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mergers
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in AGN disk
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Galaxies frequently collide and merge



Active BH pairs in galactic nuclei

* Chandra X-ray image
of NGC 6240 (Komossa et al. 2003)

* Many ~10kpc “dual” or “offset” AGN  
in optical (Comerford et al. 2013)

* 7.3pc double AGN in radio galaxy 0402+379 by VLBA  (Rodriguez et al. 2006)

~1kpc



Hydrodynamics of Binary + Disk system

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

affects observability through total
luminosity, spectral shape, variability

Three reasons to care about this:

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

2. Orbital decay:  - How long does binary spend at each
orbital separation? 

- Can BHs merge in a Hubble time? 
affects observability through
distribution of separations, periods



Standard AGN model

Unstable region
Q(Toomre) < 1

Stable accretion disk,
geometrically thin,
optically thick

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

à What if second black hole is present ?  ß



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

• Use moving-mesh [AMR] grid code DISCO
• 2D, hydrodynamics only (no GR or MHD) 
• α-viscosity (α=0.1)
• Cooling (rad. diffusion) + heating (viscosity, shocks)
• BHs are on the grid, accrete via sink prescription
• Initial Shakura-Sunyaev disk 0 ≤ r ≤ 100abin

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



Qualitative changes in behavior at q~0.04 and q~0.3 

q=0.01 q=0.05 q=1

Accretion and Variability for q>10-4

steady
accretion

orbital time
scale regime

cavity wall
regime

q≈0.04
loss of 
stable
orbits

q≈0.3
lump
at
cavity



Variable accretion rates  

Factor of ~two variability
on orbital timescale
secondary dominates

Factor of ~two variability
on orbital time at cavity wall
two BHs out of phase (cf OJ287)

0.05 < q < 0.3 0.3 < q < 1

Accretion rate not suppressed – expect bright AGN  



GW-driven
decay

Stellar
Scattering
driven
decay

Gas disk
Driven
decay
[ sensitive to
accretion
disk model ]

(e)LISA

PTA

“Final parsec”
bottleneck
(Begelman
Blandford &
Rees 1984)

ZH, Kocsis,
Menou (2009)

Can we catch a binary in this phase?



Migration rate?
Tang, MacFadyen, ZH (2017, in prep)

• Gravitational torques dominate over accretion
• Net torque negative – drives binary together
• Dominated by gas in the wake behind the orbiting BHs – subtle   
• Angular momentum carried to outer disk by streams, transferred out
• Scaled migration rate is ~3✕106 yr for 0.3 MEdd and torb=1 yr (~1D models)
• cf tGW ~1010 yr (M=106 M☉) tGW ~105 yr (M=109 M☉) 

Circumbinary Accretion Discs 3

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

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

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

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

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

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

Torque = (�0.209⌧ + 0.437)Ṁ (11)

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

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

⌃(r) = A/
p

r � B/r, (12)

where A and B are constant, and

B/A = J̇/Ṁ, (13)

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

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

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

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

< J̇ > / < Ṁ >= 1.02(
B
A

) + 0.21 (14)

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

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

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

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

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

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

MNRAS 000, 1–7 (2017)
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Recent Periodic Quasar Candidates 

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

• Palomar Transient Factory (PTF)
Charisi et al. (2016) – arxiv:1604:01020

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

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

PTA upper limit on GWB (Shannon+2015) à gas-driven inspiral (?)
(Kocsis + Sesana 2011, Kelley+2015) 



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

Abundance consistent with q~0.1 binary with P=4 yr (gas-driven)
or with more compact q~1 binary with P=1 yr (GW-driven)
(D’Orazio+ 2015a)
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D’Orazio, ZH, Schiminovich 2015

spectral curvature 

opt UV

EXPLAINED BY DOPPLER IF:
massive (>2×109 M¤)
low q (< 0.1 )
not face-on (±30°)

Graham et al. 2015

A TEST:



Conclusions

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

2.   Accretion onto minidisks strongly periodic for q > 0.04

-- // --

3.   150 periodic quasars discovered in optical: binary candidates

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



Black hole binaries in gas disks

SMBH 
mergers

Stellar BBH
in AGN disk



Stellar-mass BH binary in AGN disk

Unstable region
Q(Toomre) < 1

. .
.
. ..
.
..

.
.

.
.

.

Stellar-mass BH binaries
In bulge  (0.01  - 0.1 pc)

• BHBs captured by disk from dense stellar bulge at < 0.1 pc
Bartos, Kocsis, ZH & Marka (2016)       arXiv:1602.03831

• Or BH remnants formed in-situ in AGN disk at 0.1-10pc
Stone, Metzger & ZH (2016)                  arXiv:1602.04226



Solving the “Final AU” problem
• Binary inspiral caused by circumbinary disk torques  

• Circumbinary disk fed by capture into Hill radius (and bound to binary)

• t < 108 years  (before binary migrates into SMBH or AGN disk is gone)

• t > 106 years (to avoid stellar merger; potential problem at <1pc)

• GWs finish the job from a < 0.2 AU (for 30 M¤+30 M¤ binary)

• Capture from stellar bulge or in-situ remnants can match LIGO rate 
of R ~ few Gpc-3 yr-1

• Dense gas à EM counterpart (1042-44 erg/s in X-rays?)

• Spins large, aligned by circumbinary disk, q~1, eccentricity ≠ 0 (?)

Implications of this channel

How do we diagnose this channel?
[without EM counterpart]



Correlation with AGN

Bartos+   arXiv:1701.02328Chen & Holz (2017)
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Fig. 2.— Cumulative distribution of the 90% confidence level 3D
localization comoving volumes for 10,000 simulated 1.4M�–1.4M�
(blue), 10M�–10M� (green), and 30M�–30M� (red) binary merg-
ers. We consider three GW detector network configurations at dif-
ferent sensitivities: Solid–HLV at O3 sensitivity, dotted–HLV at
design sensitivity, and dashed–HLVJI at design sensitivity. The
top axis shows the expected number of galaxies within the volume
assuming the number density of galaxies is 0.01/Mpc3

the posterior distribution for all source parameters using
full models of the source waveform and all detector data,
and find good agreement.

3. RESULTS

Our results are summarized in Figs. 2 and 3 and Ta-
bles 1 and 2. Fig. 2 shows a plot of the cumulative dis-
tribution of the 90% localization volumes, while Fig. 3
presents the cumulative distribution of 90% localization
sky areas. For example, we find that 50% of the BNS
sources will be localized to a volume of ⇠ 104 Mpc3, re-
gardless of detector network.
We are particularly interested in the number of galax-

ies that can be expected in these volumes. To esti-
mate this, we assume that the number density of galax-
ies is 0.01/Mpc3. This estimate takes the Schechter
function (Schechter 1976) parameters in B-band �⇤ =
1.6⇥ 10�2h3 Mpc�3, ↵=-1.07, L⇤ = 1.2⇥ 1010h�2LB,�
and h = 0.7 ( Norberg et al. (2002); Liske et al. (2003);
González et al. (2006); Gehrels et al. (2016), LB,� is the
solar luminosity in B-band), integrating down to 0.12L⇤

and comprising 86% of the total luminosity. The top
axis in Fig. 2 shows the expected number of galaxies in
the 90% localization volumes. For example, a localiza-
tion volume of 1000 Mpc3 corresponds to an expecta-
tion of 10 galaxies, while a localization smaller than 100
Mpc3 corresponds to on average a single galaxy within
the localization volume. In other words, for GW sources
localized to within 100 Mpc3, it may be possible to di-
rectly identify the host galaxy without the need for an
associated EM transient.
We have argued that a small fraction of GW sources

are su�ciently well localized to allow for improved con-
straints on their host galaxies. But how many of these
systems will actually be detected? To estimate this we
need to know the expected number of systems that will
be detected by the various networks. With only a few
systems detected to date, the rate of binary coalescences
remains uncertain; we assume the rate for (1.4, 1.4), (10,

10), and (30, 30) M� binary mergers to be [low, mean,
high]: [10�8, 10�6, 10�5], [1 ⇥ 10�8, 5 ⇥ 10�8, 2 ⇥ 10�7],
and [6 ⇥ 10�9, 2 ⇥ 10�8, 6 ⇥ 10�8] Mpc�3yr�1, respec-
tively (Abadie et al. 2010; Abbott et al. 2016h,c,a). From
these rates we are able to estimate the number of systems
that will be detected with each GW network, and then
use the results in Fig. 2 to infer the number of systems
that will be localized su�ciently to identify the unique
host galaxy. We summarize our results in Tables 1 and 2.
There are a number of interesting aspects of our results:

• The localization volumes are larger for more mas-
sive binaries. This is because these binaries are
generally detected to higher distances, and there-
fore a fractional error in distance or sky position
corresponds to a larger volume. Massive binaries
also merge at lower frequency and spend shorter
time in the GW detectable band, leading to a larger
error in estimates of the time-of-arrival. We find
that BNS systems are the most likely to be well
localized, and therefore are the most likely to allow
for unique host galaxy association.

• The localization areas are larger for more massive
binaries. Massive binaries are detected at higher
distances, so their signals are significantly red-
shifted and, on top of their intrinsic lower merging
frequency, spend even shorter time in band. This is
why, for example, the 10-10M� binary black hole
(BBH) localization area is ⇠2.5 times that of the
BNSs at HLV O3 sensitivity, with the ratio increas-
ing to ⇠5 at design sensitivity.

• The localization areas are smaller for improved
gravitational-wave networks. This is because the
localization is primarily dependent on the timing
measurements at each detector, and as the net-
works improve the relative timing improves. Going
from three detectors to five detectors causes a large
improvement in the 2D localization.

• In all cases there is a tail to very well localized

Fig. 3.— Cumulative distribution of the 90% confidence level
2D localization areas for 10,000 simulated 1.4M�–1.4M� (blue),
10M�–10M� (green), and 30M�–30M� (red) binary mergers. We
consider three GW detector network configurations at di↵erent sen-
sitivities: Solid–HLV at O3 sensitivity, dotted–HLV at design sen-
sitivity, and dashed–HLVJI at design sensitivity.

Error volume distribution
10 M☉ -10 M☉ binary:                        
106 Mpc-3 (typical)       
104 Mpc-3 (few %) 

Count #AGN in error volume
Assume fraction f of events in AGN
Compute Poisson likelihood of +1
Nevent needed for 3σ preference  
à N~200 for f~0.5

Counterpart is relatively rare AGN (few x 100 in 600 deg2 LIGO area)



Large peculiar acceleration
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FIG. 1: The multi-band GW astronomy concept. The violet lines are the total sensitivity curves (assuming two Michelson) of
three eLISA configurations; from top to bottom N2A1, N2A2, N2A5 (from [11]). The orange lines are the current (dashed) and
design (solid) aLIGO sensitivity curves. The lines in di↵erent blue flavours represent characteristic amplitude tracks of BHB
sources for a realization of the flat population model (see main text) seen with S/N> 1 in the N2A2 configuration (highlighted
as the thick eLISA middle curve), integrated assuming a five year mission lifetime. The light turquoise lines clustering around
0.01Hz are sources seen in eLISA with S/N< 5 (for clarity, we down-sampled them by a factor of 20 and we removed sources
extending to the aLIGO band); the light and dark blue curves crossing to the aLIGO band are sources with S/N> 5 and
S/N> 8 respectively in eLISA; the dark blue marks in the upper left corner are other sources with S/N> 8 in eLISA but
not crossing to the aLIGO band within the mission lifetime. For comparison, the characteristic amplitude track completed by
GW150914 is shown as a black solid line, and the chart at the top of the figure indicates the frequency progression of this
particular source in the last 10 years before coalescence. The shaded area at the bottom left marks the expected confusion
noise level produced by the same population model (median, 68% and 95% intervals are shown). The waveforms shown are
second order post-Newtonian inspirals phenomenologically adjusted with a Lorentzian function to describe the ringdown.

0.73) [12], and dtr/dfr describes the temporal evolution
of the source due to GW emission assuming circular or-
bits:

dtr
dfr

=
5c5

96⇡8/3
(GMr)

�5/3f�11/3
r . (3)

As mentioned above, for both the flat and salp models,
probability distributions of the intrinsic rate R are given
in [3] (see their figure 5). We make 200 Monte Carlo
draws from each of those, use equation (2) to numeri-
cally construct the cosmological distribution of emitting
sources as a function of mass redshift and frequency, and
make a further Monte Carlo draw from the latter. For
each BHB mass model, the process yields 200 di↵erent
realizations of the instantaneous BHB population emit-
ting GWs in the Universe. We limit our investigation
to 0 < z < 2 and fr > 10�4Hz, su�cient to cover all
the relevant sources emitting in the eLISA and aLIGO
bands.

Signal-to-noise ratio computation. An in-depth study

of possible eLISA baselines in under investigation [11],
and the novel piece of information we provide here might
prove critical in the selection of the final design. There-
fore, following [11], we consider six baselines featuring
one two or five million km arm-length (A1, A2, A5) and
two possible low frequency noises – namely the LISA
Pathfinder goal (N1) and the original LISA requirement
(N2)–. We assume a two Michelson (six laser links) con-
figuration, commenting on the e↵ect of dropping one arm
(going to four links) on the results. We assume a five year
mission duration.

In the detector frame, each source is characterized
by its redshifted quantities M = Mr(1 + z) and f =
fr/(1 + z). During the five years of eLISA observations,
the binary emits GWs shifting upwards in frequency from
an initial value fi, to an ff that can be computed by in-
tegrating equation (3) for a time tr = 5yr/(1 + z). The
sky and polarization averaged S/N in the eLISA detector

Inayoshi, ZH, Caprini, Tamanini (2017, in prep)

Apparent redshift drifts during observation:
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The GW frequency of the coalescing BBH is given by

f ' 0.01 Hz

✓
Mc,z

30 M�

◆�5/8✓ tGW

15 yr

◆�3/8

. (1)

The SNR accumulated during the eLISA observation
time �t is estimated as [20]

⇢ =
8G5/3(⇡f)2/3M5/3

c,z

51/2Dc4
�t1/2p
Sn(f)

,

' 36

✓
D

100 Mpc

◆�1✓ Mc,z

30 M�

◆5/3✓ f

10�2 Hz

◆2/3

⇥

 p
Sn(f)

5⇥ 10�21 Hz�1/2

!�1✓
�t

5 yr

◆1/2

, (2)

whereD is the luminosity distance and Sn(f) is the sensi-
tivity of eLISA [25]. From the BBH merger rate inferred
from the existing LIGO events, R ' 9�240 Gpc�3 yr�1,
the space density of BBHs inspiraling near f ' 10�2 Hz
can be estimated as

nm ⌘ R
f

ḟ
= 4.1⇥ 10�6 Mpc�3 (3)

⇥

✓
f

10�2 Hz

◆�8/3✓ Mc,z

30 M�

◆�5/3✓ R

100 Gpc�3 yr�1

◆
.

Therefore, below we consider merging BBHs located
within 40 Mpc < D < 450 Mpc in order to ensure that at
least one merger event (i.e., 4⇡nmD3/3 > 1) with ⇢ > 8
can occur during a �t = 5yr eLISA mission lifetime [26].

Next, we consider the impact of the center-of-mass
(CoM) acceleration of a merging BBH. Over �t, the
source will appear to change its redshift by an amount

�zacc '
aCoM�t

c
⌘

v2acc�t

cr
,

⌘ 1.7⇥ 10�8
⇣ ✏

103

⌘✓ �t

5 yr

◆
, (4)

where we have expressed the acceleration aCoM = v2acc/r
in terms of a characteristic velocity vacc and distance r
(interpreted below as the orbital velocity and distance
from the center of the galaxy). We further follow [24]
and define the dimensionless acceleration parameter ✏

✏ ⌘ 103
✓

vacc
100 km s�1

◆2✓ r

10 pc

◆�1

. (5)

A useful comparison is the apparent change in the back-
ground cosmological redshift during this interval,

�zcos ' (1 + z)H0

(
1�

p
⌦m(1 + z)3 + ⌦⇤

1 + z

)
�t,

' 0.05 H0�t = 3.6⇥ 10�11

✓
�t

5 yr

◆
, (6)
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FIG. 1. The relative SNR of the deviation in the GW inspiral
waveform caused by the CoM acceleration ✏, for three cases of
the frequency f

min

when the eLISA observation begins. We
consider a merging BBH with M

c,z = 30 M� at z = 0.1.
The observation is limited to �t = 5 yr. The total time until
merger is t

GW

= 15, 9 and 5 yr for f
min

= 0.01, 0.012 and
0.015 Hz, respectively. The dotted curve shows ⇢(�h)/⇢ /
� 

acc

for references. The dot-dashed line shows the detection
threshold of the phase drift, ⇢(�h)/⇢ = 1.25(= 10/8).

where we adopt z = 0.1, ⌦m = 0.3, ⌦⇤ = 0.7 and
H0 = 70 km s�1 Mpc�1. The corresponding comoving
distance at z = 0.1 is D ' 420 Mpc. Thus, the ratio is
�zacc/�zcos ⇠ 470 (✏/103). We define a variable Y which
accounts for both the cosmic expansion and the CoM
acceleration of a merging BBH as

Y ⌘

1

2(1 + z)
·

✓
�zacc
�t

+
�zcos
�t

◆

' 1.5⇥ 10�9 yr�1
⇣ ✏

103

⌘✓1 + z

1.1

◆�1

. (7)

A constant CoM acceleration of a merging BBH causes
a linear frequency drift �f / Y �t, or a phase drift in the
GW inspiral waveform [23, 27]

��acc =
65c5

1024
(⇡GMc,zf)

�5/3
· Y �t. (8)

We note that the total number of GW cycles without
the acceleration is very large for stellar-mass binaries,
⇠ c5(⇡GMc,zf)�5/3/(2⇡) ⇠ O(108). Eq. (7) yields

��acc ' 0.31
⇣ ✏

103

⌘✓ �t

5 yr

◆✓
1 + z

1.1

◆�1

⇥

✓
Mc,z

30 M�

◆�5/3✓ f

10�2 Hz

◆�5/3

, (9)

corresponding to ±0.05 (✏/103)(�t/5 yr) extra cycles.
To detect the phase drift in the GW inspiral waveform,

the SNR of the perturbation �h(f) = h(f)(1� ei� acc(f))
is required to be larger than a threshold (we here adopt
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whereD is the luminosity distance and Sn(f) is the sensi-
tivity of eLISA [25]. From the BBH merger rate inferred
from the existing LIGO events, R ' 9�240 Gpc�3 yr�1,
the space density of BBHs inspiraling near f ' 10�2 Hz
can be estimated as

nm ⌘ R
f

ḟ
= 4.1⇥ 10�6 Mpc�3 (3)

⇥

✓
f

10�2 Hz

◆�8/3✓ Mc,z

30 M�

◆�5/3✓ R

100 Gpc�3 yr�1

◆
.

Therefore, below we consider merging BBHs located
within 40 Mpc < D < 450 Mpc in order to ensure that at
least one merger event (i.e., 4⇡nmD3/3 > 1) with ⇢ > 8
can occur during a �t = 5yr eLISA mission lifetime [26].

Next, we consider the impact of the center-of-mass
(CoM) acceleration of a merging BBH. Over �t, the
source will appear to change its redshift by an amount

�zacc '
aCoM�t

c
⌘

v2acc�t

cr
,

⌘ 1.7⇥ 10�8
⇣ ✏

103

⌘✓ �t

5 yr

◆
, (4)

where we have expressed the acceleration aCoM = v2acc/r
in terms of a characteristic velocity vacc and distance r
(interpreted below as the orbital velocity and distance
from the center of the galaxy). We further follow [24]
and define the dimensionless acceleration parameter ✏

✏ ⌘ 103
✓

vacc
100 km s�1

◆2✓ r

10 pc

◆�1

. (5)

A useful comparison is the apparent change in the back-
ground cosmological redshift during this interval,

�zcos ' (1 + z)H0

(
1�

p
⌦m(1 + z)3 + ⌦⇤

1 + z

)
�t,

' 0.05 H0�t = 3.6⇥ 10�11

✓
�t

5 yr

◆
, (6)
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FIG. 1. The relative SNR of the deviation in the GW inspiral
waveform caused by the CoM acceleration ✏, for three cases of
the frequency f

min

when the eLISA observation begins. We
consider a merging BBH with M

c,z = 30 M� at z = 0.1.
The observation is limited to �t = 5 yr. The total time until
merger is t

GW

= 15, 9 and 5 yr for f
min

= 0.01, 0.012 and
0.015 Hz, respectively. The dotted curve shows ⇢(�h)/⇢ /
� 

acc

for references. The dot-dashed line shows the detection
threshold of the phase drift, ⇢(�h)/⇢ = 1.25(= 10/8).

where we adopt z = 0.1, ⌦m = 0.3, ⌦⇤ = 0.7 and
H0 = 70 km s�1 Mpc�1. The corresponding comoving
distance at z = 0.1 is D ' 420 Mpc. Thus, the ratio is
�zacc/�zcos ⇠ 470 (✏/103). We define a variable Y which
accounts for both the cosmic expansion and the CoM
acceleration of a merging BBH as

Y ⌘

1

2(1 + z)
·

✓
�zacc
�t

+
�zcos
�t

◆

' 1.5⇥ 10�9 yr�1
⇣ ✏

103

⌘✓1 + z

1.1

◆�1

. (7)

A constant CoM acceleration of a merging BBH causes
a linear frequency drift �f / Y �t, or a phase drift in the
GW inspiral waveform [23, 27]

��acc =
65c5

1024
(⇡GMc,zf)

�5/3
· Y �t. (8)

We note that the total number of GW cycles without
the acceleration is very large for stellar-mass binaries,
⇠ c5(⇡GMc,zf)�5/3/(2⇡) ⇠ O(108). Eq. (7) yields

��acc ' 0.31
⇣ ✏

103

⌘✓ �t

5 yr

◆✓
1 + z

1.1

◆�1

⇥

✓
Mc,z

30 M�

◆�5/3✓ f

10�2 Hz

◆�5/3

, (9)

corresponding to ±0.05 (✏/103)(�t/5 yr) extra cycles.
To detect the phase drift in the GW inspiral waveform,

the SNR of the perturbation �h(f) = h(f)(1� ei� acc(f))
is required to be larger than a threshold (we here adopt

Sesana (2016)

!ðAÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
ðAjAÞ

q
; (17)

while the overlap between signals a and b is

M ¼ max
ðAjBÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðAjAÞðBjBÞ

p (18)

with the mismatch MM ¼ 1$M. The max label in
Eq. (18) is to remind us that this statistic must be maxi-
mized over an event time (e.g., the time of coalescence of
the EMRI system) and a phase shift [26]. If the overlap is
larger than 97% (or equivalently, if the mismatch is lower
than 3%), then the difference between waveforms A and B
is sufficiently small to not matter for detection purposes
(see e.g. [40]). The minimum overlap quoted above (97%)
is mostly conventional, motivated by the fact that the event
rate scales as the cube of the overlap for a reasonable
source distribution. For an overlap larger than 97%, no
more than 10% of events are expected to be lost at SNRs of
Oð10Þ. Of course, for larger SNRs, one might not need
such high overlaps, although EMRI sources are expected to
have SNRs <100.

Whether the difference between waveforms A and B can
be detected in parameter estimation can be assessed by
computing the SNR of the difference in the waveforms
"h % A$ B:

!ð"hÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð"hj"hÞ

q
¼ 4Re

Z 1

0

~"hðfÞ ~"h?ðfÞ
SnðfÞ

df: (19)

When this SNR equals unity, then one can claim that A and
B are sufficiently dissimilar that they can be differentiated
via matched filtering (see e.g. [41]).

We applied these measures to EOB waveforms with and
without acceleration of the COM. The results are plotted in
Fig. 4 as a function of observation time in months. The
vertical dotted lines correspond to observation times of

(0.5,2,4,6,9,12) months, and the numbers next to them, in
parenthesis, stand for the SNR of System I and System II
for that observation time. The different line styles and
colors correspond to mismatches and SNRs of the error
for different secondary systems. Observe that the mismatch
is always smaller than 0.03 (the solid black horizontal line),
suggesting that this effect will not affect detection. Observe
also that the SNR of the difference reaches unity (the
dashed black horizontal line) in between 6 and 12 months
of observation, and for the MSec ¼ 106M&, !ð"hÞ reaches
'10 after 1 yr. This suggests that given a sufficiently
strong EMRI with SNR' 50–100, the magnitude of this
effect is in principle detectable within 1 yr of coherent
integration.

V. DEGENERACIES

Now that we have determined that there exists a set of
plausible perturber parameters for which the magnitude
of the correction could be measurable, let us consider the
possibility of degeneracies. That is, let us investigate
whether we can mimic an acceleration of the COM by
changing the intrinsic parameters (the component masses,
the spin parameter, etc.) in the nonaccelerating waveform.
The simplest way to see whether this is possible is to study
the frequency dependence of the GW modification intro-
duced by the COM’s acceleration.
Let us then remind ourselves of how the frequency-

domain representation is constructed. For this, we employ
the stationary-phase approximation (see e.g. [42]), under
which, the frequency-domain waveform is simply

~hðfÞ ¼ Af$7=6eic ðfÞ; (20)

where the Newtonian (leading-order) amplitude is A ¼
#$2=330$1=2M5=6D$1

L , with M ¼ $3=5M, while the
phase is constructed from

c ðfÞ ¼ $#

4
þ 2#ftðfÞ $ 2%ðfÞ; (21)

where the second term arises due to the Fourier transform
and the third term due to the oscillatory nature of the time-
domain waveform.
The phase of the frequency-domain waveform in

the stationary-phase approximation is then controlled by
these last two terms in Eq. (21). The first term can be
computed via

2#ftðfÞ ¼ 2#f
Z f=2 &ðF0Þ

F0 dF0; (22)

where f is the GW frequency, while the second term can be
calculated from

%ðfÞ ¼ 2#
Z f=2

&ðF0ÞdF0; (23)

where &ðFÞ % F= _F and F is the orbital frequency.
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FIG. 4 (color online). Mismatch as a function of time in units
of months for System I and System II and different perturber
masses, all at a separation of rSec ¼ 0:1 pc. SNRs for System I
and System II are given in parentheses for a source at 1 Gpc.
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⇢th = 10) [28, 29], where � acc(f) is the phase drift in fre-
quency space obtained by computing the Fourier trans-
form of the GW form [23, 27],

� acc(f) = �

25c10

32768⇡
(⇡GMc,z)

�10/3 Y

f13/3
. (10)

Figure 1 shows the relative SNR of the perturbation
⇢(�h)/⇢ as a function of the acceleration parameter ✏ for
di↵erent values of the frequency fmin when the observa-
tion begins. For smaller ✏, i.e., � acc < 1, the relative
SNR is proportional to � acc [29] and the SNR of the
perturbation is given by

⇢(�h) ' 18
⇣ ✏

103

⌘✓
D

100 Mpc

◆�1 ✓ �t

5 yr

◆1/2

(11)

⇥

✓
Mc,z

30 M�

◆�5/3 ✓ f

10�2 Hz

◆�11/3 ✓1 + z

1.1

◆�1

.

For larger ✏, on the other hand, the value of ⇢(�h)/⇢
oscillates and approaches a constant value, for which
⇢(�h) > 1.25⇢ > ⇢th is satisfied since we focus on co-
alescing BBHs with high values of ⇢ > 8. The critical
(smallest) acceleration parameter for which ⇢(�h) exceeds
the detection threshold ⇢th = 10 is given by ✏c/103 = 2.6,
7.2 and 22 for fmin = 0.01, 0.012 and 0.015 Hz, respec-
tively. This translates to a maximum distance at which
the phase drift can be detected, D . 180(✏/103) Mpc for
✏ < ✏c and D . 480 Mpc for ✏ > ✏c. In Figure 2, we sum-
marize the conditions required for observations of phase
drifts in the GW inspiral waveform of LIGO-like mergers
due to the CoM acceleration (shaded blue region).

III. FORMATION SCENARIOS OF LIGO BBHS
AND CORRESPONDING ACCELERATION

In this section, we review proposed stellar-mass BBH
formation scenarios, from field binaries (A), dynamical
formation in dense stellar systems (B) and in AGN ac-
cretion disks (C) and massive high-redshift binaries (D).
We discuss the typical value of the acceleration parame-
ter ✏ expected in each case, summarized in Table 1.

A. Field binaries — A compact (. 0.1AU) massive
stellar binary could form BH remnants coalescing due to
GW emission in a Hubble time. Such BBHs are formed
in low-metallicity star forming regions [3] in the nearby
universe (z ' 0) and at high redshifts (z ⇠ 3).

In the nearby universe, most star-formation occurs in
disks of spiral galaxies, within their half-light radii of ⇠ 5
kpc [30]. Assuming that the stars are orbiting around the
center of the galaxy at the circular velocity ⇠ 200 km s�1

of a typical disk galaxy, the acceleration parameter is
✏ ' 8 [31]. However, LIGO BBHs are expected to arise
from massive stellar binaries with Z < 0.1 Z� [3]. Since
metallicities decrease farther out in the disk [32], BBH
formation could occur preferentially at these larger radii,
where the acceleration parameter is reduced to ✏ ⇠ O(1).
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FIG. 2. Conditions for detecting the phase drift in the
inspiral-GW form from the CoM acceleration (blue shaded
region), for a source observed with eLISA for �t = 5 yrs
near f

min

= 0.01 Hz. Three curves mark SNR thresholds of
⇢
th

(�h) = 10 (solid), 30 (long-dashed) and 100 (short-dashed)
for the deviations �h from the phase drift. Two horizontal
dotted lines show a maximum distance (D < 450Mpc) for a
total source signal-to-noise ratio ⇢(h) � 8 and a minimum dis-
tance (D > 40Mpc) to find at least one BBH at f ' 10�2Hz.

A large fraction of low-metalicity massive (binary)
stars could form in high-redshift star-forming galaxies.
Since their host galaxies will undergo evolution, most of
these binaries may end up in the cores of massive ellipti-
cal galaxies. These old remnant BBHs would be located
in the core with a typical size of a few kpc [33, 34] and
with the circular velocity of v ⇠ 300 km s�1 [35], which
results in a larger acceleration of ✏ ' 10� 100.

B. dynamical formation in dense stellar systems —
Two single BHs would be paired when they interact and
form a bound binary in a dense stellar system [9]. The
process likely occurs in globular clusters (GCs), nuclear
star clusters (NSCs) and in galactic nuclei.
Most GCs are in orbit inside dark matter (DM) halos

with M ' 1012 M�, because such galaxies contain most
of the present-day stellar mass, and the number of GCs
scales with galaxy mass. The acceleration parameter is as
low as ✏ . 1, for the circular velocity of v ' 200 km s�1

at the distance r ⇠ 50 kpc (⇠half of the virial radius). On
the other hand, the BBHs also orbit inside GCs, where
the velocity dispersion is at most ⇠ 10 km s�1 and half-
light radii are ⇠ 2-3 pc [41]. Since massive BBHs should
have sunk to the center due to dynamical friction, the ac-
celeration parameter could increase to ✏ ⇡ 100 (r/pc)�1.
On the other hand, many BBHs would be ejected from
the GCs, reducing their acceleration to that correspond-
ing to the orbit in the halo (✏ . 1).
LIGO binaries could also be formed in NSCs and/or

in galactic nuclei due to mass segregation through dy-
namical friction [10, 11]. Since the escape velocity from
these systems is higher, a larger number of BBHs can
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Conclusions

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

2.   Accretion onto minidisks strongly periodic for q > 0.04
-- // --

3.   150 periodic quasars discovered in optical: binary candidates

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

-- // --

5.   LIGO sources could be binary “micro-quasars” if in AGN disk       
6.   Diagnose w/out EM counterparts: localization and acceleration



The End


