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SED (quiescence & outburst in 2005)
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“In general the outbursts seem to exhibit a common behaviour:

a strong minimum proceeds the actual outburst ~ 5 yr,

the major outburst being accompanied by secondary ones of ~ 1mag amplitude.
The whole process lasts about 12 yr.”

Gaida & Roser (1982)



similar structures in the outbursts?
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“old” binary model
Sillanpaa et al. (1988)

TABLE 1
MaxmmMa IN LigHT CuUrvE oF QJ 287

Observed Flux Expected
Epoch (mJy) Epoch

1913.1......... 30.9 1913.1

19368......... 11.2 1936.4 (0.4 yr late)

19473......... 14.6 1948.05 (0.75 yr early)

19593......... 19.5 1959.7 (0.4 yr early)

19719......... 40.7 1971.35 (0.65 yr late)
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0

time/edge revolutions

0 287 MBEDIESI(, BLRIENHD
LD D11.65FFH R TREAMIZKEZ > TLY
H(ZDONWBRIEEIXHFE-BHALSMNT
X7z ho1=)

IS ERBEDORAKIL. tidally
induced mass inflow M/ \Z—2[ZEE{EIL
TWS RIS LV IALRT—IL)

A#:Eg TIXLIXLIZE binary nuclei AVRIZS

N

binary BH M ENE B HA TS D B HAHZ
BT HETIL

disk A M tidal transfer [Z& 5 relativistic jet
Moutput DIE NN
BEIEDIALRT— Lo FEEF1F 08
BRFELGETX F2ANABEEIL TS
FHEMrCEEDRIDEREZHTELTEET
TIVEERR



1983 —1984F N RDIES (T LNDM?

11.65FE D BN Z LG S(E
1983.0 + 11.65 = 1994.655 tH
(1994 MDFNLE) IZ755I1ET




V (mdy)
PN AN d OO o

BHT1RIH

Sillanpaa+ (1996)

S e

- .-
b,y e Vel

ﬁ*’ i confszi:.on T “f'@, 4

1994.68

solar
. conjunction

l

1994&]

1994.5 1995.0
Year

1995.5

basic periodicity DFEEE ST

1996.0



0J 287 D% (2/3) B

e BLLac @ RIADVED
— EENER A D —FE
— AR BIRICHTI=5EWK
— BHEDEIERN
— PR B I NARTRIL
o REFHAIZT IMN—RIEEYIRT
o« ZOMDEWEX(TILT)MNIMET S

||||||||

7800 8000 8200 8400 8600 8800 9000 9200




45
40
35

30

1978
1

1983

|

IR AN AR ERRR S A RAREEEARERRRALRE RN ARRRE RRAR

OJ 287

1971—-89 (934) b

#9125 O el f

>

JI S I D 5 O O O O O O O I O S A I W W W

J.D. 2440000+

Marchenko+ (1996)



LD
—
o
Al
TIHIE "ih““&n“*
%ﬂ-l- o
- L I ™ Jﬁc"nhf.t‘ S — m
. - Qad
L ] ..i.".
. .:..l.__..l.._....___.!.-i
K]
o
B o
Q|
o
o
B -]
ad
L0
(@)}
— (@)
—
o
] ] %
< &\ —
T T—

16

o 00 (o < ad o

(Arw) Aususp xn|4

Julian Year (J2000.0)

Pihajoki+ (2013)



mdy

mdy

mdy mdy mdy

m.Jy

mdy mdy

midy

=
—

z

10 F

10 F

30

'tegg = "~~~ T T 3

: : : ———t—]—+— | E

= 1900 ' ' ! 3

) , | ' .I ' | l‘ E

ToTE ' T I :

3 gu .

I : | :I. — | ]

1924 ' ' '

3 N

: : : T | :

= 1938 ' ' ' 3

—_— ..-. —_

- L = I . ; |. : ‘ -..'I i 4

1948 ' e !
e, o — T |

1960 . 3

E o 3

E— . . x . i:. . E

— L T

= 1972 ] E

E_ —= o t = | = - h -'H_d_H_F__E

= 1983 | _

-h;gg:l-,---'---ﬂ ok ’b‘d ) gl '!!L,H
thMwH&#m

0 1

Phase (11.65 years)

historical light curve &
11.655F [E i Tlold I B &.
BREFEID drift AR 55

AIRE7L AR IR

(1) 11.65F D FAEAHLEEL
(underestimated?)

(2) ERICHBREFEADMNEIEL
TS

Kidger (2000)



0J 287 M¥HH (3/3) B
* BLLac #EXADUVED

— HENERAIZD—1E

—HUIBDNLER

I=h 1= B EREH

— BRLIRDESERI

— BEEMNB LN ARIRL
o MEFBIMICT IRN—R EFEYRT
e ZDOMNEIMEX(TLT)MNTHET S

0 [E R L.

e 5ELVIJLTE

ENINSKTED

llllllll

7800 8000 8200 8400 8600 8800 9000 9200




(mJy)

FLUX DENSITY

% POL

(deg)

g

40

30

20

10

20

15

10

150

120

20

B0

t
+
| I i
.
L 1 1
. L
L ! |
4 5 6
UT Date

(1983 Jan)

10

11

(mdy)

FLUX DENSITY

POL

*

(deg)

0

20

15

10

40

35

an

25

170

160

150

140

T T T T T | T T T T
b
+
¢ ’ vt .
! ! ! ! I ! | L ! I
» .
N .
. . )
- - -
| | ! | ] ! ! 1 ! i
- - i
. . . 7
. . . .
n | 1 1 | | ! | | N
19 20 21 22 23 24 25 26 27 28

ut

Date (1984 Mar)

Smith+ (1987)



DREFEBOTIMN—ZARIZBEWVWTRILEENMET IH5ELNVILT

V-band flux (mdy)

Polarization (%)

20074
Sept. 01

12
1
10

0 Gy~ @ ©

39
30
25
20
15
10

Sept. 10

Sept.

20

Oct. 01

Oct. 10

Oct. 20

Valtonen+ (2008)



Am_oom mo: Xn|} zZH9 /¢

1994 flare

1996

AR DEHRICERD
29I R E EFLEM T

1988 1989 1990 1991 1992 1993 1994 / 1995

epnjubow A

Valtaoja (1996)



D E A% ? (strong impression)
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Part 2

0) 287 ETILDEHEEEMNEATI()
(RFEOBEAEZESERBAT 5HY)

o TP AMD L FIL intrinsic
— old binary model: secondary BH @ periastron passage [Z& % enhanced
accretion (Sillanpaa+ 1988)

— precessing binary model: secondary BH 5 primary BH D [& & #8412\ E5(C
DE2[EBET HET B TIL T ZR T (Lehto & Valtonen 1996)

— modified old binary model: 2D DI 7 IIELGAREERTECS(1BIEBDIL
TIIE) 2EIEDIL 7L jet HTRELIMLT= shock IZHEERIT S IEELEY
synchrotronZL 7)) (Valtaoja+ 2000)

o TS9P RMLEFIX disk %0 jet D orientation DXL

— analogy to Her X-1 or $5433: :E £BHMD % Z[Z &% boosting factor M Z Ak
(Katz 1997)

— both BHs have jets: primary & secondary BHs D22 ® jet HithEk~ [
(Villata+ 1998)

— ®WZET 5 jet Mbeaming: secondary BH M gravitational torque |2k 5 [F7%& &
D% Z (Abraham 2000)



Sillanpaa+ (1988), Valtaoja+ (2000) ET /L DEIRE &

0J 287 M7 ) h/N\—RX KN TIE. tidal timescale KYH5E LY
sharp 7248 KM 2[BIR 7 TREE S

12FEEEAD B KD EIFEIL irregularity DY . B EIRI TIX

7LY ("not spaced evenly relative to the binary period”)

I

tidal outburst Z&E#A DD,
BRI Tl AL S el fRzx iR BA TE.,

HDRERETI2DDE WA OBMGEIL T ZERAT
=5 astrophysical model HAHE




REI ADEE CHAELBHAEZESEHE

Lehto & Valtonen (1996) time delay
Sundelius et al. (1997): disk bending
Valtonen (2007): new orbit solution, shrink of the orbit

¢« BEETILTEZRDE, 1AERICOEF2RDEAMBHNDIL T %
T ;‘E‘(I 121—0)J—,|EﬂE’]f&iéjlﬂtzow*-ﬁjtgnﬂﬁﬂfgé

— secondary BHIZ primary DFEFARERET HEERD
o EBMHTLT (=diskEDRE) D EHIE—ERRTIEZRL

— strict periodicity Mo D ELZFERAT HIZITEEFHEHI KEL
mEd DILENDHS (> 30° per orbit)
(CNIFERELTFREREIL— MBI RN BRERAWNGZ T ILEREALEHLLY)

— BEDENXDORFEAZERATE = — 78N E (B HA - B D
FmER)TRDOD

— BB EZEIGS primaryBH DEEZXHETE

— disk & secondary BHDEZERFDIKR (T ADINTA=Z04%E
RIRILFXT—EE)ERELY. secondary BH DEEZHTE
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flare model

» secondary BH & disk DEZEMNEZDHE.
disk M5 5| ZHrM 7= hot gas bubble
MEIZETHEIEL . optically thin (2755
& ~ 10° K @ bremsstrahlung radiation
burst IZ&Y IS

« 1.4 x 10®M Msecondary BHD &R
[CRY. BRASN DI RILF—O5A
LART—)LZsRBATES

o HBPGIEINTA—H

e timedelayx M, -h n /v,y
e lengthof OBx M, -h-n /v,
e V-band flux density x M, -h -n/

2/r,

Urel
-2 1 r/l] 1 2 2 1 r;r° 1 2 .
7 TR — TR RTIRGT e Ivanov+ (1998): hydrodynamical
- 1§ MRS . . . .
2._'.['% no ;j‘{.“’g&a ~:§g{’ | simulations of BH — lifted-up disk

“l
‘_‘“‘“ H%

: . axe % ST
: i/ A ?_ =‘~§§}- | collision
S ' Nl g

e Pihajoki (2016): relativistic corrections
to the observed spectra & timescales

z/r,
z/r,




double thermal flares + tidal outbursts
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RFEDOFEETEZS
— best fit period = 11.844%F (Kidger 2000, F D 3X)

-1

o] B M55 (E11.865F [F Hi T periodic (Valtaoja+ 2000)

— BXBHHOFRIETEEDXI RS (many)

BEDIEEIENSIETTRIT HLHMEL

Model Primary Maximum Secondary Maximum

I...... 2006.707 2007.847
2018.551 2019.691
2...... 2006.749 2007.839
2018.635 2019.675

Model 1: periods for both 1st & 2nd maxima are constant (11.844 yr)
Model 2: period for 1st maxima is 11.844 yr, for 2nd is 11.836 yr

o ESEFEAAEIERFICEIELTLNSDSEEZZS
— BREEZTETIL (Lehto & Valtonen 1996)



1994—1995F D RDEITL T [ELNDH ?
Lehto & Valtonen (1996), Sundelius+ (1997)

strict periodicity M & L7435 (1E
2006.714F (24514 T

BEEEETILOHA
2005.74F & F |

forward precession: ~6 months contribution

lifted up disk: ~6 months contribution
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Valtonen (2007) new orbit solution

B B ETIZ&S energy loss %
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thermal flare + tidal outburst in 2007
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Part 3

primary BH D RAE U ZEMKRLTI-ENEETHE
Valtonen et al. (2010, 2011)

e 2007FFETHOETILIL Schwarzschild BH [ZEDUNTULV =AY,
RIAMBEEHNERREZEZSE. HEDBHIZFREZEFD

* spinning primary & secondary BHs (Kerr /NTA—%3 4, x2)

 3PN-accurate orbital dynamics (8 parameters of the orbit)
e average during 200 yr integration starting 1856

flare times (fixed points) solution parameters

Time Uncertainty Parameter Astrophysics Orbit
1912970 0010 Ad 38°6 4+ 1°0 39°] +0°1
1947282 4 0.0005 mi (1.840.1) - 10190 | (1.8440.01) - 1010A/
1957.080 +0.020 ma (1.4+04)-105Mg | (1.46+£0.1)- 108 Mg
1972.94 £ 0.005 X1 0.25+0.04 0.28 +0.03
1982.964 +0.0005 56°0 -+ 4°0 56°3 -+ 1°0
1984.130 + 0.002
1905.843 © 0.0005 e 0.7 £0.03 0.70 + 0.001
2005.74 + 0.005 o 0.3+0.2 0.3+0.1
2007.692 + 0.0005 q - 1.0 +0.3
(10) (30)

Note. These are the starting times of the outbursts.
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1 |

10

log BH-mass

BH mass — K magnitude correlation
Kormendy & Bende (2011)
Kormendy (2011)

20

bulge of the host galaxy:
Mg = —28.9 + 0.6
(McHardy & Abraham 1998)
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K-magnitude
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Valtonen+ (2012)



log t_life/yr

10

Accretion disk stability time t_life
~ disk replacement time (viscous timescale)

tpise ~ 10708 M~04r 14 yr (lvanov+ 1999)
M :inunits of Mgy, for a 1.84 X 101° M BH 7
r : outer radius of the disk in units of 20 Ty

t_life=10A7 yr —— -

M_r= 122 -

mass ratio > 100 for
a stable disk

... e = 0.7, and the initial eccentricity of the
final inspiral, ~ 10° yr prior to merger,
should be e = 0.9: quite natural to merge
within Hubble time (Makino & Funato 2004)
| ] ] |

1.8 2 2.2 2.4 2.6
log M_r

Valtonen+ (2012)



a side result:

“BH”IEARHIZ— B ERm TEIEZADBHM ?
(BH @ uniqueness TE I & no-hair 7TEIE)

BH (stellar-mass, supermassive) M fF1E D £R ;A A FEHL
— BOWREZHFE=LZOa/NIRRIKAD accretion process
— 2GM/c? KYINIKEW, RALGUVLEEARD EBE D gas or stellar dynamics

— & FE >t A

WD EBHETE DX R E E R (I KerrsTETH S

TR CEX RGBT HF-ZVBHEBDEZE (ZENZTHEFTE
T%) WBFE—AVR) L. BHOBEELAEEIE DA Tk Al
BE TS (Carter 1970)

BHM no-hair EEIL, —fHAXIFHICELNTOHEHINDS

-Wati

iR E— AR FR T 3w & DB D 58 S174 discriminator

- D E

(e.g., Will 2006, Yunes & Siemens 2013, Gair+ 2013)



0J) 287 %,
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I UNF=— R AE o P 3 R D AR EE D L A+

(

IO

no-hair TEXE®D practical test)

o Kerr/\TA—% y THHE{TITHMNS Kerr BH TIlX, UiBEFE—A
bk Q [F—EIZEEZEINS (Thorne & Hartle 1985, Will 2008)

SZ

="y
Gr = —qx2 9T UM e
2 ¥ = CS/GMZ < 1 required by cosmic

censorship conjecture

Q : quadrupole moment of a spinning body

S : spin angular momentum; M : mass

q : “no-hair” parameter

e true black holes: g =1

 neutronstars: q = 2.0 ~ 12.1 (Wex & Kopeikin 1999)

e possible bosonic structures: g = 3 ~ 4 (Wex & Kopeikin 1999)

e Kerr BH Z[&[E

THERDEZEHL q ZRDS

o FDEOFtest NTEEHRMNBEBARRIZIHEET S > 0J) 287



evolution of binary BH by PN-accurate orbital dynamics (Kidder 1999)

X = 352 = Xo + X1py + Xso + Xss + Xg + Xopy + Xo5pn + X3pp

e X = X1 — X5: center-of-mass relative separation vector between BHs

* X, : Newtonian acceleration

* X1pn, XopnN, X3pn: cOnservative terms (Damour 1982, Mora & Will 2004 )
* Xsp : spin—orbit interactions (Barker & O’Connell 1979)

* Xgs :Spin—spin interactions (Barker & O’Connell 1979)

* X : quadrupole—-monopole interactions (Barker & O’Connell 1979)

* X, cpy : radiation reactive term (Damour 1982)

.
, 3G mim

X‘Q:qX“ P H:5(11°S1)2—1:|Il—Z(Il-Sl)Sl}

* §7 :unit vector defining the spin §; = y;Gm? s, /c
* m=mg+m,
s n=x/r,r =|x|
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e coronagraph Z{£- ? (SOHO LASCO)

— LASCO C2 [ KBZanFHIZHE SN TEAAT]

— LASCO C3 [Z16°DfREFA Y 0) 287 [(TAD
e LASCO C3 MPEFRZE#IF10—14 (Andrews 2000). ER(F11<5HLV?

* IU\EFEﬁWFEﬁif Hao7?

— STEREO SECCHI HI-1 (heliospheric imager)
« 24°DREFHHY 01287 IEAD
« REFHKIX13—14
— New Horizons LORRI (Long Range Reconnaissance Imager)
e O%20.8cmNDE=EE
o [RFEZFHRILV < 17 (4x4 binning mode)
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