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What is an electromagnetic counterpart?

• Source of gravitational waves


• Source of electromagnetic waves

• Coincident in time (Events)

• Mergers

• Supernovae


• Coincident in space (Continuous)

• Compact Binaries

• Pulsars


• Statistically correlated (Long Delay)

• Binary SMBH

• Tidal Disruptions Today

Tuesday
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• Supermassive Black Hole Binaries


• Reside in centers of galaxies


• M-σ relation implies relationship between galaxy growth 
and black hole growth


• Galaxies merge


• SMBH merge
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Merger frequency is related to the "Innermost Stable 
Circular Orbit" ISCO

rISCO ∼ 3Rs =
6GM

c2

GM = r2ω3 ⟹ fISCO ∼ 3 × 104 Hz ( M⊙

M )
So SMBH binaries merge in the mHz band:  LISA

LISA Digression



Quick Summary of eLISA
• Three spacecraft in solar orbit 
• Laser links between two pairs 
• 2.5 x 106 km armlengths

ESA L3 Mission

Scheduled launch: 
2034
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"Gravitational Universe" (2013)
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Show Eris Movie
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The Gravitational Universe – Astrophysical Black Holes 5

transformations in galaxy evolution, since around that 
time both the luminous QSOs and the star formation rate 
were at their peak [29–30]. Galaxy mergers and accretion 
along filaments during cosmic high noon were likely to be 
the driving force behind the processes of star formation, 
black hole fueling, and galaxy growth. This turned star-
forming discs into larger discs or quenched spheroidal sys-
tems hosting supermassive black holes of billions of solar 
masses [31–33]. In this framework, massive black hole bi-
naries inevitably form in large numbers, over a variety of 
mass scales, driven by frequent galaxy mergers [8–9, 34]. 
Signs of galaxy mergers with dual black holes at wide sepa-
rations (on the order of kpc) come from observations of 
dual AGNs in optical and X-ray surveys, while observa-
tions of binary black holes with sub-pc scale separations 
remain uncertain and only candidates exist at present [35]. 
Studies of the dynamics of black holes in merging galaxies 
have shown that black hole coalescences trace the merger 
of the dense baryonic cores better than the mergers of dark 
halos, as their dynamics are sensitive to gas and star con-
tent and feed-back [36–37].
Theoretical models developed in the context of the Λ-CDM 
paradigm [38–41] have been successful in reproducing 
properties of the observed evolution of galaxies and AGNs, 
such as the colour distribution of galaxies, the local mass 
density and mass function of supermassive black holes, 
and the QSO luminosity function at several wavelengths 
out to z ~ 6. Information about the underlying popula-
tion of inactive, less massive and intrinsically fainter black 
holes, which grew through accretion and mergers across 
all cosmic epochs, is still lacking and difficult to gather.
The Gravitational Universe proposes a unique, new way to 
probe both cosmic dawn and high noon, to address a num-
ber of unanswered questions:
t�When did the first black holes form in pre-galactic halos, 

and what is their initial mass and spin?
t�What is the mechanism of black hole formation in ga-

lactic nuclei, and how do black holes evolve over cosmic 
time due to accretion and mergers?

t�What is the role of black hole mergers in galaxy forma-
tion?

eLISA will study the evolution of merging massive black 
holes across cosmic ages, measuring their mass, spin and 
redshift over a wide, as yet unexplored, range. Black holes 
with masses between 104 M9 and 107 M9 will be detected by 
eLISA, exploring for the first time the low-mass end of the 
massive black hole population, at cosmic times as early as 
z ~ 10, and beyond.

eLISA discovery domain

Coalescing black hole binaries enter the eLISA sensitiv-
ity band from the low frequency end, sweeping to higher 
frequencies as the inspiral gets faster and faster, as shown 
in Figure 13. Eventually they merge, with the formation 

of a common event horizon, followed by the ringdown 
phase during which residual deformation is radiated away 
and a rotating (Kerr) black hole remnant is formed. The 
waveform detected by eLISA is a measure of the ampli-
tude of the strain in space as a function of time in the rest 
frame of the detector. This waveform carries information 
about the masses and spins of the two black holes prior 
to coalescence, the inclination of the binary plane rela-
tive to the line of sight, the luminosity distance and sky 
location, among other parameters [42]. Complete wave-
forms have been designed by combining Post Newtonian 
expansion waveforms for the early inspiral phase with an 
analytical description of the merger and ringdown phase, 
calibrated against highly accurate, fully general relativistic 
numerical simulations of black hole coalescence [43–44]. 
The first figure of merit of the eLISA performance is the 
signal-to-noise ratio (SNR) of a massive black hole binary 
coalescence with parameters in the relevant astrophysical 
range. Figure 2 shows eLISA SNRs for equal mass, non-
spinning coalescing binaries. Here we compute the SNR 
as a function of the total mass, M, and of the redshift, z, 
averaging over all possible source sky locations and wave 
polarisations, assuming two-year observations. The plot 
highlights the extraordinary capabilities of the instru-
ment in covering almost all of the mass-redshift param-
eter space needed to trace black hole evolution. Binaries 
with 104 M9 < M < 107 M9 can be detected out to z ~ 20 with 
an SNR ≥ 10, if they exist. Figure 2 shows that virtually 
all massive black holes in the Universe were loud eLISA 
sources at some point in their evolution.

Figure 2: Constant-contour levels of the sky and polarisation angle-
averaged SNR for eLISA, for equal mass non-spinning binaries as a 
function of their total rest frame mass, M, and cosmological redshift, z. 
The tracks represent the mass-redshift evolution of selected supermas-
sive black holes: two possible evolutionary paths for a black hole power-
ing a z ~ 6 QSO (starting from a massive seed, blue curve, or from a Pop 
III seed from a collapsed metal-free star, yellow curve); a typical 109 M9 
black hole in a giant elliptical galaxy (red curve); and a Milky Way-like black 
hole (green curve). Circles mark black hole-black hole mergers occurring 
along the way. These were obtained using state of the art semi-analytical 
merger tree models [65]. The grey transparent area in the bottom right 
corner roughly identifies the parameter space for which massive black 
holes might power phenomena that will likely be observable by future 
electromagnetic probes. 
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• LISA should be able to detect SMBH binary mergers


• LISA should be able to localize them to less than a square 
degree (possibly much less).


• We will know the properties (masses, spins, distance, 
location) in exquisite detail (less than 1 %)


• If we could identify the host galaxy, we could skip the 
distance ladder and go straight to redshift/distance out to 
z=10 (or more). 

Motivation
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Figure 4. Selection of potential EM sources, sorted by timescale, typical size
of emission region, and physical mechanism (blue/italic = stellar; yellow/Times-
Roman = accretion disk; green/bold = diffuse gas/miscellaneous). The evolution
of the merger proceeds from the upper-left through the lower-center, to the upper-
right.

only indirect evidence of SMBH mergers, as opposed to the prompt EM signatures
described above. Yet they are also important in understanding the complete history
of binary BHs, as they are crucial for estimating the number of sources one might
expect at each stage in a black hole’s evolution. If, for example, we predict a large
number of bright binary quasars with separations around 0.1 pc, and find no evidence
for them in any wide-field surveys (as has been the case so far, with limited depth and
temporal coverage), we would be forced to revise our theoretical models. But if the
same rate calculations accurately predict the number of dual AGN with separations
of ∼ 1 − 10 kpc, and GW or prompt EM detections are able to confirm the number
of actual mergers, then we might infer the lack of binary quasars is due to a lack of
observability, as opposed to a lack of existence.

The long-term goal in observing EM signatures will be to eventually fill out a plot
like that of Figure 4, determining event rates for each source class, and checking to
make sure we can construct a consistent picture of SMBH-galaxy co-evolution. This
is indeed an ambitious goal, but one that has met with reasonable success in other
fields, such as stellar evolution or even the fossil record of life on Earth.

4.1. Stellar Signatures

On the largest scales, we have strong circumstantial evidence of supermassive BH
mergers at the centers of merging galaxies. From large optical surveys of interacting
galaxies out to redshifts of z ∼ 1, we can infer that 5 − 10% of massive galaxies
are merging at any given time, and the majority of galaxies with Mgal ∼

> 1010M⊙

have experienced a major merger in the past 3 Gyr [20, 162, 61, 43], with even higher

Schnittman, 2013
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Hayasaki, 2009

Candidate EM counterpart SMBH binary
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• Many properties of black hole binary mergers are 
independent of mass (or scale with mass).


• Numerical simulations of black hole binary mergers 
indicate roughly 5% of the initial mass is converted to 
gravitational wave energy.


• A pair of million solar mass black holes will radiate 
100,000 solar masses of energy at merger.


• The circumbinary disk will no longer be in equilibrium.



ICE Summer School: Gravitational Wave Astronomy July 5, 2018!16

Analytical Model
Prior to merger, disk particles are in circular orbits

Keplerian velocity : vK =
GM
R

Specific angular momentum : j = vKR = GMR

After merger, disk particles are in perturbed orbits

M ⟶ M (1 − ε)

R′�circ =
j2

GM (1 − ε)
= R (1 + ε)

Orbital Radius : R =
j2

GM
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After the mass loss, the particles find themselves in elliptical 
orbits with periapsis at R and apapsis at R'. 

Epicycles!
Rnew (R, t) = R′�circ(R) + A sin (Ωt + ϕ0)

Require R = R' at t=0, so

ϕ0 = 3π/2 and A = R′�circ − R = εR

Ω = orbital frequency =
GM (1 − ε)

R′ �3
circ

Nearby particles will go to different orbits and eventually be 
180° out of phase, leading to density peaks
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Time scales
Phase difference

Δϕ = tdp [Ω(R) − Ω(R + 2εR] =
3tdpε

tdyn

So the time scale for density peak formation is:

tdp ≃
tdyn

ε
with tdyn =

1
Ω

For SMBH, this is more than 3 days assuming in inner 
disk radius of about 2 AU.
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Figure 3. A preliminary calculation of the broad-band spectrum produced by
the GRMHD merger of [88], sampled near the peak of gravitational wave emission.
Synchrotron and bremsstrahlung seeds from the magnetized plasma are ray-traced
with Pandurata [224]. Inverse-Compton scattering off hot electrons in a diffuse
corona gives a power-law spectrum with cut-off around kTe. The total mass is
107M⊙ and the gas has Te = 100 keV and optical depth of order unity.

Compton peaking in the X-ray. An example of such a spectrum is shown in Figure 3,
corresponding to super-Eddington luminosity at the peak of the EM and GW emission.
Since the simulation in [88] does not include a cooling function, we simply estimate
the electron temperature as 100 keV, similar to that seen in typical AGN coronas.
Future work will explore the effects of radiative cooling within the NR simulations, as
well as incorporating the dynamic metric into the ray-tracing analysis.

Of course, the ultimate goal will be to directly incorporate radiation transport as a
dynamical force within the GRMHD simulations. Significant progress has been made
recently in developing accurate radiation transport algorithms in a fully covariant
framework [187, 121, 215], and we look forward to seeing them mature to the point
where they can be integrated into dynamic GRMHD codes. In addition to Pandurata,
there are a number of other relativistic ray-tracing codes (e.g., [63, 237]), currently
based on the Kerr metric, which may also be adopted to the dynamic space times of
merging black holes.

4. OBSERVATIONS: PAST, PRESENT, AND FUTURE

One way to categorize EM signatures is by the physical mechanism responsible for
the emission: stars, hot diffuse gas, or circumbinary/accretion disks. In Figure 4, we
show the diversity of these sources, arranged according the spatial and time scales
on which they are likely to occur [222]. Over the course of a typical galaxy merger,
we should expect the system to evolve from the upper-left to the lower-center to the
upper-right regions of the chart. Sampling over the entire observable universe, the
number of objects detected in each source class should be proportional to the product
of the lifetime and observable flux of that object.

Note that most of these effects are fundamentally Newtonian, and many are
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4 C. Fontecilla, X. Chen & J. Cuadra

Figure 1. Evolution of the disc aspect ratio (upper panel) and surface den-
sity (lower panel) during the squeezing phase. The gray dashed line in each
panel represents the initial condition. The black solid lines show the disc
structure in the final snapshot of our simulation, when the condition h/r = 1
(dotted line in the upper panel) is first met. At this point the binary sepa-
ration is about 19 RS . The gray solid lines show the disc structure in three
intermediate snapshots, with the disc size shrinking with time.

method of calculating the radiation, and finally discuss the results.
The results are shown in Fig. 2. The top panel shows the bolomet-
ric light curve, while the bottom panel shows the expected spectral
energy distribution (SED) at selected times.

(i) Squeezing phase: This is the phase that we modelled in the
last two sections. During it, tidal heating dominates. The simulation
gives us the surface temperature T , and since the disc is optically
thick (⌧ � 1), we can calculate the SED of each disc annulus using
a black-body model (Frank et al. 2002). The resulting bolometric
luminosity Lbol is shown as a function of time in the top panel of
Figure 2, as the black solid line labeled ‘i’. The cyan and the blue
dots, respectively, refer to the initial condition and the last snap-
shot of the above numerical simulation. We can see that due to tidal
heating the luminosity increases, until it reaches the Eddington lu-
minosity LEdd = 0.1ṀEddc2.

(ii) Decoupling phase: When the disc becomes thick, the
squeezing process is ine↵ective (D⇤ ⇡ 0) because fluid elements of
the inner disc can cross the binary orbit through the horseshoe or-
bits or from outside the equatorial plane, due to large e↵ective vis-
cosity and pressure gradient (Lin & Papaloizou 1979; Papaloizou &
Lin 1984; Kocsis et al. 2012; Baruteau et al. 2012). The SMBHB
goes through a second decoupling–this time from the inner disc.
Our code is unable to capture the three-dimensional behaviour of
the disc. However, we know that the material ending up outside the
binary orbit should remain hot and thick till the end of the merger,
because the cooling time-scale is longer than the GW-radiation
time-scale (Section 3). Moreover, this material should maintain the
same radial distance as that shown in Figure 1, because tidal evo-
lution is no longer important. For these reasons, we assume that at
the time of the merger, t = tm, the remnant inner disc has an aspect
ratio of h/r = 1 and an outer boundary at 10 RS , the same as in
the last snapshot of our simulation. Now using Equation (1) we can
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Figure 2. Upper panel: Evolution of the bolometric luminosity of the ac-
cretion disc during four consecutive phases, namely (i) squeezing, (ii) de-
coupling, (iii) cooling and (iv) recovering. The six colored dots mark six
critical time steps (see text). The black curves are our results and the grey
ones refer to the previous studies in comparison. The solid lines (both black
and grey) are derived from our numerical simulations, and the dashed ones
are analytical results. The horizontal dotted line shows the Eddington lumi-
nosity. Lower panel: SED at the six critical times. The colors are the same as
those of the dots in the top panel. The four vertical bands in the background
correspond to four EM wavebands, with their names labelled on top.

calculate F and derive Lbol, even though we do not know the exact
surface density at this point. The result is shown in the top panel
of Figure 2 as the black dot. The black dashed line connecting the
end of the squeezing phase and the time of merger (with the label
‘ii’) is a rough estimate of the luminosity of the decoupling disc. It
increases to a level above three times the Eddington limit.

(iii) Cooling phase: Immediately after the merger, the only
heating source is viscosity, which is comparable to D⌫ in the last
evolutionary phase. The cooling rate, on the other hand, does not
significantly change before and after the merger because the tem-
perature is similar. Therefore, F ' D⇤. Then we have a situation
in which cooling is more important than heating. This imbalance
will lead to a drop of the temperature and a decrease of the disc
scale height, on a time-scale of htcooli, the average cooling time of
the disc at the moment of the merger. By the time tm + htcooli, the
disc would have cooled down such that F becomes comparable to
D⌫ again. Considering F = D⌫ and a constant scale height, with the
same mass and size than the last snapshot of our simulation, we can
apply the standard-disc model and obtain h, T, ⌃ as a function of r.
Those assumptions are motivated by noticing that the total luminos-
ity never significantly exceeds the Eddington limit. Consequently,
the mass loss due to disc wind, which relies on a super-Eddington
luminosity (e.g. Lodato et al. 2009; Tazzari & Lodato 2015), would
be much weaker than previously has been thought.

The luminosity at this time is shown as the red dot in the top
panel of Figure 2. The evolution of the bolometric luminosity dur-
ing the cooling phase is represented by the black dashed line con-
necting the black and the red dots (with the label ‘iii’). We can see

MNRAS 000, 1–6 (2016)

Fontecillo et al. 2016
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Figure 4. Selection of potential EM sources, sorted by timescale, typical size
of emission region, and physical mechanism (blue/italic = stellar; yellow/Times-
Roman = accretion disk; green/bold = diffuse gas/miscellaneous). The evolution
of the merger proceeds from the upper-left through the lower-center, to the upper-
right.

only indirect evidence of SMBH mergers, as opposed to the prompt EM signatures
described above. Yet they are also important in understanding the complete history
of binary BHs, as they are crucial for estimating the number of sources one might
expect at each stage in a black hole’s evolution. If, for example, we predict a large
number of bright binary quasars with separations around 0.1 pc, and find no evidence
for them in any wide-field surveys (as has been the case so far, with limited depth and
temporal coverage), we would be forced to revise our theoretical models. But if the
same rate calculations accurately predict the number of dual AGN with separations
of ∼ 1 − 10 kpc, and GW or prompt EM detections are able to confirm the number
of actual mergers, then we might infer the lack of binary quasars is due to a lack of
observability, as opposed to a lack of existence.

The long-term goal in observing EM signatures will be to eventually fill out a plot
like that of Figure 4, determining event rates for each source class, and checking to
make sure we can construct a consistent picture of SMBH-galaxy co-evolution. This
is indeed an ambitious goal, but one that has met with reasonable success in other
fields, such as stellar evolution or even the fossil record of life on Earth.

4.1. Stellar Signatures

On the largest scales, we have strong circumstantial evidence of supermassive BH
mergers at the centers of merging galaxies. From large optical surveys of interacting
galaxies out to redshifts of z ∼ 1, we can infer that 5 − 10% of massive galaxies
are merging at any given time, and the majority of galaxies with Mgal ∼

> 1010M⊙

have experienced a major merger in the past 3 Gyr [20, 162, 61, 43], with even higher

Schnittman, 2013
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The Astrophysical Journal, 784:16 (9pp), 2014 March 20 Mezcua et al.

Figure 1. From top to bottom, left to right: color gri SDSS DR8 images of the sources NGC 5058, NGC 3773, Mrk 1114, Mrk 712, Mrk 721, Mrk 116, Mrk 104,
NGC 3758, Mrk 1263, NGC 7468, NGC 5860, Mrk 423, NGC 5256, Mrk 212, and MCG +00-12-073. Sources are ordered in ascending nuclear separation. The field
of view is different for each object (i.e., 25 arcsec × 25 arcsec, 51 arcsec × 51 arcsec, and 100 arcsec × 100 arcsec) so that the morphological type of the host galaxy
can be appreciated.
(A color version of this figure is available in the online journal.)

at detecting binary nuclei inferred from AGN properties such
as double-peaked emission lines (e.g., Liu et al. 2010a, 2010b;
McGurk et al. 2011; Woo et al. 2014) or peculiar jet structures
(e.g., Lobanov & Roland 2005; Roland et al. 2008; Mezcua et al.
2011, 2012).

With the aim of studying the role of minor merger processes
in disk galaxies in more detail, we analyze in this paper a
small sample of double nucleus disk galaxies classified as minor
mergers by Gimeno et al. (2004). A photometric point spread
function (PSF) fitting is used to estimate the brightness of each
of the nuclei and the distance between them in the optical
images provided by the Sloan Digital Sky Survey (SDSS).6
Based on these fits, we obtain the nuclear luminosities and the
separation between the two nuclei in these systems and study
their correlation with the host galaxy.

The sample of galaxies analyzed is presented in Section 2.
The description of the PSF fitting technique and of the analysis
performed is explained in Section 3. The results obtained
are presented in Section 4 and discussed in Section 5. Final
conclusions are given in Section 6.

Through this paper, we assume a ΛCDM cosmology with
parameters H0 = 73 km s−1 Mpc−1, ΩΛ = 0.73, and
Ωm = 0.27.

2. THE SAMPLE

The sources analyzed are drawn from a catalog of double
nucleus disk galaxies suggested as candidates for minor merger
6 Sloan Digital Sky Survey, www.sdss.org

events (Gimeno et al. 2004). The catalog comprises 107 double
nucleus galaxies selected from older catalogs under the follow-
ing three requirements: (1) galaxies with redshift z < 0.05 (or
apparent B magnitude mB < 18); (2) galaxies showing disk-
like morphology (i.e., elliptical and cD galaxies are excluded)
to avoid the inclusion of major merger remnants and include
only likely minor merger events; (3) galaxies not exhibiting
strong tidal distortions or tails, as these features are expected in
major merger events (Gimeno et al. 2004).

Of the 107 double nucleus disk galaxies, 60 are found to have
imaging data in the SDSS Data Release 8 (SDSS DR8 hereafter;
Eisenstein et al. 2011, and references therein). Images of some
of these sources in gri colors are shown in Figure 1. FITS images
of the 60 objects in the u , g, and r bands (centered at 3551 Å,
4686 Å, and 6166 Å, respectively) are retrieved by coordinates
from the Science Archive Server (SAS) of the SDSS with a
size of 2048 × 1489 pixels and a pixel scale of 0.′′396 pixel−1.
The retrieved images are calibrated and have an applied sky-
subtraction appropriate for large objects (see Eisenstein et al.
2011 for a more detailed description).

For the objects MCG +06-07-020 and Mrk 1341, the coordi-
nates reported in Gimeno et al. (2004) do not provide the SDSS
field image where these sources should be located. The corrected
coordinates are found in NED7 by name and are, for MCG +06-
07-020: R.A.(J2000) = 02h55m29s, decl.(J2000) = 36◦12′0.′′2
and for Mrk 1341: R.A.(J2000) = 13h00m59s, decl.(J2000) =
−00◦01′39′′.

7 NASA/IPAC Extragalactic Database.
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Prospects for SMBH counterparts

• Long time delays — of order years.


• Low luminosities for the distances involved.


• Unlikely to connect counterpart with GW observation.


• Look for characteristic brightening of galaxy merger 
remnants


• Correlate rate densities of EM events with rate densities 
of observed GR events.


