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SMBH binaries should be common 
1. Orbital decay slow:         
    - pair of BHs can spend a fair fraction of the Hubble 
      time at small (sub-parsec) separations 
    - gas expected to be delivered to nucleus, can fuel BHs  
 
2.  Observational evidence is scant:  
    - Binary quickly decays to unresolvable separations 
    - need indirect signatures in spectra, light-curves 
 
3.  Indirect searches: variability 
    -  Any emission before, during, and after coalescence 
       is likely variable (torb<10 yr, if caught close enough) 
    -  EM signatures alone – time-domain astronomy 
     - counterparts to gravitational wave sources (PTA, eLISA)                                



Active BH pairs in galactic nuclei 

* Chandra X-ray image 
   of NGC 6240 (Komossa et al. 2003) 
* Many ~10kpc “dual” or “offset” AGN   
   in optical (Comerford et al. 2013) 
* 7.3pc double AGN in radio galaxy 0402+379 by VLBA  (Rodriguez et al. 2006) 
 

~1kpc 



Add second BH to standard AGN model 

Unstable region 
 Q(Toomre) < 1 

Stable accretion disk, 
geometrically thin, 
optically thick 



Hydrodynamics of Binary + Disk system 

1. EM signatures: - Is there gas near (few Rs) of the BHs? 
                               - What is the mode of the accretion? 

                affects observability through total 
                luminosity, spectral shape, variability 
                 

Three reasons to care about this: 

3. Gravitational waves:  can waveforms be modified by gas? 

2. Orbital decay:  - How long does binary spend at each 
                                orbital separation?  
                              - Can BHs merge in a Hubble time?  

                affects observability through 
                distribution of separations, periods 
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Hydrodynamics of Binary + Disk system 
Three regimes based on mass ratio q=M1/M2 

q < 10-4 10-4 < q < 10-2 q > 10-2 

Stellar + SMBH 
 

  Stellar + MBH 
(I)MBH + SMBH 
 

SMBH + SMBH 
 



2D Hydrodynamical Simulations 
 D’Orazio, ZH & MacFadyen (2013) 
 Farris, Duffell, MaFadyen, ZH (2014, 2015a,b) 
 D’Orazio et al. 2015 (in prep)   
                

•  Use moving-mesh [AMR] grid code DISCO 
•  2D, hydrodynamics only (no GR or MHD)  
•  α-viscosity (α=0.1) 
•  Cooling (rad. diffusion) + heating (viscosity, shocks) 
•  BHs are on the grid (but not yet “live”) 
•  Initial Shakura-Sunyaev disk 0 ≤ r ≤ 100abin 

      è vary mass ratio over expected range q=M1/M2 = 10-4 – 1 
      è  run for ~10,000 binary orbits (>viscous time, steady-state) 
      è  study morphology, mass accretion rate inside cavity 









 Abrupt change in behavior at q~0.05 7

Figure 9. Under construction: Snapshots of log density from
hydrodynamical simulations for a disk withM = 20, and constant
coe�cient of kinematic viscosity ⌫ = 0.01a20⌦bin/M2.

of Figure 10 is for 10 times higher viscosity than the fidu-
cial case. The second column is for 40 times larger viscosity
and the final column is for the same ⇥40 viscosity and a disk
which is twice as hot as the fiducial case. The rows delineate
the choice of sink radius. Note that the bottom-right panel
has nearly identical parameters as the simulation found in
(Farris et al. 2014), the di↵erence being the choice of inner
boundary condition and a constant (here) vs ↵-law viscos-
ity prescription (We could redo all simulations for alpha law
viscosity and di↵ ICs). As expected, we find that the higher
viscosity disks have smaller, more dense gaps. Decreasing
the Mach number (increasing disk temperature) increases
pressure forces in the disk which also results in a smaller,
more dense cavity. The e↵ect of a larger sink radius is to cre-
ate a less dense cavity, this is apparent in the last column
of Figure 10, where the higher Mach number and viscos-
ity have begun to fill in the cavity. Additionally, increasing
the disk temperature increases the scale-length of density
waves which results in a more spread out circumprimary-
disk which, for the hotter disk, resembles more of a spiral
than a compact mini-disk. Hence a hotter accretion flow
su↵ers more overflow into the cavity but harbors a more
dispersed circumprimary-disk.

The mini-disks in Farris et al. (2014) are less prevalent
than the mini-disks we find for our fiducial disk parame-
ters. This could be due to the hotter disks of Farris et al.
(2014) spreading out the mini-disk as mentioned above or
if it could be a result of the cavity initial conditions (ICs)
used in Farris et al. (2014). If the unstable horseshoe region
for a q = 0.05 mass ratio binary does not allow gas to flow
across the binary into an orbit around the primary, then one
might expect a smaller circumprimary-disk. To test wether
the existence of a circumprimary-disk is dependent on ICs,
we run a simulation with the same binary+disk parameters
as the bottom right panel of Figure 10, but for two di↵er-
ent ICs, an initial cavity around the binary (identical to the
density IC in D’Orazio et al. (2013)), and an initial con-
stant surface density disk. Up to an overall density scaling,
we find nearly identical results. This means that the tran-
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Figure 10. Log density for a mass ratio near the transition from
ring to cavity. The rows di↵erentiate the size of the sink radius
and the columns vary the Mach number and viscosity as labeled.
The density scale is the same in each panel.

sition to a cavity found in (Farris et al. 2014) where the
ICs are an initial cavity is not set by the inability of gas to
to flow across horseshoe orbits and generate an inner disk,
but is more directly linked to disk parameters, especially the
Mach number.

We observe that, while the properties of the mini-disks
depend on Mach number, viscosity, and sink radius, they are
independent of whether the ICs initially immerse the binary
in gas or if the gas di↵uses in from an initial cavity config-
uration. Additionally, we find that for larger viscosities the
cavity elongation mechanism is damped and the gap struc-
ture becomes more symmetric, however, the gap does not
revert completely to an annular shape. Hence, the transition
mass ratio is not shifted greatly by large viscous and pres-
sure forces. We conclude that gap morphology most strongly
depends on the binary mass ratio and thus the dynamics of
the R3B while its depth and elongation can be altered by
pressure and viscosity.

4 CONCLUSION

The R3B problem captures the salient features of gap mor-
phology and provides an explanation for the transition from
annular-gaps at small mass ratios to central-cavities for
larger mass ratio binaries. We find that the transition can
be explained from the restriction of particles in the R3B
to inner and outer parts of the disk via the conservation
of the Jacobi constant. The transition mass ratio occurs at
q ⇠ 0.04 and is coincident with the loss of stable horseshoe
orbits.

To estimate the e↵ects of pressure in the disk we com-
pare the Jacobi constant with the closely related Bernoulli
constant and derive a maximum disk temperature (mini-
mumMach number) for which a gap or cavity will form. This
zero-viscosity gap closing condition matches the prediction
of ?? in the limit of small binary mass ratio where it is de-
rived. For larger mass ratios the two predictions diverge. We
test our prediction (4) with inviscid hydrodynamical simu-
lations of an equal mass binary and find good agreement.

The e↵ects of both viscosity and pressure on the annu-
lus to cavity transition are studied via 2D viscous hydro-
dynamical simulations. These show that the results of the
R3B analysis hold for low viscosity, cold disks, and that the
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Binary-disk interaction   
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D’Orazio  et al. 2015,  in prep 
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Figure 4. Each panel is the result of evolving an initially (spa-
tially) uniform distribution of particles via the the restricted 3-
body equations for 100 binary orbital periods. The coloring of
particles refers to the initial placement of a particle. We color
them identically to Figure 2.

Figure 5. The same as Figure 4 except honing in on the region
between q = 0.01 and q = 0.1 where the transition from annulus
to cavity occurs.

Figure 6. Same as Figure 4 except for 0.75 orbits of integration
to show the formation of streams acting to deplete green particles
for larger mass ratio binaries.

to pressure forces cause the Jacobi constant of a particle to
dip below the value required to restrict movement from in-
ner to outer disk, then the gap will overflow. This puts a
condition on the gap closing Mach number at the location
of the secondary,
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where �C

gap is the variation of CJ across the dark-green re-
stricted regions of Figures 2 and 3. Operationally we choose
�C

gap to be the di↵erence in CJ at L2 and L4 (or L5), as
this is the largest �C spanning the dark-green restricted
regions. For q

⇠

< 0.1 the gap closing condition (4) comes re-
markably close to the gap closing criteria derived in (Crida
et al. 2006) in the zero viscosity case. Figure 7 compares the
two conditions.

We do not quantitatively consider the impact of viscos-
ity on gap structure here. However, we note that the e↵ect
of viscosity is to continually decrease the Jacobi constant of
a particle as it spirals inwards to a smaller radius and larger
orbital velocity. As mentioned in the previous section, this
results in refilling of the green regions, acting in combination
with pressure forces to continually feed streams to or over-
flow a putative gap. **We could derive Bernoulli’s equation
with viscosity (and even cooling) in the momentum equa-
tion...**

c� 0000 RAS, MNRAS 000, 000–000

Origin of transition: loss of stable orbits 
Restricted 3-body orbits: morphology similar to hydro   



Abrupt change in behavior for q > 0.05 

(1)  Accretion rate becomes strongly variable 
       
(2) Annular gap à central cavity 
 
(3) Circumbinary disk becomes strongly lopsided 
 
(4) Strong eccentricity growth for binary 
 

A  "phase transition":  

Accretion rate never suppressed   

Accretion rate is same (or enhanced) compared to single BH 

Secondary out-accretes the primary (by factor of up to 20)  
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Thermal Emission from Cavity 

q = M2/M1 = 1 

Surface density           Surface luminosity: 
shocks in streams and minidisks 

Farris et al. (2015a,b)      strong accretion all the way through merger 



Composite Spectrum 
Farris et al. (2015b) 

bolometric luminosity 
varies, tracks accretion  

periodic spectral variability  
   at high energies (~6 torb) 
  

outer 
disk 

minidisks 

streams 

•  Spectrum brighter, harder, variable compared to single BH 
•  opposite of some previous expectations based on empty cavity!  



   PG1302-102   
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Bright z=0.3 quasar     Mbh=108.3-109.4 M¤    a=0.01 pc (280 RS) 
±14% variability with 5.16 ± 0.2 yr period (in 250,000 quasars) 



Is the sinusoidal modulation caused by 
relativitistic boost, not hydrodynamics? 

depending on the disk parameters). For 0.05 <⇠q <⇠0.3, the dominant period in the accretion rate
matches the binary’s orbital period, while for q <⇠0.05, the variability disappears, and the accretion
becomes steady4, 5. The mass ratio of the BHs in PG1302 is unknown, but if it exceeds q >⇠0.3, and
if the optical variability is caused by the fluctuations in the accretion rate, then its orbital period
is predicted to be 3-8 times shorter than its rest-frame 4-yr optical period; the binary is predicted
to be correspondingly a factor of a few more compact than previously thought. This would reduce
the expected of binary candidates with masses and periods comparable to PG1302 by a factor of
10-100; it would also imply that PG1302’s orbit is being eroded by the emission of gravitational
waves, rather than by its interaction with the gas disk11.

It is therefore imperative to understand the physical reason for PG1302’s apparent variability,
to confirm its binary origin, and to identify its true orbital period. While the hydrodynamical
simulations predict a characteristic pattern of periodicities at multiple frequencies, an analysis of
the periodogram of PG1302 did not reveal any significant secondary peak, apart from its 5.2-yr
observed period, leaving the true binary period uncertain12. Furthermore, the periodic accretion-
rate modulations predicted by the simulations resemble a train of bursts5, rather than a sinusoid as
seen in PG1302.

If PG1302 is indeed a binary, then it is natural to attribute its optical emission to gas that
is bound to each BH, forming circumprimary and circumsecondary accretion “minidisks”. Such
disks form in high-resolution 2D and 3D hydrodynamical simulations. Assuming a circular orbit,
the velocity of the secondary BH is
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or ⇠ 0.03c for the fiducial parameters above, where c is the speed of light. The primary’s orbital
velocity is v

1

= qv
2

. Even from a steady minidisk, the apparent flux on Earth is modulated by
relativistic Doppler beaming. The photon frequencies suffer relativistic Doppler shift by the factor
D = [�(1��||)]

�1, where � = (1��2

)

�1/2 is the Lorentz factor, � = v/c is the three-dimensional
velocity v in units of the speed of light, and �|| = � cos� sin i is the component of the velocity
along the line of sight, with i and � the orbital inclination and phase. Because the photon phase-
space density / F⌫/⌫3 is invariant in special relativity, the apparent flux F⌫ at a fixed observed
frequency ⌫ is modified from the flux of a stationary source F 0
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⌫ / ⌫↵. To first order in v/c, this causes
a sinusoidal modulation of the apparent flux along the orbit, by a fractional amplitude �F⌫/F⌫ =

±(3� ↵)(v cos ✓/c) sin i.

The light-curve of PG1302 is well measured over two periods (⇡ 10 years) and appears re-
markably sinusoidal. By comparison, OJ287’s periodic emission shows pairs of sharper bursts.
The observed amplitude of variability is 0.14 mag, corresponding to �F⌫/F⌫ = 0.14. The spec-
trum of this source around the V band is well approximated by a double power-law, with ↵ ⇡ 0.7
(between 0.50�0.55µm) and ↵ ⇡ 1.4 (between 0.55�0.6µm), apart from small deviations caused
by broad lines. These lines must arise from gas unrelated to the minidisks, since their width (2,500-
4,500 km s

�1) is much smaller than the required line-of-sight velocity, and will therefore not share
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Fν
obs =D3-α Fν

0        spectral slope 

D=Γ(1-βcosθ)-1    α= d lnFν/d lnν 

ΔFν
obs /Fν

0=(3-α)(v/c) cosθ sini 

Need:  v sini=22,000 km s-1 

  or (v/c) sini = 0.074 
 
 

 

D’Orazio, Haiman, Schiminovich (Nature, 2015) 



Requirements for Doppler boost 

 Observed ±14% modulation expected if: 
- Total mass large  (Mtot > 2×109 M¤)    
- Mass ratio  low  ( q < 0.2 à q<0.05 from hydro)                 
- Luminosity mostly from secondary ( >90% à 0.03<q< 0.1) 
- Not too far from edge-on  (±30°) 

 
How can we verify / falsify Doppler boost hypothesis? 

ΔFν
obs /Fν

0=(3-α)(v/c) cosθ sini 

Optical (V-band):    α ≈ 1.1  à 3-α ≈ 1.9 
UV       (~0.2 µm):   α ≈ -2   à 3-α ≈ 5       

à clear robust prediction: ΔF/F(UV) ≈  2.6 × ΔF/F(opt)     

 spectral curvature  

opt UV 



July 17, 1992  (HST  FOS)                          --- NUV 
Aug 21, 2001 (HST  STIS)                          --- FUV 
Mar 8, 2008 and Apr 6,   2009  (GALEX)     --- FUV/NUV          
Jan 28, 2011  (HST  COS)                           --  FUV 

Archival UV data consistent with boost 
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A binary overcame the final pc bottleneck! 
OK, but who cares? 



[New York Times, Sept. 22, 2015] 

A binary overcame the final pc bottleneck! 
OK, but who cares? 



Conclusions 
1.   Binaries can be bright: gas accretion rate into cavity via  
      streams is not reduced by the binary “propeller” 

2.   Accretion onto minidisks strongly periodic for q > 0.05 

3.   Period dominated by lump in cavity, t = few x torb, for q>~0.3 

4.   Migration: periodic sources with torb < 10 yr not rare     

5.   PG 1302 optical periodicity consistent with ~1 or 4 yr binary  

6.   UV + optical data favors 4 yr orbital period, arising from  
      Doppler-boosted emission from secondary in circular orbit 
 

~ 


