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4 N :dI	� OJ 287 �Q�8@�4] 349���q 1010 M�, i����q 108 M�, q�fY$Lpf 9 yr, d{�`pf 1 Gpc,iE|�If�+$Lpf 12 yr. �y">`q�. � Sillanpää � [14] y 1988 <M]�)��. � Valtonen[13] FL�)��. � Valtonen[13] y 2007 <U)��L�. ,4�YO�>~�!YO�>~� ^p�"k)�fE�+�!YO�>~�^p���+;\Y 20 d, (YO�>~�^p~�iE6LAO��Y 1 d �vI�
Valtonen[13] qf��O�6oy�?P2AÆa�� Pr��)��l2+~�Z�O�6�ab, OJ 287O�>~\�CUq|� x�P��e>~<k��W\Zr�O�6>~;�=���rpUx 104 yr, OJ 287 ;:�><�3�1X OJ 287 �O�>~��e>~"\)�|X;�9�t-��:l�f�=8 [15]. Valtonen � [16]>M|U OJ 287 Ffjt�AEEO�6�s#qf Valtonen � [16] M^�q�. ��|��3\y�P�_xL?<2[OO�6�)����-��)�y�|7=K,oy�b,Y 50% �x�P7=���)��y�O)�q�u�5C6Fg��;�|O�66"%*��|X�7=u�5C�i(yb)-Z���6L6Fg�pI?P�|7=@8�u��=F?�^"��9UX,3.O1b4�|����>~O�6�H���2[7�O�6 [17−18]. OJ 287 �1Xe?iExg���cYC�q�@8�)���Nf OJ 287Sg�q�. ���Sg2[O�66"Rfl9 [17]. �&,4 OJ 287 �O�6>~�(@U�P)��. !Oq��s#;yf�_xL?<�| OJ 287 O�6�>~\��	A7�2�Sgz'g|�+�?�>~	AZ�" Hobbs � [19] �Fv�;Z���Ik7" OJ 287�O�69Æ�Yo�|t�s# i�|� OJ 287�O�6>~\�)��	A)����PB�"2[ OJ 287 �7�Y!;IJ�
2 pRftWanJ	"��tv2[be{r��SP>an��O�K �>av�4 n2lFhFKj=/�n2�?P�k��$�plF/�f#=$��"�	

gµν = ηµν + hµν , (1)O� | hµν |� 1."\ OJ 287t-�s#@UvKO1�|W�1Xi��{+��rY	zr�d{�b,Y?`�	^{�Z�4 ÆN/DK3VlF�gf h̄ �?D�	
2h̄µν = −16πGTµν , (2)K3V�Hf

h̄µν(t, x) = 4G

∫
1

|x − y|
Tµν(t − |x − y|, y) d3y , (3)>~\�lF/�f

p =
G

45c5
<

d3Dij

dt3
d3Dij

dt3
> , (4)



350 T p / � 51 eF!>~	A [14]

hjk(t, R) =
2G

Rc4

d2Djk

dt2
, (5)O� G f`YO�L'� c fk3� x fK�� y fj�� R fO�6j{�`�d{� i, j = 1, 2, Djk f�� _��Jf

Dij = qij −
1

3
δijδ

klqkl, (6)x�� qij = 3
∫

yiyjT 00(t, y) d3y.WflFh]�;a?Pd�|X�O�6>~��(���P|X�9���%����n28;7�2�7��" OJ 287 t-�W\@U)����. ��(��"P���u�3V^lF��s#;@U'�3.H3V�
3 `nVWcft PN2?�^p�6F1MaHnJ	"�rO�yy0�^p�lFaO1H�"tyuPu�3�:�Br��lFU	?$O1t!O1MH [20]. y o�s#;@U	?$O1,4�s#f`�1��;� Valtonen[13] q��K1�L�=��tv:��p?D	?$�4 ^:9/�L��]\(�q��1��s#+�e|	 PN2 �>a� (7Z 1∼2). zi�tvxeYJD���"t PN2.5, 4 REYSg?��W\i���+����"f 1%, lF1�+��f|X�����$+��:��i��c�l2��:. ,4;�|L?<5��@U Antonacopoulos[21]1979<U]� ���"U9�*P|X��uP m1 �	?$*Du�-3V

d~u

dt
= −G

m2(~x1 − ~x2)

|~x1 − ~x2|3
+

1

c2
[−G

m2(~x1 − ~x2)

|~x1 − ~x2|3
u2

1 + 4G
m2(~x1 − ~x2).~u1

|~x1 − ~x2|3
~u1 +

4G2 m2
2(~x1 − ~x2)

|~x1 − ~x2|4
] +

1

c4
[−2G2 m2

2(~x1 − ~x2).~u1

|~x1 − ~x2|4
~u1 − 9G3 m3

2(~x1 − ~x2)

|~x1 − ~x2|5
+

2G2 (m2)
2((~x1 − ~x2).~u1)

2

|~x1 − ~x2|6
(~x1 − ~x2)] , (7)

m1 fi����� m2 f+����� ~x1 � ~x2 81fi���+��l�� ~u1 fi��3����f�Y3(,4�s#e+��=yl�fH-h��;x%3VL?<�f H-��"�	
r̈ − rϕ̇2 = −

Gm2

r2
+

3Gm2

c2r2
−

Gm2ϕ̇
2

c2
+

4G2m2
2

c2r3
−

9G3m3
2

c4r4
, (8)

rϕ̈ + 2ṙϕ̇ = (
4Gm2

c2
−

2G2m2
2

c4r2
)ṙϕ̇ , (9)O� r =| ~x1 − ~x2 |, x&0���/�"�2a{�iH3V (8)∼(9), +�?#`?$`YO����Ik3�DI3��D0i3�����81@E	?$?D��	?$
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[ 1 t$-5�~� OJ 287 k���w�s�[ (I.'v0k���w�J'�I.xmh AU). s�C(�&N 9.4 yr, N�� 40◦/ &N��O( a = 11239 AU, F�� e = 0.71

Fig. 1 The orbit of secondary black hole of OJ 287 based on our calculation (the secondary black

hole moves in the plane of the coordinate, the unit of the coordinate is AU). The orbital

parameters: period 9.4 yr, precessional rate 40◦ /cycle, semi-major axis a = 11239 AU, eccentricity

e = 0.71

[ 2 Valtonen[13] V^� OJ 287 k��s�w�[ (I.xmh AU). k��{ 1984 � 1994 � 2005	>�cy-��z�C�5QSm/�-���5�*�aD�W��s�C(�&N 9.3 yr, N��
39◦ / &N��O( a = 9300 AU, F�� e = 0.667

Fig. 2 The orbit of secondary black hole of OJ 287 based on Valtonen’s calculation[13] (the unit of

the coordinate is AU). The secondary black hole went through the accretion disk of major black

hole in 1984, 1994, 2005, etc., causing optical bursts. The line of sight is almost in the same

direction of the jet. The parameters: period 9.3 yr, precessional rate 39◦ /cycle, semi-major axis

a = 9300 AU, eccentricity e = 0.667



352 T p / � 51 e*D��l3V (9) h]�	?$�"L�RE�Bg8��Nfydn�?$`YO����3V (9) [&fÆ�q�!YL��
4 s	oe E1-�Uu�-3V (8)∼(9) !�a�i��q��'�H�3yvKO1� PN2 O1��| OJ 287 �O�6\��6"�s#�|�i��q�u�Z�"
Valtonen[13] Fv�!O�(L?<�|� OJ 287 �O�6\��6"z# i�

Valtonen[13] y 2007<�]� OJ 287�?PSgL��i��u�q��i��"+��x�A�3�{�s#iE|�k)��P. ">R\�H�� OJ 287�):�+3"�+�2F]6gf5�s#qf�P. ��|�� ��" 2005<�+�2�f5/+nJ	"���L���g��tv!YL��R��+;"Æ.�2\Y 1 yr; Oi" 2007 < 9 r�+�2�f5Æ+%*Y9��=���;��<~Æ.�+�2�\Y 3 $�(� ;��RNl9�O�6>~���O�>~�,4��+�2`Æ.�I 1 d, �2A/+O�6�oy��&;y�P. �_xtaHO�6>~Z��FL�AEEO�6�3.��U PN2 	?$u�3V�^lFo3�]9���%����/q��i	uu|vKO1��O�6<\�`	A�/q��^lF,��|O�6Z��'�Fv�Nf �%*;� Valtonen[13] CU�|�q�. ��&@U PN2t" Valtonen[13] �,4FvL$;��"3V (8)∼(9) ��\�U9fBO��$\�d{f r = 3162 AU, \�=� ϕ = 0, \�ZÆ3� ṙ = 0, [Æ3�f υ = 0.275c, O'�H��fZ 1, Ff"�� Valtonen[13] FvtZ 2, ��9aO1q��y�K�B'oyI1�fI1�T�"2[O�6:!;�yfvI1c7O�66"� !YF)�O�6>~\��Y|+F)�Nfs#����d{;"
Valtonen[13] Fv{r?��y�:T�	&"EEl9%�F��8w�NfO�>~Z�`d{R0"�d{q�>~REqZ�"fvI�H�7B	?E�f�a�<>~\��	A�;�� _>�f H-�"� [22] 	

D11 = m1r
2(3 cos2 ϕ − 1) , (10)

D12 = 3m1r
2 cosϕ sin ϕ , (11)

D22 = m1r
2(3 sin2 ϕ − 1) , (12)

D33 = −m1r
2 , (13)O_ Dij = 0, \ i, j=1, 2, 3. A�t�] H-�3V (10)∼(13) �*D{'!wD{'�(��{'lFWu�3V/�]t�B	uu (4)∼(5) ��'�FvtZ 3∼4 =��

5 d]Yzaul
Valtonen[13] f�H� OJ 287 �k)c�M]�)��L�. �i��O�6>
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[ 3 Q�8@�m�9
4�+��@�m�Ct�c-^�{ 1996 � 2008 � 2020 � 2032 	>��CQ OJ 287 �m/�-
4
Fig. 3 The variation of radiation luminosity of gravitational waves with time. The maximums of

luminosity are expected to appear in 1996, 2008, 2020, 2032, etc., which are close to the time of

optical bursts

[ 4 Q�8@�
B9
4�+��Ct
B (W}b^ IPTA GGU�*��2d) Bk^�{
1996 � 2008 � 2020 � 2032 	>��CQm/�-
4�[�)�0� IPTA t���*�
Fig. 4 The variation of the radiation amplification of gravitational waves with time. The

maximums of the radiation amplification (just in the range of IPTA’s sensitivity) are expected to

appear in 1996, 2008, 2020, 2032, etc., which are close to the time of optical bursts. The dashed

line indicates the rough sensitivity of IPTA



354 T p / � 51 e~;�=��OQ�q�]<�R��|�>aSg�q�3V�s#�+;1-y\O�6F!itYl9�O�6EE3&�=F�U Valtonen[13] �q�F��?P�Y��U9�Nf OJ 287 �1Xe?iExg���cYC�q�@8�)���lF-� 2[�y Valtonen[13] ZF��_xL?<2[ OJ 287>~O�6�6"�k�7�2�)��<Ft-� 2[�U�Fv+;� Valtonen[13] M^�L�q��E����N'�L�=�!q�$L�K�B' (7Z 1∼2 1��), l(L?<�| OJ 287 �O�6>~k�!	A (7Z 3∼5).Z 3 U] OJ 287 �<O�>~\�+�Br�lq 1049 erg/s, �lF�:���e>~<k�	">�l7O�>~;�9�y)��l2�B	D Q7!;FU�lF�U�PFvt2[ OJ 287 �7��+�>~Br�;]�y 2020 � 2032 <���i��V{a\O���l�� Sivaram[15] U] OJ 287 �O�6>~\�f?PL'� 1049 erg/s, i(>~\��Æx�P+���>^-��2�z'�Z 3 U]��Pz'g|��Pg|lFUtL?<2[ OJ 287 �)�7��Z 4 U] OJ 287 y�`x�A�>~	Alq 10−15, OG�y 10−8 Hz D[�6inJ\ LISA ��)� (10−21), y�G�B
�=Fit LISA 6FEE|�W Hobbs� [19] U]�Z 5 l7� OJ 287 �O�>~	ACUAO�[EE� �&l�(\G�>�C��y�s#�,4Fv (Z 4) �� OJ 287 �O�6	A;"Z 5 =��l�J]?P�&�$	A� 10−15 (:� 10−16. �Ik7" OJ 287 �O�6EE�"FXqf�YsH�=F�U IPTA 3.yit(<7�Y{b�AEE|t: OJ 287�O�6�tvU�[,�3.E�O�6�4 WaZ 4, lFl 2010 <g�| 2020<F&�{?P$L1c�7iH�2DI�F)�l(9ÆO�6�oy�� EEl9%�y)�qtqr�K1�W\ SKA ,�� IPTA EE�)�F!�}"�yMJ [23]. �_��t� 500 m ~�bnY FAST $;:R�?;0����[��396g,��YSg�E��[�2����Y�\MJ IPTA �EES��f,it(P�+$L7" OJ 287 �
GO�6rO�YL��F��6iZ 1∼2 U]�q�. �YI1�$L�L���E���I1���y��N'	Ip 20%,�PId	zr�rOy\s#!Yi�x�A3���?
�O�6>~"q��0FU�NfA�3��>~�;~=���9����q�]<�>^�-s#i��i��a\+���O�K�F:Wu��fI1:T�O�6"�W\O�6>~\��	A`�N'R0"�s#��N'Yr?��(�|�>~YZ�=Ftvy Valtonen[13] �N'd{��Z 3∼4 Fv�Yr?��=Fs#g\ OJ 287O�>~"htf,�;Z?��F���|��s#i�i��y+��O�K�F:Wu�(ii�0FU�R�|WY	 ����3�x�ArpX,(Pr�	"\ 12 yr �q�$Lt-���?+2�xV�Nfr=8�2i���:W��Oi�tvx�A>a��4 �P3���lF����y�tvx�Af� ("t ADAF)A�3�xV��!;��W\i���Yi63�̂ �J�?P�+��O�6���tv�P��>aZ���4 ?;l9�?P�{� LISA 1-���y�P	
FUxV�Yw\J��
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[ 5 TzQ�8GGU�*�����~ 3C 66B #z�R OJ 287 @�H��m^ IPTA 8!�t$�~� OJ 287 -5Gw (
Bh 10−15, [� “+” b) $ Hobbs 	 [19] �Gw (
Bh 10−16, [� “∗”b) =KAR	'��.- OJ 287 EWm^ IPTA �GG'm�L2�CQ SKA ��*��h[�; Hobbs 	 [19]

Fig. 5 The sensitivities of various kinds of gravitational wave detectors. The radiation frequencies

of both the radio galaxy 3C 66B and quasar OJ 287 are in the detectable band of IPTA. Our

calculation result (its amplification is 10−15, marked by “+”) is one order of magnitude larger than

that of Hobbs et al.[19] (its amplification is 10−16, marked by “∗”) . This indicates that OJ 287 is

at the detecting edge of IPTA, especially close to the sensitivity of SKA. This figure is quoted from

Hobbs et al.[19]
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Study on Gravitational Wave Radiation from OJ 287
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ABSTRACT Research on quasar OJ 287 has been lasted more than 100 years. It presents

the phenomenon of periodic outburst with two peaks. Its period is 12 years. The better

model to explain the observed phenomenon is the binary black hole model in which a black

hole moves around a primary black hole. The secondary black hole crashed the main ac-

cretion disk, leading to the outbursts. Based on this model, the light curves of OJ 287

are reasonably explained and the future outbursts are correctly predicted. These indirectly

prove that the precession effect of general relativity and the existence of gravitational waves.

The massive black hole of binary in the center of galaxy is a very important class of gravita-

tional wave source. However, it is still very difficult to accurately determine the kinematic

equations of the internal components in galaxies. Because this model provides a precise track

of the secondary black hole, the gravitational waves can be studied. Based on the existing

works, it is the first time for us to deduce the temporal evolutions of radiation power and

waveform of gravitational waves by using the post-Newtonian approximation method. Ac-

cording to the current progress of IPTA (International Pulsar Timing Array), this detection

equipment is possible to directly detect gravitational waves from OJ 287 in the next few

years.

Key words quasars: individual: OJ 287, galaxy: kinematics and dynamics, gravitational

waves


