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Optical light curve: 1891 -
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1. Signature of binary black
holes: precession
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Fig. 1.—Precessing-binary model of OJ 287. The primary black hole is at
coordinates (0, 0). The secondary black hole traces out a precessing elliptical
orbit counterclockwise around the primary, illustrated here from 1976 to 2013.
The secondary crosses the accretion disk of the primary (horizontal set of points) at
impact sites; the 1984, 1994 and 2005 impacts are labeled. The axis of the accretion
disk is labeled “jet.”” Not far from the jet is the line of sight to the observer. The
binary orbit is at right angles to the accretion disk; Sundelius et al. (1997) have
shown that this is not a restriction on the generality of the model, i.e., different
relative inclinations would produce very similar results.
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Supermassive black holes do not correlate with dark
matter halos of galaxies :
OJ 287

John Kormendy!2* & Ralf Bender?:3
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2. Black hole — Accretion disk
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Collision 2
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V-flux mJy
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3. Prediction: 2nd outburst Sept
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0J287 in September 2007
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Polarization
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4. Rotation of radio jet

observations




Binary model

Accretion disk

100 million Suns

1/5 light-year







Jorstad et al. 2005

2000.07 OJ 287

X }’

"'l Y ‘\\\ //

[
:;':'-”\\ \*\‘\\W \\1\

ﬂ// A
‘"\* ' /} (Hll 3l
| \ Illl e,
| \: l\Vﬂ//M:

s
(1

D (




© 2001102-01

2001407-07
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Figure 4. The variation of the position angle of the radio jet in
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Figure 6. The evolution of the optical polarization angle com-
pared with the model. The curves are for a 10 yr (dash-dot line)
and for an 11 yr (dashed line) average. Observations refer to the
values in Table 1 minus 180°. The theoretical lines are shifted by
adding 90° since the electric vector does not project parallel to
the jet axis.



5. Tidal outbursts
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Testing the 1995 binary black hole model of OJ287
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Fig. 1.— The 1995 light curve of OJ287. Five ma-



Observed optical brightness
1996-2010
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Fig. 2.— The observations of OJ287 during 1996
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Next: 2015 - 2022

campaign
2015: accurate spin value

2019: test of no-hair -theorem
2022: confirmation of precession
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no-hair theorem

quadrupole moment @)

For black holes ¢ = 1
for neutron stars ¢ > 2
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On the possibility of testing black hole no-hair theorem during
the present decade with OJ287

M. J.Valtonen'?, S. Mikkola!, H. J.Lehto!, A. Gopakumar ?, R. Hudec %°
and

J. Polednikova®®

Space-based photometry is required in 2019 July
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The multi-spectral-range behavior of OJ 287 in 2005-2010
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Romero, Abraham et al. 2000:
Precessing Jet
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Tateyama & Kingham 2004
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Jet direction: black hole spin or
accretion disk axis?
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TESTING THE 1995 BINARY BLACK HOLE MODEL OF OJ287

M. J. Vartonen!2 H. J. LEnto!, L. O. TakALO', AND A. S1LLANPAA!
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ABSTRACT

In 1995, a binary black hole model was proposed for the quasar OJ287, where the smaller secondary black hole
impacts the accretion disk of the primary black hole twice during its 12 yr orbit and causes a double peak of optical
outbursts. The model predicted four major outbursts and one minor outburst during the period 1996-2010. All
five have now been observed. In this paper, we ask how accurate the predictions were. We use the latest optical
observations from Tuorla Observatory and the KVA telescope at La Palma together with previously published data
to construct a light curve for this period. We average the data in 0.04 yr bins, and subtract the observed flux from
the 1995 model flux at each bin. We find that the residuals are small: they are well described by random noise of
amplitude 1.4 mly. This level is small compared with the amplitudes of the major outbursts, 57 mly. Ignoring the
noise, the binary model explains the optical data remarkably well.



Eccentric evolution of supermassive black hole binaries
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The Megaparsec-Scale X-ray Jet of the BL Lac Object OJ287

Alan P. Marscher! and Svetlana G. Jorstad®?
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BLACK-HOLE MASS AND GROWTH RATE AT Z~ 4.8: A SHORT EPISODE OF FAST GROWTH FOLLOWED BY
SHORT DUTY CYCLE ACTIVITY

BENNY TRAKHTENBROT!, HAGAI NETZER!, PAULINA LIRAZ AND OHAD SHEMMER?
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t
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Figure 8. Evolution scenarios for the z~ 4.8 SMBHs with various duty cy-
cles. Symbols are identical to those in Fig. 4. Solid lines describe Mpy
growth under the assumption of constant Lo and a duty cycle of 20%. Dot-
ted lines represent the constant L/ Lrqq scenario and a duty cycle of 10%.



Jets at All Scales
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Jet-disk connection in OJ287
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Figure 2. The evolution of the mean disk in the binary model.



Kozai cycle
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(Valtonen and Karttunen 2006) where 7 is the normal-

1zed time coordinate,

ot (3)

P. P

and t 1s time, and P and P, are the imner and outer periods,

P. ~ 12 yr, P ~ PE/E)j and Pro.qi ~ 120ryr



Jet perpendicular to disk:
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Figure 3. The variation of the base level brightness in OJ287.



Evolution of viewing angle

22 I I I I I I I I I I
Viewing angle
2 r Model 1 -
Gamma=60
+19 yr
18 -
16 -
X
o
=
14 + -
12 + -
1 - —
0.8 | | | | | | | | | |

1880 1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100
year



Jet PA [deg]

—150

200

—100

Jet-disk connection

Jet PA [deg]

T T T L
AN v ]
||r'f % % v
' !
rﬁd | |
HI {\J kﬁ (\J
A "
ﬁﬂﬁl Iléﬁﬂl Iﬂﬂhﬂl IEU%GI
Time [yr]

121

in OJ287

' T | |
ok
S L i
I L J

[ 7

o b
[T |
T ‘
o -
(]
& A

L L | L L 1 L L 1 L
1800 18950 2000 2050

Time [yr]

Figure 1. The line shows the variation of the jet angle as a function of time, based on the
binary model of OJ287. The viewing angle of the jet varies between 1 and 2 degrees. The
circles represent the yearly average PA observed in the 2-6 cm wavelength range. The error bars
represent the standard deviation of the PA when more than two observations per year were
avallable. Left: A 4-year lag 1s introduced between changes in the accretion disk orientation and

jet reorientation. Right: The same as the left-hand side, but the lag is 14 years.
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Projected spin angle vs.
observations




The Megaparsec-Scale X-ray Jet of the BL Lac Object OJ287
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Conclusions

* Small scale jet direction given by the disk
axis, not BH spin axis

* Spin rotation shows up Iin the wiggles of
the large scale jet

* Overall jet curvature may be related black
hole binary history

* There Is a delay In reorientation between
radio and optical jet regions

* Radio jet should stop rotation In the sky
and start reversing at about 2030
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implies



The 1995 model vs.
Observations . A chi-square test (with 234 degrees

of freedom) gives y? = 205, which corresponds to
the probability P = 0.9 that the two distributions
agree with each other. The corresponding correla-
tion coefficient is 0.58.

CORRELATIONS: BEST OF 10° TRIALS

Correlated Quantities 2 P(Xz) corr coeff
Obs vs. 3 =1 model 310 6 x 10~ 0.30
Obs vs. 8 = 2 model 305 10~7 0.32
Obs vs. QPO model 200 7 x 1077 0.37

Obs vs. PO model 205 0.9 0.58
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Supermassive black holes do not correlate with dark
matter halos of galaxies

John Kormendy'23 & Ralf Bender23 OJ 287
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Figure 6. The evolution of the optical polarization angle com-
pared with the model. The curves are for a 10 yr (dash-dot line)
and for an 11 yr (dashed line) average. Observations refer to the
values in Table 1 minus 180°, The theoretical lines are shifted by
adding 90° since the electric vector does not project parallel to
the jet axis.
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Next: 2015 - 2022
campaign
2015: accurate spin value
2019: test of no-hair -theorem

2022: confirmation of precession

20000 |




PN acceleration

i

dx L
— = X0+ X|pPN +Xso + X
dt? ¢

+ X2pN + X2.5PN,
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Spin-orbit term
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no-hair theorem

quadrupole moment @
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unit vector sy
For black holes ¢ = 1

for neutron stars ¢ > 2
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timing accuracy: 4.4 h

sigma=0.165
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Artizt's impression of the LISA spacecraf %
2 NASE (public domain)
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