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Assume GR
• Isolated, circularized binary

• M1=15Msun, M2=10Msun, ab=4AU
• tGW=105 tHubble

• In AGN disk tmerge=1Myr
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Gravitational waves (GW) from massive black hole binaries can be attenuated significantly by
resonating g-modes in stellar radiative zones. Stellar radiative zones will act as significant sources
of opacity to GW and stellar transits may be detectable in GW. Resonating stars will cool on the
stellar thermal timescale. The anomalous heating of stars near Sgr A* may be due to a merger
event ≥ 1Myr ago. Fully convective resonating stars can move off the main sequence along Henyey
and Hayashi tracks and variable stars can move off their period-luminosity relations.

Most of the binding energy of a merging massive black
hole (MBH) binary will be radiated as gravitational
waves (GW). As the binary approaches merger, the GW
frequency (νGW = c/λGW) increases, passing through
n ≫ 1 oscillation frequencies (ν∗,n) of nearby stars, lead-
ing to resonances. We show GW can be efficiently at-
tenuated by g-modes that decay on thermal timescales.
Resonating modes that do not grow rapidly to non-linear
amplitudes maintain a long decay time, so the stars can
be heated almost continuously. Resonant heating is dis-
sipated and opacity to GW reduced, once mode am-
plitudes grow non-linearly and couple to low frequency
modes. The anomalous heating of stars around SgrA*
can be explained in this model if the SMBH merged with
a mass ≥ 102M⊙ (check) at least ∼ 1Myr ago with GW
resonance heating emerging now on the stellar thermal
timescale. Fully convective MS stars that can couple ef-
ficiently to incident resonating GW will damp GW heat-
ing in their outer layers and cool promptly, while stars
with radiative zones cool over the long thermal timescale.
Analagous to a proto-star with excess internal energy, a
fully convective MS star near a merging MBH binary
will temporarily follow the Henyey (horizontal) and then
Hayashi (vertical) tracks off the main sequence on the
freefall time of the star and gradually decay back to
the main sequence (MS). Variable stars resonating with
GW will be driven off their period-luminosity relations to
higher luminosities. Stars in galactic nuclei can be gener-
ally used as in-situ detectors of GW from MBH binaries.

Gravitational wave opacity from resonant stellar oscil-
lations: Bence- if Kip’s laten/Rcurve changes sub-

stantially once you perturb the g-modes with
the appropriate GW potential; text here- other-

wise few sentences? If the frequency of GW (νGW =
c/λGW) from e.g. a MBH binary matches the n oscil-
lation mode frequencies (ν∗,n) in a nearby star, the star
will resonate n times leading to near-continuous heating
over a GW frequency interval with lower bound set by
the size (R∗) of the star. The attenuation length of GW
(latten) compared to the radius of curvature of spacetime

produced by a resonating oscillating medium (Rcurve) is
(ref: Thorne)
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where Rcurve = c/(8πGρ)1/2, λGW = λ/2π, L ∼ R∗ is the
length-scale of the oscillating medium and Q = ωτ/2 is
the quality factor of the oscillator, with τ the mode decay
time. Generally, if (Rcurve/λGW)(λGW/L)2 >> (1/Q),
oscillating media will not efficiently attenuate resonating
GW (ref: Thorne). However, the quadrupolar g-modes
in radiative zones of stars have a very long decay time
τl = τth/l2 for mode of order l and τth = GM∗/2R∗L∗

the stellar thermal timescale (Kumar & Goodman ’96).
If mode amplitudes grow non-linearly, the decay time can
become much shorter (Kumar & Goodman 1996). For a

Sun-like star, Rcurve = 2.3 × 1011ρ−1/2
⊙ m= 330R⊙, and

for low-order g-modes with frequencies at observed peak
p-mode frequency (ν∗,g ∼ 5mHz), resonance requires
λGW ∼ 1010m. Given (λ/L)2 = (c/2πνGWL)2 = (c/cs)2

where cs is the (average) sound speed of the oscillator and
(λ/L)2 ∼ 106 for a Sun-like star. We note this implies
L ∼ 10−2R⊙ for a Sun-like star with ν = 5mHz. Thus
laten/Rcurve ∼ 2.4 × 107Q−1, but Q = 10−2ν∗,gτth ∼

4.8 × 1012/l2 in units of (M2
⊙/R⊙L⊙), so laten/Rcurve ∼

4.8 × 10−6l2. For l ∼ O(1), laten ∼ 1.6 × 10−3R⊙ , or
about 15% of the implicitly assumed size of the oscillat-
ing region. Thus, low order stellar g-modes in radiative
zones with long (thermal) decay times will act as signifi-
cant sources of GW opacity.
MBH binaries should be an important source of GW

in the relevant frequency range. GW will be emitted by
a MBH binary (assumed circularized) over the inspiral
time (Peters 1964)
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where abin is the binary semi-major axis, Mbin = M1 +
M2 is total binary mass, µbin is the reduced binary mass.



A Parameterized Rate Equation
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Figure 2. Schematic of the interaction between a prograde sBHB embedded
in an AGN disk and the surrounding gas. The binary consists of sBHs with
masses M1 and M2 orbiting a center of mass located at disk radius Rb,
with a binary semi-major axis ab. Also shown is the binary Hill radius RH
(Eq. [2]). The masses have spins ~S 1, and ~S 2 inclined to the binary orbital
angular momentum ~Lb. In the schematic, for ease of depiction, the sBHB
has opened a gap in the disk, but this is only likely for a thin disk with aspect
ratio h/R 6 10�3 or q > 10�5.

trapped in such orbits collide e�ciently rather than being ejected
(Horn et al. 2012; Bellovary et al. in prep.). Since the AGN gas
disk mass far exceeds the masses of individual migrators, the gas
torques dominate the motion of migrators. Thus the convergence
zone acts on all objects that arrive at that part of the disk, with
more massive objects migrating faster. Turbulence in such massive
disks also means that multiple migrators will typically be perturbed
out of resonant orbits with each other (Horn et al. 2012).

Both the presence of migration traps and the hardening of
sBHBs by disk torques favor AGN disks as a location for sBH
mergers. In this paper, we examine what estimates can be made
of merger rates and mass and spin distributions for this scenario.

3 ESTIMATES

3.1 Rate of black hole binary mergers in AGN disks

We parameterize the rate of sBH-sBH mergers in AGN disks as
follows:

RA =
NGN NsBH fAGN fd fb✏

⌧AGN
(3)

where NGN is the average number density of galactic nuclei in the
Universe, fAGN is the fraction of galactic nuclei that have active
AGNs for time ⌧AGN , fd is the fraction of nuclear sBHs that end
up in the disk, fb is the fraction of sBHs in sBHBs in the disk,
and ✏ represents the e�ciency of maintaining the density NsBH in
the central region over an AGN duty cycle. Thus, if ✏ ⇠ 1 then
Nsbh is approximately conserved between AGN phases, whereas if
✏ ⇠ 0.5 then NsBH drops to half its initial value per successive AGN
phase. If ✏ > 1 NsBH grows between AGN phases, for example
from star formation or dynamical friction. We devote Sect. 4 below
to estimating these parameters and their uncertainties.

3.2 Range of sBH masses

To illustrate the range of sBH masses involved in mergers in this
channel, we use a toy model probabilistic calculation of the evo-
lution of a population of sBHs embedded and migrating in an
AGN disk. We assume all sBHs remain in the disk, tertiary en-
counters are neglected, no sBHs merge with the SMBH, and the
sBH mass spectrum initially follows a Kroupa (2002) initial mass
function NsBH(M) / M��0 , with �0 = 2.3 and normalization
NsBH(5 M�) = 103. We began with an initial mass range 5–15 M�
corresponding to the range observed for sBHs in our own Galaxy. A
choice of heavier inital mass range will alter our upper mass limits
below, but qualitatively our toy model is a useful guide. We assume
as a first approximation that the sBHs begin uniformly distributed
in the disk, that mass growth due to gas accretion is negligible, that
no additional nuclear sBHs have their orbital inclinations reduced
enough to enter the disk and that no additional sBH are added to
the disk from star formation/evolution.

A sBH on a prograde orbit in an AGN disk with mass M1 has
a Type I migration timescale (Paardekooper et al. 2010)
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✓ N

3

◆�1  
Rb

104rg

!�1/2  
M1

5 M�

!�1

⇥
 

h/Rb

0.02

!2  
⌃

105 kg m�2

!�1 ✓ MSMBH

108 M�

◆3/2
(4)

where N is a numerical factor of order 3. We evolve the population
forward in time and during each time step �t, we compute the odds
that a sBH in the model will encounter another sBH from each
5 M� mass interval. This probability depends on how much disk
area each sBH migrates through, which depends inversely on its
mass (Eq. [4]). Thus, the probability of an encounter between sBHs
of masses M1 and M2 is assumed to be

P(M1|M2) / N(M1)N(M2)
tmig(M1)tmig(M2)

. (5)

When a pair of sBHs approaches within their binary Hill ra-
dius RH , gas drag can cause them to merge within a few kiloyears
(see §4.4.1 below). For simplicity, we neglect mass-energy loss
from the mergers. After each time step �t, all BHs that collided are
removed from their old mass bins, and the corresponding merged
objects are added to their new bins. We choose time step �t to be
when ⇠ 10% of the initial population of lowest mass sBHs (5 M�)
have encountered each other and merged. All other encounters in
the disk are normalized to this encounter rate. Figure 3 demon-
strates the resulting evolution. The initial sBH distribution (black
line) evolves in time �t to the distribution shown in red and in
an additional time �t to the blue distribution. The second iteration
must take a longer physical time than the first simply because there
are fewer lowest mass sBH distributed across the disk that could
merge with each other. Within two such iterations, the sBH mass
distribution flattens from �0 = 2.3 to � ⇠ 2 as low-mass sBHs are
consumed. If mergers continue, � will continue to decrease and ul-
timately all the sBHs will merge together into a single intermediate
mass black hole (IMBH) (McKernan et al. 2012).

How quickly can binary formation lead to mergers? Baruteau
et al. (2011) showed that a binary semi-major axis ab halves due
to gas drag within the binary Hill sphere within only 200 orbits for
a retrograde and 103 orbits for a prograde binary. At Rb ⇠ 103rg,
a binary with ab = RH has a characteristic timescale for binary
hardening of 0.4 kyr in the retrograde case, or 8 ky in the pro-
grade case. Only 20–25 such halvings (corresponding to ⇠ 0.1–
0.2 Myr, naively assuming a constant gas hardening rate) would
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Radiatively Inefficient Accretion Flows
• Low luminosity AGN are either:
– Missing massive gas disks

– Have geometrically fat disks (RIAFs: h>0.5)



Ford, McKernan+ in prepK. E. Saavik Ford, CUNY BMCC/AMNH



Can we do better?
• What fraction of LIGO events AGN-driven?
– Imagine LIGO error boxes with <NAGN>=0.1
– But every event had an AGN in it!
– Now imagine <NAGN>=10
– But every event had 11 AGN in it!
– Bartos+ 18

• Statistical strategy requires ~200 LIGO detections 
for 100% AGN production (see Ford+ 2019 WP)



What if they’re all AGN?

• We learn less about AGN lifetime, scale height

• We make lots of IMBH 

– see McKernan, Ford+ 12, 14 Bellovary+ 16, 

Secunda+ 19

• FeKa ‘radial velocity’ measurements

• SEDs(?)—but hard

• LISA—will see no sBHB, lots of IMBH-SMBH



Because it’s Thursday
• AGN can accelerate sBHB mergers
– Help explain high LIGO rate

• Can do AGN astrophysics with rate already
– Constrain lifetime (very hard to measure)
– Aspect ratio, density at midplane (challenging)

• 200 LIGO events is discriminating
• Major consequences for LISA sources


