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Black Holes in the Universe
• Two flavors of black hole (BH): 

✦ Stellar mass: (36M⦿>MBH>5M⦿) 

✦ Supermassive (SMBH): 
(1010M⦿>MBH>106M⦿) 

✦ Intermediate (IMBH): 
(106M⦿>MBH>36M⦿) ??? 

• Origin of SMBHs entirely unknown 

✦ Rare; each galaxy has one and only one 

✦ Usually located in galactic nuclei 

• Stellar mass BHs originate in supernovae 

✦ Common; each galaxy has millions (Wikimedia)



Observing Black Holes: Accretion

(Tchekhovskoy+10)

Jets from magnetically arrested BH accretion L81

In any case, we track the amount of mass and internal energy added
in each cell during the course of the simulation and we eliminate
this contribution when calculating mass and energy fluxes.

Model A0.99f (Table 1) uses a resolution of 288 × 128 × 64
along r-, θ -, and ϕ-, respectively, and a full azimuthal wedge, #ϕ =
2π . This set-up results in a cell aspect ratio in the equatorial region,
δr : rδθ : rδϕ ≈ 2 : 1 : 7. To check convergence with numerical
resolution, at t = 14 674rg/c, well after the model reached steady
state, we dynamically increased the number of cells in the azimuthal
direction by a factor of 2. We refer to this higher resolution simu-
lation as model A0.99fh and to A0.99f and A0.99fh combined as
model A0.99fc. We also ran model A0.99 with a smaller azimuthal
wedge, #ϕ = π . We find that the time-averaged jet efficiencies of
the four A0.99xx models agree to within statistical measurement
uncertainty (Table 1), indicating that our results are converged with
respect to azimuthal resolution and wedge size.

Our fiducial model A0.99fc starts with a rapidly spinning BH
(a = 0.99) at the centre of an equilibrium hydrodynamic torus
(Chakrabarti 1985; De Villiers & Hawley 2003). The inner edge
of the torus is at rin = 15rg and the pressure maximum is at
rmax = 34rg (see Fig. 1a). At r = rmax the initial torus has an aspect
ratio h/r ≈ 0.2 and fluid frame density ρ = 1 (in arbitrary units).
The torus is seeded with a weak large-scale poloidal magnetic field

(plasma β ≡ pgas/pmag ≥ 100). This configuration is unstable to the
magnetorotational instability (MRI, Balbus & Hawley 1991) which
drives MHD turbulence and causes gas to accrete. The torus serves
as a reservoir of mass and magnetic field for the accretion flow.

Equation (1) shows that the BZ power is directly proportional to
the square of the magnetic flux at the BH horizon, which is deter-
mined by the large-scale poloidal magnetic flux supplied to the BH
by the accretion flow. The latter depends on the initial field con-
figuration in the torus. Usually, the initial field is chosen to follow
isodensity contours of the torus, e.g. the magnetic flux function is
taken as (1(r, θ ) = C1ρ

2(r, θ ), where the constant factor C1 is
tuned to achieve the desired minimum value of β in the torus, e.g.
min β = 100. The resulting poloidal magnetic field loop is centred at
r = rmax and contains a relatively small amount of magnetic flux. If
we wish to have an efficient jet, we need a torus with more magnetic
flux, so that some of the flux remains outside the BH and leads to a
MAD state of accretion (Igumenshchev et al. 2003; Narayan et al.
2003). We achieve this in several steps. We consider a magnetic flux
function, ((r, θ ) = r5ρ2(r, θ ), and normalize the magnitude of the
magnetic field at each point independently such that we have β =
constant everywhere in the torus. Using this field, we take the initial
magnetic flux function as (2(r, θ ) = C2

∫ θ ′=θ

θ ′=0

∫ ϕ′=2π

ϕ′=0 BrdAθ ′ϕ′ and
tune C2 such that min β = 100. This gives a poloidal field loop

Figure 1. Shows results from the fiducial GRMHD simulation A0.99fc for a BH with spin parameter a = 0.99; see Supporting Information for the movie. The
accreting gas in this simulation settles down to a magnetically arrested state of accretion. (Panels a–d): the top and bottom rows show, respectively, equatorial
(z = 0) and meridional (y = 0) snapshots of the flow, at the indicated times. Colour represents the logarithm of the fluid-frame rest-mass density, log10ρc2

(red shows high and blue low values; see colour bar), filled black circle shows BH horizon, and black lines show field lines in the image plane. (Panel e): time
evolution of the rest-mass accretion rate, Ṁc2. The fluctuations are due to turbulent accretion and are normal. The long-term trends, which we show with a
Gaussian smoothed (with width τ = 1500rg/c) accretion rate, ⟨Ṁ⟩τ c2, are small (black dashed line). (Panel f): time evolution of the large-scale magnetic flux,
φBH, threading the BH horizon, normalized by ⟨Ṁ⟩τ . The magnetic flux continues to grow until t ≈ 6000rg/c. Beyond this time, the flux saturates and the
accretion is magnetically arrested. (Panels (c) and (d) are during this period). The large amplitude fluctuations are caused by quasi-periodic accumulation and
escape of field line bundles in the vicinity of the BH. (Panel g): time evolution of the energy outflow efficiency η (defined in equation (5) and here normalized
to ⟨Ṁ⟩τ c2). Note the large fluctuations in η, which are well correlated with corresponding fluctuations in φBH. Dashed lines in panels (f) and (g) indicate time
averaged values, ⟨φ2

BH⟩1/2 and ⟨η⟩, respectively. The average η is clearly greater than 100 per cent, indicating that there is a net energy flow out of the BH.

C⃝ 2011 The Authors, MNRAS 418, L79–L83
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

Downloaded from https://academic.oup.com/mnrasl/article-abstract/418/1/L79/1023074
by Nicholas Stone
on 19 January 2018



Observing Black Holes: Dynamics
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Why Study Black Holes?
• Test general relativity (GR), look for signatures of modified gravity 

✦ Specific targets (e.g. no hair theorem, dipole radiation, quasi-normal 
mode spectrum…) 

✦ Generically great GR laboratories: strongly curved spacetime  

✦ With gravitational waves (GWs), can also probe dynamical spacetime 

• Search for internal problems within GR 

✦ Cosmic censorship: failure of causality if naked singularities (aBH>1) exist 

• Astrophysical significance 

✦ Supermassive BHs seem to control host galaxy evolution 

✦ Brightest electromagnetic sources in the Universe 

✦ BH mergers can be standards sirens probing cosmology



Time Domain Astronomy (2010s)

(Swift; NASA)
(Virgo; Caltech)

(PTF/ZTF; Caltech)



Time Domain Astronomy (20s-30s)

(eROSITA; MPE)

(LISA; EADS)

(LSST; NOAO)



Galactic Nuclei
• In most regions of space, stellar dynamics 

are collisionless 

• In dense environments, dynamics are 
collisional 

✦ Open clusters 

✦ Globular clusters 

✦ Nuclear clusters

• Frequent dynamical interactions 

✦ Bulk cluster evolution 

✦ Tidal disruptions

✦ X-ray binary formation

✦ Production of GW sources (47 Tucanae; NASA)



Tidal Disruptions

(ESO; Leloudas, Fraser, NCS+16)



Tidal Disruption Overview
• Tidal Disruption Events (TDEs): 

✦ Rare multiwavelength (radio -> soft γ-ray) transients 

✦ Few strong candidate flares per year, soon to be tens (ZTF) 
hundreds (eROSITA), and thousands (LSST) 

• Many applications: 

✦ Tools to measure SMBH demography (mass, spin) 
✦ Controlled accretion physics laboratories
✦ Rates encode stellar dynamical processes

✦ Probes of cosmic censorship/no hair theorem?
✦ SMBH binaries can tidally disrupt stars: standard sirens?



TDE Rates
• Optical/X-ray/UV rate estimates find 
Γobs~1x10-5/galaxy/yr 

• Theoretical rate estimates set by 
diffusion of stars into loss cone
✦ Two-body relaxation ubiquitous 

• Theoretical rates calculated semi-
empirically (NCS & Metzger 16):  
✦ Use sample of 140 nearby galaxies 

✦ Solve Fokker-Planck equation describing 
diffusion in angular momentum space

• Γobs ~1x10-5/gal/yr   <<                            
Γtheory ~ 2-50 x10-4/gal/yr (Merritt 13)



Theory Meets Observation?

(van Velzen 17)

TDFs are TDEs 5

Fig. 1.— The TDF luminosity function (LF). The number of
sources in these five bins is: {4, 2, 3, 3, 1} (low to high). The last
bin contains the TDF candidate ASASSN-15lh. The dashed line
shows a power-law, dN/dL / L�2.5

g . The solid line present our
default model for the TDF luminosity function (see Sec.2.3.1).

2.1.5. iPTF

Three flares in our sample originate from iPTF, which
is the successor of PTF: iPTF-15af (Blagorodnova et al.
in prep) iPTF-16axa (Hung et al. 2017), and iPTF-16fnl
(Blagorodnova et al. 2017). The iPTF search was con-
ducted with the same telescope and camera as PTF, but
cadence and follow-up strategy are di↵erent. Contrary to
the PTF search by Arcavi et al. (2014), the three flares
from iPTF were not selected based on their luminosity,
but based on their color and spectral similarity to pre-
vious TDFs. For iPTF we adopt m < 19 in the r band
as the e↵ective flux limit. For the flare iPTF-16fnl, we
use the blackbody temperature reported by Brown et al.
(2017b).

2.1.6. ASAS-SN

Four flares in our sample originate from ASAS-SN
(Shappee et al. 2014): ASASSN-14ae (Holoien et al.
2014), ASASSN-14li (Holoien et al. 2016b), ASASSN-
15oi (Holoien et al. 2016a), and ASASSN-15lh (Dong
et al. 2016). The nature of the fourth flare, ASASSN-
15lh, is controversial: both a supernova (Dong et al.
2016; Godoy-Rivera et al. 2017) and a TDF (Leloudas
et al. 2016; Margutti et al. 2017) have been proposed.
In this paper we will consider both possible origins sepa-
rately. For ASAS-SN we adopt an e↵ective flux limit that
is similar to image flux limit, m < 17.3 in the g-band.
Two flares from this survey are outside the SDSS foot-

print. For ASASSN-15oi we use the Pan-STARRS cata-
log (Flewelling et al. 2016) to obtain the host photometry.
For ASASSN-15lh we use the host galaxy magnitudes
from the best-fit population synthesis model of Leloudas
et al. (2016). The measurement of the velocity dispersion
of the host galaxy of ASASSN-15lh will be presented in
Kruehler et al. (2017, in prep).

2.2. Luminosity/mass functions

For a survey of sources with a constant flux, the lu-
minosity function can be estimated by weighting each
source by the maximum volume in which the source can
be detected (Schmidt 1968). The same principle holds for
a survey of transients, but now the weight should include
the survey duration and we obtain the number of sources
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Fig. 2.— The TDF host galaxy stellar mass function. The num-
ber of sources in these three bins is: {5, 7, 3, 1} (low to high). The
highest-mass bin contains the TDF candidate ASASSN-15lh. The
dashed line shows a galaxy mass function (Baldry et al. 2012),
multiplied with a constant TDF rate of 10�4 galaxy�1 yr�1.

unit volume per unit time (i.e., the volumetric rate). We
therefore define Vmax ⌘ VmaxAsurvey, with Asurvey the
e↵ective duration and area of each survey as estimated
from the number of detected sources (Eq. 2). In Figs. 1
and 2 we show 1/Vmax binned by the observed maximum
g-band luminosity and galaxy mass, respectively.
Since the PTF search for TDFs (Arcavi et al. 2014)

used a luminosity selection (see Sec. 2.1.4) we exclude
these events when we compute the rate as a function of
Lg. We also have to exclude iPTF-15af since the photo-
metric data of this flare has not been published yet. We
are thus left with 17 � 4 = 13 sources. For TDFs with
measurements of the velocity dispersion, the black hole
mass is estimated from the M–� relation (Ferrarese &
Merritt 2000; Gebhardt et al. 2000) using the version of
Gültekin et al. (2009). For this subsample we compute
Vmax using the lower value of zmax from the flux limit for
the detection of the flare and the host galaxy flux limit
for measuring the velocity dispersion—the former is the
limiting factor for most sources (cf. the last column of
Table 1 and Table 2.1).
The uncertainty on each bin of

P
1/Vmax is estimated

from
P

1/V2
max (Schmidt 1968). This yields a typical un-

certainty of 0.3 dex for each bin, which is comparable to
the Poisson uncertainty. For bins that contain only one
source, we compute the uncertainty on the volumetric
rate using the 1�-confidence interval for Poisson statis-
tics, [0.17, 3.41].
The volumetric rate as a function of Lg (Fig. 1) shows

a steep decrease that can be parametrized as

dṄ

d log10 L
= Ṅ0 log10(L/L0)

�1.5 (3)

with L0 = 1043 erg s�1 and Ṅ0 = 3⇥ 10�7 Mpc�3 yr�1.
To convert our measurement of the volumetric TDF

rate to a rate per galaxy, we compute the volumetric
rate as a function of total stellar mass and divide by
the stellar mass function of Baldry et al. (2012). For a
stellar mass in the range 109.5 < Mgalaxy/M� < 1010.5

a constant rate of 10�4 galaxy�1 yr�1 is consistent with
our observations (Fig. 2).
The rate as a function of black hole mass (Fig. 3) is



General Relativity in His Labyrinth

(Hayasaki, NCS & Loeb 16)

Rt
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ASASSN-15lh: Observations
• Detected by ASASSN survey as 

“brightest supernova” ever 
discovered 

• Peak luminosity Lbol=2.2x1045 erg/s 

✦ Energy release 1.1x1052 erg 

• TDE explanation initially discounted 
because of large SMBH mass 

✦ log10MBH=8.8±0.6M⦿ 

• Coincident with center of galaxy to 
within 131±192 pc (Leloudas, 
Fraser, NCS+16) 

✦ Host galaxy very unlike other 
SLSNe hosts
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Figure 4. Rest-frame absolute magnitude light curve of ASASSN-15lh near peak com-

pared with other SLSNe-I. Estimates of Mu,AB for ASASSN-15lh at trest ! 10 days are de-

rived from B-band fluxes, which are subject to small K-corrections, whereas the less reliable

Mu,AB estimates are based on V -band only for trest " 10 days. The comparison sample (3, 17)

includes the most luminous SLSNe-I previously known. At Mu,AB = −23.5, ASASSN-15lh

stands out from the SLSNe-I luminosity distribution (2, 19). Its peak bolometric absolute mag-

nitude is more than ∼ 1mag more luminous than any other SLSN-I.

16

ASASSN-15lh

Other Type I 
SLSNe

(Dong+16)



To Disrupt or Not to Disrupt?
• Hills Mass: maximum SMBH mass that can produce a 

TDE 

✦ Rt≈R (MBH/M )1/3, while Rg=GMBH/c2 

✦ Above MHill~9x107M⦿, TDEs impossible… 

✦ …in Schwarzschild metric 

• MHill increases a factor of ~8 with SMBH spin 

✦ Smaller IBCO (parabolic ISCO) 

✦ Stronger tidal tensor



ASASSN-15lh: a Kerr SMBH
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(Leloudas, Fraser, NCS+ 2016)



The Wages of Spin

(NCS & van Velzen in prep)
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Our Galactic Center

(Hailey+17, in 
press) 

(apologies for the 
redaction!)

R=1 pc

thermal X-ray
sources

nonthermal X-ray
sources



M

Rt=R*(M/M*)1/3

Tidal Capture: Physics

Rp

R*, M*



Tidal Capture: Physics
R*, M*

G M M* / a = M* v∞2 - 2ΔE

M

Rt=R*(M/M*)1/3

Rp



Fokker-Planck Model: Energy Space

(Generozov, NCS+ submitted)

An Overabundance of Black Hole X-ray Binaries in the Galactic Center Formed by Tidal Capture 5

Figure 1. Top panel: Number density profile of of continuously
forming BHs near Sgr A* from the Fokker-Planck code Phase-

Flow after 10 Gyr of evolution (solid line). BHs are injected at a
rate of Ṅbh = 2⇥ 10�5yr�1 at rin ⇡ 0.3 pc. Bottom panel: Den-
sity profiles of NSs and BHs after 10 Gyr of evolution for injection
rates at rin corresponding to our fiducial model (Ṅns = 4⇥10�5,
Ṅbh = 2⇥ 10�5yr�1). Dashed lines show how the results change
if the gravitational potential of the compact objects, and the sink
term due to SMBH loss cone, are neglected.

In a steady state, the flux through energy space is con-
stant. For p < 1/2, one finds F ⇡ a

o

(p)✏2p�3/2 in the limit
that ✏max ! 1 and thus F will be zero for p = 1/4. This is
the classical Bahcall-Wolf solution (Bahcall & Wolf 1976).
If p > 1/2, the a2 term in equation (9) dominates over the
first two terms. A p = 1 profile gives a steady-state solution
with a constant, nonszero (outwards) flux. In this case ✏max

must have a finite value, otherwise the flux would diverge.
In our case, this would correspond to the location of the
source function. These two steady state solutions (zero flux

Figure 2. Top panel: Density profiles of stars and compact rem-
nants at t = 10 Gyr (solid lines), under the assumption that
compact remnants are continually injected near ⇠ 0.3 pc at rates
according to our Fiducial model. The initial profile of stars is
shown by a dashed black line, while the present-day stellar dis-
tribution from Schödel et al. (2017) is shown by the shaded re-
gion. Bottom panel: Density profiles of stars and compact objects
in our Fiducial⇥10 model. For comparison, dash-dotted blue and
green lines show the BH and NS profile neglecting the pre-existing
background of low mass stars and NSs (Fig. 1).

and constant outward flux6) correspond to density profiles
n / r

�7/4 and / r

�5/2, respectively.
The enclosed mass / nr

3
/ r

1/2 is dominated by the
largest radius out to which the BHs have had time to di↵use
over the system age t. The half-mass radius r1/2, interior to
which the above steady- state profile is established, can thus

6 This solution is related to the n / r�9/4 solution identified
by Peebles (1972). Our profile is slightly steeper due to energy
transfer from small to large scales by stars on eccentric orbits.
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Table 3. Number of tidally-capture BH- and NS-XRBs in the GC predicted for our
fiducial scenarios as compared to the observed population. For purposes of comparing
to observations, we only consider binaries in our model at radii � 0.2 pc because obser-
vational limitations prevent identifying sources within this volume. The observed XRBs
corresponds to the population detected by Hailey et al. (2017), while the“Extrapolated”
sources number accounts for an (uncertain) extrapolation of the X-ray luminosity function
below the Chandra detection threshold (see text for details). There are up to four MSPs
among the non-thermal sources in Hailey et al. (2017), and as argued (Perez et al. 2015)
only 3% of the MSPs in the GC would be observable. Hence there are up to 130 in the
central parsec. All radii are projected.

Scenario BH-XRB BH-XRB NS-XRB NS-XRB
(r  1 pc) (r  3.5 pc) (r  1 pc) (r  3.5 pc)

Fiducial 90 150 30 100
Optimistic 300 800 60 340
Observed 8�12 - 1�3 (LMXB), 4 (MSP) -

Extrapolated 400�1000 - .130 (MSP) -

Figure 13. Cumulative number of BH XRBs inside the Galac-
tocentric radius r, as predicted from our Fiducial tidal capture
models and compared to the population observed by Hailey et al.
(2017) (black line). We have included the four sources that may
be MSPs instead of BH-XRBs in the latter. The volume inside of
0.2 pc is not included.

number of tidal disruptions due to compact objects in the
GC is ⇠ 10�5 per year. However, the resulting flares may
be short-lived: the viscous time-scale of the debris is only
a few⇥104 � 105 s (Perets et al. 2016). As such it is very
unlikely that any such disruption events would be observable
in the GC today.

The total encounter rate is sensitive to the density pro-
file on very small scales (⇠ 10�4 pc), where our models
may over-predict the stellar density (see the bottom panel of
Fig. 2). In fact, tidal disruptions and stellar collisions would
deplete the stellar population at small radii (these processes
are self-limiting). In particular, the time- scale for a star to
be tidally disrupted becomes equal to a Hubble time at 0.01
pc. Additionally, most encounters would be strongly hyper-
bolic inside of this radius, so that most of the stellar material
is not bound to the BH. Excluding the region inside of 0.01
pc, the rate of disruptions 10�6 per year.

This is comparable to estimated rate of disruption from
collisions in globular clusters, perturbations of wide binaries
in the field, and disruptions induced by natal kicks (Perets
et al. 2016). Therefore, collisions in the GC are competitive
with these channels.

Ordinary stars may also collide with each other. We
estimate that the rate of star-star collisions outside of 0.01
pc is 5⇥10�6 per year.

5.2 Tidal disruptions by the central SMBH

Stars may also be tidally disrupted by the central SMBH
(Hills 1975). Such tidal disruption events (TDEs) can pro-
duce bright electromagnetic flares (Rees 1988). Many can-
didate flares have now been detected in optical/UV (Gezari
et al. 2006, 2008; van Velzen et al. 2011; Gezari et al. 2012;
Chornock et al. 2014; Holoien et al. 2014; Arcavi et al. 2014;
Vinkó et al. 2015; Holoien et al. 2016a,b; Blagorodnova et al.
2017),a nd X-ray wavelengths (see Auchettl et al. 2017 and
the references therein).

The total TDE rate due to two-body relaxation has
been estimated for a large sample of nearby galactic nu-
clei by Wang & Merritt (2004); Stone & Metzger (2016).
They find that the average per galaxy disruption rate is a
few⇥10�4 per year.

Fig. 14 shows the TDE rate for a few di↵erent models
for the GC. The present day TDE rate in each is ⇠ 10�4 per
year. Unsurprisingly, the present day disruption rate is sim-
ilar for di↵erent models as they are all tuned to reproduced
the present-day observed stellar density profile.

However, di↵erent star formation histories lead to very
di↵erent temporal evolutions of the TDE rate. In our mod-
els of the GC (Fiducial and Fiducial⇥10, all of the stars
formed impulsively in the distant past, and the star cluster
expands over time. Therefore, the TDE rate decreases at late
times. In contrast, the TDE rate monotonically increases in
a galactic nucleus which is continuously forming stars (see
the dashed gray line in Fig. 14).

5.3 Red giant depletion

As pointed out by Genzel et al. (1996), there is a dearth of
bright red giants (K < 10.5) within ⇠ 0.2 pc of the GC.
There is also a dearth of intermediate luminosity (10.5 <
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Tidal Captures in the 
Galactic Center

• Tidal capture can reproduce observed 
population of BH-XRBs 

• Important caveats 

✦ Extrapolating down the luminosity 
function gives  ~100s of BH-XRBs 

✦ Possible overproduction of NS-XRBs 

• Once BH-XRB origin is understood, the 
GC will calibrate our knowledge of dark 
cusps in galactic nuclei: 

✦ Extreme mass ratio inspirals (LISA-
band GWs) 

✦ Exotic LIGO-band GW implications 

✦ IMBH formation (NCS, Kuepper & 
Ostriker 17)

(Generozov, NCS+ submitted)



Gravitational Waves from Black Hole Mergers

(Abbott+16)

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
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Mergers & Acquisitions
• LIGO has seen four BH-BH mergers!  (and one double neutron star merger…) 

✦ R  ~ 12-200 Gpc-3 yr-1 

✦ Unusually large mass (MBH~30M⦿) 

• Classical channels: 

✦ Isolated binary evolution 

✦ Dynamical assembly in globular clusters 

• More exotic dynamical channels: 

✦ Kozai-Lidov effect: galactic nuclei and globular/open clusters (e.g. Leigh, 
NCS+16) 

✦ Externally induced mergers in active galactic nuclei gas disks (NCS+17, 
Bartos+17)



BH Binaries in AGN Disks
• Outskirts (~pc scale) of AGN disks Toomre 

unstable 
✦ Toomre Q=csΩ/(πGΣ)<1 implies 

instability 

✦ Dense, collisional stellar disk forms 

• Rapid merging of wide BH binaries 

✦ Binary-single scatterings harden very 
wide BH binaries 

✦ Circumbinary gas torques harden 
tighter ones 

• Disk-induced merger rate R ~3-30 
Gpc-3yr-1 

✦ Are there electromagnetic counterparts? 

✦ Repeated mergers/hierarchical growth? (NCS+17)

M•

mbin

r
Racc

a



Localization of Exotic Source 
Populations

(Bartos+ 17)

3

III. RESULTS

We carried out the Monte Carlo analysis described
above for a range of f

agn

values. We found the scaling
relation

N
gw,3� / f�2

agn

. (5)

This can be intuitively expected: the standard deviation
of the total number of AGN for all GW detections to-
gether scales with N1/2

gw,3�, while the number of ”signal”
AGN scales with N

gw,3�fagn, corresponding to a signal-

to-noise ratio SNR / N1/2
gw,3�fagn. Interpreting our detec-

tion threshold as a fixed SNR, we get back Eq. 5.
Our results for N

gw,3� are shown in Fig. 1. Here, we
applied Monte Carlo analysis to evaluate the case f

agn

=
1, and used Eq. 5 to show scaling with f

agn

.
For a fiducial AGN density ⇢

agn

= 10�4.75 Mpc�3

[40, 41], we find that ⇠ 70 detections would be su�-
cient to statistically prove the BBH-AGN connection if
all BBHmergers occurred in AGN. For the expected BBH
merger rate of ⇠ 60Gpc�3yr�1 [5], this corresponds to
a few months of LIGO-Virgo observation time at design
sensitivity, indicating that this scenario would yield re-
sults quickly (possibly even before LIGO and Virgo reach
design sensitivity). With the current uncertainty in BBH
merger rate of 9�240Gpc�3yr�1 [5], the required time is
within a month and a few years. Even if only a fraction of
mergers occur in AGN, we find that a 5-year observation
period is likely su�cient to statistically prove the BBH-
AGN connection if the AGN fraction is at least 25%.

To understand our results’ dependence on the un-
certain AGN number density, and to demonstrate the
method’s applicability to other rare host types, we also
obtained results for a range of di↵erent ⇢

agn

number den-
sities. While a sparser source population leads to even
less detections needed for the identification of a host
population, we found that, even for number densities of
10�4 Mpc�3, a 5-year observation period will establish
the BBH-AGN connection for f

agn

& 0.5. With higher
host number densities it becomes di�cult to prove an
AGN connection solely using GW localizations, although
the construction of additional GW detectors (KAGRA
[42] and LIGO India [43]), and potentially the inclusion
of marginally significant GW events, will further improve
the situation.

How much do GWs with di↵erent localization volumes
contribute to the results? To better understand the
role of the GW localization volume, we carried out the
Monte Carlo analysis described above, but with fixed lo-
calization volume size. This analysis confirmed that, for
fixed localization volume, our method described above is
equivalent to combining AGN from all GW detections,
and looking for a 3� deviation in the overall number.
The GW detection number threshold in this case, for
N

gw,3� � 1, is N
gw,3� = 9⇢

agn

V , where V is the fixed
localization volume.

Are we mainly relying on a few well-localized GWs for
this analysis, or are less-well-localized GWs also useful?
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FIG. 1. Number of detections needed for the identification
of an AGN host population at a median 3� significance, as
a function of the fraction (fagn) of GW detections originat-
ing from AGN. The results are shown for di↵erent assumed
AGN number densities (see legend), with fiducial density
⇢agn = 10�4.75 Mpc�3 [40, 41], for the Advanced LIGO-Virgo
network at design sensitivity. On the right side, we mark the
necessary observation duration corresponding to numbers of
detection, using 200 detections/year.

To answer this question, we reran our Monte Carlo study
for ⇢

agn

= 10�4.75 Mpc�3 and f
agn

= 1, with the modifi-
cation that the analysis only used GW localization vol-
umes below a cuto↵ volume V

cuto↵

. We measured N
gw,3�

as a function of the fraction f
V

(V
cuto↵

) of localization
volumes below V

cuto↵

. We found that V
cuto↵

& 105 Mpc3

did not meaningfully change N
gw,3�, but for lower Vcuto↵

,
we found a quick deterioration. We conclude that those
events drive our constraints in whose localization vol-
umes we expect . 2 interloper quasars on average. For
⇢
agn

= 10�4.75 Mpc�3, this is the top ⇠ 5% best localized
events.

IV. DISCUSSION AND CONCLUSIONS

We examined the prospects of using GW localization
to probe GW host galaxy populations. In particular,
we were interested in BBH mergers in AGN, where the
inflow of gas can significantly increase merger rates com-
pared to other galactic nuclei, and may lead to multi-
messenger emission. AGN represent a small fraction of
galaxies, making it easier to identify correlation between
their position and the localization of GWs. We consid-
ered the Advanced LIGO-Virgo detector network at its
design sensitivity.
We calculated the number of GW observations needed

to statistically establish the connection of BBH mergers
with AGN as hosts, as a function of the AGN number
density ⇢

agn

and the fraction f
agn

of BBH mergers origi-



Future Steps
• In the near future, time domain surveys will find ~1000s of TDEs 

✦ ZTF (10/yr starting 2018), eROSITA (~500/yr starting 2018), LSST (~4000/yr starting 
2022) 

• Vast astrophysical potential for SMBH demography and accretion physics, but theoretical 
challenges remain: 

✦ Model for disk formation needed to understand X-ray light curve 
✦ Predictive optical emission models for parameter extraction (MBH, aBH, i, Rp, M

*
) 

✦ Physics applications: cosmic censorship?  Quadrupole moment?  Standard sirens? 
• Observations of the Milky Way Center indicate the presence of a “dark cusp” 

✦ Extragalactic cusps will create interesting gravitational waves in LISA or LIGO bands 
• Advanced LIGO/Virgo era enables novel tests of GR, opens new window of GW 

astrophysics 
✦ Zeroth order question: where are most observed BHBH mergers coming from? 
✦ First order question: which formation channels hold greatest scientific potential (GR 

tests, neutron star equation of state, etc)?


