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When two galaxies merge what happens to their SMBHs?

• Galactic merger


• Interaction with 
stars & gas


• GW phase


• Coalescence


• GW recoil
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Simulation by Kazantzidis et al. 05

∼1 kpc

∼100 kpc

Stage 1 : Galactic merger
Separation: (∼100 - 1) kpc    Time scale: Billions of years

Observed by Hubble Space Telescope

Image credit: NASA, ESA, the Hubble Heritage Team (STScI/AURA)-ESA/Hubble 
Collaboration and A. Evans (University of Virginia, Charlottesville/NRAO/Stony 
Brook University), K. Noll (STScI), and J. Westphal (Caltech).



Stage 2 : Interactions with gas and stars

Simulated gas density (Escala+ 05)

200 pc

Separation (∼1000 - 10) pc   Time scale: Million - Billion years 

130 pc

Composite (Chandra X-ray + radio) image of close 
nuclear pair in NGC 3393 (Fabbiano+ 11)



Observational evidence for dual SBHs

1. Direct multi-wavelength imaging: Dual AGN  (~ a handful)


2. Spectroscopy: Double-peaked narrow emission lines  (~dozen)
Typical AGN Spectrum 

AGN is at rest with respect to the host galaxy  

Fellows at the Frontiers of Astronomy               Julie Comerford 

Typical AGN spectrum

Spectroscopic Signature of Dual AGN: 
Double-Peaked AGN Emission Lines 

Double-peaked  
[O III] emission 
lines separated 
by 630 km/s 

Fellows at the Frontiers of Astronomy               Julie Comerford 

Gerke et al. 2007 

Spectroscopic signature of dual 
AGN or biconical outflows

630 km/s

AGN at rest \wr to the host galaxy

 (courtesy of : J. Comerford)

(Gerke et al. 07)

Separation (100 - 1) kpc



Stage 3: Gravitationally bound binary
Separation (∼10 - 0.01) pc   Time scale: Millions - Billions years

flux density of 0402+379 at 5 GHz is 1.1 Jy (Pauliny-Toth et al.
1978; Becker et al. 1991), which is a radio luminosity of 7;
1031 ergs s!1 Hz!1. This is in agreement with the X-ray to 5 GHz
radio luminosity correlation of Brinkmann et al. (2000).

The ROSAT archive also contains two HRI pointings of this
source for a combined exposure of 27 ks. These show that the
X-ray source is largely resolved, extending over a radius of"1500

and appears to follow the faint diffuse emission surrounding the
galaxy core. The bulk of the X-ray flux lies between the elliptical
and its companion, further supporting the interaction hypothesis.
The X-ray luminosity for this diffuse emission is comparable to
the AGN estimate above, e.g., L0:1!2 # 3 ; 1043 ergs s!1 for a
1 keV Raymond-Smith plasma and likely dominates the flux of
the ROSATAll-Sky Survey source.

We find that the X-ray emission of 0402+379 is unique; of
the 35 known CSOs (Compact Symmetric Objects) this is the
only source detected in the ROSATAll-Sky Survey. Thus, further
X-ray observations could abet optical data in probing the nature
of this emission and the connection with recent merger and/or
nuclear activity.

3. RESULTS

3.1. Radio Continuum

Figure 2 shows naturally weighted 0.3 and 5 GHz images
from the 2005 VLBA observations. The structure of the source
at 5 GHz reveals the presence of two diametrically opposed jets,
as well as two central strong components, one directly between

Fig. 3.—Naturally weighted 2005 VLBA images of 0402+379 at 8, 15, 22 and 43 GHz. Contours are drawn beginning at 3 ! and increase by factors of 2 thereafter.
The peak flux density and rms noise for each frequency are given in Table 1. The labels shown in the 5 GHzmap indicate the positions of the two strong, compact, central
components derived from model fitting.

RODRIGUEZ ET AL.52 Vol. 646

Projected separation ∼7 pc

0402+379
z=0.055 VLBA 

Massive black hole binary mergers within sub-pc scale gas discs 3

Figure 1. Logarithmic maps of the disc column density (in units of Ma−2
0 ) at different times during the simulation. The panel at t = 0

shows the smooth initial conditions. Until t ≈ 350Ω−1
0 , material piles up at R ≈ 3a0 as a result of the torques shown in Fig. 3, forming

a dense ring. The ring breaks due to its self-gravity (see Fig. 4), spreading the gas approximately over the original radial range. A spiral
pattern develops, and the disc stays in that state until at least t ≈ 1200Ω−1

0 , when the simulation ends.

abatic index of the gas. The disc stability to self-gravity is
measured by the Toomre parameter Q = Ωcs/(πGΣ), which
translates to Q ≈ (H/R)(M/Md) for a disc in hydrostatic
equilibrium. In our case, the thickness of the disc ensures
that the disc is not initially unstable to self-gravity, as the
Toomre parameter is ≈ 2. Only after cooling has affected
the gas, will the disc get thinner and become unstable.

To calculate the evolution of the system we use the
smoothed particle hydrodynamics (SPH; e.g., Monaghan,
1992) code Gadget-2 (Springel, 2005). The code solves for
the adiabatic hydrodynamics and gravitational forces of the

system, and includes a term for artificial viscosity, necessary
to treat shocks.

On top of the basic hydrodynamics set-up we add cool-
ing. This is implemented by defining a cooling time and
setting the radiative cooling term for each gas particle to be
(du/dt)cooling = −u/tcool. The cooling time is set to be pro-
portional to the orbital time of the gas around the central
binary, tcool = β/Ω, with β a constant and Ω =

p

GM/R3.
This prescription is commonly used in the literature (e.g.,
Gammie, 2001; Rice et al., 2005; Nayakshin et al., 2007;
Alexander et al., 2008), since the condition for disc frag-
mentation corresponds to a constant β. As we will discuss

c⃝ 2008 RAS, MNRAS 000, 1–11

Simulated gas density (Cuadra+ 09)

Radio image taken by Very Long Baseline 
Array (Image credit: Rodriguez+ 06)



Stage 4: Gravitational wave phase and coalescence
Separation ≲ 0.01 pc   Time scale: short!

?

10 Bode, Haas, Bogdanović, Laguna & Shoemaker

FIG. 6.— Snapshots of the bremsstrahlung emissivity, in units of [ergs−1 cm−3], shown in the orbital plane of the binary for run G2. The time sequence of
snapshots corresponds to Figures 2 and 4. The color scheme is logarithmic and contours are plotted at half order-of-magnitude intervals.

fiducial observer in the plane of the binary at infinity. In this
way, the observer is placed directly in the path of the sweeping
emission beams associated with the two BHs and can sample
both the minimum and maximum luminosity of the system,
depending on its orbital phase. As shown in Fig. 8, see dashed
lines, quasi-periodic oscillations in luminosity indeed arise in
runs G0, G1, and G2 prior to coalescence. The amplitude of
the variations in luminosity is approximately a factor of 2 be-
tween subsequent peaks and troughs. Furthermore, it is the
beamed emission from the shocks, launched by the BHs into
the surrounding layers of the cloud, that contribute the most to
the modulation of luminosity. This argument is strengthened
when oscillations in runs G0, G1 and G2 are compared with
those in the asymmetric case, G3, where the binary does not
form a stable set of density wakes. As a result, the luminosity
oscillations in run G3 are much weaker (not easily discernible
in Fig. 8) and appear at roughly half the frequency seen in the
other cases.
The discussed variability stands a chance of being seen by a

distant observer, as long as photons emitted in the vicinity of
the BHs are not absorbed within the cloud and the surround-
ing medium or reprocessed in such a way that the variability
signature is lost. To estimate these effects, we evaluate to
which degree the diffusion and Compton scattering of high
energy photons by relativistic plasma “smooth” out the vari-
ability. Assuming that the electron population at temperature

Te ∼ 1010K will give rise to a range of photon energies up
to kTe ∼ 1MeV, we estimate the optical depth for Compton
scattering as τCompton ≈ nσTR, where for simplicity we replace
the cross-section for Compton scattering by that for Thomson
scattering and neglect a factor of few discrepancy between the

two that arises for the highest energy photons. We estimate
the photon diffusion time scale as tdiff ∼ RτCompton/c and ob-
tain

tdiff ≈ 8 hr
!

ρ

10−11gcm−3

"!

R

10M

"2!
M

107M⊙

"2

, (23)

in the frame of the binary. For comparison, the period of the
binary at the orbital separation of 10M is about 200M, which

for a 107M⊙ binary translates into ∼ 104 s≈ 3hr in the frame
of the binary. This implies that, given gas densities in the

surrounding cloud of ρ ! 10−11gcm−3, the variability arising
from the region closest to the binary will not be significantly
affected by the scattering of photons. It is then likely that
the variability in luminosity can be seen by an observer for a
broad range of binary orbital frequencies, gas densities, and
inclination angles.

5.3. Accretion onto the black holes

In addition to the emission from the hot plasma, some frac-
tion of the bolometric luminosity of the source will be pow-
ered by accretion. Fig. 9 shows the accretion rates measured
across the apparent horizons of the BHs. The dash-dot lines
at t < 0M mark the accretion rates onto the individual BHs
before the merger. Since the accretion rates of the inspiraling
BHs in runs G0, G1 and G2 are identical, only one curve is
visible. In run G3, the dash-dot line at t < 0M marks the ac-
cretion rate for the prograde spinning BH and the dotted line
that of the retrograde spinning BH (prograde direction is de-
fined as a spin parallel to the orbital angular momentum). In
all runs, the solid line represents the sum of the accretion rates

 Simulated emissivity of the gasObserved 

(from Bode+ 10)



Observational evidence for sub-parsec SBHBs comes in 
several flavors...

1. GW emission: PTAs (near future) and space based GW 
observatories (mid-2030 and onward)


2. Direct imaging: Double nuclei  (~1 candidate)


3. Photometry: Quasi-periodic variability  (~150) (next talk)


4. Spectroscopy: Offset broad emission lines  (~dozens)

More direct

Less direct



Spectroscopic search for SBHBs: shifted broad optical emission-lines 

v2

v1

Rest Wavelength (Å)

[OIII] doubletbroad +narrow 
Hβ

• Optical BELs offset by ~103 km/s:  ~0.1 pc region



Caveats: displaced peaks do not always mean binaries 
(neither do peaks that move)

Eracleous+ 97



• ~16k SDSS QSOs triaged to 88 based 
on shifted broad Hβ emission line 
profiles


• 3+ epochs of data: archival (SDSS DR7)  
and new (HST, MDM, Kitt Peak, Palomar, 
HET) 


• 29 exhibit profile shifts consistent with 
SBHB model. 

  broad Hβ emission line profiles (Eracleous+ 12)

Observational search: shifted optical broad emission-lines 

Figure 1: Here we show profiles of o�set broad H� lines from the SDSS spectra reported in [16]. Narrow lines and underlying
continuum emission have been subtracted, and each target’s profile is arbitrarily normalized and vertically o�set. The dashed
line marks the narrow H� line velocity, which represents the rest-frame velocity of the galactic host. The dotted lines indicate
a window of ±5000 km s�1 from this line. Both red-shifted and blue-shifted BLR systems are visible.

a companion SMBH, thus doppler-shifted BLR emission with respect to the galaxy1, analogous to single-
lined spectroscopic binary systems [4, 19]. The gravitational recoil theory calls on numerical relativity
calculations [1, 10, 11], which predict that the coalescence of a SMBH binary can induce a high-velocity
ejection of the merged SMBH from the galactic center; it travels accompanied by its virially-bound BLR.
Finally, the jet-induced outflow hypothesis suggests that radio jets can entrain ambient BLR gas
(e. g. [39]), similar to what can occur in narrow-line regions of single-core galaxies (e. g. [21, 35]).

Fewer than five o�set-BLR objects have been studied over the past half-decade with ambiguous con-
clusions, largely because the data (high-resolution optical spectroscopy and low-resolution radio imaging)
and small sample sizes (typically one) did not allow di�erentiation between the theorized physical origins
[2, 13, 26, 38].

3 Our Target Sample and Scientific Goals

The study of Eracleous et al. [16] identified 88 objects with velocity-o�set broad H� emission lines at
>1000 km s�1, in a sample of ⇥15,900 Sloan Digital Sky Survey quasars (Fig 1; see similar results by
[14, 25, 36]). In follow-up spectroscopic observations, 20% of the 70 re-observed objects showed shifts in
their BLR velocity by 100–300 km s�1 over a time scale of 5–10 years. These changes are consistent with
the expected motion of a small-orbit SMBH binary of average mass (⇥108M�) and orbital orientation.

Our VLBA observations will add critical points of information to the completed VLA finding survey
to understand these objects in terms of their three physical origin hypotheses. Support for any of these
would allow valuable conclusions to be drawn about closely related science:

• Binary SMBHs: Our primary goal is binary SMBH discovery. Applying this hypothesis to our sample
yields model-dependent orbital separations ranging from a few hundredths of a parsec to ⇥10 pc, with
characteristic separations ⇥0.1 pc and periods up to a few hundred years. If both SMBHs are radio-
active, they will be identifiable as two unresolved radio cores in the same tradition as Rodriguez et al.
[31]. Parsec-orbital-scale binaries are direct progenitors (and in some cases, the selfsame systems) of

1Within a circumbinary disk, the relative AGN activity levels may depend on the mass ratio of the black holes (e. g. [25]).

2

 (Eracleous+12, Runnoe+ 15, Runnoe+ 17)



Observational search: shifted optical broad emission-lines 

Figure 1: Here we show profiles of o�set broad H� lines from the SDSS spectra reported in [16]. Narrow lines and underlying
continuum emission have been subtracted, and each target’s profile is arbitrarily normalized and vertically o�set. The dashed
line marks the narrow H� line velocity, which represents the rest-frame velocity of the galactic host. The dotted lines indicate
a window of ±5000 km s�1 from this line. Both red-shifted and blue-shifted BLR systems are visible.

a companion SMBH, thus doppler-shifted BLR emission with respect to the galaxy1, analogous to single-
lined spectroscopic binary systems [4, 19]. The gravitational recoil theory calls on numerical relativity
calculations [1, 10, 11], which predict that the coalescence of a SMBH binary can induce a high-velocity
ejection of the merged SMBH from the galactic center; it travels accompanied by its virially-bound BLR.
Finally, the jet-induced outflow hypothesis suggests that radio jets can entrain ambient BLR gas
(e. g. [39]), similar to what can occur in narrow-line regions of single-core galaxies (e. g. [21, 35]).

Fewer than five o�set-BLR objects have been studied over the past half-decade with ambiguous con-
clusions, largely because the data (high-resolution optical spectroscopy and low-resolution radio imaging)
and small sample sizes (typically one) did not allow di�erentiation between the theorized physical origins
[2, 13, 26, 38].

3 Our Target Sample and Scientific Goals

The study of Eracleous et al. [16] identified 88 objects with velocity-o�set broad H� emission lines at
>1000 km s�1, in a sample of ⇥15,900 Sloan Digital Sky Survey quasars (Fig 1; see similar results by
[14, 25, 36]). In follow-up spectroscopic observations, 20% of the 70 re-observed objects showed shifts in
their BLR velocity by 100–300 km s�1 over a time scale of 5–10 years. These changes are consistent with
the expected motion of a small-orbit SMBH binary of average mass (⇥108M�) and orbital orientation.

Our VLBA observations will add critical points of information to the completed VLA finding survey
to understand these objects in terms of their three physical origin hypotheses. Support for any of these
would allow valuable conclusions to be drawn about closely related science:

• Binary SMBHs: Our primary goal is binary SMBH discovery. Applying this hypothesis to our sample
yields model-dependent orbital separations ranging from a few hundredths of a parsec to ⇥10 pc, with
characteristic separations ⇥0.1 pc and periods up to a few hundred years. If both SMBHs are radio-
active, they will be identifiable as two unresolved radio cores in the same tradition as Rodriguez et al.
[31]. Parsec-orbital-scale binaries are direct progenitors (and in some cases, the selfsame systems) of

1Within a circumbinary disk, the relative AGN activity levels may depend on the mass ratio of the black holes (e. g. [25]).
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Progenitors of PTA and coalescing 
SBH binaries

  broad Hβ emission line profiles (Eracleous+ 12)



Likelihood of finding a SBH binary in spectroscopic observations 
108 M⊙ binary w/ mass ratio 1/3

orbital separation orbital separation
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(Bryan Pflueger & TB+ 17, in prep.) 

Future&Work&
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Likelihood applied to a particular SBHB candidate

orbital separation orbital separation

(Bryan Pflueger & TB+ 17, in prep.) 

107 M⊙ binary w/ 1ME
.

108 M⊙ binary w/ 1ME
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Theoretical considerations - what can be learned?

• Test of evolutionary models (a,e,q, 
triple disk alignment)


• Test of circumbinary disk model

(credit: Khai Nguyen) 

y (Rg) x (R
g)

BLR Emissivity Map:

2 mini-disks + circumbinary disk



Synthetic emission line profiles
• Database of 107 profiles (Hα, Hβ, MgII)

BH1

BH2

CBD

Total

(Khai Nguyen & TB 16; Nguyen+ 17, in prep.) 
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5b

6a

6b

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

-10 -5 0 5 10

AIP-PS

1a

2a

3a
4a

5a

6a

1b

2b

3b
4b

5b

6b

Fig. 4.— Characteristic profile shapes occupying different regions in the AIP-PS parameter space of binaries with circular orbits and
when disk wind effect is not applied (a), or when disk wind effect is applied on all 3 disks with τ0 = 100 (b). Pink vertical line in the
outer panels marks the rest wavelength of the Hβ emission line. In the central panel, Gray and Pink color show footprints of the AIP-PS
distribution from the C-NW model and the C-3DW-τ0 = 100 model, respectively.

***Importance of illumination by the companion AGN
***Time Evolution In this section, we describe typ-

ical evolution of our modeled broad emission line pro-
files in the time scale of one orbital period. The profiles
can be classified into two groups of low mass ratio bi-
naries with q ≤ 1/10 and high mass ratio binaries with
q ≥ 1/3. When q is sufficiently low, our model expects
emission flux from the primary mini-disk dominates that
from the secondary mini-disk because BLR on mini-disk
should be proportional to mass of the host black hole, or
F2/F1 ∝ q2. Detected profiles typically do not change
in shapes nor widths, but possess small oscillation along
the wavelength axis due to orbital motion of the primary
black hole. We note that there exists another interpre-
tation for these rigid profiles in several works (Liu et al.
2014; Eracleous et al. 2012; Runnoe et al. 2015, includ-
ing) that the profiles mainly contributed by emission on
the secondary disk BLR because of the higher accretion
rate onto the sedondary black hole. Although we have
also implemented this effect in our model by scaling the
emissivity on the disks with the corresponding accretion
rates, we find that the effect, as quantitatively averaged
from various simulation results, is weaker than the fac-
tor q2. In order to verify whether observed rigid profiles
originate from primary or secondary disk, one can, in
principle, monitor shifts of the profiles along the wave-
length or velocity axis, a.k.a. radial velocity variation
(see Runnoe Paper 3). On the other hand, when the
mass ratio q is sufficiently high and close to unity, both
mini-disks have relevant contribution toward the total

flux, and detected profiles should vary more in shapes
between temporal epochs. Measurement of radial veloc-
ity varitaion for the total profile does not apply in this
case because both mini-disks, which move in opposite
direction, have significant contribution toward the total
emission. Classification of profiles in term of low and
high q is motivated by observation of both rigid profiles
and flexible profiles in SBHB candidates. For instant,
Runnoe et al. Paper 3 report both rigid profiles with a
ratio of 29/88 candidates with rigid profiles as the pro-
files do not vary much in follow-up measurement of sev-
eral years after the first measurement. They have been
able to measure radial velocity variation, which are small
shifts of a few Å along the wavelength axis. They also
report 49/88 objects with more flexible shapes in mul-
tiple temporal epochs. In the following subsections we
will discuss in more details evolution signatures of the
profiles in the low and the high mass ratio groups.

• Low Mass Ratio

The left panel of Figure 6 displays 20 temporal
phases of a SBHB system with q = 1/10, and other
parameters are shown in the caption. The total
emission profiles, displayed by black curves, are
rigid and contributed mainly from emission on the
primary disk, whose instant line of sight velocity
is traced by red dots. Emission on the secondary
disk, whose instant line of sight velocity is traced
by blue dots, is neglectable because the area of the
secondary BLR is two oders of magnitude smaller
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files do not vary much in follow-up measurement of sev-
eral years after the first measurement. They have been
able to measure radial velocity variation, which are small
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report 49/88 objects with more flexible shapes in mul-
tiple temporal epochs. In the following subsections we
will discuss in more details evolution signatures of the
profiles in the low and the high mass ratio groups.

• Low Mass Ratio
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phases of a SBHB system with q = 1/10, and other
parameters are shown in the caption. The total
emission profiles, displayed by black curves, are
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flux, and detected profiles should vary more in shapes
between temporal epochs. Measurement of radial veloc-
ity varitaion for the total profile does not apply in this
case because both mini-disks, which move in opposite
direction, have significant contribution toward the total
emission. Classification of profiles in term of low and
high q is motivated by observation of both rigid profiles
and flexible profiles in SBHB candidates. For instant,
Runnoe et al. Paper 3 report both rigid profiles with a
ratio of 29/88 candidates with rigid profiles as the pro-
files do not vary much in follow-up measurement of sev-
eral years after the first measurement. They have been
able to measure radial velocity variation, which are small
shifts of a few Å along the wavelength axis. They also
report 49/88 objects with more flexible shapes in mul-
tiple temporal epochs. In the following subsections we
will discuss in more details evolution signatures of the
profiles in the low and the high mass ratio groups.
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phases of a SBHB system with q = 1/10, and other
parameters are shown in the caption. The total
emission profiles, displayed by black curves, are
rigid and contributed mainly from emission on the
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is traced by red dots. Emission on the secondary
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should be proportional to mass of the host black hole, or
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emissivity on the disks with the corresponding accretion
rates, we find that the effect, as quantitatively averaged
from various simulation results, is weaker than the fac-
tor q2. In order to verify whether observed rigid profiles
originate from primary or secondary disk, one can, in
principle, monitor shifts of the profiles along the wave-
length or velocity axis, a.k.a. radial velocity variation
(see Runnoe Paper 3). On the other hand, when the
mass ratio q is sufficiently high and close to unity, both
mini-disks have relevant contribution toward the total

flux, and detected profiles should vary more in shapes
between temporal epochs. Measurement of radial veloc-
ity varitaion for the total profile does not apply in this
case because both mini-disks, which move in opposite
direction, have significant contribution toward the total
emission. Classification of profiles in term of low and
high q is motivated by observation of both rigid profiles
and flexible profiles in SBHB candidates. For instant,
Runnoe et al. Paper 3 report both rigid profiles with a
ratio of 29/88 candidates with rigid profiles as the pro-
files do not vary much in follow-up measurement of sev-
eral years after the first measurement. They have been
able to measure radial velocity variation, which are small
shifts of a few Å along the wavelength axis. They also
report 49/88 objects with more flexible shapes in mul-
tiple temporal epochs. In the following subsections we
will discuss in more details evolution signatures of the
profiles in the low and the high mass ratio groups.
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phases of a SBHB system with q = 1/10, and other
parameters are shown in the caption. The total
emission profiles, displayed by black curves, are
rigid and contributed mainly from emission on the
primary disk, whose instant line of sight velocity
is traced by red dots. Emission on the secondary
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q ≥ 1/3. When q is sufficiently low, our model expects
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from the secondary mini-disk because BLR on mini-disk
should be proportional to mass of the host black hole, or
F2/F1 ∝ q2. Detected profiles typically do not change
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from various simulation results, is weaker than the fac-
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(see Runnoe Paper 3). On the other hand, when the
mass ratio q is sufficiently high and close to unity, both
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flux, and detected profiles should vary more in shapes
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direction, have significant contribution toward the total
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Analysis of synthetic database of profiles
• FWHM, asymmetry, “boxiness”, peak shift

(Nguyen & TB 16) 
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Comparison of synthetic w/ observed  profiles
(Nguyen, TB+ 17, in prep.) 
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law in radial distance, i.e. ρ ∝ r−η. Thus, Equation ?? can be expressed as:

τ = τ0
ξ−η

|Q|
(A13)

where τ0 is normalization parameter, and the dimensionless function Q(ξ,φ) is difined as: Q = ŝ ·Λ · ŝ.
In Step 1, we model the radial component of the wind velocity, vr, by two parameters γ and b as motivated from

isotropic stellar wind velocity profile (see Kudritzki & Puls 2000):

vr(r) = v∞
!

1− b
rf
r

"γ
, b = 1−

#

vr(rf )

v∞

$
1

γ

(A14)

The constant parameter b is related to the ratio between initial velocity at the footpoint of the wind and terminal
velocity at distance far away downstream: vr(rf )/v(∞). Where the wind footpoint rf is radial distance from the
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In summary...

• Dual and binary SBHs are a natural product of evolution and mergers of galaxies and our 
best chance to find them is (still) through EM observations.


• Observational searches for dual SBHs on all spatial scales (~kpc to sub-pc)  are 
underway 


• Identification of sub-pc SBHBs is particularly challenging.  Candidates exist but it is still 
early to celebrate discovery.  


• Once a robust sample of SBHBs is detected, then what?


• For spectroscopic studies: Modeling of broad emission line profiles is a promising way to 
learn about properties of gravitationally bound SBHBs and leverage observational efforts.


