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Close SBHBs worth fnding becuse...

❖ They are the penultimate link in the SBHB evolutionary 
chain

census allows us to track the “flow” of systems through 
different evolutionary phases

❖ They have been invoked to explain a number of other 
phenomena

formation and subsequent erosion of stellar cusps in galaxy 
cores  (e.g., Milosavljević & Merritt 2001; Sesana et al. 2008; 
Kormendy & Bender 2009)

precessing radio jets and X-shaped radio sources
e.g., Roos (1987, ApJ, 334, 95); Merritt (2002, Sci, 297, 1310)



figure from Backer et al. (2003), based 
on the work of Begelman et al. (1980)

0.3 mas
@ z=0.2



SBHBs @ 0.1 pc within circumbinary disk

❖ Direct imaging via radio interferometry
talk by Sarah Burke-Spolaor, Wednesday morning

❖ Indirect detection via radial velocity changes
Tsalmantza et al. 2011, ApJ, 738, 20
Decarli et al. 2013, MNRAS, in press, arXiv:1305.4941
Eracleous et al. 2012, ApJS, 201, 23
Ju et al. 2013 (arXiv:21306.4987)
Shen et al. 2013 (arXiv: 1306.4330)

❖ Relative intensities and profiles of broad lines
Montuori et al. 2011, MNRAS, 412, 26



At even shorter separations...

❖ Predicted Fe K𝛼 line and SED signatures of SBHBs
Saavik Ford, Wednesday morning
Gükltekin & Miller 2012, ApJ, 761, 90

❖ Detecting SBHBs via pulsar timing
Alberto Sesana, Wednesday morning

❖ Periodic X-ray emission during inspiral
Bode et al. 2010, ApJ, 715, 1117
Bode et al. 2012, ApJ, 744, 45



Conspicuously missing from this talk:
Life after merger...
❖ Recoiling BHs

Laura Blecha, Tuesday afternoon



Figure from 
Artymowicz & Lubow 1996,
ApJ, 467 L77

The hypothesis: two BHs within disk

Figure from Cuadra et al. 2009, 
MNRAS, 393, 1423
see also Hayasaki et al. 2007, 
PASJ, 59, 427



Quasar optical spectra: up close and personal

3C 206

PKS 1451–37



figure from Eracleous et al. (1997)

Both black holes active: double-peaked lines

Tested and rejected
❖ Separation of peaks must 

be less than width

❖ Variation of peak velocities 
over 30 years inconsistent 
with binary

❖ Reverberation mapping: 
both sides respond together



One black hole active: single, displaced line 

figure from
Boroson & Lauer 2009, 
Nature, 458, 53
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Expected Binary Properties

We observe:
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Recent searces for radial velocity variations:

❖ Type I
Tsalmantza et al. 2011, ApJ, 738, 20
Decarli et al. 2013, MNRAS, in press, arXiv:1305.4941
Eracleous et al. 2012, ApJS, 201, 23

❖ Type II
Ju et al. 2013 (arXiv:1306.4987)
Shen et al. 2013 (arXiv: 1306.4330)
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Distribution of Velocity Offsets
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Caveats:



examples from Gezari, Halpern, & Eracleous (2007)

Velocity (103 km/s)

ƒ ν

3C 390.3 Arp 102B PKS 0235+023

Displaced Peaks Do NOT Always Mean Binaries! 

from Gezari, Halpern & Eracleous (2007)



from Eracleous et al. (1997)



Nor Do Displaced Peaks that Move!

from Eracleous et al. (1997)
including data from Gaskell (1996)

Gezari, Halpern & Eracleous (2006)
see also Marziani et al. (1996)

Mrk 668



The Broad-Line Region Revisited

cartoon from Emmering et al. 1992



Investigating fragmentation in discs 3

Figure 1. Surface density structure of discs with masses Mdisc =
0.1 and with cooling times of tcoolΩ = 3 (top left), tcoolΩ = 5
(top right), tcoolΩ = 6 (bottom left), and tcoolΩ = 7 (bottom
right). The logarithmic colour scale in each figure is from 10 g
cm−2 to 2 × 104 g cm−2. The linear scale is from -25 to 25 for
both axes.

this clump. In every case in which fragmentation occurred,
the densest clump consisted of at least 100 particles, and in
some cases as many as 500 particles. This more than satis-
fies the Jeans criterion (Bate & Burkert 1997), and we are
therefore confident that the fragmentation in these simula-
tions is not artificial. Once the clump size has been deter-
mined, we then calculate the total thermal energy and the
gravitational potential energy. If the net energy is negative
the clump is bound, the simulation is stopped, and a new
simulation is started with the same initial conditions, but
with βnew = βold + 1. This new simulation is then run until
it either also fragments or until the disk has evolved into a
quasi-steady state (Gammie 2001; Rice et al. 2003) without
any signs of fragmentation. We also run the non-fragmenting
simulations approximately an outer rotation period longer
than the equivalent simulation that did undergo fragmenta-
tion.

Figure 1 illustrates the procedure discussed above. The
disc mass in all four figures is Mdisc = 0.1, the specific heat
ratio is γ = 5/3, and the cooling times are tcoolΩ = 3 (top
left), tcoolΩ = 5 (top right), tcoolΩ = 6 (bottom left), and
tcoolΩ = 7 (bottom right). In this particular case we did
not complete a tcoolΩ = 4 run since the tcoolΩ = 5 run
had already shown signs of fragmentation prior to the com-
pletion of the tcoolΩ = 4 simulation. For tcoolΩ = 3 there
are a large number of fragments, consistent with Rice et al.
(2003). For tcoolΩ = 5 there are a number of fragments,
while for tcoolΩ = 6 there is only a single fragment that
in the image can be seen just below the central object. For
tcoolΩ = 7, which ran almost 7 outer rotation periods, the
disc is clearly unstable at all radii, but there is no signs of
fragmentation.

Mdisc/M∗ γ tcoolΩ Etot

0.1 5/3 3 −9.7 × 10−7

0.1 5/3 5 −1.0 × 10−7

0.1 5/3 6 −3.8 × 10−5

0.1 5/3 7 no clumps
0.1 7/5 11 −8.8 × 10−7

0.1 7/5 12 −6.6 × 10−8

0.1 7/5 13 no clumps
0.25 5/3 5 −9.4 × 10−6

0.25 5/3 6 −3.0 × 10−7

0.25 5/3 7 no clumps
0.25 7/5 11 −8.2 × 10−7

0.25 7/5 12 −7.2 × 10−7

0.25 7/5 13 no clumps
0.5 5/3 6 −4.9 × 10−5

0.5 5/3 7 no clumps
0.5 7/5 11 −1.0 × 10−5

0.5 7/5 12 −7.5 × 10−6

0.5 7/5 13 no clumps

Table 1. Table showing the results of a series of simulations con-
sidering discs with masses between Mdisc = 0.1 and Mdisc = 0.5,
specific heat ratio of γ = 5/3 and γ = 7/5, and various cool-
ing times. These results suggest that the fragmentation boundary
does not depend on disc mass, and that for γ = 7/5 fragmenta-
tion may occur for cooling times almost twice the local dynamical
time.

We repeated the above procedure for disc masses of
Mdisc = 0.25, and Mdisc = 0.5 and for specific heat ra-
tios of γ = 5/3 and γ = 7/5. The results are summarised
in Table 1. The columns in Table 1 are the ratio of disc to
central object mass, Mdisc/M∗, the specific heat ratio, γ, the
cooling time, tcoolΩ, and if fragmentation occurs, the total
energy (in code units) of the densest clump, Etot, where Etot

is the sum of the thermal energy and gravitational potential
energy (Bate et al. 1995). In the earlier work of Rice et al.
(2003) there was a suggestion that the cooling time required
for fragmentation may depend on the total disc mass, rela-
tive to the mass of the central object. The results shown in
Table 1 suggest that there is no disc mass dependence. Frag-
mentation occurs for tcoolΩ between 6 and 7 when γ = 5/3
and between 12 and 13 when γ = 7/5, for all disc masses
considered. The reason why there is a difference between
Rice et al. (2003) is unclear. Their discs had slightly steeper
surface density profiles (Σ ∝ r−7/4 rather than Σ ∝ r−1),
and it is possible that their tcoolΩ = 5 simulation that did
not fragment, may have done so had it been run for longer.
Table 1 also shows that in all the cases where clumps were
detected, the total energy of the densest clump is negative
and that at least the densest clump is bound.

Although Table 1 shows that the fragmentation bound-
ary occurs for cooling times longer than that predicted by
Gammie (2001), for γ = 5/3 the required cooling time is
still smaller than the local dynamical time. It also shows
that as the specific heat ratio decreases, the required cool-
ing time increases and is almost twice the local dynamical
time for γ = 7/5. The fragmentation boundary for a disc
mass of Mdisc = 0.25 and for both of the specific heat ratios
considered is shown in Figures 2 and 3. Figure 2 shows the
final surface density structures for Mdisc = 0.25, a specific
heat ratio of γ = 5/3, and for cooling times of tcoolΩ = 6

4 W.K.M. Rice, G. Lodato, & P.J. Armitage

Figure 2. Surface density structure of discs with a mass of
Mdisc = 0.25, a specific heat ratio of γ = 5/3, and cooling
times of tcoolΩ = 6 (left hand panel) and tcoolΩ = 7 (right hand
panel). The lack of fragmentation in the right hand panel suggests
that the fragmentation boundary is at a cooling time of between
tcoolΩ = 6 and tcoolΩ = 7. The colour scale of the density and
the linear scale of the image are the same as in Fig. 1.

Figure 3. Surface density structure of discs with a the same mass
as in Figure 2 but with a specific heat ratio of γ = 7/5, and
cooling times of tcoolΩ = 12 (left hand panel) and tcoolΩ = 13
(right hand panel). The lack of fragmentation in the right hand
panel in this case suggests that for γ = 7/5 the fragmentation
boundary is at a cooling time of between tcoolΩ = 12 and tcoolΩ =
13. The colour scale of the density and the linear scale of the image
are the same as in Fig. 1.

(left panel) and tcoolΩ = 7 (right panel). The tcoolΩ = 7
simulation was evolved for almost an outer rotation period
longer than the tcoolΩ = 6 simulation yet shows no signs of
fragmentation. The discs shown in Figure 3 have the same
parameters as in Figure 2 except γ = 7/5, and the cooling
times are tcoolΩ = 12, and tcoolΩ = 13. Again there is no
sign of fragmentation in the right hand panel which was also
evolved for almost an outer rotation period longer than the
simulation shown in the left hand panel.

As a further numerical check, we repeated one set of
calculations using 125000 particles rather than 250000 par-
ticles. We considered only the case where Mdisc = 0.25 and
γ = 5/3. The result with 125000 particles was the same as
the simulation with 250000 particles. Fragmentation occured
for tcool = 6Ω−1 and did not occur for tcool = 7Ω−1. There-
fore, not only do the simulations that fragment satisfy the
Jeans Criterion for fragmentation (Bate & Burkert 1997), it
appears that the results are resolution independent.
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Figure 4. The relationship defined by equation 1 for γ = 2 (solid
line), γ = 5/3 (short-dashed line) and γ = 7/5 (long-dashed line).
The data points show the couples (tfragΩ, αmax) as derived from
the simulations: the green squares refer to our simulations, while
the blue triangle refers to Gammie (2001). The horizontal green
line illustrates the constant values α = 0.06251.

3 A MAXIMUM VALUE FOR

GRAVITATIONAL STRESSES

Based on the results summarized in Table 1, for every
value of Mdisc/M∗ and γ, we can define a minimum cool-
ing time for which no fragmentation occurs, tnf and a max-
imum cooling time for which fragmentation does occur, tf .
The boundary value of tcool for fragmentation can there-
fore be defined as tfrag = 1/2(tnf + tf), with a correspond-
ing uncertainty given by ∆tfrag = 1/2(tnf − tf). The stress
αmax, corresponding to tfrag, can be computed from equa-
tion (1), and the corresponding uncertainty is given by
∆αmax = (αmax/tfrag)∆tfrag. The resulting values of tfrag
and αmax are shown as data points in Fig. 4, together with
the curves defined by equation (1), for three values of γ =2,
5/3 and 7/5. The filled green squares with error bars refer to
the simulations presented here. The open blue triangle rep-
resent the value found by Gammie (2001) in his local, 2D
simulations that assumed γ = 2. This is consistent with our
result which suggests that for γ = 2, fragmentation should
occur between tcoolΩ = 3 and tcoolΩ = 4. In fact, it is worth
noting that since Gammie’s simulations are 2D, we should
not expect a perfect agreement between our 3D results and
his ones. This can be partially seen already from Fig. 4. In
particular, care should be taken in considering the role of the
adiabatic index γ, which has a different physical interpreta-
tion in 2D and in 3D. However, as discussed in more detail
in Gammie (2001), a mapping is possible between the 2D
and the 3D adiabatic indeces. In the case of self-gravitating
discs, Gammie’s choice of a 2D adiabatic index equal to 2
does correspond to γ = 2 also in 3D (Gammie 2001).

As can be seen, fragmentation occurs at an almost con-
stant value of α (αmax ∼ 0.06, indicated by the horizontal

Spiral structure and fragmentation

Low-Mass Disk
tcool ~ tKep

Massive Disk
tcool ~ 2 tKep

Rice, Lodato, & Armitage 
(2005, MNRAS, 364, L56)



from Lewis, Eracleous, & 
Storchi-Bergmann (2010)



Implications
and Future Prospects



❖ Theoretical predictions of population size in broad 
agreement with observed numbers. 

❖ We can pick out the short-period binaries 
(P~10–20 yr) from repeating patterns, even though 
these will be short-lived.

❖ We will learn a lot about the dynamics of the gas in the 
broad-line region in the process.

Reasons to be (cautiously) optimistic...




