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2 ~�Q(%b℄%
2.1 \"k�TK1�oM^1_EC
�61M^����fk�>EGhb"�7.n�f�wFz~�, ^��ll-.wh�4�Huangk [3] +LH �hwbEG�e;Oh

�(.O7.n1.|�wF.X�1[g
�l-�4�K1�oh7.n1.�Q{�K1�oh;�wF J 1[%<F�oh�f�wFn7.�wF�L

J = J0 + I1ω1 + I2ω2 , (1)�� J0 %<�f�wF� I1 L I2 �'%<(1LT1h.w<F� ω1 L ω2 �'%<(1LT1h7.�Q{�`�D'�F"7F α L β:

α =
I1ω1 + I2ω2

J0
, (2)

β =
I1ω1 + I2ω2

J
, (3)

α �h>7.�wF�Ln�f�wF��� β �h>7.�wF�Ln;�wF���� (1) ;�{!��i
∆J = ∆J0 + ∆(I1ω1 + I2ω2) , (4)�";D�l1N[ J0 1g
∆J

J0
=

∆J0

J0
+

∆(I1ω1 + I2ω2)

J0
, (5)�;1[.F��7;

∆J

J
·

J

J0
=

∆J0

J0
+

∆(I1ω1 + I2ω2)

J
·

J

J0
, (6)hl J/J0 = α/β, l> (6) ;1[.F

∆J

J
·
α

β
=

∆J0

J0
+

∆(I1ω1 + I2ω2)

J
·
α

β
, (7),% (2) ;L (3) ;(.O (1) ;1g

α

β
=

1

1 − β
. (8)�f�wF1%<}

J0 = (GA)
1

2

M1M2

(M1 + M2)1/2
, (9)
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∆J0

J0
=

1

2

∆A

A
+

∆M1

M1
+

∆M2

M2
−

1

2

∆M1 + ∆M2

M1 + M2
, (10)�� G }zi`B>I�A %<D/1�|h'<�M1 L M2 �'%<(1LT1h�F�� (10) ;L (8) ;^� (7) ;��X$1g

∆A

A
=

2

1 − β
[
∆J

J
−

∆M1

M1
(1−β)−

∆M2

M2
(1−β)+

1

2

∆M1 + ∆M2

M1 + M2
(1−β)−

∆(I1ω1 + I2ω2)

I1ω1 + I2ω2
β] ,

(11)k;k�m 1 $};�wFW/�D/1�|'<hb"��|h 3 $%<D/61�Fh ^�'<hb"�?Z 1 $>M^�.w<Fh ^[rC
Be�'<hb"�∆A �∆M1 L ∆M2 �∆I1 L ∆I2 �'^%~ ∆t 1|oD1|'�D/1�F�D/1.w<Fh ^�~M^����fQQn.w<FzhK1f4+L�~�;�k�6J�m 1 $;�wFh ^L?Z 1 $D/17.�wFh ^>��h��a�bR;�wF ^h%Z;�7.�wFh ^~ 2.2 �+L�K1�oh;�wF J �6HD/61h7.�wF J1 � J2 n�oh�f�wF
J0, %Z;}

J = J0 + J1 + J2 =
G1/2A1/2M1M2

(M1 + M2)1/2
+ I1ω1 + I2ω2 , (12)�o;�wFh ^ ∆J �HHD/11���℄=h�o�wF ∆Jw [r~�

�Ux7&9�ov/h��℄=h�wF ∆JL,

∆J = ∆Jw + ∆JL . (13)�℄5e�� [1]�6eh{)8wS1�℄=h�wF�t1�℄=h���,lD/61%ah�:��1�℄=h�wFkl�V�:h7.n�f�wF�L [1]

∆Jw =
2

3
R2

1∆M1wω1 + X2
ω∆M1wΩ +

2

3
R2

2∆M2wω2 + (A − Xω)2∆M2wΩ , (14)�� Ω %<K1�oh1.�Q{�R1 %<(1Æ��R2 %<T1Æ��Xω %<(1
�0h'< (Xω = AM2/(M1 + M2)). �D$�'>1�~(1℄=h7.n�f�wF�ZD$�'%<1�~T1℄=h7.n�f�wF�~�

���C14�:Z
H�ohx7&9�o��iV,��1[jEx7&9�o<+�o�{)�,���,lD/1?x:hV'�:��1[+Lx7&9�oh�wFW/ ∆JL
[1]:

∆JL =
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3
R2

1ω1 + X2
ωΩ

)

∆ML · M1

M1 + M2
+
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3
R2
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, (15)�;� ∆ML %<K1Pl�

�1Ux7&9�ov/h�F��["D;^� (13);1[g
�f�wFh ^ ∆J0. �Cl1wSLHD/617.�Q{V1|h ^ ∆ω1 L ∆ω2, �1[,% (11) ;g
D/1h'<V1|h ^9��}h+|:tP Ω2 = G(M1+M2)

A3 t1g
K1h1.�Q{�
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2.2 &"k�T~ (11) ;��Tg
D1|h'< A, C�wSD/61h7.�Q{���wFh%Z; J = Iω ��I({!1[g
~1| ∆t o(1LT17.�Q{ ^}
∆ωi = (∆Ji − ∆Iiωi)/Ii i = 1, 2 . (16)

i=1 }(1� i=2 }T1� (16) ;� ∆Ji >617.�wF~1| ∆t oh ^�617.�wFh ^h[�v Be�F�1��C
����f�x7&9�o��v/�e1;%<}
∆Ji = ∆Jiw + ∆Jit + ∆Jic + ∆JiL i = 1, 2 , (17)";� ∆Jiw ^%1�~61℄=h7.�wF�∆Jit >61E
C
Be� h7.�wF� ∆Jic %<���f�61�wFhb"�∆JiL %<61~x7&9�oW/h�wF�5e (14) ;h{)�1[g
��jE1�[rx7&9�o<+K1�o1D/61W/h�wF�

∆Jiw =
2

3
∆MiwR2

i ωi i = 1, 2 , (18)

∆JiL =
2

3
∆MLR2

i ωi
Mi

M1 + M2
i = 1, 2 . (19)~��9l1��FW/QhI �C���℄�?5e Waldronk [4] h:8+Lh�P1;�t1��FW/Q (_� M⊙/yr) nX1h={LÆ�i9�%Z;}

lg Ṁ = 1.07 lg(L/L⊙) + 1.77 lg(R/R⊙) − 14.3 , (20)�� L/L⊙ %<X1h={n_Rh={��� R/R⊙ %<X1hÆ�n_RhÆ����C
Be.XqFL�wFEG�)<TjE��8Be�hl`BBeD/1~C�
%7?�a7.n1.�Q{)�l1�61?&
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>Rg
H��|"h�1��V>R�}C
~X1�M	jEvMi1Be.X�wF�E}yWC
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p�h�w.X�wF�E}wBEC
�����℄9-h>ZV l��Zahn[6] +LhC
Be`�61�Q{ ^1;}
−

1

ω − Ω

dω

dt
= 3

(

GM

R3

)1/2
MR2

I
E

[

q2

(

R

A

)6
]

s5/3 , (21)�� E >V'n�(	+{i9hF� s E}C
xQ��;�(1LT1*FA�~
(21) ;hwb��hl.w<Fh ^�>eY�D/61.w<F I �aF>I8P> [6]. |"�4��.O~M^� I h ^� I a��~A� F d(Iω) = dJt, X$Z1[g
 ∆t 1|oC
Be~\/1".Xh�wF ∆Jit:

∆Jit = −3(ωi − Ω)

(

GMi

R3
i

)
1

2

MiR
2
i Ei[q

2
i (Ri/A)6]s

5/3
i ∆t i = 1, 2 , (22)
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xQ si 1[%<}
si = 2(Ω − ωi)(R

3
i /(GMi))

1/2 i = 1, 2 , (23)

Hurley k [8] �L�l61 Ei nX1�Fi9�a M 5e_R�F}_�1�1[6e�;8�O8S�
Ei = 1.592× 10−9M2.84

i i = 1, 2 . (24)aD/1�|�,���fh1Y�lSW~4�wFh.X��℄{)�fh��~<+X1%a1�,l%ah�:?�~(1���.X+T1h1Y�/
h7.�wF ∆J1c }
∆J1c = ∆M1cR

2
1ω1 , (25)��M%T11�hl�wFDX�T1jgh7.�wFkl��~(1"h;�wF�

ZT1[<h�f�wF ({)(1"jEo7&9�oh��Æ0M%T1),t

∆J2c = −∆M1cR
2
1ω − ∆M1cX

2
ωΩ + ∆M1c(A − Xω)2Ω . (26)�C>��UT1M%(1��"aD';6�D/1h7I℄f�h["bR1�����f�1��x7&9�o��v/W/h�wFzL61h�FV1|h ^i9��61h�FV1|h ^1[~K1M^GA��
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 (17) ;�}jE (16) ;g
K1�D/617.�Q{V1|h ^�?�1[g
M^�D/61h7.#}�
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��oZ
C
Yt<Th1|\y> 5 × 104 yr, r�D/61h7.#}~ 5 × 104 yr h1|o��'U
0.83 d L 1.07 d Z
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�0��&�H����f+8�Zhl(1h�F�)�D/1�|'<X~�1.#}V��)�aD/1�F�kh1Y'<?~�R1C
Be�%(b��o��PlC
Yth1`�V4���fh�8�T1h�F+8\l(1h�F�b�D/1�|'<�z�C
Be���hlT1Æ��)�E
hC
Be)l(1E
hC
Be��6T1h7.n1.L�H
�hw<�7.�Q{�1.3����f�(1hl-1`b"�)�C��hl��<+(11℄=H�wF�(17.#}�\�l1D61�|h'<U~�z�1.#}�\
�T���lT1�(1Æ��\�E
C
Beb"-�+�~)l1|h���fQQ�% 1[<����fQQ~+8
�TY�} 0.46 × 10−9 M⊙/yr, `V4��M%T1D/1'<�)����fQQ'�.#�~ 1.8858 × 107 yr 1�D/1'<?�����fQQZ
q\��} 0.23 × 10−5 M⊙/ yr. `~r 3 ��℄-
�~�Z#h���fQQ�([iL�
�h�l-.w�N
~�'1YC
Be���i)�g=��Z(1�F+8)lT1�F�D/1'<�\�~ 2.2858 × 107 yr ���fQQ�)
H
0.44 × 10−7 M⊙/ yr, �V1}T17.n1.L�H
�h�l-�_�1����fQQ#h1Y�o()VtPl�l-1`��o>�l->* �>EG4lBeh�C�,%["�C1[r8�Æ�
K1�1[:8
\F7.n1.)l-hK1�o� G 1 D
lmVO	�jf�s

Table 1 Mass exchange rate in semi-detached phase

Age(yr) M1(M⊙) M2(M⊙) dmc/dt(M⊙/yr) A(R⊙) Period(d)

0 10.000 6.000 0.00 14.00 1.520

1.6858 × 107 9.942 5.997 0.46 × 10−9 14.05 1.531

1.8858 × 107 7.863 8.050 0.23 × 10−5 13.19 1.394

2.0858 × 107 4.114 11.786 0.53 × 10−6 17.21 2.076

2.2858 × 107 3.845 12.041 0.44 × 10−7 17.99 2.220

2.4858 × 107 3.757 12.112 0.45 × 10−7 18.28 2.273

2.6858 × 107 3.683 12.166 0.33 × 10−7 18.49 2.319

2.8858 × 107 3.585 12.236 0.66 × 10−7 18.81 2.380

3.1072 × 107 3.478 12.301 0.14 × 10−9 19.14 2.443V4���fh�8��CD/61zIXHW�
���o���

���℄wSHV'J8�F�'} 10 M⊙ L 4 M⊙ hK1�oUJtK(A+8
�0��&�HhM^�7.n1.hJ8#}zD} 0.98 d, �r 4 [<�V3�%<1.#}h ^��3�L=��'%<(1LT17.#}V1|h ^�r" a � b � c � d 4 'o�'^%�D/1��(A�+8Æ�
�+8�
��

��H�wS�C%
��

�D/61v\V�PlyÆl-h1`��>hlD/1zIXHW�
��Æ�n℄℄�|h'<PllVFu"�C
Be�(b����f�
zal-.w1`�,%�V�C�1[w8�:8
h(A
�hK1�oV�zPll-.w1`�l>�jEn:8I%��
0HV ~P Zahn hC
>R>���hu��
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Fig. 5 The evolution tracks of a synchronization model (dashed line) and a non-synchronization model
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Table 2 Rotation in detached binary systems

Name Period(d) Spectral type vspin(km/s) vsyn(km/s) Ref

YZ Cas 4.4672 A2m+F2v 34 ± 1; 16 ± 2 28.7 ± 0.4; 15.3 ± 0.2 [9]

ξ Phe 1.6698 B6v+B8v 85 ± 8; 75 ± 8 86 ± 1; 56 ± 1 [9]

l Per 25.9359 B1.5V 120 7 [9]

IW Per 0.9172 A5Vm 94 94 [9]

IQ Per 1.7435 B8V 105 67 ± 3 [9]

AG Per 2.0287 B4V+B5V 91 ± 9; 72 ± 8 75 ± 4; 65 ± 4 [9]

CD Tau 3.4351 F6IV-V 20; 24.6 26 ± 1 [10]

AR Aur 4.1346 B8V+B9.5V 60; 60 22 ± 1; 22 ± 1 [9]

AS Cam 3.4310 B8V+A0V 40 ± 10; 30 ± 10 37 ± 4; 32 ± 2 [9]

ψ Ori 2.5259 B0V 147; 82 128; 98 [9]

δ Ori A 5.7325 O9.5II 164 ± 20 150 ± 18 [9]

VV Ori 1.4854 B1V 165 167 [9]

BM Ori 6.4705 B3V 232 23 ± 3 [9]

TU Cam 2.9333 A0IVm 82 74 [9]

β Aur 3.9600 A2IV+ A2IV 36; 36 32; 32 [9]

RR Lyn 9.9451 A8m 12.5 ± 2.5 12.7 ± 0.8 [9]

WW Aur 2.5250 A5m+A7m 35 ± 3; 35 ± 3 39.4 ± 0.6; 37 ± 1 [9]

FZ CMa 1.2730 B2.5IV-V+B2.5IV-V 216 ± 10; 216 ± 10 122 ± 6; 122 ± 6 [9]

CW CMa 2.1180 B9V+A0V 46 ± 3; 45 ± 3 45 ± 1; 43 ± 2 [9]

RS Cha 1.6699 A8IV+A8IV 71 ± 7; 71 ± 7 65 ± 2; 71 ± 2 [9]

CV Vel 6.8895 B3V+B3V 28 ± 3; 28 ± 3 30 ± 1; 29 ± 1 [9]
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Table 2 (continued)

Name Period(d) Spectral type vspin(km/s) vsyn(km/s) Ref

QX Car 4.4772 B2V+B2V 120 ± 10; 110 ± 10 49 ± 1; 45 ± 1 [9]

TX Leo 2.4451 A2V ≤ 54 66 [9]

RZ Cha 2.8321 F5IV-V+F5IV-V 39 ± 5; 39 ± 5 39 ± 1; 41 ± 3 [9]

χ2 Hya 2.2677 B8III-IV+B9.5 112 ± 10; 60 ± 6 102 ± 6; 55 ± 9 [9]

α Vir 4.0145 B1IV+B3V 174 ± 15; 112 ± 15 102 ± 6; 55 ± 9 [9]

SZ Cen 4.1080 A7III+A7III 44 ± 4; 60 ± 5 45 ± 1; 56 ± 1 [9]

α Crb 17.3599 A0V 133 ± 15 9 [9]

U Oph 1.6773 B5V+B5V 110; 100 103 ± 2; 94 ± 2 [9]

HD 159176 3.3668 O7V+O7V 208; 208 158; 158 [9]

V624 Her 3.8950 A7m+A7m 36; 31 36 ± 3; 30 ± 3 [9]

V539 Ara 3.1691 B3V+B4V 75 ± 8; 48 ± 5 100 [9]

V760 Sco 1.7309 B5V+B5V 110 ± 10; 100 ± 10 88 ± 4; 79 ± 4 [9]

V960 Sco 2.7858 B9V+B9V 65; 52 72; 66 [9]

V1647 Sgr 3.2828 A1V+A3V 75 ± 8; 70 ± 8 28; 25 [9]

RX Her 1.7786 B9.5V+A2V 78 ± 8; 68 ± 8 70 ± 1; 54 ± 3 [9]

DI Her 10.5502 B5V+B5V 76 12.9 ± 0.2 [9]

V1182 Aql 1.6219 O9V+B1.5V 167 217 ± 16 [9]

BH Dra 1.8172 A0V 80 56 [9]

δ Aql 1.9504 B3V+B5V 116; 80 110 ± 2; 79 ± 3 [9]

V380 Cyg 12.4257 BIII 88 ± 8 62 ± 3 [9]

V477 Cyg 2.3470 A2V 40 33 ± 1 [9]

V453 Cyg 3.8898 B0V 245 112 ± 4 [9]

DE Dra 5.2981 B9V 136 26 [9]

Y Cyg 2.9963 B0+B1 146 ± 10; 148 ± 10 88 ± 3; 111 ± 8 [9]

EE Peg 2.6282 A3m 40 39 ± 1 [9]

EK Cep 4.4278 A0V ≤ 20 18 [9]

δ Cap 1.0228 F0IVm 104 96 [9]

CM Lac 1.6047 A3V 55 49 ± 1 [9]

AH Cep 1.7747 B0.5V 194; 172 188; 140 [9]

NY Cep 15.2757 B0V 100 23 ± 7 [9]

CW Cep 2.7291 B0.4V+B0.7V 132 ± 20; 138 ± 20 100 ± 6; 93 ± 6 [9]

AN And 3.2196 A7III-IVm 82 60 [9]

AR Cas 6.0663 B3V 110 ± 10 34 [9]

AL Scl 2.4451 B6V 90 65 [9]G 3 D
l|ÆO#R�U
Table 3 Rotation in semi-detached binary systems

Name Period(d) Spectral types vspin(km/s) vsyn(km/s) Ref

AO Cas 3.5235 O8.5III+O8.5III 167; 147 191; 207 [9]

TV Cas 1.8126 B9 71 89 [9]

U Cep 2.4930 B7 230 57 [11]

IZ Per 3.6877 B8 98 ± 5 65 [12]

X Tri 0.9715 A3 50 89 [9]
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Table 3 (continued)

Name Period(d) Spectral type vspin(km/s) vsyn(km/s) Ref

RY Per 6.8636 B4 212 25 [9]

RZ Cas 1.1953 A3 81 62 [9]

β per 2.8672 B8 56 55 [9]

AS Eri 2.6642 A3V 36 30 [9]

RT Per 0.8494 F2 50 84 [9]

λ Tau 3.9530 B3V 88 85 [9]

SZ Cam 2.6985 O9.5 212 163 [9]

b Per 1.5227 A2IV 102 106 [9]

HU Tau 2.0563 B8V 80 81 [9]

SX Aur 1.2101 B3.5 239 194 [10]

IU Aur 1.8115 B0 192 187 [9]

LY Aur 4.0025 O9.2 175 207 [9]

AU Mon 11.1130 B5 214 21 [9]

R CMa 1.1359 F0 102 67 [9]

V Pup 1.4545 B1V+B2V 184; 179 219; 184 [9]

TX UMa 3.0632 B8 67 38 [12]

UW Vir 1.8107 A2 < 50 45 [9]

BD Vir 2.5485 A5 ≤ 52 52 [9]

DL Vir 1.3155 A3 121 69 [9]

δ Lib 2.3274 A0V 76 90 [9]

TW Dra 2.8068 A6V 50 43 [9]

W UMi 1.7012 A2V 75 101 [9]

µ Sco 1.4463 B1.5V 267 161 [9]

AI Dra 1.1988 B9.5 101 97 [9]

U Her 2.0510 B2.5+B6 124; 93 126; 104 [9]

V453 Sco 12.0060 B0I 260 38 [9]

RS Sgr 2.4157 B5 202 101 [9]

RZ Sct 15.1907 B2II 184 63 [12]

RY Sct 11.1250 B0 258 132 [9]

V356 Sgr 8.8961 B3V+A1II 47; 90 34; 80 [9]

RS Vul 4.4777 B5V 90 62 [9]

U Sge 3.3806 B8 75.9 59.8 [13]

Z Vul 2.4549 B3 195 89 [9]

V505 Sgr 1.1829 A2V+G5IV 101; 51 97; 95 [9]

V448 Cyg 6.5197 O9.5 163 66 [9]

W Del 4.8061 B9.5V 25 26 [14]

S Equ 3.4361 B9 50 41 [11]

AW Peg 10.6225 A3-5 110 21 [9]

Y Psc 3.7659 A3 38.3 ± 2.6 36.9 ± 0.4 [9]

XX Cep 2.3373 A8 45 48 [9]

RW Tau 2.7688 B9IV+K3IV 190 44.9 [12]

RW Per 13.1989 A5III+G0IV 142 14.3 [12]

RW Mon 1.9061 B9V+F9IV 60.8 47.1 [12]

RY Gem 9.3006 A2Ve+K2IV 133 17.9 [12]
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Table 3 (continued)

Name Period(d) Spectral type vspin(km/s) vsyn(km/s) Ref

S Cnc 9.4845 B9V+G8IV 167 17.3 [12]

TT Hya 6.9534 B9.5+K0III 164 14 [12]

SW Cyg 4.5731 A2e+K0 169 27.7 [12]

AQ Peg 5.5485 A2e+G5 125 21.2 [12]

RX Gem 12.2086 A3IIIe+K1 152 17.4 [12]

AD Her 9.7666 A4V+K2 143 13.2 [12]

RS Cep 12.4201 A5IIIe+G8 170 8.76 [12]

WW And 23.2852 A5+F3p 169 8.25 [12]

RW Gem 2.8655 B5+F8IV 184 59 [12]

TT Aur 1.3327 B2Vn 196 157 [10]

XY Cet 2.7807 Am+Am 84 38.28 [10]G 4 
l|ÆO'#�U
Table 4 Rotation in contact binary systems

Name Period(d) Spectral type vspin(km/s) vsyn(km/s) Ref

UW CMa 4.3934 O7fIa 154 160 [9]

S Ant 0.6483 A9Vn 122 114 [9]

TU Mus 1.3873 O8+O8 294; 247 266; 226 [9]

RZ Cen 1.8760 B2V 197 129 [9]

V1010 Oph 0.6614 A7V 150 101 [9]

V1073 Cyg 0.7859 A3 161 134 [9]h% 2 I%1[g
r 6, <&%<(1h7.�Q{�V&%<h>(1Z
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Fig. 6 The spin velocities of detached binary systemsG 5 [r|Æ !ÆO'#��U��H��U�L�xhO�d
Table 5 The evolution of the difference between vspin and vsyn of the primary in a

detached binary system

Age(yr) M1(M⊙) M2(M⊙) vspin(km/s) vsyn(km/s) vspin − vsyn(km/s)

4.20 × 105 10.000 6.000 161.048 130.443 30.605

1.50 × 106 9.997 6.000 147.055 132.228 14.827

9.00 × 106 9.977 5.998 156.222 152.182 4.040

1.689 × 107 9.942 5.997 202.777 201.537 1.240r 6��℄U1[-
�%�Z
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�)ll-Q{�n�℄h>Rr})��` Mayer k [13] �L��'�o3y">V'�d�o�\℄+L(1h�F} 30.0 M⊙, ����}h 37.8 M⊙ )�l>,%�FÆ�9�1�Æ�UT���hI%) 1.1 R⊙, /h�F�ahl-Q{���+LhT)y 34 km/s, 1[g
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Fig. 7 The spin velocities of semi-detached and contact binary systems
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A Binary Evolution Model with Non-synchronization
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ABSTRACT The spin and orbital periods are calculated by considering the angular mo-

mentum exchange during the evolution of binary systems. The influence of tidal effect is

also considered. The calculation results indicate that the spin and orbital periods can be

reached near synchronization in a short time, but it takes a long time to reach a complete

synchronization. As mass exchange starts, the synchronization rotation can be changed

into non-synchronization rotation for the semi-detached binaries. But for the contact bina-

ries, mass exchange is not strong enough to break synchronization. The evolution tracks

in the HR diagram of synchronization and non-synchronization models are also compared

with each other. The results show that the model considering non-synchronization moves to

high luminosity and high temperature during the mass exchange stage. Finally, the results

are compared with the observational data, and the non-synchronization after the tidal-lock

timescale in binaries can be explained with this model.

Key words binaries: close, stars: rotation, methods: numerical


