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1. Introduction: gas around SMBH binaries                        [6]
- observational background
- motivation - why you might care

2.  Theory:   interaction of gas disk + SMBH binary              [8]
- bright variable EM signal from binary
- disk-induced inspiral

3.  Observations:                                                                       [8]
- Recent SMBH binary candidates in quasar surveys
- EM counterparts to GW events



SMBH binaries with gas disks 
should be common

1. Most galaxies contain SMBHs
- SMBH mass correlates with galaxy size

2.  Galaxies experience several mergers
- typically a few major mergers per Hubble time

3.  Most galaxies contain gas
- M <107 M¤ SMBHs are in gas-rich disk galaxies
- M >107 M¤ SMBHs are in “dry” ellipticals, but still with gas

4.  Both SMBHs and gas are driven to new nucleus (~kpc)
- SMBHs sink by dynamical friction on stars and on DM
- gas torqued by merger and flows to nucleus



gas 
dominates
orbital
evolution 
at small
separations



Galaxies Collide and Merge



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



Hydrodynamics of Binary + Disk system

2. EM signatures: - Is there gas near (~10-100 Rs) of the BHs?
- What is the mode of the accretion?

affects observability through total
luminosity, spectral shape, variability

3. Gravitational waves: can we see concurrent EM emission?
can waveforms be modified by gas?

1. Orbital decay:  - Can disk torques catalyze merger ? 
- Can BHs merge in a Hubble time? 

affects observability through
distribution of separations, periods



• Gravitational waves will be a rich source of information
— LIGO (10-102)M⊙ LISA (104-107)M⊙ PTA (108-1010)M⊙

• EM counterparts: revolution for astronomy and astrophysics
— accretion physics: luminosity and spectrum, as 

functions of BH masses, spin, orbital parameters
— massive star formation and evolution
— quasar/galaxy co-evolution: long-standing problem

• EM counterparts: benefits for fundamental physics
— Hubble diagrams from  ‘standard sirens’ (Schutz 1986 + …)
— dL(z) from GWs and photons: new test of non-GR gravity

(Deffayet & Menou 2007)
— delay between arrival time of photons and gravitons:

extra dimensions, graviton mass               (gm0c2=hf; Kocsis et al. 2008)

— frequency-dependence in delay: test Lorentz invariance
• …. EM counterparts can also help with confidence of detection

Why should you care about photons? 
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Quasar black holes: gas disk

Unstable region
Q(Toomre) < 1

Stable accretion disk,
geometrically thin,
optically thick

Gas cools and forms a compact (~ pc) nuclear accretion disk

à What if second black hole is present ?  ß



Hydrodynamical Simulations

Tang, ZH, MacFadyen (2017) D’Orazio et al. (2016),  Farris, Duffell, 
MacFadyen, ZH (2014, 2015a,b), D’Orazio, ZH & MacFadyen (2013)

• Use moving-mesh [AMR] grid code DISCO
• 2D, Newtonian hydrodynamics (no GR** or MHD) 
• α-viscosity (α=0.01-0.3)
• Cooling (rad. diffusion) + heating (viscosity, shocks)
• BHs are on the grid, accrete via sink prescription
• Initial Shakura-Sunyaev disk 0 ≤ r ≤ 100abin

è run for ~10,000 binary orbits (>viscous time, steady-state)
è study gas morphology, BH fueling rate, torques on binary

exceptionally well posed problem: gas + two point masses  



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

Type I Type II Type ???





BH accretion rates  

• Accretion unsuppressed – can expect a bright quasar
• Order unity variability on ~orbital timescale

• Lower-mass secondary BH dominates the accretion

0.05 < M2/ M1< 0.3 (typical mass ratio expected in galaxy mergers)



BH accretion rates

Factor of ~two variability peaks at lower frequency
on orbital timescale at  cavity wall

two BHs out of phase (cf lightcurve of OJ287)



Can gas disk promote BH merger ?
Tang, MacFadyen, ZH (2017; arXiv:1703.03913)

• Gravitational torques dominate over accretion (of mass and momentum)
• Net torque negative – disk drives binary inspiral
• Dominated by gas in the wake behind the orbiting BHs
• Angular momentum carried to outer disk by streams, transferred out
• Scaled migration rate is ~3✕106 yr for 0.3 MEdd and torb=1 yr (~1D models)
• compared to: tGW ~1010 yr (M=106 M

☉
)  or  tGW ~105 yr (M=109 M

☉
) 

Circumbinary Accretion Discs 3

Figure 1. Snapshots of surface density ⌃ at t⇡ 800tbinary . Surface density
is plotted on a logarithmic scale. Orbital motion is in the counterclock-
wise direction. The sink time scale ⌧ is 0.0125 (0.0020tbinary ) and 5.0
(0.64tbinary ) for the upper and lower plot correspondingly.

are qualitatively similar with MM08 in the region r>1.0a. We find
a signicant negative contribution from the region 1.0a<r<2a, and
the total torque in the region r>a is also negative. The torque from
r>3a is negligible. However we find a significant positive torque in
the region 0.6a<r<1.0a. As we discussed before Fig. 2 shows this
positive torque comes from the tail of the narrow stream.In the fast
sink time scale case contribution from this region dominates and
the total torque becomes positive. In the slow sink time scale case,
the negative torque from the minidisk roughly cancles torque from
tail of the narrow stream and results in net negative torque.

In Fig. 6 we plot the raidal angular momentum flux profile for
both fast (⌧ = 0.0125) and slow (⌧ = tvisc = 29.84) mass removal
rate. In the fast mass removal rate case the net torque exerted on
th binary is positve. Therefore angular momentum is transported
from the disk to the binary. In the slow mass revoal rate case the
angular momentum is transported outward from the binary. We
find that inside the cavity the viscosity angular momentum flux
is close to 0 and advection flux becomes the only e�ective way
to transport angular momentum. With a slow sink time scale, the
advection angular momentum flux turns into positive in the cavity.
It implies that the narrow streams in the cavity are able to carry
angular momentum outward to the cavity wall. When compared to
result from single BH simulation we find that both of the viscosity

Figure 2. Time averaged surface density profile. Time averaging is taken
within ~100 orbits and in a coratating frame where the BHs are fixed at
(-0.5,0) and (+0.5,0) Sink time scale ⌧ is 0.0125 and 5.0 from top to bottom.
tbinary = 2⇡ in code unit. Three dashed circles have radius 0.6,1.05 and
1.95

and advection flux shift up or down based on the direction of total
angular momentum flux. However the viscosity flux converges to
single BH solution faster than the advection flux in the large radii.

In Fig. 7 we show that Torque/Ṁ and sink time scale ⌧ has
a strong linear relationship. The total torque exerted on the binary
could be well approximated by formular

Torque = (�0.209⌧ + 0.437)Ṁ (11)

When ⌧ is smaller than 2.5, the binary feels a net positive
torque from the disk and will be driven apart by the gas if the
negative torque from gravational wave does not cancle the positive
gas torque.

Rafikov 2016 discussed how the surface density changes when
angular momentum is injected to or extract from an accretion disk
(Figure 2). Combining the equation (3) and equation (11) of that
paper, we can conclude that a steady disk with a angular momentum
injection at the center has surface density profile

⌃(r) = A/
p

r � B/r, (12)

where A and B are constant, and

B/A = J̇/Ṁ, (13)

MNRAS 000, 1–7 (2017)
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Figure 3. Snapshots of specific angular momentum rvp . Snapshots are
taken from the same runs and at the same time as Figure 1. The sink time
scale is 0.0125 for the upper plot and 5.0 for the lower plot. Black arrows
denote velocity field.

Where J̇ is the angular momentum flux absorbed by the binary
and Ṁ is the accretion rate which is always positive.

In Fig. 8 we plot the time and azimuthal averaged surface
density depends on radius with fast and slow sink time scale. We
find outside the cavity wall ⌃(r) can be well fitted by formular
A/
p

r � B/r . In Figure 8 we also plot the empirical relationship
between < J̇ > / < Ṁ >and B/A value fitted from our simulation
results

< J̇ > / < Ṁ >= 1.02(
B
A

) + 0.21 (14)

However we caution that to reach a steady state on the global
disk it may take several viscous time of the outter region. Thus,
Figure 8 should be interpreted as evidence for sink time scale to
a�aect the global surface density structure rather than an exact
prediction of steady state surface density profile.

Ryan (2016) perform a general relativistic local simulation
on the minidisk. Their simulation does not include gas viscosity
and they find the minidisk has an e�ective Shakura-Sunyaev ↵
parameter on the order of a few 10�2. Since the pure GR e�ect does
not significantly enhance the e�ective ↵ parameter of the minidisk
it is reliable to assume the physical sink time scale ⌧ equals the
viscous time at rsink , neglecting the e�ect of GRMHD.

To verify how the size of rsink could a�ect our results we
perform simulations with rsink = 0.1a and 0.05a. In each case the
sink time scale ⌧ equals tvis (rsink ). Fig. 9 shows the torque/Ṁ
vs time curve for these 2 runs. It shows our result is insensitive to
change of rsink .

In the end we list the simulation parameters and the gas torque

Figure 4. Surface gravitational torque density exerted by the gas disc onto
the binary. Sink time scale ⌧ = 0.0125 and 5.0 from top to bottom.

Figure 5. Radial distribution of gravitational torque for ⌧ = 0.0125 and
⌧ = 5.0 . Binary period tbinary = 2⇡ in the code unit. The contribution
from the r>3.0a region is negligible for all the runs. The net total torques
are, from top to bottom, 0.433Ṁ and -0.625Ṁ

MNRAS 000, 1–7 (2017)
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Periodic Quasars = Binary Candidates 

• Catalina Real-Time Transient Survey (CRTS)  
Graham et al. (2015)
111  candidates with periods 1-5 years
250,000 quasars to V~20,  9-year uniformly sampled baseline

• Palomar Transient Factory (PTF)
Charisi et al. (2016) 

33 candidates with periods 60-400 days
36,000 quasars  R~22,  up to 5 years non-uniform sampling

• Pan-STARRs   
Liu et al. (2015)
1 candidate with 180 day period, among ~600 ( a=7 RS(!) )

PTA upper limit on GWB (Shannon+2015) à candidates can be real
only if masses overestimated, or q~0.01 (Sesana, ZH, Kocsis, Kelley

2017;  arXiv:1703.10611) 



Recent Periodic Candidates- Examples 
Charisi et al. (2016)
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Electromagnetic chirp inevitable !

Farris et al. (2015)

• Optical – X-ray emission from quasars from 10-100 Rg
• Smaller than tidal truncation radius for wide binary
• Minidisk ~ quasar disk
• Doppler effect modulates brightness at O(v/c)

Tidal force
from companion
truncates minidisk

ΔFν/Fν=(3-α)(vII/c)

α=dlnFν/dlnν



PG1302-102:  An EM chirp example? 

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)

Optical variability                        vs. UV variability consistent 
with spectral curvature and Doppler boost 

(Graham+ 2015)
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Electromagnetic chirp in LISA band

107M¤ 106M¤ 105M¤

61 Rg 125 Rg 250 Rg

Enter LISA band:

18 Rg 38 Rg 68 Rg

Localized to 10 deg2:
(Kocsis+2007; Lang & Hughes 2008)

--- 387 2044
Minidisk size >10 Rg:

cycles cycles cycles

àX-ray emission must
vary “sinusoidally”
by O(v/c) ~ 10-30%

ZH 2017    arxiv:1705.06765



Phase shift between EM and GW chirp

offer unique diagnostics of large-scale modified gravity.
This could reveal, for instance, that the phase of the GW
signal deviates from general relativistic expectations, once
propagated over cosmological distances.

Kocsis et al. (submitted for publication) have explored
further the possibilities of measuring photon and graviton
arrival-times from a same cosmological source. A general
difficulty with this approach is that there will be a system-
atic and a priori unknown delay in the emission of photons,
relative to the emission of gravitons, since the former must
causally lag behind the perturbing gravitational event. This
difficulty could be overcome if it were possible to calibrate
the relative timing of the photon and graviton signals at the
source.

Prior to coalescence, gas present in the near environ-
ment of the black hole binary would be gravitationally-per-
turbed in such a way that it could radiate a variable
electromagnetic signal with a period closely matching that
of the leading-order quadrupolar perturbation induced by
the coalescing binary (see Fig. 5). This would help identify
the electromagnetic counterparts of specific GW events. In
addition, it may be possible to match the variability fre-
quencies of the electromagnetic and GW signals. The offset
in phase between the Fourier components of the two sig-
nals with similar frequencies could be used to effectively
calibrate the intrinsic delay in electromagnetic emission at
the source. Late inspiral and coalescence can be tracked
via the GW signal, so that the relative timing of the gravi-
tational and electromagnetic signals may be known to
within a fraction of the binary’s orbital time. Any drift in
arrival-time with frequency between the gravitational and

electromagnetic chirping signals, as the source spans about
a decade in GW frequency during the last 2 weeks before
merger, could then be attributed to a fundamental differ-
ence in the way photons and gravitons propagate over cos-
mological distances. For instance, such a drift could occur
if the graviton is massive, resulting in a frequency-depen-
dent propagation velocity (e.g., Berti et al., 2005, 2006, sub-
mitted for publication). This tracking possibility is
illustrated graphically in Fig. 5.

Interestingly, while Lorentz invariance has been exten-
sively tested for standard model fields, Lorentz symmetry
could be violated in the gravity sector, especially on cosmo-
logical scales (e.g., Csáki et al., 2001, 2002). With a good
enough understanding of the source, electromagnetic coun-
terparts to black hole binary mergers may offer unique tests
of Lorentz violations in the gravity sector, via the opportu-
nity to match and track the gravitational and electromag-
netic signals in frequency and phase. It may be possible,
as the black hole binary decays toward final coalescence,
spanning a range of frequencies, to measure the delays in
graviton vs. photon arrival-times as a function of increas-
ing frequency of the chirping signal. The consistency
expected, if Lorentz symmetry is satisfied in the gravity sec-
tor could be tested explicitly for gravitons propagated over
cosmological scales. To have any chance to perform such
new tests of gravitational physics, one will need to identify
the electromagnetic counterparts of coalescing pairs of
massive black hole binaries as early as possible. This may
be one of the strongest motivations behind ambitious
efforts to localize these rare, transient events well before
final coalescence.

Fig. 5. [Left] From the numerical simulations of MacFadyen and Milosavljevic (2008): snapshot of a gaseous disk gravitationally-perturbed by the time-
dependent quadrupolar potential of a central binary. [Right] For such a system, in the inspiral phase, one may expect an electromagnetic (EM) source
varying in brightness at a frequency approaching that of the GW signal related to the quadrupolar perturbation. By matching the frequencies of the EM
and GW signals, one could remove the delay in EM emission at the source, measure reliable offsets in arrival-times between the two signals and possibly
reveal drifts in frequency of the GW signal when it is propagated over cosmological distances.

888 K. Menou et al. / New Astronomy Reviews 51 (2008) 884–890

allows clean measurement of delay between arrival time of photons 
and gravitons:     phases are known,  chirp removes cycle ambiguity 

106 M¤ binary, q=1/3,  z=1

à D/c = 3×1018 s
à torb = (1+z)2π10RS/c ~  

4000 sec 
(orbital time at merger)

=> Δ c/c ~ torb / [D/c] ~ 10-15

(10-100 × better from
S/N=102-3) ~ 10-17

Improve bounds from GW
phasing alone (λg≳1016 km)
Berti+(2005), Will (2006)

Test Agw∝ f2/3e-i2φ  vs A𝛄∝ f1/3e-iφ



Conclusions

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

2.   Accretion onto minidisks strongly periodic on orbital timescale

3.   150 periodic quasars discovered in optical: binary candidates

4.   UV + optical data for PG 1302 consistent with periodicity from 
Doppler-boosted emission from a less-massive secondary BH 

5.   Such EM chirp is inevitable in LISA band, tracking GW phase

6.  This could allow clean measurement of GW vs EM time delay




