ØÔ�G�

�§, �ýó��í�C�.§Ý��10MeV, Ø�

3é�§Ýþ$u�éØ²þ|ÚSHF�(J, 
�

²w$u·�3BHFµeSÚ\�*nNØå��

��(JTc ≈ 13MeV. Brown�
[33]

�Ñ, 3"§ØÔ

�G��§¥, DBHF�{¥Ì���éØ�AéA

u�«AÏ�nNØå�A, =2σ-NN̄nNØå. 3

©z[20]¥, ·�½þ?Ø
"§ÝØÔ�¥nNØ

å�A�DBHFnØ�.¥�éØ�A�éX, (J

L²==�¹2σ-NN̄ nNØå�z���éØBHF

O��(U
½þ�ÑDBHF�{¥��éØ?�,

|±
Brown��½5?Ø�Øã. �´, ·��ï

ÄÓ��L²µØ
2σ-NN̄nNØå�	, Ù¦Ä�

�*L§���nNØå��z¿ØU���Ñ. 3

k�§Ý�¹e, du3Ø0�¥5gnNØå�k

��p�^V eff
3 ��ÝÚ§Ý�65, nNØåéØ

Ô�G��§�K��§Ý�,pC�wÍ. �
?

�Ún)k�§ÝenNØå�A�DBHF�{¥

�éØ�A�éX, ¿©�|^DBHF�{��¹n

NØå�k�§ÝBHFü«nØ�{¤ýó��.

§Ým�©Ü, ·�O�
�2σ-NN̄L§�éX�n

NØåé9ØÔ��í�C�K�, Ó��æ^��

��*nNØå���(J?1
'�, äN(J�

ã2. dã2�±wÑ, 3O�¥O9����*n

NØå�zÚ��Ä2σ-NN̄nNØåü«�¹e¤

���9ØÔ��G��§²wØÓ; =�Ä2σ-NN̄

nNØå�z�G��§'æ^���nNØå�

��G��§�M�
, ùL²µØ
2σ-NN̄nNØ

å	, dÙ¦Ä��*L§���nNØåék�§

ÝeØÔ�G��§�o�A´áÚ�, ù�·�'

u"§ÝØÔ��ïÄ¤���(Ø����. �´

duØ2σ-NN̄�	�Ù¦Ä��*L§énNØå

�áÚ�z~f
2σ-NN̄nNØå�ü½5, ¦�9

ØÔ�3�p�§ÝâU���í�C�.:. �

==�Ä2σ-NN̄nNØå��z�, ·�|^k�§

ÝBHF�{���9ØÔ��í�C��.§Ý=

�Tc ≈ 11MeV, �Huber �
[19]

|^DBHF�{¤ý

ó��.§Ý�10MeV�~�C, ù?�Úy¢
�

2σ-NN̄L§�éX�nNØåéAuDBHF�{¥

�Ì��éØ�A. þã(JL²µ¦+�2σ-NN̄L

§�éX�nNØåéuÜnýó"§ÝØÔ��

Ú:5�åXÌ��^, �´3ïÄ9ØÔ�G��

§AO´�í�C�.:5��, =�Ä2σ-NN̄nN

Øå��z´Ø
�, �IÓ�gU�ÄÙ¦Ä��

*L§¤���nNØå��z. þã(J��|

^DBHFnØ�{Ú�¹�*nNØå�k�§Ý

BHF�{¤ýó�9ØÔ��í�C�.§Ý�m

�©ÜJø
����Ün�nØ)º.

ã 2 k�§ÝBHF�{ýó�9ØÔ��Ør�

§�

de�þ��§�éA�§Ý©O�T = 0,8, 10, 12,

14MeV,¢�´�¹���nNØå�z�O�(J;


J�K´==�¹2σ-NN̄ nNØå�z�(J.
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4 o(

�©ÏLÚ\�*nNØå*Ð
k�§Ý

BHFnØ�{, ¿3dÄ:þïÄ
nNØåé9Ø

Ô�G��§AO´é�í�C��.:5��K

�. (JL²µ(1) nNØåé9ØÔ��G��§

Ú�í�C�.5�þkwÍK�, nNØå��z

¦�9ØÔ��G��§CM, 
�nNØå�A�

�ÝÚ§Ý�O�
Or, ��9ØÔ��í�C�

�.§Ý²wü$; (2) 3Ø�ÄÚ�ÄnNØå�

zü«�¹e, |^k�§ÝBHF�{ýó��.

§Ý©O�Tc ≈ 16MeVÚTc ≈ 13MeV, �ö��é

Ø²þ|�nØýó�©�C; (3) XJ3O�¥�

�Ä2σ-NN̄nNØå��z, ����.§Ý���

11MeV, $u3O�¥�¹���nNØå�z�(

J, ùÌ�´du����nNØå�o�z�',

2σ-NN̄nNØåÜ©�Ñ�ü½�ALr. ��¡,

ù�(J`²3ïÄ9ØÔ�G��§, AO´�í

�C�.:5��, =�Ä2σ-NN̄nNØå��z´

Ø
�, �IÓ�gU�ÄÙ¦Ä��*L§¤��

�nNØå�A; ,��¡, ��|^DBHFnØ�

{Ú�¹�*nNØå�BHF�{¤ýó�9ØÔ

��í�C�.§Ý�m�©ÜJø
����Ün

�nØ)º.
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Critical Temperature of Liquid-Gas Phase Transition for Hot

Nuclear Matter and Three-Body Force Effect *

ZUO Wei1;1) LU Guang-Cheng1,2 LI Zeng-Hua1,2 LUO Pei-Yan1,2

1 (Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China)

2 (Graduate School of the Chinese Academy of Sciences, Beijing 100049, China)

Abstract The finite temperature Brueckner-Hartree-Fock (FTBHF) approach is extended by introducing a microscopic

three-body force. Within the extended approach, the three-body force effects on the equation of state of hot nuclear

matter and its temperature dependence have been investigated. The critical properties of the liquid-gas phase transition

of hot nuclear matter have been calculated. It is shown that the three-body force provides a repulsive contribution to

the equation of state of hot nuclear matter. The repulsive effect of the three-body force becomes more pronounced as

the density and temperature increase and consequently inclusion of the three-body force contribution in the calculation

reduces the predicted critical temperature from about 16MeV to about 13MeV. By separating the contribution originated

from the 2σ-exchange process coupled to the virtual excitation of a nucleon-antinucleon pair from the full three-body

force, the connection between the three-body force effect and the relativistic correction from the Dirac-Brueckner-

Hartree-Fock has been explored. It turns out that the contribution of the 2σ-NN̄ part is more repulsive than that

of the full three-body force and the calculated critical temperature is about 11MeV if only the 2σ-NN̄ component of

the three-body force is included which is lower than the value obtained in the case of including the full three-body

force and is close to the value predicted by the Dirac-Brueckner-Hartree-Fock (DBHF) approach. Our result provides

a reasonable explanation for the discrepancy between the values of critical temperature predicted from the FTBHF

approach including the three-body force and the DBHF approach.

Key words microscopic three-body force, finite temperature BHF approach, nuclear matter, liquid-gas phase transi-

tion, critical temperature
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