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1 OL ��#J�Ek�a(�5 �?D3/fk LIGO (http://www.ligo.caltech.edu/,

http://www.ligo.caltech.edu/advLIGO)� VIRGO[1] �{�m�Lk LCGT[2] � LISA

(http://lisa.nasa.gov/, http://www.srl.caltech.edu/˜ shane/sensitivity/MakeCurve.html)�
Parkes Array[3] n�Gl�"^�5�a(�IX _4��a(��Vb|k^�5�a(�I� _V�b	NA�I�9N�a�I��V�m℄9�^�WbZ|k(� _V[.�d℄�^�m℄�:℄naYV3k���}Tgu9[�>Y/}u9.�9�I��5d��IHk�a(�bm℄.>k9�+
N\&P�q�IH$lk�a(��a(V3ks�+�E;9^ÆN�yEm℄k�5jHk [4−6].
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186 � , n � 53 �"i1Rq�5>W(�IHk�a(�h|�14q.H>Wm℄k/{Gg�+
.H�a((a�{"�5�3k���>W.>m℄k�a�I�$�Gg+{nI�vV��;�B�j|�E	I�vkh�.r (PN) ����#����Gg.��[v5Y��3�+d 3.5PN � [7−15].�+r7e� z = 0.306 k BL _
� OJ287, ��kVw�5�<X�+	℄��$
��ki℄�kB �>�<"^V[,#V3e+Ik9fk=[Tg_}kE;�Tg�%" m1 = 1.84×1010 M
⊙

, m2 = 1.46×108 M
⊙

,℄�+ 12 yr,^�+$�a�I(��#ÆNi℄�k�PK�B�nCS��F-Fg�Gg2in [16−32]. "ijd��a�I�eA|��Gg/{+<Q�vXr7�+E [16 − 17] zi 2PN Gg�v�̀ %Er 2.5PN�a�I��Ggk�{��
�Gg�vkq"eSq��a�Ik�LbZ|��jEr 2.5PN SAN��Qi 2.5PN kGg�v�+E [18 − 20].H��V+E [20] �vdi 3PN. 
/}�+�-Gg�v�+d 3.5PN, }�Qi
3PN NX 3.5PN SAN��Ggk6E��#� OJ287B ��%`�T�[(aSD��LR_}!9b_}/{kGg�~Xb_}k5w�~IkOJ�|bR_}3N5w�~P9q9N�RBl��`^�Bl�&+^3R_}Zd5w�~P9`K9Nk�
^��ykPtC�O�b�R_}^Hk5w�1T�Blf "Bl�P��0��IHS&��5d [22]. TR_}gsd5w�~d��IHS>�NAkP89^PtC��j4y>+tC�0�1i4qyHGgn2i��tC^�+�" 1k�INA�K{d5w��_n�+E [23, 27] zir7�/}�1��4Q>Y�PtC"Fe>9k3y�_�S	\�5dk�PK��yHGg2i�>~s 2 !�.H 3.5PN k/{�AX1[gk�V�s 3 !�3PtCV�XFe�_�s 4 !�P4yGg2i�>^�3{>� OJ287 Ggkb|#L�3PuLE�s 5 !�� 3.5 �X 2.5 �.r��Gg/{k6E{��I�ek8%�>^�3{kb|YC�
2 3.5PN �R��	/}}|M[k^ OJ287 m_}k/{.����>{k��/{.��3+Er_}qfP��#[v�v5Y}.HGg/{�A��3Xd 3.5PN[8−15]. ��R_}kTg+"b_}Tgk 1/126,{".r�I�<"R_}!9(R<ykb_}/{�>+��.�k 3.5PN /{�A" [12,15]

dv

dt
= −

Gm

r2
[(1 + A1PN + A2PN + A2.5PN + A3PN + A3.5PN)er+

(B1PN + B2PN + B2.5PN + B3PN + B3.5PN)v] ,
(1)�V x ^Tb_}dR_}k(RVg� r ≡ |x| ^e+_}Hk>Y� er = x/r "_(Vg� v ≡ dx

dt
^�}kI�u�� m = m1 + m2 ^e+_}ksTg�ev9i
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AiPN X BiPN ^h�.r6EkN��}<�k#XY"
A1PN =

1

c2

[

−
3ṙ2ν

2
+ v2 + 3νv2 −

Gm

r
(4 + 2ν)

]

, (2)�V ν ≡ m1m2/(m1 + m2)
2 ≈ 0.0078 ^+nTg�sTgkD� v = |v|, ṙ ≡ er · v.

A2PN =
1

c4
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−
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13νv2

2
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,
(3)

A2.5PN =
1
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−
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5

Gm

r
−
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15
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)

, (4)

A3PN =
1

c6
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+
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+
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(
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,

(5)

A3.5PN =
1

c7

[

Gm

r

(
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35
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,

(6)�V 3.5 �N A3.5PN P��+�p ṙ, +E [12, 15] qX�PM�%DNS�
B1PN =

1

c2

(

− 4ṙ + 2ṙν

)

, (7)

B2PN =
1

c4
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9ṙ3ν
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15ṙνv2
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B3.5PN =

1

c7

[

Gm
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(

−
626νv4
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−
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5
+
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5
+
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5
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15

)

+

G3m3

r3

(

−
1060ν

21
−

104ν2

5

) ]

.

(11)

>W9i AiPN, BiPN |&H����q	H�p v r= ṙ (- c = 1), 
|&H���q	H v2, ṙ2, vṙ, r Gm/r. /}~e�di���IV�kSAe9i A2.5PN, A3.5PN,

B2.5PN, B3.5PNQGgl���PHP��+�p ν,
�SAe9i A1PN, A2PN, A3PN,

B1PN, B2PN, B3PN -qPH��N+P�p ν. }��>WSAe9ikS�L��*u�h��R;�kL|T[+X ν Ibkg~��E5Y.Hi 3.5�h�.r>m_} OJ287b_}<y�R_}/{Ggk�A�<��vP�/}-z}" (r, φ),�A (1)��d>e+�QE��V v = ṙer+rφ̇eφ,

eφ " φ �Qk_(Vg�jd�v`ke+��; ��A�.y�vFX�}R_}kGg/{kFXL�r0 , ṙ0, φ0, φ̇0,/{�A9���k�+%�r = r(t), φ = φ(t).e�R_}kGg2i�?�[sn�S�E^�FX��24yk�>~/}#\�5dk OJ287 Bl�PK�&ErPtCV��.H�Gg2i�
3 ���K
HP
� OJ287 �3��Æ	�k�5℄U [22,24,27,29], |*[+ 12 yr y�9q��R��D^��>+i℄�CS��{|R�* 1 ∼ 2 yr km�#8� OJ287 �<"^m_} [18−32]. ��Gg+{V��R_}-R3N5w�HkP*&+^<yk�}��5dk�^i℄�k [20,24,31]. �jErE	I�vkGg+{X�a�IkV���vHkBl�PK��50�1Rk-\ [28−29]. ~9��m_}�_S�h OJ287, `�P�^��%`�PMu7<kBlpgk�A [26,29].?#}h�R_}gsdb_}k5w�~�&+^`K9NBl��
^V3PtCV���;+E [22] k�3��Lb_}k5w�^�+�IpbkBlf�[�k5w��bR_}NNkPg��℄!k!�/{� 1�[Qk(a^R_}℄!k!�q�R_}^k��/{��#~k!�q�p|�*��&�3���H5w�P�6^Blfk��h~k!��a>�p�TR_}3N5w�kV�~PKd>�!��R_}��H5w��}�kP" τdyn. Hh�3N��P t0 kRAX3�R_}#.k!�0 "Bl�k�>PBl�I0�H�
��5d [22].}�Bl�kPtC td = τdyn + t0.>Yb_},*�5w�kf�,f�}�P τdyn ,[�n��0;�3� t0 �gsuMk�f��R_}ku��>�<�kV�^�>Yb_},*� t0 ,[�sH�>Yb_},*�Bl�kPtC td ,[�+E [22] k# 3 VkHib�guk4Q>Y R -+�LP� τdyn X t0 ��k<�iL� td {" R kQi�� 1�`^� R �TP� td � R kQi>9I�.r"Fe>9 [27]. 
��/}M[k OJ287
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 3.5  j��0t 189kw.�+℄�� R L�T�I�W�.rFe>9�2;+E [23] # 1 ki;��{+E [27] k� 3, /}XH td X R HkFeQi>9�
td = 0.210569R− 0.200576 , (12)�V td � yr "_(� R �R_}db_}kw.>Y (≈ 20Gm1/c2) {"_(�

4  Æ�;7�C3�|.y�vFXL� r0, ṙ0, φ0, φ̇0, /}*%`�Av (1), jd�+Gg
r = r(t), φ = φ(t). R_}gs5w�k�^ φ(ti) = nπ (n = 0, 1, 2, . . .), �P9jd�9kPK ti, {���k�guk4Q>Y Ri. 2� (12) Y.H��kPtC td kL��jdi[v�vHk�PK�9I����5jdk OJ287k 7 RBl�PK+J���i�"i4y OJ287 kGg2i�/}k�i+E [19, 24] .Hkw. 7 R�k�5PK�k3# 1 V� � 1 ���~�8)

Table 1 Observed outburst times

Outburst time Estimated uncertainty(yr)

1972.945 ±0.012

1982.964 ±0.0006

1984.130 ±0.005

1994.75 −

1995.842 ±0.0015

2005.745 ±0.012

2007.692 ±0.0015�Vs 1 +�PKk�5L 1972.945, �{"/}[v�v�PKL
<y>S�e��3S��vV���Ekyhk 6R�5k�PK�h|<\"m_}bqkS��PK�_?�s 1 �s 2 R�kP* (1982.964− 1972.945) yr h|K� (1 + 0.306), >^��m_}3e� z = 0.306 M�[v�vHk�PK��5��kPK�8L�δt1 , . . ., δt6. "i3\	GgVk6H��5w�.kGg�/}1�wT���k���b28��X S ≡
6
∑

i=1

(δti)
2 wT�9<"[v�PKX�5�PKHk8%wT��;>{k���/}jdw�Gg��3FXPK 1971.48 (t = 0)kFX�"�r0 = 20.1193(Gm1/c2), ṙ0 = 0, φ0 = 238.35◦(}FI(� Ω), φ̇0 = 0.01277

arc/(Gm1/c3). >\<�_( (Gm1/c2) = 181.448 Au, P_( (Gm1/c3) = 1.04725 d.�P/}.H OJ287 kR_}9b_}k/{Gg�� 1 :ZiF�k 3 +℄�kGg�I��E	I�vk+{�;�B�
�V"Hk 7 +u� b, c ,d, e, f, g, h, ^3�5dk�PK#.R_}3N5w�k(a�
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� 1 3.5  j��0t� OJ287 mIi�p�H Y = 0 $[7y��
Fig. 1 The 3.5 post-Newtonian (PN) order orbit of OJ287. The horizontal line Y = 0 represents the

accretion disk./}+
.H OJ287 kGg2i��# 2.� 2 OJ287 ����:
Table 2 The orbital parameters of OJ287

Orbital parameter Value

m1 1.84 × 1010 M⊙

m2 1.46 × 108 M⊙

P 11.9248 yr

e 0.6693

a 0.0535 pc

Ω 238.35◦ at 1971.48

Ψ 32.6359◦/period�V_}Tg m1, m2, /}W�i+E [20] .HkL� P ^℄�� e ^Y[s�
a ^�<^� Ψ ^+{s���+{kV3�R_}k/{Gg+^q)k�'�+���>\/}=61�i5Y e = (rmax − rmin)/(rmax + rmin), a = (rmax + rmin)/2. e��>\kH P L^/}q)E�5=5gdk℄�����ImeR4Q>Y-wTLkP*���$m_}3e� z = 0.306 M��vHkm_}bq℄�L��� (1 + 0.306), 9.H# 2 Vk P L�+{s Ψ y	"ImeR4Q>Y-wTLP��k n�0;/{�Ak%�����a�I�>WGg2i�qyPN n�E~/}.Hk2iL�^T 1971 �� 20 +℄�k�BL�h|q�k^�>W2iLk4y��U�E�!}.HkPtCL���Gg.r^�+�'�}�R_}u� v 3+�(R�+�kL���wF�+℄��be_}>Yw*P� v wT�+
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be_}>Yw.P� v w[�+^ 0.257c. �+℄�V� v k�BL+"
0.11c.��m_}�a�I^t�g�Ik>Y,S,.�Gga� '� v k�BL~a� [��v#��P � a X e yP_x�T�Ψ yP7	�3 t = 16890.5 yr P
(3 323 1), Xdw[L Ψ ≈ 77◦/period, rmin = 9.69Gm1/c2. yh Ψ 3ykP�T�d
t = 17007.1 yr P�+{ Ψ = 0, rmin = 6.29Gm1/c2. Hh� Ψ  "!L�}R_}k+{^��Qk�{"yE�/}�7i�u� φ̇(t) kwn"�� Ψ k"^�Qk�F� φ̇(t) ykP7[�d t = 17026.7 yr PXdw[L�yhou�T�}Ck���u�k>+"b�/�`^�Erd>^m_}}�&Xk����a:�;$��$Er� 3.5 �1"IFk�v�r=114kiL�v�� 2 lH t = 17006.5 ∼ 17010.8 yr �kGg��a�IQ℄� T�+ 0.58 yr.>PGg jb'i� r ≈ 6.6Gm1/c2, �.b_}k8�m�4 2Gm1/c2, v k�BL+" 0.265c. >P�m_}>YbF.i�M�\&��
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 Orbit of OJ287 at Late Stages
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 2)� 2 3.5  j��0t� OJ287 m��Ii (t = 17006.5 ∼ 17010.8 yr)

Fig. 2 The 3.5PN order orbit of OJ287 at late stages (t = 17006.5 ∼ 17010.8 yr)

5 2.5PN $ 3.5PN �-!�+E~k�v�Qi 3PN X 3.5 �SANk6E�C3�3�V��eA/}kH�#�+Gg℄�-9ikg~[T� A1PN ≈ 0.13, A2PN ≈ 0.023, A2.5PN ≈ 10−5,

A3PN ≈ 10−3, A3.5PN ≈ 10−6; B1PN ≈ 0.4, B2PN ≈ 0.007, B2.5PN ≈ 10−4, B3PN ≈ 10−4,

B3.5PN ≈ 10−5. D?%��-9i�h��R
�T�`^ A2.5PN bT�T� A3PN;



192 � , n � 53 �Wrq� B2.5PN � B3PN k[T��g~�>^��#~�e�dk A2.5PN X B2.5PN�P��p ν ≈ 0.0078 }Q�n���v#L#�� A3.5PN � A2.5PN T�+g~� B3.5PN � B2.5PN T�+g~�I���R_}Gg/{k�LSq�h� 3.5 �k6E[+O^ 2.5 �6Ek
1/10. >^%�k#L���GgSq� 2.5 �NX 3.5 �N^�D�Ci�a�IV�kSAN [8−11,13−14]."i1�BqDH 3.5PN ��Ggk�L�/}3# 3 V.H 2.5PN �vk OJ287Gg2i�X 3.5PN k#L{���>W2i�^T 1971 �Hh 20 +℄�k�BL�I�DH�e=k8%bT� 2.5PN +{suT�W�� 3 &5�.=����:

Table 3 The orbital parameters of post-Newtonian approximation

e a Ψ P

2.5PN 0.6689 0.05345 pc 32.6299◦/period 11.9131 yr

3.5PN 0.6693 0.05349 pc 32.6359◦/period 11.9248 yr� 3 BZ 2.5PN X 3.5PN >�%�vHkGg�y�BZ�wF�+℄�� 3.5PNGg� 2.5PN kGg8%+[���^s 150 +℄�#.k(a�BZHykPk���PVwV��B�e=8>q,S,[� 2.5PN Gg�a�xh�
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Fig. 3 The orbits of 3.5PN (solid) compared with 2.5PN (dots). The horizontal line Y = 0 represents the

accretion disk.LjNHk^� 2 �N�{1p�N�+^SAN�+���a�I�O^di 2.5�N0^�DkSAN�0CX�C�a�I��Ggk�{��/}k�v#L~BZi>+�A�� 4:ZiSANkl�V��y�^�Qd 3.5 �h�.rk�C�v�m_}Hk>Y r(t) �LyPa� T�>#��a�IQ�9�g�H���^:"0wi 2.5 �NX 3.5 �N>e+SANk�v�#L r(t) �L+ �#�
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The Orbit of Binary Black Hole OJ287: A 3.5th
Post-Newtonian Order Calculation

WU Shu-guang ZHANG Yang FU Zheng-wen
( Key Laboratory for Researches in Galaxies and Cosmology, Department of Astronomy,

University of Science and Technology of China, Hefei 230026)

ABSTRACT Supermassive binary black hole OJ287 is a strong gravitational radiation

source. To detect the signal of its gravitational wave, the knowledge of the waveform will
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be of great help, which is mainly determined by the orbital motion of the binary. For this

purpose, we carry out a detailed calculation of the orbital motion of OJ287, using the post-

Newtonian (PN) approximation up to 3.5th order within the framework of general relativity.

Our result is one order higher than the previous work made by others. As a radiation pro-

cess, there is a time delay from the instance when the secondary black hole impacts on the

accretion disk of the primary to the moment of the optical outburst. This time delay has

to be taken into account when we try to fit the calculated orbit to the observed outburst

times. Adopting a linear relation between the time delay and the impact distance as an

empirical model, we fit the calculated orbit to the observed data of the recent seven out-

bursts of OJ287, obtain the solution of its orbital motion, and give the important orbital

properties, including the averaged orbital parameters. By analyzing the result of 3.5PN

order calculation of the binary system, we find some interesting features. The precession

rate of secondary black hole is shown to increase to a maximum, and then to decrease at late

stages, and to eventually turn into a negative value. This result might indicate the break-

down of 3.5PN approximation at late stages when a more accurate calculation is needed.

More interestingly, as a main finding of this paper, we discover that the dissipative terms

of 2.5th order and 3.5th order have opposite signs. This implies that the 3.5th order term

itself does not radiate, but absorbs energy. However, the sum of the two terms still radiates

gravitational waves outward. This is confirmed by the change rate of the energy of the

system. Our results of the orbit of binary black hole OJ287 up to 3.5PN can be further used

to calculate its radiated gravitational waves.

Key words quasars: individual: OJ287, galaxy: kinematics and dynamics, gravitation:

post-Newtonian approximation, gravitational waves


