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The stages of SBHB evolution
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a ≤ 0.01 pc

from Backer+04, Carnegie Observatories Astrophysics Series 1, 238 
based on the work of Begelman+80, Nature 287, 307

figure from Christian Zier’s web site 
Max-Planck-Institut für Radioastronomie

a ∼ a few pc



SBHB evolution according to modern stellar dynamics
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simulations is almost independent of N and much higher than
the rate expected from two-body relaxation. The eccentricity,
being quite high at the formation time, increased further by the
end of the simulation, up to 0.98 for N= 106. We note that
the measured hardening rate was ∼3 times lower than Sfull,
again underlining that even in strongly asymmetric and
dynamic systems the loss cone is at least partially depleted at
the highest binding energies.

While the results Monte Carlo simulations in this section
should be regarded as preliminary, it is remarkable that the
agreement in hardening rates between N-body and Monte Carlo
simulations that included relaxation is reasonably good
(Figure 10, top panel). Relaxation driven by large-scale
fluctuations in the merger remnant might be underestimated
in the Monte Carlo method because of two factors: (a) the
potential represented by spherical-harmonic expansion smooths
out small-scale clumps, (b) the interval between potential
updates is short enough to track global changes in the potential,
but may not represent higher-frequency transient perturbations.

Thus we should expect somewhat lower hardening rate in
Monte Carlo simulations compared to N-body simulations; in
fact it turned out to be comparable and even sometimes higher.
We defer a more detailed study of Monte Carlo models of
merger remnants for a future work.
In the collisionless regime, the hardening rate is initially only

slightly lower than in the N= 106 simulation with relaxation.
However, it slows down later on, much like in the case of
isolated triaxial systems (Table 1). Again, this is due to two
factors: depletion of centrophilic orbits and gradual decrease of
triaxiality. The shape of the merger remant is moderately
flattened (z x 0.75� at all radii throughout the simulation),
and the triaxiality is quite subtle: y x 0.9� right after merger
and increases to 0.97 toward the end of simulation. Never-
theless, this appears to be enough to sustain the reservoir of
centrophilic orbits needed to keep the binary shrinking. Even
with zero eccentricity, the binary would merge in ∼0.5 Gyr;
with such high eccentricity as in our simulations, this time
would be an order of magnitude shorter. If we force the
potential to be axisymmetric, the evolution slows down much
faster (Figure 10, bottom panel); by the end of simulation
a a0.05 h� , which is not enough to ensure merger in a Hubble
time unless the eccentricity is 0.8.

6. DISCUSSION AND CONCLUSIONS

6.1. Summary of Our Results

In the present work, we have considered a stellar-dynamical
solution to the final-parsec problem—the evolution of binary
SBHs driven by encounters with stars in a galactic nucleus, as
its orbit shrinks from the radius of a hard binary (a 1h _ pc) to
the separation a a10GW

2
h_ � at which GW emission becomes

effective. The central difficulty is to ensure a continuous supply
of stars onto low-angular-momentum orbits, where they can be
scattered by the binary and carry away its energy and angular
momentum. This region of phase space, dubbed the loss cone,
is quickly depleted by the binary once it becomes hard, so an
efficient refilling mechanism is required to enable continued
hardening. In a perfectly spherical galaxy, this can only be
achieved by two-body relaxation, which is not sufficient to
bring the binary to coalescence in a Hubble time, except in the
smallest galaxies (Merritt et al. 2007)—hence the problem. We
have focused on the additional mechanisms of loss-cone
repopulation that exist in non-spherical (axisymmetric and
triaxial) galaxies.
We addressed this problem using a variety of methods, but

primarily with RAGA,6 a novel stellar-dynamical Monte Carlo
code that is able to follow the evolution of non-spherical stellar
systems under the influence of two-body relaxation, the
magnitude of which can be adjusted—unlike conventional N-
body simulations in which the relaxation is essentially
determined by the number of particles. We extended the code
to include interactions between stars and the massive binary, by
following the trajectories of particles in the superposition of the
smooth galactic potential plus the time-dependent potential of
the two SBHs as they orbited one another, and used
conservation laws to determine the reciprocal changes in the
binary orbital parameters.
We used a large suite of direct-summation N-body simula-

tions to verify that the Monte Carlo code accurately describes

Figure 10. Evolution of inverse semimajor axis of the binary in merger
simulations. Top panel compares N-body (solid lines) and Monte Carlo models
with relaxation (dashed lines), from left to right:
N 128, 256, 512, 1024 103{ }� q (curves are shifted horizontally for clarity).
Bottom panel shows the long-term evolution of collisionless Monte Carlo
models, with imposed axisymmetry (dotted lines) and with only reflection
symmetry (i.e., nearly triaxial models with figure rotation, dashed lines). Solid
line shows the average hardening rate in collisional simulations.

6 The code is available at http://td.lpi.ru/~eugvas/raga/
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SBHB evolution in a gas-rich environment

4

Binary black holes 959

Figure 3. Equal-mass MBHs. Upper panel: separations s (pc) between the
MBHs as a function of time. Lower panel: eccentricity of the MBH binary
as a function of time. Black, blue, red and green lines refer to stellar to total
disc mass ratio of 0, 1/3, 2/3 and 1 (runs A1, B1, C1 and D1), respectively.

Figure 4. Snapshots from run C1. The panels show a face-on projection
of the disc and MBH positions at two different times. The colour coding
indicates the z-averaged gas density (left-hand column) and star density
(right-hand column) in logarithmic scale (units: M! pc−3). The green line
traces the MBH counterclockwise prograde orbit. The gaseous (stellar) disc
radius is R ≈ 100 pc.

lags behind the MBH trail. On the other hand, near to apocentre, the
MBH velocity (mainly tangential) is lower than the disc rotational
velocity, and, in this case, the force increases the MBH angular mo-
mentum: the wake is dragged in front of the MBH trail. Thus, as a
result of differential rotation, the wake reverses its direction at apoc-
entre accelerating tangentially the MBH, leading to circularization
of M2 orbit (see also Fig. 3). This seems a generic feature, regard-
less the disc composition, as long as the rotational velocity exceeds
the gas sound speed and the stellar velocity dispersion, as in all
cases explored. We remark that in spherical backgrounds, dynam-
ical friction tends to increase the eccentricity, both in collisionless

Figure 5. Same as Fig. 3, but for MBH mass ratio 1/4 (run ‘2’ in all sets).
Upper panel: separations s (pc) between the MBHs as a function of time.
Lower panel: eccentricity as a function of time. Black, blue, red and green
lines refer to stellar to total disc mass ratio of 0, 1/3, 2/3 and 1 (runs A2,
B2, C2 and D2), respectively.

(Colpi, Mayer & Governato 1999; van den Bosch et al. 1999; Arena
& Bertin 2007) and in gaseous (Sanchez-Salcedo & Brandenburg
2001) environments.

Fig. 5 shows the MBH separation and eccentricity evolution for
the cases with M2 = 106 M! (run ‘2’ for all sets). The colour coding
is the same as in Fig. 3. As the dynamical friction time-scale is ∝
1/M2 (for given disc properties), in this case M2 orbital decay occurs
on a time ≈4 longer than in run ‘1’. We can also observe that, in
the case of a pure gaseous disc (run A2), circularization is more
efficient compared to all other runs. When the secondary MBH
moves along the eccentric orbit, its motion is supersonic for nearly
all the entire orbit. Since for a supersonic perturber in a gaseous
background dynamical friction is ≈2 times more efficient that in a
stellar environment (Ostriker 1999), the circularization efficiency is
increased (while, as discussed above, the orbital decay time-scale is
nearly independent on the nature of the disc particles).

The same scalings hold for run ‘3’, where M2 = 4 × 105 M!.
The differences in the orbital decay time-scale among runs A3, B3,
C3 and D3 are however larger than what found in runs ‘1’ and
‘2’, because of the smaller secondary-to-background particles mass
ratio. In run ‘3’ a random component of the motion of M2 exists,
mainly caused by the stellar bulge. In fact, the mass ratio between
M2 and a single bulge particle is 57, so that the background cannot
be treated as a smooth fluid.

3.2 Nuclear discs around the spiralling MBHs:
the high-resolution run

We run a higher resolution simulation to study the eccentricity and
orbital evolution on scales lower than 1 pc. The new initial condi-
tion is obtained resampling the output of run A1 (for equal-mass
MBHs) with the technique of particle splitting. Resampling is per-
formed when the MBH separation is & 14 pc (corresponding to
&4 Myr after the start of the simulation). We split each gas particle
into Nch = 10 ‘child’ particles (Kitsionas & Whitworth 2002), ran-
domly distributed around the position of the original parent particle

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS 379, 956–962
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Figure 3. Equal-mass MBHs. Upper panel: separations s (pc) between the
MBHs as a function of time. Lower panel: eccentricity of the MBH binary
as a function of time. Black, blue, red and green lines refer to stellar to total
disc mass ratio of 0, 1/3, 2/3 and 1 (runs A1, B1, C1 and D1), respectively.

Figure 4. Snapshots from run C1. The panels show a face-on projection
of the disc and MBH positions at two different times. The colour coding
indicates the z-averaged gas density (left-hand column) and star density
(right-hand column) in logarithmic scale (units: M! pc−3). The green line
traces the MBH counterclockwise prograde orbit. The gaseous (stellar) disc
radius is R ≈ 100 pc.

lags behind the MBH trail. On the other hand, near to apocentre, the
MBH velocity (mainly tangential) is lower than the disc rotational
velocity, and, in this case, the force increases the MBH angular mo-
mentum: the wake is dragged in front of the MBH trail. Thus, as a
result of differential rotation, the wake reverses its direction at apoc-
entre accelerating tangentially the MBH, leading to circularization
of M2 orbit (see also Fig. 3). This seems a generic feature, regard-
less the disc composition, as long as the rotational velocity exceeds
the gas sound speed and the stellar velocity dispersion, as in all
cases explored. We remark that in spherical backgrounds, dynam-
ical friction tends to increase the eccentricity, both in collisionless

Figure 5. Same as Fig. 3, but for MBH mass ratio 1/4 (run ‘2’ in all sets).
Upper panel: separations s (pc) between the MBHs as a function of time.
Lower panel: eccentricity as a function of time. Black, blue, red and green
lines refer to stellar to total disc mass ratio of 0, 1/3, 2/3 and 1 (runs A2,
B2, C2 and D2), respectively.

(Colpi, Mayer & Governato 1999; van den Bosch et al. 1999; Arena
& Bertin 2007) and in gaseous (Sanchez-Salcedo & Brandenburg
2001) environments.

Fig. 5 shows the MBH separation and eccentricity evolution for
the cases with M2 = 106 M! (run ‘2’ for all sets). The colour coding
is the same as in Fig. 3. As the dynamical friction time-scale is ∝
1/M2 (for given disc properties), in this case M2 orbital decay occurs
on a time ≈4 longer than in run ‘1’. We can also observe that, in
the case of a pure gaseous disc (run A2), circularization is more
efficient compared to all other runs. When the secondary MBH
moves along the eccentric orbit, its motion is supersonic for nearly
all the entire orbit. Since for a supersonic perturber in a gaseous
background dynamical friction is ≈2 times more efficient that in a
stellar environment (Ostriker 1999), the circularization efficiency is
increased (while, as discussed above, the orbital decay time-scale is
nearly independent on the nature of the disc particles).

The same scalings hold for run ‘3’, where M2 = 4 × 105 M!.
The differences in the orbital decay time-scale among runs A3, B3,
C3 and D3 are however larger than what found in runs ‘1’ and
‘2’, because of the smaller secondary-to-background particles mass
ratio. In run ‘3’ a random component of the motion of M2 exists,
mainly caused by the stellar bulge. In fact, the mass ratio between
M2 and a single bulge particle is 57, so that the background cannot
be treated as a smooth fluid.

3.2 Nuclear discs around the spiralling MBHs:
the high-resolution run

We run a higher resolution simulation to study the eccentricity and
orbital evolution on scales lower than 1 pc. The new initial condi-
tion is obtained resampling the output of run A1 (for equal-mass
MBHs) with the technique of particle splitting. Resampling is per-
formed when the MBH separation is & 14 pc (corresponding to
&4 Myr after the start of the simulation). We split each gas particle
into Nch = 10 ‘child’ particles (Kitsionas & Whitworth 2002), ran-
domly distributed around the position of the original parent particle
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Last phase of evolution: torques from gaseous, circumbinary 
disk and accretion
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figure from Cuadra+09, MNRAS, 393, 1423

transitioned from a dense, turbulent state characteristic of a disk
to a more laminar, tenuous flow characteristic of a corona. The
“cutout” region covering the polar-coordinate origin at the
center of mass appears in the center in black in the plots of
Figures 1and 2 (see Section 2.3.2 for further details).

2.3. Ray-tracing Method

After the simulation data have been generated, they are post-
processed using a general relativistic ray-tracing code called
BOTHROS(Noble et al. 2007). This code has been used to
calculate the EM emission from a variety of single BH accretion
simulations(Noble & Krolik 2009; Noble et al. 2009, 2011) and
is used here for the first time in a dynamical spacetime. We
provide a brief summary of the code before continuing with
a description of the new aspects necessary for the work
presented here.
BOTHROS allows a user to produce time- and frequency-

dependent images of gas and is specifically tailored to systems
including single and binary BHs. It approximates radiation as
freely moving light rays—or null-like geodesics—within the
system’s curved spacetime. The code uses an observer-to-
source approach, shooting photons from a distant pinhole
camera in various directions through the source volume. For a
fixed camera location, tracing photons backward is advanta-
geous computationally, as only the light rays received by the
observer are calculated. Each ray that is launched ultimately
contributes a spectrum, Iν, to each pixel in the simulated
camera. The camera can be positioned at any point in space,
often specified in spherical coordinates r , ,cam cam camR G{ }. The
integral of Iν over the pixels produces the locally imaged flux
spectrum F r , ,cam cam camR GO ( ).
If the integrated optical depth along a ray never reaches

unity, the geodesic is terminated when it either exits the
simulation domain or reaches a distance r r1.001i ihor� from
the ith BH with horizon radius r ihor . Otherwise, the geodesic is
terminated at the photosphere. From either kind of termination
point, the radiation transfer equation is integrated along the
geodesic in the opposite direction back to the camera. Its
efficiency is large enough that, using 16 cores, BOTHROS is
capable of producing images with resolution matching the
simulation resolution in only a few minutes per frequency per
simulation snapshot. The ability to process 3D time-dependent
GRMHD data efficiently gives the code an advantage over
others that rely on analytic models or angle-averaged data (e.g.,
Zhu et al. 2012) and that use more time-consuming (though
more versatile) Monte Carlo approaches(Dolence et al. 2009;
Schnittman & Krolik 2013; Schnittman et al. 2016).

2.3.1. Geodesic Calculation

Because of the time-dependent spacetime, a unique geodesic
must be calculated for each pixel and snapshot. The field of
view and the number of pixels determines the angular
resolution of the resultant images and the initial conditions of
the geodesics. The quantity rmax sets the extent of the field of
view, so the angular field of view is therefore r rmax camx . The
simulation domain is a sphere of radius 260M; depending on
how much of the domain we want to ray-trace, we set rmax
somewhere between 0M and 260M.
To mimic an observer at infinity, the camera must be

sufficiently distant for the spacetime to be nearly flat and for the
rays shot out to be nearly parallel in the regions of interest. To

Figure 1. Snapshot at t=1030M of the rest-mass density ρ (top) and cooling
function c$ (bottom) in the equatorial plane of the HARM3D simulation, using a
logarithmic color scale for each. The BHs’ horizons are denoted as black circles
displaced from the origin, while the black circle in the center represents the
coordinate cutout at the origin. The horizontal and vertical coordinates are in
the PNH Cartesian coordinates. We have set 0c$ � (black) where it is ignored
in the radiative transfer calculation.

Figure 2. Snapshot at t=1030M of the rest-mass density ρ (top) and cooling
function c$ (bottom) in a poloidal plane through one of the BHs; the color scale
is logarithmic for both quantities. The BHs’ horizons are denoted as black
circles displaced from the origin, while the black circle in the center represents
the coordinate cutout at the origin. The horizontal and vertical coordinates are
in the PNH Cartesian coordinates. We have set 0c$ � (black) where it is
ignored in the radiative transfer calculation.
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Some things we could learn from finding and studying binary 
supermassive black holes at .a ∼ 0.1 − 10 pc
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Identify progenitors of a big 
family of low-frequency (mHz) 
gravitational wave sources.

Host galaxies, their 
redshift distribution, and 
evolutionary state.

Validate the physical scenarios 
that have invoked them.

Do they exist? How 
common are they?

Track the earlier stages of the 
evolution of the binary and test 
models for angular momentum 
loss from the binary.

What is the distribution of 
orbital separations and 
other system properties?
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(figure made with  http://gwplotter.com/)
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The early evolutionary phases of a 
(super)massive binary can be studied 
by electromagnetic observations.
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Observing the different evolutionary phases
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Galaxies approach 
each other

Dual AGN  
0.1-10 kpc

X-rays, “spectro-astrometry” 
Comerford et al. (2015) 

Foord et al. (2020)

Coalescence

PTAs, LISA 
Arzoumanian et al. (2020) 

Sesana (2015)

Bound BH 
<10 pc

radio interferometry 
Rodriguez et al. (2006), Burke-Spolaor et al.(2011), Bansal et al. 

(2017), Breiding et al. (2021)

Close binary 
<1 pc

RV, Fe Kα, SED, light curves 
Eracleous et al. (2012), McKernan  et al. (2013), 

Gültekin & Miller (2012),  
Graham et al. (2015a,b),  

Charisi et al. (2016)

Slide modified from N. Mohammed



Widely separated, dual active nuclei
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(from Koss+12, ApJL, 746, L22)

COSMOS J1000+0206 
(HST/ACS) 
z=0.36

(from Comerford+09, ApJ, 702, L82
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SDSS image of dual 
AGN from BAT survey



Sub-kpc binary in SDSS J1010+1413 
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cores buried close to the center. These two point sources are
separated by 0 13, a projected separation of only 430 parsecs
at the distance of J1010+1413, providing strong evidence for a
central SMBH pair at the heart of this merging galaxy.

2. Target Selection and Observations

J1010+1413 was initially characterized as having strong
asymmetries in its [O III]5007 emission line profile as part of an
in-depth study of nearby accreting SMBHs identified in SDSS
(Mullaney et al. 2013). It is one of the most luminous quasars at
z∼0.1–0.2 based on both [O III]
(L[O III],dered∼ 1.2× 1044 erg s−1) and 22 μm emission. The
central few kpc of J1010+1413 is strongly AGN dominated
([O III]/Hβ∼ 12.4) and was previously found to be irregular
and kinematically complex, with broad, spatially unresolved
[O III] and Hβ emission (W80∼ 1350–1450 km s−1) based
upon Gemini-GMOS IFU data (Harrison et al. 2014).

2.1. HST Medium- and Broad-band Imaging

J1010+1413 was imaged on 2017 October 17 with WFC3/
IR in the F160W filter, and with the WFC3/Ultraviolet
Imaging Spectrograph Subsystem (UVIS) instrument in two
optical medium bands, F621M and F689M for a total of one
orbit (Proposal: 14730; PI: A. D. Goulding). Our F160W
observation with a spatial resolution of 0 13/pixel provides a
relatively clean measure of the stellar light (rest-frame 1.3 μm).
An azimuthally symmetric surface brightness (SB) profile was

constructed from the F160W image to measure the stellar light
of J1010+1413. The SB profile is detected to r∼7 1
(∼23 kpc), and is dominated by inhomogeneous low SB
emission beyond r∼2 25, consistent with tidal debris from a
merger event. We measure a total flux of
f160W∼3.23±0.03×10−12ergs−1 cm−2, i.e., a total lumin-
osity of L160∼1.1×1011Le, from which we infer a total
stellar mass of M*∼(0.7–1.5)×1011Me.
The WFC3/UVIS F621M observation (0 04/pixel) pro-

vides a detailed image of the continuum galaxy light combined
with emission from the AGN-dominated [O III]4959+5007Å
emission line doublet, which is redshifted into the filter. By
contrast, the F689M filter covers no significant emission lines
and thus only detects emission arising from the galaxy
continuum. On small scales, the F689M filter image reveals
two distinct and resolved stellar-continuum point sources that
are separated by 0 13 in the nuclear region of J1010+1413
(Figure 1). The amplitudes of the two nuclear cores are very
similar, 1:1.2, suggesting similar stellar masses but the two
cores are not uniquely resolved in the F160W image due to the
lower resolution and signal-to-noise ratio (S/N).
We subtracted the F621M from the F689M image to

investigate the spatial distribution of the combined [O III]
doublet emission, and test for the presence of two distinct
narrow-line regions (NLRs) in the center of J1010+1413. We
solved for the marginal (<0 02) astrometric offset between the
two F621M and F689M filters, and normalized the flux-
calibrated images to give a net-zero sum of the extended galaxy

Figure 1. Analysis of the central region of J1010+1413. Upper panel: SDSS 2″ fiber spectrum, overlaid are the WFC3/UVIS transmission curves for the F612M
(blue) and F689M (green) filters. Middle panels left to right: WFC3/UVIS medium-bands F621M; F689M; [O III]=F621M–F689M; F160W. Lower panels, left to
right: zoom and contrast rescaling of the middle panels. Contours of F689M continuum (black) and [O III] images (blue) are shown in the lower-right panel. Both the
F689M stellar-continuum-only image and the [O III] images clearly show two distinct point sources, suggesting two nuclei each with their own accreting SMBHs.
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4C+37.11, a.k.a. CSO 0402+379

✦ Separation 7.3 pc @ z = 0.055
✦ Small proper motion detected 

in 12 years
✦ Infer (assuming circular orbit):

❖ P = 3×104 yr
❖ M = 1.5×1010 M⦿
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22 GHz VLBI map
40 × 40 pc
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Limited by angular resolution
since 1 pc → 0.3 mas @ z = 0.2

(from Bansal+17, ApJ, 843, 14)



Possible observational signatures of the 
(uncertain) final phases
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Geometry of accretion flow and possible signatures

✦ Binary period introduces a 
characteristic time scale 

✦ Gas bound to individual 
black holes follows them  
in their orbits

➡ photometric variations 

➡ spectroscopic variations 
(line strengths and profiles) 
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(figure from Cuadra+09, MNRAS, 393, 1423)



Examples of optical spectra of quasars
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Principles of the radial velocity test
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Figure from Guo+19, MNRAS, 482, 3288Radial velocity test for sub-pc BSBHs 3289

Sesana 2015; Shannon et al. 2015; Babak et al. 2016; Ellis & Ellis
2016; Middleton et al. 2016, 2018; Rosado et al. 2016; Simon &
Burke-Spolaor 2016; Taylor et al. 2016; Kelley et al. 2017b; Min-
garelli et al. 2017; Arzoumanian et al. 2018; Holgado et al. 2018;
Sesana et al. 2018; Tiburzi 2018), whereas the less massive BSBHs
are among the primary science targets for the planned space-based
GW observatories such as LISA (e.g. Sesana et al. 2004; Klein
et al. 2016; Amaro-Seoane et al. 2017; Audley et al. 2017). They
are laboratories to directly test general relativity in the strong field
regime and to study the cosmic evolution of galaxies and cosmology
(e.g. Baumgarte & Shapiro 2003; Holz & Hughes 2005; Valtonen
et al. 2008; Hughes 2009; Centrella et al. 2010; Babak et al. 2011;
Amaro-Seoane et al. 2013; Arun & Pai 2013; Merritt 2013; Colpi
2014; Berti et al. 2015).

The orbital decay of BSBHs may slow down or stall at ∼pc
scales (e.g. Begelman et al. 1980; Milosavljević & Merritt 2001;
Zier & Biermann 2001; Yu 2002; Vasiliev, Antonini & Merritt 2014;
Dvorkin & Barausse 2017; Tamburello et al. 2017), or the barrier
may be overcome in gaseous environments (e.g. Gould & Rix 2000;
Escala et al. 2004; Hayasaki, Mineshige & Sudou 2007; Hayasaki
2009; Cuadra et al. 2009; Lodato et al. 2009; Chapon, Mayer &
Teyssier 2013; Rafikov 2013; del Valle et al. 2015), in triaxial or
axisymmetric galaxies (e.g. Yu 2002; Berczik et al. 2006; Preto
et al. 2011; Khan et al. 2013, 2016; Vasiliev, Antonini & Merritt
2015; Gualandris et al. 2017; Kelley, Blecha & Hernquist 2017a),
and/or by interacting with a third SMBH in hierarchical mergers
(e.g. Valtonen 1996; Blaes, Lee & Socrates 2002; Hoffman & Loeb
2007; Kulkarni & Loeb 2012; Tanikawa & Umemura 2014; Bonetti
et al. 2018). The accretion of gas and the dynamical evolution
of BSBHs are likely to be coupled (Ivanov, Papaloizou & Polnarev
1999; Armitage & Natarajan 2002; Haiman, Kocsis & Menou 2009;
Bode et al. 2010, 2012; Farris, Liu & Shapiro 2010, 2011; Kocsis,
Haiman & Loeb 2012; Shi et al. 2012; D’Orazio, Haiman & Mac-
Fadyen 2013; Shapiro 2013; Farris et al. 2014, 2015) such that the
occurrence rate of BSBHs depends on the initial conditions and
gaseous environments at earlier phases (e.g. thermodynamics of
the host galaxy interstellar medium; Dotti et al. 2007, 2009; Dotti,
Sesana & Decarli 2012; Fiacconi et al. 2013; Mayer 2013; Tremmel
et al. 2018). Quantifying the occurrence rate of BSBHs at various
merger phases is therefore important for understanding the asso-
ciated gas and stellar dynamical processes. This is a challenging
problem for three main reasons. First, BSBHs are expected to be
rare (e.g. Foreman, Volonteri & Dotti 2009; Volonteri, Miller &
Dotti 2009), and only a fraction of them accrete enough gas to
be ‘seen’. Secondly, the physical separations of BSBHs that are
gravitationally bound to each other (!a few pc) are too small for
direct imaging. Even VLBI cannot resolve BSBHs except for in the
local universe (Burke-Spolaor 2011). CSO 0402+379 (discovered
by VLBI as a double flat-spectrum radio source separated by 7 pc)
remains the only secure case known (Rodriguez et al. 2006; Bansal
et al. 2017, see Kharb, Lal & Merritt 2017; however, for a possible
0.35-pc BSBH candidate in NGC 7674). Thirdly, various astro-
physical processes complicate their identification such as bright hot
spots in radio jets (e.g. Wrobel, Walker & Fu 2014b). Until re-
cently, only a handful cases of dual active galactic nuclei (AGNs)
– galactic-scale progenitors of BSBHs – were known (Owen et al.
1985; Junkkarinen et al. 2001; Komossa et al. 2003; Ballo et al.
2004; Hudson et al. 2006; Max, Canalizo & de Vries 2007; Bianchi
et al. 2008; Guidetti et al. 2008). While great strides have been
made in identifying dual AGNs at kpc scales (e.g. Gerke et al.
2007; Comerford et al. 2009, 2012, 2015; Green et al. 2010; Liu
et al. 2010, 2013, 2018; Fabbiano et al. 2011; Fu et al. 2011, 2012,

Figure 1. Cartoon illustration of the RV method for identifying sub-pc
BSBHs. Here we assume that the smaller BH is active taking its accretion
disc and BLR orbiting the common centre of mass. The centre of mass of
the BSBH is assumed to be at rest with the host galaxy, anchored by the
narrow emission lines.

2015a,b; Koss et al. 2011, 2012, 2016; Rosario et al. 2011; Teng
et al. 2012; Woo et al. 2014; Wrobel, Comerford & Middelberg
2014a; McGurk et al. 2015; Müller-Sánchez et al. 2015; Shangguan
et al. 2016; Ellison et al. 2017; Satyapal et al. 2017), there is no con-
firmed BSBH at sub-pc scales (for recent reviews, see e.g. Popović
2012; Burke-Spolaor 2013; Bogdanović 2015; Komossa & Zensus
2016).

Alternatively, BSBH candidates may be identified by measuring
the bulk radial velocity (RV) drifts as a function of time in quasar
broad emission lines (e.g. Gaskell 1983; Bogdanović et al. 2008;
Boroson & Lauer 2009; Gaskell 2010; Shen & Loeb 2010; Bon et al.
2012; Eracleous et al. 2012; Popović 2012; Decarli et al. 2013;
McKernan & Ford 2015; Nguyen & Bogdanović 2016; Simić &
Popović 2016; Pflueger et al. 2018), in analogy to RV searches for
exoplanets (Fig. 1). Only one of the two BHs in a BSBH is assumed
to be active, powering its own broad-line region (BLR). The binary
separation needs to be sufficiently large compared to the BLR size
such that the broad-line velocity traces the binary motion, yet small
enough that the acceleration is detectable over the time baseline of
typical observations (e.g. Eracleous et al. 2012; Ju et al. 2013; Shen
et al. 2013, hereafter Paper I; Liu et al. 2014b, hereafter Paper II).
However, most of previous work has focused on a small population
of low-redshift quasars and Seyfert galaxies that show double peaks
with extreme velocity offsets or double shoulders (e.g. Eracleous &
Halpern 1994, 2003; Gaskell 1996; Eracleous et al. 1997; Boro-
son & Lauer 2009; Lauer & Boroson 2009; Tsalmantza et al. 2011;
Bon et al. 2012; Decarli et al. 2013; Li et al. 2016). These extreme,
kinematically offset quasars, originally proposed as due to BSBHs
where both members are active (e.g. Gaskell 1983; Peterson, Ko-
rista & Cota 1987; Gaskell 1996), are most likely due to rotation
and relativistic effects in the accretion discs around single BHs
rather than BSBHs (e.g. so-called disc emitters; Capriotti, Foltz &
Byard 1979; Halpern & Filippenko 1988; Chen, Halpern & Filip-
penko 1989; Chen & Halpern 1989; Laor 1991; Popovic et al. 1995;
Eracleous et al. 1995, 1997; Eracleous 1999; Strateva et al. 2003;
Gezari, Halpern & Eracleous 2007; Chornock et al. 2010; Lewis,
Eracleous & Storchi-Bergmann 2010; Liu, Eracleous & Halpern
2016a).

Unlike previous work, we focus on the general quasar popula-
tion (Paper I; see also Ju et al. 2013; Wang et al. 2017) and those
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Examples of shifted line profiles
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Examples of variations of shifted line profiles
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(from Eracleous+12, ApJS, 201, 23)
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Figure 8. Same as Figure 7, but for an example where the broad Hβ profile
changes significantly between two epochs.
(A color version of this figure is available in the online journal.)

“superior” sample16 of Paper I, the median σVccf of the followup
sample is ∼85% larger. This is expected for two reasons: (1) the
broad Hβ FWHM of the followup sample is on average ∼25%
larger than that of ordinary quasars (Figure 4); and (2) the SDSS
spectrum S/N of the followup sample is comparable to that of
the superior sample but our new second-epoch spectra have
lower S/N in general. However, the typical σaccf of the followup
sample is ∼65% smaller than that of the superior sample of
Paper I, due to longer time baselines.

5. RESULTS

We present the detection frequency of broad-line shifts for
offset quasars in Section 5.1. We then examine the acceleration
distribution and compare to the general quasar population
studied in Paper I (Section 5.2). In Section 5.3 we study the
relation between velocity offset in single-epoch spectra and
acceleration between two epochs. Finally we discuss the likely
scenario for each individual detection in Section 5.4.

5.1. Detection Frequency

In Table 2 we list the velocity shifts measured from ccf along
with their statistical uncertainties (99% confidence). Out of the
50 followup targets, 24 show significant broad-line velocity

16 Defined in Paper I as pairs of SDSS spectra for which we have derived
meaningful constraints on the velocity shift between two epochs from the ccf,
and whose acceleration uncertainties σaccf < 50 km s−1 yr−1. Here we
compare with the superior sample as an example, because Paper I derived
statistical constraints on the general BBH population using the superior
sample. Similar comparisons can be made with the “good” sample (defined as
pairs of SDSS spectra for which we have derived meaningful constraints on the
velocity shift between two epochs from the ccf, without any cut on σaccf ).
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Figure 9. Distribution of the measurement uncertainties of (a) broad-line
velocity shift and (b) broad-line rest-frame acceleration. Numbers indicate
median values of measurement uncertainty for different samples.
(A color version of this figure is available in the online journal.)

shifts between the two epochs. We show the two-epoch broad
Hβ lines for all of these 24 quasars in Figures 10–12. Also shown
are the [O iii] lines (for determining the systemic velocity) and
broad Hα (or Mg ii) if available (to check for consistency).

We now compare the detection fraction with that of the
general quasar population studied in Paper I. We account for
differences in time separation and measurement sensitivity. The
detection fraction in normal quasars (among the “good” sample)
increases with time separation (Paper I); it is ! a few percent
at ∆t < 1 yr, and increases to ∼20% at ∆t > 3 yr. Naively
extrapolating the time dependence (Figure 11 of Paper I) would
imply a detection fraction of ∼30% ± 10% at ∆t > 5 yr. This
prediction is marginally lower than the detection fraction we
find in this paper (∼50% ± 10%) at ∆t > 5 yr. The difference
becomes more prominent considering that the velocity shift
uncertainty of the followup sample is ∼25% larger than that
of the good sample in Paper I (median σVccf ∼ 50 compared
to ∼40 km s−1). Among the detections, the fraction of BBH
candidates (9 out of 24 or 40% ± 10%; see Section 5.4.1
for details) is consistent with that of Paper I (7 out of 30 or
25% ± 10%) within uncertainties, although Paper I had less
stringent constraints on objects that show significant line profile
changes, because contamination by double-peaked broad lines
is less common in the general quasar population.

In summary, these results suggest that the frequency of broad-
line shifts in offset quasars might be higher than that in the
general quasar population on timescales of more than a few
years. Of course, this is expected in the BBH scenario since
both velocity offsets and shifts in these offsets are due to the
orbital motion of the BBH. However, the statistics are poor and
the results are still consistent with having no difference between
the two populations.

5.2. Acceleration Distribution

Figure 13 shows the observed distribution of broad-line shifts
of the followup sample compared with that of the superior
sample of Paper I. The velocity shift distribution of offset
quasars is 1.7 times wider than that of normal quasars. The
statement still holds for the intrinsic velocity shift distribution
after accounting for the difference in measurement errors
(Figure 9). From Vccf and ∆t , we then estimate accf , the average
acceleration between two epochs, as listed in Table 2. Figure 14
shows the distribution of the absolute value of the measured
acceleration of the followup sample compared with the superior
sample of Paper I.
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To measure the temporal velocity shift of the broad lines using
cross-correlation analysis (ccf; Section 4.1; see also Paper I), we
have re-sampled the second-epoch spectra so that they share the
exact same wavelength grids (in vacuum) as the original SDSS
spectra, which are linear on a logarithmical scale (i.e., linear in
velocity space) with a pixel scale of 10−4 in log-wavelength,
corresponding to 69 km s−1.

4. MEASURING RADIAL VELOCITY SHIFT

We first describe our approach to quantify the velocity shifts
in emission lines between two epochs (Section 4.1). We then
discuss measurement uncertainties and caveats (Section 4.2).

4.1. Cross-correlation Analysis

We adopt a cross-correlation analysis (“ccf” for short) follow-
ing the method discussed in Paper I (see also Eracleous et al.
2012). Cross-correlation analysis is preferred over approaches
based on line fitting, which are more model dependent and are
less sensitive to velocity shift. As shown with simulations in
Paper I, ccf can in general achieve a factor of a few better sen-
sitivity in velocity shift than direct line fitting.

The ccf finds the best-fit velocity shift Vccf between the two
epochs based on χ2 minimization (see Paper I for details). We
have subtracted the pseudo-continua and narrow emission lines
before analyzing the broad-line velocity shifts. We have fixed the
narrow Hβ to [O iii] ratio to be consistent between two epochs.
This helps minimize the error caused by incorrect narrow Hβ
subtraction due to model degeneracy. We use [O iii] narrow
emission lines, which are expected to show zero offset,14 to
calibrate the absolute wavelength accuracy; we have subtracted
off any nonzero velocity shifts detected in the [O iii] lines
from the broad-line velocity shift measurements (assuming that
the nonzero shift in [O iii] is due to wavelength calibration
errors). In constraining the velocity shift of narrow [O iii],
we have subtracted the pseudo-continua and broad emission
lines. Figures 7 and 8 show two examples of the ccf where
a velocity shift is detected at the >2.5σ significance level in
broad Hβ; examples of no significant velocity shifts can be
found in Paper I. Figure 7 shows a detection in broad Hβ
whose line profiles are consistent within uncertainties between
two epochs, as quantified by various measures of line width
and shape (FWHM and skewness). To double check that the
velocity shift is real and not caused by some subtle changes in
line profiles, we have also repeated the ccf with the broad-line-
only spectrum smoothed with a Gaussian kernel with standard
deviation σs, and verified that the velocity shift does not change
with varying σs. Figure 8 shows a detection in broad Hβ with
significant line profile changes between two epochs as quantified
by line widths. As further explained below in Section 5.4, we
classify the former case as a BBH candidate and the latter as
due to BLR variability around a single BH.15

4.2. Uncertainties

We now discuss the error budget of the line shift measure-
ments. Residual errors from wavelength calibration should be

14 There are three objects (Table 2) whose [O iii] lines exhibit nonzero
velocity shifts (with absolute values of 50–60 km s−1) between two epochs,
which are likely due to either wavelength calibration errors or slit losses.
15 While the dramatic line profile change in the latter case could also be due to
a BBH where both BHs are active and the systems have two unresolved
broad-line peaks (e.g., Shen & Loeb 2010), this scenario is perhaps unlikely
considering the small parameter space, if any, allowed for such systems, as
discussed in Section 1.3.
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Figure 7. Example of the cross-correlation analysis to measure the velocity
shift of the broad Hβ between two epochs. (a) Broad Hβ spectrum of the
original SDSS (black) and followup (red) observations. The spectral range of
the cross-correlation analysis is marked by the dotted vertical lines. The followup
spectrum has been scaled to match the integrated broad Hβ line flux in the cross-
correlation range. (b) Same as in panel (a), but for the narrow [O iii] emission
lines. Shown in brackets are the 99% confidence ranges (2.5σ ) in units of pixels
of the velocity shift of [O iii] λ5007 (with 1 pixel corresponding to 69 km s−1).
Here and in other figures throughout the paper showing the cross-correlation
analysis results, negative values mean that the emission line in the followup
spectrum needs to be blueshifted to match that in the original SDSS spectrum
(i.e., the emission line in the followup spectrum is redshifted relative to that
in the original spectrum). (c) χ2 for the cross-correlation analysis of the broad
Hβ as a function of pixels. The solid magenta curve is the sixth-order B-spline
fit of the 21 grid points centered on the one with the minimal χ2. The dashed
horizontal segment indicates the ∆χ2 = 6.63(2.5σ ) range, also indicated in the
magenta brackets in units of pixels.
(A color version of this figure is available in the online journal.)

minor, because (1) we have calibrated absolute redshift using
simultaneous constraints on the narrow emission lines based
on [O iii] ccf; and (2) the relative wavelength accuracy has been
calibrated to within a few percent using multiple lamp exposures
and has been further verified by independent measurements us-
ing a second broad line (Hα or Mg ii). Errors due to absolute
flux calibration should not be a major issue either, because we
have subtracted the pseudo-continua. The spectra have been
normalized to have the same integrated broad-line flux. Relative
spectrophotometric flux calibration in principle can introduce
substantial uncertainty in the velocity shift measurement, but
for most targets we can constrain such effects by considering
independent measurements from a second broad line.

Figure 9 shows distributions of the measurement uncertainty
of broad-line velocity shift σVccf and acceleration σaccf . They were
estimated from the 99% confidence ranges of the χ2 curves as
listed in Table 2. Recall that the measurement errors in the
velocity shift of broad emission lines increase with increasing
line width and decreasing S/N (Paper I). Compared to the
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45 promising candidates from Runnoe+17 and Guo+19
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Ambiguity comes from incomplete understanding of the 
underlying physical processes that shape the observational 
appearance of “typical” quasars. 

For every theoretical prediction of what a binary black 
hole will do, we have to be sure that a single black hole in 
a typical quasar cannot do the same thing…

The main limitation in most methods is ambiguity. 



Spectroscopy (work by our group)

✦ Displaced peaks of broad emission lines 
❖ Observe ∆υ ~ 1000 km s–1   and assume M~108 M⦿ 
→    ,  P ~ 300 yr,    dυ/dt ~ 20 km s–1 yr–1

❖ cf., P ~ few yr from photometric methods
✦ 2–3 dozen candidates selected after long-term spectroscopic 

monitoring. One of them promising!
✦ but...

❖ Orbital periods expected to be very long, unlikely to observe complete 
cycle in a human lifetime 

❖ Not sure if displaced lines are the signature to look for
❖ Profiles may vary on much shorter time scales than orbital period

a ∼ 0.1 pc

21



Status of spectroscopic searches in summary

✦ Double-peaked emission lines not consistent with orbital motion 
✦ Single-peaked offset lines from Runnoe+17 and Guo+19

❖ Monitoring of 2–3 dozen candidates
❖ Consistent with: a~0.1 pc and P~100 yr, M• > few×107 M⦿

❖ One candidate appears particularly promising at the moment
✦ Looking for corroborating evidence via radio observations  

(Breiding+21, ApJ, 914, 37) 

❖ VLBA imaging shows unresolved sources, a < 20 pc
❖ Higher-frequency observations coming next to increase spacial 

resolution
✦ Comparison with gravitational wave background 

❖ Calibrating on the candidates selected so far we do not violate the 
constraints from the GW background. 

22



The best spectroscopic 
candidate so far 
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Radial velocity curve and Keplerian model fit
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Figure 9. Radial velocity curve of J0950. The rest wavelength of H� is the horizontal dotted line at 0 km s�1, relative to
which the velocity o↵sets are measured. The error bars correspond to 68% confidence intervals (Section 3.1) with jitter of 200
km s�1 included in quadrature. The blue filled circle is the absolute broad H� peak o↵set measured by Eracleous et al. (2012).
The blue dashed line represents an eccentric orbital fit to the curve, with corresponding orbital parameters given in Table 3.

Table 3. Model parameters for the fit to J0950’s radial velocity curve

Period Time of Semi-amplitude eccentricity Tangent of argument

P (yr) conjunction Tc K (km s�1) e of periapsis tan!

25+6
�2 2051+7

�3 2600+2900
�700 0.7+0.2

�0.3 2.2+0.7
�1.9

H� emission lines were largely o↵set with respect to the446

narrow emission lines in their spectra. Subsequent ob-447

servations of this object show that its broad H� emission448

gets progressively and systematically shifted over time.449

The profile shape of the broad H� line also changed be-450

tween observations. To simulate this profile variability,451

we broadened the broad H� line of the earliest J0950452

spectrum by convolving it with Gaussians of increas-453

ing width, and added shifts. The simulated profiles454

have tops that are more flat than the actual data, yet455

their shift values can be measured reliably. Therefore,456

the shift measurements for the data––which have more457

sharply peaked profiles––can be trusted. We also per-458

formed a simulation of the broad H� profile variability459

with breathing, and find that it does not represent the460

behavior seen in J0950. However, we were able to re-461

cover the shifts from the simulation, and can therefore462

conclude that breathing is unlikely to a↵ect shift mea-463

surements if present.464

For each spectrum, we used a cross-correlation tech-465

nique to measure velocity shifts of the broad H� before466

and after decomposing it, and compare the results. We467

found that radial velocities from both approaches in-468

crease monotonically, but that measurements from cross469

correlating the decomposed broad H� emission lines are470

more reliable. Fitting a Keplerian model to the radial471

velocity curve indicates that the observed trend can be472

described by an eccentric orbit with a period of 25 yr.473

A lower limit on the total mass of the SBHB in J0950474

was initially estimated at ⇠ 106 M� Runnoe et al.475

(2017), and the approximate lower and upper limits on476

the binary separation were ⇠ 10�3 pc and ⇠12 pc re-477

spectively Breiding et al. (2021). SHOULD REMOVE478

THESE mass & separation limits SINCE I HAVE NEW479

ESTIMATES below?.480

We obtained limits on the mass assuming a bolometric481

luminosity less than or comparable to the Eddington482

luminosity. The bolometric luminosity was estimated483

by taking the luminosity of J0950’s 2002 spectrum––the484

brightest state of this object––at 5100Å, and applying a485

bolometric correction factor (Richards et al. 2006). This486

yields a mass of & 9⇥106 M�. Another lower mass limit487

P ≈ 25 yr
e ≈ 0.7

Work by Niana Mohammed
paper in preparation 



Projected evolution of J0950,  
assuming e=0, q=1, and M = 108 M⊙
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Figure 10. An illustration of the evolution of J0950 across the PTA and LISA bands. For an equal-mass binary of total mass
108M�, the yellow lines show the evolution track from an eccentricity of 0.7 to approximately zero for harmonics of n = 10
(dotted), n = 5 (dashed), and n = 2 (solid). The red cross marks zero eccentricity for the n = 2 harmonic. The solid arrows
represent the trajectory for n = 2 from the point of circularization to merger. For an unequal-mass binary with a mass ratio
q = 0.1, the track is represented by the purple arrow. The cyan arrow traces the trajectory from circularization to merger for a
lower mass binary of 107M� with q = 1. The PTA and LISA sensitivity curves are plotted using the hasasia package (Hazboun
et al. 2019) and LISA sensitivity calculator by Robson et al. 2019.

where c0 is calculated from the instantaneous a and e, which in the case of J0950 are a = 0.02 pc and e = 0.7. Then653

for each separation, the GW frequency is,654

fn,d = n
1

2⇡

✓
GM

a3

◆1/2

(B3)655

The equations above are applied iteratively over a range of eccentricities and a specific n. Once the orbit is circular,656

the n = 2 harmonic dominates. J0950 is then evolved from the frequency where the eccentricity is approximately657

zero to the frequency at merger, maintaining a fixed n = 2. Recall that for this exercise, we define “merger” as the658

separation at ISCO in Section 4.659

The timescales provided in Section 4 for J0950 to merge and its GW signal to be detected by PTA experiments and660

LISA, were computed using the decay lifetime equation given by Peters 1964,661

T =
12
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de e29/19[1 + (121/304)e2]1181/2299

(1� e2)3/2

� =
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5

G3M1M2(M1 +M2)

c5

(B4)662

where ei > ef . As an example, assuming J0950 is an equal-mass binary, the time to merge can be found starting from663

an initial eccentricity of ei = 0.7. The final eccentricity, ef , corresponds to the tip of the arrow of the n = 2 harmonic664

in Figure 10. To determine ef , use the GW frequency at this tip, which aligns with the separation at ISCO. This665

separation can be calculated directly as a = GM1/c2, or by rearranging Eq. B3 to find a given the frequency. Then,666

by applying Eq. B2, evaluate for e numerically to obtain ef . Finally, the time to evolve from ei to ef was obtained667

via numerical integration.668
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The End (of this talk)

The real action begins in 10–15 years…
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BACKUP SLIDES
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Fig. 3 Binary SMBHs can form during a major merger. Pulsar timing arrays’ main targets are continuous-
wave binaries within ∼0.1pc separation (second panel in the lower figure; Sect. 3.1.2), although we may
on rare occasion detect “GW memory” from a binary’s coalescence (Favata 2010, Sect. 3.1.3). Millions of
such binaries will contribute to a stochastic GW background, also detectable by PTAs (Sect. 3.1.4). A major
unknown in both binary evolution theory and GW prediction is the means by which a binary progresses
from ∼10pc separations down to ∼0.1pc, after which the binary can coalesce efficiently due to GWs (e. g.,
Begelman et al. 1980). If it cannot reach sub-parsec separations, a binary may “stall” indefinitely; such
occurrences en masse can cause a drastic reduction in the ensemble GWs from this population. Alternately,
if the binary interacts excessively with the environment within 0.1pc orbital separations, the expected
strength and spectrum of the expected GWs will change. Image credits: Galaxies, Hubble/STSci; 4C37.11,
Rodriguez et al. (2006); Simulation visuals, C. Henze/NASA; Circumbinary accretion disk, C. Cuadra

of structure formation, galaxies and SMBHs grow through a continuous process of gas
and dark matter accretion, interspersed with major and minor mergers. Major galaxy
mergers form binary SMBHs, and these are currently the primary target for PTAs. In
this section, we lay out a detailed picture of what is not known about the SMBHB
population, how those unknowns influence GW emission from this population, and
what problems PTAs can solve in this area of study.

In Fig. 3, we summarize the life cycle of binary SMBHs. SMBHB formation begins
with a merger between two massive galaxies, each containing their own SMBH.
Through the processes of dynamical friction and mass segregation, the SMBHs will
sink to the center of themerger remnant through interactionswith the galactic gas, stars,
and dark matter. Eventually, they will form a gravitationally bound SMBHB (Begel-
man et al. 1980). Through continued interaction with the environment, the binary orbit
will tighten, and GW emission will increasingly dominate their evolution.

Any detection of GWs in the nanohertz regime, either from the GW background or
from individual SMBHBs, will be by itself a great scientific accomplishment. Beyond
that first detection, however, there are a variety of scientific goals that can be attained
from detections of the various types of GW signals. The subsections below discuss
these in turn, first setting up GW emission from SMBHB systems and then detailing
the influence of environmental interactions. Each section describes a different aspect
of galaxy evolution that PTAs can access.
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E.M. probes of five stages of the journey of a 2×(106 M⦿) 
supermassive binary from ~10 pc to coalescence.

29

a Porb ƒGW E.M. Observability
10 pc 2 Myr 30 fHz resolved by radio interferometry 

(proper motion may be observable) 

0.1 pc 2 kyr 30 pHz spectroscopy (emission line shifts) 
infra-red interferometry

2 mpc 6 yr 11 nHz (ƒGW within PTA band)
modulation of optical light curves 
attendant spectroscopic variations

2 μpc 1.6 hr 0.3 mHz (entering LISA band)
fast modulation of X-ray light curves

0.1 μpc 1 min 33 mHz (chirp and merger in LISA band)
polychromatic E.M. flare
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Potential E.M. signatures of supermassive binaries at  
separations:  ~ pc – µpca

✦ Direct imaging via radio interferometry
Burke-Spolaor+11, MNRAS, 410, 2113; Bansal+17, ApJ, 843, 14; Kharb 217,  Nat. Ast., 1, 727, 
Breiding+21, ApJ, 914, 37 

✦ Radial velocity variations of broad emission lines
Runnoe+17, ApJS, 201, 23; Guo+19, MNRAS, 482, 3288; Decarli+13, MNRAS, 433, 1492; 
Wang+17, ApJ, 834, 129  

✦ Infrared interferometry (shift of photocenter)
Dexter+20, ApJ, 905, 33 

✦ Modulation of optical light curves 
Graham+15, MNRAS, 453, 1562; Charisi+16, MNRAS, 463, 2145; Liu+2019, ApJ, 884, 36; 
Vaughan+16, MNRAS, 461, 3145 

✦ Reverberation (various forms)
Wang+18, ApJ, 862, 171; Ji+21, ApJ, 910, 101
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Potential E.M. signatures of supermassive binaries at  
separations:  ~ pc – µpc (continued)a

✦ Combination of photometric and radial velocity 
modulations

Bon+12, ApJ, 759, 118; Li+16, ApJ 822, 1 

✦ Unusual relative intensities and profiles of broad 
lines

Montuori+11, MNRAS, 412, 26 and 2012, MNRAS, 425, 1633 

✦ Unusual spectral energy distribution because of 
mini- and circumbinary disks.

Gükltekin & Miller 12, ApJ, 761, 90; Roedig+14, ApJ, 785, 115; Tang+18, MNRAS, 476, 2249 

✦ Modulated extreme-UV/X-ray emission during late 
stages of inspiral and periodic shifts of X-ray 
emission lines.

Bode+10, ApJ, 715, 1117 and 2012, ApJ, 744, 45; McKernan+13, MNRAS, 432, 1468; 
d’Ascoli+18, ApJ, 865, 140 
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Speaking of gravitational waves…
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Illustrations of Deformation (from Wikipedia)
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Linearly polarized wave (face on)



The Fiducial Binary System (in a circular orbit)
Gravitational Wave Frequency

At the end of inspiral  

fGW =
2
P

=
1
π ( GM

a3 )
1/2

a → ISCO

fGW = 4.38 ( M
M⊙ )

−1

kHz
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m1

m2

a

+ υ2

υ1

Total mass: M = m1 + m2

Mass ratio: q = m2/m1 < 1
✦ LIGO, M ~ 60 M⦿ → 73 Hz

✦ LISA, M ~ 106 M⦿ → 4 mHz

✦ PTA, M ~ 109 M⦿ → 4 μHz
tdecay ∼

c5

G3

a4

M3



LISA mission design

35

with a mean inter-S/C separation distance of 2.5 mil-
lion km. A reference orbit has been produced, opti-
mised tominimise the key variable parameters of inter-
S/C breathing angles (fluctuations of vertex angles) and
the range rate of the S/C, as both of these drive the com-
plexity of the payload design, while at the same time en-
suring the range to the constellation is sufficiently close
for communication purposes.

Earth

Sun
1 AU (150 million km)

19 – 23°
60°

2.5 million km

1 AU
Sun

Figure 4: Depiction of the LISA Orbit.

The orbital configuration is depicted in Figure 4. These
orbits will lead to breathing angles of ±1 deg and
Doppler shifts between the S/C of within ±5MHz.
The launch and transfer are optimized for a dedicated
Ariane 6.4 launch, and carry the following basic fea-
tures:
• total transfer time of about 400 days;
• direct escape launch with V∞ = 260m/s;
• three sets ofmanoeuvres for final transfer orbit injec-

tion performed by the propulsion and S/C composite
modules. See Section 5.4.3 for details.

3.2 Launcher

The recommended option for LISA is to use one of
the Ariane 6 family of launch vehicles, with a ded-
icated Ariane 6.4 launch being the preferred option.
With a launch capacity directly into an escape trajec-
tory of 7,000 kg, the Ariane 6.4 is very well suited to
the LISA launch requirements and the reference orbit
described in Section 3.1 is based on the capabilities of
this launcher. The capacity of Ariane 6.2 is limited, and
it is extremely likely that any mission sized to fit within
it would be significantly compromised in terms of ca-
pability. Similarly, it is likely that the constraints and
complexity of a launch to Geostationary Transfer Or-
bit, combined with the need to find a suitable partner,
make a shared Ariane 6.4 launch unattractive.

3.3 Concept of Operations

Each S/C is equipped with its own propulsion module
to reach the desired orbit. During this cruise phase,
checkout and testing of some equipment could already
begin. Once the S/C have been inserted into their cor-
rect orbits and the propulsion modules jettisoned, the
three S/C must be prepared to form a single work-
ing observatory before science operations can be es-
tablished. This includes the release of the test masses
and engaging the Drag-Free Attitude Control System
(DFACS). This process, constellation acquisition and
calibration, is described in Section 4.4.1. Following
acquisition and calibration, LISA would enter the pri-
mary science mode. At this time, all test masses inside
the three S/C will be in free fall along the lines of sight
between the S/C. Capacitive sensors surrounding each
test mass will monitor their position and orientation
with respect to the S/C. DFACS will use micro-Newton
thrusters to steer the S/C to follow the testmasses along
the three translational degrees-of-freedom, using in-
terferometric readout where available, and capacitive
sensing for the remaining degrees-of-freedom. Elec-
trostatic actuators are used to apply the required forces
and torques in all other degrees of freedom to the test
masses. Laser interferometry is used to monitor the
distance changes between the test masses and the op-
tical bench (OB) inside each S/C. These technologies
have been demonstrated by the LISA Pathfinder mis-
sion.
The long-baseline laser interferometer or science in-
terferometer is used to measure changes in the dis-
tance between the optical benches while a third in-
terferometer signal monitors the differential laser fre-
quency noise between the two local laser systems. All
interferometer signals are combined on ground to de-
termine the differential distance changes between two
pairs of widely separated test masses. Science Mode
would feature near-continuous operation of the system
at the design sensitivity. The system design should be
such that, in science mode, external perturbations to
the system areminimised and in particular the baseline
design does not require station keeping or orbit cor-
rection manoeuvres. In line with the science require-
ments on data latency, communications would occur
once per day for a duration of approximately 8 hours.
There are two principal events which will cause some
disruption to the science mode of operations; these
are re-pointing of the antennas and re-configuration
of the laser locking to maintain the beat notes within
the phasemeter bandwidth, these are covered in more
detail in Sections 3.5 and 4.4 respectively. In addition
to the main science mode, a special protected period

LISA – 3. MISSION PROFILE Page 15

✦ 2.5 Million km arm length  
(0.0167 AU)

✦ Earth-trailing heliocentric orbit

✦ Passively maintained constellation 
of 3 spacecraft. Stable for 5 years. 
Nominal mission life time 4 years

✦ Adopted by the ESA in 2024. 
Nominal launch in mid 2030s

✦ Positional accuracy: > 10 arcmin2

✦ Approximately uniform time-
averaged sky sensitivity

Illustration from Amaro-Seoane+17, arXiv:1702.00786



What will LISA be able to measure and how well?

✦ Signal detection and parameter estimation via matched filtering
❖ can infer main orbital parameters (including eccentricity)
❖ can estimate BH spin if a merger is observed 

✦ Parameter accuracy scales with signal-to-noise ratio
✦ Can exploit many cycles of a periodic/regular signal and 

incorporate constraints from electromagnetic observations to reduce 
the uncertainties

✦ Expected uncertainties:
❖ δ M/M ~ 0.01–1 % (chirp mass) 

❖ δDL/DL ~ 3–10 % (luminosity distance)
❖ δΩ ~ 10 arcmin2 – 10 deg2 (position)
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LISA sources and science themes illustrated
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Predicted SMBH Merger Rates (with large uncertainties)

Red: ~100 M⦿ seeds from first 
generation of stars

Black: ~104 M⦿ seeds from 
direct collapse

Green: ~105 M⦿ seeds from 
gravitational instabilities 
with slow cooling.

Blue: ~105 M⦿ seeds from 
gravitational instabilities 
with rapid cooling.

38M. Colpi, A. Sesana Gravitational wave surces

Figure 12: Di↵erential merger rates (per unit redshift and time expressed in yr)
versus redshift for di↵erent black hole seed formation scenarios, from.89 Two
main scenarios for black hole formation are considered: one where seeds are
remnant of Population III stars of ⇠ 100 M�, and one where seeds form with
masses of ⇠ 104 M�. The black holes than continue to evolve due to accretion:
see89 for details. Note how the lack of a physical understanding of the black
hole seed formation mechanisms and their relation with the environment and
cosmic epoch makes these rates highly uncertain.

4.6.1 Reconstructing the cosmic evolution of massive black hole bi-
nary coalescences across the ages

Given a mass distribution of black hole seeds, a cosmological model for the
growth and assembly of dark matter halos, and an accretion recipe, one can
infer the merger rates of massive black holes. In Figure 12 we show the merger
rate per redshift bins of black holes as a function of z, for a variety of models
of black hole seed formation, from Pop III stars to relic of supermassive stars
collapsing as DCBH, computed using a Monte Carlo merger tree synthesis model
within the extended Press and Schecter formalism for the assembly of galaxy
halos.89 The uncertainties are large with merger rate excursions of about two
orders of magnitude, ranging from ten to several hundreds events per year. Each
halo had experienced few to few hundred mergers in its past life, placing mergers

36

(figure from Sesana+07, MNRAS, 377, 1711)



Predicted SMBH Merger Rates (with large uncertainties)

Red: ~

Orange: ~

Purple: ~

Blue: ~ 
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Ricarte & Natarajan 2018, MNRAS, 481, 3278

Signatures of seeding 3289

Figure 9. Distributions of gravitational wave events detected during a 4-yr LISA mission, for the pessimistic case on the left and the optimistic case on the
right. Above: Distributions as a function of redshift. The light seeding model produces a more strongly peaked distribution than the heavy seeding model.
Below: Distributions as a function of chirp mass. All models produce a similar number of high-mass events. However, the heavy models exhibit a drop-off at
low-masses that is inherited from the DCBH IMF.

This has been measured to be of the order of ∼0.1 per cent for
galaxies of stellar mass ∼109 M" (Reines, Greene & Geha 2013;
Sartori et al. 2015; Pardo et al. 2016; Aird, Coil & Georgakakis
2017; Mezcua et al. 2018). Due to the intrinsic rarity of AGN in
low-mass galaxies, we find that our merger trees do not currently
have enough low-mass, low-redshift haloes to probe the small AGN
fractions that we expect. In addition, AGN variability on time-scales
less than the time resolution of our SAM (∼107) (Hickox et al. 2014;
Schawinski et al. 2015) may play a significant role in determining
AGN fractions, which depend on a luminosity threshold. Exploring
the AGN fraction with a specialized set of merger trees and accretion
models would be an interesting avenue for future work.

4.2.2 Obese black hole galaxies

A natural prediction of the heavy seed model is the existence of
SMBHs with a higher masses than the stellar mass of their hosts
as a transient population at high redshifts. These are referred to
as obese black hole galaxies (OBGs), and may occur when a halo
which formed a DCBH merges with a galaxy. This is an inversion
compared to what we see at z = 0 locally. Identifying this tran-
sient stage and determining the redshifts at which such sources are

detected would be a unique indicator for the DCBH channel (Agar-
wal et al. 2013). Recent work has provided spectral predictions for
these sources, and it has been noted that OBGs should be infra-red
bright. Candidates could be found based on their infra-red colours
and X-ray emission, and could be analysed with high signal-to-
noise ratio with the upcoming JWST mission with both NIRCAM
and MIRI (Pacucci et al. 2016; Natarajan et al. 2017). Compared to
other potentially confusing sources, OBGs are expected to be much
redder, with a relatively flat spectral energy distribution out into the
mid-infrared. Detection of even a handful of OBGs would definitely
signal that the direct collapse seed formation channel is viable and
that it occurs in nature (Natarajan et al. 2017).

4.2.3 Clustering in the X-ray background

The clustering signal of the X-ray Background might contain infor-
mation about seeding conditions of high-redshift, unresolved AGN.
In particular, the higher the minimum halo mass that hosts a black
hole, the more biased the clustering signal will be. An excess in the
cross-correlation between the X-ray and infrared backgrounds has
been reported (Cappelluti et al. 2013, 2017b), and may be caused
by a population of Compton-thick, high-redshift DCBHs (Yue et al.

MNRAS 481, 3278–3292 (2018)
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Merger histories of today’s massive black holes
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M. Colpi, A. Sesana Gravitational wave surces

Figure 15: Contour plot of constant sky-polarization averaged signal-to-noise
ratio (SNR) of equal mass, non spinning massive black hole binary coalescences
in the eLISA detector, plotted in the total rest-frame mass (x-axis) and red-
shift (y-axis) plane, from.102 Tracks represent selected evolutionary path of
di↵erent MBHCs, obtained using semi-analytical population synthesis models.
Circles mark MBHCs occurring along the way, whereas the bottom-right grey
area identifies the portion of parameter space accessible to future electromag-
netic observations of active supermassive black holes. The figure shows how
complementary is the parameter space explored by eLISA. In the overlap region
there might also be the possibility of detecting precursors and or electromagnetic
counterparts of MBHCs.

• Massive black hole coalescences (MBHCs) are binaries resulting from the
collision and merger of galaxies, and are detected at the time of their coales-
cence. Figure 15 shows that eLISA will observe signals coming from MBHCs
in the mass range between 104 M� and 107 M�, with typical binary mass ratios
0.1 < q < 1, out to redshift z ⇠ 20 (if they already exist) corresponding to a lu-
minosity distance of ⇠ 230 Gpc and an age of the universe of 180 Myr. Overlaid
to constant signal-to-noise ratio contours are mass-redshift evolutionary path-
ways ending with the formation of a supermassive black hole representing (i) an

43

MilkyWay Like

giant elliptical

figure from “The Gravitational Universe” (eLISA Consortium, arXiv:1305.5720)



Supermassive binary 
population inferred from 
NanoGrav background

✦ Redshift: 0.1 – 0.5

✦ Mass: 

✦ Separation: 0.1 – 0.01 pc

109 − 1010 M⊙
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Binary properties inferred from the NanoGrav background

42

Agazie+13, ApJL, 952, L37

24 The NANOGrav Collaboration

Figure 12. Comparison of binary parameters by their fractional contribution to the GWB (h2
c ; solid), and their total number of binaries (dashed).

Each line is colored by the GW frequency at which the binaries emit. The third panel (zinit), corresponds to the ‘initial’ galaxy merger redshift,
while the fourth panel (zfinal) is the redshift at which the binary is emitting GWs. This figure demonstrates that the GW signal is produced by a
relatively small and highly biased sub-sample of a much larger population.

Figure 13. Left four panels show comoving number density per logarithmic interval of mass. Densities are shown for binary black holes in
the NANOGrav frequency band at the redshift indicated in the upper-right panel for the priors (grey dotted line) and the posteriors (blue solid
line) derived from our Phenom population models. Densities are also shown for the total SMBH population (teal dash-dotted line). Shaded
regions show the 68% distributions. The rightmost panel shows the binary fraction as a function of mass for the four selected redshifts. The
implied mass functions of our posteriors prefer relatively high density of black holes larger than M = 109 M�, and our posteriors are overall
more confined than our priors at lower redshifts.

tent between the di↵erent libraries for parameters that they
have in common, suggesting that our choices of fiducial pa-
rameters are su�ciently representative of the binary evolu-
tion parameter space. The posteriors on the additional pa-
rameters themselves are generally broad. The exception is
the GMT parameters which, like the phenomenological evo-
lution parameters, strongly favor shorter lifetimes as a way
of producing higher GWB amplitudes.

5. DISCUSSION

The NANOGrav PTA has detected a common-spectrum
correlated stochastic process that is consistent with an astro-
physical GWB. In our 15 yr data set (NG15; NG15detchar),
we find evidence of the Hellings-Downs correlations that
would definitively mark this signal as GW in origin
(NG15gwb). In this paper, we have presented analysis of
the NANOGrav 15 yr data set under the assumption that

these data represent a GWB produced by SMBH binaries.
With reasonable choices of astrophysical parameters gov-
erning galaxy masses, galaxy mergers, SMBH masses, and
SMBH binary inspiral timescales, we are able to reproduce
the inferred GWB amplitude and spectral shape. We find that
the data are suggestive of a GWB spectral turnover at low
frequencies, as expected for binary inspiral driven by astro-
physical environments. However, the broad free-spectrum
posteriors from the 15 yr data are still consistent with the
canonical ↵ = 2/3 (� = 13/3) power law expected for GW-
driven inspiral.

Figure A1 compares the posteriors for the GWB ampli-
tude and spectral index inferred from the 15 yr data with a
wide variety of GWB model predictions in the literature (see
also Table A1). Although the inferred GWB amplitudes are
within the range of some of these model predictions, they



On the theoretical side of things…
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See animation at https://svs.gsfc.nasa.gov/13043 
or https://www.youtube.com/watch?v=i2u-7LMhwvE

Credit: NASA's Goddard Space Flight Center/Scott Noble 
simulation data by d'Ascoli et al. 2018, ApJ, 865, 140

https://svs.gsfc.nasa.gov/13043
https://www.youtube.com/watch?v=i2u-7LMhwvE
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A very general geometry: 
Two misaligned disks orbiting 

each other.
(movie made by Khai Nguyen) 
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circumbinary 
dusty torus
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figures from Kelley 21, MNRAS, 500, 4065
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Inferences from simple models of line profiles and 
populations 
✦ Line profiles and population properties 

Nguyen & Bogdanovic 2016, ApJ, 828, 68; Pflugger+18, ApJ, 861, 
69; Nguyen+19 ApJ, 870, 16

❖ Calculation of large library of synthetic 
line profiles.

❖ Development of method to find location of 
an observed spectrum in the parameter 
space of the library

Can infer basic properties of system but 
cannot prove that system is a SBHB

✦ Detectability 
Kelley+21, MNRAS, 500, 406

❖ Secondary black hole most likely 
detectable in less than 1 in 104 quasars

❖ 1 in 200 binaries have detectable velocity 
offsets and  ~1 in 3000 detectable 
accelerations
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Figure from Nguyen+19 ApJ, 870, 16



More on observational tests
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EM signatures of SMBHs  
on a variety of length and time scales
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 Figure from Schnittman 
2011, 

Class. Quant. Grav., 28, 
094021

Before Merger After
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Direct Imaging: requires our best instruments and optimism

✦ Angular size corresponding to 1 pc

❖ 10 mas @ 20 Mpc (~Virgo cluster) 

❖ 1 mas @ z=0.05 (Seyfert galaxies)

❖ 0.23 mas @  z=0.3 (nearby quasars)

❖ 0.13 mas @  z=3 (“cosmic noon”)

✦ Resolution attainable by our 
best instruments

❖ Hubble Space Telescope  
(UV-O-IR) → 100 mas

❖ VLBA @ 3 mm → 0.12 mas

❖ GMVA @ 3 mm → 40 μas

❖ EHT @ 1.3 mm → 25 μas
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VLBI imaging
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4C+37.11: Smallest known SMBH Pair
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7 pc = 7 mas

Rodriguez et al. 2006, ApJ, 2006, ApJ, 646, 49



Spectral Energy Distributions of Quasars 
(Gükltekin & Miller 2012, ApJ, 761, 90)
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Figure 1. from Observable Consequences of Merger-driven Gaps and Holes in Black Hole Accretion Disks
Gültekin & Miller¨ 2012 ApJ 761 90 doi:10.1088/0004-637X/761/2/90
http://dx.doi.org/10.1088/0004-637X/761/2/90
© 2012. The American Astronomical Society. All rights reserved.
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3C 206

PKS 1451–37
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Limitations and next steps

✦ Continued monitoring (remedy for many problems)
❖ record more cycles of photometric modulation 
❖ establish longer (monotonic?) trend of radial velocity curves
❖ Observe bigger samples 

✦ Better empirical characterization of the time variability of “typical” 
quasars: specifically radial velocity jitter, so that we know what 
quasars can really do.

✦ Better theoretical understanding of quasar broad-line regions of 
single quasars
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More examples of emission line profiles
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Vr

Vb

(spectra from Doan+20, MNRAS, 491, 1104)
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Fits to radial velocity curves: 14 cases of double-peaked lines 
are inconsistent with supermassive binaries.

59

12

Figure 5. The velocity curves of the red and blue peak of all the targets. Three sample solutions, representing the 99% , 90% and 68% lower limit on period,
are also plotted as blue, green, and red lines respectively, superimposed on the data.

MNRAS 000, 1–11 (0000)

12

Figure 5. The velocity curves of the red and blue peak of all the targets. Three sample solutions, representing the 99% , 90% and 68% lower limit on period,
are also plotted as blue, green, and red lines respectively, superimposed on the data.

MNRAS 000, 1–11 (0000)

red peak

blue peak

2/14 of cases:  
good fits with M > 1010 M⦿

1/3 of cases: 
very poor fits

figures from Doan+20, MNRAS, 491, 1104



Radial Velocity Jitter: illustration of the effect
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Test of Binary Black Hole Hypothesis 5

Figure 2. Left: 3rd-degree polynomial fit over the velocity curve of 3C 390.3, Right: the corresponding jitter distribution and Gaussian fit, showing that the
Gaussian is a good description of the observed distribution.

parameters: red-peak radial velocity at pericenter (ur,pe), orbital
period (P), epoch/time of pericenter passage (t0), mass ratio (q),
eccentricity (e), and argument of periapsis (!). For convenience,
we define q ⌘ Mr/Mb , where the subscripts ’r’ and ’b’ denote the
red and blue peaks, respectively. Note that q can be larger or smaller
than 1, depending on whether the red or blue peak corresponds to
the primary black hole.

We begin with the radial velocity equation from Keplerian
dynamics:

ur =

s
G

(Mr + Mb)a(1 � e2)
Mb sin i [cos(! + f ) + e cos!] (3)

where i is the inclination angle of the orbit. We can solve for
f , the true anomaly, numerically from t0, P, and e using the set of
equations:

tan2
✓

f
2

◆
=

1 + e
1 � e

tan2
✓

E
2

◆
(4)

E � e sin E =
2⇡
P

(t � t0) (5)

where E is the eccentric anomaly.
Since ur,pe is simply the solution for the case f = 0, we can

rewrite ur in terms of ur,pe:

ur = ur,pe
(cos(! + f ) + e cos!)

(1 + e) cos!
(6)

We can then determine ub from ur through the simple relation
ub = �qur .

We adopt the �2 statistics as our likelihood function:

�2 =
Nr’
k=1

"
uobsr (tk ) � ur (tk )

�obsr

#2

+

Nb’
k=1

"
uobs
b

(tk ) � ub(tk )
�obs
b

#2

. (7)

where uobsr (tk ) and uobs
b

(tk ) are the observed radial velocities
of the red and blue peaks at time tk , respectively, and �obsr and
�obs
b

are the corresponding uncertainties. As discussed in section
3, we account for jitter in our model by increase these uncertain-
ties accordingly. ur (tk ) and ub(tk ) are calculated from our model
parameters using equation (4).

4.2 Exploration of Parameter Space

We employ the code emcee, a Python implementation of Good-
man - Weare a�ne invariant Markov Chain Monte Carlo (MCMC)
Ensemble sampler written by Foreman-MacKey.

The inputs to the code are the data, the prior distributions of the
model parameters, the likelihood function, and initial positions of
the random walkers. The code evaluates the likelihood of di�erent
solutions, then performs jumps and explores the parameter space for
a specified number of steps, before returning as outputs the posterior
distributions of model parameters.

For many of our model parameters, we adopted a Je�reys
prior, as it is non-informative and thus presents the least bias in the
parameter spaces. The Je�reys prior prescribes uniform distribution
for location parameters (t0, !, e) and inverse distribution (uniform
in log space) for scale parameters (ur,pe, P). Lastly, the mass ratio q
can be calculated as q = uobs

b
(tk )/uobsr (tk ) for any observation k in

which ur and ub are measured simultaneously. However, there is a

MNRAS 000, 1–11 (0000)

figures from Doan+20, MNRAS, 491, 1104
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Test of Binary Black Hole Hypothesis 15

Figure 6. The projection of solutions onto the 2-dimensional parameter space of mass versus lifetime. The color indicates the density of solutions within a
specific area in the parameter space. Red indicates areas densely populated with solutions, and blue indicates areas sparsely populated. The vertical dashed line
indicates a mass of 1010M� . See section 5 of the text for details.

MNRAS 000, 1–11 (0000)

18

Figure 7. The projection of solutions onto the 2-dimensional parameter space of period - eccentricity. The color indicates the density of solutions within a
specific area in the parameter space. Red indicates areas densely populated with solutions, and blue indicates areas sparsely populated. See section 5 of the text
for details.
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The best candidate so far, P ~ 40 years
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Figure 1: H↵ profiles of three double-peaked emitters show the profiles that are possible without
invoking orbital motion to explain the velocity o↵set (from Gezari et al. 2007). Dotted lines show sub-
tracted narrow lines. The single-peaked, velocity-o↵set shape (right) used to select J0950

as an SBHB candidate also appears in the Balmer lines of double-peaked emitters.
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Figure 2: The broad H� emission-

line profile of the SBHB candi-

date J0950 shows a time-evolving

velocity o↵set relative to the sys-

temic velocity that is consistent

with an SBHB passing through

conjunction. This has never been

observed in any other SBHB can-

didate and is the most stringent

test that any candidate has ever

passed. Spectra are color-coded by
year, with time increasing downward (in-
cluding data from Eracleous et al. 2012,
Runnoe et al. 2015, and ongoing observa-
tions). The dashed lines mark the nar-
row H� and [O III] ��4959,5007 emission
lines which set the rest frame.
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Figure 3: The radial velocity curve of

the sub-pc separation SBHB candidate

J0950 shows the monotonic change in

velocity o↵set that is the expected sig-

nal of a SBHB with a period of order

decades; this is the best known sub-pc

separation SBHB candidate based on

this behavior. The changing velocity con-
clusively rules out one alternative explanation
for the o↵set emission lines used to select the
candidate: a recoiling black hole. The colors
correspond to spectra in Fig. 2.Accretion Disks and the Broad-Line Region 221

Figure 3. Comparison of high- and low-ionization line profiles in three
double-peaked emitters. Absorption lines from the interstellar medium of
the Milky Way are marked with a “G”; all other absorption lines are intrinsic
to the AGN. The solid lines overplotted on the Hα, Hβ and Mg ii profiles
represent models of a relativistic, Keplerian, circular disk (Chen & Halpern
1989). In the case of Arp 102B, the residual Hα profile after subtraction of
the model is also plotted to show that the low-ionization lines also include a
contribution from the region that produces the high-ionization lines.

double-peaked Balmer profiles can be fitted well with the simple model of a
relativistic, Keplerian disk of Chen et al. (1989) and Chen & Halpern (1989)
(see examples in Fig. 3).

One of the immediate implications of the presence of double-peaked emission
lines is that the BLR in at least some AGNs has the form of a gaseous disk,
whose appearance is not complicated by radiative transfer e↵ects. As such,
these emission-line profiles bolster the case for a disk-like BLR. In addition,
double-peaked lines can serve as tools in our study of the accretion flow, as
discussed further in the next section.

3. Studying the BLR With the Help of Double-Peaked Emission

Lines

Double-peaked emission lines can help in our study of the BLR in at least the
following two ways: (a) the comparison of the profiles of lines from di↵erent
species gives us valuable information about di↵erent line-emitting regions (e.g.,
the accretion disk proper and the wind that overlays it), and (b) they a↵ord us
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whose appearance is not complicated by radiative transfer e↵ects. As such,
these emission-line profiles bolster the case for a disk-like BLR. In addition,
double-peaked lines can serve as tools in our study of the accretion flow, as
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3. Studying the BLR With the Help of Double-Peaked Emission

Lines

Double-peaked emission lines can help in our study of the BLR in at least the
following two ways: (a) the comparison of the profiles of lines from di↵erent
species gives us valuable information about di↵erent line-emitting regions (e.g.,
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Figure 4: Comparison of the H↵, C IV,
and Ly↵ line profiles of two DPEs from
Eracleous et al. (2006). H� (shown only for
PKS0921–21, on the right column) is simi-
lar to H↵ and Mg II. The solid lines in the
top two panels show a disk model that de-
scribes the H↵ profile. In the bottom right
panel, interstellar absorption lines from the
Milky Way are marked with a“G.” Notice the
pronounced di↵erence between the H↵ and
Ly↵ or C IV profiles: even though the Balmer
line is double peaked, the UV lines are single
peaked at the rest frame of the source. A

UV spectrum of J0950 from HST will

distinguish between an SBHB and the

only viable single-BH explanation by

analogy to these line profiles.

Figure 5: Velocity o↵set uncertainties from
simulations of realistic Ly↵ profiles with vary-
ing shapes and S/N (see Description of Ob-
servations). Though these uncertainties may
appear large, this conservative simulation con-
clusively shows that we will be able to dis-
tinguish between the single-disk and SBHB
scenarios. Regardless of the shape of the

UV line profiles that we observe, uncer-

tainties will be small enough to detect

a ⇠1000 km s
�1

velocity o↵set if we ob-

tain S/N > 7 per resolution element in

the continuum.
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Helpful constraints from the gravitational wave background

✦ The exercise
❖ Take the population of candidates from a given method at face value
❖ Extrapolate to short separations and high redshifts and predict grav. 

wave background
❖ Compare to current limits from the PTAs

✦ Results
❖ Shorter-period population found by photometry modulation of light 

curves in tension with grav. wave background (Sesana+18, ApJ, 856, 42)

❖ Longer-period population found by spectroscopy consistent with grav. 
wave background (Nguyen+20, ApJ, 900, L42)
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UV spectroscopic test
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Figure 1: H↵ profiles of three double-peaked emitters show the profiles that are possible without
invoking orbital motion to explain the velocity o↵set (from Gezari et al. 2007). Dotted lines show sub-
tracted narrow lines. The single-peaked, velocity-o↵set shape (right) used to select J0950

as an SBHB candidate also appears in the Balmer lines of double-peaked emitters.
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Figure 2: The broad H� emission-

line profile of the SBHB candi-

date J0950 shows a time-evolving

velocity o↵set relative to the sys-

temic velocity that is consistent

with an SBHB passing through

conjunction. This has never been

observed in any other SBHB can-

didate and is the most stringent

test that any candidate has ever

passed. Spectra are color-coded by
year, with time increasing downward (in-
cluding data from Eracleous et al. 2012,
Runnoe et al. 2015, and ongoing observa-
tions). The dashed lines mark the nar-
row H� and [O III] ��4959,5007 emission
lines which set the rest frame.
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Figure 3: The radial velocity curve of

the sub-pc separation SBHB candidate

J0950 shows the monotonic change in

velocity o↵set that is the expected sig-

nal of a SBHB with a period of order

decades; this is the best known sub-pc

separation SBHB candidate based on

this behavior. The changing velocity con-
clusively rules out one alternative explanation
for the o↵set emission lines used to select the
candidate: a recoiling black hole. The colors
correspond to spectra in Fig. 2.Accretion Disks and the Broad-Line Region 221

Figure 3. Comparison of high- and low-ionization line profiles in three
double-peaked emitters. Absorption lines from the interstellar medium of
the Milky Way are marked with a “G”; all other absorption lines are intrinsic
to the AGN. The solid lines overplotted on the Hα, Hβ and Mg ii profiles
represent models of a relativistic, Keplerian, circular disk (Chen & Halpern
1989). In the case of Arp 102B, the residual Hα profile after subtraction of
the model is also plotted to show that the low-ionization lines also include a
contribution from the region that produces the high-ionization lines.

double-peaked Balmer profiles can be fitted well with the simple model of a
relativistic, Keplerian disk of Chen et al. (1989) and Chen & Halpern (1989)
(see examples in Fig. 3).

One of the immediate implications of the presence of double-peaked emission
lines is that the BLR in at least some AGNs has the form of a gaseous disk,
whose appearance is not complicated by radiative transfer e↵ects. As such,
these emission-line profiles bolster the case for a disk-like BLR. In addition,
double-peaked lines can serve as tools in our study of the accretion flow, as
discussed further in the next section.

3. Studying the BLR With the Help of Double-Peaked Emission

Lines

Double-peaked emission lines can help in our study of the BLR in at least the
following two ways: (a) the comparison of the profiles of lines from di↵erent
species gives us valuable information about di↵erent line-emitting regions (e.g.,
the accretion disk proper and the wind that overlays it), and (b) they a↵ord us
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whose appearance is not complicated by radiative transfer e↵ects. As such,
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Double-peaked emission lines can help in our study of the BLR in at least the
following two ways: (a) the comparison of the profiles of lines from di↵erent
species gives us valuable information about di↵erent line-emitting regions (e.g.,
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Figure 4: Comparison of the H↵, C IV,
and Ly↵ line profiles of two DPEs from
Eracleous et al. (2006). H� (shown only for
PKS0921–21, on the right column) is simi-
lar to H↵ and Mg II. The solid lines in the
top two panels show a disk model that de-
scribes the H↵ profile. In the bottom right
panel, interstellar absorption lines from the
Milky Way are marked with a“G.” Notice the
pronounced di↵erence between the H↵ and
Ly↵ or C IV profiles: even though the Balmer
line is double peaked, the UV lines are single
peaked at the rest frame of the source. A

UV spectrum of J0950 from HST will

distinguish between an SBHB and the

only viable single-BH explanation by

analogy to these line profiles.

Figure 5: Velocity o↵set uncertainties from
simulations of realistic Ly↵ profiles with vary-
ing shapes and S/N (see Description of Ob-
servations). Though these uncertainties may
appear large, this conservative simulation con-
clusively shows that we will be able to dis-
tinguish between the single-disk and SBHB
scenarios. Regardless of the shape of the

UV line profiles that we observe, uncer-

tainties will be small enough to detect

a ⇠1000 km s
�1

velocity o↵set if we ob-

tain S/N > 7 per resolution element in

the continuum.
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Evolution time of the gravitational wave frequency  
because of orbital decay
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For two point masses in a circular orbit, this is the 
time it takes for the GW frequency to evolve from ƒi 
to ƒf. The mass ratio is q (< 1) and the total mass is M6 
(in units of 106 M⦿).

The evolution is veeeeery slooooowwww….
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= 4 for q = 1 
= q –1 for q ≪ 1

~ 10 5 middle of PTA band 
~ 10 –5  “left edge” of LISA band

~1 for ƒi/ƒf ≥ 2(chirp mass) –5/3



Types of Sources Detectable by LISA: 
Binary Supermassive BHs

71

figure from LISA Proposal  (K. Danzmann PI, arXiv:1702.00786)
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M. Colpi, A. Sesana Gravitational wave surces

Figure 33: Binaries in the gravitational wave universe. The Figure shows the
dimensionless characteristic strain amplitude in Fourier space versus frequency,
from black hole binaries of all flavours, and of neutron star binaries, as described
in this Chapter. Plotted are also the sensitivity curves of PTA, eLISA, and Ad-
vanced LIGO and Virgo. In eLISA and LIGO-Virgo, merging binaries above the
sensitivity curve can be detected with a signal-to-noise ratio that can be com-
puted from (31), and sweep across the sensitivity band increasing their frequency
up to coalescence. At the lowest frequencies ⇠ 10�8 Hz of PTA, inspiralling su-
permassive black hole binaries of 109�10 M� give rise to a stochastic background
contaminated by individual, loud sources. Around ⇠ mHz frequencies of eLISA
coalescing binary black holes weighing 104�7 M� are the main sources. They
sweep across the band months before merging. Together with EMRIs, they
stand out from an hypothetical background of binaries like GW150914 and of
Galactic WD-WD binaries (signal not shown to keep the figure readable). At
the highest frequencies accessible with Advanced LIGO-Virgo, coalescing stellar
origin black holes and neutron stars are the main sources and sweep across the
band in minutes to a fraction of a second. GW150914 sweeps first in the eLISA
band and emerges again in the LIGO and Virgo sensitivity range at the time of
coalescence (see Figure 34).

coalescence, was emitting gravitational waves at about 15 mHz, accumulating a

83

figure 33 from Colpi & Sesana 2017, “An Overview of Gravitational Waves,” World Scientific ( arXiv:1610.05309)

https://ui.adsabs.harvard.edu/link_gateway/2017ogw..book...43C/arxiv:1610.05309
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GW power :
dE

dt
=

32

5

G4

c5
⌘2 M5

a4

GW strain : h =

✓
32

5

◆1/2 G5/3

c4
M5/3

d
(⇡f)2/3

lifetime ⌧GW =
5

256

c5

G3

a40
⌘M3
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ftidal ⇡ 2 (G⇢̄)1/2 ⇠ 0.5

✓
⇢̄

106 g cm�3

◆1/2

<latexit sha1_base64="bvcz3dexRD4q/gzl55cP1chIGtg="></latexit><latexit sha1_base64="bvcz3dexRD4q/gzl55cP1chIGtg="></latexit><latexit sha1_base64="bvcz3dexRD4q/gzl55cP1chIGtg="></latexit><latexit sha1_base64="bvcz3dexRD4q/gzl55cP1chIGtg="></latexit>

fbinary ⇡ 2⇥ 10
�8

Hz

✓
M

106 M�

◆1/2 ✓
a

10�3 pc

◆�3/2

<latexit sha1_base64="hXHYDemk5Ld3IEXOIdc9BfwcXy4="></latexit><latexit sha1_base64="hXHYDemk5Ld3IEXOIdc9BfwcXy4="></latexit><latexit sha1_base64="hXHYDemk5Ld3IEXOIdc9BfwcXy4="></latexit><latexit sha1_base64="hXHYDemk5Ld3IEXOIdc9BfwcXy4="></latexit>

fbinary ⇡ 0.06 Hz

✓
M

106 M�

◆�1 ✓
a

rg

◆�3/2

<latexit sha1_base64="e5zNRgfevZouzsnBRbA5G/xKwKg="></latexit><latexit sha1_base64="e5zNRgfevZouzsnBRbA5G/xKwKg="></latexit><latexit sha1_base64="e5zNRgfevZouzsnBRbA5G/xKwKg="></latexit><latexit sha1_base64="e5zNRgfevZouzsnBRbA5G/xKwKg="></latexit>

h ⇡ 2⇥ 10
�16 q

(1 + q)2

✓
M

106 M�

◆5/3 ✓ f

10�3 Hz

◆2/3 ✓ DL

100 Mpc

◆�1

<latexit sha1_base64="RrEb5paqocF4V91gHHj0R2KasVc="></latexit><latexit sha1_base64="RrEb5paqocF4V91gHHj0R2KasVc="></latexit><latexit sha1_base64="RrEb5paqocF4V91gHHj0R2KasVc="></latexit><latexit sha1_base64="RrEb5paqocF4V91gHHj0R2KasVc="></latexit>

tchirp ⇡ 2 hours
(1 + q)5/3

q

✓
M

106 M�

◆�5/3 ✓ fi
10�3 Hz

◆�8/3
"
1�

✓
fi
ff

◆8/3
#

<latexit sha1_base64="Nh8WkER2I+Rky6KsJn6Dtgaq7Ws="></latexit><latexit sha1_base64="Nh8WkER2I+Rky6KsJn6Dtgaq7Ws="></latexit><latexit sha1_base64="Nh8WkER2I+Rky6KsJn6Dtgaq7Ws="></latexit><latexit sha1_base64="Nh8WkER2I+Rky6KsJn6Dtgaq7Ws="></latexit>


