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O�Ú?Ø
�Ä�ÚîÚåe�¯�=Ä·Ü((��5�, �)�þ-�»'X!Kepler =�!=Ä.
þ!Úåù£±9=ÄÄUÚÚå(ÜU�'�. (JL², =Äòk�/O�·Ü(U|±����þ, Kepler
=�eU|±����þ'·��O\ 20%�m; =Äéu�Ä�ÚîÚå�·Ü(�N(�5� (�)�þ-�
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1 Ú ó

¥f(´ð(üz��ª�ã��Ô��, �
Ý=guçÉ. §�;.�þ� 1.4 ����þ, ;
.�»�� 12 km, ¥%�Ý�±�� 5—10 ��
ÚØ�Ý. ù��p�Ý�¸�·�Jø
��ï
Ä4à^�eÔn5Æ�n�U,¢�¿, Ù¥�
��¿ÂÒ´ÏLé¥f(�*ÿÚnØïÄ
5Jpér!f�p�^±9ÚånØ�@£. Ï
d, ¥f(��´nØÔnÆ[�ïÄ�9:��.

¥f(��þÚ�»´Ù��	ÜA5, é
uÔnnØ��ykX�~'���^ [1,2]. ,,
¥f(ål/¥Ñé��, �C�¥f(l/¥Ñ
kêz1c [3], §��»�k�AZ�. Ïd, é
J��°(ÿþ§��». ,��¡, é¥f(�
�é°(��þ*ÿ�=�uV(XÚ. ¥f(�
þ�*ÿòé¥f(�Ô��§Jøk���å,
AO´��þ¥f(�*ÿÚuy. �C*ÿ�
� PSR J1614-2230 ¥f(äk���(N�þ, �
°(ÿ½� (1.97 ± 0.04) M¯

[4]. §é¥f(Ô�
Ô��§Jø
��î���å, =3²;nØµ
ee§òüØ¤k�^�Ô��§.

�´, Cc�/¡lf-EÁ�%|±p�
Ý�é¡ØÔ�äk�^Ô��§�(Ø [5]. 3�
«nØ�.¥, �f�!§����Ñyò¬¦Ô
��§^z. ~X, ·Ü(�.�Ô��§Òäk
�^�Ô��§: T�.@�3�Ý�p�«�ò
Ñy�fÚ§�)B��·Ü�, 3�p�«�ò
ÑyX§�)B� [6,7]. ù« ^Ô��§U|±
�¥f(���þ3 1.5 M¯ �m, w,Ã{|±
*ÿuy���þ¥f(. �ù´3²;nØµe
e�(Ø. du3�ºÝeÚîÚå¬ l�kÚ
å�²��''X (¡��ÚîÚå)[8−12], ù«�
ÚîÚå¬é¥f(�(�Ú5��)²w�K
� [13]. ,��¡, ¥f(äk�¯�g==� [14],
�¯g=¥f(�=���Î¦þ?, Ù»�Ô�
=��C1�þ?, Ïd¥f(�g=�¬é¥f
(�(�Ú5��)wÍK�. �©¥, ·�òÌ
�ïÄ�Ä�ÚîÚåe�¯�=Ä·Ü(�(
�Ú5�.

2 Ô��§��ÚîÚå

Ô��§´nØïÄ¥f((�Ú5��
�Ñ\þ. ØÓ�Ô��§, ¬�Ñ»,ØÓ�¥
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f(÷*A�. ��¥f(�.���·Ü(l
¥%�L�½��©�nÜ©: ��Ø, S��Ú
	��. §���Ø«��@�´dX§�½ö
dåP�Ô� (�f�) Ú�åP� (X§��) Ô
��·Ü�|¤, ��«�dåP��rfÔ�|
¤ [15]. �©¥, ·�òæ^©z [15] £ã�·Ü(
Ô��§: §�Ô�æ^æ�nóÆ� (MIT) �Æ
[JÑ����.£ã [16,17], �fÔ�æ^Uþ
Äþ�6��p�^ (MDI) �.£ã [6]. éu��
Ô��Ô��§, S��·�æ^
���ëê�
Ô��§ P = a + bε4/3; 	��æ^ BPS Ô��
§ [18].

,��¡, 3�ºÝe�ÚîÚå��zòK
��p�Ý�é¡ØÔ��Ô��§. ~X, |^
¥þÀÚfã�5£ã��ÚîÚå�z, K��
u3p�ÝØÔ�¥O\
ü½å [13]. �©¥, ·
�ò�Ä�ÚîÚåé·Ü(Ô�Ô��§�K
�. �â Fujii[19] �£ã, �ÚîÚå�L«�

V (r) = −G∞m1m2

r

(
1 + αe−r/λ

)
, (1)

Ù¥ G∞ ´Úå~ê, α ´Ãþj�rÝëê, λ ´
A��Ý. |^¥þÀÚf��k

α = ±g2/
(
4πG∞m2

b

)
, (2)

λ = 1/µ, (3)

Ù¥, g, µ Ú mb ©O´ÍÜ~ê, ÀÚf�þ±9
f�þ. 3²þ|Cqe, �â Fujii �nØ, ù
«�ÚîÚå�A�ÏLÔ��§5£ã [20]. �
ÚîÚå¿ØK�2Â�éØ¤£ã��§Úå,
ÏdOÏd"|�§�,�±ØC. 3²þ|Cq
e, �ÚîÚåéUþ�Ý��z�

εUB =
1

2V

∫
ρ (x1)

g2

4π

e−µr

r

× ρ (x2) dx1dx2

=
1
2

g2

µ2
ρ2, (4)

Ù ¥ V ´ 8 � z ~ ê, ρ ´  f ê � Ý, r =
|x1 − x2|. �A/, �ÚîÚåéØr��z�

PUB =
1
2

g2ρ2

µ2

(
1 − 2ρ

µ

∂µ

∂ρ

)
. (5)

b½ÀÚf�þ��ÝÃ', �±�� PUB =

εUB =
1
2

g2ρ2

µ2
. ã 1 ´�Ä�ÚîÚå�·Ü(Ô

��Ô��§.

ã 1 �Ä�ÚîÚåe�·Ü(Ô�Ô��§, ��ê�
�L g2/µ2 ��, ü � GeV−2

3 ¥f((��§

éu·�¥é¡¥f(, ÙÔ��±w��n
�6N, UþÄþÜþ�±L«�

Tαβ = −pgαβ + (p + ε)uαuβ , (6)

3þã�§¥, uα ´6No��Ý, uα =
dxα

dτ
, Ù

¥ α, β = 0, 1, 2, 3.
·�¥é¡¥f(�^XeÝ5£ã:

dτ2 = e2Φ(r)dt2 − e2Λ(r)dr2

−r2dθ2 − r2 sin2 θdφ2, (7)

Ù¥ Φ, Λ =� r �¼ê. |^n�6N�UþÄ
þÜþ9·�¥é¡¥f(�Ý5, �âOÏd"
|�§

Rαβ − 1
2
gαβR = 8πTαβ, (8)

�±��·�¥é¡¥f(�(��§, = TOV
(Tolman-Oppenheimer-Volkoff) �§

dp

dr
= − [p (r) + ρ (r)] [M (r) + 4πr3p(r)]

r(r − 2M(r))
. (9)

�½¥%�Ý, |^>.^� —— (NL¡Ør
�", p(R) = 0; (N¥%:�þ�", = M(0) =
0, Ò�ê�¦)Ã=Ä·�¥é¡(N�Ør©
Ù!�Ý©Ù!�þ©Ù±9�þ-�»'X.

O�¯=¥f(�, ���XeCq [21]: 1) Ô
��±�À�n�6N, UþÄþÜþE,�±
^ (6) ª£ã; 2) Ô�©ÙÚ��´¶é¡�, ¿�
Ø��mUC; 3) Ô�vk»�$Ä, ��Ý�é
u*ÿö´ð½�. 3ù
b�e, ¯=¥f(�
��Ý5�±£ã�

dτ2 = e2ν(r,θ)dt2 − e2φ(r,θ)
(
dr2 + r2dθ2

)
−e2ψ(r,θ)r2 sin2 θ(dφ − ω(r, θ)dt)2, (10)
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Ù¥� ν, φ, ω, ψ �´ r Ú θ �¼ê. éu=Ä¥
f(, Ùo��Ý�

uα =
e−ν

√
1 − v2

(1, 1, 1, Ω), (11)

Ù¥
v = r sin θeψ−ν (Ω − ω) . (12)

N´n), �½Ô��§!(N�¥%�Ý9g=
ªÇ, =Ä¥f(�(�AT���(½. ,, �
ê�O���=Ä¥f(�(�¿ØN´. e¡{
��ÑO�=Ä¥f((��ê��{. ²ïG�
�¥f(�.I�÷vOÏd"|�§Ú6N·
åÆ²ï�§. 6N·åÆ²ï�§�±l$Ä�
§¥í�Ñ, /ª� [22]:

1
p + ρ

∇p + ∇ν − 1
2
∇ln

(
1 − v2

)
= 0. (13)

$^Ün�>.^�, (ÜÔ��§!OÏd"|
�§±9=Ä¥f(�6N·åÆ²ï�§, =Ä
¥f(�(�=�ê�¦). �©òæ^®úm�
O�=Ä¥f((�Ú5����§S RNS ?1
ê�O� [23−25].

Ø
�þÚ�», �kÙ¦�
��Ônþ
�±£ã¥f(��N5�. ~X, =Ä.þ!Ú
åù£�. =Ä.þ½Â�

I =
J

Ω
, (14)

Ù¥ J ´�Äþ, Ω ´(N=Ä��Ý. J �±
L«� [22]

J = 2π

∫
e2φ+2ψ (p + ρ)v

1 − v2
r3 sin2 θdrdθ. (15)

éu=��$u Kepler �Ý�¥f(, $^ ω Ú Ω

���Cq, =Ä.þ�±CqL«�

I =
8π

3

R∫
0

r4e−Φ p + ρ√
1 − 2m(r)

r

ω̄

Ω
dr, (16)

Ù¥ e−Φ ´äk�Ó¥%�Ý��A·�¥f(
�Ý5¼ê. Lattimer Ú Schutz[26] �Ñ
ú=¥f
(=Ä.þ�CqL�:

I ≈ (0.237 ± 0.008) MR2

×
[
1 + 4.2

M

Msun
· km

R

+90
(

M

Msun
· km

R

)4
]

. (17)

,	, =Ä¥f(�4�Úåù£½Â�

zp =
√
|gtt| − 1 = e−vp − 1. (18)

4 ê�O�(J�?Ø

�©|^O�=Ä¥f((��úm��§
S RNS, ê�O�
�Ä�ÚîÚå�A�¯�=
Ä·Ü(�(�Ú5�.

ã 2 �Ñ
�Ä�ÚîÚåe·�Ú��
=� (Kepler =�) e·Ü(��þ (M )-�» (R)
�'X. lã 2 �±wÑ, Ø�Ä�ÚîåK�
� (g2/µ2 = 0 GeV−2), ·�·Ü(����þ
=� 1.5 M¯, =¦´ Kepler =�eÙ���þ�
�k 1.77 M¯, Ïd, 3²;nØµee, ÃØ´
·��´4�=Äe�·Ü(ÑÃ{|±¥f
( J1614-2230 �*ÿ�þ [4] (1.97 M¯ ± 0.04 M¯).
XJ�Ä�ÚîÚå, �ëê g2/µ2 ≈ 50 GeV−2

�·�·Ü(Ò�±|± 2 M¯ ¥f(�*ÿ. X
J2�Ä=Ä, K�±|±���(N�þ. Kepler
=�e g2/µ2 � 40 Ú 50 GeV−2 éA����þ
©O�� 2.15 Ú 2.24 M¯, ÙU|±����þ�
L�A·�(���þ� 20%�m.

ã 2 �Ä�ÚîÚåe·�Ú Kepler =Ä·Ü(�þ-�»
'X, ���ê��L g2/µ2 ��, ü � GeV−2

Kepler =��@�´ÄåÆ²ï�¥f(=
ÄnØþ¤#N���=�. ,«Ô��§¤£ã
�¥f( Kepler =�7L�u*ÿþ®uy�¥
f(�¯=� (~X 716 Hz). ã 3 �Ñ
�Ä�
ÚîÚå·Ü(���=� (Kepler =�) (f ) �(
N�þCz'X. N´wÑ, �X(N�þ�O\,
ÙU|±���(N=����O\. 8c*ÿ(
@���¥f(=�� 716 Hz[14], �Ä�ÚîÚ
å� (~X g2/µ2 = 40 GeV−2) �|± 716 Hz �
g==�, ¥f(��þ7L���� 1.5 M¯. X
J¥f(�=ÄªÇU��*ÿþÿ���(@
� 1122 Hz[27], �Ä�ÚîÚåe�·Ü(KI�
����þâU|±Xd¯��g=.
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ã 3 �Ä�ÚîÚå·Ü(���=� (Kepler =�) �
(N�þCz'X, ��>�ê��L g2/µ2 ��, ü 
� GeV−2

¥f(�=Ä.þ��U�°(*ÿ� [1], Ù
*ÿ�é¥f(Ô��§9Ù¦�5�?1�
å, Ïd¥f(�=Ä.þ�´����5�ë
þ. ã 4 �Ñ
¯=Úú=Cqe�Ä�ÚîÚå
·Ü(�=Ä.þ I . lã 4 �±wÑ, äk�Ó�
þ�·Ü(, Kepler =�e�=Ä.þ�'�A�
ú=(�=Ä.þ�, éu�þ���·Ü(, ù
«=Ä.þOþ�� 35%�m.

ã 4 �Ä�ÚîÚå�·Ü(=Ä.þ, Ù¥J��L
Kepler =�e�=Ä.þ, ¢��Lú=Cqe�=Ä.þ,
��>�ê��L g2/µ2 ��, ü � GeV−2

Úåù£´¥f(������*ÿá
5 [28]. ã 5 �Ñ
·�Ú Kepler =�e�·Ü(
4�Úåù£ Zp. lã 5 �±wÑ, =Äé·Ü(
�4�Úåù£K���, �k��þ·Ü(âL
yÑ�²w��É.

=ÄÄUÚÚå(ÜU�' (T/W ) 3ïÄ¥
f(�Ä9ÙÚåË���¡äk�©��¿
Â [29]. ã 6 �Ñ
��=Ä�Ý (Kepler =�) e
=ÄÄUÚÚå(ÜU�'�¥f(�þCz'

X. lã 6 N´wÑ, �ÚîÚåòk�/ü$=
ÄÄUÚÚå(ÜU�'. XJ�½¥f(�=
� (~X 716 Hz), =ÄÄUÚÚå(ÜU�'ò�
X(N�þ�O\~�.

ã 5 ·�Ú Kepler =�e�·Ü(4�Úåù£, ��>
�ê��L g2/µ2 ��, ü � GeV−2

ã 6 =ÄÄUÚÚå(ÜU�', J��L Kepler =�, ¢�
�L�½=� 450 Hz, ��>�ê��L g2/µ2 ��, ü 
� GeV−2

5 ( Ø

� © | ^ RNS § S O � 
 � Ä � Ú î Ú
åe¯�=Ä·Ü(�5�, �)�þ-�»'
X!Kepler =�!=Ä.þ!Úåù£±9=Ä
ÄUÚÚå(ÜU�'�. ïÄ(JL², =Äò
k�/O�·Ü(U|±����þ, Kepler =�
eU|±����þ'·��O\� 20%. nÜ5
w, =Äé�Ä�ÚîÚå·Ü(�5�: �)�
þ-�»'X!=Ä.þ!=ÄÄUÚÚå(ÜU
�'�Ñäk²w�K�, �é4�Úåù£K�
%�é��.
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Properties of rapidly rotating hybrid stars with
non-Newtonian gravity∗

Fu Hong-Yang Wen De-Hua† Yan Jing
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Abstract
The properties of rapidly rotating hybrid stars are calculated and discussed with an equation of state considering non-Newtonian

gravity (described by the Yukawa contribution). The said properties include the mass-radius relationship, the Kepler rotating frequency,
the moment of inertia, the gravitational redshift and the ratio of the rotational energy to the gravitational energy. It is shown that at the
Kepler frequency, the maximum stellar mass increases up to about 20% compared with that from the static model at the same central
density. It is also shown that for a rapidly rotating hybrid star, the rotation has an obvious influence on the bulk properties, such as the
mass-radius relationship, the moment of inertia, the ratio of the rotational energy and gravitational energy, but has a faint effect on the
polar gravitational redshift.

Keywords: hybrid star, Kepler frequency, non-Newtonian gravity

PACS: 97.10.Kc, 26.60.–c, 97.60.Jd, 04.40.Dg

* Project supported by the National Natural Science Foundation of China (Grant Nos. 10947023, 11275073), the Fundamental Research Fund for
the Central Universities, China (Grant No. 2012ZZ0079), and the Scientific Research Starting Foundation for the Returned Overseas Chinese
Scholars, Ministry of Education of China.

† E-mail: wendehua@scut.edu.cn

209701-6


